
liicla Crntrai l.tliraii’J
‘ PlLAKl (Rajasthan)

Clan Na / .3 HU
* »aokNo;-^5'£j^;e V**5’

^ . Accasslon No Q ft^
*»aB»







MASSACHUSETTS INSTITUTE OF TECHNOLOGY

RADIATION LABORATORY SERIES

Lons X. RrDKXouH, Editor-in-Chief

PULSE GENERATORS



MASSACHUSETTS INSTITUTE OF TECHNOLOGY

RADIATION LABORATORY SERIES

Board of Editors

Louis N. Ridenour, Editor-in-Chief

George B. Collins, Deputy Editor-in-Chief

Britton Chance, S. A. Goudsmit, R. G. Herb, Hubert M. James, Julian K. Knipp,

James L. Lawson, Leon B. Linford, Carol G. Montgomery, C. Newton, Albert

M. Stone, Louis A. Turner, George E. Valley, Jr., Herbert H. Wheaton

1. Radar System Engineering

—

Ridenour

2. Radar Aids to Navigation

—

Hall

3. Radar Beacons

—

Roberts

4. Loran

—

Pierce, McKenzie, and Woodward

5. Pulse Generators

—

Glasoe and Lehacqz

6. Microm^ave Magnetrons

—

Collins

7. Klystrons and Microwave Triodes

—

Hamilton, Knipp, and Kuper

8. Principles of Microwave Circuits

—

Montgomery, Dicke, and Purcell

9. Microwave Transmission Circuits

—

Ragan

10. Waveguide Handbook

—

Marcuvitz

11. Technique of Microm'ave Measurements

—

Montgomery

12. Microwave Antenna Theory and Design

—

Silver

13. Propagation of Short Radio Waves

—

Kerr

14. Microm^ave Duplexers

—

Smullin and Montgomery

15. Crystal Rectifiers

—

Torrey and Whitmer

16. Microwave Mixers—

P

ound

17. Components Handbook

—

Blackburn

18. Vacuum Tube Amplifiers

—

Valley and Wallman

19. Waveforms

—

Chance, Hughes, MacNichol, Sayre, and Williams

20. Electronic Time Measurements

—

Chance, Hulsizer, MacNichol,

and Williams

21. Electronic Instruments

—

Greenwood, Holdam, and MacRae
22. Cathode Ray Tube Displays

—

Soller, Starr, and Valley

23. Microwave Receivers

—

Van Voorhis

24. Threshold Signals

—

Lawson and Uhlenbeck

25. Theory of Servomechanisms

—

James, Nichols, and Phillips

26. Rad.\r Scanners and Radomes

—

Cady, Karelitz, and Turner

27. Computing Mechanisms and Linkages

—

Svoboda

28. Index—Linford



PULSE GENERATORS

Edited by

G. N. GLASOE
PROFESSOR OF PHYSICS, RENSSELAER POLYTECHNIC INSTITUTE

L V. LEBACQZ
ASSISTANT PROFESSOR OF ELECTRICAL ENGINEERING

THE JOHNS HOPKINS UNIVERSITY

OFFICE OF SCIENTIFIC RESEARCH AND DEVELOPMENT
NATIONAL DEFENSE RESEARCH COMMITTEE

First Edition

Third Impression

NEW YORK AND LONDON
MCGRAW-HILL BOOK COMPANY, INC.



PULSE GENERATORS

Copyright, 1948
,
by the

McGraw-Hill, Book Company, Inc.

PRINTED IN THE UNITED STATES OF AMERICA

All rights reserved. This book, or

parts thereof
y
may not be reproduced

in any for 711 without permission of

the publishers.

THE MAPLE PRESS COMPANY, YORK, PA.



PULSE GENERATORS

EDITORIAL STAFF

Geobge B. Collins

G. Norris Glasoe

Jean V. Lebacqz

Howard D. Doolittle

Barbara Dwight

CONTRIBUTING AUTHORS

W. H. Bostick A. S. Jerrems

J. R. Dillinger L. G. Kersta

P. C. Edwards H. H. Koski

O. T. Fundingsland J. V. Lebacqz

K. J. Germeshausen R. S. Stanton

P. R. Gillette H. J. White

G. N. Glasoe





Foreword

The tremendous research and development effort that went into the

development of radar and related techniques during World War II

resulted not only in hundreds of radar sets for military (and some for

possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this

basic material may be of great value to science and engineering, it seemed

most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-

vision of the National Defense Research Committee, undertook the great

task of preparing these volumes. The work described herein, however, is

the collective result of work done at many laboratories. Army, Navy,
university, and industrial, both in this country and in England, Canada,

and other Dominions.

The Radiation Laboratory, once its proposals were approved and

finances provided by the Office of Scientific Research and Development,

chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire

project. An editorial staff was then selected of those best qualified for

this type of task. Finally the authors for the various volumes or chapters

or sections were chosen from among those experts who were intimately

familiar with the various fields, and who were able and willing to write

the summaries of them. This entire staff agreed to remain at work at

MIT for six months or more after the work of the Radiation Laboratory

svas complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and

thousands of other scientists, engineers, and others who actually carried

on the research, development, and engineering work the results of which

are herein described. There were so many involved in this work and they

worked so closely together even though often in widely separated labora-

tories that it is impossible to name or even to know those who contributed

to a particular idea or development. Only certain ones who wrote reports

or articles have even been mentioned. But to all those who contributed

in any way to this great cooperative development enterprise, both in this

country and in England, these volumes are dedicated.

L. A. DuBridge.





Preface

WHEN the Radiation Laboratory was organized in the fall of 1940 in

order to provide the armed services with microwave radar, one of

the important technical problems facing this group was that of devising

equipment capable of delivering high-power pulses to the newly developed

cavity-magnetron oscillator. To be sure, some techniques for generating

electrical pulses were available at this time. However, the special

characteristics of these magnetrons and the requirements imposed by the

operation of a microwave-radar system (high pulse power, short pulse

duration, and high recurrence frequency) made it evident that new
techniques had to be developed.

During the existence of the Radiation Laboratory the group assigned

to the problem of pulse generation grew from a nucleus of about five peo-

ple to an organization of more than ten times this number. The coordi-

nated efforts of this group extended the development of pulse generators

considerably beyond the original requirement of 100-kw pulses with a

duration of 1 /xsec and a recurrence frequency of 1000 pps. The develop-

ment extended to both higher and lower powers, longer and shorter

pulses, and lower and higher recurrence frequencies. Besides the

improvement of existing techniques, it was necessary to devise entirely

new methods and to design new components to provide satisfactory pulse

generators for radar applications. The use of a lumped-constant trans-

mission line (line-simulating network) to generate pulses of specific pulse

duration and shape was carried to a high state of development. As a

result of work both on transformers that could be used for short pulses

and high pulse powers and on new switching devices, highly efficient and

flexible pulse generators using line-simulating networks were available

at the end of the war. Concurrent with the work at the Radiation

Laboratory, a large amount of Avork was done at similar laboratories in

Great Britain, Canada, and Australia, and at many commercial labora-

tories in this country and abroad.

The purpose of this volume is to present the developments in the

techniques of pulse generation that have resulted from this work. These

techniques are by no means limited to radar applications : they may be

used with loads of almost any conceivable type, and should therefore be

applicable to many problems in physics and engineering. The discussion

of pulse-generator design and operation is divided into three principal

parts. Part I i- concerned with hard-tube pulsers, which are Class C



X PREFACE

amplifiers specifically designed for the production of pulses of short

duration and high power; Part II presents the characteristics of the

line-type pulser, which utilizes the line-simulating networks; Part III

considers the design and characteristics of pulse transformers. Through-

out this volume both the theoretical and the practical aspects of pulse-

generator design are given in order to avoid restricting the available

information to radar applications.

Although the major part of this volume is written by a few members

of the Radiation Laboratory staff, many other individuals at the Radi-

ation Laboratory and elsewhere have contributed their ideas in the

preparation of this material, and we hereby acknowledge their con-

tributions. Particular mention must be made of the work done by Miss

Anna Walter in connection with many of the mathematical analyses.

Her painstaking work in checking the mathematical derivations and

making the long and tedious calculations necessary for many of the curves

and numerical examples is gratefully acknowledged. We are glad to

acknowledge also the work of Miss F. Newell Dutton, who processed the

numerous pulse photographs that appear throughout the volume.

We are also indebted to the many people who have contributed their

time freely in reading various chapters and sections of the manuscript,

and who have made valuable suggestions for the improvement of the

discussion. We wish to acknowledge the help received in this way
from Mr. J. P. Hagen and his associates at the Naval Research Labora-

tory; Dr. J. E. Gorham and his associates at the Army Signal Corps

Laboratory; Dr. F. S. Goucher, Mr. E. P. Payne, Mr. A. G. Ganz, Mr.

A. D. Hasley, Mr. E. F. O'Neill, and Mr. W. C. Tinus of the Bell Tele-

phone Laboratories; Mr. E. G. F. Arnott, Mr. R. Lee, Mr. C. C. Horst-

man, and Dr. S. Siegel and his associates at the Westinghouse Electric

Corporation; Mr. H. W. Lord of the General Electric Company; Dr. A.

E. Whitford of the Radiation Laboratory and the University of Wiscon-

sin; and Dr. P. D. Crout of the Massachusetts Institute of Technology.

The preparation of the manuscript and the illustrations for this

volume would have required a much longer time if we had not had

the aid of the Production Department of the Office of Publications of the

Radiation Laboratories. We wish to express our appreciation of the

efforts of Mr. C. Newton, head of this department, for his help in getting

the work done promptly and accurately.

The publishers have agreed that ten years after the date on which

each volume in this series is issued, the copyright thereon shall be relin-

quished, and the work shall become part of the public domain.

Cambridge, Mass.,

Juncy 1946 .

The Authors.
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2 INTRODUCTION [Sec. M
and that affect the design. The most important of these parameters

are pulse duration, pulse power, average power, pulse recurrence fre-

quency, duty ratio, and impedance level. Before proceeding to the

detailed discussion of pulser design, therefore, it is well to introduce the

parameters by defining some terms and indicating the ranges which have

been common in the microwave-radar field.

In its broadest aspects, the term '‘pulse duration is the time during

which a voltage or current maintains a value different from zero or some

other initial and final value. The term "pulse shape is used to refer

to the form obtained when the pulse amplitude is plotted as a function of

time. When referring to such a plot, it is convenient to discuss the details

of a particular pulse shape in terms of the "leading edge,^^ the "top,’’

and the "trailing edge” of the pulse. If a pulse of voltage or current is

truly rectangular in shape, that is, has a negligible time of rise and fall

and is of constant amplitude for the intervening time interval, the pulse

duration is simply the time elapsed between the deviation from and the

return to the initial value. The term "negligible time” is, of course,

relative and no strict boundaries can be attached. For most practical

purposes, however, if the rise and fall times for a pulse are about a tenth

or less of the pulse duration, the pulse is considered substantially rec-

tangular. A current pulse of this type is required for a magnetron oscil-

lator by virtue of the dependence of the output frequency on the current,

which is called the "pushing factor.” For pulses which are definitely

not rectangular, the effective or equivalent pulse duration is either the

time measured at some fraction of the maximum pulse amplitude that is

significant to the particular application, or the time corresponding to a

rectangular equivalent of the pulse in question. The interpretation of

pulse duration is discussed in Appendix B, and when particular cases

come up in the text they are considered in more detail.

The pulsers that have been designed for microwave-radar applica-

tions have pulse durations covering the range of 0.03 to 5 jusec. The
design of a pulser for short pulse durations with substantially rectangular

pulse shape requires the use of high-frequency circuit techniques since

frequencies as high as 60 to 100 Mc/sec contribute to the pulse shape and
the effects of stray capacitances and inductances become serious.

In the microwave-radar field the voltage required across the magne-

tron ranges from as low as 1 kv to as high as 60 kv. If a voltage pulse is

applied to some type of dissipative load, a magnetron for example, there

will be a corresponding pulse of current which depends on the nature of

this load. The pulse current through the magnetron ranges from a few

amperes to several hundred amperes. The combined considerations of

short pulse duration and rectangularity therefore require that careful

attention be given to the behavior of the pulser circuit and its components
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under conditions of high rates of change of voltage and current. The
rate of change of voltage may be as high as several hundred kilovolts

per microsecond, and the current may build up at the rate of hundreds to

thousands of amperes per microsecond.

The product of the pulse voltage and the pulse current is the pulse

power. When the voltage and current pulses are rectangular, the cor-

responding pulse power is unambiguous. When the pulses are irregularly

shaped, however, the meaning of the term '‘pulse power is not so clear

because somewhat arbitrary methods are often used to average the prod-

uct of voltage and current during the pulse. The peak power of a pulse

is the maximum value of the product of the voltage and current. Thus,

for rectangular pulses the peak power and the pulse power are the same,

but for irregularly shaped pulses the peak power is greater than the pulse

power.

In this connection there are two general types of load that are dis-

cussed most frequently, namely, the linear load, such as a pure resistance,

and the nonlinear load, such as the magnetron. The magnetron load

can be approximately represented as a biased diode with a dynamic

resistance that is low and a static resistance that is about ten times higher.

Static resistance is the ratio of the voltage across the load to the current

through the load, whereas the dynamic resistance is the ratio of a small

change in voltage to the corresponding change in current. When the

dynamic resistance of the load is small, the magnitude of the pulse cur-

rent varies greatly with only small variations of the pulse voltage, and for

loads such as a magnetron, for example, the behavior of the pulser with a

linear load is not necessarily a good criterion.

Since the pulse-power output of pulsers for microwave-radar applica-

tion has ranged from as low as 100 watts to as high as 20 Mw, the average

power output as well is important to the design. The average power

corresponding to a particular pulse power depends on the ratio of the

aggregate pulse duration in a given interval to the total time, and this in

turn depends on the pulse recurrence frequency, PRF, which is the num-

ber of pulses per second (pps). If the pulse duration is r and the time

between the beginning of one pulse and the beginning of the next pulse

is Try then

Pav = r(PRF)Pp„u,.

A similar equation can be written in terms of the current if the pulse

voltage is essentially constant during the time corresponding to the cur-

rent pulse, thus

7pu.« = t(PRF)Jp„,...
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Since the average current and the PRF are relatively easy to measure,

this relation may be used to define a pulse current if the top of the pulse

is irregular but the rise and fall times are negligibly small. It may also

be used to define an equivalent pulse duration for a pulse shape that is

trapezoidal and perhaps rounded at the top, but where some significance

can be attached to a pulse-current measurement.

The ratio r/Tr—or the product t(PRF)—is commonly called the

pulser ^Muty,” ^^duty cycle,’’ or preferably ^Muty ratio,” and is expressed

as a fraction or a percentage. Thus l-/zsec pulses repeated at a rate of

1000 pps correspond to a duty ratio of 0.001 or 0.1 per cent. Pulsers

have been constructed with a duty ratio as high as 0.1, but for most radar

applications a value of 0.001 or lower is most common. As with any
power device, the over-all efficiency of a pulser is an important considera-

tion in its design. This is particularly true when the average power out-

put is high, that is, a combination of high pulse power and high duty

ratio. This point is stressed in the discussion and is frequently a decid-

ing factor in choosing one type of pulser in preference to another.

The pulse recurrence frequency affects the design of a pulser in ways
other than from the standpoint of the power considerations. The pulser

circuit may be considered to have a quiescent state that is disturbed

during the pulse interval and to which it must return before the initiation

of the next succeeding pulse. If the PRF is very high, the problem of

returning the circuit to this quiescent state becomes of importance.

Such things as time constants and deionization times may impose a

limit on how small the interpulse interval can be without unduly com-

plicating the design. This limit becomes especially important whenever

it is necessary to produce a series of closely spaced pulses to form a code

such as is used in radar beacons.

The choice of the internal impedance of the pulse generator depends

on the load impedance, the pulse-power level, and practical considera-

tions of circuit elements. Impedance-matching between generator and

load is of prime importance in some cases, especially with regard to the

proper utilization of the available energy and the production of a particu-

lar pulse shape. Impedance-matching is not always convenient with the

load connected directly to the pulser output; however, matching can

readily be attained by the use of a pulse transformer. By this means it is

possible to obtain impedance transformations between pulser and load

as high as 150/1, that is, a transformer vdth a turns ratio of about 12/1.

The magnetrons which have been used in microwave radar have static

impedances ranging from about 400 ohms to about 2000 ohm^ in general,

the higher the power of the magnetron, the lower its input impedance.

The impedance-transformation characteristic of the pulse transformer

also provides a means of physically separating the pulser and the load.
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Thus the power may be transmitted from the pulser to the load through a

low-impedance coaxial cable, provided that pulse transformers are used

to match impedances. For most efficient power transfer such impedance-
matching is necessary between pulser and cable and between cable and
load. In this way it has been possible to transmit high-power pulses of

short duration over as much as 200 ft of cable without a serious loss in

the over-all efficiency or a deterioration of the pulse shape.

The pulse transformer has another function that is important to pulser

design, namely, it provides a means for reversing the polarity of a pulse.

This feature of the pulse transformer together with the impedance-

transformation property considerably extends the range of usefulness for

pulsers of any type.

1*2. The Basic Circuit of a Pulse Generator.—The pulse generators

discussed in this book depend on the storage of electrical energy either

in an electrostatic field or in a magnetic field, and the subsequent dis-

charge of a fraction or all of this stored energy into the load. The two
basic categories into which the largest number of pulser designs logically

fall are (1) those in which only a small fraction of the stored electrical

energy is discharged into '•'lie load during a pulse, and (2) those in which

all of the stored energy is discharged during each pulse. These two basic

categories of pulsers are generally referred to as (1) ^^hard-tube pulsers^^

and (2) ‘4ine-type pulsers.

To accomplish this discharge, it is necessary to provide a suitable

switch that can be closed for a length of time corresponding to the pulse

duration and maintained open during the time

required to build up the stored energy again be- —L Energy- I

fore the next succeeding pulse. In its simplest
device Switch /

form, therefore, the discharging circuit of a
^

pulser can be represented schematically as shown r-H

in Fig. IT. The characteristics required for the LJ
switch will be different depending on whether or

not all the stored energy is discharged into the Fig. i i.—Basic discharg-

load during a single pulse. Some pulse-shaping circuit of a pulser.

will be necessary in the discharging circuit when all the energy is to be

dissipated.

Since the charging of the energy-storage component of the pulser

takes place in the relatively long interpulse interval, the discussion of

pulsers may logically be divided into the consideration of the discharging

circuit on the one hand, and the charging circuit on the other. Power

supplies for these pulsers are, in general, of conventional design and

therefore usually need not be discussed, but wherever this design

has bearing on the over-all pulser behavior, special mention is made
of the fact.

Energy-

storage

device

Load

Switch
,
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1«3. Hard-tube Pulsers.—In general, the energy-storage device for

these pulsers is simply a condenser that is charged to some voltage F,

thus making available an amount of electrical energy ^CV^. The term

“hard-tube’’ refers to the nature of the switch, which is most commonly
a high-vacuum tube containing a control grid. The closing and opening

of this switch is therefore accomplished by applying properly controlled

voltages to the grid. Since only a small fraction of the energy stored in

the condenser is discharged during the pulse, the voltage across the

switch immediately after the pulse and during the charging interval is

nearly the same as it is at the beginning of the pulse. It is therefore

necessary that the grid of the vacuum-tube switch have complete control

of the conduction through the tube. This required characteristic of the

switch tube rules out the possibility of using known gaseous-discharge

devices for this type of pulser.

It is generally desired that these pulsers produce a succession of pulses,

and therefore some provision must be made to replenish the charge on

the storage condenser. This is accomplished by means of a power supply

which is connected to the condenser during the interpulse interval. The
combination of the discharging

and charging circuits of the pulser

may be represented schematically

as shown in Fig. 1-2. In order to

avoid short-circuiting the power

supply during the pulse interval,

some form of isolating element

must be provided in series with

the power supply. This element

may be a high resistance or an

inductance, the particular choice

depending on the requirements of

over-all pulser design. The pri-

mary consideration is to keep the

power-supply current as small as

possible during the pulse interval. However, the impedance of this isolat-

ing element should not be so high that the voltage on the condenser at the

end of the interpulse interval differs appreciably from the power-supply

voltage.

Because of the high pulse-power output, pulsers for microwave radar

require switch tubes that are capable of passing high currents for the

short time corresponding to the pulse duration with a relatively small

difference in potential across the tube. Oxide-cathode and thoriated-

tungsten-filament tubes can be made to pass currents of many amperes

for the pulse durations necessary in the microwave-radar applications

Charging Discharging

circuit
,

circuit

Isolating

element

Storage

' condenser

Power -t

supply

y Switch

Load

Fig. 1*2.—Charging and discharging circuit

for a hard-tube pulser.
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with a reasonable operating life expectancy. The cathode efiSciency,

that is, amperes of plate current per watt of heating power, is consider-

ably less for the thoriated-tungsten filament than for the oxide cathode.
For switch tubes with oxide cathodes it has been common to obtain
about 0.3 to 0.5 amp/watt of heating power, although as much as 1

amp/watt has been obtained, whereas for thoriated-tungsten filaments

this amount is generally less than 0.1 amp/watt. The tungsten-filament

tube, however, is less subject to sparking at high voltages and currents

and, within Radiation Laboratory experience, these tubes have not

exhibited cathode fatigue, that is, a falling-off of cathode emission during

long pulses. This cathode fatigue is sometimes a limitation on the long-

est pulse for which an oxide-cathode s\\dtch tube should be used.

In order to obtain a high plate current in these switch tubes, there

must be a fairly high positive voltage on the control grid and therefore

considerable grid current. In the case of a tetrode, there is a high screen-

grid current as well The duty ratio permitted in a given pulser is often

limited by the amount of average power which the particular tube can

dissipate.

The output circuit of a hard-tube pulser does not usually contain any

primary pulse-shaping components, although its design, in combination

with the load, has a marked effect on the ultimate shape of the pulse.

In a pulser of this type, the pulse is formed in the driver circuit, the out-

put of which is applied to the control grid of the switch tube. From the

standpoint of over-all pulser efficiency, it is desirable that the switch

tube be nonconducting during the interpulse interval. The control grid

must therefore be at a voltage sufficiently negative to keep the tube cut

off during this time, and consequently the output voltage from the driver

must be sufficient to overcome this grid bias and carry the grid positive.

For most designs of hard-tube pulsers, this requirement means that the

driver output power must be a few per cent of the actual pulser output

power.

The resistance of available vacuum tubes used as switches in hard-

tube pulsers ranges from about 100 to 600 ohms. If the pulser is con-

sidered as a generator with an internal resistance equal to that of the

switch tube, the highest discharge efficiency is obtained when the effective

load resistance is high. Matching the load resistance to the internal

resistance of the pulser results in an efficiency of 50 per cent in the output

circuit and the switch tube must dissipate as much power as the load.

Because of these considerations, the hard-tube pulser is generally designed

with a power-supply voltage slightly greater than the required pulse

voltage. This design practice has not been followed when the output

voltage required is higher than the power-supply voltage that is easily

obtainable. The power-supply voltage may be limited by available
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components, size requirements, and other special considerations. A
pulse transformer may then be used between the pulser and the load to

obtain the desired pulse voltage at the load.

1«4. Line-type Pulsers.—Pulse generators in this category are referred

to as ‘4ine-type’^ pulsers because the energy-storage device is essentially

a lumped-constant transmission line. Since this component of the line-

type pulser serves not only as the source of electrical energy during the

pulse but also as the pulse-shaping element, it has become commonly
known as a “pulse-forming network,’’ PFN. There are essentially two
classes, of pulse-forming networks, namely, those in which the energy for

the pulse is stored in an electrostatic field in the amount and those

in which this energy is in a magnetic field in the amount ^LP. The first

class is referred to as “voltage-fed networks” and the second as “current-

fed networks.” The voltage-fed network has been used extensively in

the microwave-radar applications in preference to the current-fed net-

work because of the lack of satisfactory switch tubes for the latter type.

The pulse-forming network in a line-type pulser consists of induc-

tances and condensers which may be put together in any one of a number
of possible configurations. The configuration chosen for the particular

purpose at hand depends on the ease with which the network can be

fabricated, as well as on the specific pulser characteristic desired. The
values of the inductance and capacitance elements in such a network can

be calculated to give an arbitrary pulse shape when the configuration,

pulse duration, impedance, and load characteristics are specified. The
theoretical basis for these calculations and the detailed discussion of the

role of the various network parameters are given

in Part II of this book.

The discharging circuit of a line-type pulser

using a voltage-fed network may be represented

schematically as shown in Fig. T3. If energy

has been stored in the network by charging the

capacitance elements, closing the switch will

allow the discharge of this energy into the load.

When the load impedance is equal to the charac-

teristic impedance of the network, assuming the

switch to have negligible resistance, all of the

energy stored in the network is transferred to

the load, leaving the condensers in the network completely discharged.

The time required for this energy transfer determines the pulse duration

and depends on the values of the capacitances and inductances of the net-

work. If the load impedance is not equal to the network impedance, some

energy will be left on the network at the end of the time corresponding to

the pulse duration for the matched load. This situation leads to complica-

PFN

Load

Switch

Fig. 1-3.

circuit for s

network.

-Discharging
voltage-fed
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tions in the circuit behavior and is to be avoided if possible by careful design
and construction of the network to insure an impedance match with the
load. The voltage appearing across a load that matches the impedance
of a nondissipative voltage-fed network is equal to one half of the voltage
to which the network is charged just before

closing the switch.

The corresponding circuit for a current-fed

network may be represented as shown in Fig.

1*4. In this case the switch acts to close the

network-charging circuit and allows a current

to build up in the inductance of the network.

When this current is interrupted by opening

the SAvitch, a high voltage, whose magnitude

depends on the load impedance and the current

in the inductance, appears across the load.

Impedance-matching between the load and a

network of the current-fed type results in a

division of current such that the load current is one half of that in the

network just before the sv itch is opened.

The consideration of impedance-matching is of extreme importance

in designing a line-type pulser because it affects the utilization of the

energy stored on the network, as well as the ultimate shape of the voltage

and current pulses at the load. For these reasons, the nature of the load

must be known before proceeding to the design of the pulser. If the

load is nonlinear, as in the case of a magnetron, it very often happens

that the load characteristics can be taken into account only approxi-

mately, and the ultimate design of the network may have to depend on

experimental tests mth subsequent modifications to obtain the desired

pulse shape.

Pulse-forming networks can be designed to have any value of charac-

teristic impedance, but matters of practical convenience, such as the

available size of inductances and condensers and the maximum permis-

sible switch voltage, often dictate that this value be different from that

required to match the impedance of the load. When the network

impedance is different from the load impedance, the matched condition

is attained by the use of a pulse transformer. Again, for reasons

of engineering convenience, it has been common to apply the pulser

output directly into one end of a coaxial cable, thus facilitating the

physical separation of the pulser and the load. The impedance of the

cable matches that of the network, and a pulse transformer at the other

end provides the impedance match to the load. Since the cable that has

been most available for applications of this type has a characteristic

impedance of 100 ohms or less (commonly 50 ohms), most of the voltage-

h

Charging

Switch

PFN

Power
supply

Discharging

circuit -*>h- circuit

oN>-

Load

Fig. 14.—Charging
discharging circuit for a
rent-fed network.

and
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fed line-type pulsers for microwave radar have been designed for the

50-ohm level, thereby making the use of a pulse transformer a necessity

mth magnetron load. The pulse transformer therefore becomes an

essential part of the discharging circuit in a low-impedance pulser used

Avith high-impedance load, and as such its characteristics have an effect

on the pulse shape and the over-all behavior of the discharging circuit.

It is desirable and often necessary that the design of the pulse transformer

and the design of the pulse-forming network be coordinated in order to

obtain the most satisfactory pulser operation.

Since the impedance-transformation ratio for a transformer is equal

to the square of the voltage-transformation ratio, the use of a low-

impedance pulser with a load of higher impedance requires the use of a

pulse transformer that gives a voltage stepup between pulser output and

load input. Thus, when a line-type pulser with a 50-ohm voltage-fed

network is used to pulse an 800-ohm load, for example, the voltage

stepup ratio is about 4/1, and the current in the discharging circuit of

the pulser becomes about four times the load current. Accordingly, the

switch in the discharging circuit of a line-type pulser is required to pass

very high pulse currents for high pulse power into the load. Since the

switch is in series with the pulser output, its effective resistance must be

small compared with the characteristic impedance of the pulse-forming

network if high efficiency is desired.

When a pulser uses a voltage-fed network, the voltage across the

switch falls to zero at the end of the pulse because the stored energy is

completely discharged. This consideration, in conjunction with the

high current-carrying capacity and low resistance required of the switch,

suggests the use of a form of gaseous-discharge device, which must remain

nonconducting during the interpulse interval if it is desired to apply a

succession of pulses to the load. If it is also required that the interpulse

intervals be of controlled duration, the switch must have a further

characteristic which allows a positive control of the time at which con-

duction is initiated. These switch requirements can be met by rotary

spark gaps, which depend on overvolting by a decrease in the gap length,

or by fixed spark gaps, in which the discharge is initiated by an auxiliary

electrode. A grid-controlled gaseous-discharge tube such as the thyra-

tron is particularly well suited to this application since it is possible to

start the discharge in a tube of this type at any desired time, within a

very small fraction of a microsecond, by the application of proper voltage

to the grid. Several grid-controlled hydrogen-filled thyratrons of dif-

ferent voltage and current ratings that cover the range of pulse-power

output from a few kilowatts to almost two megawatts have been devel-

oped for this application. These hydrogen thyratrons have proved to

be very practical switches for line-type pulsers because they fulfill ade-
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quately all the switch requirements mentioned above and have a stability

against ambient temperature variations that is considerably better than
that of the mercury thyratron. Hydrogen thyratrons that have a
satisfactory operating life and yet can hold off 16 kv with the grid at

cathode potential and carry pulse currents of several hundred amperes
for a pulse duration of 2 /xsec and a recurrence frequency of 300 pps have
been developed and manufactured.

The grid-controlled high-vacuum tube is not well suited to serve as

the switch in a low-impedance line-type pulser using a voltage-fed net-

work because of its rather low cathode efficiency and relatively high

resistance during the conduction period. An oxide-cathode high-vacuum
tube that requires 60 watts of cathode-heater power, for example, can

carry a pulse current of about 15 amp for a pulse duration of a few micro-

seconds, and under these conditions, this tube presents a resistance of

perhaps 100 ohms to the circuit. A hydrogen thyratron, on the other

hand, with equivalent cathode-heater power can carry a pulse current of

about 300 amp, presenting an effective resistance to the circuit of about

one ohm.

As stated previously, a line-type pulser using a current-fed network

requires a switch capable of carrying a current at least twice that

desired in the pulser load. The further requirement that this switch

must be capable of interrupting this current and withstanding high volt-

age during the pulse eliminates the gaseous-discharge type and points to

the grid-controlled high-vacuum tube. The low current-carrying capac-

ity of existing tubes has, therefore, been the principal deciding factor in

choosing the voltage-fed network for line-type pulsers rather than the

current-fed network.

Several different methods are used

to charge a voltage-fed network in a

line-type pulser. Since the general

aspects of these methods are not ap-

preciably affected by the discharging

circuit, the requirements imposed on

pulser design by the charging circuit

can be considered separately. If the

time allowed for the charging of the

network is sufficiently long compared

with the pulse duration, the charging

cycle is simply that corresponding to

the accumulation of charge on a con-

Fig. 1*5.—Charging and discharging cir-

cuit for a voltage-fed network.

denser. Figure 1 • 5 indicates schematically the relation between the charg-

ing and discharging circuits of a pulser with voltage-fed network. For

example, the network may be recharged from a d-c power supply through
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a high resistance, in which case the equilibrium voltage on the network

can be nearly equal to the power-supply voltage. The requirement on the

series-resistance isolating element in this charging circuit is simply that

it must be large enough to allow only negligible current to be taken from

the power supply during the pulse and the deionizing time for the switch,

but not so large that the RC time constant becomes comparable to the

interpulse interval. To get the highest network voltage from a given

power-supply voltage ^vith this arrangement, the length of the interpulse

interval should be several times greater than the RC time constant in the

charging circuit. This method of charging the network is inherently

inefficient—^its maximum possible efficiency is only 50 per cent.

Since the efficienc}^ of the network-charging circuit with a resistance

as the isolating element is very low, the use of a nondissipative element,

such as an inductance, suggests itself. When a capacitance is charged

through an inductance from a constant potential source, the voltage

across the capacitance is in the form of a damped oscillation the first

maximum of which is approximately equal to twice the supply voltage if

the initial voltage across the capacitance and the current through the

inductance are zero. This maximum occurs at a time equal to tt Vlc
after the voltage source is connected to the inductance-capacitance

combination. The inductance to be used with a given network is, there-

fore, calculated by setting the interpulse interval equal to t \/LC, where

C is the network capacitance. This type of network charging is called

‘^resonant charging.’^ If the pulse recurrence frequency is less thal^

1/t Vlc, some current will still be flomng in the inductance at the

beginning of each charging period and, under equilibrium conditions, this

initial current will be the same for all charging cycles. The network will

again be charged to approximately twfice the power-supply voltage. This

type of network charging is called ^fiinear charging.

With careful design of the inductance, the efficiency of the charging

circuit is as high as 90 to 95 per cent, and the power-supply voltage needs

to be only slightly greater than one half of the desired network voltage,

resulting in a great advantage over resistance charging. A factor of 1.9

to 1.95 between network and supply voltage can be obtained if the

charging inductance is designed so that the quality factor Q of the charg-

ing circuit is high.

Resonant charging can also be done from an a-c source provided

that the pulse recurrence frequency, PRF, is not greater than twice the

a-c frequency. If the pulse recurrence frequency and the a-c frequency

are equal, the network voltage attains a value tt times the peak a-c volt-

age. This voltage stepup becomes greater as the ratio of a-c frequency

to pulse recurrence frequency increases. The voltage gain soon becomes

expensive, however, and it is not practical to go beyond an a-c frequency

greater than twice the PRF.
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1'6. A Comparison of Hard-tube and Line-t3rpe Pulsers.—Although
it is not possible to give a set of fixed rules to be followed in determining
the type of pulser best suited to a particular application, it is possible to
give a few general comparisons of the two types which may aid in choos-
ing between them. The comparisons made here concern such things as:

power output and efiiciency, pulse shape, impedance-matching, short
interpulse intervals, high-voltage versus low-voltage power supply, the
ease with which pulse duration and pulse recurrence frequency can be
changed, time jitter, over-all circuit complexity, size and weight of the
pulsers, and regulation of the pulser output against variations in input
voltage. This list does not include all the possible points for compari-
son, but only those that are of primary importance in choosing between
the two pulser types.

The over-all efficiency of the line-type pulser is generally somewhat
higher than that of the hard-tube pulser, particularly when the pulse-

power output is high. This is due in part to the fact that the hard-tube

pulser requires a larger overhead of cathode-heating power. Further-

more, a high-vacuum-tube switch dissipates a greater portion of the

available pulser power by virtue of its higher effective resistance than

does a gaseous-discharge switch. The power required for the driver of

the hard-tube pulser is not negligible and, since this component is not

necessary in a line-type pulser, the over-all efficiency of the latter is

thereby enhanced.

The pulse shape obtained from a hard-tube pulser can usually be

made more nearly rectangular than that from a line-type pulser. This

is particularly true when the network of the pulser has low impedance,

and a pulse transformer must be used between the pulser and a nonlinear

load such as a magnetron. In this case, small high-frequency oscilla-

tions are superimposed on the voltage pulse at the load. These oscil-

lations make the top of the pulse irregular in amplitude. The amplitude

of the corresponding oscillations on the top of the current pulse depends

on the dynamic resistance of the load and, if this is small, these oscilla-

tions become an appreciable fraction of the average pulse amplitude.

The hard-tube pulser is, therefore, generally preferred to the line-type for

applications in which a rectangular pulse shape is important.

Impedance-matching between pulser and load has already been

mentioned as an important consideration in the design of line-type pul-

sers. Usually, an impedance mismatch of +20 to 30 per cent can be

^tolerated as far as the effect on pulse shape and power transfer to the load

is concerned, but a greater mismatch causes the over-all pulser operation

to become unsatisfactory. The load impedance of the hard-tube pulser,

however, can be changed over a wide range without seriously affecting

the operation. The principal limitation in the latter case is that, if the

load impedance is too low, the required current through the switch tube
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is large and the power dissipated in the switch becomes a larger fraction

of the total power, thus lowering the efficiency. In applications of the

line-type pulser it is possible to effect an impedance match for any load

by the proper choice of pulse transformer, but this procedure is somewhat

inconvenient if, for example, it is desired to vary the power input to a

nonlinear load between wide limits.

Switches of the gaseous-discharge type, which are commonly used in

the line-type pulser, place a stringent limitation on the minimum spacing

between pulses. After the pulse, the network must not charge up to any

appreciable voltage until the deionization is complete, otherwise the

switch will remain in the conducting state and the power supply will be

short-circuited. For this reason, the interpulse interval must be several

times as long as the svdtch deionization time when the gaseous-discharge

type is used. The high-vacuum-tube switch in the hard-tube pulser does

not present any similar limitations on the interpulse interval, but in this

case the problem becomes one of designing the circuit with small RC and

L/R time constants. It has been possible, for example, to construct

hard-tube pulsers with 0.2-^tsec pulses spaced 0.8 jusec between leading

edges.

It has been stated in the preceding discussion of hard-tube pulsers

that a high-voltage power supply is necessary for highest efficiency.

This requirement is sometimes a very serious limitation on the design of

such pulsers for high-pulse-power output.' The low-impedance line-type

pulser using resonant charging of the network, on the other hand, can be

designed with a much lower power-supply voltage for a pulse-power

output comparable to that of a hard-tube pulser. For example, a hard-

tube pulser with a pulse-power output of 3 Mw has been built with a

35-kv power supply, whereas for a line-type pulser with d-c resonant

charging of the network, the same power output is obtained with only

about 14 kv from the power supply if a standard 50-ohm network is used.

A line-type pulser using a-c resonant charging, on the other hand, requires

an a-c power source giving a peak voltage of about 8 kv in order to provide

a pulse-power output of 3 Mw. It should be stated, however, that in

both of the line-type pulsers mentioned here the pulse-forming networks

are charged to about 25 kv, but this voltage does not present such serious

design problems from the engineering standpoint as the design of a power

supply of equivalent voltage. It would have been advantageous to

have a power-supply voltage greater than 35 kv for this 3-Mw hard-tube

pulser, but a higher voltage was impractical because the pulser design

was limited by the available components, in particular by the switch

tube.

It is sometimes desirable to have a pulser capable of producing pulses

of several different durations, the particular one to be used being selected
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by a simple switching operation. The pulse duration is determined in

the driver of the hard-tube pulser, where this type of pulse selection is

easily made since the switching can be done in a low-voltage part of the

circuit. In the line-type pulser, however, the pulse duration is deter-

mined by the network and in order to change the pulse duration a different

network must be connected into the circuit. This can be accomplished

by a smtching operation, but because of the higher voltage involved it is

not so simple as in the hard-tube pulser. A further complication may
arise in the line-type pulser since a change of network affects the character-

istics of the charging circuit, and practical considerations of inductance

charging therefore limit the ranges of pulse duration and pulse recur-

rence frequency that can be covered. The ease with which the pulse

duration may be changed in a hard-tube pulser provides a flexibility that

is difficult to obtain with a line-type pulser.

In many pulser applications it is important to have the interpulse

intervals precisely determined. In hard-tube pulsers and some line-type

pulsers, constant interpulse intervals are obtained by using a trigger pulse

to initiate the operation of the pulser. These trigger pulses can be gener-

ated in a low-power circuit independent of the pulser, and it is a simple

matter to design such a circuit so that the trigger pulses occur at pre-

cisely knoAvn time intervals. When the successive output pulses from

the pulser start with varying time delay after the start of the trigger

pulse, there is said to be time jitter in the output pulses. If the trigger

pulses are used to initiate the operation of other apparatus, which is

auxiliary to the pulser, this time jitter results in unsatisfactory over-all

operation of the equipment. Hard-tube pulsers can be easily designed

to make this time jitter negligible, that is, 0.02 /zsec or less. The time

jitter is also small in line-type pulsers that make use of a hydrogen thyra-

tron as the switch. With line-type pulsers using the triggered spark

gaps (series gaps), however, the time jitter is considerably greater, about

0.1 to 3 jusec depending on the gap design. Recent development of a

triggered spark gap having a cathode consisting of spongy iron saturated

with mercury has made it possible to obtain time jitter as small as 0.02

/isec with the series-gap sAvitch. When a rotary spark gap is used as the

switch in a line-type pulser, the interpulse intervals are determined by
the rotational speed and the number of sparking electrodes. .In this

case time jitter refers to the irregularity of the interpulse intervals and

may amount to as much as 20 to 80 ^sec.

Because the circuit for the hard-tube pulser is somewhat more com-

plex and requires a larger number of separate components than that of

the line-type pulser, both the problem of servicing and the diagnosis

of faulty behavior of the hard-tube pulser are more difficult. Because of

the combination of fewer separate components and higher efficiency, a
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line-type pulser can generally be designed for smaller size and weight than

a hard-tube pulser with equivalent pulse- and average-power output and
with comparable safety factors in the indi\ddual components.

Table 1-1.

—

Comparison of the Two Pulser Types

Characteristics Hard-tube pulser Line-type pulser

Efficiency

Pulse shape

Lower; more overhead power

required for the driver, cath-

ode-heating, and for dissipa-

tion in the switch tube

Better rectangular pulses

Impedance-matching Wide range of mismatch per-

missible

Interpulse interval. . . . May be very short
;
as for cod-

ing beacons (i.e., < 1 /xscc)

Voltage supply High-voltage supply usually

necessary

Change of pulse dura-

tion

Time jitter

Easy
;
switching in low-voltage

circuit

Somewhat easier to obtain

negligible time jitter (i.e.,

< 0.02 /xsec) than with a

line-type pulser

Circuit complexity. . .

.

Effects of change in

voltage

Greater, leading to greater

difficulty in servicing

For design having maximum
efficiency, {AP/P) output ~
Q{AV/V) input. By sacri-

ficing efficiency in the design,

(AP/P) output « 0.5(AV/F)

input can be obtained

High, particularly when the

pulse-power output is high

Poorer rectangular pulse, par-

ticularly through pulse trans-

former

Smaller range of mismatch
permissible (±20 to 30%).
Pulse transformer will match
any load, but power input to

nonlinear load cannot be

varied over a wide range

Must be several times the

deionization time of dis-

charge tube (i.e., > 100 Msec)

Low-voltage supply, particu-

larly with inductance charg-

ing

Requires high-voltage switch-

ing to new network

High-power line-type pulsers

with rotary-gap switch have

an inherently large time jitter

;

with care in design and the

use of a hydrogen thyratron

or enclosed gaps of mercury-

sponge type, a time jitter of

0.02 /xsec is obtainable

Less, permitting smaller size

and weight

Better than a hard-tube pulser

designed for maximum effi-

ciency since {AP/P) output
w 2(AF/F) input for a line-

type pulser, independent of

the design

The effect on the power output of a pulser resulting from a change in

the input voltage is sometimes of considerable importance to the particu-

lar application. For a line-type pulser, the percentage change in output

power is about two times the percentage change in input line voltage, and
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little can be done to change this ratio appreciably. In the case of the

hard-tube pulser, however, this ratio may be controlled by the proper

choice of the switch tube and its operating conditions. The percentage

change in output power from a hard-tube pulser may be varied over the

range -of 0.5 to 6 times the percentage change in input line voltage. This

advantage with the hard-tube pulser is gained only at the expense of

lower efficiency, however, and the ratio is large when the discharging

circuit is designed for maximum efficiency.

These comparisons between hard-tube and line-type pulsers are

summarized in Table IT.

It should be evident from these general remarks concerning the rela-

tive merits of hard-tube and line-type pulsers that a perfunctory analysis

of the requirements for a particular application cannot lead to an intel-

ligent choice of the pulser type to be used. A detailed analysis requires a

thorough understanding of the characteristics of pulsers in general, and

of the two types in particular. It is the purpose of the following chapters,

therefore, to present the available information on hard-tube and line-

type pulsers in considerable detail in order that it may be of the great-

est possible aid in the design of high oower pulse generators for any

application.
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CHAPTER 2

THE OUTPUT CIRCUIT OF A HARD-TUBE PULSER

By G. N. Glasoe

2*1. The Basic Output Circuit.—^As stated in Chap. 1, pulse-generator

design and operation are discussed here from the standpoint of the basic

circuit shown in Fig. IT, the essential elements of which are the reservoir

for electrical energy, the switch, and the load. These components con-

stitute the output circuit of the pulser, and their inherent characteristics,

together with the circuit behavior, almost exclusively determine the pulse

shape and amplitude. The power output from a pulser is usually

required to be a succession of pulses occurring at more or less regular time

intervals with a specified time duration for each pulse. The complete

pulser circuit must thereforj contain, in addition to the output circuit, a

means of controlling the duration of the pulse and of replenishing the

electrical energy in the reservoir during the interpulse intervals. Since

the pulse shape and amplitude are usually the most important character-

istics of the pulser output, it is logical to begin the discussion with a con-

sideration of the output circuit.

The hard-tube pulser derives its name from the fact that the switch is a

high-vacuum tube, the conduction through which can be controlled by
the application of the proper voltage to a grid. In its simplest form such

a switch is a triode, but, as is shown later, a tetrode or j>entode can often

perform the switching function more satisfactorily. The choice of the

tube to be used as the switch in a pulser designed for high pulse-power

output depends on the capability of the tube to pass high peak currents

and to stand off high voltages. The voltage drop across the s\vitch tube

must also be considered in connection with over-all pulser efficiency

and allowable power dissipation in the tube, particularly if the duty ratio

for the pulser is high. The discussion of the design of hard-tube pulsers is

therefore influenced to a considerable extent by the characteristics of

the high-vacuum tubes that have been available.

Condenser as the Energy Reservoir .—The reservoir for electrical energy

in a hard-tubi8i pulser may be either a condenser or an inductance. The
hard-tube pulsers for microwave-radar applications have most commonly
been of the condenser type. The two possibilities may be represented

schematically as shown in Fig. 2*1, where the load is indicated as a pure

resistance. In Fig. 2Ta switch (1) is introduced only for convenience
21



22 THE OUTPUT CIRCUIT OF A HARD-TUBE PULSER [Sbc. 2-1

in the present discussion and is replaced by a high-impedance element in

the more detailed discussion in the following sections.

Assume that the switch (1) in Fig. 2- la is closed long enough to allow

the condenser to become charged to the power-supply voltage. An

amount of energy is then available to be discharged into the load

Fig. 2-1.—Basic hard-tube pulser circuits, (a) The condenser type. (6) The inductance
type.

by opening switch (1) and closing switch (2). During this condenser dis-

charge, the voltage across the load decreases with time according to the

relation
t

Vi = (R^+r,)c. _ V,,

where t is measured from the instant the switch is closed, and Vp = IpVp is

the voltage drop in the switch. If the switch is closed for a time small

compared with the time constant {Ri+ rp)C«, only a small part of the

total energy stored in the condenser is removed, and the voltage across

the load and the current through the switch are very nearly constant.

The load is therefore subjected to a voltage pulse of duration correspond-

ing to the length of time the switch is kept closed. The capacitance that

is necessary to keep the pulse voltage between the limits Vi and Vi — AVi
can easily be calculated if the pulse current and the pulse duration are

specified. If the pulse duration r is assumed to be small compared w ith

the RC time constant of the discharging circuit, the change in voltage of

the condenser during the pulse may be written

AF, = p-r.

If switch (1) is closed again for the time between pulses, after opening
switch (2), the energy in the condenser is replenished from the power
supply. A repetition of this switching procedure produces a succession

of identical pulses. The important point of this discussion is that the

swdtch tube, represented by switch (2), carries current only during the

pulse interval. Hence the average power dissipated in the switch tube is

equal to Fp7p r/Tr, where Fp is the tube drop. Ip is the plate current, r is
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the pulse duration, and Tr — l/fr is the recurrence interval. The power

dissipated in the switch tube is augmented slightly by replacing switch

(1) by a high-impedance element, but for the present considerations this

increase may be neglected. Figure 2*2 shows a sketch of the conden-

ser voltage as a function of time when switch (1) is replaced by a high

resistance.

Fig. 2-2.—Idealized sketch of the time variation of the voltage on the storage condenser
in a hard-tube pulser.

Inductance as the Energy Reservoir .—Consider next the pulser repre-

sented in Fig. 2T6, in which an inductance serves as the electrical-energy

reservoir. When the switch is closed, a current builds up in the induct-

ance according to the relation

where r^., the effective resistance of the switch, is considered to be small

compared with and the resistance of the inductance is assumed to be

negligibly small. If the switch is opened at a time /i, the initial current

in the load resistance is u(^i) and decreases with time according to the

relation

ii{t') = iL{h)e

where t' is measured from the instant of opening the switch, litiy^ L^Jrp,

the initial voltage across the load is E^Ri/rp. A pulse is produced by
keeping the switch open for the time interval desired for the pulse dura-

tion. If this time is small compared the current in the induct-

ance, and hence that in the load, decreases only slightly during the pulse,

and a large fraction of the energy initially stored in the inductance is

still there at che instant the switch is closed. As a result, the current in

the switch at the start of the interpulse interval is almost as large as it

was at the start of the pulse. If a succession of pulses is obtained by
repeating the smtching procedure, the average current through the

switch tube is nearly equal to the pulse current.

Comparison of a Condenser and an Inductance as the Energy Reser-

voir .
—^The pulse current through the switch tube for a given pulse power

into a load is the same whether the electrical energy is stored in an induct-

ance or in a cap^.citance. Thus, the voltage drop across a given switch
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tube is comparable in the two cases. The average power dissipated in

the switch tube, however, is much higher when an inductance is used

because the tube is conducting during the interpulse interval, whereas,

when a capacitance is used, it is conducting only during the pulse interval.

The idealized sketch shown in Fig. 2-3 indicates the current in the induct-

ance as a function of time.

Fig. 2-3.—Idealized sketch of the time variation of current in the storage inductance of a

hard-tube pulser.

Although the power-supply voltage required for a pulser with an

inductance for energy storage is considerably less than the desired pulse

voltage across the load, the switch tube must be capable of withstanding

approximately the same voltage as when a capacitance is used. In a

pulser of the type shown in Fig. 2Ta, the maximum voltage across the

switch tube is equal to the power-supply voltage, which must be greater

than the load pulse voltage by an amount equal to the voltage drop in

the tube. The maximum voltage across the switch tube in the circuit

of Fig. 2T6 is equal to the magnitude of the pulse voltage plus the power-

supply voltage. Pulsers of the two types that are designed to give the

same output voltage and current for a particular load therefore require

approximately the same characteristics for the switch tube.

If the effective resistance of the switch tube is reduced, the average

power dissipation in the inductance pulser becomes a less serious matter.

A tube of the gaseous-discharge type is capable of conducting a high

current with a very small voltage drop across the tube, and hence intro-

duces a low effective resistance into the circuit. With conventional tubes

of this type, however, once the gaseous discharge is initiated it cannot be

extinguished by application of voltage to a grid. For this reason, the

known gaseous-discharge tubes are not practicable switches for the induct-

ance pulser.

There is a method by which the energy dissipated in the switch tube

can be reduced to a reasonable value in spite of the relatively high effec-

tive resistance of high-vacuum tubes. The method is to allow all the

energy stored in the inductance to be discharged into the load before the

switch is closed again. As a result, the pulse current drops to zero and

the pulse shape, instead of being rectangular, has the form

hit') = iLiti)e .
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The average power dissipation in the switch tube is kept small by closing

the switch for only a short time interval before the start of the pulse.

The current in the inductance as a

function of time is shown in Fig. 2*4.

The undesirable nonrectangular

pulse can be transformed into a rec-

tangular pulse by making the in-

ductance a part of a current-fed

pulse-forming network. This pos-

sibility is discussed in detail in Chap.

6, where it is shown that with such

an arrangement the pulse current

in the load is only one half of the current built up in the inductance.

The average power dissipation in the switch tube is therefore reduced at

the expense of a higher pulse-current requirement on the tube.

Because of the preceding considerations and the characteristics of

conventional high-vacuum tubes, the condenser was chosen as the elec-

trical-energy reservoir for a hard-tube pulser. A detailed discussion of

the pulse shape obtainable with such a pulser must involve the particular

characteristics of the load and of the switch tube. There is invariably

some distributed capacitance across the load which must be taken into

account when considering the shape of the leading and trailing edges of

the pulse. If, for example, the load is a biased diode, a conducting path

must be provided in parallel with the load in order to allow the storage

condenser to be recharged.

In the following sections the possible arrangements for the pulser

output circuit are discussed, 'with emphasis on the effect of the various

circuit parameters on the shape of

the output pulse and on the effi-

ciency of the discharging circuit.

THE DISCHARGING OF THE
STORAGE CONDENSER

In Chap. 1 and in the preced-

ing section, the use of a reservoir

for electrical energy in a pulse gen-

erator has been emphasized and
reasons have been given for choos-

ing a condenser to serve as such a

reservoir in a hard-tube pulser. A pulser of this type is actually a Class C
amplifier whose coupling condenser is considered to be the energy reservoir,

as becomes evident when the circuit of Fig. 1*2 is redrawn with a three-

element vacuum tube in the switch position, as shown in Fig. 2*5. By

Ri

Fig. 2-6.—Hard-tube pulser with a triode as

the switch tube.

Fig. 2-4.—Inductance current as a func-
tion of time when all the energy stored in

the inductance is discharged into the load.
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comparing the circuit of Fig. 2*5 with that of Fig. 1-2, it is seen that the

discharging circuit consists of the condenser Cw, the load Ri, and the tube

T. The charging circuit consists of the primary electrical-energy source

Ebb, the isolating element Rc, the condenser Cw, and the load Ri, As
with the Class C amplifier, in order to operate this circuit as a pulser the

grid of the vacuum tube must be biased beyond cutoff so that the tube is

normally nonconducting. The application of a voltage Vg of amplitude

sufficient to overcome the grid bias causes the tube to conduct and a

voltage to appear across the load Ru There are two major differences,

however, between the operation of such a circuit as a pulser and as a

conventional Class C amplifier that make it desirable to deviate from the

usual method of amplifier-circuit analysis in the discussion of pulser

operation:

1. The ratio of conducting to nonconducting periods for the vacuum
tube is considerably smaller in pulser operation than in amplifier

operation. Thus, the pulser discussion is usually concerned with a

ratio of the order of magnitude of 1/1000, whereas a conventional

Class C amplifier involvesaratioslightly less than 1/2.

2. In pulser operation the shape of the voltage at the load is of funda-

mental importance.

The effects of the various circuit parameters on the pulse shape can

best be discussed by considering the discharging circuit from the stand-

point of transient behavior. In the following discussion of pulse shape,

a linear load is represented by a pure resistance and a nonlinear load by a

biased diode. When the biased diode is used, it is necessary to intro-

duce a conducting path in parallel with the load in order to provide a

recharging path for the storage condenser during the interpulse interval.

The effect of this shunt element on the pulse shape is considered for the

cases where it is a pure resistance or a combination of resistance and
inductance.

2*2. The Output Circuit with a Resistance Load.—For the present

discussion of the pulser discharging circuit, the switch tube is considered

to function as an ideal switch, that is, as one requiring negligible time to

open and close, in series with a constant resistance Vp. Actually, the

particular tube characteristics and the shape of the voltage pulse applied

to the grid by the driver modify these considerations somewhat, as dis-

cussed in Chap. 3. The simplest form for the discharging circuit is

shown in Fig. 2-6. In this circuit the condenser Cs has been introduced

to represent the shunt capacitance, which is the sum of the capacitance

of the load, the capacitance of the switch tube, and the stray capacitance

of the circuit wiring.

In order to discuss the effect of the circuit parameters on the pulse



Sec. 2*2] OUTPUT WITH RESISTANCE LOAD 27

shape, it is necessary to find an expression for the voltage across the load
as a function of time, that is, an equation for Vba{t)- For the present
discussion the storage condenser is considered to be charged to a voltage

Vw that is very nearly equal to the power-supply voltage. It is further

assumed that the capacitance of is so large that the change in voltage
during a pulse is negligibly small. The analytical expression for Vha(t)

Fig. 2-6.—Discharging circuit of a hard- Fig. 2-7.—Equivalent output circuit
tube pulser with a resistance load and a for a hard-tube pulser with a resistance
shunt capacitance. load. The charged storage condenser is

replaced by a battery.

can be obtained by replacing the charged condenser Cw by a battery of

voltage Vw, as shown in Fig. 2-7. The complete shape of the voltage

pulse across the load resistance Ri is determined in two steps

:

1. The switch is closed at i = 0 and Vha{t) is evaluated over the

time interval 0 ^ ^ ^ ^i.

2. The switch St is opened at i = h and Vha(t) is evaluated for i ^ tu

The time interval during which the switch is closed essentially deter-

mines the pulse duration r in many cases. It is sometimes desirable,

however, to define pulse duration in a manner significant to the particular

application and, although related to the time interval 0 ^ t S ti, t may
be either greater or smaller than this interval.

The expression for Vba{t) is found by solving the differential equations

for the circuit subject to the initial conditions corresponding to the two

steps indicated above. For this circuit and others to be discussed later,

the Laplace-transform method will be used to obtain the solution

of the circuit equations. A further simplification in the analysis of a

circuit such as that of Fig. 2-7 can be accomplished by replacing the

voltage source by a current source.* This interchange of source makes it

possible to write a single differential equation instead of the two simul-

taneous equations required for the two-mesh circuit. When the voltage

source Vw and series resistance Vp are replaced by a current source Iw and

^ H. S. Carslaw and J. C. Jaeger, Operational Methods in Applied MathematicSj 2nd

ed., Oxford, New York, 1943.

* M. F. Gardner and J. L. Barnes, Transients in Linear Systems, Vol. I., Wiley,

New York, 1942.
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shunt conductance Qp such that

/»=

the circuit shown in Fig. 2-8 is equivalent to the circuit of Fig. 2 7. Using

6
Fig. 2-8.—Equivalent circuit for calou-

lating the leading edge and top of the
pulse for a hard-tube pulser with a resist-

ance load, Iw ~ QpVw, Qp — and
gi = l/Ri.

Kirchhoff^s current law, the differ-

ential equation for this circuit when
the switch St is closed is

{gp + giWi. + lu,. ( 1 )

The Laplace transform of a func-

tion V{t) is written V{p), and is

defined by the equation

F(p) = dt. (2)

The Laplace transform for the circuit of Fig. 2-8 is then

{gp + giWUv) + C.{pVUv) - F^(0)] = (3)

in which F6a(0) is the initial voltage on the condenser at the beginning

of the time interval under consideration. The desired function

is found by solving Eq. (3) for Vhaiv) evaluating the inverse Laplace

transform, thus

VUt) =

Let V be the value of Vba(t) during the first step in the process

of finding the pulse shape for the circuit of Fig. 2*6. Since the condenser

Cs is assumed to be completely discharged at the instant of closing the

switch, FfeaCO) = 0. The Laplace transform for Fi(0 is obtained from
Eq. (3) by putting F^aCO) = 0.

Fi(p) =
h
V

CtiV + {Qp + Qi)
(4)

If the right-hand member of this equation is broken into partial fractions,

there is obtained

(5)
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in which A and B are evaluated by standard methods, giving

29

and

A = I.

9p + Qi

B= ^ El
Qp + gi Tp

where Ri is the effective resistance of Tp and Ri in parallel.

Laplace transform of Vi{p) can then be written

The inverse

where

= — «i(l -
rp

ai
Qp + Qi ^ 1

Cs RiCs

(6)

(7)

Equation (6) gives the shape of the leading edge of the voltage pulse

across the load resistance Ri. If the switch is closed for a time h ^ RiCs,

the voltage at the top of the pulse is

(8)

1+

The second step in determining the pulse shape

involves calculating Vba(t)t^ti ^vith the switch St

open and the condenser Cs charged to the poten-

tial difference Fi(^i) given by Eq. (6). The equiv-

alent circuit for this step is shown in Fig. 2-9. The

Laplace-transform equation for this case is obtained from Eq. (3) by

setting Iro = 0, gTp = 0, and F^aCO) = 7i(L) and letting = ^2 (0 -

Fig. 2*9.—Equivalent
circuit for calculating the
trailing edge of the pulse

for a hard-tube pulser

with a resistance load.

Thus

from which

where

Fs(p) =
F.«i)

P + 1?
C.

1
0,2 =

RiC.

(9)

( 10)

If <1 RiC,, Eq. (8) may be used, and Eq. (10) becomes

= ( 11 )
Tp
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It is evident from Eqs. (6) and (10) that the stray capacitance across

the output of a pulser—that is, across the load—has an important effect

on the times of rise and fall of the pulse voltage. The most efficient

hard-tube pulser is one in which the load resistance is considerably larger

than the effective resistance of the switch tube, and hence the time

constant

RiCs » p ^
Ri r

p

Under such conditions the time for the trailing edge of the pulse to return

to zero, or the initial value, is greater than that required for the pulse

voltage to build up to its maximum value. In order to produce as nearly

rectangular a pulse as possible mth a given resistance load, Cs must be

kept small and Vp should be small.

The effect of the connection to the power supply indicated in Fig. 2*5

has been neglected in drawing the equivalent circuits for the pulser out-

put circuit. Since the isolating element in series with the power supply

usually has an impedance that is high compared with. Vp, its effect on the

leading edge of the pulse is small. For the calculations for the voltage

across the load after the smtch is opened, the isolating element is in

parallel with the load and the shunt capacitance. Therefore, unless the

load resistance is also small compared Avith that of the isolating element,

the circuit element gi in Fig. 2*9 must be considered as the sum of the

conductances of the load and the isolating element.

From a practical standpoint, it is necessary to have some part of the

output circuit at ground potential. The cathode of the switch tube is

grounded, since the contribution to Cs introduced by the switch tube is

best minimized in this way, and the voltage pulse at the load is therefore

negative. In order to obtain a positive pulse at the load, the cathode

of the switch tube must be insulated to withstand a high voltage, and

consequently the capacitance of the filament-heating transformer also

contributes to C«. The presence of Cs results in an increase in the average

power taken from the power supply for a given duty ratio and pulse

power into the load, as is shown in Sec. 2*7.

The effect of the capacitance Cs and the conductance gi on the voltage

pulse across a resistance load is illustrated in the photographs of oscil-

loscope traces shown in Fig. 2T0. These pictures were obtained with a

hard-tube pulser in which the capacitance of the storage condenser was
0.05 jLif, the isolating element Rc was 10,000 ohms, Vp was approximately

150 ohms, and the pulse voltage at the load was 10 kv. Oscilloscope

traces of the voltage pulse are shown for values of Cs equal to 50, 80,

and 140 nfxt and for Ri equal to 1000, 5000, and 10,000 ohms. Also shown
in Fig. 2T0 are the plots of the pulse voltage as a function of time calcu-
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(j) Ri = 1000 ohms. {k) Ri = 5000 ohms. (1) Ri = 1.0,000 ohms.
Pulse shapes calculated from equivalent circuit (m) for shunt capacitance = 80 /i/if.

Fig. 2-10.—Oscilloscope traces and calculated shapes

for 10-kv voltage pulses obtained with a hard-tube

pulser for various values of load resistance and shunt

capacitance. Sweep speed: 10 div. = 1 /tsec; vertical

scale: 10 div, =10 kv.

(m) Equivalent circuit for cal-

culations.
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lated from Eqs. (6) and (10) for the three values of Ri with C« = 80 fx^I.

Since the 10,000-ohm isolating element is taken into account in these

calculations, the value of gi in Fig. 2*9 is the sum {l/Ri) + (l/i?c).

The calculated leading edge of the pulse differs slightly from the experi-

mental value in that the observed time of rise is greater than the calcula-

tions indicate. This difference occurs because the switch tube does not

behave as the ideal switch used

7
for calculations, principally be-

cause of the shape of the driver

output pulse. The difference is so

small, however, that the calculated

values give a reasonably good pic-

ture of the pulse shape to be ex-

pected from the pulser.

2*3. The Output Circuit with

a Biased-diode Load.—In micro-

^

wave-radar applications, the hard-

V — Vg tube pulser has most commonly
(a) been used with a magnetron load.

The current-voltage characteristic

of a magnetron for a particular

magnetic field is shown in Fig.

2T1. As indicated in these

sketches, the current through a

magnetron is very small until the

voltage has reached the value Vs.

For most practical purposes the

I-V curve can be assumed to have

the form indicated by the dotted

line in Fig. 2Tla, that is, a sharp
' knee at the voltage Vs and zero

**
® current below this voltage. In

ib) some cases, however, the behavior
Fig. 211. Current voltage characteristic of magnetron is approximated

a magnetron.
, . .

better by the I-V characteristic

indicated by the dotted lines of Fig. 2T16. This approximation involves

the assumption that the magnetron presents a high dynamic resistance to

the circuit for voltages below a critical value Vs and a low dynamic resist-

ance above this voltage. Whether the I-V characteristic sketched in Fig.

2* 1 la or & is to be used in any given case depends on the particular type

of magnetron and the values of the circuit parameters.

For the I-V characteristic of Fig. 2Tla, the behavior of a magnetron

as the load on a pulser is equivalent to that of an ideal diode, that is,
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one that has a linear I-V characteristic, in series with a battery of voltage

V

8

whose polarity is in opposition to that of the pulse voltage. For
circuit analysis, it is possible to represent such a load as a biased resistance

in series with a switch that is assumed
to be closed only during the time when
the magnitude of the pulse voltage is

greater than

The biased-diode load is used to

indicate the effect of nonlinear and
unidirectional characteristics of the

load on the output of a hard-tube h

pulser. The output circuit in this case ,

Fig. 212.—Discharging circuit of a

.
hard-tube pulser with a biased-diode

IS shown m Fig. 2T2. In this circuit load and a recharging path for the

ri is the dynamic resistance of the storage condenser.

load, Vs is the bias voltage, and Si is a switch that is closed only when
Vha ^ F*. The shunt path indicated as Za must be provided with a

load of this type in order to allow the charge

on the storage condenser to be replenished

after the pulse.

' Resistance for the Recharging Path .—The
simplest form for Zs is a resistance, and the

corresponding equivalent circuit is shown in

Fig. 2-13. The calculation of the complete
Fig. 2- 13.—Equivalent out- shape for this circuit involves four steps

:

put circuit for a hard-tube ^ ^
i r< • i rt •

pulser with a biased-diode load 1. The SWltch aSt is closed at ^ == 0, Si is

and a resistance for the re- open and Vba{t) is evaluated up tO time t = tiy
charging path. Ihe charged

i, u \
storage condenser is replaced by SUCh that V ha\ti) = V s-

a battery.
2. The switch St IS closed, Si is closed at

t = tiy and Vba{t) is evaluated over the time interval ti t t 2 ,
where (2

is the time at which >Sr is opened.

3. The switch St is open. Si is closed, and Vba{t) is evaluated over

the time interval ^ 2 ^ t ^ ^ 3, where ^ 3 is the time at which F&o(^ 3)
= Fa.

Fig. 2-14.—Sketch of pulse shape indicating the four steps necessary in the calculations

for a hard-tube pulser with a biased-diode load.

4. Both switches are open and FiK.(«) is evaluated for time t ^ h.

The procedure is represented in the diagram of Fig. 2T4.
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The circuit equivalent to that of Fig. 2T3 with current sources in

place of voltage sources is shown in Fig, 2T5. In this case Iw = QpVw

;%>-

l^\ <
r -L-

Fig. 2*16.—Equivalent circuit for calculating the pulse shape for a hard-tube pulser with a

biased-diode load and a resistance for the recharging path.

and Is = giVs, where gp = l/vp, gi = 1/n and gs = l/Rs^ Using Kirch-

hoff^s current law, the equation for this circuit with both switches closed

is

dV,a
(gp + + gOVba + Cs

dt
— Iw Is- ( 12 )

The pulse shape is obtained by solving this equation for Vha(t) using the

initial conditions imposed by the four

steps indicated above.

Step 1. The equivalent circuit for

this case is shown in Fig. 2T6. Equa-

tion (12) reduces to

Fig. 2*16.—Equivalent circuit

for Step 1 in the calculation of the

pulse shape for a hard-tube pulser

with a biased-diode load.

(gp + gsWi. + C,
d̂t

(13)

and the Laplace-transform equation then becomes

(gp + ff.)Fi(p) + C.[pVr(p) - Fi(0)] = (14)

where Vi(p) is the Laplace-transform for Vba(t) in the time interval

0 ^ t ti,ti being the time at which = F*. Since it is assumed that

C, is initially uncharged, Fi(0) = 0. Solving Eq. (14) for Fi(p),

Viip)

h
p

C.p + (gp + g,)
(15)

If the right-hand member of Eq. (15) is broken into partial fractions,

there is obtained

Viip)
Ip,

(gp + fif.)

"1

p

_i

gp + g.\
C. )1

(16)
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The inverse Laplace transform of this equation is

where

If Eq. (17) is expressed in terms of the parameters of the circuit of Fig.

2-13, and the fact that the voltage function is to be evaluated over a

specific time interval is taken into account,

^ Riil - e (18)
Vp

where

D _— D 1

ills ~1~ rp

Equation (18) gives the voltage at the pulser output as a function of

time up to the time at which the magnitude of the voltage is equal to

that of the load bias voltage F*. At the time t = ^i, Fi(^i) = F„ the

switch Si is assumed to close, and the starting point for Step 2 is reached.

Step 2. The equivalent circuit during the time interval ^ ^ ^ t 2

is that of Fig. 2T5 with both switches closed, and the Laplace transform

of Eq. (12) is

(gp + + gi)V,{p) + CApV^ip) - (19)

where V^it) is the value of Vba in the time interval h — h, and Viiti) = F.

is the initial voltage on C, at the start of this interval. The time U
is that at which switch St is to be opened. Solving Eq. (19) for F2(p).

there is obtained

F2(p) =
F.P + gpVw + giV,

C,
(20)

where G is written for gp + g, + gi- Equation (20) may be written in

the form

F2(p) + +
L G ' ,G

(gpV,p + giV.)n

G P

1

G
+

G
P + ^J P + Ĉ.

(21 )
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The inverse Laplace transform of Eq. (21) for the time interval under

consideration is

[1 - (22)

Let i?2 be the equivalent resistance for rp, Rs^ and rz, in parallel such that

R2
= - + ^ + - = «-

rp Rs n

Then Eq. (22) becomes

— e -R,c.^‘ '>] + v,e R^C,
it-ti)

(23)

(24)

Equation (24) gives the pulse shape after the voltage has reached the

value Vs and up to the time when switch >Sr is opened. After some time

ta < t 2 such that

{ta - h) » R2Csx

the pulse voltage is very nearly constant, since the exponential terms

become negligibly small, and Eq. (24) reduces to

F.«.) + (25)

This relation, therefore, gives the voltage at the top of the pulse. The
leading edge and top of the current pulse in the load are obtained from

Eqs. (24) and (25) by calculating the current from the relation

Ii =
V2{t) -

n
Vs^

(26)

From this equation it is evident that the current builds up from zero to

its maximum value in the time required for the pulse voltage to build up
from the value Vs to V2 {tc), and that this time is

less than that required for the voltage to build up
from zero to Vs if Vs is nearly equal to Vw. The
time constant for the current buildup is 7220'*.

When the switch St is opened at t = ^ 2 ,
the volt-

age across the pulser output starts to fall, and the

, shape of the pulse for the next time interval is
lent circuit for Step 3 ^ ^ o
in the calculation of the found by the procedure outlined in Step 3.

pulse shape for a hard- 3 calculation for the voltage

diode load. Vha covers the time taken for the voltage to fall

from the value 72 (^ 2) to again. The equivalent

circuit is determined by keeping switch St open and Si closed as indicated

in Fig. 2T7. The initial condition for this circuit is that the charge on
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C. must correspond to the voltage Vi{h). Let the value of Vta{t) during
the calculation be FaCO and tz be the time such that Vz{tz) = V,. The
Laplace-transform equation for this circuit is then

{g. + giWziv) + C.[pF3(p) - Vzih)] =
V

Solving for FsCp),

V^{v)

Vz{h)v +

(27)

(28)

In a manner similar to that used in Step 2, the inverse Laplace trans-
form of Eq. (28) gives

F3«)<,g<S<. = [1 - e
ya I Ql

Q> + 9h.

If
S'* + =

Vz{t).,i,iH = y^Rz[l-e -I-

(29)

(30)

At some time ^3 > h the voltage Vz{t) falls to the value at which time
the switch Si is assumed to open. The final step in the pulse-shape

calculation is then reached.

Step 4. For this calculation both switches are open, and the initial

charge on (7« corresponds to the voltage Vz{h) = Vs.

circuit is now reduced to the simple parallel combina-

tion of Cs and Rs as shown in Fig. 2T8.

The voltage Vba = can be written im-

mediately,

The complete calculation of pulse shape for a cir-

cuit such as shown in Fig. 2T2 consists of the four

steps carried out as above. The composite picture

of the pulse is obtained by plotting the four voltage

functions Vi{t)o^t^tty Vz{t)t2^t^hj and

V4 (t)tt^t as calculated from Eqs. (18), (24), (30), and (31) respectively,

and is of the form shown in Fig. 2T4.

The photographs of oscilloscope traces reproduced in Fig. 2T9a and

h show the voltage and current pulses with a magnetron load. These

traces were obtained with a hard-tube pulser in which Cw = 0.05 /if,

Rs = 10,000 ohms, C, = 115 = 150 ohms, and the isolating ele-

The equivalent

a

b
Fig. 2-18.—

Equivalent circuit

for Step 4 in the
calculation of the
pulse shape for a
hard-tube pulser
with a biased-diode
load.
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ment was a 10,000-ohm resistance. The characteristics of the magnetron
were such that w — 200 ohms and Vg = 8.5 kv. The voltage pulse

shown in Fig. 2T9a has an amplitude of 10.5 kv, and the average ampli-

tude of the magnetron current pulse is 10 amp. The voltage-pulse

shape was also calculated from the equivalent circuit shown in Fig. 2-19^,

in which the charged storage condenser is replaced by a battery and the

voltage is represented as a biasing battery. For a 10.5-kv pulse

across the magnetron, the condenser voltage Vw « 12 kv; therefore.

(a) Magnetron voltage. (6) Magnetron current. (c) Magnetron current.

(d) Magnetron voltage (e) Current in recharging (/) Current in recharging
pulse calculated from path, 10-k NI resistor. path, 10-k wirewound re-

equivalent circuit (g). sistor.

Fig. 2-19.—Oscilloscope traces and calculated
voltage pulse for a hard-tube pulser with a magnetron
load, a resistance recharging path and C« =115 fifxi.

The dotted line on the calculated pulse (d) is the trailing

edge obtained with the magnetron assumed to be
infinite resistance after Si opens. The solid line is the
trailing edge assuming an effective resistance of 8000
ohms for the magnetron, that is, switch Sm closes

when Si opens. Sweep speed: 10 div. = 1 /zsec.

ig) Equivalent circuit for calcu-

lations.

Vs — 0,7Vw. The trailing edge of the voltage pulse indicated by dotted

hnes in Fig. 2-19d was calculated by assuming the I-V curve for the mag-
netron to be of the form shown in Fig. 2* 11a, that is, that the magnetron
becomes open-circuited as soon as the pulse voltage falls to the value Vs.

On the basis of this assumption, the pulse voltage falls more slowly than it

does on the oscilloscope trace. Another calculation was made by assum-
ing that the magnetron presents an effective resistance of about 8000

ohms, instead of an infinite resistance, to the circuit for voltages less than

F„ corresponding to the I-V curve of Fig. 2- 116. The value of 8000

ohms was obtained by determining the effective magnetron resistance

from the voltage and current pulses at several instants during the time
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the pulse voltage is dropping. The resistance in parallel with during
the fourth step in the calculations for the pulse voltage was therefore

that of the 10,000-ohm charging path, the 10,000-ohm isolating element,
and the 8000-ohm magnetron resistance in parallel. The pulse shape
calculated under these conditions, shown as a sohd line in Fig. 2T9d,
agrees very well with the oscilloscope trace of F g. 2T9a.

In Fig. 2T9 the traces (e) and (/) were obtained for the current flow-

ing in the recharging path during the pulse. A noninductive resistor

was used for the trace (e) and an ordinary wire-wound resistor for trace

(/) • The magnetron current pulses corresponding to these two conditions

are shown in Fig. 2T96 and c where no essential difference is observable.

It is evident from Eqs. (18) and (24) that the effect of Rs on the lead-

ing edge of the voltage pulse is small, provided that the switch-tube

resistance and the dynamic resistance of the load are small. After the

switch tube and the load have become nonconducting, however, the

value of Rs has a marked effect on the trailing edge of the pulse. If

the load is a nonlinear resistance, that is, if there is no bias voltage or

switch Si in the equivalent circuit, the trailing edge of the pulse is deter-

mined by the parallel resistance of Rs and r^, and as n increases this

effective resistance also increases. It is advantageous, therefore, for

Rs to be as small as possible in order to have the pulse voltage drop quickly

at the end of the pulse. Since Rs is in parallel with the load, some pulse

power is lost in it, thus increasing the necessary power input to the pulser

for a given load power. From the standpoint of pulser efficiency, it is

desirable to have as large a value for Rs as possible. In choosing a value

for Rsj a compromise must be made between the need for high efficiency

and that for a steep trailing edge.

Inductance for the Recharging Path .—The power loss in the shunt

element Zs, which is necessary to provide a recharging path for the storage

Fig. 2-20.—Discharging circuit of a

hard-tube pulser with a biased-diode load

and an inductive path for recharging the

storage condenser.

Fig. 2-21.—Equivalent output circuit

for a hard-tube pulser with a biased-diode

load and an inductive path for recharging

the storage condenser. The charged stor-

age condenser is replaced by a battery.

condenser, can be reduced by using an inductance in place of a resistance

as just discussed. The output circuit of the pulser using an inductance

for Z, is shown in Fig. 2-20 for a biased-diode load. As before, the charged
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condenser Cw may be replaced by a battery, and the circuit becomes that

shown in Fig. 2-21. The equivalent circuit for calculating the pulse

voltage as a function of time is again set up by replacing the batteries by

current sources, and the circuit of Fig. 2*22, in which the conductance

Qs of Fig. 2T5 is replaced by the series LsRa combination, is obtained.

b

Fig. 2-22.—Equivalent circuit for calculating the pulse shape for a hard-tube pulser with a

biased-diode load and an inductance for the recharging path.

In order to be able to write the Laplace-transform equation for this

circuit, it is first necessary to find an expression for the Laplace transform

of the current in the inductance in terms of F^a. Considering this branch

first,

V,a = L. + Rsis, (32)

for which the Laplace-transform equation is

Solving for ^s(p),

Viaiv) = - i(0)] + R.i.ip)-

Up) = vUp) + -^^.^'.(0)

Ltp + R,

(33)

(34)

The complete Laplace-transform equation for the circuit of Fig. 2-22

with both switches closed is, therefore,

(ffp + gi)VUp) + C.[pVUp) - f^6a(0)] -f

= (35)
P

where FiKi(O) and f,(0) are the initial voltage on C, and the initial current

inL, respectively. Solving Eq. (35) for VUp)}

Via(p) =
Faa(0)p* -I- F6.(0) ^ + ^ z,(0)

I

(Iw + It)Rt

C, C,L.

(36)
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The calculation of the pulse shape in this case is again carried out in the

four steps shown in Fig. 2T4, for which the four equivalent circuits are

shown in Fig. 2*23.

The Laplace transform of Vha{t) is found from Eq. (36) by using the

initial conditions and circuit parameters appropriate to the equivalent

circuit in each step. The procedure is similar to the previous analysis

for a resistive shunt element, but is complicated by the fact that the initial

a

b

(c) step 3:h {d)

Initial conditions: Vba — ¥ 2 (12),

is = ^ 2 (^ 2).

Fig. 2*23.—Equivalent circuits for the four steps

a hard-tube pulser with a biased-diode load

a

b

Step 4: ^3 ^ t.

Initial conditions: Vba = Vz{tz) — Vs,

i, =
in the calculation of the pulse shape for

and an inductive recharging path.

current in the inductance must be evaluated by using Eq. (34) in each

step except the first. The algebraic expressions for Vba(t) become rather

involved, and are not given in detail here.

Some general remarks can be made about the character of the pulse

shape because the denominator of the Laplace-transform equation is of

the same form for each of the four time intervals considered. The

inverse Laplace transform

£-WUv)] = vut)

has similar algebraic forms for each step. The term in braces in the

denominator of Eq. (36) may be written in the form

p2 4- 2ap + b (37)
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where

(gp + gi)

1 + (gp + gi)B«

This term may be put in a form more convenient for finding <C~^[F6a(p)]

by completing the square, thus

where
+ 2ap + h = (p + a)2 + 0)2

= h - a\

The right-hand member of the Laplace-transform equation can be

broken up into partial fractions with the result

VUp) = A 4-
Cl) B 2

p (p + ay + 0)2

where the terms A, Bi, and B 2 are evaluated by standard methods. The
form of the inverse Laplace transform now depends on the following three

conditions that can be placed on o)2;

1.

If b > a2
,

0)2 > 0 . "I

2. If 6 = a\ 0)2 = 0 . ) (43)

3. If 6 < a2, 0)2 < 0. J

Condition 1. o)2 > 0. The inverse Laplace transform for Eq. (42)

Vha{t) == T + Bie~^^ cos o)t -\ sin o)L (44)
0)

Condition 2. o)2 = 0. The inverse Laplace transform for Eq. (42)

is

VUO = ^4 + + B2te-^K (45)

Condition 3. o)2 < 0. Let o)2 = —k^j then the inverse Laplace

transform for Eq. (42) is

Vha(t) = A + cosh kt + ^ sinh kt, (46)
k

The Eqs. (44), (45), and (46) are of particular interest in connection

\vith the calculation of the trailing edge of the pulse, that is, in Step 4

of Fig. 2- 14. In this case the expressions for 0)2 and k^ are

CX, 4L2
(47)
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and

1.2 _ ^

C.L.

The trailing edge of the pulse is part of a damped oscillation if

ki
^ vcz!

and is aperiodic if

2

43

(48)

(49)

(50)

If condition (49) exists, the voltage across the pulser output oscil-

lates at a frequency determined by Eq. (47) after the switch tube and the

load become nonconducting. The voltage therefore passes through zero

and reverses its polarity. This reverse voltage appearing at the pulser

output is commonly referred to as the ^^backswing voltage. The period

of the oscillation becomes smaller as Rs is decreased, and the trailing edge

of the pulse becomes steeper as the ratio Rs/Ls is decreased relative to

2/\/CsLs. The damping of the oscillation depends on the exponential

terms in Eq. (44) and, since the exponent is Rs/2Ls, a lower value for

Rs/Ls causes a decrease in damping and hence a higher value for the back-

swing voltage. A high backswing voltage is very undesirable because it

adds to the power-supply voltage at the plate of the switch tube, and

increases the danger of flash-over and sparking within the tube.

The magnitude of the current that builds up in the inductance also

has an effect on the rate at which the voltage drops at the end of the pulse,

as is evident if the coefficients A, Bi, and are evaluated for the equiva-

lent circuit of Step 4. From Eqs. (42) and (36) these values become

A = 0,

Bi = ^ 3(^ 3)
= Fs,

and

o VsRs
' 2Ls Cs

When B 2 is negative, that is,

izi/z) ^ FsRs
^ 2Ls

'

it is seen from Eq. (44) that, as uih) increases, the value of Vi{t) decreases

more rapidly for given values of the other parameters. The value of

iz{tz) increases with time up to a limiting value determined by the mag-

nitude of R,. As long as the current in the inductance continues to

increase with time, therefore, the trailing edge of the pulse is steeper for
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the longer pulse durations than for the shorter ones. The oscilloscope

traces shown in Fig. 2*25 illustrate this behavior.

The oscillating voltage at the end of the pulse is undesirable not only

because it produces backswing voltage, but also because it becomes of

the same polarity as the forward pulse voltage on the return swing. This

post-pulse voltage may be large enough to cause appreciable current to

flow in the lodd, and therefore is a secondary pulse. When the damping

introduced by the resistance of the inductance is small, it is necessary to

increase the damping by connecting a diode across the pulser output in

such a way that it is conducting only when there is backswing voltage.

The equivalent circuit with a shunt diode is shoAvn in Fig. 2-24. The

b

Fig. 2*24.—Equivalent circuit for calculating the pulse shape for a hard-tube pulser

with a biased-diode load, an inductive recharging path, and a shunt diode to reduce the

“backswing voltage.”

diode is represented by the conductance ga and switch Sd that is assumed

to close only when the voltage Vba is opposite in sign to the normal pulse

voltage. If Qd is large, the backsmng voltage is negligibly small, and no

post-pulse voltage appears with the same polarity as the pulse voltage.

The oscillating voltage after the pulse can also be avoided by making

Rs/Ls > 2/\/CsLs- For this purpose, an inductance with high resistance,

that is, an inductive resistor, must be used and, under such conditions,

the voltage corresponding to the trailing edge of the pulse becomes

aperiodic, as shown by Eq. (46). The time of fall for the voltage decreases

for smaller values of the ratio Rs/Lsy and the transition between the

aperiodic and oscillating condition occurs Avhen this ratio equals 2/\/CsLs.
From a practical standpoint, such an inductive resistor is usually designed

to have a ratio of Rs/Ls slightly less than the minimum for the aperiodic

condition. For this condition, the voltage is oscillatory, but the damping

is high and the backswing voltage is correspondingly small. The choice

between a large value of Rs/Ls without a shunt diode or a small value of

Rs/Ls with a shunt diode depends on the importance of having a small

time of fall for the voltage pulse.

It is difficult to make a detailed analysis of the effect of the circuit

parameters on the leading edge of the voltage pulse without actually

carrying out the calculations for Vha{t) using numerical values for the
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circuit components. A very general statement can be made, however,

to the effect that, as the switch-tube resistance or the shunt capacitance

increases, the time of rise for the voltage pulse also increases. The
effect of the shunt inductance on the leading edge of the pulse over a

fairly wide range of values for the ratio Rs/Ls is rather small.

If there is a resistance in parallel with the shunt inductance, the times

of rise and fall of the voltage pulse become shorter: the smaller the resist-

ance, the smaller the rise and fall times. Such a resistance is introduced

into the circuit when the connection to a power supply for recharging the

storage condenser, as indicated in Fig. 2*5, is considered. In Sec. 2-4 it is

shown that for good pulser design, the resistance Rc is large, but its effect

on the trailing edge of the pulse is still appreciable.

A set of photographs of oscilloscope traces illustrating the effects of

various circuit parameters, together with the pulse shapes calculated

from the equivalent circuits discussed above, are shown in Figs, 2*25, 2-26,

2-27, and 2-28.

The oscilloscope traces reproduced in Fig. 2*25 were obtained with

the magnetron and pulser used for the pictures of Fig. 2*19, replacing the

resistance recharging path in the pulser by a 10-mh inductance and a

shunt diode. In each case the magnetron voltage and current pulses

and the current flowing in the 10-mh inductance are shown for pulse

durations of 0.5, 1, and 2 jusec. The pulse voltage and pulse current were

adjusted to 10 kv and 10 amp respectively for each pulse duration. The
effect of the increase in current in the shunt inductance is shown in the

more rapid fall of voltage as the pulse duration increases. The calculated

values for the voltage pulses (j), (A:), and {1) take into account the 10,000-

ohm isolating resistance and an assumed equivalent resistance of 8000

ohms for the magnetron after the voltage has dropped to the value F,.

The oscilloscope traces shown in Fig. 2*26 are for the l-/xsec pulse

duration with a sweep speed about one tenth of that used for the traces

of Fig. 2*25. The traces (a), (d), and {g) are the slow-sweep presentation

of the l-/xsec pulses shown in Fig. 2*25, and indicate the effect of a good

shunt diode, that is, one with high cathode emission. The traces (5),

(e), and {h) were obtained with a shunt diode having lower cathode

emission, and a small backswing voltage of about 1 kv is observable on

the voltage pulse. The traces (d), (e), {g), and {h) show that the cur-

rents in the 10-mh inductance and in the shunt diode decrease more

rapidly when the shunt diode has a higher effective resistance. When
the shunt diode is removed from the circuit, a backswing voltage of about

6 kv appears after the voltage pulse, and the pulse shapes of Fig. 2*26c

and / are obtained. The oscillation resulting from the use of the induct-

ance for the recharging path is damped by the 10,000-ohm resistance of

the isolating element that is in parallel with the discharging circuit for
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Fig. 2-25.—Oscilloscope traces and calculated pulse
shapes for a hard-tube pulser with a magnetron load,
a 10-mh inductance as the recharging path, a shunt
diode, and Cs = 115 mm^* Voltage pulses were calcu-

lated from the equivalent circuit (m) and Sr closed

0 < t < T, Si closed for Vba > 0.7Ebb, Sm closed when
Si opens and until Via =0, Sd closed for negative
values of Vba- Sweep speed; 10 div. = 1 Msec.

(m) Equivalent circuit for cal-

culations.
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the shunt capacitance. The calculated values for the current in the

10-mh inductance are plotted in Fig. 2-26f, assuming the effective

resistance of the shunt diode to be 500 ohms. It can be seen that the

calculated current in the inductance for the l-/xsec pulse agrees very well

with the corresponding trace obtained when the good diode was used.
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(d) Good shunt diode. (e) Poor shunt diode. (/) No shunt diode.
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(g) Good shunt diode. (h) Poor shunt diode. (i) Calculated currents in the

Current in the shunt diode. recharging path for the

circuit (m) of Fig. 2-25.

Fig. 2-26.—Oscilloscope traces and calculated recharging-path currents for a hard-tube

pulser with a magnetron load and a 10-mh inductance as the recharging path, (a) and (d)

are the slow-sweep-speed presentations corresponding to the 1-/Lisec pulses of Fig. 2*25.

Horizontal scale = 1 /xsec/div.

When an inductive resistor with a resistance of 7500 ohms and an

inductance of 3 mh is used for the recharging path in the pulser, the oscil-

loscope traces appear as shown in Fig. 2-27. The small backs^ving volt-

age that appears after the pulse indicates that the value of RaJLg for this

inductive resistor is slightly less than the value for critical damping.

The magnitude of this backswing voltage is so small, however, that a
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shunt diode is unnecessary. From a comparison of the voltage pulses

of Fig. 2*27 \vith those of Fig. 2-25 it is seen that the voltage for the 0.5-

/zsec pulse drops at about the same rate in each case. At a pulse duration

of 2 jusec, the voltage drops faster with the 10-mh inductance for the
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Current in the 20-mh inductance recharging path.

Fig. 2*28.—Oscilloscope traces and calculated pulse shapes for a hard-tube pulser with

a magnetron load, a 20-mh inductance as the isolating element, a 20-mh inductance as the

recharging path, no shunt diode, and Cs = 115/i/if. Voltage pulse and current in the

20-mh recharging path calculated from equivalent circuit (/) with the conditions i St opens

at t 2 , Si opens at U, Smi closed h to all switches open ti to h, Smz closed ^5 to ^6, all switches

open te to h.

recharging path than with the 3-mh 7500-ohm inductive resistor. The

reason for this behavior is evident from a comparison of the currents in

the recharging paths.

For the oscilloscope traces of Figs. 2*25, 2-26, and 2*27 the isolating

element was a 10,000-ohm resistance. If an inductance having a low
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resistance is used for this isolating element, the damping of the oscillation

that occurs after the switch tube becomes nonconducting is usually

small, as shown by the pictures reproduced in Fig. 2*28. These pic-

tures were obtained with the magnetron load, an inductance of 20 mh
as the recharging path, and an identical inductance as the isolating

element. Each of these inductances had a resistance of 160 ohms. The
backswing voltage for this circuit becomes larger than the pulse voltage

when there is no shunt diode, as can be seen in Fig. 2-285. Since the

damping in the circuit is small, the voltage swings back to the polarity

of the main pulse and causes a small current to flow in the magnetron,

as indicated by the trace (e) . In calculating the voltage across the load

as a function of time from the equivalent circuit shown in Fig. 2-28/, it

is therefore necessary to introduce an effective resistance for tne magne-

tron during the time when this post-pulse conduction occurs. The
calculated values plotted in Fig. 2*28c and i were obtained by assuming

the effective resistance of the magnetron to be 8000 ohms, and the magni-

tude of the voltage for the trailing edge of the voltage pulse was con-

sidered to be less than Vs but greater than zero. During the time

corresponding to the backswing voltage, the magnetron is considered to

be open-circuited, and hence to have an infinite resistance. When the

post-pulse conduction occurs, the magnetron is assumed to appear

as a 10,000-ohm resistance. The comparison of the plots for the load

voltage and the current in the recharging path Avith the corresponding

oscilloscope traces indicates good agreement between calculated and

experimental values.

The assumptions made in the foregoing calculations with regard to

the effect of the magnetron on the behavior of the pulser output circuit

lead to reasonable agreement with the experimental data. This agree-

ment may be considered a justification for the assumption that the shape

of the I-V curve for a magnetron, shown in Fig. 2-116, can be closely

approximated by a high dynamic resistance for voltages less than Vs,

and by a low dynamic resistance for voltages greater than Vs- If the

load resistance is nonlinear, the functional relationship between ri and

Vba must be taken into account in the calculations, and the analysis of

pulse shape becomes considerably more complicated. Another com-

plication arises if it is necessary to consider the variation of switch-tube

resistance with the plate current in the tube.

At the start of this discussion of pulse shape as affected by pulser

circuit parameters, it was assumed that the capacitance of the storage

condenser was very large in order that the voltage across it could be

considered constant during the pulse. It is stated in Sec. 2T, however,

that the storage-condenser voltage is less at the end than at the beginning

of a pulse. This change in voltage depends on the magnitudes of the
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pulse current, the storage capacitance, and the pulse duration. As is

shown in the following section, it is often impractical to have a storage

capacitance that is large enough to keep this voltage change less than a
few per cent of the initial condenser voltage. The actual pulse shape
obtained from a hard-tube pulser

of this type, therefore, does not ? ? ?
^

have a flat top, but rather has a

sloping top as indicated in the

sketch of Fig. 2*29.

Since with a resistance load

the pulse current has the same
shape as the pulse voltage, the

ratio AI//max is equal to the ratio

AF/Fmax. If the load is a biased-

diode or magnetron vdth a low dynamic resistance, however, the ratio

A///max may be many times as great as the voltage ratio AF/Fmax. In

Sec. 2-4 it is shown that

Fig. 2-29.—Sketch of the voltage pulse
shape showing the effect of the drop in

storage-condenser voltage during the pulse.

A/

/max

AF
Fmax ‘Fmax - F.

The effect of the drop in puise voltage on the current in a load that has a

low dynamic resistance can be seen in the oscilloscope traces shown in

Figs. 2T9, 2*25, and 2-27, It is also evident that, if AF is large, it is

possible for the pulse voltage to fall below Fs before the switch St is

opened. As a result, the load current stops flowing before the end of

the intended pulse interval.

If the s\vitch-tube resistance increases with time during the conduc-

tion interval, the effect is similar to a change in voltage on the storage

condenser. Such behavior of the switch tube is experienced with some
oxide-cathode tubes, particularly for long pulses and high currents, and
is referred to as cathode fatigue. It is very difficult to take into account

the effect of cathode fatigue on the pulse shape, since it can vary so much
from one tube to another of the same type. The magnitude of the

cathode fatigue tends to increase as the tube gets older, but it is not

uncommon for it to decrease during the first few hours of operation.

THE CHARGING OF THE STORAGE CONDENSER

The energy removed from the storage condenser during the pulse

interval causes the potential difference across this condenser to be less

at the end than at the beginning of the pulse. If the output of the pulser

is to be a succession of identical pulses, it is necessary to provide some

means by which the energy in the condenser can be replenished during

the interpulse interval. This energy can be supplied by connecting the
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condenser to a primary electrical-energy source such as a battery or power

supply during the interpulse interval. The ideal arrangement would be

to make the charging and discharging cycles completely independent by
using a switch as shown in Fig. 2* la. The use of such a switch is imprac-

tical for pulses that recur at rates of several hundred to several thousand

per second. The pulser must therefore be designed with a conducting

path between the condenser and the power supply that has the least

possible effect on the discharging of the condenser during the pulse

interval.

One method that is used to isolate the power supply from the con-

denser-discharging circuit is shown in Fig. 2*5. In this method a resist-

ance element is connected in series with the power supply. If this

resistance is sufficiently high, the current that flows through the switch

tube from the power supply is small enough to be neglected. When
the switch tube is conducting for a very short time interval—that is, for

short pulse durations—an inductance in series with the power supply can

provide satisfactory isolation. This method has the disadvantage that

the current from the poAver supply increases with time and, since this

current flows through the switch tube, the tube drop during the pulse is

also a function of time.

Although the reason for introducing the isolating element is to keep

the current floAving from the poAver supply through the SAAutch tube as

small as possible, there are other points to be considered in choosing the

particular element. Since the condenser is connected to the power

supply in order to be recharged, the isolating element must not make the

charging time constant so large that the condenser voltage at the end of

the interpulse interval differs appreciably from the power-supply voltage.

The connection to the power supply during the pulse interval has an

effect on the leading edge and on the top of the pulse. The magnitude

of this effect depends on the relative size of the impedances of the isolat-

ing element; the switch tube, and the load. When the switch is non-

conducting, this isolating element is effectively in parallel with the pulser

output circuit and therefore has an effect on the trailing edge of the pulse.

These effects on the pulse shape can be taken into account in the analysis

of the discharging circuit, as discussed in Secs. 2*2 and 2*3, by introducing

the isolating element as an additional circuit parameter. The ultimate

choice of the element is generally based on a compromise between these

considerations.

2-4. The Output Circuit with a High Resistance as the Isolating

Element.—The equivalent circuits for the pulser with a high resistance

as the isolating element are shown in Fig. 2*30a and b. For reasons

already stated, the resistance Rc is assumed to be very large compared

with Tp. The analysis of the circuit behavior during the interpulse
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interval (that is, when switches St and Si are open), is similar for the
two circuits (a) and (6) if Zs is a resistance. If Zs is an inductance, the
algebraic expressions become complicated, and circuit (a) is therefore

used as the basis for the present discussion.

(a) Resistance load. (b) Biased-diode load.

Fig. 2-30.—Hard-tube pulser circuits with a resistance as the isolating element in series
with the power supply.

Assume that the switch is open initially for a long tin\e and
therefore that the condenser Cw is charged to the voltage of the power
supply. If the switch is then closed for a time r and open for a time

Tr — r, and this procedure is repeated, a succession of pulses is obtained

with a recurrence frequency fr = l/Tr. During the time r the con-

denser voltage decreases and during the time Tr — r it increases. If the

time Tr — r is not many times greater than the time constant of the

circuit, the condenser voltage is appreciably less than the power-supply

voltage at the end of this interval. Equilibrium values for the condenser

voltage at the beginning and at the end of the interval r will be obtained

if the switching procedure is repeated a sufficiently large number of times.

This approach to equilibrium is shown diagramatically in Fig. 2*31.

.
Fig. 2-31.—The voltage on the storage condenser of a hard-tube pulser as a function

of time after the start of a series of regularly spaced pulses wdien a resistance isolating ele-

ment is used.

It is of interest to obtain the value of Vw/Eu> for any given set of

circuit parameters. Let be the value for the condenser voltage at

the start and F' be the voltage at the end of any particular pulse,

and let Vw and Fr be the equilibrium values of these voltages. During

a charging interval the switch St is open, and the expression for the

condenser voltage as a function of time is

t

- (Eib - V'r)eVeit) = Ej^ (52)
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where t is measured from the start of the interpulse interval. The
condenser voltage at the end of the interval is then

(Tr-r)

= E^- (E^ - rr)e (53)

If it is assumed that Rc^ the connection to the power supply may be

neglected when considering a discharging (pulse) interval. The con-

denser voltage during this interval is thus

Veit') = (54)

where t' is measured from the start of the discharging interval. The
condenser voltage at the end of this interval is then

F; = V'^e (55)

For a continuous succession of pulses the equilibrium values of in

Eqs. (53) and (55) must be equal and likewise the values of F^. Solving

these equations for Fi,, there is obtained

V —
(Tr-r)

Eu[l - e (R.+R<)c„]

(56)V w —
r

r (T,-r)
1

'

jl _ g LCrp+ BOC^ ' (Rc+Ri)C.J
j

which may be written

F,„ = En,y. (57)

A similar solution for F' gives

Vr = Ettye (58)

From Eq. (56) it is seen that the value of the ratio Vw/E^b for a given

set of circuit parameters increases as r is decreased and T, is increased.

Also, for given values of r and Tr, the condenser voltage approaches the

power-supply voltage as Rc and Cxo are decreased. By decreasing Rc^

however, the current through the switch tube is increased. This increase

is particularly undesirable in high-power pulsers where the load current

and hence the switch-tube current are already large. The effect of vari-

ations in T, Tr and Cw are illustrated in curves of Fig. 2-32. These curves

were calculated from the exact expression for the equilibrium condenser

voltage Fw, taking into account the effect of the power-supply connection

on the discharging circuit. The equation for Vv> is
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ohms.



56 THE OUTPUT CIRCUIT OF A HARD-TUBE PULSER [Sec. 2-4

and the voltage at the end of the pulse becomes

Avhere

If Rc Tpy

Ehb^p ( -t

Rc + rp\ +
rp /

, _ 1 —
[aT+/3(r,—t)1^

^ ^ {Rc + Ri)C'J

Rc ~l“ ^p

{RcTp + RcRi H“ Ri7'p)Ct-'

1

{vp + Ri)Cw

(60)

(61)

(62)

and y' « 7 . Thus, for Rc — lOOr^, the value of Vw calculated from Eq.

(59) is about 1 per cent greater than the approximate value calculated

from Eq. (56). In designing many pulsers, it is therefore sufficiently

precise to calculate the equilibrium condenser voltage by neglecting the

effect of the power-supply connection on the discharging circuit.

If only the charging circuit for the storage condenser is considered,

an advantage is apparently gained by having the capacitance aS small

as possible. This supposition is contrary, however, to the conclusion

reached by considering the discharging circuit. From Eqs. (59) and

(60) the difference in the condenser voltage at the beginning and at the

end of a pulse is

-Vr= F.
Rcj'jl -

Tp + Rcy'
(63)

Equation (63) may be reduced to the corresponding relation obtained

from Eqs. (57) and (58) if Rc^ r^, namely

- Vr = Vu[l - e (04)

If r (vp + Ri)Cwj Eq. (64) may be written

V^c - Vr
F.r

(rp + Ri)Cu
(65)

Again, if Vw — Vr is small, the change in load current during the pulse

is small and

h
Vw

Tp + Ri
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which leads to the approximation

This expression may be used to determine the magnitude of the capaci-

tance required for a particular load current in order to keep the load

voltage within certain limits during the pulse. In general, it is desired

that the load voltage during the pulse be as nearly constant as possible,

and therefore Cw must be large.

^ The same conclusion is reached if a corresponding analysis is made
for a biased-diode load in the circuit of Fig. 2*306. If it is assumed that

the power-supply connection may be neglected in determining the con-

denser voltage during the pulse interval, the difference in condenser

voltage at the beginning and at the end of the pulse is

- Fr = {Vu^ - 7.) [1 - e (67)

The relation (66) is obtained from Eq. (67) by the same reasoning used

to obtain it from Eq. (64) using the approximation that

r «
' r-p + rj

As may be seen from a consideration of the change in load current

during a pulse, it is more important to keep the change in load voltage

small for a biased-diode load than for a resistance load. Neglecting the

power-supply connection again, the currents at the beginning and at

the end of a pulse for a resistance load are.

and

ih)o =

{Il)r =

Tp -|- Ri

Vr

Tp -h Ri

(68)

For the biased-diode load, the corresponding currents are

and

{Ido =
F„ - V,

Tp + n

il'dr
Vr - V>

Tp -t- n

(69)

The ratio of the change in current during the pulse to the current at the
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beginning of the pulse for the resistance load is therefore

(/z)0 - {Il)r _V^-Vr
{Ii)o 7.

'

and for the biased-diode load,

(/;)o - (Idr ^ V. - Vr

(/;)o F. -f;

(70)

(71)

It IS evident from Eqs. (70) and (71) that, for a given percentage change

in load current, the ratio of the

value of Vw — Ft for a biased-diode

load to that for a resistance load is

F. - F«

F.

The effect of the capacitance of

the storage condenser on the current

through the load during a pulse is

illustrated by the curves of Fig.

2-33. These curves are plotted

from the equation

where a is the value given by Eqs.

(61). From Eqs. (64) and (70) a

similar expression is obtained in

which a ~ l/(rp + Ri)Cw, namely,

Capacitance Cv in tii

Fig. 2-33.—Ratio of the change in load

current during a pulse to the load current

at the start of the pulse for various values
of pulse duration and storage capacitance.
This ratio is approximately equal to the

ratio of the change in condenser voltage

during the pulse to the voltage at the start

of the pulse. The curves are plotted for

Ri = 1000 ohms, Rc = 10,000 ohms, and
rp =100 ohms.

Wo - {h\ ^ f,

(/l)o
^ g {rp+ Ri)Cw'^

F^.- Ft
(73)

Curves of thetype shown in Figs.

2*32 and 2*33 can be used to deter-

mine the best value for the capaci-

tance of the storage condenser for

given values of r and Tr when Rc Vp. A compromise must be made

between the equilibrium condenser voltage and the amount of voltage drop

that can be tolerated during the pulse for the particular pulser application.

From Eqs. (52) and (54) it is possible to calculate the time required

for the condenser voltage to attain a value approaching Vw after the

beginning of a succession of pulses. This time can best be expressed in
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terms of the number of pulses such that (V'Jn = kVwj with k some value

slightly greater than one. The curves plotted in Fig. 2*34a and b give

the values of n as a function of the capacitance of the storage condenser

for A: = 1.01 and 1.001 and for several values of r and Tr. If the value

Vw/Ebb is much less than 1.0, the number of pulses required to approach
the equilibrium value may affect the operation of loads with low dynamic

Capacitance Capacitance C«, in /if

(a) (6)

Fig. 2*34.—Number of pulses required for the storage-condenser voltage to reach kVw
as a function of Cw for various values of r and Tr, with Rc = 10,000 ohms, Ri = 1000 ohms,
and Tp = 100 ohms, (a) k = 1.01, (h) k = 1.001.

impedance such as the magnetron. A large value of n indicates that the

current through the load is larger than the current obtained with con-

tinuous pulsing for a time that may be long enough to be deleterious to

the magnetron cathode. This high current may also aggravate any

tendency for sparking to occur in the load.

In designing a hard-tube pulser with a resistance as the isolating

element, it is important to know how much average power will be dis-

sipated in the resistor. There are two major contributions to this power,

that from the current flowing in the resistance during the pulse interval

and that from the current flowing during the interpulse interval. When
the switch tube is conducting, the current flowing in the isolating resist-
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ance is

iic)i =
Ebb —

Rc

where Vp = ipVp and ip is the total instantaneous plate current in the

switch tube. For most practical purposes, it may be assumed that Vp

is constant during the pulse interval since its variation is usually small

compared with — Vp. The current (ic)i is therefore considered to be

constant for a time r, having the value

rr \ Ebb Vp
{Ic)i = p >

ICc

and the average power dissipated in Rc is then

(74)

During the interpulse interval the amount of current flowing in Rc

depends on the power-supply voltage and on the voltage on the storage

condenser. Thus

(Q 2

Ebb - Vc
Rc

where Vc is a function of time with the value given by Eq. (52), that is,

Vc(t) = Ebb - (Ebb - (52)

In this equation the term Ri may be the value for either a resistance load

or the recharging path if in Fig. 2-306 is a resistance. Substituting

Vc from Eq. (52), the expression for (ic)2 becomes

(ic)2

- Vr)e

Rc
(75)

The average power dissipated in Rc corresponding to this condenser-

charging current is

P2 = jTF X /
(ic)lRc dL (76)

\I r — T) J 0

Using the value of (ic)2 in Eq. (75) and neglecting r because, generally,

Tr ^ T, the integration in Eq. (76) gives

D _ Cw(Ebb — VrY(Rc + Ri)
' 2RcTr

2Tr

(77)

The total power dissipation in the isolating resistance is the sum of the
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values for the pulse interval and that for the interpulse interval given

by Eqs. (74) and (77). Thus

Pr = (^66 - Fp)^ r + Rl)

Rc Tr 2RcTr
[ 1
- 6

" 2Tr
iRc-^Ri)Cv, (78)

In many cases the contribution of the first term of Eq. (78) to the

power dissipation in the isolating resistance is several times larger than
that of the second term. Consequently, the approximate value of Pr
may be calculated somewhat more simply by taking advantage of the

fact that the average condenser-charging current is approximately equal

to the average load current. The average load current is the Value of

the pulse current multiplied by the duty ratio. Since the condenser-

charging current as given by Eq. (75) is an exponential function of time,

the rms and average values are nearly equal, provided that the time

interval is not large compared with the time constant {Rc + Ri)Cw^ It

t/RC t/RC
(a) t < RC. ib) t > RC.

Fig. 2*36.—Ratio of rms to average current as a function of t/RC for a current of the form
t

E -
RC

is seen from the plot of /rms/Zav versus Tr/{Rc + Ri)Cw in Fig. 2*35 that,

for Tr = {Rc + Ri)Cwf the rms current is only 1.04 times the average

current. For the value of rms current determined in this way, the

average power corresponding to Eq. (77) is

P2 = Il^Rc.

2*6. The Output Circuit with an Inductance or an Inductive Resistor

as the Isolating Element.—The equivalent circuits for the pulser with

resistance load and biased-diode load are shown in Fig. 2*36a and b.

The analytical expressions for the equilibrium condenser voltages at the

beginning and at the end of the-pulse are considerably more complicated

for these circuits than for those with a pure-resistance isolating element.

A few general conclusions can be drawn, however, from a simplified

analysis of the circuits of Fig. 2*36.

When the recharging circuit alone is considered and the switch St is
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open, the circuits of Fig. 2*36a and b, in which Zg is a resistance, reduce to

a simple series LC72-circuit as represented in Fig. 2-37. The initial

conditions imposed on the equation for this circuit are (1) that the con-

denser is charged to a potential difference Ft, and (2) that a current io

with the power supply.

is flowing in the inductance. The Laplace-transform equation for the

circuit is therefore

Lcb/c(p) - L{0)] + (Re + Rdleip) + (79)

Let {Rc + Ri) = Rc and IdO) = u. Then, if Eq. (79) is solved for

. .. C.

Eu. - V,

Icip) = -
+ ^0

+ pio

Fig. 2-37.—Equiva-
lent circuit for the con-

denser-charging cycle in

a hard-tube pulser with
an inductive isolating

element.

Ic.ip) =

2 1 7?c
I

1
p^ + J-"P + ytt

XJc J-Jc^W

( I \ •
1

Ey), — Ft
(p + a)to H J ato

(p + a) ^ + 0)-
(80)

where a = R'J2Lc, == b — a^, and b = 1 /LcCw
If 6 < a‘-, let — b = k^, and Eq. (80) becomes

Lip) =
(p + a)io +

Ehi Ft

Lc
O/'to

(p + a)2 — (81)

Equations (80) and (81) give the Laplace transform of the current for

the cases in which it is oscillatory and aperiodic respectively. The
critically damped condition corresponds to = 0. The inverse

Laplace transform of Eq. (80) gives the time function for the current,

thus
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lc{t) = — sin (at + ^cos <at — ^
sin (82)

Similarly for Eq. (81),

Ic{t) — ^ — sinh kt + ue-^* ^cosh kt — ^
sinh ki^- (83)

The voltage on the condenser expressed as a function of time is

Vc(t) = Ft + ^ [ Ic(t) dt, (84)
Jo

so the integration of Ekjs. (82) and (83) gives the expressions for the

voltage on the condenser during the recharging interval. Thus, for the

oscillatory case where IjLcCw > R!l/\L\, the condenser voltage is

Vc{t) = Eui — ^{Ehh — Vr) sin cat + cos ca^ — sin j* (85)

Similarly, Eq, (84) and integration of Eq. (83) give the condenser voltage

for the aperiodic case where l/LcCto < R'c/^Ll^ namely,

Vc{t) = Ebb — j^(-B56 — Vr) sinh kt + cosh k^ — sinh kt

(86 )

For the critically damped case in which \/LcCw = the condenser

voltage is

Vc(t) = Ei,- e-' - VrKat + 1) - ^ <j- (87)

Equations (85) and (86) can be written in a more convenient form by

combining the sine and cosine functions in the one case and the sinh and

cosh functions in the other. Thus Eq. (85) becomes

Veit) = Ebb - e-^KA sin {(at + <p), (88 )

where

and

-4 {Ebb “ Vt)(i ip

<p = tan~^

CJxjc(a _

Ebb - Ft

+ {Ebb - Ft)2

{Ebb Ft)^ 'i'P

(a CwO)

Similarly, Eq. (86) becomes

Vc{t) = Ebb — e~^^B sinh {kt + 6), (89)
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where

k Cwk

As the parameters Ley Cw and R'^ are varied, the transition from the

aperiodic to the oscillatory condition occurs when Lc = iRcCw] thus,

10
®

lo"

10
®

10^

10^ 10 ® 10 ^ 10 ® 10
®

iC
Minimum values of —^ for aperiodic case

2£»i*

Fig. 2-38.—Values of Le and R'c/2Le necessary to critically damp the condenser-charging
current in the circuit of Fig. 2-37.

if Lc is larger than this value, the condenser voltage and the power-supply

current oscillates. Since, for the critical-damping case,

= = 2
“ 2Lc R'fiJ

values of

2Le R'eC

correspond to the oscillatory condition. The curves of Fig. 2*38 give

the maximum values of Lc and the minimum values of R[/2Lc for aperiodic

Minimum values of for aperiodic case in mh

0.1 1.0 10 100 1000
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charging of the storage condenser for a range of and Cw values. When
the oscillatory condition is satisfied, the voltage on the condenser reaches

a maximum value that is greater than the power-supply voltage by an
amount depending primarily on the initial current in the isolating induct-

ance. It is evident from the circuits of Fig. 2*36 that a current in the

inductance is built up during the pulse interval when St is closed, and
that its magnitude depends on the pulse duration, the power-supply
voltage, and the value of the inductance. If the pulse duration is small

and the switch-tube resistance and the resistance associated with the'

inductance are small, the current can be calculated approximately from

Ehb
to = '-f- T.

Lc

The approximation is better the smaller the value of u is, compared with

the maximum possible value when t is very large, namely,

_- R, + r;

It is of interest to note that the aperiodic charging of the condenser,

as given by Eq. (89), may also cause the value of Vcif) to become larger

than Ew,. If is large (actually, if UlCwk > {Ebb — Vr)a/k), B is

negative, and there is some value of t for which Vc{t) = Ei^. For t greater

than this value, Vc{t) is greater than JS'bb, reaching a maximum value

after which it decreases and approaches the value E^b asymptotically.

Although the voltage on the condenser may rise to a value greater

than the power-supply voltage during the recharging interval, the

resultant pulser operation is not necessarily unsatisfactory. If Vt is

only slightly less than Ebb and ^o is not large, the maximum value of Vc{t)

may not exceed Ebb by a dangerously large factor. The primary con-

sideration is to determine that the maximum value of Vc{t) does not

exceed safe operating voltages for the condenser and the switch tube,

and that sufficient damping is present to make the amplitude of oscillation

negligibly small at the end of the interpulse interval.

For given values of E' and Cw it is reasonable to assume that the

quantity Ehb — Vr is independent of the value of Lc, provided that the

resistance Rc is always small compared with Ri. Since, for small values

of Lc, the charging is aperiodic with large values for fo, the magnitude of

B and 6 in Eq. (89) may be strongly affected by this initial current in

the inductance. As Lc is increased, the critically damped condition is

approached and to decreases, becoming less effective. A still further

increase in Lc leads to the oscillatory condition, and a maximum value for

the frequency, com^x = l/RcCwj which occurs when Lc = iRcC,
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Fig. 2-39.—Storage-condenser voltage as a function of time during the recharging

interval for an inductive element in series with the power supply; large values of R'dLc.
The portion of the curves C, D, E, and F beyond t = 150/x sec are plotted on expanded
scales in (jb) in order to show the transition from the aperiodic to the oscillatory conditions.
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To illustrate the effect of the inductance of the isolating element on
the charging of the storage condenser, the six curves shown in Fig.

2*39a have been plotted using the values of [Vc(t) — Ei^] calculated

from Eqs. (88) and (89) for various values of Lc. The calculations were
made for i?' = 1000 ohms, Ebb = 10 kv, and Cw = 0.05 /xf in the circuit

of Fig. 2-36a. Since the equations for Vc{t) involve the terms {Ei^ — Ft)

and ioj it was also necessary to specify a particular pulse duration. For
these calculations r = l/xsec was chosen, and the assumptions were
made that Rc « for all values of Lc, and that the voltage on the storage

condenser was equal to Ebb at the start of the pulse. The values of

{Ebb — Ft) and Iq used in the calculations were therefore obtained from
the relations.

and

^o
Ebb

Lc
r.

For the values of the circuit parameters given above, (Ebb — Ft) = 200

volts and to = 10~‘^/Lc amp.

The curves A and B are obtained for Lc equal to 5 mh and 10 mh
respectively. These values of Lc are less than the value for critical damp-
ing, so curves A and B are aperiodic. When Lc = \RcCv> = 12.5 mh,

the curve C is obtained, which corresponds to the critically damped
condition. Curves Z>, L, and F are oscillatory, with Lc equal to 16 mh,

25 mh, and 50 mh respectively. The value of 25 mh corresponds to

Lc = ^RcCw, producing the maximum frequency for the oscillation.

Portions of the curves C, L, L, and F are plotted in Fig. 2-395 with an

expanded ordinate scale in order to show the details of the curves when

Lc is larger than the value for critical damping. The curve G in Fig.

2-39a shows the effect of a 10,000-ohm noninductive resistance as the

isolating element, and is included to emphasize the rapid buildup of the

condenser voltage when an inductance is used.

The curves of Fig. 2-39 also apply for values of Cw other than 0.05 ^f

if Rc, Ebb, and r are not changed and a scale factor is introduced. With

the scale factor Koz{Ebb — Vr)/Rcy the ordinate scale corresponds to

_ Ebb]/K and the abscissa scale is Kt. The condition is imposed

that

(C.)2 _ ^2 _ J-

0 .05m/ (Le)i K'

where the values of (Lc)i are those that correspond to the curves of Fig.

2-39 for which K = \. Thus, if (C«,)2 = O.O^f, the scale factor is 5

and (Lc)2 for curve A, for example, is 1 mh. The curves C and E again
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correspond to the critically damped and the maximum-frequency condi-

tions respectively.

To illustrate the effect of small damping on the charging of the storage

condenser, the curves shown in Fig. 2-40 were calculated from Eq. (88).

For the three curves A, B, and C a value of R'JLc = 10 ohms per mh was

used with = 0.05 jif, Ebb = 10 kv, and t = 1 /isec. The values of

Lc are 5 mh, 10 mh, and 20 mh, respectively, for the curves A, B, and C.

The effect of adding some resistance in series with Lc is indicated by the

curve A' for which Lc = 5 mh and f?' = 500 ohms. These curves are

Fi<j. 2-40.—Storage-condenser voltage as a function of time during the recharging
interval for an inductive element in series with the power supply; small values of R'c/Lc.

For curves A, B, and C the value of R'cfLc is 10 ohms per mh with 5 mh, 10 mh, and
20 mh respectively. For curve A\ Lc =5 mh and R'c = 500 ohms. Ebb = 10 kv and
Cv> = O.OdfAf for all curves.

indicative of the way in which the storage-condenser voltage varies during

the interpulse interval if small inductances and small values of Rc/Lc are

used both for the isolating element and for the recharging path of

Fig. 2*361).

There are two principal advantages to be gained by the use of an
inductance as the isolating element. The possibility of having the con-

denser voltage equal to the power-supply voltage at the start of each pulse

provides better utilization of the available power-supply voltage. Also,

the power dissipated in the resistance associated with the inductance

can be less than in the case of a high-resistance isolating element. In

any pulser design, these advantages must be weighed against the undesir-

able possibility that the recharging of the condenser may be oscillatory,

and also against the increase in current through the switch tube with

time during the pulse interval. The latter consideration is perhaps the

more serious, since it may cause a larger drop in pulse voltage during the
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pulse than that which results from the change in the storage-condenser

voltage.

The more rapid increase in the storage-condenser voltage during the

interpulse interval, which is possible with the inductive isolating element,

can be used to advantage in pulsers designed for closely spaced pulses,

particularly if the interpulse intervals are of nonuniform duration, as in

the case of pulse coding.

When an inductive element is used in parallel with the load in order

to bring the trailing edge of the pulse down rapidly, as discussed in Sec.

2*3, this inductance becomes part of the recharging circuit as well. The
current flowing in the inductance may be oscillatory and of sufficient

magnitude to exert considerable influence on the initial conditions for the

recharging cycle. It is therefore obvious that a complete analysis of the

recharging of the storage condenser is too complex to permit as detailed

conclusions to be drawn as are possible in the case of the resistive isolating

element.

POWER TRANSFER TO THE LOAD

One of the important considerations involved in the design of a pulser

is the magnitude of the pulse power to be delivered to the load. This

pulse power is equal to the product of the voltage and current during the

pulse. If the pulses of voltage and current are constant in amplitude for

the pulse duration, the terms pulse power and ‘^peak power have

the same significance. When the pulse amplitude is not constant during

the pulse, the peak power refers to the maximum voltage-current product,

and the pulse power is the product of an average amplitude for the voltage

and current pulses. There are several possible methods by which this

averaging may be done (see Appendix B). For the hard-tube pulser,

the voltage and current pulses generally have a top that is relatively flat,

and the meaning of ‘^average pulse amplitude'^ is reasonably clear.

For the present discussion the term pulse power refers to the average

voltage-current product for pulses that do not deviate very much from

constant atnplitude.

It may be necessary to have some circuit elements in parallel with

the load in order to chapge pulse shape or to provide a recharging path

for the storage condenser, as shown in Secs. 2*2 and 2*3. Some power is

dissipated in these shunt elements, and this power must be taken into

account in designing a pulser for a given power output to a load. By
careful design, however, it is generally possible to make the power loss

small compared with the load pulse power. The present discussion of

power transfer to the load on a hard-tube pulser is simplified by the

assumption that any shunt losses may be considered as part of the pulser

load.
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It is evident from the circuit of Fig. 2*5 that the current through the

switch tube is approximately equal to the current through the load.

Also, the pulse voltage across the load is approximately equal to the

power-supply voltage minus the voltage drop in the switch tube. These

considerations are of fundamental importance in the design of a hard-

tube pulser when a definite load impedance and pulse-power output are

specified. The connection of the load to the pulser as indicated in the

circuits discussed in Secs. 2-2 and 2*3 is referred to as a ^^direct-connection.

If the pulse power and the load impedance are specified, the require-

ments for the SAvitch tube and the power supply are almost completely

determined for the load directly connected to the pulser. Thus, if the

pulse power is Pi and the load impedance is Ri, the pulse voltage is

Vi = \/PiRi and the load current is Ii = \^Pi/Ri. The switch tube

must therefore be chosen so that the current Ii can flow without making

the voltage drop in the tube too high. When the magnitude of this volt-

age drop is known, the required power-supply voltage is also known.

The switch tube must also be capable of withstanding the power-supply

voltage during the interpulse interval. The switch tubes that have

been available for microwave-radar applications of hard-tube pulsers

have had effective resistances ranging from about 50 ohms to several

hundred ohms. Most of these tubes have a maximum current-carr3dng

capacity that is determined by available cathode emission or by electrode

power dissipation. For pulsers mth low average power, the cathode

emission determines the maximum current, and for pulsers with high

average power, the allowable electrode power dissipation usually imposes

the limit on the current. The effective resistance introduced into the

pulse circuit by the switch tube is relatively constant over the usable

range of current, except for special design, such as operation on the flat

portion of the pulse characteristic of a tetrode (see Chap. 3).

2-6. Impedance-matching and Pulse-transformer Coupling to the

Load.—A hard-tube pulser may be considered as a generator with an

internal impedance equal to the effective resistance of the switch tube.

If the resistance of the load is high compared with the generator internal

resistance, the efficiency is also high but the power delivered to the load

is small compared with the maximum power that could be obtained. It

is shown in most textbooks on electricity that the maximum power is

dehvered to a load when the load and generator resistances are equal.

This condition means, however, that as much power is lost in the gen-

erator as is delivered to the load, and the efficiency is only 60 per cent.

Since a maximum of 50 per cent efficiency can not be tolerated in most
hard-tube-pulser applications, impedance-matching is seldom used.

Impedance-matching is important in the line-type pulsers to be dis-

cussed in Part IL Since for these pulsers the internal impedance is
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nondissipative, the above-mentioned difficulty for hard-tube pulsers is

not encountered. It is possible; however, to achieve some gain in hard-

tube pulsers designed for low pulse-power output by changing the load

impedance presented to the pulser. In particular, it is possible to use a

lower power-supply voltage for a given pulse power into a high-impedance
load if a pulse transformer is used to transform the load impedance to

a lower value at the pulser output terminals. The details of pulse-

transformer design and construction are given in Part III.

A brief discussion of the considerations involved in the use of a pulse

transformer with a hard-tube pulser serves to indicate when such an
arrangement is advantageous and to point out the limitations. For
this purpose, the hard-tube pulser

is represented as a battery in series

with the switch-tube resistance, as

sho^vn in Fig. 2-41. The primary of

the pulse transformer is connected

to the pulser output terminals, and

the load is connected across the sec-

ondary. The secondary is considered

to have n times as many turns as

the primary, and the power-transfer

efficiency, ri, of the transformer is assumed to be determined only by shunt

losses. This assumption is justified by experience with such trans-

formers in the microwave-radar applications. The following relations

may then be written:

Np Ns
Fig. 2-41.—Equivalent circuit for a

hard-tube pulser with pulse-transformer
coupling to the load.

Vs
(90)

and

Vsh = (91)

thus

T Vip
Is - —

•

(92)

The power into the load is

Pi
F? F|

Ri Ri
(93)

and

Vp Fto IpTpy (94)

Vs — IsRi, (95)

where the switch-tube current Ip is equal to the primary current Ip and

the load current h is equal to the secondary current Is- Combining

these relations, the expression for the load power becomes
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VlnVRi
{Riri + (96)

The condition for maximum power in the load, as governed by the trans-

former turns ratio, is obtained by differentiating Eq. (96) with respect

to n and equating the result to zero; thus.

n2
m = V - for (PiU^,

Tn

and the maximum power is

(Pi)max Zl5.
4rp

(97)

(98)

Equation (98) is the familiar result for a generator with matched load,

except that in this case it is modified by the efficiency of the pulse trans-

former. This efficiency may be between 75 and 95 per cent, depending

on the transformer construction.

Table 21.—Comparativi^ Values for the Operation of a Hard-tube Pulser
WITH A Pulse Transformer and Maximum Power Output, and for a

Direct-connected Load*

With pulse transformer, maximum
power output

Xo pulse transformer, load

direct-connected

V = 0.85

n„ = = 9-2
> Tp

Vi = VP^i = 3.16 X 103 volts Vi = 3.16 X 10^ volts

h = = 0.316 amp h = 0.316 amp

Um
Ip = — h = 3.4 amp

V
Ip = h = 0.316 amp

F„ = — = 700 volts
rim

Ftp = Fj + IpTp = 3.2 X 10^ volts

Average Pp (switch tube)

= Ilrp X 10~3 = 1.2 v/atts

Average Pp = I^Vp X 10“ * = 0.1 watts

* Test conditions:

Load resistance, Ri = 10,000 ohms.
Load pulse power. Pi = 1 kw.

Switch-tube resistance, rp = 100 ohms.

Duty ratio = 0.001.

If the load resistance is greater than the switch-tube resistance, the

maximum-power condition requires a stepup transformer, that is, n > 1.

The voltage that appears across the load is then

T/
(99)
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and the switch-tube current is

Ip = — Ii. (100)

The significance of these considerations is best brought out by com-

paring the values of the pulser parameters for the case of the direct-

connected load on the one hand and that of the transformer-coupled load

with maximum power output on the other hand. The results are given

in Tables 2T and 2*2 for two values of load resistance and pulse power.

Table 2-2.—Comparative Values for the Operation of a Hard-tube Pulser
WITH A Pulse Transformer and Maximum Power Output, and with a

Direct-connected Load*

With pulse transformer, maximum
power output

No pulse transformer, load

direct-connected

V - 0.85

= V? = 2.9

•

Vi = VFIRi = 10^ volts Vi = 10^ volts

h = — 10 amp h — 10 amp

7 = — 7^ = 34 amp
n

Ip ^ h ^ 10 amp

oVi
Vy, ^ = 7 X 103 volts

Tim
Vw — Vl -{ IpTp = 11 X 103 volts

Average Pp (switch tube) =120 watts Average Pp (switch tube) = 10 watts

* Test conditions:

Load resistance, Ri = 1000 ohms.

Load pulse power, Pi = 100 kw.

Switch-tube resistance, rp = 100 ohms.

Duty ratio = 0.001.

Examination of these tables indicates that, with the 10,000-ohm load

and 1-kw pulse power, the gain in using the pulse transformer is large as

far as power-supply voltage is concerned. The switch-tube current is

more than ten times the load current, but is still within the operating

range of available tubes. The power dissipation of 1.2 watts in the

switch tube is also not prohibitive. The question to be decided in this

case is whether or not the reduction in power-supply voltage, from about

3 kv to 700 volts, is important enough to warrant the use of a switch

tube that can pass a current of 3.4 amp with the additional power loss of

approximately one watt.

For the 1000-ohm load and 100-kw pulse power, the increase in switch-

tube current from 10 amp to 34 amp produced by using the pulse trans-

former and maximum power design is generally more serious than the
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factor of 10 increase in the previous case. . A relatively small tube^

can be used to provide the 0.3 or 3.4 amp, whereas the increase in plate

voltage from 700 volts to 3 kv may both increase the size of the tube and

impose greater problems in its fabrication. The increase in tube cur-

rent from 10 amp to 34 amp, however, may necessitate the use of two or

three tubes in parallel or the use of a larger cathode, which is generally a

serious problem in tube manufacture. For tubes that have been avail-

able for the microwave-radar applications, the gain introduced by the

reduction of plate voltage from 11 kv to 7 kv doesfiot offset the difficulties

introduced by the increase in plate current. The increase of more than

100 watts in power dissipation in the switch tube also imposes a more

serious problem than the 1-watt increase for the 10,000-ohm load.

These examples show that the use of a pulse transformer to reduce the

necessary power-supply voltage is not a priori always advantageous to

pulser design. However, the pulse transformer is not used only to give

the maximum power output. There are situations in which a small

reduction in the necessary power-supply voltage may be warranted at

the expense of slightly higher switch-tube current. Under these condi-

tions, it is necessary to use Eq. (96) for power output in terms of the

circuit parameters in order to determine the design best suited to the

available components.

The above design considerations lead to the minimum values of

switch-tube current and power-supply voltage for a given load impedance

and pulse power. To these values must be added any contributions

resulting from the connection between the charging circuit and the dis-

charging circuit as discussed in Secs. 2*4 and 2*5. These contributions

can usually be kept small, but in some cases, such as a design for closely

spaced pulses, it may be necessary to allow for increases of as much as

25 to 50 per cent above the minimum values.

(a) (6)

Fig. 2-42.—Two possible arrangements for the use of a pulse transformer with a hard-tube
pulser.

A pulse transformer may be used with a hard-tube pulser in either of

two ways. The two possibilities, with a triode as the switch tube, are

shown schematically in Fig. 2*42. In Fig. 2-42a the primary of the pulse

^ R. B. Woodbury, “Pulse Characteristics of Common Receiver Type Tubes,

RL Report No. 704, Apr. 30, 1945. See also tube data given in Chap. 3.
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transformer takes the place of the load in the circuits of Sec. 2*2. In

the circuit of Fig. 2A2b the storage condenser is eliminated and the pulse-

transformer primary is in series with the power supply and the switch

tube. It has been mentioned previously that, from a practical stand-

point, some part of the circuit must be at ground potential, and reasons

were given for connecting the switch-tube cathode, rather than the plate,

to ground. Thus, if point g is connected to ground in Fig. 2-42a, one

end of the pulse-transformer primary is grounded, and the winding must
be insulated only for the maximum pulse voltage. If the cathode of the

switch tube is connected to ground in the circuit of Fig. 2*426, the primary

of the transformer must be insulated for the d-c power-supply voltage.

This voltage is greater than the pulse voltage by the amount of the

voltage drop in the switch tube, which may amount to 10 to 20 per cent

of the power-supply voltage. The problem of providing adequate insula-

tion for d-c voltages in such a transformer is somewhat more serious than

for an equivalent pulse voltage. This difficulty causes a transformer

designed for the circuit in Fig. 2-426 to be somewhat inferior to a trans-

former suitable for the circuit of Fig. 2-42a as regards the effect on pulse

shape. There is a greater deviation from a rectangular pulse shape at

the load because of the less satisfactory ratio of leakage inductance to

distributed capacitance in the transformer. The transformer for

circuit in Fig. 2-426 may also have a somewhat lower power-transfer

efficiency.

There is a further argument in favor of the use of a storage condenser

with pulse-transformer coupling to the load. If the load is a magnetron

or some other device that may exhibit sudden changes in impedance

because of sparking or voltage breakdown, a high-voltage surge occurs at

the plate of the switch tube. This transient voltage may be sufficient

to cause the switch tube to spark internally, thus vitiating the control of

the grid over the tube conduction. When the grid loses control, the time

during which the switch tube is conducting may exceed the desired pulse

duration by a large factor. In the circuit of Fig. 2*426 this behavior

causes more energy to be discharged into the load than that corresponding

to the normal pulse, with the result that the sparking condition is aggra-

vated. In the circuit of Fig. 2-42a, the same sequence of events is not as

serious, since the available energy in the storage condenser is considerably

less than that in the filter condensers of a power supply. Because of the

inherent characteristics of a pulse transformer, it is actually possible to

use a smaller capacitance for the storage condenser in the circuit of Fig.

2-42a than that necessary for a direct-connected load in order to obtain a

given flatness for the top of the pulse.

If a pulser is designed to use a pulse transformer and no storage con-

denser, the versatility of the unit is decreased. A pulser of the type
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shown in Fig. 2*42a can be used equally well with a direct-connected load

within the limits of its design. With a load substituted for the pulse

transformer in the circuit of Fig. 2-426, the load or the switch tube must

be operated at high d-c potential with respect to ground.

2‘7. The Effect of Stray Capacitance on the Pulser Power Output.

—

When the duty ratio is high, the average-power considerations may out-

weigh the pulse-power requirements in governing the choice of com-

ponents for the pulser. As has already been mentioned, the smtch-tube

dissipation can impose a limit on the maximum allowable pulse current.

The choice of the capacitance for the storage condenser is also affected by

a high-duty-ratio requirement, but in different ways depending on

whether the high duty ratio is due to a long pulse duration, or to a high

recurrence frequency. Thus, if the pulse duration is long and the inter-

pulse interval is also long, the storage condenser must have a high

capacitance in order to keep the pulse current as constant as possible

during the pulse. When the recurrence frequency is high, however, the

interpulse interval is small, and the condenser capacitance must be as

small as possible to best utilize the power-supply voltage, and it may
also be necessary to have a higher current from the power supply during

the pulse interval.

The stray capacitance in parallel with the pulser load becomes an
important consideration when the recurrence frequency is high and the

pulse voltage is large. This capacitance becomes charged during the

time required for the pulse voltage to build up, and its discharge starts

when the switch tube becomes nonconducting. The energy stored in

this capacitance, therefore, does not contribute to the pulse power in

the load except during the time corresponding to the trailing edge of the

pulse. The average-power loss that corresponds to the charging of this

capacitance is simply the energy stored per pulse multiplied by the

number of pulses per second, that is,

PRF X
In the example used for the values of Table 2-2, a stray capacitance of

100 jjLfxf introduces a loss of about 5 watts if the 0.001 duty ratio corre-

sponds to a PRF of 1000 pps. At a PRF of 10,000 pps, however, this

power loss is 50 watts, which is one half of the ai^'erage power delivered to

the load.

The current required to charge the stray capacitance also has an

influence on the pulse power for which the pulser is to be designed. If

it is desired to have a high rate of rise for the voltage pulse, the current-

carrying capabilities of the switch tube must satisfy the relation
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If the value 100 jw/zf is again taken as an example, this current is 10 amp
for dVi/dt = 100 kv/^sec, which corresponds to a time of rise of O.l/zsec

for a 10-kv pulse. In the example used for the values of Table 2T, a

switch tube capable of carrying 0.5 amp is adequate for the direct-con-

nected load, but the maximum dVi/dt is then 5 kv//zsec, corresponding

to a time of rise of 0.6 /zsec for a 3-kv pulse. Thus, the peak-current

limitation for a particular switch tube may be high enough to satisfy <

the load pulse-power requirement and still limit the maximum rate of

rise of the pulse voltage.

2*8. Output Power Regulation.—The change in output power from a

hard-tube pulser, which is caused by a change in the power-supply volt-

age, may be expressed in terms of the switch-tube and load characteristics.

This relation is of practical importance in pulser applications because it

gives an indication of the stability of the power output as a function of

the voltage input to the pulser. If the change in the power output is

APi, the ratio NPi/Pi, expressed in terms of the ratio for the

power-supply voltage and the circuit parameters, gives the regulation of

the output power. Thus, for a given set of conditions, the regulation is

determined by the relation

API _ , AEyb

Pi~ E,,' (101 )

If k is large, the regulation is poor, that is, the percentage change in out-

put power is large compared with the percentage change in power-supply

voltage. Conversely, if k is small, the regulation is good.

The value of k in Eq. (101) depends on the pulser parameters and on
the load characteristics. In order to find an expression for A;, let it be

assumed that a biased-diode load is used, and that the voltage on the

storage condenser differs very little from the power-supply voltage. The
power into the load is

and
Pi = Vih ( 102 )

(103)

where Vs is the bias voltage and n is the dynamic resistance of the load.

The voltage across the load is

Vi = Ehh — IiVpj (104)

where the effects of elements in parallel with the load and of the recharg-

ing circuit are neglected in considering the switch-tube current. Com-
bining Eqs. (102), (103), and (104), the expression for the power becomes

p _ {EhbVi H~ VsTp){Ebb — Vs)

* (n + rp^ (105)
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Differentiating Eq. (105) with respect to Ebb and forming the ratio

APi/Pij there is obtained

(106)

If the load dynamic resistance is equal to the switch-tube resistance

and the bias voltage in the load is 0.8 times the power-supply voltage,

Eq. (106) gives

API _ AEbb ^ . 2 — c; «
Pi

~
Ebb 1.8 X 0.2 ~

Pw,
' (107)

Thus, for these conditions, the percentage change in the output power is

about six times as large as the percentage change in the power-supply

voltage. Since the values chosen for this example are typical for the

medium-power magnetrons used in microwave radar, this result is

important in pulser applications with magnetron loads.

If the bias voltage is zero, that is. Vs = 0, Eq. (106) becomes

AP I AEbb

Pi Ebb
(108)

The power regulation for a pure-resistance load is therefore considerably

better than that for a magnetron or biased-diode load.

In the discussion of Chap. 3, it is shown that advantage may be taken

of the characteristics of tetrodes as switch tubes in order to improve the

power regulation for a hard-tube pulser. As in any power-generating

device, however, improved regulation is obtained at the expense of

additional power loss.

2-9. Effects of Pulse-transformer Coupling to the Load.—There are

three principal advantages to be gained by coupling the output of a

hard-tube pulser to a load by means of a pulse transformer. One of

these has already been indicated in the discussion of Sec. 2-6, namely,

that a transformation of the load impedance can be accomplished with a

pulse transformer, that is, the impedance presented to the output of the

pulser can be made either higher or lower than the load impedance. A
gain in voltage, current, or power at the load can be obtained in this

manner for given pulser and load characteristics. Another advantage is

obtained by the use of two pulse transformers, a stepdown transformer at

the pulser output terminals and a stepup transformer at the load, with a

low-impedance cable between them. This arrangement facilitates the

physical separation of the load and the pulser, which is a desirable engi-

neering convenience in many cases. The third advantage of transformer
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coupling is that it provides a means of reversing the polarity of the pulse

at the load. The use of two pulse transformers with different turns

ratios for the stepup and stepdown transformers makes it possible to

obtain all three of the advantages simultaneously.

In microwave applications, pulse transformers are used with hard-

tube pulsers primarily because of the advantages to be gained by the

physical separation of the load and the pulser. Serious difficulties arise

in transmitting high pulse power and the correspondingly high pulse

voltage more than a few feet from the pulser to the load. The use of

stepdo^vn and stepup pulse transformers makes it possible to transmit the

pulse power at relatively low voltage over flexible coaxial cable for dis-

tances as great as several hundred feet. Associated with this added

convenience, however, there is some power loss, some pulse-shape dis-

tortion, and sometimes increased backswing voltage. In any given case,

therefore, it is necessary to weigh these disadvantages against the

advantages. The purpose of this section is to indicate the extent to

which the disadvantages may affect the design of the hard-tube pulser.

The theory of pulse transformers and the considerations involved in

their design and construction are given in detail in Part III. There it is

sho\vn that the equivalent circuit for a pair of pulse transformers may be

Output terminals of a

Stepdown Stepup
transformer transformer

Fig. 2-43.—Equivalent circuit for a stepdown and a stepup pulse-transformer combination
for a hard-tube pulser and a biased-diode load.

represented as in Fig. 2-43. The elements Le, Lc, and Cc are associated

with the low-voltage winding of the transformer, which is referred to as the

primary, Le being the effective shunt inductance and Cc the distributed

capacitance of this winding. The so-called “charging inductance,”

Lcf is introduced to account for the nonuniform current distribution along

the coil corresponding to the flow of charge into Cc- The element Ll is

the leakage inductance, Re represents the effective shunt loss in the trans-

former, and Ld and Cd have the same significance for the high-voltage
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or secondary winding that Lc and Cc have for the primary winding. The

capacitance introduced by the load is represented by Ci.

In Sec. 14T it is shown that the leading edge of the pulse is affected

principally by the elements Ll, Re, and Cd^ which cause the time of rise

for the voltage pulse to be greater than it would be for a load direct-

connected to the pulser. This effect may cause a rounding of the leading

edge at the top of the pulse. With a pure-resistance load and no bias

voltage, this increase in the time of rise for the pulse voltage becomes very

noticeable. The best design of a pulse transformer for optimum pulse

shape results when the static resistance of the load

where 2Ll is the total leakage inductance of the two transformers plus

the inductance of the cable (which is usually negligible), and

c = Cn + Cl.

Since the capacitance of the load is involved, it is necessary to have a

knowledge of this parameter before designing the transformer.

When the load is a biased diode or a magnetron, the load current does

not start to flow until the voltage Vi is greater than the bias voltage Vs-

For a load that is direct-connected to the pulser, as discussed in Sec. 2*3,

the load current builds up to the value

n

in a very short time, and Vi = Vw- The current Ii is referred to as the

‘‘normal load current. For the present, the cable between the pulse

transformers is assumed to have negligible length. During the time

required for the pulsj^ voltage to build up to the value Vs, there is a cur-

rent ic flowing through the leakage inductance that corresponds to the

flow of charge into the capacitances Cd and Ci. Thus, when the switch

Si is closed, there is a current flowing in Li, the magnitude of which may
be greater than, equal to, or less than the normal load current. If the

effective series inductance inherent in the load itself is small, the load

current builds up to the value ic in a negligibly short time after switch Si

closes. If ic is larger or smaller than h, the current during the pulse

interval decreases or increases respectively until the value Ii is reached.

For ic = h, the static resistance of the load must be equal to y/XLJC.
When Ri > \/ ^LLl/C, the top of the current pulse droops, that is,

the current decreases during the pulse, and when Ri < \/2Ll/C, the

top of the current pulse rises. The effect of Le is to cause a small droop
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in the current pulse even for the optimum value of y/^ZL^JC, A series

of oscilloscope traces that illustrates the foregoing statements is repro-

duced in Figs. 2-44 and 2*45.
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Fig. 2*44.—Oscilloscope traces for 2-fisec pulses of magnetron current, magnetron
voltage, and pulser output voltage for a hard-tube pulser with pulse transformers and 6 ft

of 50-ohm pulse cable. The 232AW stepdown and the 232BW stepup transformers, for

which \/ZLlIC =*1100 ohms, were used for these traces.

The effect produced by the effective shunt inductance and trans-

former losses may be seen by comparing the pictures of Figs. 2*44 and 2*45



82 THE OUTPUT CIRCUIT OF A HARD-TUBE PURSER [Sec. 2-9

for the cases where Ri = s/'^LI/C. It is to be observed that the current

pulse droop is greater for the 135AW-141BW transformer combination
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Voltage pulses at the input terminals of the stepdown transformer.

Fig. 2-45.—Oscilloscope traces for 2-/nsec pulses of magnetron current, magnetron
voltage, and pulser output voltage for a hard-tube pulser with pulse transformers and
6 ft of 50-ohm pulse cable. The 135AW stepdown and the 141BW stepup transformers,

for which \/ SLl/C = 880 ohms, were used for these traces.

than for the 232AW-232BW combination. The latter pair of trans-

formers have higher efficiency as determined by calorimetric measure-

ments of power loss.
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When the current in the leakage inductance is greater or less than

the normal load current, the rate at which the pulse current decreases or
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Voltage pulses at the input terminals of the stepdown transformer.

Fig. 2*46.—Oscilloscope traces for 2-fisec pulses of magnetron current, magnetron
voltage, and pulser output voltage for a hard-tube pulser with the 232AW and the 232BW
pulse transformers and 175 ft of 50-ohm pulse cable. The 50-ohm cable impedance is

transformed to 1250 ohms at the output of the pulser and the input to the magnetron
because the turns ratio for each transformer is 1 to 5. The transit time for the trans-
formers and cable is 0.42jLisec.

increases during the pulse depends on the time constant 'ZLi/irp + n),

where Vp is the internal resistance of the pulser. For the 232AW-232BW
transformer combination and the magnetron used to obtain the oscil-

loscope traces of Fig. 2-44, this time constant is about 0.3 /xsec, whereas
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for the 135AW-141BW combination it is about 0.18 Msec. This dif-

ference is observable in the pictures of Figs. 2*44 and 2-45.

Reflection Effects Caused by Impedance Mismatch with Long Cable .

—

Another effect is observed when the cable is so long that the time required

for the pulse to travel from one transformer to the other is an appreciable

fraction of the pulse duration. Discrete steps appear on the top of the

current pulse as a result of an impedance mismatch between the load

and the cable. Some photographs of oscilloscope traces showing this

phenomenon are reproduced in Figs. 2*46 and 2-47 for the 232AW-232BW
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Magnetron voltage pulses.

Fig. 2-47.—Oscilloscope traces for 2-nsec pulses of magnetron current and voltage for a
hard-tube pulser using the 232AW ahd 232BW pulse transformers with 100 ft of 50-ohm
pulse cable. The transit time for transformers and cable is 0.25/Lisec.

transformer combination and 175 ft and 100 ft of 50-ohm coaxial cable.

These transformers have a turns ratio of 5/1 for the secondary and pri-

mary coils. Thus the 50-ohm impedance of the cable is transformed

into an impedance of 1250 ohms at the high-voltage windings of the

transformers.

The combination of pulse-transformer and cable may be considered

as a transmission line of characteristic impedance Zq = 1250 ohms.

If the impedance of the load is different from 1250 ohms, a voltage

reflection occurs whose magnitude and sign depends on the reflection

coeflScient

__ Zi — Zq

Zi + Zo
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Let Fp be the pulse voltage at the pulser output and let 8 be the time

required for the pulse to travel in one direction through the transformers

and the cable. ^ If Fi denotes the pulse voltage traveling from the

pulser to the load, the magnitude of Fi at the pulser is Fp. Because

there is some attenuation of the pulse voltage in traversing the trans-

formers and cable, the voltage appearing at the load end is A;Fp, where

fc < 1. When Zi > Zo, the reflection coefficient at the load is positive,

and the reflected voltage is

This voltage therefore adds to the incident voltage at the load, producing

an actual load voltage

(F,)i = fcFp + F; = kVp [l + (|^
-

|;)]-
(110)

The load pulse voltage can be larger than the output voltage of the pulser,

as in the first series of pulse pictures of Fig. 2-46.

The reflected voltage travels back toward the pulser, where it is again

reflected. At the pulser the reflection coefficient

Zp — Zo

Zp + Zo

where Zp is the internal impedance of the pulser. For a hard-tube

pulser Zp is merely the switch-tube resistance Vp, Since, in general,

Zp is considerably less than 1250 ohms, the reflection coefficient is nega-

tive, and the polarity of the reflected voltage is opposite to that of the

main-pulse voltage. At a time 25 after the start of the pulse at the pulser

output, the voltage at the input terminals of the stepdown pulse trans-

former is

F;. = Fp + kV[ + F2, (111)
where

F2 = A:F1 (1^^)- (112)

The pulse voltage traveling away from the pulser toward the load is now
Fi + F2 ,

which is less than Fp because F2 is of opposite polarity to Fi.

At the time 35 this new pulse voltage appears at the load, where a reflec-

tion again occurs such that

Vi =k(Vt + V,)
~

(1 13)

1 The velocity of propagation in the cables used with pulsers for microwave applica-

tions is about 450 ft/jusec. The observed time delay in the pictures of Fig. 2-46 is

0.42 Msec, indicating that the two transformers introduce a delay of about 0.03 /xsec in

addition to that of the cable.



86 THE OUTPUT CIRCUIT OF A HARD-TUBE PULSER [Sec. 2-9

and the load is subjected to a voltage

(F,), = k{V^ + V,) + FJ = fc(Fi + F,) [l + (§^;)] (114)

Since (Vi + V2) < Vpy the pulse voltage at the load changes suddenly

at time 35 from the value given by Eq. (110) to that given by Eq. (114),

producing the first step that appears in the pictures of Fig. 2-46.

If the pulse duration is several times longer than 25, a succession of

Pulser —Tf—f

1

these steps occur as indicated in the sketch

output Vp Vj Vp Vp of Fig. 2*48. The successive steps become

-fq ^
I

^
^

f progressively smaller, as evidenced by the

j

j25j45j65 85 fact that (Ii)z and (Ii)^ in Fig. 2-47 are al-

I
j [_ j j

most equal. These pictures were obtained

Load
I

with the same transformers and magnetron,

voltage i

^ but with 100 ft of cable instead of the 175

J

\

\\^ • ft used for the pulses shown in Fig. 2-46.

} j j

I

j

I When the impedance of the load is less

j j

i
I than that of the cable, the steps are in the

opposite direction, as can be seen in the third

pulse
I

series of pictures in Fig. 2-46. As a result of

current
j j {

change in load impedance during the time

I I I I I the pulse voltage is built up, reflections of

Fig. 2-48.—Sketch of volt- short time duration occur. The effect of
age and current pulses indicat- .1 n • ‘li/* i

ing the steps resulting from an these reflections IS evident from the second
impedance mismatch between series of pictures in Figs. 2-46 and 2-47, in

pulse transformers are used with v^hich the load and Cable impedances are ap-
a hard-tube pulser. The load proximately equal. Small irregularities occur
impedance is greater than the j* •j.t.
cable impedance referred to the the times Corresponding to the stcps in the
high-voltage windings of the other two Series of pictures.
T*a n GT OT’TTIO'PQ

As an example of the foregoing discussion,

the experimental and calculated values corresponding to the first series of

pictures in Fig. 2*46 are given. The voltage at the pulser output is

I IVJ I I •

I I I I •

Fig. 2*48.—Sketch of volt-

age and current pulses indicat-

ing the steps resulting from an
impedance mismatch between
the load and the cable when two
pulse transformers are used with
a hard-tube pulser. The load
impyedance is greater than the
cable impedance referred to the

high-voltage windings of the
transformers.

and that at the load is

Vp — 8.55 kv

(Fj)i = 9.36 kv
Since

(Ii)i = 4.82 amp,

9.36X10* ,

(Z/)i = — = 1940 ohms.

The reflection coefficient at the load is therefore

Zi- Zo _ 1940 - 1250

Zi + Zo 1940 + 1250
= 0.216,
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and the value of k may be determined with the aid of Eq. (110), that is,

9.36X10=» _
8.55 X 10* X 1.22

The reflected voltage traveling toward the pulser is then

V[ = 0.9 X 8.55 X 10^ X 0.216

= 1.65 kv.

The reflected voltage, V2 ,
at the pulser is

V2 = 0.9 X 1.65 X 10^-0.82) = -1.20 kv,

where the reflection coefficient (k — —0.82) is obtained by assuming

the switch-tube resistance to be 125 ohms. The pulse voltage traveling

toward the load after time 25 is therefore

V^ + V 2 = (8.55 - L20) kv = 7.35 kv.

When this voltage reaches the load at time 35, the reflected voltage is

determined by a new load impedance, since the pulse voltage is less than

the original value of 9.36 kv. In this case the new reflection coefficient is

0.346, and

(Vi)2 = 0.9 X 7.35 X 10^ X 1.35 kv = 8.90 kv.

The dynamic resistance of the magnetron used for the pictures of Fig.

2*46 was determined experimentally to be 250 ohms, and the starting

voltage Vs was 8.10 kv; thus

This calculated value for the magnetron current after the first step agrees

reasonably well with the value of 3.4 amp measured experimentally.

The above numerical example is given to justify the previous argu-

ment explaining the presence of the steps in the load current and voltage

pulses when a long cable is used between the transformers. It is possible

to derive relationships from which the load current and voltage may be

calculated for the successive steps. To do this, it is necessary to know

the load pulse voltage and current before the first reflection is effective

the dynamic resistance and bias voltage for the load, the cable impedance

referred to the secondary of the transformers, and the pulser interna

resistance. If the attenuation factor k is known from auxiliary experi

ments, the initial pulse voltage and current at the load need not be

known, and the pulse voltage at the pulser output terminals can be usee

as the starting point for the calculations.
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(a) O.S-iiaec voltage pulse.

(6) l^/isec voltage pulse.

(c) 2-Msec voltage pulse.

Fig. 2-49.—Oscilloscope traces of voltage

pulses showing oscillations superimposed on

the general backswing voltage that is charac-

teristic of the use of pulse transformers with a

hard-tube pulser. Pulse amplitude » 11 kv.

In the pulse pictures of Figs.

2*44 and 2*45, the steps resulting

from reflections are not resolved

since the transit time for the trans-

formers and the 6-ft cable is only

about 0.04 /isec as compared with

0.42 /isec for the 175-ft cable and

0.25 iusec for the 100-ft cable.

The effect of the reflections is pres-

ent, however, even for the short

cable, and is superimposed on the

current pulse droop or rise result-

ing from a value of Ri different

from \/'LLt/C. In order that

neither of the two effects occur,

the pulse transformers must be

designed so that the normal load

impedance matches the cable im-

pedance, and at the same time is

equal to y/ 'LLlC,

In the pulse pictures of Figs.

2-44, 2-45, 2-46, and 2-47 there are

small oscillations superimposed on

the top of the current and voltage

pulses. These oscillations are due

to the shock excitation of the cir-

cuit containing the elements Ld
and Cz>. Their amplitude is

greater with some transformers

than with others, as can be seen

by comparing the pictures in Fig.

2-44 with those of Fig. 2-45.

Backswing Voltage .—It was in-

dicated in Sec. 2*3 that the volt-

age at the pulser output terminals

reverses its polarity at the end of

the pulse when there is an induct-

ance in parallel with the load.

This backswing voltage is inherent

in pulsers using pulse trans-

formers. In this case it is due to

the current built up in the shunt

inductance Le during the pulse.
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It is shown in Sec. 14*1 that the amplitude and duration of the backswing

voltage depends on Le, Re, C, and Zx,., the current flowing in Le at the

instant the switch-tube becomes nonconducting. For any given pulse

transformer the maximum amplitude of the backswing voltage increases

as the pulse duration is increased. - -

When it is necessary to use a pulse transformer for a range of pulse

durations, a compromise must be made between a high backswing voltage

for the longest pulse and a slow rate of fall for the shortest pulse. The
slow rate of fall is not serious if the backswing voltage is aperiodic. How-
ever, there are high-frequency oscillations superimposed on the general

backswing voltage because of the current flowing in the leakage induct-

ance at the end of the pulse, and the presence of the capacitances Cd
and Cl. For short-pulse operation these oscillations may be large enough

to cause the load voltage to swing over to normal pulse polarity again

and cause some load current to flow. In microwave-radar applications

this occurrence may cause some post-pulse energy to be radiated, leading

to confusion with the echoes from nearby objects. The form and

amplitude of the oscillations is indicated in the oscilloscope traces repro-

duced in Fig. 2*49. When the load is unidirectional, these oscillations

are damped only by the transformer losses represented by the shunt

resistance Re-

A high backswing voltage is to be avoided in the operation of a hard-

tube pulser, as is stated in Sec. 2*3. Since the voltage appearing across

the switch tube is the sum of the power-supply and the backswing

voltages, a high backswing voltage may seriously aggravate any tendency

for the switch tube to spark. However, a shunt diode may be used to

prevent the backswing voltage from becoming effective.



CHAPTER 3

VACUUM TUBES AS SWITCHES

By G. N. Glasoe

3*1. Required Characteristics.—The switch used in a pulser with a

condenser as the electrical-energy reservoir is a high-vacuum tube rather

than a gaseous-discharge tube when only a small part of the stored

energy is discharged during a pulse, hence, the name hard-tube pulser.'^

The reasons for this choice of switch are mentioned briefly in Chaps. 1

and 2. The purpose of this section is to elaborate upon them, and to

discuss the characteristics required of the switch tube for satisfactory

pulser operation. The following sections of this chapter consider the

inherent characteristics of available high-vacuum tubes with particular

reference to switch-tube operation.

As is evident from the discussion of the pulser output circuit in Chap.

2, there are four major considerations that determine the properties a

tube must have in order to function satisfactorily as the switch:

1. Current. During the pulse interval the switch must conduct a

current that, under the most favorable conditions, is slightly

larger than the pulse current at the output terminals of the pulser.

2. Effective resistance. The switch is in series with the pulser load

during the pulse interval. For maximum efficiency, therefore, the

effective resistance of the switch must be as small as possible, that

is, the potential difference across the switch tube, called the ‘Hube
drop,’^ must be small during the conduction period.

3. Voltage. During the interpulse interval the switch must be able

to withstand the power-supply voltage, which is slightly larger than

the pulse voltage at the pulser output terminals. (If backswing

voltage is present, it must be added to the power-supply voltage

for this consideration.) The current through the switch during

this interval must be negligibly small.

4. Transition from the conducting to the nonconducting state. It

must be possible to change the switch from the conducting to the

nonconducting state, and vice versa, in a negligibly short time.

This transition must be possible while the power-supply voltage is

applied to the switch terminals.

90
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The characteristics of a gaseous-discharge tube such as the thyratron

satisfy the current and tube-drop requirements better than those of con-

ventional high-vacuum tubes. The thyratron can be kept nonconduct-

ing if the grid is near cathode potential, or somewhat negative with respect

to the cathode, before the plate voltage is applied. Once the gas -is

ionized, however, and the tube is conducting, the nonconducting state

cannot be attained again without first removing the plate voltage for a

time long enough to allow complete deionization of the gas. It is this

feature of available thyratrons that prevents their use as switches in

pulsers of this type. A similar objection can be raised against the use

of triggered spark gaps.

In contrast to the thyratron, it is possible to control the conduction

through a high-vacuum tube merely by changing the voltage of the con-

trol grid with respect to the cathode. The voltage on the grid of a high-

vacuum tube has a large effect on the tube drop and the plate current,

but in order to make the best use of the available electron emission from

the cathode it is necessary to apply a high positive voltage to the grid,

hereafter referred to as the ‘^positive grid drive.’’ This positive grid

drive causes a grid current to flow, and requires power to be delivered to

the grid during the pulse interval.

For a given cathode material, size, and temperature the positive grid

drive that is necessary to obtain a particular plate current depends on

the number and disposition of electrodes in a high-vacuum tube. The
plate current in a triode is given by^

where Eg^ is the grid voltage, Vp is the plate voltage, ^ is the amplification

factor, and A; is a constant sometimes referred to as the perveance. This

relation indicates that the influence of the plate voltage on the plate cur-

rent is increased by decreasing /z. A low value of m, however, is incon-

sistent with the need for a low cutoff bias. In a tetrode the space

current (the sum of the plate and screen-grid currents) is influenced

very little by the plate voltage, and is given by

where Eg^ is the control-grid voltage, Eg^ is the screen-grid voltage,

\dEgJi, constant

1 F. E. Terman, Radio Engineers^ Handbook^ McGraw-Hill, New York, 1943, Sec. 4,

par. 6,
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is an amplification factor analogous to that of a triode, and k' is a constant

depending on the electrode geometry. As indicated by this relation the

tetrode is preferable to the triode because a reasonable cutoff bias can

be obtained with a low value of fXsgy and the required positive grid drive is

therefore less because of the effect of the screen-grid voltage on the plate

current. The choice of the particular tube to serve as the switch in a

given pulser design requires some compromise between the necessary

positive grid drive, the grid power, the cathode-heating power, the

effective tube resistance, the ability to withstand high voltage, and the

physical size of the tube.

In order to maintain the nonconducting condition in the high-vacuum
tube, it is necessary to apply a sufficiently large negative bias voltage

to the grid. The transition from the nonconducting to the conducting
state is then accomplished by removing or neutralizing this bias voltage

and supplying enough voltage to carry the grid positive. The time
required for this transition depends on the rapidity with which the grid

voltage can be changed, which in turn depends on the associated circuit

and the grid capacitance. Since the total change in grid voltage during
the pulse, called the ^^grid swing, is the sum of the bias voltage and the
positive grid drive, it is desirable that the required bias voltage be as
small as possible. For this reason, a switch tube having a sharp cutoff is

generally used in order to have a negligible amount of current flowing
through the tube during the interpulse interval.

For example, in a pulser designed to deliver 100-kw pulses to a load
at 0.001 duty ratio, suppose that the plate voltage on the SAvitch-tube
during the nonconducting interval is 11.5 kv. If the unbiased current
through the tube is 1 ma, the average power dissipated in the tube is

11.5 watts. The switch-tube current during the pulse is about 10 amp,
and for available high-vacuum tubes the tube drop is about 1.5 kv.
Thus, the average power dissipated in the tube during the pulses is 15
watts. Although the 1-ma plate current during the interpulse interval
is only one-ten-thousandth of the pulse current, the corresponding tube
dissipation is almost equal to that resulting from the pulse current. If
the tube does not have a sharp cutoff, it may therefore be necessary to
use a very high bias voltage in order to keep the tube dissipation small
during the interpulse interval. This high bias voltage increases the
required grid swing and input power and makes the grid-driving circuit
more complicated.

The desirability of using a switch tube that is nonconducting during
the interpulse interval arises from the consideration of average power.
For a conduction period corresponding only to the pulse interval,
it is possible to use a sm^ler tube for a given output pulse power
and duty ratio. For this reason, it has been possible to use available



Sec. 31 ] REQUIRED CHARACTERISTICS 93

high-vacuum tubes as switches for pulsers having a high pulse-power

output.

Some Switch-tube Characteristics Affecting Pulser Design and Circuit

Behavior.—For microwave-radar applications, it has been necessary to

design hard-tube pulsers within the limits imposed by commercially

available high-vacuum tubes. These tubes have generally been designed

for c-w oscillator or amphfier service, and not for pulse applications, and

their voltage and current ratings are accordingly based on satisfactory

operation in conventional oscillator and amplifier circuits. The upper

limits for these ratings are usually determined by the allowable power dis-

sipation for the tube elements. It is not surprising, therefore, that

experience with these tubes has proved that they may be used as pulser

switch tubes with plate voltages and pulse currents many times greater

than the maximum values given in the normal tube ratings. A separate

set of specifications has been developed for some tubes that gives the

allowable values of plate voltage and plate current that are applicable

to pulse operation.

The maximum allowable plate voltage for pulse operation generally

depends on the tendency for sparking to occur between the tube elements.

The ability of a tube to withstand a high plate voltage with the grid

biased beyond cutoff depends on the tube construction and the nature

of the tube elements, particularly the cathode. One of the first tubes

used successfully in a high-power pulser for microwave radar was the

Eimac 304TH. This tube has a rating of 3 kv for oscillator use (that is,

6 kv peak), but it has been used as a switch tube with as much as 15 to

20 kv applied to the plate during the interpulse interval.

The cathode of the 304TH is a thoriated-tungsten filament that

requires 125 watts of heater power, and the plate and grid are such that

they can be very thoroughly outgassed during the evacuating process.

The pulser design is limited, however, by the pulse current that can be

obtained with this tube for a reasonable positive grid drive. The tube

was successfully used with a pulse plate current of about 6 amp, but

the necessarily high bias voltage makes the required grid swing about

1300 volts.

Another tube that has been widely used as an oscillator and amplifier

and has proved to be a useful switch tube is the RCA 829 beam tetrode.

This tube has a maximum plate-voltage rating of about 750 volts and a

d-c plate-current rating of about 200 ma. The tube has an indirectly

heated oxide-coated cathode that requires 14 watts of heater power.

In pulser circuits it has been possible to use this tube satisfactorily with

a plate voltage as high as 2 kv and a pulse plate current of several

amperes. The plate-voltage rating for this tube is limited because of

internal sparking at relatively high plate voltages. This sparking is con-
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sidered to be caused by foreign matter introduced into the tube by the

mica sheets used to space and support the plates. By removing the mica

and using ceramic spacers for the plates, it was possible to place a rating

of 5 kv on the tube. It was then found, however, that the ceramics

tend to limit the operation of the tube in a high-frequency oscillator, and

therefore two tube types were designated. The tube suitable for normal

high-frequency oscillators and amplifiers was called the 829B, and that

for pulser applications was designated the 3E29. The 829B can be used

up to a plate voltage of about 2 kv and a pulse plate current of about

2 amp, whereas the 3E29 is rated at a plate voltage of 5 kv and a pulse

plate current of 8 amp. The 829B and 3E29 tubes are almost identical

in construction, and the difference in ratings corresponds to limitations

of the tests to which the tubes are subjected by the manufacturer.

Experience with commercial tubes has shown that those having a

thoriated- or a pure-tungsten filament can be operated at a plate voltage

considerably higher than that at which tubes having oxide cathodes can

be operated. A partial explanation lies in the fact that it is difficult to

outgas a tube with an oxide cathode to the extent possible with one having

a tungsten filament. Also, the oxide-cathode tube is apt to have small

particles of the oxide material on various parts of the tube elements, and
these increase the tendency for a spark to occur. Tungsten-filament

tubes have been used with plate voltages in excess of 35 kv, but about

20 kv have been the limit with available oxide-cathode tubes. The
715B is an oxide-cathode tube, mth aligned grids, which was developed
in the Bell Telephone Laboratories primarily for pulser applications and
was manufactured by the Western Electric Company and by the Ray-
theon Company. This tube has a tplate-voltage rating of 15 kv and a

pulse-plate-current rating of 15 amp. The 5D21 tube is identical in

construction to the 715B, but has a plate-voltage rating of 20 kv. This

increase in the maximum safe plate voltage was made possible by a more
careful processing of the tube, and by tube selection in the final testing of

completed tubes. It is not meant to imply here that 20 kv is a practical

upper limit for tubes with oxide cathodes; improvement in the tube

manufacture will undoubtedly raise the allowable plate voltage for non-

sparking operation in pulser applications.

The nature of the sparking in tubes with an oxide cathode is such that

it is difficult to correlate cause and effect. Some tubes spark violently

when subjected to a steady high plate voltage with the grid biased beyond
cutoff. When these tubes are used as the switch in a pulser and made
alternately conducting and nonconducting, however, the plate voltage

may sometimes be increased without sparking to as much as 25 per cent

above the limit for a steady-state operation. The explanation is some-

what difficult to determine because the interpulse interval may be 99.9
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per cent of the total time. On the other hand, some tubes show just the

reverse behavior, having a greater tendency to spark during pulsing

operation. In general, however, tubes with oxide cathodes spark more

as the pulse duration is increased. There is also some evidence that an

increase in the pulse plate current may cause a tube to spark more

readily.

Sparking in the switch tube of a pulser has two principal deleterious

effects. When a spark occurs in a tube having an oxide-coated cathode,

it frequently dislodges some of the cathode material and thereby reduces

cathode emission. Prolonged sparking, therefore, can seriously shorten

the useful life of the tube. The second effect is related to the functioning

of the tube as a switch and is independent of the nature of the cathode.

A spark that occurs during the interpulse interval is equivalent to the

removal of the grid bias, and the tube becomes a closed switch. The
energy from the storage condenser is thus discharged into the load at a

time when there should be no output power from the pulser. Since the

duration of the^ spark can be considerably longer than that of the normal

pulse, a succession of such sparks can produce an abnormally high average

current, which may be detrimental to the load or to the pulser power

supply. Since some form of overload protection is usually incorporated

into the pulser, persistent sparking in the switch tube causes an aggravat-

ing disruption of pulser operation.

The pulse plate current that can be obtained with an oxide cathode is

about three to five times as large as that which can be obtained with a

thoriated-tungsten filament for the same cathode-heating power. Table
3*1 shows the pulse current that has been obtained for several tubes used

in pulsers for microwave-radar systems.

Figure 3T is a photograph of these tubes and shows their relative sizes.

The figures given in the pulse current column of Table 3T are based on

Table 3T.—Comparison of Several High-vacuum Tubes Used as Switches in

Hard-tube Pulsers

Tube
Type of

cathode

!

Cathode-

heating

power,

watts

Max. plate

voltage,

kv

Pulse

current,

amp
Amp/watt

3D21 Oxide 10 3.5 5 0.5
3E29 Oxide 14 5 8 0.57
715B Oxide 56 15 15 0.27

304TH Th-W 125 15 6 0.05

6C21 Th-W 140 30 15 0.11

6D21 Th-W 150 37.5 15 0.10

527 •Th-W . 770 30 60 0.08
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experience with the tubes, and correspond to reasonable values of positive

grid drive, tube drop, and operational life. To obtain satisfactory

switch-tube operation with a high plate voltage it is necessary to accept

the disadvantage inherent in the high cathode-heating power required for

tungsten filaments. .
*

As has been mentioned, it is usually necessary to drive the grid of a
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tube positive in order to obtain the required plate current. The .grid

current associated with tube operation of this type causes a certain

amount of power dissipation in the grid. During the outgassing process

in tube manufacture, some of the material that is always vaporized from

the cathode may settle down on the grid wires. Since this vaporized

material contains thorium from the thoriated filaments and barium from

the oxide cathodes, it lowers the work function of the grid-wire material.

Thus, when the grid becomes heated, there is a greater tendency for the

emission of primary electrons from the grid. The emission of secondary

electrons may also be enhanced. Electron emission, whether primary

or secondary, is very undesirable for proper tube operation, and can

vitiate the control of plate current by the externally applied grid voltage.

Various methods have been used to minimize this contamination of the

grid. Gold plating and platinum plating of the grid wires have both

been fairly successful in this connection. The practical difficulty, in

many instances, is the evaporation of the plated material during the

processing of the tube, which may progress to such an extent that the

operational life of the tube is materially shortened. Since it is almost

impossible to detect this evaporation in a tube by tests in the

manufacturing plant, the best' safeguard seems to be the rigid con-

trol of the processing schedule, correlated with life tests on completed

tubes.

Oxide cathode tubes have exhibited a behavior that was never

observed at the Radiation Laboratory mth thoriated-tungsten-filament

tubes, namely, cathode fatigue. As a result of cathode fatigue, some
tubes show a marked decrease in plate current during a pulse. This

decrease may be as much as 40 to 50 per cent during a 2-/xsec pulse. The
phenomenon seems to be correlated with inherent cathode activity, but

the wide spread of values obtained with tubes of a given type indicates

that the reason for this fatigue is probably complex. Some tubes that

exhibit cathode fatigue to a marked extent when they are first put into

operation tend to improve with age for a short time and then become
worse, other tubes show a progressive deterioration from the very begin-

ning of operation, and still others may never exhibit the fatigue during

many hundreds of hours of operation. Cathode fatigue is probably

related in a complex way to the method of processing and inherent

characteristics of the cathode material, and to the manner in which the

material is activated in the completed tube.

In most microwave-radar applications of hard-tube pulsers, the ability

to withstand a high plate voltage and to conduct a high pulse current

have been the major considerations in the choice of the switch tube

because the duty ratio is of the order of magnitude of 0.001, and average-

power considerations are therefore not important. When the duty ratio
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becomes high, however, the average power dissipated in the switch tube

may govern the choice of the tube to be used. It may then be advisable

to use two or more tubes in parallel, rather than a single larger tube.

Pulsers ^vith as many as six tubes in parallel have given completely

satisfactory operation. The most serious difficulty encountered in such

an arrangement is usually the difference in the plate current for tubes of

the same type corresponding to a given positive grid drive and tube drop.

If the tubes are very different in this respect, the total plate current is

nonuniformly distributed between the tubes. A fairly large factor of

safety must be allowed in the power dissipation and the pulse current

required of each tube when assuming equal current distribution.

3-2. The Characteristic Curves for Triodes and Tetrodes and Their

Importance to the Fimction of a Pulser Switch Tube.—As with any

application of vacuum tubes, the functional relationships between the

various tube parameters such as plate current, plate voltage, grid voltage

(or voltages), and grid current (or currents) are important in the proper

choice of the operating conditions for a switch tube. In general, these

relationships are difficult to express analytically, for a wide range of values,

and graphical representations given by the so-called ^^characteristic

curves^’ are used instead. These curves are plotted for corresponding

values, obtained experimentally, of any two of the tube parameters,

holding all others constant. A third parameter may be introduced by
plotting a family of curves, each one of which corresponds to a particular

value for this third parameter. (Each curve of such a family is actually

the boundary of the intersection of a plane with the surface generated by
plotting the corresponding values of the three quantities along the axes

of a rectangular-coordinate system.^)

For conventional oscillator and amplifier applications, the static

characteristics for a tube are usually adequate. The data for such curves

are obtained by applying d-c voltages to the plate and to the grid or

grids, and measuring the d-c plate and grid currents. For the operation

of a pulser switch tube during the pulse interval, however, the range of

values for the plate current and the control-grid voltage given in the

static characteristics is generally too small. The limiting values of these

quantities are usually imposed by the average power dissipation allowable

in the tube elements. In order to extend the range of values, it is neces-

sary to apply a pulse voltage to the control grid and to measure the pulse

plate and grid currents with d-c voltage applied to the plate, and, in the

case of a tetrode, to the screen grid as well. The curves plotted from

data obtained in this way are referred to as the pulse characteristics.”

In the following discussion the pulse characteristics are those obtained

^ E. L. Chaffee, Theory of Thermionic Vacuum Tubes, 1st ed., McGraw-Hill, New
York, 1933.
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with l-)usec voltage pulses applied to the control grid at a recurrence

frequency of 1000 pps.

Plate-current—Grid-voltage Characteristics .—During the interpulse

interval the switch tube is nonconducting; therefore, the tube characteris-

tic of interest is the curve showing the plate current as a function of negative

grid voltage. As mentioned in the preceding section, the plate voltage

during this interval can exceed the normal tube rating in many cases.

It is necessary, in such cases, to extend these curves in order to include

the higher plate voltages required for pulser operation. Since the inter-

pulse interval may be very long compared with the pulse duration, the

data for such curves must be obtained in the manner used for the static

characteristics of the tube. The shape of these curves in the region of

small plate current is particularly important to pulser design. As

pointed out previously, a plate current as small as 1 ma can cause an

appreciable amount of power dissipation in

the svdtch tube for a high-power pulser. .

A plate current of this magnitude can often / g
be the result of leakage current in the tube. / §

This leakage current may be due to a bent / a>

grid wire or to a grid structure 'that is im- / e
properly placed so that it fails to screen a

small portion of the cathode from the plate. ^
When this condition exists, there is a small Negative grid voltage

residual plate current that is relatively Fig. 3-2.—Plate-current—

unaffected by an increase in negative grid high-vacuum tube showing the

voltage. This effect is indicated by the effect of leakage current resulting

two curves sketched in Fig. 3-2, in which
structure,

the solid line represents the normal tube characteristic and the dotted

line shows the behavior when leakage current is present.

The negative grid voltage necessary to make the plate current equal

to some arbitrarily chosen small value is called the cutoff bias voltage,

or simply the cutoff bias. The particular value of plate current chosen

for cutoff depends on the application, and often on the shape, of the

characteristic. For switch-tube applications, a good choice is the maxi-

mum plate current that is allowable during the interpulse interval.

There are three aspects of the tube cutoff that should be considered in

connection with pulser design. First, it is desirable to have as small a

cutoff bias as possible because the required negative grid voltage must
be added to the positive grid drive in order to determine the necessary

grid swing. The second aspect is the range of cutoff bias voltage for

different tubes of a given type. If this range is large, provision must be
made for a bias voltage considerably higher than that needed for an
average tube in order to insure a small plate current for all tubes. This
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Ip= 0.2 ma

6C21

_l6021—
1

2kv

increase is a serious matter when the necessary minimum bias voltage is

already large. The third aspect is the variation of cutoff bias with plate

voltage and, in the case of a tetrode, with screen-grid voltage as well.

The pulser must be designed to provide a bias voltage large enough to be

effective for the highest plate and screen-grid voltages that may be

encountered in the operation of the pulser, particularly when the pulser is

designed to have different output powers for various applications. In

the operation of a hard-tube pulser, the output power can most readily

be varied by changing the power-supply voltage.

Because of the effect of the screen grid, the cutoff hks for a tetrode is

usually less than that necessary for a triode having comparable cathode

2
emission, as illustrated by the

10 xl5
7 -02 ma^

curves of Figs. 3'3a and h. As

|)
^ indicated in Table 3T, the 6C21

o triode and the 6D21 tetrode are

g almost identical with respect to

^ 5 \ cathode-heating powder and pulse

J5;
^^2 kv plate current, and both have thori-

2 ^ ^
25 30

35
40

tungsten filaments. The

Plate voltage in kv 304TH triode has a thoriated-

() The 6C21 triode and the 6D21 tetrode.
tungsten filament, whereas the

5D21 tetrode has an oxide-coated

10 xlOi
/p - |o 2 ma |304TH cathode and is capable of more

.g than twice the pulse plate current

o S 5 I 'l

~ —
}

obtainable with the 304TH. The
“to 3 ^ ^ 1200 V

values of screen-grid voltages cor-

^ ^6 8
—
^io 12 14 1^6

1^0 the curves for the

Plate voltage in kv tetrodes are approximately those

() The 304TH triode and the 5D21 tetrode, that have been used in microwave-
Fig. 3-3.—Variation of cutoff bias with plate radar applications. The ranges of

voltage.
cutoff bias voltages shown on the

curves of Fig. 3*3 are based on data taken for a large number of

tubes, and are fairly representative; a small percentage of tubes may be

found to have cutoff values lying outside of the ranges shown, but nor-

mally such tubes are apt to be inferior in other respects and should be

rejected in the final tests by the manufacturer.

The cutoff bias of a tetrode is a function of the screen-grid voltage as

well as the plate voltage, as is indicated by the curves of Fig. 3*4 for the

5D21 tetrode. The effect of screen-grid voltage is an added complica-

tion in the use of a tetrode as a pulser switch tube. However, the

maximum bias voltage required for a tetrode is smaller than that required

for a comparable triode, even when taking into account the possible

^ 15 20 25 30 35 ^

Plate voltage in kv

(a) The 6C21 triode and the 6D21 tetrode.

10^x10

^6 8 10 12 14 1(

Plate voltage in kv

(6) The 304TH triode and the 5D21 tetrode.

Fig. 3-3.—Variation of cutoff bias with plate

voltage.
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variation in screen-grid voltage, by an amount that is large enough to

give preference to the tetrode.

Plate-current-Plate-voUdge and Grid-current-Plate-voltage Characteris-

tics,—It has already been mentioned that a higher plate current can be
used with pulse operation of available high-vacuum tubes, and that,

consequently, the range of values must be extended beyond those of the

ordinary static characteristics. This extension is accomplished by
appl3dng the pulse voltage to the control grid and measuring the resulting

pulse plate and grid currents. The measurements of the pulse plate

current are made by using the tube as the switch in a hard-tube pulser

with a noninductive resistance of known low value as the load. The
pulse voltage developed across this resistance by the pulse current can

be measured with the aid of a synchroscope, as described in Appendix A.

The plate voltage or tube drop corresponding to the pulse current is the

difference between the power-supply voltage (measured with a d-c volt-

meter) and the load pulse voltage. For high values of plate voltage the

load voltage may be neglected, since about 50 volts is adequate for the

precision required in such meas-

urements. For low plate voltage,

however, the correction fcr loa'd

voltage should be made in order

that the curves may be used pro-

perly. If the voltage pulse across

the resistance load is rectangular

in shape, and the pulse duration

and pulse recurrence frequency

are accurately known, the aver-

age power-supply current can be

used to calculate the pulse current

with reasonable precision. The

principal error introduced in this

procedure is due to the contribution to the average powder-supply current

resulting from the recharging of the storage condenser.

The pulse grid voltage can also be measured with the use of a syn-

chroscope. Since it is the value of positive grid voltage that is important,

the negative bias voltage must be subtracted from the pulse-voltage

measurement. The latter is a rather diflScult measurement to make

with high precision because of the self-bias generated in the grid circuit.

The preferred way of measuring this positive grid voltage has been with

a positive peak voltmeter. The precision that can be obtained in such a

measurement depends on the flatness of the top of the grid-voltage pulse.

For pulse-characteristic measurements, it is necessary to be able to view

Fig. 3-4.—Variation of cutoff bias with
screen-grid and plate voltages for the 6D21
tetrode, Ip =0.2 ma.
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the grid pulse on a synchroscope in order to make the top of the pulse as

flat as possible. If a spike is present on the top of the pulse, the peak-

voltmeter reading may correspond to the spike maximum, thus giving an

erroneous reading of the positive grid voltage. The pulse grid current is

difficult to measure, and has usually been obtained from the average grid

current and the measured duty ratio. Although this procedure is lack-

ing iij precision, it has been adequate for pulser applications in micro-

wave-radar systems.

In order to obtain the data necessary for the pulse characteristics of

small tubes of the receiver type, a circuit was devised which made it

possible to read pulse voltages and currents directly on ordinary d-c

meters.^ This circuit uses pulse voltmeters to measure pulse voltages,

and the pulse currents are obtained by measuring the pulse voltages across

precision noninductive resistors connected in series with the grids and
the plate of the tube under test. A block diagram of this circuit is shown
in Fig. 3-5, and a schematic diagram in Fig. 3-6.

Pulse in

Fig. 3'5.—Block diagram of a circuit used to determine the pulse characteristics of a tube
of the receiver type.

The pulse characteristics for several tubes are shown in Figs. 3-7-3T1.

From curves such as these, the effective resistance of the tube and the

grid-driving power can easily be determined for the pulse current ccw-

responding to the pulser output power. One of the first hard-tube

pulsers to be used extensively in a microwave-radar system used two

Eimac 304TH tubes in parallel as the switch. A pulse-power output

of about 150 kw with a pulse voltage of 12 to 13 kv was required for this

1 R. B. Woodbury, Pulse Characteristics of Common Receiver Type Tubes,’*

RL Report No. 704, Apr. 30, 1945.
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0 12 3 4
Plate voltage in kv

(a) 5D21 (WE) and 715B (WE and Ray-
theon), Eg^ = -f-200 volts

pulser. The 304TH was found to withstand the high plate voltage dur-

ing the interpulse interval. The curves of Fig. 3*7 indicate the reason

that two tubes in parallel were needed to carry the pulse current. From
these curves it is seen that a posi-

^1 tive grid drive in excess of 400 volts

is required to obtain a pulse plate

i ^ L—- current of 12 amp, and that, under

iooo7 these conditions, it is necessary to

I 800>r operate the tube with a tube drop

3 2Q of 4 to 5 kv. For two tubes in

^ ^ parallel, however, the required pulse

plate current can be obtained with

oL
j

^ i 1 a positive grid drive of about 200

Plate voltage in kv volts and a tube drop of about 2

() 5D21 (WE) and 715B (WE and Ray- kv. The low grid-driving power
theon), Eg^ - -1-200 volts

uecessary to operate the 304TH as

^
1 the pulser switch tube was an addi-

tional reason for its selection. One
of the most undesirable features is

the high cathode-heating power

required, 125 watts for each of the

two tubes.

After the 715B tube was devel-

oped by the Bell Telephone Labora-

tories, it was possible to construct
^

^
Plate voltage In kv

^ ^ ^ hard-tube pulser for 150-kw power

() 5D21 (WE) and 715B (WE and Ray- output with a higher over-all effi-

theon), Eg^^ = 1200 volts ciency and more satisfactory pulser

O' '5^' operation. The curves for this tube

are shoivn in Fig. 3*7, where it can

be seen that a pulse current of 15

amp can be obtained with a tube

drop of about 1.5 kv and a positive

grid drive of 200 volts. In this

0 1 2 3 4 case also, the grid-driving power is

5: Plate voltage in kv small because a grid current of less
(c) 304TH (Eimac).

than 1 amp is necessary. Since
Fig. 3-7.—Pulse-characteristic curves .1 i i i* r

for the 5D21 and 715B tetrodes and the the cathode-heating power lor the
304TH triode. 715B is 56 watts, a saving of

about 200 watts is effected when this tube is used in preference to

two 304TH tubes. Also, slightly less power is dissipated in the

715B tube than in two 304TH tubes because of the lower tube drop.

The powk dissipation resulting from the screen-grid current is not suf-

0 12 3 4
Plate voltage in kv

(6) 5D21 (WE) and 715B (WE and Ray-

theon), Eg^ — 1200 volts

0 1 2 3 4
£ Plate voltage in kv

(c) 304TH (Eimac).

Fig. 3-7.—Pulse-characteristic curves

for the 5D21 and 715B tetrodes and the

304TH triode.
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ficient to offset the decrease in plate dissipation. The screen-grid volt-

age, required because the 715B is a tetrode, can generally be obtained

from the power supply for the driver circuit, and the pulser design is not

further complicated.

In addition to the positive grid drive and the tube drop necessary in

order to obtain a given value of plate current, the shape and disposition

of the characteristic curves as a function of grid voltage are also important

0 400 800 1200 1600
Plate voltage in volts

(a) Eg^ = +200 volts

Plate voltage in volts

(o) Eg
^

200 volts

(b) Eg^ — 800 volts

Fig. 3’8.—Pulse-characteristic curves

for the two sections of the 829 beam tetrode

(RCA, NU, Kenrad, Raytheon).

Plate voltage in volts

(b) Eg^ = 800 volts

Fig. 3*9.—Pulse-characteristic curves for

the 3D21 beam tetrode (Hytron).

to pulser operation. The effect of variation in grid voltage on the output

pulse of the pulser may be illustrated by drawing the load line on the

plate-current-plate-voltage diagram. In Fig. 3T2 a family of character-

istic curves is drawn for a tetrode such as the 715B for constant screen-

grid voltage. Two load lines are drawn on this diagram. Line (1)

corresponds to a low-resistance load in series with a bias voltage, such as

the dynamic resistance of a magnetron or biased diode, line (2) corre-

sponds to a high-resistance load of the same magnitude as the static

resistance of the biased diode for the operating point Op. From this

diagram it is evident that a change in grid voltage corresponding to the



106 VACUUM TUBES AS SWITCHES [Sec. 3*2

curves A, B, and C has a negligible effect on the operating point for the

switch tube. The only change in the operating point is due to the slight

shift of the curves toward lower plate voltage as the grid voltage is low-

ered. This effect is observable in the tetrode characteristics shown in

Figs. 3*7, 3*8, and 3*9, and is caused by the smaller grid currents that

correspond to the lower values of positive grid drive. The load voltage

Plate voltage in kv Plate voltage in volts

(a) 6D21 (Raytheon), Eg^ = 2kv. (a) 6SN7 (both sections).

(6) 6C21 (Eimac, Westinghouse, GE, (6) 527 (Eimac).
Machlett). jTjq 3*11.—Pulse-characteristic curves for

Fig. 3*10.—Pulse-characteristic curves for the 6SN7 and 527 triodes.

the 6D21 tetrode and the 6C21 triode.

and the load current therefore remain very nearly constant even though
the grid voltage may change within this range during the pulse. There-

fore, if adequate positive grid drive is provided to keep the operating

point for the tube somewhat below the knee of the characteristic curve,

irregularities in the top of the grid voltage pulse are not observed on the

pulser output pulse. This consideration is of considerable importance to

the design of the driver circuit.

If the initial operating point corresponds to the curve C of Fig. 3T2
and the grid voltage changes over the range C to .B, a different situation

obtains. In this case both the load voltage and the load current are
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affected. For the low-resistance load the change in voltage is AFi and
the change in current A/i. Similarly, for the high-resistance load the

corresponding changes are AF2 and A/2 . Because of the slight upward
slope of the characteristic curves above the knee, the change in current is

greater for the low-resistance load and the change in voltage is less.

When the pulser switch tube is operated in this manner, irregularities in

the grid-voltage pulse are transferred to the load pulse.

When the characteristic curve of the switch tube does not have a

knee as shown in Fig. 3*12, the shape of the grid-voltage pulse must be

controlled more carefully in order to obtain a flat-topped pulse at the

Fig. 3-12.—Family of plate-current—plate-voltage curves with load lines corresponding
to a low and a high resistance showing the effect of a change in grid voltage on the operating
point of a pulser switch tube; A, B, C, D, and E are curves for different values of Eg^ with

Eg^ = constant.

load. As an example, see the curves for the 304TH tube in Fig. 3*7.

There are triodes that exhibit a knee in the characteristic, as shown by
the curves for the 6C21 and the 527 in Figs. 3TO and 3T1. If these

curves are compared with those for the tetrodes in Figs. 3-7, 3-8, and

3*9, however, it is seen that the curves for different grid voltages are

separated by a greater amount below the knee. The change in the

operating point that results from a change in grid voltage is not as great

as that resulting from operation above the knee of the characteristic

curve. For a 6D21 tetrode this knee occurs at such a low current that

the tube is usually operated well above the knee. Because of the greater

slope of the upper portion of the curves for this tube, the variation in

grid voltage does not have as great an effect as it does for comparable

operation of the 6C21 triode.

A comparison of the curves for the 6C21 and the 6D21 in Fig. 3T0
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with the curves for the 5D21 and 715B in Fig. 3*11 indicates that the

latter tubes are better from the standpoint of plate current and grid-

driving power. The only reason for using a 6C21 or a 6D21 as a pulser

switch tube is the fact that they can stand a higher plate voltage than

can the 5D21 or 715B. This comparison illustrates the increased dif-

ficulty involved in designing a hard-tube pulser for a power-supply

voltage in excess of 20 kv mth existing high-vacuum tubes. When pulse

power of the order of magnitude of several megawatts is wanted, how^-

ever, this disadvantage must be accepted until better tubes are available.

A 1-Mw hard-tube pulser using three of the 6C21 tubes in parallel as

the switch has been built and used extensively. This pulser has a pulse

output of 25 kv at 40 amp. The 6D21 was used in a pulser designed to

have an output of 3 Mw, 30 kv at 100 amp. In this case five tubes were

used in parallel. * The highest power hard-tube pulser built at the Radia-

tion Laboratory used six 527 tubes as the switch. This pulser had an

output of about 25 kv at 400 amp, and a grid-driving power of about 700

kw.

An effect similar to that resulting from variation in grid voltage is

observed if the screen-grid voltage of a tetrode is allowed to change. The
effect is illustrated by the family of curves for the tetrodes in Figs. 3*7,

3*8, and 3-9 in which the control-grid voltage is constant and the screen-

grid voltage is varied. For satisfactory operation of a tetrode as the

switch tube, therefore, the voltage of the screen grid must not be allowed

to change during the pulse. Because of the flow of pulse current to the

screen grid and the plate-to-screen capacitance, it is necessary to provide

a large bypass condenser between the screen grid and the cathode. For

most effective operation, this condenser must be connected as close to

the tube element as possible.

The curves for the 829 beam tetrode shown ih Fig. 3*8 illustrate

another consideration in the operation of a tetrode as the switch tube.

For a given pulse plate current and tube drop it is advantageous to use

the highest possible screen-grid voltage and the lowest possible positive

grid drive. The curves of Fig. 3*8 indicate that the control-grid current

decreases as the screen-grid voltage is increased for a given positive grid-

drive voltage. Since the screen-grid current increases with the screen-

grid voltage, some compromise must usually be made between the two
grid voltages for most efficient tube operation.

The shape of the characteristic curves has another effect on pulser

operation. If the grid voltages are held constant, there is still the pos-

sibility of changing the operating conditions by varying the power-supply

voltage. This effect is discussed in detail in the following section.

3'3. The Effect of Switch-tube and Load Characteristics on the Pulser

Regulation.—The characteristics of the switch tube in a hard-tube pulser
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may be utilized to a certain extent to minimize the change in load cur-

rent resulting from a change in the power-supply voltage. This power-

supply voltage may vary because of changes in either the input voltage

to the pulser or the average current from the power supply. The change

in average current may be brought about by variations in the duty ratio

that occur as a result of changes in either the pulse duration or the pulse

recurrence frequency. The discussion of this section shows the way in

which this regulation depends on the characteristics of the load and the

switch tube.

Those features of a hard-tube pulser that are essential in this discus-

sion are shown schematically in Fig. 3T3. In this circuit St and Vp

represent the smtch tube, Ebb is the power supply, Rc is the isolating

^10

Fig. 3*13.—Equivalent circuit of a hard- Fig. 3-14.—Current-voltage characteristic

tube pulser with a biased-diode load. of a high-vacuum switch tube.

resistor, Cw is the storage condenser, Zg is the condenser-recharging path

that is necessary when the load is unidirectional, and n, Sij and Vs

represent the load. The considerations are restricted to the voltages and

currents that correspond to the top of a pulse when the pulsing is con-

tinuous, and to pulse durations that are considered small compared with

the interpulse interval.

The plate-current-plate-voltage characteristic of the switch tube may
be represented as shown in Fig. 3-14. For the purposes of the present

discussion, the Ip-Vp curve is very nearly a straight line above some

current value Ip^, and for the greater part of the curve below some cur-

rent Ip^. The knee of such a curve, already referred to in the preceding

section, is the region between Ip^ and Ip^. Two tube resistances may be

defined, one for the operation of the switch tube below the knee, and the

other for the operation above the knee. Thus

and

^ 1

tan b

r' - 1

^ tan 7

(1 )

(2)
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For a tetrode, two families of characteristic curves may be drawn,

one for Eg^ constant and the other for Eg^ constant. It is evident from

the tetrode curves shown in Figs. 3*7, 3*8, and 3-9 that the values of

Tp for various values of the grid voltages are essentially the same. The
value of Tp, however, does change somewhat with variations in either of

the grid voltages. The change is small, and is neglected in this discus-

(a) Eg^ constant, (6) Eg^ constant.

Fig. 3*15.—Idealized cuirent-voltage characteristics of a tetrode.

sion. The idealized curves for a tetrode are sketched in Fig. 3T5. The
curves of Fig. 345a may also be considered applicable to a triode. The
value of Tp is more dependent on Eg^ in a triode than it is in a tetrode, but

the characteristic curves shown in Figs. 340 and 341 indicate that rj, is

practically independent of Eg^.

The most general load that can be considered is one having a non-

linear current-voltage characteristic as sketched in Fig. 346. The
magnetron or biased-diode load dis-

cussed in Chap. 2 is a special case of

the nonlinear load in which the current

below F* is considered negligibly sm^ll

and the 7-F curve above F, is linear.

Compare Fig. 3 16 with Fig. 2 11. In

discussing the effect of the load charac-

teristics on the pulser regulation, it is

not necessary to restrict the argument

to this special case since only the

values of Vi and li at the top of the

pulse are being considered. It is as-

sumed, however, that the range of

voltage and current values is so small that the I-V curve may be con-

sidered linear at the operating point.

The static resistance of the load is given by

Fig. 3-16.—Current-voltage character-

istic of a nonlinear load.

= K? = 1

h tan /3
(3)

and the dynamic resistance is
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ri^^ = tan a. (4)
all

For a small range of values about a particular operating point, the follow-

ing relationships hold approximately:

and
Vi = Vs + rih (5)

(6 )

By using the above relations for the switch-tube and load char-

acteristics, and referring to the pulser circuit of Fig. 3*13, it is pos-

sible to derive the relationships that express the load operating voltage

and current in terms of these characteristics and the circuit parameters.

In particular, there are two operating conditions for the switch tube to

be considered, namely, (1) operation above the knee of its characteristic

curve corresponding to the point marked A in Fig. 3*15 (type A opera-

tion), and (2) operation below the knee corresponding to the point B
indicated in Fig. 3*15 (type B operation).

Operation of the Switch Tube above the Knee of the Ip-Vp Curve .—As
stated previously, the power-supply voltage varies principally because

of changes in line voltage and duty ratio. Variation of the line-voltage

input to the pulser causes a change in all the voltages in the pulser, and

therefore changes the voltages applied to the grids as well as the plate

voltage of the switch tube. As indicated in Fig. 3*15 changes in the grid

voltages cause the value of the intercept indicated in Fig. 3*14, to

change. Therefore, in considering the effect of line-voltage changes on

the operating conditions for the load, the variation in must also be

taken into account. The change in operating values for the load and

smtch tube that results from the simultaneous variation of Ei^ and

may be written as follows:

dll

dVi

dVp

Referring to Fig. 3T4 and the definition of rj, given by Eq. (2) the

plate current for the switch tube is given by

dEbb an

dEb 4- - ’A.
^
7/'

' nr/
dVi

dEbb

' po

dVi

dl'^

dV„

(7)

(8)

(9)

(10)
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Considering the pulser circuit of Fig. 3*13, the plate current is

Ip = Ii + Ic Is- (11)

As discussed in Chap. 2, the voltage across the condenser, F«,, is never

very different from Ebb if the capacitance is sufficiently large. For steady

pulsing the condenser voltage is slightly less than the power-supply

voltage, but for the purpose of this discussion it is reasonable to neglect

this difference and to assume that Vw = Ebb. The voltage across the

load with, switches St and Si closed is, therefore,

Vi = - Vp = Ebb - Vp. ( 12 )

The currents and le in Eq. (11) can be expressed in terms of Vi, thus,

Vi

^ (13)

where is the effective impedance of the condenser-recharging path.

Also

Ebb - Vp ^ Vj

Ec Rc
Ic = (14)

Thus from Eqs. (6), (10), (11), (12), (13), and (14), the expression for the

load current becomes

h =

From Eqs. (6) and (15),

Eu-V, 1 + ^ ^ + IWv

n + < + ^‘ +TpTi T£i

Rc ^ Z,

y _ EbbTi + yst'p + IpoTir^p

rj -I- -h

From Eqs. (12) and (16),

Fp = zA y^p — I'po'r'pU

R, Z,

(15)

(16)

(17)

It is seen from Eqs. (7) and (15) that the variation of load current can

be made zero if

dVpo^ (IS)

The characteristic curves for tetrodes shown in Figs. 3*7, 3-8, and 3*9

and sketched in Fig. 3*15 indicate that it is possible to satisfy this rela-
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tion. For a particular tetrode and for moderate changes in grid voltages,

the following relations are approximately true:

and
dlpo (kldEg^ Eg^OOTOStf

dlpo ~ (k2dE Eo^oonBt>

(19)

(20)

If the characteristic curves for the switch tube are known and the values

of ki and k 2 therefore determined, it is possible to devise a control circuit

that changes the grid voltages, as E^, varies, in such a way as to satisfy

Eq. (18). Since the voltage outputs of the grid and plate power supplies

may depend on the input line voltage to approximately the same degree

such a control circuit should not be very complicated if the duty ratio

remains constant. When the duty ratio changes, however, the average

currents also change, and the added factor of inherent regulation in these

power supplies has to be considered, which complicates the design of the

control circuit considerably.

For a low-power pulser using a tetrode switch tube, grid voltages of

only a few hundred volts are generally required. Power supplies that

are electronically regulated against variations in input voltage and output

current can easily be built for these voltages. It is not economical,

however, to construct a high-voltage power supply with similar regula-

tion. The changes in load and switch-tube operating values that

are due to variations in the high-voltage power supply only may be

obtained from Eqs. (15), (16), and (17) by differentiating with

respect to Ei^, Since the denominator of each of these expressions is the

same, let

Then

and

2> = n + r, + -|-+-|-. (21)

dll 1

dEi^ D (22)

II
(23)

.
r’pri

,
r’^n

aVp _ Rc^ Zs
(24)

dEbb D
II
b 1

(25)

The Eqs. (15), (16), and (17) do not explicitly involve time. If

the condenser-recharging path is an inductive resistor, however, the
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time measured from the start of the pulse is included because, for this

case,

where Ra is the resistance and L. is the inductance of the element. Three

cases are of interest in this connection:

1. When the recharging path is a wire-wound resistor whose induct-

ance is not negligible. In general, Ls/Rs <3C ^ where tms^ — r (the

pulse duration), so Zs ~ Rs.

2. When the recharging path is an inductance coil of low ohmic

-^t
resistance such that Ls/Rs ^ t where ^max T . Expanding e

and using only the first two terms, Zs = Ls/t.

3. When the recharging path is a combination of inductance and
resistance for which Ls/Rs ~ r. If, for a particular value of r,

La/Rs = T, then Zs = /^«/0.63.

When the recharging path is an inductance having low resistance

Condition 2 obtains, and the load current decreases during the pulse, as is

evident from Eq. (15) in which the term /p/Zs increases with time. For

long pulses, that is, with a duration of 2 fxsec or more, this effect may
become prominent. This decrease in load current during the pulse

occurs in addition to the change in load current given by Eq. (22).

Other effects already discussed, such as the drop in voltage across the

storage condenser and the possible change in cathode emission in the

switch tube, can also cause the load current to change during a pulse.

Operation of the Switch Tube below the Knee of the Ip-Vp Curve .—The
switch tube is now operated at point (B) indicated in Fig. 3T5. If

Fig. 3T4 is again referred to, it is evident that the relationships derived

above also apply to this case, when is substituted for and Ipo is sub-

stituted for 7^. The value of Ipo may be expressed in terms of Vpo, thus

ho = -
(26)

Ip

With these changes, the Eqs. (15), (16), and (17) become

(28 )
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and

V,
Ebi [rp + - V.r„ + Fp„r,

n + r^ + ^-f + ^-fHe ^ S

(29)

In general, Vpo is so small compared with E}^ that it may be neglected.

When the switch tube is operated below the knee of the Ip-Vp charac-

teristic curve, it is evident that changes in line-voltage input to the pulser

affect the operating values for the load only because of the resulting

change in the power-supply voltage, since all the terms in Eqs. (27),

(28), and (29) except E^b are independent of the pulser input voltage.

The pulser regulation is therefore obtained simply by differentiating these

equations with respect to Eyb without considering the variation of grid

voltages. The resulting expressions are identical with Eqs. (22) to (25)

when Tp is replaced by

Examples of the Two Types of Switch-tube Operation .—The order of

magnitude of the effect of variations in the high-voltage power supply

on the operating values for the load and switch tube is illustrated by the

follomng typical values for two pulser-load combinations. As. an

example of a medium-power combination, the operation of a pulser is

considered with a 715B switch tube and a 725A magnetron as the load.

The 2J41 magnetron operated with a pulser using a 3D21 switch tube is an

example of a low-power combination. Data are given for the two types

of switch-tube operation in each case. The term ^Hype A operation

refers to operation of the switch tube above the knee of the Ip-Vp curve,

and the term ^Hype B operation” refers to operation below the knee of

the curve.

For type A operation of the 715B tube, the applied screen-grid voltage

is about 1000 volts, and the positive grid drive must be about 100 volts

in order to obtain a current of 10 amp through the 725A magnetron.

With a magnetic field of about 5000 gauss the voltage across this magne-

tron is approximately 11 kv for a 10-amp current pulse. In order to

obtain the same operating conditions for the magnetron with type B
operation of the 715B, the screen-grid and control-grid voltages must be

raised to about 1200 volts and 150 to 200 volts respectively.

The normal operating voltage and current for a 2J41 magnetron are

about 2.5 kv and 1 amp. The 3D21 switch tube in a pulser operating

^^dth this magnetron requires about 300 volts on the screen grid and a

25-volt positive grid drive for type A operation. For type B operation

of the 3D21, these grid voltages must be increased to about 400 volts

and 50 volts respectively.

Values of pulser and switch-tube parameters considered typical for
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the above-stated operating conditions are given in Table 3*2. The
values of the quantities dli/dEj^j dVi/dEhby and dVp/dEhb that have

been calculated from these data and from Eqs. (22), (23), and (25) are

also tabulated. It is to be noted that the quantities r^xi/Rc and r-pTi/Z^

may be neglected for all practical purposes, since their sum is only one

or two per cent of the sum (r^ + n). A negligible error would therefore

have been introduced for these examples if the switch-tube current had

Table 3-2—Values Calculated from Eqs. (22), (23), and (25) for Typical
Operating Conditions for Two Pulser-load Combinations

715B switch tube, 725A magnetron. 3D21 switch tube, 2J41 magnetron

type A operation type B operation type A operation type B operation

Rc 10,000 ohms 10,000 ohms 15,000 ohms 15,000 ohms

Zs

(1) 10 mh

(2) (7500 ohms +
3 mh)

(1) 10 mh

(2) (7500 ohms +
3 mh)

15,000 ohms +
5 mh
15,000 ohms +
5mh

15,000 ohms +
5 mh
15,000 ohms +
5 mh

t

2500 ohms 3500 ohms

Tp 100 ohms 75 ohms

n 125 ohms 125 ohms 200 ohms 200 ohms

Rc
31 ohms i

47 ohms

Z.

for t = 10"® sec

(1) 31 ohms

(2) 46 ohms

for t = 10"® sec

44 ohms

VpTl

Rc 1

1.25 ohms 1 ohm

TpTl

Zs

for t = 10~® sec

(1) 1.25 ohms

(2) 1.5 ohms

for t = 10" ® sec

1 ohm

dh
dEhb

4-4X10-^ 2.6X10-^,^ 3.6 X 10-^^

dVi

dEbb
0.047 0.55 0.052 0,72

dVj^

dEbb
0.95

i

0.45

•

0.95 0.28



Sec. 3-3] EFFECT OF SWITCH AND LOAD ON REGULATION 117

been assumed to be equal to the load current. It is also evident that,

for the type A operation of the switch tube, the value of n may also be

neglected in the denominator of the expressions (22), (23), and (25) with-

out causing serious error in the calculated pulser regulation.

These examples indicate that the change of load current that is due

to the variation of the high-voltage supply is decreased by a factor of

about 10 if the switch tube is operated above rather than below the knee

of the Ip-Vp characteristic. It must be remembered, however, that in

order to realize this gain, the screen-grid voltage and the positive grid

drive must not be allowed to change. As pointed out in the previous

section, when the load line crosses the switch-tube characteristic above the

knee, the shape of the control-grid voltage pulse is transferred to the load

pulse. In order to take advantage of the better regulation against power-

supply variations, and thus to realize an output-pulse amplitude that

is constant throughout the pulse duration, the control-grid pulse must

have a flat top. The particular application to which a pulser is to be

adapted generally determines the type of switch-tube operation that is

desirable.

Some pulser applications require that the operating conditions for

the load must not change even though the duty ratio may vary over wide

limits. For such a pulser, either the high-voltage power supply must

be regulated for a large variation in the average current delivered, or

the regulation must be obtained by type A operation of the switch tube,

in which case the voltage across the switch tube changes by almost the

same amount as the powder-supply voltage. It is therefore necessary

to adjust the pulser voltages so that the lowest value of to be expected

in the operation does not cause the tube drop, Fp, to fall below the value

Fpj indicated in Fig. 3T4.

For a pulser designed to operate at constant duty ratio, the variation

in power-supply voltage produced by the change in average current is

less important than that caused by changes in the line voltage. It must

be decided, therefore, whether or not the improved regulation provided

by type A operation of the switch tube compensates for the difficulty

of regulating the grid-voltage power supplies. If the effect of line-volt-

age variation is not serious, there are some advantages to be gained by
operating the switch tube below the knee of the Ip-Vp curve. Besides

the smaller effect of change in grid voltage mentioned in the previous

section, there is also the advantage that a lower power-supply voltage is

required, as can be seen from the relative positions of points A and B in

Fig. 3^15.

When the load has a dynamic resistance that is low compared with its

static resistance, the variation of load current is generally of more interest

than the variation of load voltage. (In the operation of a magnetron the
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oscillation frequency is a function of the magnetron current. The change

of frequency, /, caused by current change is referred to as the pushing

figure’^ of the magnetron, and is generally expressed as the value of

df/dimy where is the magnetron current.) For a magnetron load, the

ratio dll/

1

1 is often more significant than the value of dli. From the equa-

tions developed in the preceding discussions it is possible to express

the ratio dh/h in terms of the ratio dEbb/Ei,f Thus Eq. (22) gives

dh = dEbb
(22)

Dividing by the value of Ii given by Eq. (27) for type B operation.

h
dEhi

Ebb
X Eb\

En 'l+?V
i ^ Rc

+
(30)

For type B operation of the 715B switch tube, a 725A magnetron operat-

ing at 11 kv and 10 amp, and the data given in Table 3-2,

and

Vs — 9750 volts

Ebb = 12 kv.

With these data, Eq. (30) gives

dll dEbb ^ n

77
“
-RT

^

This value is the same as that obtained in Sec. 2*8 by the use of Eq.

(2T06) assuming that ri = Vp, Thus, the variation in load current leads

to very nearly the same regulation factor as the variation in load power

when the dynamic resistance of the load is small.

If the high-voltage power supply has very good regulation, the per-

centage change in the input line voltage and in the power-supply voltage

is almost the same. The percentage change in load current is therefore

about six times the percentage change in input line voltage for an average

magnetron load. For a pure-resistance load. Vs = 0, and the percentage

change in load current is equal to the percentage change in input line

voltage.



CHAPTER 4

DRIVER CIRCUITS

By G. N. Glasoe

In the preceding discussion of the hard-tube pulser circuit, it is

assumed that there is an available means of making the switch tube con-

ducting for a controlled length of time that corresponds to the desired

pulse duration. The control of the pulse duration can be accomplished

by the application of the proper voltage to the grid of a high-vacuum tube.

The circuit that performs this function is called the ^'driver/^ and is an

essential part of a hard-tube pulser.

In the discussion of switch-tube characteristics in Chap. 3 it is pointed

out that, in order to obtain the necessary plate current, the grid of the

switch tube must be at a positive potential relative to the cathode during

the pulse. Since this grid must be maintained at a high negative voltage

during the interpulse intervals, the output voltage of the driver must
equal the sum of the bias and positive grid-drive voltages. This required

voltage output is called the ^'grid swing,'' and may vary from about a

hundred volts to several kilovolts depending on the switch-tube charac-

teristics. The pulse-power output of the driver is, therefore, the product

of this grid swing and the grid current in the switch tube. For very high

power pulsers, for example, the one using six 527 tubes in parallel men-
tioned in Sec. 3*2, the driver output power may amount to as much as

ten per cent of the pulser output power. In general, however, it is more
nearly of the order of magnitude of one per cent of the pulser output

power.

The pulse duration is entirely determined by the characteristics of

the driver circuit for a hard-tube pulser. The circuit should, therefore,

be designed so that all the pulses, in a long succession, are identical, and
their duration can be determined accurately. For such a succession of

pulses, it is generally desired that the interpulse intervals, as well as the

pulses, be of controlled duration. The control of the interpulse intervals

is usually accomplished by constructing the driver circuit in such a way
that it does not produce an output pulse until it has received the proper

impulse at its input terminals. These impulses are called trigger pulses,

and are produced by some form of auxiliary timing circuit that has a

negligible power output. In order to keep the pulser design as versatile

as possible, this trigger generator is ordinarily not a part of the pulser,

119
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and is commonly used for other functions in addition to starting the action

of the driver. One of the principal advantages of thg hard-tube pulser

over the line-type pulser is that the pulse duration is determined in a

relatively low power circuit. For this reason, the driver circuit can

be designed so that the pulse duration and the interpulse interval may
be changed readily over a wide range of values without necessitating any

major changes in the circuit. A given design of a hard-tube pulser may
therefore be adapted to a large variety of applications with little dif-

ficulty
;
therefore, a pulser of this type is particularly suitable for research

and development work where the specific values of pulse duration,

interpulse interval, and output power desired are not definitely known.

There is an inevitable time delay between the start of a trigger impulse

and the start of the pulse at the pulser load. When this time delay varies

in a random manner from pulse to pulse, there is said to be 'Hime jitter^'

in the output pulses. This time jitter causes unsatisfactory operation

when the functioning of auxiliary circuits depends on both the trigger

impulses and the pulser output pulses.

4*1. The Bootstrap Driver.—Many circuits that are available for

generating voltage pulses are incapable of delivering enough power to

drive the grid of a pulser switch tube. The obvious procedure is there-

Fig. 4-1.

—

(a) Plate coupling; requires “on” tube for a positive output pulse. (6)

Cathode follower
;
requires “ off ’ tube for positive output pulse, voltage gain less than one.

(c) “Bootstrap” cathode follower; requires “off” tube for positive output pulse, voltage
gain greater than one

fore to design an amplifier with a power gain sufficient to deliver the

requisite power. Several stages of amplification may be necessary, and

the problem of maintaining good pulse shape becomes rather serious.

The so-called ‘‘bootstrap driver^' was devised to generate a pulse at a

low-power level, and to amplify it with a minimum number of tubes and
circuit elements Although with the development of satisfactory pulse
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transformers this circuit has become obsolete, it is discussed here because

it was one of the first uses of the pulse-forming network as a means of

determining pulse duration.

Since the driver output pulse must be positive, the coupling to the

plate of an amplifier tube, as indicated in Fig. 4*1, requires that the tube

be conducting during the interpulse interval and nonconducting during

the pulse interval. When it is considered that the output pulse must
supply a current of the order of magnitude of several amperes to the grid

of the switch tube, it is obvious that such plate coupling is very wasteful

of power. The cathode follower provides a means of getting a positive

output pulse with a normally '‘off” tube, as is indicated in Fig. 4*lfe.

The disadvantage of this arrangement is that the ratio of the voltage

output to the voltage input is less than one. The arrangement of Fig.

4-lc, however, provides both a voltage and a power gain greater than

one. However, the circuit generating the input pulse must be able to

rise or fall in potential as the potential of the cathode rises or falls as a

result of the flow of current in the cathode resistor.

The complete circuit of a bootstrap driver is shown in Fig. 4*2 The
pulse is generated in the part of the circuit that is enclosed in the dotted

lines. This pulse generator is merely a low-power line-type pulser in

which the pulse-forming network, PFN, determines the pulse duration

(see Part II for the detailed discussion of line-type pulsers). The gase-

ous-discharge tube T2 is the switch tube, and the resistance i22 ,
in parallel

with the input resistance of the amplifier tube T3,
is the pulser load.
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In the quiescent state of this driver circuit, the reference potential for

all voltages is determined by-the grid-bias voltage required for the switch

tube in the pulser output circuit. In Fig. 4*2 this voltage is indicated

as {Eci)s- Thus, the plate voltages for the two tubes are {Ei,)2 and

(Eb)3y and the grid voltages are (Ed) 2 and (Ed) 3 for tubes T2 and T3

respectively. The grid voltages are adjusted to be sufficiently negative

to keep the two tubes nonconducting. When tube T2 is nonconducting,

the PFN is charged to a potential difference eqlial to (Eh) 2-

The operation of this circuit is initiated by applying a positive trigger

voltage to the grid of T2 thrbugh the capacitance Ci and the diode Ti.

When this grid is raised in potential relative to the cathode, the gas in the

tube becomes conducting, and the PFN is connected directly across the

resistance R2. The point A is thus raised in potential relative to point B
by an amount depending on the characteristic impedance of the PFN
and on the effective resistance between A and B. In general, an attempt

is made to match these impedances so that one half of the network volt-

age appears across R2. By virtue of the coupling capacitance C3, the

grid of T

3

is raised in potential along with point A. The resistance R^
must be large enough to decouple the grid from the bias-voltage supply

during the pulse. If the potential difference across R2 is greater than the

bias voltage (Ed) 3^ the grid of Tz becomes positive with respect to the

cathode (point B in Fig. 4 *2). Tube Tz is thus made conducting, and a

current flows in the cathode resistance i?3. This current causes the point

B to rise in potential and, if the current is large enough, the grid of the

pulser switch tube becomes sufficiently positive with respect to ground to

make the plate current sufficient to obtain the required pulser output

current. It is to be observed that, as the point B starts to rise in potential

because of conduction in tube Tz, all the parts of the pulse-generating

circuit must also rise in potential. The circuit is referred to as a boot-

strap driver, since it is raised in potential by its ‘^bootstraps,” so to speak.

The duration of the pulse from this circuit is determined by the time

required for a voltage wave to travel down the PFN and return. When
this time has elapsed, the network is completely discharged (if the PFN
impedance is matched by the resistance between A and B), and the

potential difference across R2 falls suddenly. This drop in potential

cuts off the current in both Tz and its cathode resistor, thus removing the

grid drive from the pulser switch tube.

The bootstrap action of this circuit has important consequences that

must be taken into account in the design. When point B rises in poten-

tial, it causes the cathode of the gaseous-discharge tube to rise with it;

therefore, the life of this tube is seriously affected if the grid can not

also rise in potential. In order to permit the potential of the grid to

increase, the capacitance C2, shown in Fig. 4 *2
,
is added. The capaci-
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tance Ci and diode Ti are introduced to decouple effectively the grid of

T2 from the trigger-pulse-generating circuit during this action. The
network of resistances Ri provides decoupling between the trigger input

and the bias supply, and allows the circuit to return to its quiescent

state during the interpulse interval. The resistance R 5 provides decou-

pling between the pulse-generating circuit and the power supply during the

pulse. The value of this resistance should be as large as is possible

without seriously reducing the voltage on the PFN at the end of the

interpulse interval.

Another consequence of the bootstrap action is that the stray capaci-

tance of the circuit to ground (wiring, components, filament transformers,

etc.) must be kept as small as possible. As the circuit rises in potential,

this stray capacitance must be charged, and, unless it is small, the pulse

shape is seriously distorted. At the end of the pulse the charge on this

stray capacitance must leak off, and, as indicated in Chap. 2, if the RC
time constant for the discharge is large, the trailing edge of the pulse falls

slowly. In order to make the voltage drop more rapidly at the end of

the pulse, the inductance L is introduced in parallel with the cathode

resistance Rz,

This circuit was used successfully to drive the grids of two 304TH
tubes in parallel as the pulser switch tube. A bias voltage of about
— 1000 volts and a positive grid drive of +300 to +400 volts were neces-

sary. Thus, the voltage developed across the cathode resistance Rz
had to be about 1300 to 1400 volts. This voltage was obtained with

(E^z equal to 1550 volts when an 829 beam tetrode was used as the tube

T3. The gaseous-discharge tube T2 was either an 884 or a 2050, the

performance of the latter being somewhat more satisfactory. The volt-

age {Ec^2 for either of these tubes was critical: if it were too large or too

small, the tube would tend to remain conducting. The value of {Ec^)2

usually had to be adjusted for the particular tube being used. For this

application, the circuit was designed to give three different pulse dura-

tions, i, 1, and 2 jusec. By the use of a selecting switch, any one of three

different networks could be connected into the circuit. For the high

recurrence frequency (2000 pps) used with the shortest pulse, the PFN
did not become charged to the full value of (£'5)2 if Rh were very large.

On the other hand, reducing Rz made it more difficult to prevent tube T 2

from becoming continuously conducting. With careful adjustment of

the circuit voltages and the values of the circuit elements, however, it

was possible to obtain satisfactory operation at 4000 pps. The particular

gaseous-discharge tube to be used had to be selected carefully, since the

long deionization time for some tubes did not allow the charge on the

PFN to accumulate fast enough to produce the full network voltage

before the initiation of the next pulse. The values finally used were
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{Eb)2 = 500 to 600 volts and Rs « 0.6 megohm. The characteristic

impedance of the PFN was about 1500 ohms, and R 2 ranged from 1500

to 2500 ohms. The other values of the circuit components were as

follows: Cl = 0.005 ^f, C2 = C3 = C4 = 0.01 juf, Ri = 100,000 ohms,

Rz = 1000 ohms, Ra = 25,000 ohms, R^ = 30,000 ohms, L = 2.5 mh.
4‘2. The Blocking Oscillator or Regenerative Driver.—With the

development of transformers capable of passing pulses of short duration,

it became possible to design a driver circuit using a single tube. A cir-

cuit of this type was used extensively in pulsers with medium-power
output (150 to 250 kw) for airborne microwave-radar systems, and

became known as the blocking-oscillator driver. This name was given

to the circuit because of a similarity between it and the blocking oscil-

lators used to produce pulses in television applications. The driver

circuit is not an oscillator in the same sense as the circuit used in tele-

vision, and may more properly be referred to as a ^^regenerative pulse

generator.” This term is not exclusively distinctive, however, since

there is a large class of circuits, such as the multivibrator for example,

which could go by the same name. The particular type of circuit dis-

cussed here is called a ^^regenerative driver” in an attempt to avoid

confusion with the circuit used in television.

There are two essential differences between the regenerative driver

and the conventional blocking oscillator:

1. The regenerative driver can be kept in its quiescent state for an

indefinite length of time, and starts its operating cycle only when
the proper impulse is applied to the input terminals.

2. The output pulse is almost constant in amplitude throughout the

pulse duration, as a result of the circuit and tube characteristics.

There is still a third difference that is not always essential, namely,

that the pulse duration from a regenerative driver is usually determined

by a Une-simulating network, whereas that from most blocking oscil-

lators is determined by a parallel LC-combihation.

A regenerative driver circuit arrangement which incorporates an

iron-core pulse transformer together with a line-simulating network in

the grid circuit of a vacuum tube is shown schematically in Fig. 4-3.

As discussed later, the range over which the pulse duration may be

varied, by changing the network parameters, depends on the^pulse trans-

former characteristics. Because of the line-simulating network, the

circuit has sometimes been referred to as a ‘Tine-controlled blocking

oscillator.” The triggering pulse for this circuit is introduced directly

onto the grid; this arrangement is called “parallel triggering” in contrast

to the method of series triggering shown in the circuit of Fig. 4*4. The

latter circuit has been widely used in pulsers for microwave-radar systems.
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and the regenerative feature is therefore discussed from the standpoint of

Fig. 4-4 rather than the earlier arrangement of Fig. 4*3. The series-trig-

gering arrangement proved to be somewhat more stable and less critical in

regard to the values of circuit parameters than the parallel-triggering

circuit.

Fig. 4*3.—Circuit of a regenerative Fig. 4*4.—Circuit for a regenerative driver with
driver with parallel triggering. series triggering.

The circuit of Fig. 4-4 consists of a tube Ti, pulse transformer PT,
line-simulating network PFN, and power supplies for the tube-element

voltages. The tube Ti is represented as a tetrode, but triodes can be

used as well. The grid voltage for the tube is sufficiently negative to

keep the tube nonconducting when the full values of plate and screen

grid voltages are. applied. The operating cycle of this circuit is initiated

by applying a positive trigger pulse to one terminal of the PFN. This

trigger voltage raises the potential of the line, the transformer winding

(3), and the grid of Ti to a value sufficient to start a flow of plate current

in the tube. Because of the flow of plate current, the voltage at the plate

of Ti falls, causing a potential difference to appear across the primary

winding (1) of the transformer. A voltage therefore appears simul-

taneously across the other two windings, (2) and (3), of the transformer.

The grid of Ti is connected to the winding (3) in such a way that the

voltage on this winding raises the potential of the grid. A regenerative

action is thereby started, which continues until grid current starts to

flow.

The voltage across the grid winding of the transformer is divided

between the PFN, the grid-cathode resistance of Ti, and the output

resistance of the trigger generator. A cathode-follower output is gener-
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ally used for the trigger generator in order to ensure a relatively low effec-

tive resistance. The voltage appearing across the PFN starts a voltage

wave traveling toward the open end, where it is reflected and returns

toward the transformer end. When this cycle is completed the PFN is

fully charged, and the potential of the grid of Ti starts to fall abruptly.

The plate current in the tube then begins to fall, reducing the voltage

across winding (1). This process results in a reduction in the voltage

across winding (3) that makes the grid still more negative, and causes a
regenerative shutoff of the plate current. The voltage across the grid

winding then disappears, and the PFN discharges through the resistances

Ri and R 2 ,
driving the grid below cutoff. The bias voltage (Fcji,

keeps the tube nonconducting until the next trigger pulse starts another
cycle.

The above description of the action of a regenerative driver is very
quahtative. The analysis of the effect of transformer and tube character-

istics on this circuit is extremely difficult. An approximate analysis has
been made with a simplified circuit for the effects introduced by the pulse-

transformer parameters. This analysis is given in Sec. 14*2.

In the action of the regenerative-driver circuit a voltage is induced
across the winding (2). This winding is connected between the bias

supply and the grid of the pulser switch tube. In order for this circuit to
function as the driver for the s^vitch tube, the voltage appearing across
this transformer winding must be equal to the required grid swing. The
load introduced by the grid circuit of the switch tube has a strong
influence on the flatness of the top of the voltage pulse appearing at the
grid. If the load on winding (2) is small, the voltage pulse generally has
oscillations of appreciable magnitude superimposed on its top. Since

switch tubes of a given type vary
considerably in their grid-voltage-

grid-current characteristics, it is

sometimes necessary tg introduce

resistors across one or more of the

transformer windings to damp out

the oscillations. These oscilla-

tions are the result of the inherent

leakage inductance and distributed

capacitance of the transformer,

and they may therefore be mini-

mized to some extent by careful

transformer design. The oscillo-

scope trace reproduced in Fig. 4-5

indicates the character of the pulse obtained at the grid of a 715B switch

tube from a regenerative driver using an 829 beam tetrode.

Fig. 4-5.—Voltage pulse at the grid of a
715B tube obtained from a regenerative
driver using an 829 tube. Sweep speed:
10 div. per usee; pulse amplitude; 1000 volts.
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Both the maximum and the minimum pulse durations obtainable

with a given regenerative driver are dependent on the pulse-transformer

characteristics. The maximum is determined by the magnetizing cur-

rent and core saturation. When the magnetization of the transformer

core approaches saturation, the magnetizing current increases very
rapidly, increasing the tube drop and thereby reducing the voltage across

winding (1), and hence across winding (3). This decrease in voltage

causes the regenerative shutoff to start before the PFN is fully charged.

The pulse may be terminated by this same process, even if the transformer

core does not become saturated, if the magnetizing current becomes too

great. The minimum obtainable pulse duration is determined by the

inherent inductance and capacitance of the circuit (including the trans-

former), exclusive of the pulse-forming network. For intermediate

values of pulse duration, the duration of the output pulse corresponds

reasonably well mth the calculated value based on the inductance and
capacitance of the network. Thus, if Ln is the total inductance and Cn
is the total capacitance of the network, the time required for a voltage

wave to travel from one end to the other is \/LnC

n

and the pulse duration

r = 2 \/LnCn- *

It has been possible to design regenerative drivers in which the pulse

duration may be varied over a wide range merely by changing the con-

stants of the PFN. With an 829 tube and a GE 68G627 pulse trans-

former, satisfactory operation can be obtained in this manner over the

range 0,5 /xsec to 5 /xsec. The relatively low voltages involved in the

circuit make it possible to change from one pulse duration to another by
means of small remote-controlled relays. It is thus feasibly to adapt a

single design to a number of different applications.

The range of pulse duration may be extended beyond 5 /xsec merely

by connecting the corresponding windings of two pulse transformers in

series. In this way the circuit has been made to operate satisfactorily at

10 /xsec. A second transformer can also be introduced with the aid of

small relays, which thus provides a range from 0.5 /xsec to 10 /xsec with no

major change in the circuit.

The lower limit of the range in pulse duration that can be obtained

with a given 68G627 pulse transformer is considerably less than 0.5

/xsec. Below this value, however, the inevitable small variations in

transformer parameters from one unit to another begin to have a greater

effect. With any given unit, it is possible to construct a pulse-forming

network that produces a 0.25-/xsec output pulse from the driver. Although

the same PFN in another circuit with a different transformer may produce

a pulse duration as much as 50 per cent greater, the 0.25-/xsec pulse dura-

tion can generally be obtained by adjusting the constants of the PFN.

It is, therefore, possible to have the range 0.25 /xsec to 10 /xsec available
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from such a driver if the PFN^s for the shortest pulses are properly

adjusted for each individual case.

When the desired range of pulse durations does not extend higher

than about 1 /xsec, a smaller pulse transformer than the 68G627 can be

used. The Utah 0A18 transformer has been found satisfactory for the

shorter pulses. Using this pulse transformer, it has been possible to use

pulse durations as short as 0.1 /isec with no serious difficulty. When
very short pulse durations are desired, the shape of the trigger pulse

becomes important for reasons that are discussed below.

Fig. 4-6.—Oscilloscope traces of the pulse shapes occurring at various points in a

regenerative-driver circuit with a GE 68G627 pulse transformer and an 829 tube. The
letters correspond to the labelling on the circuit diagram of Fig. 4-4. Sweep speed « 10

div. per /isec.

It has been found experimentally that, with some transformers and

tubes, it is possible to maintain a reasonably good pulse shape for pulse

durations as long as 2 /xsec and as short as 0. 1 /xsec by reducing the net-

work to a single inductance and a single condenser. The pulse shape is

not as good as that obtained from a multisection line, but, with a switch

tube such as the 715B, the pulser output pulse can be made considerably

more rectangular than the grid-driving pulse. (Compare Fig. 4*5 with

Figs. 2*25, 2-26, 2*27, and 2*28.) The possibility of simplifying the net-

work in this way has made it possible to adjust the pulse duration as
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much as ± 20 per cent by varying the inductance of the single coil. This
inductance may be varied either by means of a slug of magnetic material,

which may be moved in or out of the inductance coil, or by moving a

piece of copper toward or away from the end of the coil. Oscilloscope

traces of the voltage pulses appearing at various points in the circuit of

Fig. 4-4 are reproduced in Fig. 4*6a and h. These two pictures indicate

that the output pulse from the driver is the same whether a two-section

or a six-section pulse-forming network is used to determine the pulse

duration.

The characteristic impedance Zn = \^Ln/Cn of the PFN used in a

regenerative driver circuit has an effect on the circuit behavior. It

has been found experimentally that there is a range of values of Zn that

allows satisfactory operation. The extent of this range, however, varies

with the particular combination of tube and pulse transformer. With
an 829 tube and a GE 68G627 transformer the mean value of Zn for this

range is about 1000 ohms, and the operation does not become seriously

affected until Zn is reduced to about 500 ohms or increased to about 1500

ohms. At the high impedance values the pulse duration may be too

short, and there is sometimes a tendency for several short pulses to occur

in the time corresponding to the normal pulse duration. At the low

impedance values the pulse duration tends to become longer than it

should be, and is finally limited by the transformer characteristics

These effects are illustrated in the oscilloscope traces reproduced in Fig

4*7a, 5, and c.

As the desired pulse duration becomes shorter, the total capacitance

of the PFN becomes smaller, and the magnitude of the trigger pulse that

appears at the grid of the tube for a gjven input trigger pulse also becomes

smaller. If the trigger-pulse amplitude at the grid becomes sufficiently

small, the regenerative action may not start. Thus, for a low-capacitance

line or a slow-rising ti;jgger pulse, there can be an uncertainty in the time

at which the regeneration starts. This effect is indicated by the sketches

of Fig. 4*8 for a given network capacitance and for both a fast- and a

slow-rising trigger pulse. Time jitter, that is, the uncertainty in the

starting time for the grid pulse shown in Fig. 4-86, is observed when a

succession of pulses is desired. The effect shown in Fig. 4*85 is also

obtained when the capacitance of the PFN is very small, even though the

trigger-pulse voltage may rise fast enough for satisfactory operation with

longer pulse durations. When this situation exists, it can generally be

corrected by introducing a trigger amplifier and sharpener between the

trigger generator and the driver input.

The time delay between the start of the trigger pulse and the start

of the driver output pulse also depends on the rate of rise of the voltage

pulse appearing at the grid of the driver tube. For a given tube and
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given circuit voltages, this time delay remains very nearly constant over

long periods of time. The actual value of this time delay is a compli-

cated function of the tube characteristics, the bias voltage, and the rate

of rise of the trigger-pulse voltage.

For a few pulser applications, for example, for pulse-coding in radar

beacons, it is required that some of the interpulse intervals be comparable

with the pulse duration. When it is necessary to have successive pulses

of about l-/zsec duration follow each other at intervals as short as 10

to 15 /isec, special attention must be given to the driver design. The
regenerative driver is readily adaptable to this application. By referring

to the circuit of Fig. 4*4, it may be seen that the voltage of the grid of Ti

becomes considerably more negative than the bias voltage at the end of

Fig. 4-8.—Sketch made from oscilloscope traces showing the effect of fast- and slow-
rising trigger pulses on the start of regeneration in a regenerative driver. Curve A is the
trigger pulse at the input to the I FN. Curve B is the trigger pulse at the grid of the driver
tube. Curve C is the grid voltage after regeneration starts.

the pulse because of the discharging of the PFN through the resistances

Ri and /? 2 . The time constant of this discharge is therefore dependent on

the capacitance of the network and on the values of these resistances.

Since Ri serves to decouple the grid from the bias power supply during the

pulse, it cannot be reduced in value without affecting the grid voltage at

that time. The obvious alternative is to use a small inductance in com-

bination with a small resistance in place of the high resistance Ri. For

pulses with durations of the order of magnitude of 1 /xsec, this inductance

can be about 1 mh. A driver having an inductance of 0.5 mh in series

with a resistance of 5000 ohms in place of Ri and an 829 for Ti produces

satisfactory 2-/xsec pulses at a recurrence frequency of 80 kc/sec.

The regenerative-driver design has proved to be a versatile one for

use with a hard-tube pulser. In addition to the available flexibility in

pulse duration and interpulse interval, it is also possible to accomplish

some changes in pulse shape. For one particular application i#became

necessary to reduce the rate of rise of the output pulse at the magnetron

load. Although this reduction can be effected in the output circuit,

as indicated in Chap. 2, it was easier in this case to make the change in

the driver circuit. The requisite change in rate of rise of the output

voltage pulse was obtained by introducing a small inductance in series

with the plate of the tube in the driver. When such an inductance is
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used alone, large oscillations are superimposed on the pulse. They may
be damped out, however, by inserting a resistance in parallel with the

inductance.

A regenerative driver using a single 829 tetrode provides a power out-

put and grid swing that are sufficient to drive the grids of two 715B or

5D21 tubes in parallel. This power output is 2 to 3 kw with a grid swing

of about 1000 volts. The power output of the pulser is about 250 to

300 kw.

4*3. The Multivibrator and Pulse-forming-network Drivers.—Multi-

vibrators are used extensively to generate pulses at low-power levels.

Several arrangements of the multivibrator circuit are discussed in Vol.

19 of the Radiation Laboratory Series. For microwave-radar systems,

the so-called “biased multivibrator^’ has been adapted for use as the

pulse generator in the driver of a hard-tube pulser. This circuit is suit-

able for driver application because it has a single stable state. It is

therefore possible to obtain an output pulse from a biased multivibrator

only when the proper triggering impulse is applied to one of the tubes, and

the length of the interpulse intervals can be determined by a timing cir-

cuit that IS independent of the pulser.

A driver circuit utilizing a biased-multivibrator as the pulse generator

has been devised for a 1-Mw hard-tube pulser (described in detail in

Sec. 5.2). The switch in this pulser consists of three 6C21 triodes in

parallel. It is evident from the discussion of switch tubes in Chap. 3

that the driver for such a pulser must deliver a pulse power of about

15 kw to the three 6C21 grids. The grid-voltage swing required for

1-Mw power output from the pulser is about 2.5 to 3 kv. Since it is

impracticable to try to obtain this much power at the output of the

multivibrator, it is necessary to use amplification.

The shape and duration of the output pulse from a multivibrator

depends on the load and on the values of the circuit elements and tube

voltages. In practice, some variation must usually be expected in these

parameters, and it is therefore necessary to allow sufficient latitude in the

circuit design to accommodate a reasonable range of values. The most
serious aspect of this characteristic of the multivibrator in the driver

application is the possible variation of pulse duration. In this driver

the difficulty was avoided by introducing an auxiliary means for determin-

ing the pulse duration, which consisted of a delay line connected between

the output of the driver and the input of the amplifier following the

multivibrator.

The block diagram of this driver circuit, shown in Fig. 4*9, indicates

the way in which the pulse duration is determined. The multivibrator

pulse generator is constructed so that the pulse fed into the amplifier at

B is of longer duration than the pulse desired at the output of the driver.
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When the leading edge of the pulse reaches A, a voltage wave starts to

travel from Ato B through the delay line. This voltage wave reaches B
after a time determined by the constants of the delay line. If the pulse

fed into the amplifier at B is positive and the pulse voltage at A is nega-

tive, it is possible to neutralize the positive voltage at the amplifier input,

and thereby to terminate the pulse appearing at A. The pulse duration

at the driver output is thus fixed by the time it takes a voltage wave to

travel the length of the delay line, independent of the multivibrator

output. This arrangement has been expressively called the ‘ Hail-biting'

'

circuit.

In order to insure that only one pulse appears at the driver output

for each trigger pulse, the output pulse of the multivibrator must not

Input

Fig. 4*9.—Block diagram of the ariver for a hard-tube pulser using a multivibrator pulse
generator.

last longer than twice the transit time for the delay line. For pulse dura-

tions of about a microsecond, this latitude for the multivibrator output is

ample. When the desired pulse duration is very short, however, more

care must be exercised in the design of the circuit. The buffer amplifier

is introduced to minimize the effect of loading on the output pulse shape

and pulse duration obtained from the multivibrator. If the amplifier is

carefully designed, the shape of the pulse at the driver output can be

considerably better than that fed into the amplifier, and the dependence

of driver output on multivibrator output is further reduced.

A simplified schematic diagram for this driver circuit is shown in

Fig. 4T0. The biased multivibrator, which consists of the two halves of a

6SN7, delivers a negative pulse to the grid of the normally ''on" buffer

amplifier tube, a 6L6. A positive pulse is then obtained at the grid of

the first 3E29 amplifier. The negative pulse that appears at the plate of

this 3E29 is inverted by means of a pulse transformer, and the resulting

positive pulse is applied to the grids of two 3E29 tubes in parallel. The
negative pulse obtained at the plates of these tubes is also inverted by a

pulse transformer in order to give a positive pulse at the grids of the

6C21 tubes. A part of the negative pulse at A is impressed across the

end of the delay line by means of the voltage divider consisting of Ri

and R 2 . After traversing the delay line, this negative pulse appears at B
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with amplitude suflScient to neutralize the positive pulse output from the

6L6. This negative pulse lasts for a time corresponding to the pulse

duration at point A and, if this time plus the delay time is greater than

the duration of the pulse from the multivibrator, the bias voltage main-

tains the 3E29 nonconducting when the pulse is over.

The pulse duration from this driver may be varied by changing the

length of the delay line between points A and B. The switch aSi, indi-

cated in Fig. 4T0, is provided to facilitate this change. The switch S2

Delay line

Fig. 4*10.—Simplified schematic diagram of the driver for a hard-tube pulser Using a
multivibrator pulse generator and a delay line to determine pulse duration.

is mechanically coupled with Si in order to change the pulse duration at

the multivibrator output at the same time that the length of the delay

line is changed. The constants in the multivibrator circuit are chosen

so that the pulse delivered to the amplifier is about 25 to 40 per cent

longer than the pulse duration desired from the driver.

The operation of this driver requires two of the tubes, the 6L6 and

one half of the 6SN7, to be conducting during the interpulse interval.

When the pulser is being operated at a low duty ratio, where the inter-

pulse interval is about 1000 times as long as the pulse interval, it is desir-

able to have the power dissipated by these normally ^‘on^^ tubes as small

as possible. The multivibrator power output should be kept small for

this reason also, and the necessary output power from the driver must be

provided by pulse amplification.

Another driver circuit making use of a biased multivibrator has been

devised for the 200-kw hard-tube pulser of a microwave-radar system
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used in aircraft. The switch in this pulser consists of two 5D21 tetrodes

in parallel. In this driver, the multivibrator serves a somewhat different

purpose than it does in the circuit just discussed. The pulse shape and
pulse duration are determined in this driver by a current-fed net-work

(see Part II for the detailed discussion of pulse-forming networks).

The function of the multivibrator is to start and stop the current in this

network. This circuit should, therefore, more properly be referred to as

a pulse-forming-network driver^^ rather than a “multivibrator driver.^’

The operation of this driver circuit is best discussed with reference to

the circuit diagram shown in Fig. 4T1. The two tubes, 6AG7 and 3E29,

Fig. 4*11.—Driver for a hard-tube pulser using a biased multivibrator with one stable state

and a current-fed network for pulse-shaping.

and associated circuit elements constitute a cathode-coupled biased

multivibrator. The values of the circuit elements and voltages are such

that the 6AG7 is normally conducting and the 3E29 is nonconducting.

A negative trigger pulse applied to the grid of the 6AG7 makes this tube

nonconducting, and the plate rises in potential. As a result, the grid of

the 3E29 is raised in potential by virtue of the couphng capacitance

Cl, and plate current starts to flow. The current flowing in the cathode

resistance of the 3E29 then raises the potential of the cathode of the

6AG7 through the medium of the coupling capacitance C 2 ,
keeping this

tube in the nonconducting state. The 3E29 remains conducting until

the potential of the 6AG7 cathode falls sufficiently to allow this tube to

become conducting again. The time required for the cycle to be com-

pleted is determined by the time constant of the capacitance C2 and the

cathode resistance.

A current-fed network is connected in series with the plate of the

3E29. In its simplest form, such a network is a short-circuited line-

simulating network, as indicated in Fig. 4T2a. The configuration
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For reasons already mentioned, it is desirable to have the normally

“on^^ tube of the multivibrator dissipate as little power as possible. It

is also desirable to keep the conducting period for the 3E29 short in order

to maintain a high over-all efficiency.

A pulse-forming-network driver can also be designed with a voltage-

fed network. In this case the driver is a line-type pulser of the type

described in detail in Part II of this volume. Although the pulse genera-

tor used in the bootstrap driver, discussed in Sec. 4*1, is such a line-type

pulser, the output power is too small for the driver function, and it is

necessary to provide amplification. The subsequent development of

pulse-forming networks and satisfactory gaseous-discharge tubes capable

of handhng high pulse power has eliminated the necessity of amplification.

With the 3C45, 4C35, and 5C22 hydrogen thyratrons it is now possible

to design line-type pulsers having a range of pulse-power output from a

few kilowatts to several megawatts.

The schematic circuit for one possible arrangement of a pulse-forming-

network driver using a voltage-fed network is shown in Fig. 4T4. The

PFN is charged during the interpulse interval from the d-c power supply

through an inductance and a diode in series. The output pulse is

initiated by the application of a positive trigger pulse to the grid of the

gaseous-discharge switch tube. When the tube is conducting, the PFN
discharges into the load, which consists of the cathode resistor and the

grid circuit of the high-vacuum switch tube of the pulser output circuit.

The pulse shape and the pulse duration are determined by the character-

istics of the PFN and its discharging circuit. The reader is referred to

Part II for further details concerning the operation of line-type pulsers.

When the pulser application requires only one pulse duration and

recurrence frequency, it is unnecessary to have a diode in the charging

circuit of the network. With the diode, however, it is possible to change

recurrence frequency over a considerable range, and the pulse duration

may be changed by connecting different networks into the circuit.
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By using a pulse transformer, it is possible to connect the cathode of

the gaseous-discharge tube to ground, as shown in Fig. 4*15, and thus to

eliminate the need for a filament transformer with high-voltage'insulation.

Charging

choke

^
Power

•“
supply.

—

n

PFN

Input

trigger-*

pulse

T T T
To grid of pulser

switch tube

To bias

Fig. 4*15.—Pulse-forming-network driver with pulse-transformer coupling to the grid of

the high-vacuum switch tube.

A possible disadvantage is that the introduction of the pulse transformer

may result in a somewhat poorer pulse shape at the grid of the high-

vacuum switch tube.



CHAPTER 5

PARTICULAR APPLICATIONS

By G. N. Glasoe

6*1. The Model 3 Pulser—^A Light-weight, Medium-power Pulser

for Airborne Radar Systems.—The original specifications for this pulser,

based on the requirements for a light-weight airborne search radar, ASV,
and an aircraft-interception radar, AI, were formulated in the winter of

1941. By the summer of 1945 this pulser had been incorporated into

six different radar systems and their various modifications. The pulser

was manufactured in very large numbers by the Stromberg-Carlson

Company and the Philco Corporation. A revised model of the pulser,

Mark II, in which improvements were made in engineering and manu-
facturing details, was manufactured during the last year of the war. A
few circuit modifications were also incorporated as a* result of the experi-

ence gained in the operation of the original version, Mark I. The revised

pulser was designed to meet the requirement that it be physically and

electrically interchangeable with the original unit. The stringent require-

ments placed on the size and weight of this pulser resulted in some depar-

tures from accepted engineering practices. Improvements in techniques

and in the design and manufacture of components, however, warranted

such departures, and extensive laboratory tests proved their feasibility.

Because of the small size of this pulser compared with others that had

previously been constructed for an equivalent power output, the unit was
facetiously referred to as the ^^vest-pocket pulser.’^

The Model 3 pulser was designed to meet the following specifications:

Output pulse power: 144 kw (12 kv at 12 amp).

Duty ratio: 0.001 maximum.
Pulse duration: 0.5, 1.0 and 2.0 /xsec. (Remote control of pulse

selection.)

Size: must fit into a cubical space 16 in. on a side.

Weight: preferably no greater than 60 lbs.

Ambient-temperature range: —40 to +50°C. (External fan to be

provided with ambient temperature above -|-30°C.)

Altitude: must operate satisfactorily at 30,000 ft.

Input voltages: 115 volts at 400 to 2000 cycles/sec and 24v d-c.

(The a-c frequency range was changed to 800 to 1600 cycles/sec

when the revised pulser was being designed.)

140
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The design of a pulser to meet these specifications was undertaken

before satisfactory pulse transformers and line-type pulsers were devel-

oped. The design, of necessity, included the high-voltage power supply

associated with a hard-tube-pulser design. The combined size, weight,

and altitude specifications therefore required that the pulser be housed

in an airtight container in order to maintain atmospheric pressure around

the high-voltage parts of the circuit, regardless of the reduced external

pressure at high altitude. The need for an airtight housing complicated

the problem of heat dissipation. Because the lack of ventilation and the

high external temperature caused the components to operate at high

temperatures, it was imperative that the over-all efficiency be as high as

possible. The size and weight specifications imposed the necessity of

using small components, resulting in small factors of safety. The com-

pleted pulser unit was mounted on a square base 15 in. by 15 in. by in.

The airtight housing was a cylinder having a diameter of 15 in. and a

dome-shaped end of dimensions such that the over-all height was 1 1^ in.

The combined heights of the base and housing were 16 in. A space

under the base was provided for mounting a magnetron, TR tube, pre-

amplifier, and miscellaneous parts associated with the r-f components.

The original unit manufactured by Stromberg-Carlson weighed 64 lb,

and the Philco unit weighed 60 lb. The revised pulser, which was
manufactured by Stromberg-Carlson, weighed 53 lb. Photographs

of the Stromberg-Carlson pulser are reproduced in Figs. 5T and
5*2, and the schematic diagrams for these two units are shown in

Figs. 5-4 and 5*5.

The control circuit and connections to the primary power source are

omitted for the sake of clarity.

The Output Circuit .—The original plans for the Model 3 pulser called

for its operation with the 2J21 and 2J22 magnetrons. The 725A magne-
tron, which was developed later, replaced the 2J21 as soon as it became
available. From a knowledge of the operating characteristics of these

magnetron oscillators, it was decided that* the output voltage pulse

obtained from the pulser could be allowed to drop as much as 2 per cent

during a l-^sec pulse without seriously affecting the frequency of the

magnetron output. The minimum capacitance of the storage condenser

to be used in the pulser was, therefore, determined from the relation

AFz = li I!d/Cw^ as indicated in Chap. 2. For a pulse voltage of 12 kv
and a pulse current of 12 amp, the capacitance of the storage condenser is

2 X 10-2 X 12 X 10® ^

Operation at a pulse duration of 2-psec was considered satisfactory, even

though it resulted in a 4 per cent drop in pulse voltage at the magnetron
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input, because these pulses were intended only for beacon interrogation.

The current drop in the 2J21 and 2J22 magnetrons corresponding to this

change in pulse voltage was approximately 10 to 15 per cent for a l-/zsec

pulse.

When using the TR tubes and receivers first developed for microwave-

radar systems, it was considered necessary that the trailing edge of the

voltage pulse applied to the magnetron drop to zero in ^ /zsec or less.

Fig. 5-3.—Sketch showing the two types of airtight housing used with the Model 3 hard-
tube pulser.

In order to accomplish this voltage drop when using a resistance as the

recharging path for the storage condenser, this resistance had to be only

three or four times the static resistance of the magnetron. Since the

resulting pulse-power loss in the recharging resistance was appreciable,

the need for high efficiency made this arrangement impractical. A
lO-mh inductance was chosen for the recharging path because it brought

the trailing edge of the pulse down quickly and wasted less power since

the pulse current in this shunt path is only 1.2 amp at the end of a l-Msec

pulse.
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In the original design the isolating element in series with the high-

voltage power supply was a 5-mh inductance. Oscillations in the voltage

of the storage condenser occurred during the charging interval, as indi-

cated in the curves of Figs. 2-39 and 2-40. The amplitude of these oscil-

lations was sufficient to induce voltages in other parts of the circuit,

Fig. 5*4.—Schematic diagram of the original Model 3 hard-tube pulser.

Fig. 5*5.—Schematic diagram of the revised Model 3 hard-tube pulser.

causing false signals to appear on the indicator of the radar system. It

was therefore necessary to introduce a 500-ohm resistor in series with the

5-mh charging inductance in order to eliminate these oscillations. The
result of the addition is shown in Fig. 2-40. Since it proved difficult to

find a satisfactory 500-ohm resistor that was not too bulky, the 5-mh

inductance was soon replaced by a 10,000-ohm resistor. The shape of

the trailing edges obtained with the 10-mh rechar^ng path and the
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10,000-ohin isolating resistor for the three pulse durations is shown in

the oscilloscope traces reproduced in Fig. 2-25. The traces reproduced

in Fig. 2T9 indicate the corresponding behavior when the 10-mh induct-

ance was replaced by a 10,000-ohm resistor.

As the development of radar systems and components progressed, it

became evident that the importance of having a steep trailing edge on

the voltage pulse had been overemphasized. Therefore, in the design of

the revised version of the pulser less attention was given to this detail.

Perfectly satisfactory operation of the radar system could be obtained

with a voltage pulse that dropped to zero in as much as 1.5 /xsec.

The use of an inductance as the recharging path causes a positive

backswing voltage to appear at the end of the pulse. This positive volt-

age is added to the power-supply voltage at the plate of the switch tube

and may result in sparking, particularly when the power-supply voltage

is near the safe upper limit for the tube. It is therefore necessary to

introduce a shunt diode, as indicated in Chap. 2. When an inductive

resistor is used as the recharging path, and the magnptron is connected

directly to the output of the pulser, the shunt diode is unnecessary.

(This was one of the modifications incorporated into the revised design as

a result of the relaxed requirement on the time for the voltage to fall to

zero.) The photographs of Fig. 2*27 show the voltage pulses obtained

with an inductive resistor in parallel with the magnetron load.

It is generally desirable to have some available means of monitoring

the current through the magnetron. In a hard-tube pulser, the average

magnetron current is equal to the average current corresponding to the

recharging of the storage condenser. This current may be measured

simply by connecting an ammeter in series with the recharging path as

indicated in the Figs. 5-4 and 5*5. This meter must be bypassed by a

capacitance sufficiently large to prevent the meter from being damaged
by the pulse current that flows while the switch tube is conducting. The
precautions necessary for such average-current measurements are dis-

cussed in detail in Appendix A. A resistor is usually connected in parallel

with the meter in order to provide a conducting path when the meter is

disconnected. This resistance must be large enough so that it introduces

a negligible error in the ammeter reading, but not so large that it appreci-

ably increases the condenser-charging time constant. (In the Model 3

pulser this resistance was about 200 ohms.) When a shunt diode is

used in the pulser, the average-current meter must be connected in such

a way that it measures the sum of the currents in the diode and the

recharging path.

When the design of the Model 8 pulser was begun, no really satis-

factory switch tube was available. The 304TH, which had been used in

previous designs, required so much cathode-heating power that it could
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not be considered for a small airtight unit. The development of the

715B provided a tube that was capable of withstanding the high voltage

and had sufficient cathode emission for the required plate current.

Since this tube has an oxide cathode, much skepticism was expressed

concerning its suitability for an application where a plate voltage of as

much as 15 kv and a pulse-plate current of almost 15 amp were needed.

Extensive life tests, however, showed that factory tests could be devised

that would eliminate the relatively few tubes that could not meet the

pulser requirements.

The 715B tube is a tetrode and, as indicated in Chap. 3, its pulse

characteristics make it very suitable as a pulser switch tube. The bias

voltage that is necessary to keep the tube nonconducting during the

interpulse interval is about — 500 volts, although occasional tubes require

as much as —750 volts. The Model 3 pulser was designed with a bias

voltage of at least — 650 volts in order to insure a negligible plate current

during the interpulse interval for the majority of 715B tubes. The bias

voltage and the screen-grid voltage of +1250 volts are both obtained

from the power supply in the driver circuit. Since a high resistance is

connected in series with the screen grid as a protection against excessive

screen grid current, it is necessary to bypass the screen grid to the cathode

with a reasonably large capacitance. This capacitance was 0.06 )uf in

the original model, but was increased to 0.3 ^f in the revised pulser.

The increase in size of the bypass capacitance improved the pulse shape

for marginal tubes, since it decreased the drop in screen voltage during

the pulse.

With a screen-grid voltage of 1250 volts and a positive grid drive of

200 to 250 volts, a pulse current of 12 amp can be obtained in the magne-

tron for a tube drop of about 1.5 kv in the 715B. The plate current at

the start of the pulse consists of the load current and the current through

the 10,000-ohm isolating resistor. At the end of the pulse, the current

that has been built up in the 10-mh shunt inductance is an additional

contribution to the plate current. As stated previously, this additional

plate current is about 1.2 amp for a i-/xsec pulse. Thus, the plate cur-

rent should increase from 12 amp to 13.2 amp during the pulse if the

magnetron current remains constant. The drop in the voltage on the

storage condenser, however, causes the load current to decrease by an

amount which may actually be more than the increase in current occurring

in the 10-mh inductance, and as a result the net plate current may be less

at the end than at the beginning of the pulse.

A plot of the components of the cathode current in a 715B switch

tube used in one of these pulsers is shown in Fig. 5-6. The pulse current

in the magnetron load, the current in the 10-mh inductance, the screen-

grid current, and the total cathode current were measured by means of a
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synchroscope and calibrated noninductive resistors. The block labeled

+ /lojcreaiBtor + errors^’ was not measured, but its magnitude agrees

well with the expected value. With a power-supply voltage of 12 kv

and a magnetron-pulse voltage of 10*5 kv, the current in the isolating

resistor is about 1 amp, which leaves a value of about 0.5 to 0.9 amp for

the control-grid current. This value agrees with the pulse characteristics

for the 715B shown in Fig. 3*7. The drop in voltage on the 0.05-/if

storage condenser for a 2-)Lisec pulse

should be about 480 volts. The
observed drop in magnetron cur-

rent was 3 amp, corresponding to

a dynamic resistance of 160 ohms,

a value that is also in agreement

with the known characteristics of

the 725A magnetron used for these

measurements. From this plot it

may be seen that the total cathode

current actually decreases slightly

during the pulse. The slight de-

crease in the screen-grid current

is due to a drop in screen-grid volt-

age during the pulse caused by a

bypass condenser of insufficient

capacitance (0.06 iii).

Because of the high frequency

of the primarypower source, 400 to

2400 cycles/sec for the airborne

radar systems, it was possible to

consider using a voltage-doubler

rectifier for the high-voltage sup-

ply. The size of the power trans-

former and the voltage on the filter

condensers for this design were less than those for an equivalent half-wave

or full-wave rectifier. The over-all specifications for the systems using the

Model 3 pulser called for reasonably good regulation ofthe voltage from the

alternators. Therefore, because the inherent voltage regulation of the

voltage-doubler power supply was poor, it was necessary to specify that

the same duty ratio be used for each of the three pulse durations. The
high-voltage power supply in this pulser consisted of two 0.15-Mf 8-kv

condensers in a single can, and two RKR72 rectifier tubes. (Later the

3B24 became available and replaced the RKR72.) The high voltage

could be changed by means of an 8-ohm variable resistor connected in

series with the primary of the high-voltage transformer. In order to

Fig. 5-6.—Components of 715B cathode-
current pulse with magnetron load.
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cover a wider range of voltage without using a larger resistance, there were
three taps on the transformer primary. The regulation of the power
supply was considerably poorer with the resistance in the circuit. The
curves of Fig. 5*7 indicate the regu-

lation obtained with and without

the 8-ohm resistance.

The average current taken from
the high-voltage power supply dur-

ing the operation of a pulser serves

as a convenient means of monitor-

ing the circuit behavior. A power-

supply current that is higher than

the value corresponding to the av-

erage current in the magnetron in-

dicates the breakdown of insulation

somewhere in the high-voltage part

of the circuit. In this way, it is

often possible to detect the start of

breakdown of the insulation in the

filterand storage condensers . The
average current is measured in the ground connection to the power supply

in the same manner used to measure the magnetron average current. In

this pulser, the average power-supply current was about 5 ma higher than

the average magnetron current, in the range 8 ma to 12 ma, when a 0.001

duty ratio was used.

One of the major circuit modifications made in the design of the

revised Model 3 pulser was a change in the high-voltage power supply.

At the beginning of the description of the pulser output circuit, it is

stated that a 2 per cent drop in pulse voltage was considered allowable

for a l-/xsec pulse. One of the factors involved in this consideration was

the physical size of the storage condenser. If it had been possible to use

a capacitance larger than 0.05 ni in the available space, a drop in voltage

smaller than 2 per cent would have been desirable. A smaller drop in

voltage during the pulse was obtained by combining the condensers of the

voltage-doubler rectifier with the storage condenser, as shown in Fig. 5*5.

The same condensers serve both purposes, and the effective storage

capacitance was therefore 0.15 fif. Thus, the drop in voltage is one third

of that obtained with the 0.05-Mf condenser of the original design.

The power-supply arrangement of the revised pulser had one dis-

advantage, namely, that the effective filtering action was not as good

as that obtained with the original arrangement. This disadvantage was

alleviated, however, by the fact that the minimum frequency of the pri-

mary power supply had been raised from 400 cps to 800 cps by the time

Power supply voltage in kv

Fig. 5*7.—Regulation obtained with
the voltage-doubler power supply used in a
light-weight medium-power airborne pulser.

Curve A is for 8 ohms in series and B is for

no resistance in series with the primary of

the power transformer.



150 PARTICULAR APPLICATIONS [Sec. 5-1

this revision was considered. With the 800 cps a-c supply, a small

amount (two or three per cent) of amplitude jitter was observable on the

magnetron current pulse. This small amplitude jitter was not found to

have any observable effect on the magnetron operation.

The Driver Circuit .
—^The regenerative driver designed for this pulser

used an 829 tube and a GE 68G627 pulse transformer. The circuit for

this driver is discussed in Sec. 4-2 and is shown in detail in Figs. 5*4 and
5*5. The power supply for the driver consisted of two half-wave recti-

fiers, one for the positive and one for the negative voltages required. The
same positive voltage was used for the 829 plate and the 715B screen grid.

The 829 screen grid and bias voltages were obtained from taps on the

bleeder resistance connected across the two parts of the power supply.

In the revised design, the filter condensers in the driver power supply

were made considerably smaller than those in the original, again because

of the higher frequency of the a-c input.

The pulse-forming networks used in the early driver units consisted

of several inductance and capacitance sections. As stated in Sec. 4*2,

the impedance of these networks is not critical, so it was possible to use

standard sizes of condensers and then adjust the inductances to produce

the desired pulse duration. The general procedure in designing such a

network is to make an approximate calculation of the values oi Ln and

Cn from the two relationships r = 2 \/LnCn and Zn = V^LnICn with

« 1000 ohms. The actual value of Ln is then determined empirically

using the nearest standard condenser size. Once the constants for the

networks are found, it is somewhat of a problem to control the production

methods so as to have pulse durations that lie within a ±10 per cent

tolerance about the nominal value. This problem arises from the fact

that the actual pulse duration depends on many factors, such as the

network itself, the pulse transformer, the stray inductances and capaci-

tances in the driver circuit, the tube characteristics (to some extent),

and also the load presented to the driver by the grid circuit of the switch

tube. The final procedure adopted by the pulser manufacturers was to

test each completed network for proper pulse duration, rather than to

depend on inductance and capacitance measurements.

Experience with the regenerative-driver circuit indicated that a

satisfactory pulse shape could be obtained with pulse-forming networks

that were reduced to single inductances and condensers, at least for a

pulse-duration of 1 /xsec or less. Accordingly, the networks used in the

revised design were built in this manner, as shown in Fig. 5-5. It thus

became feasible to make the single inductance variable, and thereby to

have an available means for varying the pulse duration. In the units

manufactured by the Stromberg-Carlson Company the inductance was

varied by means of a copper slug that could be moved toward or away
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from the end of the coil. This copper slug provided an adjustment of

about ±10 per cent in the pulse duration. In units manufactured by
the Philco Corporation, the variation was obtained by means of a ferro-

magnetic slug that could be moved along the axis of the coil. A variation

of about ±20 per cent was made available by this arrangement. The
variable inductance proved to be a great convenience because it allowed

the pulse duration to be adjusted after the completion of the whole driver

unit.

Protective Measures .—Because of the strict limitation on the size of

the Model 3 pulser, it was decided that a minimum of time-delay and
overload-protection devices would be incorporated. Consequently, the

control circuit was made as simple as possible. Two relays were pro-

vided to be actuated by the available 24 v d-c. The first controlled the

a-c input to all except the high-voltage transformer. By energizing the

second relay, the high-voltage power supply was turned on. The only

control over the delay time required after turning on the filaments and

before turning on the high voltage was a sign warning the operator to

wait three minutes. Instead of a relay for overload protection, two fuses

were provided, a 10-amp fuse in the main a-c line to the pulser, and a

5-amp fuse in series with the high-voltage power transformer.

In the original unit, a bleeder resistance was provided across the

high-voltage power supply. When the input circuit to the power trans-

former was opened, this bleeder reduced the voltage on the filter condenser

rapidly enough to give reasonable protection against electric shock.

The bleeder resistance could not be used with the revised pulser, however,

and it was therefore necessary to provide a shorting device. This device

was a mechanically operated shorting bar that short-circuited the power

supply when the airtight housing was removed.

Heat Dissipation .—Since the unit was required to be airtight, it was

necessary to circulate the air within the housing in order to obtain as

much heat transfer as possible to the walls. This circulation was accom-

plished by means of a small blower with a 24-v d-c motor. The outside of

the housing was corrugated to increase the surface area exposed to the

external air. The power input to the original pulser was about 450 watts

for an output of 144 watts. Thus, about 300 watts were dissipated within

the airtight container. The temperature rise within the unit under these

conditions was about 55°C. With an external fan blowing air against

the outside of the housing at the rate of 60 ft^/min, this temperature rise

was reduced to about 40°C. The heat dissipation in the revised pulser

was reduced slightly from the above figure and, with improved heat

transfer to the walls of the housing, the internal temperature rise was

about 40°C without an external fan. In the revised design, better heat

transfer to the outside air was obtained by the use of a double-walled
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housing. The internal blower forced the heated air to pass between the

walls of the inner and outer housing wall, as shown in the sketch in Fig.

5*3. Because of the high temperature at which the components of this

pulser must operate, special attention was given to the choice of the

condensers. The Sprague Vitamin Q condensers proved satisfactory up

to 105°C, and were therefore used in both the original and revised

Model 3 pulsers.

6.2. The Model 9 Pulser— 1-Mw Hard-tube Pulser.—The need

for a high-power pulser to be used in the testing of magnetrons became
urgent early in 1941. The research and development that was started

at this time led to the design of a hard-tube pulser that could deliver a

pulse power of 1 Mw (25 kv at 40 amp) to a magnetron. • The original

design of this unit was called the Model 4 pulser, but after some modifica-

tions were introduced, particularly in the driver circuit, the pulser became

known as the Model 9. In addition to its use in determining the per-

formance characteristics of magnetrons, this pulser was used in some
ground-based radar systems. One of these systems in particular was
widely used as a mobile radar unit in both defensive and offensive opera-

tions during the war. The Model 9 pulser was used in this radar applica-

tion because its operational characteristics satisfied the requirements for

precision ranging and automatic following. The operational use of this

radar system demanded that a very high degree of reliability be main-

tained over long periods of time under conditions of almost continuous

operation. Because of the somewhat unsatisfactory life of the available

switch tubes and magnetrons with the full 1-Mw pulse power, the pulser

was operated at a pulse-power output of about 800 kw.

The Model 9 pulser was designed to meet the following specifications;

Output pulse power: 1000 kw (25 kv at 40 amp).

Maximum duty ratio: 0.002.

Pulse duration: 0.25 to 2.0 /zsec (remote control of pulse selection).

Size and weight: As small as possible compatible with good engineering

design.

Input voltage: 115 volts, 60 cycles/sec, single phase (the units for the

mobile radar system were built for three-phase supply).

The specified voltage and current output for this hard-tube pulser

required that the high-voltage power supply be designed for about 30

kv and 100 ma. Because of this high voltage and average current, it

was impractical to design the pulser and the power supply as a single

unit. Consequently, the pulser was built in one cabinet and the power

supply in another, necessarily making the total weight larger than it

would be for a single unit. The completed pulser occupies a cabinet

26 by 34 by 55 in. and weighs about 800 lb. The power-supply cabinet is
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approximately the same size but weighs about 1200 lb. The photographs
reproduced in Fig. 5*8 indicate the disposition of the components in the

pulser cabinet. The schematic diagram for the Model 9 pulser mth
control circuits omitted is shown in Fig. 5*9.

The Output Circuit ,—For the measurements necessary in determining

the performance characteristics of a magnetron, it is desirable to have the

shape of the output pulse from the pulser as rectangular as possible.

It was therefore decided that the top of the voltage pulse should be flat to

better than the 2 per cent figure allowed in the Model 3 pulser design.

The choice of the actual energy-storage capacitance to be used was
influenced by the available high-voltage condensers. Since a value of

0.125 /xf was chosen, the drop in pulse voltage for a l-/isec pulse is about

1.3 per cent at the full output power from the pulser (25 kv at 40 amp).

This value of the storage capacitance was considered sufficient for the

majority of the applications, and for many of these, the drop in voltage

was not greater than 1 per cent because the actual pulse current used

was less than the maximum value of 40 amp.

As in the case of the Model 3 pulser, the trailing edge of the voltage

pulse was required to drop to zero in less than 0.5 jusec. With a magne-
tron load, the rate of fall of the pulse voltage depends on the amount of

energy stored in stray capacitance during the pulse, and on the nature of

the recharging path for the storage condenser. The stray capacitance

and voltage were larger for the Model 9 pulser than for lower-power

pulsers, and consequently, if a resistance were to be used as the recharg-

ing path, its value would have to be so small that a large amount of pulse

power would be wasted. It was therefore decided to use a 5-mh induct-

ance in place of the resistance, this value being adequate even for the

0.5- and 0.25-/xsec pulses.

The isolating element in series with the high-voltage power supply is

a 10,000-ohm resistance. Thus, a pulse current of about 2.5 amp flows

through this resistance at maximum pulse voltage output from the pulser.

The power lost during the pulse interval in this resistance at the maximum
duty ratio of 0.002 is, therefore,

p = IIR,t(PRF) = (2.5)2 X 10^ X 0.002 = 125 watts.

If the maximum duty ratio of 0.002 corresponds to operation at a pulse

duration of 1 /xsec and a PRF of 2000 pps, the interpulse interval is

5 X 10“^ sec. If it is assumed that the 10,000-ohm resistor constitutes

the entire recharging path for the storage condenser, the power dissipated

during the interpulse interval may be calculated as outlined in Sec. 2*4.

Thus, in this case, the time constant is

RC = 10^ X 0.125 X 10"® = 1*25 X 10"® sec.
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and the interpulse interval is equal to OARC, The rms charging cur-

rent is then 1.006 times the average current. For operation at full

pulse power and 0.002 duty ratio, the average recharging current is

80 ma, so (Ic)™ = 80.5 ma, and the power lost in the charging resistor is

(0.08)2 X 104 5^ 04 watts. The isolating resistance must therefore be

capable of dissipating about 200 watts. Because of the high voltage

Fig. 5-8.—Photographs of

across this resistance, the pulser was designed with four 2500-ohm units

in series.

In order to eliminate the backswing voltage inherent in the use of

the inductance recharging path, it was necessary to incorporate a shunt

diode into the pulser design. This diode had to be capable of passing a

pulse current of several amperes, and of withstanding an inverse voltage

of 25 kv.' The choice of tube for this function was somewhat limited, and
it proved to be more econo^iical of space and cathode power to use two
8020 diodes in parallel, rather than a single large tube. It was necessary
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to use more than one 8020 tube because the plate dissipation was greater
than that allowed for a single tube.

The average magnetron current is measured by a meter connected in
series with the recharging path for the storage condenser. In the Model
9 pulser, a current-sensitive relay is connected in series with this meter.
The contacts of this relay are connected in series with the primary winding

the Model 9 1-Mw pulser.

of the transformer used to heat the magnetron cathode. By adjusting a
resistance in parallel with the coil of this relay, it is possible to have the

magnetron-cathode heater current shut off when the average magnetron
current reaches a certain minimum value. This feature was added to this

pulser because the back-bombardment heating of the magnetron cathode

became large enough at high average power to keep the cathode hot

without any current in the heater. This automatic reduction of the

cathode-heating power minimized the danger of overheating the cathode,

and the consequent shortening of the life of the magnetron.
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A survey of available tubes that could be used as the switch in the

Model 9 pulser indicated that the Eimac 1000 UHF triode, later called

the 6C21, was the best choice. The pulse characteristics for this tube,

shown in Fig. 3TO, indicate that three tubes in parallel are required to

obtain a pulse current of 40 amp in the pulser load. It proved to be

more economical of cathode-heating power and grid-drive power to use

several of these tubes in parallel, instead of a single large tube that could

withstand the plate voltage of 30 kv and carry the required pulse current.

Although the 1000 UHF was rated for a considerably lower plate voltage,

laboratory tests proved that the tube could be operated at 30 kv under

the conditions of pulse operation.

The pulse currents in the 10,000-ohm isolating resistance and in the

5-mh recharging inductance must be added to the load pulse current

when determining the total plate current for the switch tubes. For a

40-amp load current in the Model 9 pulser, the total plate current is

45 to 50 amp. The curves of Fig. 3T0 indicate that this plate Current can

be obtained with three 6C21 tifbes in parallel if the positive grid drive is

1000 to 1500 volts and the tube drop is 4 to 5 kv. Under these conditions

the pulse-grid current becomes about 1.5 to 2.5 amp for each tube. In

order to keep the 6C21 tube from conducting during the interpulse inter-

val, the grid must be biased at least 1200 volts negative when the plate

voltage is 30 kv. The pulser was designed with a grid bias of 1500

volts to insure a negligible plate current during the interpulse interval for

any tube. The grid-driving power necessary for the switch-tube opera-

tion in this pulser is therefore about 20 kw. This value is not unreason-

ably large for a 1-Mw pulser.

The Driver Circuit ,—The driver circuit used for the Model 9 pulser

has been 'described in Sec. 4-3. A block diagram and a simplified sche-

matic of this driver are shown in Figs. 4*9 and 4T0. The 3E29 tube was

chosen for the final pulse amplifier in this driver because the grid saving

of 2.5 to 3 kv required for the 6C21 tubes could not be obtained from an

829 tube. As stated in Chap. 3, the 829 tube has a plate-voltage rating

for pulse operation of 2 kv, whereas the 3E29 was designed for a plate

voltage of 5 kv. Although the grid current of 5 to 8 amp in the three

6C21 tubes could be obtained with a single 3E29 tube, the driver was
designed with two of these tubes in parallel in order to provide a greater

factor of safety. A plate voltage of 4 kv and a screen-grid voltage of

720 volts was used for these final amplifier tubes in the driver.

Since the voltage output available from the 6L6 buffer amplifier

following the multivibrator was not sufficient, an intermediate amplifier

tube was necessary. An 829 could serve this* purpose, but in order to

reduce the number of tube types, another 3E29 was used instead, which

operated with the plate voltage and the screen-grid voltage obtained

from a 750-volt power supply.
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As stated in Sec. 4-3, the pulse duration obtained from this driver is

changed by varying the length of the delay line in the feedback (tail-

biting) circuit. This variation is accomplished by means of a series of

taps on the delay line which can be selected by a switch. This switch is

mechanically linked with another switch that changes the constants in

the multivibrator in order to keep the pulse duration for the multivibrator

about 25 to 40 per cent larger than that desired at the output of the driver.

The driver for the Model 9 pulser was constructed in a unit physically

separable from the rest of the pulser. This arrangement provides an

easy means of servicing the driver and making any desired modifications.

All the d-c voltages necessary for the di;iver circuit, with the exception of

the 4-kv supply for the 3E29 plates, are obtained from power supplies

contained in the driver unit.

Modifications to Obtain Continuously Variable Pulse Duration over the

Range 0.5 yisec to 5 ysec.—A slight modification of the driver circuit made
it possible' to vary the pulse duration continuously over the range 0.5

to 5 /isec. This variation was accomplished by removing the delay line

entirely and introducing a variable resistance in place of the switch and

the series of fixed resistances in the grid circuit of the normally ‘^on^^

half of the 6SN7 multivibrator tube. Since the pulse duration is approxi-

mately an exponential function of this grid resistance, a tapered potentio-

meter was designed to allow the pulse duration to vary with the position

of the adjustment control in a rea-

sonably linear manner. The mod-
ified multivibrator is shown in Fig.

5T0. The circuit elements indi-

cated in heavy lines are those that

were changed from the original

arrangement shown in Fig. 5-9 in

order to obtain satisfactory opera-

tion over the 0.5-to 5.0-Msec range

in pulse duration. The only other

change in the driver circuit nec-

essary for this purpose was the

addition of an inductive resistor

with a resistance of 1000 ohms and an inductance of 160 yh across the

secondary of the pulse transformer following the first 3E29 tube. This

element was necessary to make the driver output pulse fall more rapidly;

it was not needed in the original circuit, because the feedback pulse

through the delay line provided a sufficiently fast rate of fall for the driver

pulse.

Besides these changes in the driver circuit, two other modifications

were made in the Model 9 pulser for the extension to 5-/xsec operation.

Fig. 5-10.—Modified multivibrator circuit

for driver in Model 9 pulser to provide pulse
durations continuously variable over the
range 0.5 to 5 /zsec.
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The 0.125-/«f storage capacitance was replaced by a 0.3-/<f capacitance.

With the larger capacitance, the drop in voltage during a 5-/isec pulse

is about two per cent at the full power output of 25 kv and 40 amp. The
other change in the output circuit consisted of replacing the 5-mh induct-

35 k -kSOOv

Fig. 5*11.—Regenerative driver for 0.1- to 0.5-/isec operation of the Model 9 pulser.

ance in tte storage-condenser recharging path by a 2.5-mh inductance and

4000-ohm resistance in series. With this inductance-resistance combina-

tion, the trailing edge of the voltage pulse is brought down quickly, and

the pulse current in these elements is considerably less than that in the

5-mh inductance for long-pulse operation,
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Modification to Obtain Pulser Operation over the Range 0.1 fisec to 0.5

fjLsec .—A regenerative-driver circuit similar to that described in Sec. 4-2

was also designed to be used with the Model 9 pulser for pulse durations

from 0.1 to 0.5 jusec. The schematic circuit is shown in Fig. 5T1. This,

driver was constructed to be physically and electrically interchangeable

with the variable-pulse-duration driver, thus providing a pulser that

can be operated over the range in pulse duration from 0. 1 to 5 /xsec. For

the operation, from 0.25 to 0.5 /isec, the 4000-ohm resistance in the stor-

age-condenser recharging path is short-circuited in order to make the

voltage pulse fall quickly, and for O.l-jusec operation only 1 mh of the

2.5-mh inductance is used. When a long tail on the voltage pulse is not

objectionable, the output circuit of the pulser can be used in the same
manner as for the longer pulse operation.

Protective Measures.—Because of the high voltage necessary for this

1-Mw hard-tube pulser, great care is taken to protect the operator from

accidental shock. Interlocks are provided on all doors, and all the power
supplies have bleeder resistances to discharge the filter condensers. An
automatic shorting bar is actuated so as to discharge the storage con-

denser when the cabinet doors are opened. Overload relays and fuses

are incorporated to protect components against abnormal increases in

voltage and current in critical parts of the circuit.

Since several kilowatts of power are dissipated inside the pulser

cabinet, it is necessary to provide protection against overheating of com-

ponents. A large blower is therefore installed to draw air through a

filter from outside the cabinet and circulate it inside the cabinet.

6-3. A High-power Short-pulse Hard-tube Pulser.—This pulser was
designed and constructed for the purpose of determining the behavior of

magnetrons and the operation of radar systems under conditions of high

pulse power and very short pulse duration. For these tests it was
specified that the pulser be capable of delivering pulse power of 1 Mw or

more to a magnetron at various pulse durations in the range from 0.03

jusec to 0.15 jLtsec. The pulse shape was to be as rectangular as possible

in order that a reasonable evaluation could be made of the magnetron

and radar-system performance in terms of the pulse duration. It was
further required that the pulse-power input to the magnetron be adjust-

able from small to large values without any appreciable change in the

pulse shape or the pulse duration. The combination of these require-

ments dictated that the pulser be of the hard-tube type.

The schematic diagram for the pulser circuit designed to^meet the

above requirements is shown in Fig. 5T2. Photographs of the unit

constructed for the laboratory tes^ are reproduced in Fig. 5T3.

The Output Circuit.—Because of the limitation imposed by available

components, particularly the switch tube, the pulser was designed for a
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maximum voltage-pulse amplitude of about 30 kv, and a pulse .current

of about 35 amp. Since it was desired that the short pulses be nearly
rectangular, the output circuit had to be designed for a very high rate of

rise of voltage. The inductance and the shunt capacitance in the pulser
circuit therefore had to be kept as small as possible. In order to minimize
the inductance introduced by the circuit connections, the components
were mounted as close together as their physical size would permit,

allowing for the spacing necessary to prevent high-voltage flash-over.

The importance of keeping the stray capacitance small is evident when

Fig. 5*12.—Schematic diagram of the circuit for a high-power short-pulse hard-tube pulser.

the charging current, dvi/dt, for this capacitance is considered. For

example, if the capacitance across the output terminals of the pulser is

20 /Ltjuf and the voltage pulse at the load is to rise to 30 kv in 0.01 /itsec,

the condenser-charging current is 60 amp. Since this current must flow

through the switch tube, the maximum plate current needed to obtain a

large value of dv/dt may be considerably greater than that needed to

deliver the required pulse power to the load. The magnetron may have a

capacitance of 10 to 15 p,nij between cathode and anode, so it is obvious

that the additional capacitance introduced by the pulser circuit must be

small.
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The storage capacitance used for this pulser consisted of two 0.05-Mf
15-kv condensers connected in series. The effective capacitance of 0.025
/if was ample for the short pulse durations, since the drop in voltage is

only 140 volts for a 0.1-/zsec 35-amp pulse. These condensers were
arranged so as to keep the connections short and the stray capacitance
to ground low, as may be observed in the photographs of Fig. 5*13.

One of the most serious problems encountered in the design of this

pulser was the choice of a satisfactory switch tube. The requirements of

high pulse voltage and high pulse current could not be met by a single

tube of any available type. It was necessary to choose the 6D21 tetrode

from the standpoint of the high plate voltage needed, and to use four of

these tubes in parallel in order to obtain the plate current required for

the maximum pulse-power operation. The curves of Fig. 3TO indicate

that four 6D21 tubes are capable of a total plate current of 70 to 80 amp,
which is sufficient to allow the voltage pulse to rise at the rate of 3000
kv/pisec for a stray capacitance of about 20 MMf.

In order to minimize the inductance in the pulse circuit, the plate

terminals of the four 6D21 tubes were interconnected by means of a

thick brass plate. This brass plate served also as the mechanical support

for one end of the storage condenser in order to provide a short connection

and to keep the capacitance to ground small. The other terminal of

the storage condenser was attached to the magnetron-cathode terminal

as can be seen in Fig. 5T3. The inductance of the ground connection to

the cathodes of the four 6D21 tubes was also kept small by mounting the

sockets on a heavy brass plate that served as the common ground ter-

minal for the pulser circuit.

The low value of stray capacitance across the pulser output aided the

quick return of the pulse voltage to zero at the end of the pulse. In

order to make the voltage fall to zero in a few hundredths of a micro-

second, however, it was still necessary to use a relatively low resistance

for the storage-condenser recharging path. A value of 2000 ohms was

used, although this value was only about twice the normal load resistance.

The use of an inductance for the recharging path was not considered,

because it would then be necessary to add a shunt diode to eUminate the

backswing voltage, and the addition of such a diode to the circuit would

of necessity increase the stray capacitance. It was considered more

important to keep this capacitance small than to decrease the pulse power

lost in the shunt path by the use of an inductance.

The Driver Circuit .—Because of the relatively large pulse power

required to drive the grid of four 6D21 tubes, it was decided to use a

pulse-forming network driver of the type discussed in Sec. 4*3. This

driver was a line-type pulser using inductance charging of the pulse-

forming network. A hold-ofif diode was used in the network-charging
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circuit in order to provide some flexibility in the range of pulse recurrence

frequencies that could be used. The circuit was so arranged that the

screen-grid voltage for the 6D21 tubes was obtained from the power

supply used to charge the network.

The pulse-forming network in this driver consisted of a short length

of 50-ohm high-voltage pulse cable. The pulse duration could then be

easily changed by varying the length of the cable. The lengths actually

used for various pulse durations were obtained experimentally, and are

indicated in the diagram of Fig. 5*12. The approximate length to be

used for a particular pulse duration can be calculated since it is known
that the velocity of propagation for a voltage wave in this cable is about

450 ft//4sec and that the wave must traverse the length of cable twice

during the pulse. The coil of cable used for the pulse-forming network

may be seen in the photograph of Fig. 5*13.

In order to obtain a fast rate of rise for the pulse applied to the grids

of the 6D2I tubes, it was necessary to keep the connection between the

driver and the grid terminals as short as possible. The 4C35 switch tube

of the driver was therefore mounted upside down beneath the plate sup-

porting the four tubes. Since the cathode of the 4C35 must rise and fall

in potential along with the 6D21 grids, a low-capacitance transformer was

used to supply the cathode-heating power.

Operation .—This pulser was operated at pulse durations as short as

0.02 Msec and at a pulse power of 950 kw with a magnetron load. The
magnetron pulse current was not observed in the usual way (see Appendix

A), in which a resistor is introduced between the magnetron anode and

ground, because for these short pulses the added capacitance and induct-

ance introduced by such a resistor was sufficient to cause distortion of

the pulse shape. The pulse current was determined from the measured

average magnetron current, the pulse recurrence frequency, and the

pulse duration. The pulse duration was measured for the r-f envelope

pulse, and the oscilloscope sweep speed calibrated by measuring the

frequency difference between the first minima on either side of the center

frequency of the r-f spectrum. This calibration was done with a O.l-jusec

pulse whose frequency difference of 20Mc/sec could be measured with

reasonable precision.

Photographs of the oscilloscope traces for some voltage and r-f pulses

obtained with this pulser are reproduced in Fig. 5’ 14. The time delay

between the start of the voltage pulse and the start of the r-f pulse is

characteristic of magnetrons, and its magnitude depends on a large

number of factors (cf. Chap. 9 of Vol. 6). The relatively slow rate of

rise for the r-f envelope pulse is due in part to the detector and the oscillo-

scope circuit used to obtain the trace. The fraction of the observed time

required for the r-f pulse to build up that was due to the circuit and the
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fraction that was inherent in the magnetron output were not determined

in these cases. Other experiments^ have indicated that the time for this

buildup may be about 0.01 /xsec.

One of the interesting results obtained with this pulser is the fact

that a magnetron can operate satisfactorily with considerably higher

pulse-power input as the pulse

duration is decreased. With a

725A magnetron, for example, the

operation was satisfactory, that

is, there was no sparking, with a

pulse-power input of 900 kw at a

pulse duration of 0.03 /xsec. The
r-f power output under these con-

ditions was 195 kw. In contrast,

the magnetron could not be oper-

ated above 15 kv and 15 amp
without sparking when the pulse

duration was about 2 /xsec.

6*4. The Application of Pulse-

shaping Networks to the Hard-

tube Pulser.—Throughout the

preceding discussions of the design

of hard-tube pulsers, the effect of

the value of the storage-condenser

capacitance on the change in pulse

voltage and pulse current during a

pulse is emphasized. It is shown in Chap. 2 that, if the time constant for

the discharging circuit of the storage condenser is large compared with the

pulse duration, the drop in pulse voltage during the pulse is given approxi-

mately by the relation AV

i

= ItrfCw If the pulse voltage changes, the

pulse current also changes, but, as indicated in Chap. 2, the above relation

is a sufficiently good approximation when AFj is only a small percentage

of the pulse voltage.

When the load on a hard-tube pulser is a pure resistance,

M AV
I V ^

1 max " max

Voltage pulse

(b)

r-f pulse

Fig. 5* 14.—Photographs of oscilloscope
traces for voltage and r-f pulses obtained
with a high-power short-pulse hard-tube
pulser. (a) 0.1 /xsec pulses, (6) 0.03 fxsec pulses.

where /max and 7max are the maximum load current and voltage at the

beginning of the pulse. With a magnetron or biased-diode load the

dynamic resistance is generally only a small fraction of the static resist-

ance, and A///max > AF/Fmax, the inequality becoming larger as the

1 F. F. Rieke and R. C. Fletcher, “Mode Selection in Magnetrons,’^ RL Report

No. 809 Sept. 28, 1945.
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dynamic resistance becomes smaller. In some cases the magnitude of

the current change may be so large that the operation of the magnetron
oscillator is unsatisfactory. For given values of h and r the magnitude

of AF can be decreased by increasing Cwy but the resulting increase in

condenser size becomes a serious problem when the size and weight of

the completed pulser are important. The purpose of the present discus-

sion is to point out a method for reducing the change in load current

during the pulse without increasing the storage capacitance. The
method consists of adding a network in series with the discharging circuit

of the storage condenser. The network may be simply a resistance and

an inductance in parallel, or it may be a more complex combination of

resistance, inductance, and capacitance.

In order to indicate the effect of such a network on the load current

during the pulse, an example in which the network consists of an induct-

ance, L, and a resistance, R, in parallel is discussed in detail. The fol-

lowing discussion deals only with the load current associated with the

top of the pulse, so the output circuit of the pulser may be simplified by
neglecting the stray capacitance and inductance inherent in any design.

The circuit is further simplified by considering an ideal switch with its

effective resistance combined in the load re-

sistance. The analysis is made for the circuit

shown in Fig. 5T5 with a pure-resistance

load. The initial voltage on the storage

condenser is F^, and the current in L is

assumed to be zero before the switch St is

closed in order to start the pulse. The re-

sistance Ri includes any resistance in series

with the pulse circuit exclusive of that intro-

duced by the network. Thus R[ represents

the effective resistance (Ri + Vp) for a resist-

ance load Ri and a switch tube of resistance Using Kirchoff’s laws,

the Laplace-transform equations for this circuit are

Ri,ip) + R'Mp) = (1)

Riiip) + Lpiiip) = 0, (2)

and
iiiv) + ^2(p) = (3)

An equation for Ii{p) is obtained by combining Eqs. (1), (2), and (3),

with the result

Vu,
,

R\
{R + Rj) + l)

2 . RRiCw L . R
^ (E + RdLCu, {R + R'i)LC^

h

Fig. 5*15.—Simplified out-

put circuit of a hard-tube

pulser with an Li2-network to

minimize the change in load

current during the pulse.

Up) = (4 )
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^ _ RR'tC„-\-L
^ (ft + R',)LC^

and

h =
(ft + R't)LCj

Then Eq. (4) may be written

hip) =
(ft + R'l)

(p + a)2 + 0)2

where co^ = 6 — a^.

The inverse Laplace transformation of Eq. (7) gives

T r A t •

= (ft + ft;)
" La>

If 6 < a2, let k‘^ = - b. Then *

= (ft^^ ^4
If 6 = a^,

hit) =
(ft + ftO

1 + t

\

(5)

(6)

(7)

(8)

(9)

(la)

(11 )

These three equations give the load current as a function of time for any
combination of the circuit parameters. Since in most pulser designs the

time interval involved is very small, the point of interest is whether or

not a condition can be found for the circuit parameters such that I{t) is a

slowly varying function near ^ = 0. This condition can be determined

by differentiating Eqs. (9), (10), and (11) with respect to time and equat-

ing the derivative to zero. Thus from Eq. (9)

^ ^
dt {It T" R

77
— 0) si

i)

. ^ ,

{R - La)
sin ci)t + ^

^ cos oii — a cos cot

a{R — La)
Leo

sin o)/ j.

Equating this derivative to zero for t = 0 gives the condition

R = 2La.

With the value of a from Eq. (5), Eq. (13) becomes

(12)

(13)

L = R^C^. (14)
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The identical condition is obtained by carrying out the same procedure

with Eqs. (10) and (11). If the relation of Eq. (14) is used, Eqs. (9),

(10), and (11) become

= {R +2^
""

{R + R'l) ® 2RCJc
and

^R + R'l)
^ * mc^‘

Thus, when the condition of Eq. (14) is satisfied by the components of the

L/?-network, the plot of load current as a function of time has a zero slope

at < = 0. The equation for the load current without the L/^-network in

the pulser output circuit is

hit) = (18)

Since the plot of current versus time from this equation has a slope not

equal to zero at ^ = 0, the decrease in load current obtained from Eqs.

(15), (16), and (17) should be less for small values of t than that from

Eq. (18).

A numerical example shows more specifically the effect of the Li^-net-

work on the change of load current during the pulse. Assume the

following values for the circuit parameters for Fig. 5T5:

= 12.5 kv.

R'l = 1000 ohms.

Cr. = 0.05 /xf.

= 50 ohms.

L = = 125 /ih.

T = 1 pisec.

If L = R^Cv> is substituted in Eqs. (5) and (6), Eq. (8) becomes

ZR - R'l= 6 - a2 =
AR^CliR + Ri)

(19)

In the present example, SR < R'lj so

fc2 = a2 - 6 = R'l - SR
4.R^Cl{R + R'l)’

and the current is given by Eq. (16). The change in current during
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1 /isec is therefore

Ml = 12.5 X 10«
[1 - e-o-2 (cosh 0.18 + 1.1 sinh 0.18)]1 — 1050 ^ v/.xt? “T JL.X 5511111 U.IO^J

= 11.9 X 0.005 = 0.06 amp.

Without the Li^-network, the change in load current obtained from Eq.

(18) is

12.5 X10»
' 1000 ^ '

= 12.5 X 0.02 = 0.25 amp.

Using the approximate calculation AFz

voltage is

AFz = = 250 volts,

4- T, the change in pulse

All — i “ 0.25 amp. L

Thus the droop in the current pulse is de-
]

creased by a factor of four when the LR-
network is inserted.

If the load is a biased diode or a magnetron, Fig. 6- 16.—Simplified out-

the output circuit of the pulser appears as
pjjger^^th bia^ed^^o^

shown in Fig. 5T6. The analysis for this load and an Li2-network to

circuit is identical to that for the circuit
minimize the change m load

„ _ , ^ current during the pulse.

of Fig. 5T5, Ti replacing Ri and Vw — Vs

appearing in place of Vw. The resistance r\ represents the sum of the

dynamic resistance of the biased diode and the effective switch-tube

resistance, that is, (n + Vp). As another numerical example indicating

the effect of the L/i-network, consider the following values for the circuit

parameters:

Vw = 12.5 kv..

Vs = 10 kv.

Cw = 0.05 /xf.

r[ = 200 ohms.

R = bQ ohms.

L = R^Cw = 125 /xh.

T = 1 /xsec.

Since rj > SR, Eq. (16) again applies, and the change in load current

during 1 /xsec is
*

Ali = ^[l-e
= 10 X 0.015

(cosh 0.089 + 2.2 sinh 0.089)]

= 0.15 amp.
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Without the L/2-network, the change in current according to Eq. (18) is

A/z = (1 - e-o-O = 12.5 X 0.095 = 1.19 amp.

Using the approximate calculations for AF,

^ volts
U.Uo

and

A/z = = 1.25 amp,

which agrees reasonably well with the value of 1.19 amp calculated by
the exact relation of Eq. (18).

Fig. 5*17.—Change in load current as a function of time with and without an Li2-network
in series with the output circuit of a hard-tube pulser.

In order to keep the load current constant within 0.15 amp by increas-

ing the capacitance of the storage condenser, this capacitance has to be

about 0.4 /if. It is therefore evident that a significant advantage results

from the use of the Lii-network in series with the discharging circuit of

the storage condenser. If the allowable drop in the load current is larger

than the values obtained in the above examples, the use of an Z//?-net-

work makes it possible to have a smaller capacitance for the storage

condenser.
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The general effect of the addition of the network on the load current is

indicated by the curves of Fig. 5T7. One set of curves is given for a

900-ohm resistance load, and a^iother set for a biased-diode load with a
100-ohm dynamic resistance, the switch-tube resistance being 100 ohms
for each set. These curves show that a marked improvement in the slope

of the top of the current pulse can be obtained even for relatively long

pulse durations. The curves also indicate that the use of an Li^-network

is more important in the operation of the pulser with a low-resistance

load.

The examples given above indicate that there is also a disadvantage

associated with the use of the L/^-network. The presence of the resist-

ance R in series with the load results in a lower pulse current for a given

condenser voltage Vw. For the resistance load, the maximum value of

the pulse current is 12.5 amp without the network and 11.9 amp with the

network. For the biaseJ-diode load, the corresponding current values

are 12.5 amp and 10 amp. Thus, the pulse power delivered to the biased-

diode load having a dynamic resistance of 100 ohms is 110 kw with the

LjR-network, and 141 kw mthout it. In order to obtain the same pulse

power in the load in both cases, 4 is necessary to increase the condenser

voltage from 12.5 kv to 13.1 kv when the network is used. The actual

power loss in the resistance of the Li^-network is small (about 5 kw in the

example given here), but the requirement of a higher condenser voltage is

sometimes an inconvenience. In the design of a hard-tube pulser, it is

therefore necessary to weigh the reduction in pulse power or the increase

in condenser voltage against the drop in load current during the pulse or

an increase in the capacitance of the storage condenser.

Li

Fig. 5-18.—Output circuit of a hard-tube pulser with a network of passive elements to

maintain approximately constant load current during the pulse.

Another method by which the pulse current can be kept approximately

constant for pulse durations of about a microsecond is indicated in the

diagram of Fig. 5T8. This arrangement was first suggested to members

of the pulser group at the Radiation Laboratory by Mr. A. A. Varela of

the Naval Research Laboratory, Anacostia, D.C.
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This arrangement has an advantage over the L/2-network in that the

network consists of passive elements. There is, however, a loss in pulse

voltage, which makes it necessary to charge the condenser Cw to a higher

voltage than is required without the network for a given pulse voltage at

the load. Another possible disadvantage of this arrangement is the need

for three circuit elements, including a condenser with a relatively high

voltage rating.



PART II

THE LINE-TYPE PULSER
The general characteristics of line-type pulsers are given in Sec. 1-4,

and a comparison of some features of the two principal types of pulsers

are made in Sec. T5. The next six chapters of this volume present a

detailed discussion of the line-type pulser. Before going into the analysis

of the components and circuit behavior, it is well to summarize the general

philosophy from which the line-type pulser has been developed.

Fundamentally, the pulser consists of a reservoir of electrical energy

that is allowed to discharge completely into a load at predetermined

times to form the pulses, and that is connected to a source in such a way
that the same amount of energy is stored in it during each interpulse

interval. Obviously, there are many types of energy reservoirs that are

unsatisfactory because the rate of discharge of their energy into the load

does not produce the desired pulse shape. Chapter 6, dealing with pulse-

forming networks, sets forth the analysis by which combinations of

inductances and capacitances are determined to approximate a specific

output pulse shape, and gives the results obtained by various methods of

analysis for the pulse shapes most commonly used in pulsers for micro-

wave radar. The pulse-forming networks have been derived by con-

sidering circuits that do not include losses, or stray capacitances and

inductances, and for which the load resistance is equal to the network

impedance. The effects on the output from the pulser of nonlinear loads,

of impedance mismatch between load and network, of losses and of stray

capacitances in the circuit are considered in Chap. 7.

Chapter 8 gives a discussion of the types of switches most commonly
used with line-type pulsers, and of the auxiliary circuits that they require.

The different methods of restoring the energy to the pulse-forming net-

work between pulses are considered in detail in Chap. 9, and the over-all

performance of the pulser as it is affected by the various components and

by variations in load impedance is discussed in Chap. 10. Finally, Chap.

11 gives a few examples of pulsers in use at present, and also indicates

the possibilities of some variations in the usual pulser circuit.

It is worth noting again that the fundamental circuits of line-type

pulsers are always very simple. There can be many variations, depend-

ing on the required polarity of the output pulse and the power supply

available. Possibly their greatest advantage, next to their inherent

173
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simplicity, stems from the fact that only sufficient energy for one pulse is

stored at any one time
;
by comparison, the energy stored in the reservoir

of the hard-tube pulser is nearly always twenty to fifty times that required

by the load for a single pulse. The possibility of damage to the load or

to the pulser is thus naturally greater with a hard-tube than with a line-

type pulser.

The circuit simplicity results in less flexibility than can be obtained

from hard-tube pulsers. The latter type can usually be altered with

little effort to satisfy new requirements of pulse duration and recurrence

frequency. In the present state of development, a line-type pulser

requires a new pulse-forming network if the pulse duration is to be

changed and, in the case of a-c charging of the network, it is also inflexible

as to recurrence frequency.



CHAPTER 6

THE PULSE-FORMING NETWORK

By H. J. White, P, R. Gillette, and J. V. Lebacqz^

The pulse-forming network serves the dual purpose of storing exactly

the amount of energy required for a single pulse and of discharging this

energy into the load in the form of a pulse of specified shape. The
required energy may be stored either in capacitances or in inductances, or

in combinations of these circuit elements. Networks in which the energy

is stored in an electrostatic field are referred to as voltage-fed networks;

networks in which the energy is stored in a magnetic field are referred to

as current-fed networks. Networks of the voltage-fed type are used

almost universally in practice because only with this type can the usual

gaseous-discharge switches, such as spark gaps and thyratrons, be used.

The current-fed networks have certain important advantages, but thus

far no suitable s\vitch is available that permits high-power operation.

Therefore, the discussion of networks is confined largely to the considera-

tion of the voltage-fed type.

6-1. The Formation and Shaping of Pulses. Determination of

Pulse-forming Networks for Generating Pulses of Arbitrary Shape.

—

A general mathematical procedure exists for the determination of pulse-

forming networks to generate pulses of arbi-

* trary shape, and the outlines of the theory are

given for the case of voltage-fed networks.

If it is assumed that all the energy is st^ored in

one condenser, the pulse-generating circuit

takes the form of Fig. 6T. The required cur-

rent pulse i{t) flowing in the circuit may be

arbitrary in shape but practical considerations

limit it to finite single-valued functions hav-

ing a finite number of discontinuities and a

finite number of maxima and minima. In

analyzing this problem the Laplace-transform method is used. The

transform for the current may be found from the definition of the Laplace

transform, and is

i{v) — j
dt. (1)

^ Section 6.5 by P. R. Gillette, Sec. 6.6 by J. V. Lebacqz, the remainder of Chap. 6

by H. J. White.

Pulse-forming

network

Fig. 61. —Basic circuit

for generatii.g pulses of arbi-

trary shape (voltage-fed

network)

.
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The Laplace-transform equation for the circuit of Fig. 6T is

(ft, + +^ iiv) = = ^, (2)

where Ri is the load resistance, Zn is the network impedance, Cjv is the

network storage capacitance, and is the initial charge on the network.

The amplitude of i{p) is determined by Vjsr, the initial voltage on Cn, For

the present, Vn may be considered as a known constant, and Eq. (2)

may be solved explicitly for the unknown impedance of the network,

giving

- * - CS- ®
As a simple illustration, suppose that the current pulse is specified as

being rectangular with amplitude Ii and duration r, and that the load is a

pure resistance of value Ri. Then i(p) is found from Eq. (1) to be

i(p) = ^ (1 - e-^).

Substituting in Eq. (3), there is obtained

or rearranging,

Zn
pVn

pli{l - e-^)

If the numerator and denominator are multiplied by

Choosing Vw = 2/z/2z, there is obtained

Zn + = ft, coth ^ (4)

The right-hand member of Eq. (4) is recognized as the impedance

function for an open-circuited lossless transmission line of characteristic



Sec. 61] THE FORMATION AND SHAPING OF PULSES 177

impedance Zq = Ri^ and transmission time 5 = r/2. Hence, in this

case, either the pulse-shaping circuit plus the capacitance C

n

must be an
electrical equivalent for the transmission line, or the transmission line

itself may be considered as one form of the network that generates the

required rectangular pulse. *

Unfortunately, in all but the simplest cases it proves very difficult

to recognize an actual physical network from the form oi Zn given by
Eq. (3), and there is no straightforward method for changing the expres-

sion into a form which is so recognizable. The difficulty is increased by
the fact that Zn generally contains dissipative as well as reactive elements.

Hence, actual designs are usually based on more specialized and indirect

approaches to the problem, the most important of which are discussed

below.

Pulses Generated hy a Lossless Transmis-

sion Line .—Since the microwave oscillators

for which most pulsers have been designed

require the application of an essentially rec-

tangular pulse, the lossless open-ended trans-

mission line considered in the foregoingexample

may be taken as a starting point in the discus-

sion. The nature of the transient produced by

the discharge of such a transmission line into a resistance load (see Fig.

6*2), may be studied in more detail by further application of the Laplace

transform or operational method of analysis.

The a-c impedance, Z, 6f the transmission line, is given by elementary

transmission line theory as

c Switch

Lossless transmis-

sion line of charac-

teristic impedance

^0

Fig. 6*2.—Schematic cir-

cuit diagram for producing an
ideal rectangular pulse from
a transmission line.

Z = Zo COth jo)6.

The Laplace-transform impedance is found by substituting p for ju),

where p is the transform parameter. Then

Z(p) = Zo coth (5)

where 8 is the one-way transmission time of the line, and Zo is its charac-

teristic impedance. The current transform is then

i{p)
Vo

p(Ri -f Zo coth p8)

Vo 1 -
p(Zo + Ri)\ Zo-Ri p—2p6

Zo + Ri *

7,(1 - C
p{Zo + Ri) L

p-apS J.

Zo + Rt
^

/Zo - RiV
\Zo + Ri)

g-ipC
(6)
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tive or negative steps depending upon the mismatch ratio. The reflec-

tions continue in this way, with constantly diminishing amplitude,

until all the energy initially stored in the line is dissipated in the load

resistor. Both the design and operation of Une-type pulsers are affected

by these reflections.

A transmission line having a one-way transmission time of d generates

a pulse of duration 25; assuming a pulse of l-/xsec duration and a signal

velocity on the line of 500 ft/ptsec (a representative value), a line of length

I = 500 X 1/2 = 250 ft is required. It is obvious that a high-voltage

line or cable of this length would be impractical because of its large size

and weight, and hence, that a substitute in the form of a line-simulating

network is necessary for any practical equipment. Pulse-forming net-

works have other advantages in that the pulse shape may be altered by
varying the values of the network parameters and the number of elements.

6*2. Networks Derived from a Transmission Line.—The develop-

ment of pulse-forming networks that simulate a transmission line is a

mathematical problem in network synthesis. As may be anticipated, no

network having a finite number of elements can exactly simulate a trans-

mission line which in reality has distributed rather than lumped param-

eters. As the number of elements for a given network type is increased,

the degree of simulation will improve. It may happen, however, that

the network pulse is a good approximation to the rectangular pulse during

only a portion of the pulse interval. For example, the network pulse may
exhibit overshoots and excessive oscillations, especially near the beginning

and end of the pulse. These possibilities must be kept in mind, and the

properties of networks derived by formal mathematical methods must be

investigated with care to determine how closely the networks approxi-

mate transmission lines.

Network Derived by Rayleigh^s Principle .—From the mathematical

point of view, physical problems involving distributed parameters give

rise to partial differential equations, whereas lumped-parameter problems

give rise only to ordinary differential equations. Inasmuch as the

partial differential equation for a physical problem may usually be derived

by taking the limit of a set of ordinary differential equations as the num-

ber of equations in the set approaches infinity,^ it is clear that a finite

number can at best give only an approximate answer to the distributed-

parameter problem, but that the degree of approximation improves as

the number of equations, and therefore the number of physical elements,

is increased. This line of reasoning also appears plausible on purely

physical grounds.

1 Usually referred to as Rayleigh's principle. See, for example, A. G. Webster,

Partial Differential Equations of Mathematical Physics^ 2nd ed., Stechert, New York,

1933, pp. 93-97.
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Application of Rayleigh’s principle to the transmission line yields the

two-terminal line-simulating network shown in Fig. 6*4.

The properties of the line-simulating network of Fig. 6*4 may con-

veniently be investigated by find-

ing its impedance function. For

present purposes the operator func-

tion is used rather than the a-c

impedance function. These two
alternative forms are equivalent,

but the operator form is particu-

larly useful in calculating the tran-

sient response.

The impedance function may
be found by writing down the set

of n transform equations for the network and noting that these are differ-

ence equations, each equation except the first and last being of the form

+ + (8 )

where r is the rth mesh. The general solution of this difference equation

is

ir{p) = + Be~^^ (9)

where cosh 0=1 + (LC/2)p^j and A and B are arbitrary constants to

be determined by substitution in the first and last mesh equations. Con-

sider first the case for which the resistance Ri, in series with the battery

VNy is put equal to zero. The circuit is then composed of purely reactive

elements, and the currents that flow upon closing the switch persist

—

that is, the currents continue indefinitely and represent a steady-state

rather than a transient condition. Transients can arise only if dissipative

elements are present. Solving for the arbitrary constants A and B and

reducing to hyperbolic functions, the following expression is obtained for

the current transform ii{p):

. . . _ sinh nd
^i(^) “ sinh {n + 1)0 - sinh nd

The corresponding input-impedance transform for the network is then

It may be of interest to find the limiting form of Z{p^n) as n approaches

infinity in such a way that the total inductance and capacitance of the

network remain constant.

Line simulating network

L

_i_ -i- r* -J— r* r*

Fig. 6-4.—Two-terminal line-simnlating net-
work derived by Rayleigh’s principle.
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But

= lim
n—> 00

Cvl

^ [cosh d + coth nd sinh d — 1 ].

coshll-I+^p"-l+^^p=,

sinh 9 - V«osh' 9 - 1 - +^p’,
n \ 4n2

nB = 2n sinh“^ — p,
Lift

which gives

.1” ^<''-“'=,‘”C,pL2»
rLnCn

2 I

\^L}^CA' rs <> I V N / ,_p2 + __p^l + LnCnP^
4n2

coth ^2n sinh~i ^ ^ \^LnCn

= Zn coth. pb, (11)

which is the exact form for the impedance function for a transmission

line given in Eq. (5). Thus, the network impedance function reduces in

the limit to the transmission-line impedance function, in accord with

Rayleigh’s principle.

The pulse shape generated by the line-simulating network of Fig. 6*4

on matched resistance load, Ri = '\/LnICn = y/hjC^ may be found by

calculating the charging-current pulse when the voltage Fjsr is applied to

the circuit of Fig. 6-4. If the voltage transform is divided by the sum of

the load resistance and the network impedance [Eq. (10)],

ii(p) =
-T?-

IlL

V

IL 1 [sinh {n + 1)^ ,1
A/c'^CpL sinhn^ J

CVn

but from the value of 6 in Eq. (9)

hence

ii(p) = CV^

p = —7= sinh
^ VLC 2

sinh nd

sinh (n + 1)^ + ^2 sinh
^ ~ ^

(12)
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Equation (12) is valid for any number of sections n. The simplest

case occurs when n = 1, that is, when the network is reduced to a single

mesh. In this case

zi(p) = CVn
sinh 6

sinh 26 + ^2 sinh
^

6

CVn

2 cosh 6 + 2 sinh 1

CVm
2 + LCp^ + VLC p - 1

Vn 1

L
p2 -(-

Vlc'^^ LC

which is recognized as the current transform for a one-mesh i^LC-circuit

wdth R = 's/L/C.

By the method used in deriving Eq. (11), the limit of ii{p) as n

approaches infinity in such a way that the total distributed capacitance

Cn and the total distributed inductance Ln remain fixed is shown to be

lim ix{p) =
n—> 00

^
— 2^/TnCn

(13)

This is the Laplace transform for a rectangular current pulse of amplitude

2 \/Ln/Cn

and of duration 2 '\/L7cZy and is the result to be expected according to

Rayleigh^s principle.

In order to check the theory, both calculated and experimental pulse

shapes were obtained for a five-section uniform-line network on matched

resistance load, that is, when Ri = Zn- The calculated pulse shape was

found by using Eq. (12) with n = 5. In carrying out the solution, it is

necessary to convert from the hyperbolic to the algebraic form corre-

sponding to Eq. (12). Since the denominator is of the 10th degree ( = 2ri),

the roots are tedious to find. The resulting pulse shape is plotted in

Fig. 6-5a, using dimensionless ratios for the coordinates. The corre-

sponding experimental pulse shape, shown in Fig. 6*5f>, was obtained by

using an experimental network for which the actual values of all the

parameters were within 1 per cent of the theoretical values. The cor-

respondence between the calculated and experimental pulse shapes is
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very close, the only significant difference being in the initial overshoot

for which the calculated value is about twice the observed value. This

difference occurs probably because the hydrogen-thyratron switch used

in the experimental pulse-generator circuit does not close instantaneously,

and also because there are, in any physical system, unavoidable losses

and distributed capacitances and inductances.

resistance load.

(a) Ri — Z^. (b) Ri = 2Zn-

Fig. 6-6.—Voltage pulse shapes obtained with the network of Fig. 6-5 as seen with a slow
sweep speed.

The oscillograms in Fig. 6-6 were taken with the same network;

Fig. 6*6c^is identical with Fig. 6-56 except that a slower sweep speed was

used in order to show the complete pulse tail. The effect of mismatch

with Ri = 2Zn is shown in Fig. 6*65, in which the series of steps as shown

in Fig. 6*36 is evident, although not very well defined. It may be con-

cluded that the five-section uniform-line network is a poor equivalent for

a transmission line. A larger number of sections would give better line-

simulation, but this approach is not a very promising one.

Relation to Steady-state Theory .
—^The network of Fig. 6*4 comprises a

low-pass filter for alternating sine-wave currents. The correspondence

between its transient d-c pulse properties and steady-state sine-wave

properties is of considerable interest. For steady-state sine-wave cur-

rents, the solution of the network is of the same form as Eq. (9), that is,
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for the rth mesh

ir{t) = + Be-^\

where d is now defined by the expression

cosh S = 1
LCoi^

2

(14)

(15)

Equation (14) shows that ir{t) will be attenuated only if d has a nega-

tive real component, that is, if

B — OL + 30 and a < 0

Then, as cosh 6 can be expressed in the form

cosh 6 = cosh a cos 0 — j sinh a sin 0,

it is clear that, fora = 0, cosha = 1, sinh a = OandcosjS = 1 — LCo)^/2.

Inasmuch as cos 0 must satisfy the inequality |cos 0\ ^ I, there results

or

1 - LCo^
^ 1

,

0 ^ ^ + 2 . (16)

Thus all frequencies, 0 ^ ^ 1/w \^LCy are passed without attenua-

tion, whereas all higher frequencies are increasingly attenuated.

The Fourier series for a succession of identical and uniformly spaced

rectangular pulses contains discrete frequencies extending throughout

the band to infinity. Most of the pulse energy is accounted for, how-

ever, in the frequency band between zero and several times 1 /r. A very

conservative estimate for the significant upper frequency limit might be

taken as 10/r. Thus, it is reasonable to set the cutoff point for the low-

pass filter that will transmit such rectangular pulses without appreciable

distortion as

fc =
1

ttVlc
m
T

or

(17)

The quantity VXC represents the delay time per section of the low-

pass filter; therefore, an n-section filter structure, when used as a pulse-

generating network, should produce a pulse of duration

r = 2n \/LC. (18).
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The factor 2 arises from the fact that the pulse wave traverses the filter

twice and is reflected back to the load from the open end once. If

Eqs. (17) and (18) are solved for n, the number of sections, a value of

n = fix ~ 16 is obtained. Less conservative estimates for the frequency-

transmission band required might yield, for example, n = 5 or 10.

Networks Derived hy Rational-fraction Expansions of Transmission-

line Impedance and Admittance Fur^ctions.—Two other networks that

simulate a transmission line may be derived by the process of expanding

the transmission-line impedance and admittance functions in an infinite

series of rational fractions, and then identifying the terms of the series

thus obtained with network elements. As given earlier in Eq. (5), the

operational form of the impedance function for a lossless open-ended

transmission line of characteristic impedance and one-way transmis-

sion time 5 is

Z{p) = Zo coth pb.

The rational-fraction expansion for Z{p) is^

^W-| +

oc

2
2Zo5
^2^2 V

n=l ^2^2
1

(19)

The term Z^jbp is the operational

Cn = b/Zo, The remaining terms

of a series of parallel combinations

such a combination the imped-

ance operator is

7 _"
1 + LnCnp2'

By comparison of coefficients,

2Zob 2Ln
/oOrT>^ (20a)

impedance of a capacitance of value

represent the operational impedance

of capacitance and inductance. For

TT^n^

b Cn

Zls 2L, CM

IT? >j2 7r2
00000' TJOOOiT

Hf- H(-
Cn
~T T" ’T

^ = 2
• (206)

On

Fig. 6-7.—Two-terminal network to simu-
late an open-ended transmission line, ob-
tained by rational-fraction expansion of the
impedance function.

The resultiiig network is shown in Fig. 6-7.

The second line-simulating network is found by making a similar

expansion of the admittance function

^ E. T. Whittaker and G. N. Watson, Modern AnalysiSj American ed., Macmillan,

New York, 1943, pp. 134-136.
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that is,

Yip) =
p

TT^Zo (2n - 1)2

« = 1 5r2(2n - 1)2

Each term can be identified with a series inductance-capacitance circuit

for which

y —
” + 1

*

A comparison of the coefficients shows the values of Cn and Ln to be

” (2n - \)V *
.Zo (2n - 1)^^ ^

and

= ^ = i2Zh)

and the resulting network is shown in Fig. 6-8.

The networks of Figs. 6*7 and 6-8 are approximately equivalent for a

finite number of sections, but become exactly equivalent as n approaches

infinity, that is, for an infinite number of sections. The total capacitance

for the network of Fig. 6.8 is

00 00

which is equal to the series capacitance in the network of Fig. 6*7, and is

also the sum required by energy considerations when the network and

P
transmission line are charged to the

same constant potential.

? ^ r
^ ^ It is difficult and tedious to obtain

-p p^ solutions for the current-pulse shapes
o i ] to be expected on resistance load when

Fig. 6-8.—Two-terminal network to . ^ x xi x-

simulate an open-ended transmission USing more than twO Or three Sections

line, obtained by rational-fraction ex- for the networks of Fig. 6*7 Or Fig. 6*8.
pansion of the admittance function. tt x • i iHowever, certain conclusions can be

drawn from other considerations. For the network of Fig. 6-7 with a finite

number of sections, it is clear that the current at the first instant (on

matched resistance load) is double the matched value.

The nature of the pulse to be expected for the network of Fig. 6-8 with

a finite number of sections can be investigated by calculating the input

current when a unit step voltage from a generator of zero internal imped-
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ance is applied to the network. This is a particularly simple calculation

as each network section acts as an isolated unit, and the total current is

simply the sum of the currents for the individual sections. The current

for the rth section is

4 . (2r - l)7r t

(2r - l)7r 2 \/L^'

and the total current is then

i{t)

V

4 fC^- V 1 . (2r - ly t

V yjl.x Z/ (2r - 1) 2
r = 1

(24)

Equation (24) with n —> oo is the Fourier-series expansion for a
rectangular wave of amplitude \/Cx/Ly and period 4 \/LnCk, that is,

the waveform that would be obtained for the original transmission line.

The degree to which the Fourier series, Eq. (24), converges toward a

rectangular wave determines the extent to which the network simulates a
transmission line. The convergence of a Fourier series is uniform in any
region for which the original function is continuous (and has a limited

total fluctuation), but is ""xonuiiiform in any region containing a point of

ordinary discontinuity. In the present instance, the only points at

which trouble might be expected are the points of discontinuity which

occur at ^ = 0 and at integer multiples of t = 2 -s/LnCn. Hence, the

convergence of the series should be investigated near these points.

Denote the sum of the series (24) by Sn{t). Then, it can be shown that,

at time t slightly greater than zero,

lim ,S„(0+) = i ^ dd = 0.926.
n—> 00 ^ J 0

“

Hence the maximum instantaneous current is given by

1.179 (26)

Thus, the current rises initially to a value about 18 per cent above the

value that would be obtained for an actual transmission line, and at this

point the network fails in its simulation of the transmission line. A
similar effect occurs iov t = 2 \/LnCn ± e, where e approaches zero.

An overshoot of the same type occurs when using a finite number of net-

work sections. (This overshoot effect of the Fourier series near a point

of ordinary discontinuity is known as the Gibbs phenomenon.)

It is clear then that the networks of Figs. 6-7 and 6-8 fail to give a

rectangular wave in that substantial overshoots occur near the beginning
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and end of the wave, even though the number of network sections is

increased without limit.

The response of the networks of Figs. 6*7 and 6-8 in a pulse-generating

circuit is similar, in a general way, to their performance in the rectangular

wave-generating circuit just discussed, except that a single pulse is pro-

duced instead of a continuing rectangular wave. When using a large

number of sections of Fig. 6*8 and any number of sections of Fig. 6*7, this

single pulse exhibits the same overshoot phenomenon near its beginning,

and the amplitude of the overshoot is not reduced by increasing the

number of network sections. The pulse shapes produced on resistance

load by the netAvorks of Figs. 6*7 and 6*8 are only approximately the

same for a finite number of sec-

tions, but become identical as n ap-

proaches infinity (for an infinite

number of sections).

The pulse shape produced by

the network of Fig. 6*7 with a finite

number of sections has a high initial

spike because the network has no

series inductance, consisting merely

of a series of anti-resonant sections

and a series condenser. This spike

is illustrated in the experimental

pulse shape of Fig. 6*9 obtained with

a six-section network; the pulse shape is a poor simulation of a rectangu-

lar pulse. The high initial current is clearly in evidence, and is followed

by a series of damped oscillations. The initial current does not reach twice

the matched value as theoretically expected because of the distributed

capacitance of the load and the initial voltage drop in the hydrogen-

thyratron switch used in the experi-

mental pulser. In contrast, it may
be noted that the network of Fig.

6*8, which consists of resonant sec-

tions in parallel, does have inductance

in series with all the condensers. The
initial current must therefore be zero,

and there is not likely to be a high

current spike as long as the Uumber

of sections is not very large. This

premise is corroborated by the shape

of the experimental pulse of Fig. 6*10, taken for a six-section network.

Figure 6* 11a shows the same pulse photographed with a slower sweep

speed; Fig. 6*116 shows the effect of mismatching the load resistance Ri,

1C«5
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Fig. 6*10.—Voltage pulse shape for the
six-section network of Fig. 6*8.

Fig. 6-9.—Voltage pulse shape obtained with
the network of Fig. 6*7.
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(a) Ri = Zn. (b) Ri = 2Zk.

Fig. 6-11.—Voltage 'pulse shapes ob-
tained with network of Fig. 6*8 as seen
with a slow sweep speed.

In this case, Ri =s 2Zjv, or twice the characteristic impedance of the net-

work. The steps on the pulse tail are well defined, and four of them are

clearly visible. A comparison of this pulse with the corresponding ideal

pulse that would be produced by a lossless transmission line, as shown in

Fig. 6-36, reveals a very close similarity. Therefore, for a line-simulating

network of the admittance type, it may be concluded that the generated

pulse shape on resistance load is

good for a finite, but not very large,

number of sections. It has been

shown that a very large number of

sections produces overshoots on the

pulse. The six-section network ap-

pears to have an insufficient number
of sections to produce the optimum
pulse shape, as is indicated in Fig.

6* 10 by the fact that the initial peak

is somewhat lower than the average

top of the pulse. An increase in the

number of sections would be expected to bring the first peak up to the

average top of the pulse and, for a large enough number of sections,

above that average. It is, therefore, to be expected that some inter-

mediate number of sections produces the optimum pulse shape.

6-3. Guillemin’s Theory and the Voltage-fed Network.—The results

of the preceding section show that networks designed to simulate a

lossless transmission line have limitations of a fundamental nature. In

the generated pulse these limitations are evidenced by overshoots near

the beginning of the pulse and excessive oscillations during the main part

of the pulse as evidenced by Fig. 6*9. Guillemin correctly diagnosed

these difficulties as being due to the attempt to generate a discontinuous

pulse by means of a lumped-parameter network. In other words, the

ideal rectangular pulse generated by a lossless transmission line has an

infinite rate of rise and fall, and cannot be produced by a lumped-param-

eter network.

Guillemin^ then argued that, inasmuch as it is impossible to generate

such an ideal rectangular pulse by means of a lumped-parameter network,

the theoretical pulse that is chosen should intentionally have finite rise

and fall times. Mathematically, this condition means that the dis-

continuity in the pulse shape is eliminated, and that the Fourier series for

the generated wave has the necessary property of uniform convergence

throughout the whole region. The property of uniform convergence

insures that overshoots and oscillations in the pulse can be reduced to

^E. A. Guillemin, Historical Account of the Development of a Design Pro-

cedure for Pulse-forming Networks,” RL Report No. 43, Oct. 16, 1944.



190 THE PULSE-FORMING NETWORK [Sec. 6-3

any desired degree by using a sufficient number of sections. The intro-

duction of an arbitrary pulse shape leads to a new difficulty, however, in

that the impedance function necessary to produce the given pulse shape

is unknown.

The logical way to determine the impedance function would be to

use the basic circuit of the line-type pulser and work backward from the

specified pulse shape to the impedance

function necessary to produce it. This

procedure proves too difficult, how-

ever, and instead, the steady-state

problem for the circuit of Fig. 6T2 is

solved. The alternating-current wave
shape produced by this circuit is spe-

cified to be similar to the pulse shape

desired. It is then assumed that the

network determined on this basis will, when used in the basic line-type

pulser, produce a pulse shape reasonably close to the desired form. This

assumption has proved surprisingly valid in practice.

There is a wide choice of reasonable pulse shapes possible. Two of

those originally discussed by Guillemin are shown in Fig. 6T3a and h.

Voltage-fed

pulse-forming

Switch network

T-

Fig. 6*12.—Circuit for producing a

specified steady-state alternating-cur-

rent wave similar to the desired single-

pulse shape.

(a) Trapezoidal alternating-current wave. (6) Alternating-current wave with flat top
and parabolic rise and fall.

Fig. 613.

The rising portion of the wave in Fig. 6T36 is formed by an inverted

parabola and joins smoothly to the flat top of the wave; the falling

portion is similar but reversed. The equation for the parabolic rise is

Ii ar aV (26)

• The Fourier series for these waves may be found by the ordinary

method as follows:

Case 1. Trapezoidal wave. As i{t) is an odd function, the series

contains only sine terms, and there is no constant term. Then

i{t)

CO

sin
pirl

T
(27)
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, 2 /’’’
i{t) . virt ,

Op sin— dt,
r Jo h T

and i(t) is defined by the equations

ar ^ t ^ T.

The indicated integrations for 6^, yield

, 4 sin vira , 1 o r
bp ) where v = 1, 3, 5,

VT vira

(28)

(29)

(30)

Case 2. Wave with flat top and parabolic rise and fall. Again i{t)

is an odd function, so that only sine terms occur in the Fourier series.

Again,

i{f) = 1

1

where

and i(t) is defined by

hp =

. VTt
I 7 bp sin —>
U=1

2 /’’
i{t) . virt ,

-
/

sin— dty
T Jo J-i r

A O.T aVV

^ = < 1, ar ^ t ^ T - ar, (31)

T — ar ^ t ^ T.

From these equations, bp is found to be

hp =

V7ra\

I

sin

VTT \ vira
where v = 1, 3, 5,

• (32)

It is of interest to note that the order of convergence of the several

waveforms considered is

Rectangular wave like -

Trapezoidal wave like ^

Wave with flat top and parabolic rise and fall like
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These results could have been predicted from the general theory of the

Fourier series. Likewise, it can be predicted that the Fourier series for a

wave that has continuous derivatives up to order n, but a discontinuous

nth derivative, Avill converge like 1/

Determination of Parameters of the Admittance Network Requir^ to

^ ^
Generate a Specified Steady-state Waveform.—Each

j

—

0-^0 term of the Fourier series, Eq. (27), consists of a

ily sine wave of amplitude bv and frequency v/2t. Such
^ i C„ a current is produced by the circuit of Fig. 6T4.

Fig. 6-14.—Cir-
cuit generating a

sinusoidal steady-

state current.

V = 1, 3, 5,
• • •

. (33)

The value of and Cp may be determined by com-

parison with the coefficients of the Fourier series, Eq. (27), which gives

where Zn = Vn/Ii, and may be called the characteristic impedance of

the network.

The resultant network required t ^ T 1

to produce the given wave shape a ^3 i^n-2 i^n

consists of a number of such reso- X^- X^X^
1

^1 ^3 'T^ 2

[__ [
I

shown in Fig. 6-15. The values of Fig. 615.-Form~of "voltage-fed net-

hpj Lpj and Cp for the several waves work derived by Fourier-series analysis of

- j. 1 • • rr ui ^ 1 a specified-alternating-current waveform,
studied are given in 1 able 6 - 1 .

Networks of the parallel admittance type derived above are often

inconvenient for practical use. The inductances have appreciable

Table 61.

—

Values of &y, Lp
,
and Cp for Network of Fig. 6- 15

Waveform bp Lp Cp

Rectangular

t

VTT

ZffT

4
_4 T

__

yV* Zn

Trapezoidal 4 /sin »»7ra\ ZnT 4 r sin wa
VTT \ pwa ) ^/sin i/7ra\

V VTra )

v^TT^ Zn wa

Flat top and parabolic rise and
4

(

'sin J»'xaV ZnT 4 r /sin JjfTraV
fall

vir \ /sin 1

)

v^TT^ 2'iv.\ \vTra )
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distributed capacitance, which in effect shunts them and therefore tends

to spoil the pulse shape, whereas the condensers have a wide range of

values which makes manufacture difficult and expensive. Therefore,

it is desirable to devise equivalent networks that have different ranges of

values for capacitance and inductance.

Theoretically, it is possible to determine a large number of equivalent

networks. The methods for carrying ojit the determinations are all

based on mathematical operations on the impedance function of the net-

work.^ From the mathematical point of view, the impedance function

completely characterizes the network, and all networks that have the

same impedance function are equivalent. The determination of equiva-

lent networks is therefore primarily a mathematical problem.

Equivalent Network Derived by Easterns Reactance Theorem.—The
admittance function for the network of Fig. 6T5 may be written by
inspection, and is

n

>'=1.3, . . .

The right-hand member of Eq. (35) can be converted into the quotient of

two polynomials the denjminator of which is the product of all the

denominators in the sum. Then, by inverting the quotient thus found,

the impedance or reactance function, Z(p), is determined, that is.

Z{p) = 1

Y{p)

n {L.c,p^ + 1)

v= 1,3, . . .

n n

^ C.P n (LyCyP^+l)
>' = 1 ,3 , . . . Y = 1 ,3, . . .

7 = is omitted

(36)

The numerator is of degree 2n and the denominator of degree 2n — 1

;

consequently, Z{p) has a pole at infinity as well as at zero. The zeros of

Z{p) are the poles of F(p), as must be true from circuit theory. The

poles of ^(p) must be found by carrying out the indicated operations and

finding the roots of the resulting polynomial. As usual, the labor in

finding these roots may be heavy.

The function Z{p) may then be expanded in partial fractions about its

poles, and an expression of the following form is obtained

:

2n-2

I
= 2,4, . . .

AyP

ByP^ + 1
-|- A^nP- (37)

^ For a detailed discussion of equivalent networks, see E. A. Guillemin, Communi-

cation Networks, Vol. II, Wiley, New York, 1935, pp. 184-221.
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Equation (37) represents the impedance function for the network of

Fig. 6*16. By inspection,

rgygw) HnnsV)
~ -^2ft = ^2n, (38)

r ^0
^2n

shown that the remain-

H{— H{— ing elements are given by
C2 C211-2 A

Fig. 6-16.—Form of network equiva- n — /'QO^
lent to that of Fig. 6-15 derived by Ly = A Cy ~ * (39)

Foster’s reactance theorem.

The values for Cn and L 2n are found from Eq. (35) by noting that

and that

= lim - Y(p)
P-^OP

lim pY{p) =

Thus, Cn is equal to the sum of the C/s shown in Fig. 6T5, andL 2 ft is equal

to the inductance of all the L/s in parallel.

Equivalent Networks Derived by Cauer^s Extension of Foster's Theorem.

Two additional forms of physically realizable networks may be found

by making continued-fraction ex-

pansions of the reactance or admit-
^

Av
tance functions and identifying the III L

coefficients thus obtained with net- z— >?/2 >?/4

work elements. The continued- Ilf f
fraction expansion represents a ® ^ * ^

'

ladder network, as can easily be continued-fraction impedance function,

seen by forming the impedance

function, Eq. (41), for the ladder network of Fig. 6T7 by the method

commonly used in finding a-c impedances:

Z = Zi z

^4 + •

^n-1 +
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An equation of the form of Eq. (41) may be formed from Eq. (36) by
dividing the denominator of Eq. (36) into its numerator, which gives Zij

inverting the remaining fraction and dividing again, which gives 2/2 ,
and

continuing this process. The first division to find Zi gives by inspection

Zi = Ljp, where^ =

*'=1,3, . . .

and is equal to the series inductance of the Foster network of Fig. 6T6.

When the network involves more than a very few sections, this process

can, from a practical point of view, be carried through only with numerical

coefficients. It can be shown, however, that the network of Fig. 6T6
always yields a network of the form of Fig. 6T8.

L\ L’3 LVio—'Tjwo’o"'—^w0 diT'

—

t -t—'Tiircnnr'

—

1

z-

o—

_L
'C4 ck

Fig. 6-18.—Form of network equivalent

to that of Fig. 6*16, derived by eontinued-

fraction expansion of the impedance
function.

Fig. 6-19.—Form of network equiva-
lent to that of Fig. 6-15 derived by
continued-fraction expansion of the
admittance function.

A network of the admittance type, shown in Fig. 6T5, can also be

transformed into a ladder network by an exactly similar process, starting,

however, with the admittance function Eq. (35) rather than with the

reactance function. The form of the network thus obtained is similar to

that of Fig. 6T8, except that the inductances and capacitances are inter-

changed, as is shown in Fig. 6T9. The values of C[ and L' can be deter-

mined by simple means, for it is clear from Eq. (34) that

n
'

that is. Cl is the sum of all the capacitances C\ of Fig. 6T5.

from Eq. (34),

LL
lim pY{p) =
p— 00 X

1,3, .•

Lj

Likewise,

(43)

Summarizing the discussion on equivalent pulse-forming networks,

it may be said that three additional canonical forms of networks that are

equivalent to the admittance network of Fig. 6T5 can be found by

mathetnatical operations on the admittance and impedance functions.
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Many more equivalent networks can be found by combining these

mathematical operations in various ways, but most of these additional

networks are of only limited interest. The form or forms of networks to

be used in practice are determined by such practical considerations as

ease of manufacture and specific pulser requirements.

Networks of Equal Cwpacitance per Section.—The most important

pulse-forming network obtained by combining the canonical network

forms is the type shown in Fig. 6*20,

which has equal capacitances. From
the standpoint of mass production

in manufacture, it is highly desira-

ble to have all capacitances of equal

value. This is particularly true for

high-voltage networks because the

condensers for these constitute by
far the most difficult and expensive item to manufacture. The net-

work of Fig. 6T8 has capacitance values that are not very far from equal,

and is therefore chosen as the starting point in deriving the network of

Fig. 6-20. The network derived under the condition that the capaci-

tances be equal may be expected to have inductances in the shunt legs

to compensate for the altered values of the capacitances. If the actual

capacitance in a given shunt leg is increased in transforming from the

network of Fig. 6T8 to that of Fig. 6*20, the compensating inductance

may be expected to be negative, and vice versa. The detailed procedure

for the derivation of the equal-capacitance network is described below.

The capacitances of Fig. 6*20 are all known, each being equal to

Cn/u where Cn is the total energy-storage capacitance, whereas the

inductances are all unknown. The admittance and impedance functions

for the network are the known functions specified by Eqs. (35) and (36).

In the unknown network of Fig. 6*20 it is noted that, if an impedance

Lip is subtracted from the impedance function Z(jp) so that

Zi(p) = Z(p) - Lip, (44)

a zero of Zi(p) appears—that is, the series combination of L 12 and C
corresponds to a zero of Zi{p) or to a pole of Yi{p) = \/Zi{p). The

Cx)
admittance of the series combination of L12 and C is 7 .

* Hence,
LuCp^ + 1 ’

the poles of Yi{p) corresponding to the L12 and C resonant section must
be given by

and Fi{p) can be expressed in the form

Fig. 6-20.—Pulse-forming network having
equal capacitances.
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Fi(p)
ai + a2

P - Pi P + Pi
+ Y2(p),

where F 2 (p) is a remainder admittance function regular at ±pi.
The constants ai and can be found by algebra, for

ai

Likewise,

lim (p - pi)Yi(p) = lim
V-^Vi

1

p ~ Pi

Z{p) - Lip

1

A.
dp [^(p) ^iP]p=pi

Z'ipi) - Li

1

197

(45)

Since Z'{p) is a function of p-, as may be seen by differentiating Eq. (37),

tti = 02 = a. Thus Yi(p) can be expressed as

(46)

The first term of the right-hand member of Eq. (46) must be the admit-

tance of Li 2 and C in series, so

Cp
Li2Cp“ + 1

p^ +
1

L 12C

2ap

P^ - Pi
(47)

The identity (47) gives the following two equations for determining

the two unknowns pi and L^:

and

1 _Z'{pr)-Lr
2a 2

(48a)

1

L12C
(485)

where p\ is a root of Z{p) — Lip = 0; thus, Li = Z{pi)/pi. From Eq.

(36) it is evident that the roots oi Z(p) — Lip = 0 are all of the form

p?, and that there are n such roots. The root pi is found by eliminating

Z/12 between Eqs. (48a) and (485), and is given by

(49)

Since the value of C is known and only pi is unknown, Eq. (49) deter-

mines pi.
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Then

r Z{n)—

’

Pi
(50a)

(50b)

It is clear that Lu is negative for all cases for which pf is positive, and

vice versa. In order to examine further the sign of the root pf, suppose

that Zi(p) is expressed as the ratio of two polynomials—which is always

possible—that is,

Zi(p)
N(p^)

D(p)‘

The coefficient of the leading term of N(p^) then contains the factor

(L[ — Li), where L[ is the first inductance in the network of Fig. 6T8.

All the other factors for all the coefficients of the polynomial N(p‘^) are

positive because they are comprised of combinations of the inductances

and capacitances of the network. By Descartes’ rule of signs, N(p^) = 0

can have no positive roots unless the coefficients of its terms have at

least one change of sign when considered as a Sequence. This change of

sign can occur only if (L[ — Li) < 0, that is, if Li > L[, in which case

there is a single positive root. Hence, if p\ > 0, it follows that Li >
for which condition Lu is negative.

The nature of the root p\ may also be seen by expressing Eq. (49) in

a somewhat different form. For this purpose it is noted that

z(p) ^ ^
d \z(py

L V _

Z'iv) ^ = V
p ‘ dp

If the form of Z(p) given by Eq. (37) is used,

2n — 2

Z{v) ^ 4- V
p L4 Byp"^ + 1

^'==2,4, . .

A 2

and

dpy p Jj

-2A,

v\

- 2

2n-2

z
1^ = 2, 4, . . .

AyB,p\

{B,p\ + ly

Using this result, Eq. (49) becomes

2n-2

^
= Ao +

>'= 2,4, ..

A,B,p\

{B.p\ + 1)^’ (51 )
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or, as ilo = 1/Cn and 1/C = n/C^

2n-2
n -*1 _ Y
Cn ~

2^ \

V = 2,4

A yBpJ)^

{B.VI + 1)^‘ (52)

The range of variation possible for G may be found by letting pf vary
between zero and infinity. The limits are

1 _ j _ 1

C Cm
when p\ = 0,

2n-2

2 = ± + J_ + l +C l /nr I /nr I

AT 0 2 0 4
+

1

*' = 2,4, . .

when Pi —> ,

The C/s are for the network of Fig. 6T6. Inasmuch as the series induct-

ance L^n of the network of Fig. 6T6 is equal to L[ of Fig. 6T8, it is clear

that the first capacitance of the latter network must be given by

1i = ± + i + i- +C / /n • /nr I /nr I

2 OAT 02 04

Thus C must satisfy the ir equalities

1

+
C2n-2

or

/nr /nr/^
N O O 2

C^ < C < Cn. (53)

In particular, it is noted that

C' < C = —
n

is a condition to be satisfied if pf is to be a positive root of N(p^) = 0.

The foregoing procedure serves to determine L12 and Li, and reduces

the degree of Zi(p) by 2. The whole process may then be repeated on

the remainder function Z2(p) = 1/F2(p), where F2(p) is defined by Eq.

(46), and L2 and L23 are thereby L23 ^11 -\n

determined. A new remainder

function Z3(p) = 1/F3(p) is left,

and the whole process can be re-

peated again and again until all

of the roots are exhausted.

Since negative inductance can

be realized physically by the use of

o—
Lj-L,

qrjpnnnnp

I ^n^n-\.n\

a

Fig. 6-21.—Equal-capacitance mutual-
inductance network equivalent to that of

Fig. 6*20.

mutual inductance, the network of Fig. 6-20, in which the inductances

/^i2, ^23,
* *

• ^(n-i)n are negative, may be realized by a mutual-induct-

ance network of the form shown in Fig. 6-21. The latter network, how-
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ever, is a very practical form because all the inductances, including the

mutual inductances, may be provided by winding coils on a single tubular

form, and the condensers may then be tapped in at the proper points.

Design Parameters for Guillemin Networks ,—As has been seen, there

are only a few canonical types of network that simulate rectangular

waves. In contrast, Guillemin's networks have a pulse-shape parameter

(a in the formulas) which is, in effect, the fractional rise and fall time of

the generated pulse. This parameter may be chosen arbitrarily to have

any value between zero and one-half. The value zero corresponds to

the rectangular pulse and the value one-half corresponds to a triangular

pulse. The number of network sections required to simulate the pulse

shape corresponding to any given value of a is more or less in inverse

proportion to a, that is, a one-section network is satisfactory for a =
whereas a very large number of network sections are required to give a

rectangular pulse shape, corresponding to a small value of a.

In addition to the parameter a, there is another factor in Guillemin

networks which may be varied, namely, the shape of the rising and falling

sections of the pulse. The treatment herein has been limited to pulse

shapes having linear and parabolic rising and falling sections. A great

many more types are possible, but it does not appear profitable to con-

sider them here. Pulse shapes having rapid rates of rise can be satis-

factorily generated by networks that simulate trapezoidal pulses having

small values of a; pulse shapes having slower rates of rise are satisfac-

torily produced by networks that simulate parabolic-rise pulses having

somewhat larger values of a.

The first Guillemin networks were designed on the basis of a trape-

zoidal pulse shape having a rise time of approximately 8 per cent. Both
five- and seven-section networks were built, but the improvement of

the seven-section over the five-section network was very slight. No
more than five sections are therefore necessary to generate a pulse having

an 8 per cent rise-time parameter. Elimination of the fifth section was
found to have an appreciable, although small, deteriorating effect on

the pulse.

The number of network sections necessary to give good pulse shape

can be estimated with fair accuracy by observing the relative magnitudes

of the Fourier-series coefficients for the corresponding steady-state

alternating-current wave. In the case of the five-section network just

discussed, the relative amplitude of the fifth to the first Fourier coefficient

is 0.04 and that of the sixth to the first is 0.02. In this case, the elimina-

tion of all harmonic components having amplitudes relative to the funda-

mental of 2 per cent or less has an inappreciable effect on the pulse shape,

whereas the effect of eliminating the 4 per cent harmonic is appreciable

although still small.
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The basic network derived by the Guillemin design procedure is

shown in Fig. 6T5, and consists of a series of resonant LC-elements con-
nected in parallel. Design parameters for the first five sections of a
network of this type, as well as the corresponding Fourier-series coef-

ficients, are given in Table 6*2 for pulses having both linear and parabolic

rise and fall, and for a range of values of the rise-time parameter a.

0.0893 0.0202 0.0075 0.0026

0.0632 0.0658 0.0774

0.456 0.054 0.009 0.0012 0.000076

Fig. 6*22.—Equivalent forms for five-section Guillemin voltage-fed network. Multiply

the values of the inductances by Znt and the values of the capacitances by rlZn, The
inductances are in henrys and the capacitances in farads if pulse duration r is expressed

in seconds and network impedance Zn in ohms.

It may be noted that a few negative values of inductance and capacitance

are listed for a trapezoidal pulse with a = 0.20. These negative values

are, of course, not realizable in a physical network.

Equivalent networks can be derived from the values listed in Table

6*2 by the mathematical procedures outlined above. A set of equivalent

networks for the five-section network producing a trapezoidal pulse with

a rise time of about 8 per cent is shown in Fig. 6*22.

Examples of one-, two-, and three-section networks, all for pulses
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with parabolic rise and for various values of the rise-time factor a, are

shown in Fig. 6*23. The two- and three-section examples are of the type
known as type A. and consist of one or more antiresonant sections in series

with an inductance and a storage condenser. Calculated pulse shapes

produced on a matched resistance load by these three networks are shown

0.308
0

1( rwvw—o
0.329

(a) One-section, a = 0.50.

0256
(5) Two-section, a = 0.33.

0.0768 0.0118

0.415

0.232 0.382

(c) Three-section, a = 0.25.

Fig. 6*23.—Theoretical parameters of one-, two-, and three-section type-A voltage-fed

networks for parabolic rise. Multiply the inductances by Zjvr and the capacitances by
T /Zn. The inductances are in henrys and the capacitances in farads if pulse duration t

is expressed in seconds and network impedance Zjsi in ohms.

a—
1(

in Figs. 6*24, 6*25a, and 6*26a respectively. The calculated pulse shape

for the five-section network of Fig. 6*22 is shown in Fig. 6*27.

Considerable improvement in the pulse shapes from networks of

more than one section can be produced by slight departures from the

theoretical values of the parameters. Figure 6*256 shows the improve-

ment over Fig. 6*25a resulting from a 15 per cent increase in the series

inductance, and Fig. 6*25c shows the

further improvement resulting from a

5 per cent increase in the capacitance

of the storage condenser. Figure

6*266 shows the improvement over

Fig. 6*26a* resulting from similar in-

creases in inductance and capacitance

in the three-section network. The

fact that these improvements can be

made is perhaps an indication that the

correspondence between the steady-

state waveform and the transient pulse, which was assumed to be exact,

is in reality only approximate.

Design Parameters for Equal-capacitance Networks ,—The physically

realizable form of the equal-capacitance network in Fig. 6*22 is shown in

Fig. 6*28. The values of inductance given in Fig. 6*28 are obtained from

those given for the type D network in Fig. 6*22 by making the algebraic

sum of the inductances around corresponding meshes the same in the two

cases. As has been stated, all the inductances and the mutual induct-

Fig. 6’24*.—Calculated pulse shape for

the one-section network of Fig. 6*23a.
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(o) Theoretical parameters.

t/T
(6) Z/4 increased 16 per cent from theo-

retical value.

Fig. 6*25.—Calculated pulse shapes for

t/T

id) Theoretical parameters.

t/r
(c) Z/4 increased 16 per cent, Cjv increased

5 per cent from theoretical value.

(X= Parabolic rise.

the two-section network of Fig. 6*236.

t/r

(6) Le increased 21 per cent, Cn increased 4
per cent from theoretical value.

a=:
I parabolic rise

Fig. 6*26.

—

Calculated pulse shapes for the three-section network of Fig. 6*23c.
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ances may be obtained by winding coils on a single tubular form, and by
adjusting the spacing between successive coils; however, care must be
taken to insure that mutual-inductance effects between alternate coils

are negligible.

The networks derived from the

theoretical type D network by re-

placing the negative inductances

in series with each condenser by
mutual inductances between ad-

jacent coils are normally referred

to as type E networks. Experi-

mental work done in early 1942

by J. R. Perkins proved the valid-

ity of the assumptions made in

designing networks with induct-

ances as given in Fig. 6-28. Further simplifications can be made, how-
ever, by noting that the values of the inductances of the three center

sections and of the mutual inductances from section to section are very

nearly equal. It has been found in practice that they can be made equal

without affecting the pulse shape appreciably.

One way of reducing a type E netvv^ork to this latter physical form

consists in winding a continuous

solenoid in such a way that its

total inductance Ln = tZn/2.

The total network capacitance,

Gn — t/2Zn, is divided equally

between the sections, and each

condenser is connected to a tap

on the solenoid. The taps are

located to obtain equal inductance

for all sections except the ends,

which should have 20 to 30 per

cent more self-inductance, and the

ratio of length to diameter of the

coil is chosen by a method involv-

ing the use of Nagoaka’s function

to give a mutual inductance which

is 15 per cent of the self-inductance

of each center section. The relative values of inductance and capacitance

obtained by this method show good agreement with those given in Fig.

6’28, and networks of five or more sections built in this manner give

excellent results. The same pulse shapes can be obtained, however, by

the use of coils judiciously designed and located, as long as the sum of

vD
00
ir>

Ao/-

o
rv
VO

d
A

0:0801^^.067i_0.0668_^0.0711^0.0805

0.0910 0.0910 0.0910 0.0910 0.0910

Fig. 6-28.—Equal-capacitance mutual-

inductance network equivalent to the equal-

capacitance network in Fig, 6-22. The
inductances are in henrys and the capaci-

tances in farads if the pulse duration is

expressed in seconds and network impedance

in ohms.

Fig. 6-27.—Calculated pulse shape for the
five-section network of Fig. 6-22.
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their self- and mutual inductances agrees closely with the values of

Fig. 6-28.

If networks of less than five sections are to be designed,, it is usually

found that it is no longer possible to obtain satisfactory pulse shapes by
using the same inductance per section. If the values corresponding to a

type D network are known, the necessary values of self- and mutual

inductances can again be computed, and the coils wound and spaced the

right distance to duplicate these values. Or, charts can be obtained

experimentally to determine the percentage inductance for each section

and the total mutual inductance required to give a pulse shape that has

certain characteristics of time of rise and ripple. The number of sections

in the network varies with the time of rise required for the particular

application: practical experience indicates that it is not always desirable

to obtain a very fast rise (see, for instance, discussion on magnetron mode-

changing in Chap. 10 of this volume and in Chap. 8 of Vol. 6); and, in

general, a shorter time of rise results in a ripple of higher amplitude on

the top of the pulse. Practical considerations involving the size of the

condensers and the inductances, as well as the effect of other pulser com-

ponents, make it generally undesirable to use a large number of sections

for very short pulses. Experience gained with type E networks shows

that optimum over-all results are usually obtained for the following

number of sections: 1 to 3 for pulse durations of less than 0.5 jusec, 2 to 5

for pulse durations from 0.5 to 2.5 /xsec, and 3 to 8 for pulse durations

from 2.5 to 5.0 Aisec.

To recapitulate, the Guillemin theory provides a means of designing

pulse-forming networks that duplicate accurately the pulse shapes nor-

mally required on a resistance load. It is then possible to compute the

actual pulse shape produced by the theoretical network and, by judicious

changes in some of the parameters, to approximate even more closely

the desired pulse shape.

The theoretical design procedure is likely to be lengthy, especially

for networks of more than two sections. In practice, therefore, it was
found easier to derive experimentally any variations from the Guillemin

design for a given pulse shape and number of sections, rather than to

work through the detailed theory for each variation. The experimental

procedure is necessary in any case to compensate for unavoidable sim-

plifications in the theory. Stray capacitances and inductances, the effect

of different qualities of dielectrics, the nonlinear and reactive character-

istic of the load, and losses in the network cannot be accounted for easily

in any kind of theoretical computation.

For instance, the pulse photographs of Fig. 6*29 show the modifica-

tions in pulse shape that can be obtained by altering some of the param-

eters of the network of Fig. 6*30. The first photograph shows the
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Fig. 6*29.—Effect of variations in the values of L and C on the pulse shape obtained
with a type E network. The numbered circuit points correspond to those shown in

Fig. 6-30.

desired pulse shape after the parameters of the network had been adjusted

experimentally. The next four indicate the effect of changing the value

of some of the parameters, and the ’

r^ . ^ .

xi rrxi' x
Pulse-forming network

last four show the effect of stray ca-
i

1

pacitance from various points of the r
j

coil to ground. The changes in
I

1

pulse shape obtained for small vari- \Zlvj/ i
I

ations in parameters indicate the
! _ _ _

'

ease with which it is possible to meet I T "T "T •

specific requirements, but they also
lo 40 ' '

show the necessity of holding the 5<AAAr^A/W-|^ |

values of elements to close toler- T ' '

... -=b- To synchroscope

ances and of minimizing the stray “
r

. Fig. 6-30.—Circuit diagram for Fig. 6-29.
capacitances.

64. Current-fed Networks.

—

Current-fed networks are distinguished

from voltage-fed networks in that the energy is stored in inductances

1 0
1

1 2 3

•J

1

1

1

10

1

40
1aaaA

To synchroscope

Fig. 6-30.—Circuit diagram for Fig. 6-29.
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instead of in capacitances. A current-fed network is therefore recharged

by building up a current in an inductance that is an integral part of the

network. Upon discharge, a portion of the built-up current appears in

the load in the form of a pulse whose shape may be controlled by varying

the network construction. The whole theory of current-fed networks is

entirely analogous to that of voltage-fed networks, except that the cur-

rent rather than the voltage plays the primary role.

As in the case of voltage-fed networks, it is instructive to consider

first those current-fed networks that produce ideal rectangular voltage

pulses on resistance load. The voltage across the resistance load for an

ideal rectangular pulse is defined by the function v{t)^

v{t) =
Vi, for 0 < ^ < r,

0, for t > T.

The corresponding Laplace transform, i^(p), is

v{p) = (1 - e-^). (54)

In solving this problem, it is simpler to consider the inverse case—that is,

the case for which the pulse is pro-

duced by charging the network in par-

allel with the load resistance from a

constant-current source. Since the

pulse produced by discharging the

network is identical with the charging

pulse, the two cases are equivalent as

far as determining the form of the

network is concerned.

The charging pulse is generated

by opening the switch S in the circuit

shown in Fig. 6*31. The Laplace-transform equation for the circuit

written on a current-node basis is

Current-fed

network of

ladmittance V(t)

i
Fig. 6-31.—Schematic circuit for

generating a rectangular voltage pulse
by charging a current-fed network and
a load of conductance Gi in parallel.

+ Gt) v{p) = (55)

where Fat is the network admittance, G[ is the load conductance, and In
is the initial current from a constant current source. Solving for Yk,

Y„ = In

pv{p)

Is

-Gi = Is

= Gi
GiVi

Viil

- 1 + e-*"

e-*^)

1 - (56)
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If the numerator and denominator are multiplied the terms
rearranged to introduce the coth function, there results

The constant In has been treated as known, but is in fact arbitrary.

Choosing
In = 2GiVi,

the expression for Yn reduces to

YN = Gi coth (58)

By substituting Eq. (58) in Eq. (55) and solving for v(p)j the unknown
quantity, it may be seen that In = 2GiVi is the correct choice for In^

The expression Gi coth pt/2 is recognized as the input admittance of a

lossless transmission line of characteristic impedance = l/Gi and of

electrical length t/2 when the far end of the line is short-circuited. The
required current-fed network must, therefore, be either a transmission

line of this type, or an electrical equivalent of such a line.

The functioning of the short-circuited transmission line in producing

the desired rectangular pulse may readily be understood in terms of the

elementary theory of wave propagation on such a line. At the instant

at which the switch is opened, the current lo from the constant-current

source divides equally between the line and the resistance load if the

resistances of the two are equal. A rectangular voltage wave of ampli-

tude iloZo travels down the line, is totally reflected with reversal of sign

at the short-circuited end, and travels back to the input end in a total

elapsed time of 2d = r. When the reflected wave reaches the input end,

the voltage there drops immediately to zero and remains zero thereafter

because the hne is properly matched by the resistance Ri = Zo^ and there

is no reflection at the input end. However, the line is fully charged with

magnetic energy because a constant cuf*rent of value lo is flowing through

it. The voltage pulse generated at the load during the charging period

clearly has an amplitude of ^loRi and duration 28.

If the circuit between the constant-current source and the transmis-

sion line is then broken, an exactly similar voltage pulse is generated by

the resulting discharge of the magnetic energy stored on the line. The

total energy stored on the line is iLo/J, where Lo is the total distributed

inductance of the line. This energy must be equal to that dissipated in

the load, or

^LJl = GiVh -
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which reduces to the relation

i. = (59)

The analogy between the transmission line used as a voltage-fed cur-

rent-pulse-generating source and as a current-fed voltage-pulse-generat-

ing source is ver}^ close. The far end of the line is open-circuited when
it is used as a voltage-fed network and short-circuited when it is used

as a current-fed network. In the first case, the line is charged to a volt-

age Fo, which produces a current pulse on matched load of amplitude

Vo/2Ri; in the second case, the fine is charged to a current /o, which

produces a voltage pulse on matched load of amplitude

Ip _ IpRi

^ “
“T"

Current-fed Networks Derived from a Transmission Line.—Current-fed

networks may be derived from the short-circuited transmission line by

methods exactly analogous to those used in Sec. 6*3 in deriving voltage-

fed networks from the open-circuited transmission line. A summary of

the networks thus derived is included, but the details of the derivations

are omitted as they are considered sufficiently obvious.

Current-fed Network Simulating a Uniform Line Derived by Rayleigh^

s

Principle.—This network, shown in Fig. 6-32, is identical in form to the

voltage-fed network of Fig. 6T5 except that the far end is short-circuited

instead of open-circuited.

Fig. 6-32.—Current-fed pulse-forming net- Fig. 6*33.—Current-fed network de-

work of the uniform-line type. rived by rational-fraction expansion of the
transmission-line admittance function.

Current-fed Networks Derived by Rational-fraction Expansions of the

Admittance and Impedance Functiorus of a Short-circuited Transmission-

line.—These are analogous to the similar networks derived by rational-

fraction expansions of the impedance and admittance functions for the

open-circuited transmission line. The network derived by expanding the

admittance function

F = Fo coth ^
is shown in Fig. 6*33.
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Similarly, the network derived by the rational-fraction expansion of

the impedance function

Z = Zq tanh ^
is illustrated by Fig. 6*34.

Current-fed Networks of the Guillemin Type .—The theory of the

Guillemin current-fed network is similar to that of the voltage-fed net-

work, except that the roles of the voltage and current are interchanged.

Instead of generating a specified steady-state alternating current by
applying a constant-voltage source to the unknown voltage-fed network.

Z X z.
Fig. 6*34.—Current-fed network de-

rived by rational-fraction expansion of the
transmission-line impedance function.

<$) y

Fig. 6-35.—Circuit for generating a spec-
ified alternating-voltage wave similar to the
desired single-pulse shape.

Current-fed

puise-forming

network

a specified steady-state alternating voltage is generated by applying a

constant-current source to the unknown current-fed network. Compare
the circuit of Fig. 6T2 with that of Fig. 6*35. The alternating-voltage

wave in this case is started by opening the switch rather than by closing

it as in the case of the voltage-fed network.

A Fourier-series expansion is made for the specified alternating-

voltage wave shape and the coefficients of the resulting series are identified

wdth the network of Fig. 6*36.

The voltage across the I'th anti-

resonant section is given by

= (60)

A comparison of Eq. (60) with Eq.

(33), which is the corresponding

expression for the voltage-fed network, shows that the two are identical

in form with the exception that In appears in Eq. (60) instead of Fv and

that Lp and Cp are interchanged. All of the results derived for the volt-

age-fed network may be immediately applied to the current-fed network

by making the changes stated in the previous sentence.

In particular, the values of Lp and Cp are given by the equations

nm

HH Mh HH
Fig. 6*36.—Form of current-fed net-

work derived by Fourier-series analysis of

a specified alternating-voltage waveform.

ptYn

ZNrbj,

VK
(61 )
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and

tYn _ r

why VrbyZN
(62)

The parameter values given in Tables 6*1 and 6*2 for the voltage-fed

network of Fig. 6*15 apply directly to the current-fed network of Fig.

6-36, provided that the L/s and CyS are interchanged and the induct-

(Type D not physically realizable)

Fig. 6-37.—Equivalent forms for five-section Guillemin current-fed networks. Multi-
ply the inductances by Znt and the capacitances by tIZn. Inductances are given in henrys
and capacitances in farads if the pulse duration r is in seconds and the network impedance
Zn is in ohms.

0.329

(a) One-section, a = 0.50. (b) Two-section, a = 0.33.

(c) Three-section, a — 0.25.

Fig. 6*38.—One-, two-, and three-section type A current-fed networks. Multiply the
inductances by Zyr and the capacitances by r/Zy. Inductances are given in henrys and
capacitances in farads if the pulse duration r is in seconds and the network impedance
Zy is in ohms.
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ances are written in terms of t/Fjv = Z^t and the capacitances in terms
of Fwt = t/Zjv. As an example, reference to Table 6T row 1 gives the

following values for the corresponding current-fed network

L, =
vV’

Likewise the voltage-fed networks shown in Figs. 6-22 and 6-23 can
be transformed to current-fed networks by following an identical pro-

cedure. The current-fed networks thus derived are shown in Figs.

6*37 and 6-38. The five-section networks are correspondingly designated

in Figs. 6-22 and 6*37. The type D current-fed network is not realizable

in physical form because some of the capacitances are negative. It is

therefore omitted from Fig. 6*37.

6‘6. Materials and Construction.^ Coils .—The losses in the coils of

a network can be determined by calorimetric measurement during opera-

tion, provided that the coils can be thermally insulated from the con-

denser elements. An alternate method is to calculate the frequency

Fig. 6*39.—Condenser-discharge currents in the four-section type-E network shown in

Fig. 6-40.

distribution of the currents in the various coils, and to determine the Q
of the coils at those frequencies either by calculation or by measurement.

The Q of a coil may often be calculated approximately with the use of

one of various empirical formulas which are given in handbooks. It

is usually much easier, however, to measure the Q of a sample on an r-f

bridge. The frequency distributions may be calculated from Table 6*2.

The calculation of losses in the coils and in the condensers of a type

E network during discharge may be simplified by the use of a single

effective frequency instead of the band of frequencies given by Table

6*2. The discharge currents in the condensers of a four-section type E
network are shown in the oscillogram of Fig. 6*39 as obtained with the

circuit of Fig. 6-40.

1 By P. R. Gillette.
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I J

Fig. 6-40.—Circuit diagram for

Fig. 6-39.

The following approximate method of calculating this effective fre-

quency leads to values of losses that are accurate enough for all practical

purposes, although the frequency itself may. be inaccurate. The actual

currents shown in Fig. 6*39 may be represented approximately by por-

Puise-formi'ng network tions of sine waves as shown in Fig. 6*41a.

The current in the end condenser is as-

j

sumed to consist oi two overlapping waves

' of fhe same form as those for the other

-r—J I ,

condensers. These waves may be added

j

^2 h h 1 to give the coil currents, as indicated in Fig.

I
'

6-41. The frequency of the sine waves,

I I

in terms of the number of sections and the

Fig. 6-40.—Circuit diagram for pulse duration, is given approximately by
the expression / = n/2r. The effective

frequency for the rise and fall of current is given to a similar degree of

accuracy—that is, to within a factor of tw^o—by the same expression.

The discharge currents in the coils may each be broken up into a

rising, a flat, and a falling portion, and the losses calculated separately

for each portion. The power dissipated in a coil during the rise and fall

may be calculated on the assumptions

(1) that the current is a sine wave of
| A '

period equal to four times the 'rise J AAAA AAAA
time and of peak amplitude equal to | X A A A \
the pulse amplitude, and (2) that the 5 / /y \/ y \/ Vy \ \
effective resistance is the a-c resist- ^ ^ ^ —
ance corresponding to the frequency (a) in the condensers,

of this sine wave. The power dissi-

pated during the flat portion of the i AAAAAAA
pulse may be calculated on the as-

1 / / / / \ \ ' \
sumption that the current is a direct

| j ! ‘
' \ ^ \

current of magnitude equal to the 5 / / \ \ \
pulse amplitude. The power dissi-

pated during the charging period may
be calculated on the assumption that e-ii.-simpUfied"' representa-

the current is a sine wave of frequency tions of currents in the elements of a

equal to half the pulse recurrence fre-
p^lse-formmg network.

quency. The total average power dissipated in the coil is the sum of the

values of losses computed as above.

In this way the correct wire size, the respective merits of solid,

stranded, and litz wire, and coil shapes (single-layer, bank-wound, etc),

may be determined. The power loss is usually a far more important

consideration than is current density in the choice of wire size. Losses

in coil forms may be reduced by the use of materials having low dielectric

Time

(a) in the condensers,

/ / \\\
Vlu

(h) in the coils.

Fig. 6*41.—Simplified representa-
tions of currents in the elements of a
pulse-forming network.
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loss and by the use of hollow rather than solid forms. Increasing the Q
of coils by increasing their size may cause difficulties unless care is taken
to keep the self- and mutual inductances constant.

In addition to the generation of heat, the effect of losses in the coils

is primarily to attenuate the high frequencies. A pulse with a smoother
top and a slower rate of rise is thus produced with coils of higher losses.

Condensers ,—A network that satisfies all electrical requirements can

be constructed of separate coils and standard mica condensers of suitable

current and voltage ratings. A bulky network results, however, because

of the problem of insulating the separate components, and also because

the current ratings of standard condensers are based on continuous

operation rather than on duty ratios of about 0.1 per cent. The expe-

dient of overrating smaller conventional condensers is dangerous because

they are designed with interdependent voltage and current ratings. It

has therefore been found necessary to develop new techniques in design

and construction. All components are put in one container, with com-

mon means of insulation. The condensers are designed to withstand the

high voltages, but have a smaller current-carrying capacity than is

ordinarily associated with such voltages.

Losses in the condenser elements can be calculated and measured by
methods analogous to those suggested for coils. The losses may be

measured calorimetrically, or the effective frequencies may be calculated

by one of the two methods outlined in the discussion of coil losses, and the

effective dissipation factor of the completed condenser either measured

or calculated for those frequencies. The effective dissipation factor

includes the losses in the dielectric, the foil, and the impregnant, Under

most conditions, the effective current through the condenser foils is well

within the current-carrying capacity of the thinnest commercial foils.

For high duty ratios and short pulse durations, where the skin depth is

less than the foil thickness, the foil resistance may become a limitation.

Dielectrics such as mica, oil-impregnated paper (hereafter referred to

as paper and a relatively new material known as diaplex have been

used successfully. Diaplex is an organic-inorganic material that was

developed as a substitute for mica, and has been used in a number of

special applications for which the requirements are especially stringent.

Paper, the material used most commonly in high-voltage condensers,

has found by far the widest application in network manufacture. Mica

and paper condenser elements are almost always oil-filled; diaplex units

are usually oil-filled, but it is also possible to use a plastic material as a

bonding medium.

In general, best results are obtained when the losses in a network are

evenly divided between the inductive and capacitive reactances. If

this rule is followed, it is generally possible to use paper dielectric for the
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condensers. In this case, the temperature-limiting constituent of the

condensers is the paper dielectric, and that of the coils is the enamel or

other organic insulation. If mica or diaplex dielectrics are used in the

condensers, and the coils are wound with glass-insulated wire, the phenolic

insulating members, impregnating oil, and solder become the tempera-

ture-limiting constituents. Mica or diaplex is therefore used as the

dielectric in high-temperature units, and special high-temperature types

of phenolics, oils, and solders are employed in the construction of the

networks.

A hot-spot^’ temperature, the maximum stable operating tem-

perature of the materials, is generally taken as a maximum both for

condensers and coils. In paper condensers, the amount (thickness) of

paper dielectric is determined by the hot-spot temperature, which is

usually 125°C. If the thickness of dielectric has been chosen with regard

to this temperature, the occurrence of corona in the paper may easily

be avoided by conventional methods. The same consideration applies

to diaplex at low and medium voltages. However, corona will appear at

the higher voltages if a liquid impregnant is used, apparently because

strong electric fields drive the oil out from between the layers of dielec-

tric material.

For mica condensers, the losses increase at a much greater rate than

the applied voltage, partly because of corona in the voids of the mica

itself. Hence, measurements made when the input power is low are not

adequate to determine the maximum power that can be applied without

exceeding the safe temperature for the other components. Mica is unique

among dielectrics in that corona of moderate intensity does not produce

chemical degradation of the dielectric, which would induce further losses.

In this respect, paper is by far the worst of the three types of dielectric

under discussion. Dielectric losses may also increase faster than the

applied voltage with materials other than mica. Hence, empirical life-

testing of the network is an important part of the design procedure.

Some of the electrical characteristics of mica, diaplex, and oil-impreg-

nated paper condensers are listed in Table 6*3.

Table 6-3.

—

Electrical Characteristics

*

Mica Diaplex Paper

Dielectric constant (25°C, 1 kc /sec) 6.7 4.8 3.8

0.2Dissipation factor (25°C, 1 kc/sec, %) 0.15 0.35

The variation with frequency and temperature of the capacitance and

dissipation factor of condensers constructed with the three different

types of dielectric is illustrated by the curves in Figs. 6*42 and 6*43.
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Whereas the dielectric constant of mica and diaplex is nearly inde-

pendent of frequency, that of paper decreases as the frequency is increased,

particularly at low temperatures. Therefore, the energy stored in paper

condensers of a pulse-forming network cannot be entirely removed in

high frequency components of the pulse shape. Thus, at low tempera-

tures, short pulses of 0.5 /xsec or less have a duration shorter than that

which is predicted from low-frequency measurements.

Fig. 6*42.—Variation of capacitance with frequency and temperature.

The dissipation factor of paper becomes very great at high frequencies,

indicating that, as the time delay per section is decreased, the propor-

tion of losses in a paper network increases rapidly. In a mica or diaplex

network this effect is not nearly so pronounced. The increase in dis-

sipation with frequency also causes the pulse from a paper network to

be more rounded than that from a similar mica or diaplex network.

The curve showing dissipation factor as a function of temperature leads

to the interesting conclusion, borne out in practice, that the losses in a

paper network are a minimum at 75®C.

To summarize, both mica and diaplex may be used to advantage in

small light-weight high-temperature units. Paper, because of its lower

maximum operating temperature, gives, in general, a more bulky net-

work. It may be used in the storage condensers of type A networks,

but the antiresonant sections usually require higher Q^s than may be

achieved with paper. Finally, the rapid decrease in dielectric constant

at low temperatures discourages the use of paper in units required to

operate at extremely low temperatures. Since paper is the least expen-

sive of the three dielectrics discussed, it is generally chosen for applica-

tions in which only a normal range of ambient temperature is encountered.
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After the type of dielectric to be used in a given network is chosen,

the required volume must be determined. This volume depends not

only upon the amount of energy to be dissipated, but also upon the

maximum hot-spot temperature that the dielectric can withstand in

normal operation, the efficiency of heat transfer from the dielectric to

Fig. 6-43.—Variation of dissipation factor with frequency and temperature.

the case, the efficiency of heat transfer from the case to the surroundings,

and the maximum temperature of the surroundings. The efficiency of

heat transfer from case to surroundings may be improved by mounting
the case so that there is a large area of contact between it and a heavy
metal plate, by the proper use of fins, and by forced air circulation. The
efficiency of heat transfer from the dielectric and coil to the case may be

improved by spacing the elements in the case in such a way as to achieve
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the freest possible convection of oil, and hence the maximum convective

cooling action. Improvement in any of these factors reduces the required

volume of the dielectric.

I

Fig. 6*44.—Typical type-E networks.

Examples .—The four network designs listed in Table 6-4 are typical

examples of networks used in pulsers for radar systems. The networks

are shown in Fig. 6*44, and the pulse shapes produced on the appropriate

resistance loads are shown in Fig. 6-45.

Table 6-4.—Typical Type E Networks

Not including insulators.
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Fig, 6-45,—Pulse shapes on resistance load from the networks listed in Table 6*4.
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The construction of network No. 3 may be considered as typical of that

employed in the majority of type E networks. It is housed in a terne-

plate can with metalized glass bushings. The can is of sufficient resiliency

to take care of differential expansion. TJie five condenser sections are

designed to distribute the voltage effectively by four series sections and

to minimize the inductance arising from the lead connections. The
gradient is approximately 210 volts per mil. The condenser sections are

held between bakelite end plates by means of metal bands. The total

capacitance of the network is adjusted so that it will be within ± 5 per cent

of the rated value after impregnation.

The inductance consists of two close-wound coils wound on a ^-in.

bakelite form. The input inductance is wound with 32 turns of No. 22

enameled wire and is mounted separately from the main coil^ which

consists of 26, 26, 26, and 31 turns of the same size wire. Although the

input inductance must be separated from the other inductances because

of the choice of can size and shape, it is possible to obtain a satisfactory

wave shape on resistance load. The coils are mounted in a bakelite frame

that can be attached to the end plates of the condenser bank before the

assembly is placed in the can.

6-6. Test Procedures.^—The electrical tests to which networks are

subjected include a voltage-breakdown test, an insulation-resistance

test, and a dissipation factor test; tests involving the determination of

pulse duration, rate of rise, general pulse shape and impedance; and,

finally, determinations of the temperature rise (which is a measure of

efficiency) and life of the unit under normal operating conditions. Only

those tests designed specifically for networks are described in this section.

For temperature-rise and life tests, the network is operated under

normal rated conditions in a pulser of a type similar to that in which it is

to be used. Tests are conducted at both the maximum and minimum
ratings for continuous operating temperatures, as well as at normal room
temperature.

The impedance of a network may be measured in several ways
Probably the most obvious method is to discharge the network into a

pure-resistance load through a bidirectional switch, and to adjust the

resistance until no reflection is obtained after the pulse. The resistance

of the network is then equal to the load resistance. The main drawback
of this method is that it introduces an unknown quantity, the switch

resistance. This difficulty can be avoided to a certain extent by the use

of a long cable whose impedance has previously been determined by other

methods, but the possible difference in its impedance under pulse and r-f

conditions makes this expedient of doubtful vs^e. In addition, the

voltage of the first step is related to the voltage of th^main pulse by

^ By J. V. Lebacqz.
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V
1 _ Ri — Zn

Yi ~ Ri + Zm
which can be rewritten

Zk = p Ri.

1 + —^ Vi

In practice, the voltage Vi has to be 1 to 2 per cent of in order to give a

noticeable deflection on the CRT screen and, under these conditions, the

maximum accuracy for measuring Zn is only 2 to 4 per cent. Actually,

the error is greater because of the change in switch resistance during

conduction after the pulse and the variation in pulse shape introduced by
network attenuation and phase shift. For the same reasons, it has not

proved satisfactory to measure impedance of actual networks by inten-

tionally using a load that gives a large mismatch, and computing the

impedance from the above formula as a function of the ratio of step

voltages. Other methods used for cables (r-f bridge measurements of

open-circuit and short-circuit impedances) are usually not applicable to

pulse-forming networks because of distortions introduced by the lumped
constants, and because only two terminals are available in the majority

of cases. Pulsed bridge circuits were tried, and proved to be the most
satisfactory means of measuring network impedance.

Fig. 6-46.—Schematic diagram of pulsed bridge.

The circuit finally adopted at the Radiation Laboratory is given in

Fig. 6*46. As can readily be seen, the circuit is essentially a conventional

bridge in which the external voltage is supplied by a pulse-forming net-

work. Although with this system the switch resistance has no effect

on the value obtained for impedance, great care must be exercised to

eliminate stray capacitances and small additional inductances. This

circuit has been used in either of two ways: as a matching method, or

as a computation method. In the matching method, the switch S is
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a commutator and Ri is made equal to R^. The resistance Rz is then

varied until the traces of the voltage across Ri and R 2 appear super-

imposed on the CRT screen through the action of the switch >S, as indi-

cated in Fig. 6'47a. The value of Zn is then equal to R^.

In the computation method, all the resistors are fixed, and the value

of Ziv is easily obtained by measurement of the voltages Fi and F2

because

+ -5:2.
V 2 El

The matching method is more convenient for the routine checking of

networks. Difficulties are apt to arise, however, because of the induct-

ance unavoidably introduced in building a variable resistance capable of

(a) Oscillogram showing balance of im-

pedance in pulsed bridge. Trace A is ob-

tained from the network arm of the bridge

and trace B from the resistance arm.

Fig.

(6) Oscillogram showing effect of non-
inductive resistor in pulsed bridge. Trace
A is obtained with an inductive resistance

and trace B with a noninductive resistance.

6 -47 .

withstanding the power and voltage requirements. In the setup that

has been used at the Radiation Laboratory, the resistor consists of non-

inductive elements connected through three selector switches to enable

variations in steps of 10, 1, and 0.1 ohms. The additional connections

necessitated by this system result in the appearance of oscillations on

the top of the pulse, as indicated by Fig. 6*475. This figure shows the

wave shape through the resistance arm of the bridge only; the smoother

trace corresponds to use of a noninductive resistance for Rz, the other one

to the use of a variable resistance for Rz. The two resistors were equal to

within 0.1 ohm.

The choice of the best possible pulse-forming network for the source

still remains to be discussed. Experience has indicated that the value

obtained for the impedance of the network under test depends slightly on
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the characteristics of the source. It is necessary to keep the resistances

Rx and R 2 small in order to produce the desired amount of deflection on

the scope if the measurement is to be made at a power level comparable

to that for which the network is designed. Thus, if the two networks

have very nearly the same impedance, the source network is working

into a load impedance that is considerably smaller than its own imped-

ance. It has also been observed that this amount of mismatch has an

effect on the oscillations on the top of the pulse. Figure 6-47a indicates

that the response of a network and of a resistance to the leading edge of

the pulse is not the same. In view of this fact, it is probably desirable to

use for a source network one that has an impedance approximately equal

to that of the load and whose other characteristics correspond, as nearly

as possible, to those of the network under test. In order to meet these

conditions, however, a large number of special source networks are

required. In practice, either a network of the same series, or one of

approximately the same pulse duration and impedance as the one under

test, is used.

The values of impedance obtained by pulsed-bridge methods can be

duplicated easily with a circuit of the same type. Any discrepancies in

the results that are obtained by the two methods (these discrepancies

have been as high as 5 per cent) are caused chiefly by the inductance of

the adjustable resistor that is used in the matching method.



CHAPTER 7

THE DISCHARGING CIRCUIT OF THE LINE-TYPE PULSER

By J. V. Lebacqz

7-1. General Properties of the Discharging Circuit.—The basic

characteristics of the discharging circuit are determined entirely by the

elements making up that circuit: the pulse-forming network, the switch

tube, and the load. A pulse cable and a pulse transformer are often

added between the pulser and the load although they are not essential

to the operation of the equipment. The pulse cable is usually added

only for convenience in engineering, and for greater flexibility in the

physical location of the pulser and the load. The pulse transformer, on

the other hand, can often be considered a necessary component of the

pulser because it reduces the maximum network voltage that is necessary,

and thus eases the problems of switching. As a result, the design prob-

lems are simplified, and a saving in weight and an increase in reliability

are generally effected. The introduction of a pulse cable and a pulse

transformer also affects the general characteristics

of the discharging circuit.

The general properties of the discharging cir-

cuit can conveniently be arrived at by considering

the simple circuit of Fig. 7T.

As has been seen in Chap. 6, a charged loss-

less transmission line produces a rectangular pulse

of energy if it is connected through an ideal switch

to a pure resistance equal in magnitude to the

characteristic impedance of the line. In practice,
' A’ ivi* # ’X. k:? 1 111 pic

however, the pulse-forming networks do not dupli- schematic dia^am of the

cate exactly the pulse shape obtained from a loss- une-ty^^^ui^er
^

less transmission line.

The switch in a line-type pulser is not required to open the circuit at

the end of the pulse because the current ceases to flow when all the energy

stored in the pulse-forming network is dissipated. This important

property of the circuit makes it possible to take advantage of the high

current-carrying capacity and low voltage drop that are characteristic of

gaseous-discharge switches. The mechanism of the switch operation has

an important effect on the operation of the circuit, as is discussed later.

225
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The loads to which pulsers must supply power are not, in general,

pure resistances. For most radar applications, the oscillator tube can

be considered as a biased diode, as is already shown in Chap. 2 (Fig.

2T1). Random variations in the values of either the bias voltage or

the dynamic resistance may occur from pulse to pulse or during a single

pulse, and their effect on pulser performance

must be considered.

Some of the characteristics of the circuit

can be determined by considering the dis-

charge of a lossless transmission line of

impedance Zo through a resistance Ri. Con-

sider the circuit of Fig. 7-2, in which the

switch can be closed instantly, and is assumed
to have zero resistance when closed. If the line is charged to a potential

V 0 ,
the current in the load after closing the switch is given by

«« - zTTa - ItI:

+ (§;

~
IU(1 - 45) - Uit - 65)] - • •

• j, (6.7)

where

U(At) = 1 for At > 0,

U(At) = 0 for < 0,

At = (t - n5), n = 2, 4, 6,
• •

•
.

In general, only the energy transferred to the load during the first

time interval 25 is of practical value, andin that case.

Fig. 7-2.—Ideal discharging
circuit for a line-type pulser.

and

h = Vo

Vi = Vo

1

Ri + Zo

Ri

Ri Zo

( 1 )

(2)

The pulse power in the load is

Pi = Vih = VI

{Ri ZoY
Ri, (3)

and the energy dissipated in the load is

Wi=Ptr = VI

{Ri + ZoY
RiTj (4)

where r = 25 is the duration of the pulse at the load. As can immediately

be seen from the foregoing equations, the pulse power and the energy
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dissipated in the load per pulse are a function of the load resistance. The
value of load resistance for maximum power transfer can be obtained by
differentiation of Eq. (3)

;

dPi _ VI 2V\Ri _
dRi {Ri + ZoY {Ri + Zor

~

and the maximum power transfer is obtained when

With this condition,

and

o
11

(5 )

II
(6)

11

II
(7 )

(8 )

VI
(9 )

The value of load resistance for maximum pulse power given by Eq. (5)

could have been anticipated from physical considerations; Eqs. (1) to

(4) apply only for the first interval 28. If the load impedance equals the

line impedance there are no reflections, and all the energy stored in the

line is dissipated in the load during the interval 25. Any mismatch

causes part of the energy to be dissipated in the load after the time 25,

and thus results in a decrease in power during the main pulse.

Fig. 7*3.—Effect of load mismatch on power transfer.

Fortunately, exact matching of the load to the transmission-line

impedance is not particularly critical from the standpoint of power trans-

fer, as long as the mismatch does not exceed 20 to 30 per cent, as can be
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shown by taking the ratio of the power into any load resistance Ri to

the power into a matched load Zo. This ratio is

(10)

The values obtained for Eq. (10) are plotted in Fig. 7*3, showing the flat-

ness of the curve near the maximum. As an example, the values of

Ri/Zo for which 3 per cent of the energy stored in the transmission line is

dissipated after the time 25, equal to the pulse duration r, are found as

follows:

Ri

Thus, from power considerations alone, the matching of the load to the

line impedance has very little effect on the discharging circuit, since only

3 per cent or less of the energy stored in the transmission line is not dis-

sipated in the load if the load impedance varies from 70 to 142 per cent

of the transmission-line impedance.

The energy dissipated in the load under matched conditions is equal

to the energy stored in the transmission-line capacitance before the pulse,

or

VI 'T

4Zo
^2GoVI,

which gives the fundamental relation

r = 2CoZo. (11)

The pulser design is affected by the pulse-power and energy-per-pulse

requirements in several ways. Equation (8) shows that the pulse output

is proportional to the square of the voltage on the transmission line or

network, and inversely proportional to the line or network impedance.

Figure 7*4 gives the maximum pulse power Pzo that can be expected from
an ideal pulser for various line impedances and voltages.

If nearly matched conditions are to be realized, it can be seen that the

voltage necessary to supply a high pulse power to a high-impedance load

becomes prohibitively high. For example, for a pulse-power require-
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ment of 1 Mw into an 800-ohm load, the theoretical transmission-line

voltage is 60 kv. The practical figure is higher because the losses in the

discharging circuit have been neglected. A slightly lower network

voltage can be used if the line and the load are intentionally mismatched

Fig. 7-4.—Maximum pulse power output vs. transmission-line voltage at various impedance
levels.

because the power transfer is not seriously affected. In practice, up to

about 40 per cent mismatch can be tolerated {RilZ

)

= 1.4), and under this

condition, the line impedance is approximately 600 ohms with an 800-ohm

load, and the voltage is 50 kv instead of 60 kv.

Handling voltages of this order of magnitude presents serious engineer-

ing problems. The most important problem is that of securing a suitable

switch. Gaseous-discharge switches are not readily suited to the very
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high voltages required in the high-impedance circuit. Neither would

these circuits use the high current-carrying capacity of these switches to

the best advantage. On the other hand, vacuum tubes have a high effec-

tive resistance, and the losses that occur when these are used as switches

in high-impedance line-type pulsers result in low efficiency.

The small storage capacitance that results from the use of a high-

impedance transmission line or network leads to other difficulties. This

capacitance is given by Co = t/2Zo [Eq. (11)] and, for a given pulse

duration, decreases proportionally to the increase in line impedance.

Assuming, for example, an 0.8-/xsec pulse and an 800-ohm transmission

line, ,

_ 0.8 X 10-^ _ ... .

2 X 0.8 X 10«

The small transmission-line or network capacitance may prove a serious

handicap in the design of the charging circuit because a. charging diode

wdth peak inverse voltage greater than 30 kv is required to prevent the

size of the charging inductance from becoming prohibitive. Also, the

construction of the network itself presents very serious problems because

the network inductances increase proportionately with the impedance,

and the effect of distributed capacitance on wave shape becomes pro-

portionately greater as the total active network capacitance is decreased.

In spite of these difficulties, several line-type pulsers were designed in

the early days of the Radiation Laboratory to operate directly into high-

impedance loads. However, a much more satisfactory solution to the

problem was achieved by the development of an impedance-matching

pulse transformer. These pulse transformers can be used over the wide

range of output power (from 500 watts to 20 Mw) required from pulsers

and over a range of pulse duration from less than 0.1 to more than 5 /xsec

without seriously affecting the shape of the output pulse. The impedance

ratio of a pulse transformer is essentially equal to the square of the turns

ratio. For a 1-Mw pulser supplying an 0.8-)usec pulse to an 800-ohm
load, and using a 4/1 pulse transformer, the load R12 = 800 ohms that is

across the secondary appears across the primary as

Rii ~ ^
1 ^' ~ ohms.

The maximum line or network voltage is now about 15 kv and its capaci-

tance

Co
0.8 X 10-«

100
8000 /x/if.

The disadvantages of a pulser coupled directly to a high-impedance load

have now disappeared. Another advantage in the use of pulse trans-

formers is the possibility of introducing a physical separation between the
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pulser and its load. In many radar applications, it has been found neces-

sary to separate the oscillator from the pulser itself—^in some cases,

because of the physical motion of the oscillator. Under these conditions,

a pulse cable links the pulser to the load. Theoretically, pulse cables

can be made in almost any impedance range, but practical considerations

limit their impedance to less than 100 ohms. In the United States, the

50-ohm impedance level for pulse cable was standardized, and, for con-

venience in matching cable to pulser when necessary, the great majority

of line-type pulsers were designed to use 50-ohm pulse-forming networks.

In special applications requiring an exceptionally high-power output,

however, networks of 25 and even 12.5 ohms were used. In Great

Britain, on the other hand, the network impedance was centered around

80 ohms—again for convenience in cable matching.

Since the loads used in microwave radar usually have input character-

istics similar to those of a biased diode, the

performance of the pulser circuit with this

load must be considered in some detail. The .

method of approach, however, can be extended j

to pulser circuits with loads of any type

imaginable.

The current-voltage characteristic of a bi-

ased-diode load can be represented by Fig. 7-5.

For any point along the load characteristic, Vg V~^

_ Vi _ Vs + h tan a _ Vs + hn
~ Ii~ h ~ h

'

P'lG. 7-5.—Voltage-current
characteristics of a biased-

diode load.

where n is the dynamic resistance of the diode. Under these conditions

the general expression (see Eq. (1)) for the current in the load becomes

=
Ri + Zo V. + 1in

h

Voh
F. + hin + Zoy

or

1 —
Fo - F, ^ Vo Vo^

n "V Zo ^0
I I

Zo

(12a)
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In this case, the conditions for optimum power transfer between the

transmission line and the load depend on the bias voltage as well as on

the initial voltage on the line. Substituting Ri = Zo in Eq. (126),

(Zo - ri) {Vo - Vs) = Vs{ri + Zo),

which may be simplified to

^ Vo

Fo - 2F.’
(14)

Fo = • (15)

1 - ^
^ Zo

Equation (15) expresses the voltage to which the transmission line must

be charged in order that the load operate at the only point corresponding

to matched conditions, or to maximum power transfer.

Then, for matched conditions,

It = ( 16)

Vi= Vo- IiZo = (17)

and

(18)

It is seen that the expressions for current, voltage, and pulse power are

identical with Eqs. (6), (7), and (8) obtained for a pure-resistance load.

Fig. 7*6.—Simplified equivalent circuit for

a line-type pulser with a resistance load.

Fig. 7*7.—Simplified equivalent circuit for a
line-type pulser with a biased-diode load.

Expressions identical to those for the current and the voltage in the

line-type pulser can be obtained from the consideration of a simple series

circuit containing a battery of constant voltage Vo and internal resistance

Zo, a switch closed for the time r, and a load resistance Ri (see Fig. 7-6).
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and

= ^0
Zq + Ri

Vi = Vo
Ri

Zo + Ri

[See Eqs. (1) and (2).] For a biased-diode load (Fig. 7-7) of dynamic
resistance ri,

T ^ Vo -Vs
' Zo + n

and

Vi = Vs + ri
Vo - Vs

Zq + ri

V o'f'i H~ VsZq

Zq + n

[See Eqs. (12) and (13).]

Since the circuits of Figs. 7*6 and 7*7 give the same results as those

obtained by the transmission-line theory, they can be considered adequate

equivalent circuits for a further discussion of the currents and voltages

in line-type pulsers. On the other hand, this circuit is not satisfactory

for determining energy relations because Zq is not physically a dissipative

element. The value of Zo is determined from a fundamental considera-

tion of the charging of an infinite transmission line, across which a battery

voltage is suddenly applied, and is then defined as the ratio of voltage to

current in the line. If the line is assumed to be lossless, the impedance,

Zo — \/Lo/Co, has the dimensions of a pure resistance, but does not dis-

sipate energy. It can easily be seen that the circuits of Figs. 7-6 and 7*7

are identical with those of the hard-tube pulser discussed in Chap. 2.

The principal difference lies in the ratio of Zo to Ri or ri. For most
practical applications of line-type pulsers, Zo is very nearly equal to Ri^

or to ri whereas, in general, a hard-tube pulser is operated

with a load whose impedance is high compared with the pulser internal

impedance (effectively the resistance of the switch tube, which is dis-

sipative). This difference is very important in the consideration of pulser

regulation, efficiency, and the effect of

other circuit parameters on pulse shape.

7-2. Pulser Characteristics.—

A

typical discharging circuit for a line-

type pulser can be represented by

the diagram of Fig. 7*8. The ideal

rectangular pulse that was considered

in the preceding section is usually

unobtainable in practice because of the characteristics of the various com-

ponents used in the circuit. Some of the effects on pulser behavior and on

Fig. 7*8.—Block diagram of the dis-

charging circuit of a line-type pulser.
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pulse shape introduced by the characteristics of the separate components

are discussed in this and in the following sections. A brief r6sum4 of

the characteristics that affect the behavior of the discharging circuit is

given here to facilitate reference.

The Pulse-forming Network ,—^As explained in Chap. 6, the pulse-

forming networks used in practice can only

produce an approximately rectangular output-

pulse on a pure-resistance load. In order to

simplify the mathematical analysis, it is as-

sumed in this chapter that the pulse shape

generated by the network is either rectangular

or trapezoidal. It should be noted, however,

that most practical networks also produce

amplitude oscillations during the ^^flat^^ portion of the pulse—that is,

between the end of the rise and the beginning of the fall. In general,

these oscillations are small and are neglected. In addition, actual net-

works always have stray capacitances to ground that must be taken into

account when particularly fast rates of rise or fall

are desired.

For simplicity in analysis, the stray capaci-

tances to ground are lumped and connected at the

capacitance input terminal of the netw^ork. The
pulse-forming network can then be represented as

in Fig. 7-9, in which the subscripts 0 for a lossless

transmission line have been replaced by N,

The Switch .—Three types of switches have been

used extensively in pulser operations: rotary

spark gaps, fixed triggered gaps, and thyratrons.

In general, the electrical characteristics of these three types are the same

during the main pulse or conducting period. Fixed gaps and thyratrons

both show a rapid decrease in tube drop from time t = 0 (when the tube

begins to conduct), and the tube drop stays very nearly constant for the

remainder of the pulse. A typical curve of tube drop

during a pulse is shown in Fig. 7T0. The time ta re-

quired for the voltage to decrease to a steady-state

value, Vp varies with the particular switch considered

and is usually about 0.3 ^sec for triggered gaps, and

0.1 )txsec for thyratrons. For a given tube the steady

value of the tube drop is very nearly independent of

the current, as shown by Fig. 7T 1 . The average values

for Vp under actual operating conditions are approximately 120 to 150

volts per gap for typical fixed spark gaps, and 70 to 110 volts for typical

hydrogen thyratrons.

i*
Fig. 711.—Typ-

ical switch drop as

function of current.

Fig. 7-10.—Typical
switch drop as function

of time.

© -JVVWW—

Pulse input

Fig. 7-9.—Electrical equi-

valent of a pulse-forming net-

work for the study of pulse

shapes.



Sec. 7-2] PULSER CHARACTERISTICS 235

The data taken with rotary spark gaps points to approximately the

same results as were obtained with fixed gaps or thyratrons. Rotary
gaps, like thyratrons, have been used successfully at pulse durations of

the order of magnitude of 0.1 /xsec, indicating a very fast decrease in

voltage drop across the gap after the initiation of conduction. Although
the time jitter of the rotary gap does not directly affect the discharging

circuit, it may affect the final charging voltage of the network. Under
unfavorable conditions, the resulting change in power output from pulse

to pulse may be several per cent.

The principal difference that is introduced in the behavior of the cir-

cuit by the switches occurs immediately after the pulse. Rotary gaps

and triggered fixed gaps are essentially bidirectional devices, but the

thyratron is unidirectional, and therefore holds off any negative voltage

appearing at the plate as a result of impedance mismatch. This fact

has a definite effect on the shaping of the tail of the pulse, causing post-

pulse conduction for bidirectional switches and a higher voltage back-

swing for the thyratron switch. Different principles of circuit-element

protection must also be applied because of dif-

ferences in the switches.

The Pulse Transformer .—An equivalent

circuit adequate for the discussion of the effect

of pulse transformers is derived in Sec. 12T,

and is given in Fig. 7T2 for reference. To
make the analysis easier, however, further

simplifications are usually introduced, and

those circuit elements that have little effect on the particular portion of

the pulse under consideration are neglected.

For simplicity, it is assumed in the following discussions that any
pulse transformer introduced in the circuit having a voltage stepup ratio

of n is replaced by a 1/ 1 transformer, and equivalent circuits for line-type

pulsers are all referred to the secondary of the pulse transformer. Under
these conditions, the actual primary voltages are multiplied by n, the

actual primary currents are divided by n, and the actual impedances are

multiplied by that is,

Raec n“Rpriy

Laec — n^Lj^ri)

The assumption that the losses in the pulse transformer are negligible is

sufficiently accurate for discussions of pulse shapes, and is warranted by

the simplifications it introduces in the mathematics. When the losses

have to be taken into account, it can be assumed that the voltage trans-

Primary ^/. Secondary

Fig. 7- 12.—Equivalent circuit

for a pulse transformer.
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formation is conserved, that is, the ratio of primary to secondary voltage

is equal to the ratio of the number of turns in the pulse transformer. The
losses then appear as shunt losses and affect the ratio of currents and

impedances as follows:

^eo ”

Zeeo —

where rjt is the efficiency of the pulse transformer.

The Load .—As previously stated, the load most widely used in radar

applications of pulse generators has the characteristics of a biased diode.

In addition, a certain amount of capacitance is usually present in parallel

with the load, and its effect on the leading and trailing edges of the

pulse must be considered. Although the scope of this chapter does not

permit a specific study of all the possible types of pulser loads that can

be used, an important special application of the circuit has been found in

the triggering of series gaps. In this case, the pulse shape is relatively

unimportant, and the load is essentially a pure capacitance until the

breakdown of the gaps, at which time the load is short-circuited. This

particular case is considered in Chap. 8.

Equivalent Circuit for a Line-type Pulser .—A complete equivalent dis-

charging circuit for a line-type pulser, obtained from the above considera-

tions,^ is shown in Fig. 7T3.

Fig. 7*13.—Equivalent discharging circuit for a line-type pulser.

For the remainder of this section, further simplifications can be made
in this circuit. First, the output-power pulse is considered to be rec-

tangular, even though it is shown in Sec. 7-4 that a perfectly rectangular

pulse is unobtainable in practice. It is therefore necessary to define the

pulse duration. In general, the pulse duration of any shape pulse is con-

sidered here to be that of a rectangular pulse that has an amplitude equal

to the average amplitude (see Appendix B) of the top of the pulse under

1 The series resistance Rp includes the equivalent switch resistance and the series

loMes in the network and pulse transformer.
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consideration, and that delivers the same amount of energy to the load

as does the pulse under consideration. Then the equation

T
Vili

gives the equivalent pulse duration, where Vi and Ii are the amplitudes

of the voltage and current pulse averaged over the top of the pulse, and

vi and ii are the instantaneous values of voltage and current.

The general circuit that is of interest in this discussion includes the

losses of the components that make up the circuit. With the above

definition of pulse duration, however, it is not necessary to refer to the

actual pulse shape in order to determine the power and energy relation-

ships; instead, the equivalent rectangular pulse is considered. The
equivalent circuit of Fig. 7T3 can thus be further simplified by the fol-

lowing assumptions:

1. The series inductances are neglected, since no voltage can appear

across them during the ^Hop^^ of a rectangular load-current pulse.

2. The time constant oi Zn and (7z> is considered to be so small com-

pared with the pulse duration that the charging time of Ci>, and

therefore Cd itself, can be neglected.

3. The voltage drop across Zn and the series resistances produced by
current flowing through Le is considered to be negligible, since the

output current pulse is assumed to remain rectangular in shape,

and thus can also be neglected.

(o) Swit^ resistance is independ- (6) Switch drop i^ independent of

A'ent of current. current.

Fig. 7-14.—Equivalent circuits for the study of power transfer.

4.

The series losses produced by the swdtch, network, and pulse trans-

former can, in general, be lumped into one resistance as indi-

cated in Fig. 7T4a. This assumption is equivalent to saying that

the switch has a constant resistance that is independent of the

current. In cases where the switch drop is not very small (less

than 10 per cent) compared with the network voltage, it is prefer-

able to assume that the switch has a constant voltage drop Fp,
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as indicated in Fig. 7*146. In this case, the value of the series

resistance is represented by Rp.

Pulse Power, Power Transfer, and Load Line .—If the case of a resist-

ance load, for which Fs = 0 and n = Ri, is considered first, the current in

Ri corresponding to Fig. 7- 14a is given by

Vs = h
(^1

-I- {Zs + Rp) + IiRi,

or

j _ VsRe

{Re + RlHZs + Rp) + ReRl

which can be written

h
Vs

+

Introducing the coefficients

. Zn Rp
a = 1 -\

and

Zn "f* Rp^

K '

J

Re

Eq. (19) becomes

h = Vn
Zn^ -f" RlCC

A comparison of this expression with Eq. (1),

Vo
h =

Zo + Ri

( 19)

(20 )

( 1 )

indicates that the load current is reduced by the losses in the circuit,

since Vq and Zo are equivalent to Fv and Zn respectively (the subscript

zero refers to lossless transmission lines and the subscript N to actual net-

works). For this reason, the coefficients a and jS are referred to as

*'loss coefficients,^^ a representing the shunt losses, and p the series losses.

From Eq. (20), the load voltage is given by

and the pulse power by

^
VnRi

ZnP + Rioc

VlRi

{ZnP + RiaY

(21 )

(22)
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The relation between Ri and Zn for maximum power transfer into the

load for a given network voltage can again be found by differentiating

Eq. (22), and equating the result to zero; thus

^ _ V% ^

VlRi2a ^
dRi {Zn& + Rioi)^ {ZnP “t“ Riot)^

^

or

Zn^ -f" RiCL — 2iRiOL = 0

Ri = Zn —
* (23)a ^

Equation (23) shows that, when losses are taken into account, the maxi-

mum power transfer to the load is obtained for a value of load resistance

that is different from the characteristic impedance of the network. If

only series losses exist (Re = maximum power transfer is obtained

for a load resistance that is equal to the network impedance plus the

resistance corresponding to the series losses, that is, Ri — Zn + Rp.

If only shunt losses exist (Rp = 0), the value of load resistance for maxi-

mum power transfer must be equal to the equivalent resistance of the

network impedance and shunt-loss resistance in parallel, that is,

^ _ ZnRc
"

Z.v + Re

In general, the series and parallel losses are of the same order of mag-
nitude (a « jS). Therefore, it is usually sufficient to make Zn equal to

Ri, and the departure from optimum power transfer is not great because

of the flatness of the power-transfer curve (Fig. 7*3). When the condi-

tions for maximum power transfer are realized for a resistance load, the

expressions for load voltage, current, and power are

and

(24)

J
Vm

' 2Z^f’
(25)

(POm.. - (26)

The load current, voltage, and power are easily obtained by the same
methods from Fig. 7T46 if Vn is replaced by Vn — Vp, Rp by R'^,, a by a'

and p by jS', giving

Ii =

Vi =

Vn - Vp
Zn^' + Ria^'

(Vn - Vp)Ri

ZnP' + Riol'

(27)

(28)
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and

p ^ - v,yRt
{Zsfi' + Ria'Y’

The maximum power that can be delivered by the circuit is

(Vn - Vp)

(29)

(30)

The principal reason for a representation of this type in the study of

the obtainable pulse power is to emphasize the effect of tube drop in the

design of low-power pulsers. As long as the tube drop is only a few per

cent of the network voltage either presentation is adequate. However,

the rapid increase in losses, and the corresponding decrease in available

power as the switch drop increases, are more e\ddent from Eq. (30) than

from Eq. (26). For instance, if Vp is about 10 per cent of Vn, the losses

in the switch amount to nearly 20 per cent of the load power.

In Fig. 7*4 a series of curves for Pzo = VI/^^Zq) are plotted. The
same curves can, of course, be used to represent Eq. (26) if the coordi-

nates are made to represent [ajS Pi)mJ\ and Vn instead of Pzo and To, or

Eq. (30) if the coordinates are changed to [a'i8'(Pz)mJ and {V

n

— Vp)

respectively.

If the load is considered in the more general terms of a biased diode of

instantaneous static impedance

D Vs + hri
Ki = f f

the expression for load current [Eq. (20)] becomes

Vn
h =

r a .
fVs + Itri\

+ )a

This equation can be rewritten as

Ii =
Vn - Vsoc

ZnP + rioL
(31)

which is of the same form as Eq. (12).

With the value of Ii from Eq. (31), the voltage across the load,

becomes

and the pulse power is

Vi = hn + F.,

— VsZnP

ZnP + ^lOt

r. T. r {VnTi + V^ZnPWn - F,a)
= (Z.)8 + na)^

(32)

(33)
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Maximizing the power as a function of rz, it is found that the network

voltage giving maximum power transfer to the load is

= 2F.
a

a (34)

A comparison of Eqs. (15) and (34) shows that when the losses in the cir-

cuit are considered, tlie voltage on the network for maximum load power

is greater than that obtained when the losses are neglected, by a factor

approximately equal to a. The same expression may be obtained by
maximizing the power as a function of F^, or by introducing the expres-

sion for static impedance of the biased diode into Eq. (23) and using

Eq. (31). It is therefore evident that there is only one operating point

for a nonlinear load where maximum power is obtained and, accordingly,

that there is only one definite value of network voltage that leads to

operation at that point. It is fortunate that the circuit performance is

not greatly affected by slight deviations from the conditions giving maxi-

mum power transfer.

To demonstrate this point, Eq. (33) may be rewritten to express the

pulse power as

By introducing Eq. (34) into Eq. (33), the pulse power corresponding to

maximum power transfer is found to be

4:Zn OL^
(35)

The power-transfer relation Pi/ (Pj)max can be expressed as

Pi

(Pi) max
(36)

When Vs/Vn equals zero, the special case of a pure-resistance load is

obtained. For any value of Vs/Vn greater than 1/a, the power output

drops to zero because the expression gives a negative value for power

under this condition. The curves of Figs. 7T5 and 7T6 indicate the

effect of the losses in the circuit on the conditions required for optimum

power transfer when the loss coefficients have the values 1.0, 1.1, and 1.2,
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%o

V- 0.6

0.8

Fig, 7-15.—Power-transfer curves for various values of Fa/Fjv, oc and d-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 IX)

Fig. 7*16.—Relation between VsIVm and ti/Zn for maximum power transfer for various
values of loss coefficients.
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which cover the range ordinarily encountered in line-type pulsers. These

curves also show that very little loss in power results from a slight mis-

match, as was already determined in Sec. 7T (Fig. 7-4) for a resistance

load and a lossless circuit. More important, these curves show that, in

order to achieve maximum power transfer, the dynamic resistance of the

load must decrease as the bias voltage is increased. This phenomenon
can best be explained physically by a consideration of the load line of the

pulser, a curve that gives the relation between output current and output

voltage as the load resistance is varied, all other conditions remaining

the same. Referring to the expressions (20) and (21), and eliminating

Ri between them, there is obtained

F, = — - IiZ„ ^ (37)
a a

which is the equation for the pulser load line plotted in Fig. 7T7. By
inspection of this equation, it can be seen that the open-circuit load volt-

age is Yn/ol^ the short-circuit load current is Vn/^Zn^), and that the

Fig. 7-17.—Diagram showing the determination of the load voltage and current by the
intersection of the load characteristic line with the pulser load line.

function is linear. The load characteristics can be represented on the

same plot
;
thus a resistance load is represented by a straight line passing

through the origin, whereas a biased-diode load is represented by a

straight line intersecting the V axis in the positive region. The inter-

section of the pulser load line with the load characteristic line gives the

operating point. A load characteristic line has been drawn for
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corresponding to optimum power transfer from the pulser to the load.

Its intersection with the pulser load line at point A corresponds to a

voltage 7j\r/(2a) and a current VN/(2ZNP)y the only point on the load

line for which optimum power transfer obtains. Conversely, any load

whose characteristic passes through that point enables the pulser to

operate under the conditions of maximum power transfer.

Such a load could be the biased diode represented in the Fig. 7*17.

It is evident from Eq. (36) that, unless negative resistance is considered,

the highest value of bias voltage that permits operation at point A is

Fiv/(2a) (see Fig. 7*16). It is also apparent that the higher the bias

voltage on the diode, the steeper the load characteristic must be if it

is to pass through point A, This condition corresponds to a small

AV/AI or dynamic resistance, and explains why the maxima in .the

curves of Fig. 7T6 shift toward small values of vi/Zn when Vs/Vn is

increased.

7*3. Pulser Regulation and EflSlciency.—Pulser regulation refers to

the changes in pulser output voltage, current, and power resulting from

changes in operating conditions. These changes may take place either

during a pulse or from pulse to pulse. The present discussion neglects

the circuit inductances and stray capacitances, and is valid as long as

the ‘transient regulations^ is not considered. The results therefore

apply to the cases where a change in circuit parameters has taken place

between two pulses, or, if the change takes place during the pulse itself,

the results are valid only after any transient effects have been damped
out.

There are two types of regulation to be considered: (1) that produced

by changes in the network voltage, and (2) that produced by changes in

the load characteristic. In either case, transient regulation may appear.

The effect on the pulser output of possible oscillations or irregularities

on the top of the input voltage pulse can be analyzed only by methods

similar to those of Sec. 7*4 used in studying pulse shape. If, on the

other hand, the load characteristics suddenly change during a pulse,

the transient behavior from one characteristic to the other depends on

the values of the distributed capacitance across the load as well as on the

series inductance introduced by the pulse transformer.

Neglecting transients, the circuit of Fig. 7T4 can be used for the

study of regulation, leading to the expressions for load voltage, current,

and power obtained in Sec. 7*2, namely.

Y _ VnVi VsZnP
^ ZnP + ria

^

J
_V^- Vsd

' Z^fi + ria

(32)

(31 )
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and

p ^ {YnTi + VsZn^) {Vs - V.a)
* + nay

The reflation may be obtained from these equations by differentiation.

Regulation against Variations in Network Voltage .—The voltage regu-

lation is obtained by differentiation of Eq. (32), which gives

dVi ^ n
dVN ZnP + ria

Multiplying by dVN, dividing by Vi, multiplying numerator and denom-
inator of the right-hand member by Tat, and replacing the differential

by a finite difference, there results

245

(33)

’_± ir

/AVi\ _ + na ^ AF.v _ 1 AFat

V Vi )y, V^rrl + V^N^ Fv F. Fi,
*

ZnP + ria Vn n ^

For operation at maximum power transfer,

1 _ IL-
Zl =
Fat 2a

' (34)

and the expression for voltage regulation becomes

{AFi\ 2 AFn

\ y I )vn
^ _j_ Za ^

ri a

(39)

The expressions for current and power regulation are obtained in the

same way, with the following results:

For the case of maximum power transfer, these equations may be sim-
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plified to

and

(42)

(43)

For a resistance load, Vs = 0, and the expressions for regulation reduce

to

and

(44)

(45)

(46)

whether or not the load resistance is matched to the characteristic

impedance of the network in order to obtain maximum power transfer.

An examination of expressions (38) and (40) shows that, for a biased

diode, the load voltage always changes less rapidly than the network

voltage, whereas the load current changes more rapidly. For instance,

assuming Zn/u =10, a = jS = 1, and maximum power transfer, Eq.

(39) gives

and Eq. (42) gives

2 AVn
1.1 Vn

1.82
AVn
Vn'

The value of Vs/Vn corresponding to the above assumptions is 0.45

(Fig. 7T6). It must be noted that the current regulation is improved

(made smaller) if the ratio of Vs/Vn is decreased. For instance, for

Vs/Vn = 0.4,

1 AV

N

_ 1
AFN

0.6 Vn ~ Vn ’

It is interesting to note that the output-current regulation against a

change of network voltage depends only on the ratio Vs/Vn. It is also

worth noting that, since the network voltage is directly proportional to

the input voltage to the pulser circuit, Vn can be replaced by Ebb in

the above expressions. This fact is important in pulser design, where
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tolerances on the input voltage are usually known. For all practical

operating conditions of magne ron load encountered to date, Vs/Vn is

in the neighborhood of 0.4 to 0.45, and hence the percentage change in

magnetron current resulting from pulser regulation alone is approximately

1.75 times as great as the percentage change in input voltage.

Regulation against Variations in Load Characteristic .—Two types of

regulation of the pulser output against load variation are discussed here.

First, it is assumed that the bias voltage, of a biased-diode load may
change either from pulse to pulse or during a pulse, but that the dynamic
resistance, rj, stays constant (this case corresponds quite closely to

mode-changing in magnetrons). The expressions obtained for this case

are

and

y
AVs __ 1 AVs

VNri + VsZ^p n_i
Z\r^ -f- ria Vs Zn0

- rA - y
Zn^ + Tia * AFs __ 1 AFg

F.v - Vsa f: "
]

v7l ‘ T7'
Ziv/3 + na Vs a

n a ^ F,

Zn^ V

VnU
Vs z‘M

A7.
V.

(47)

(48)

(49)

For operation at the point corresponding to maximum power transfer,

the expressions for regulation against load bias voltage become

/AFiN _ ^ Za, /3 AF,

\ViJv.

. n a

/azA af.

\IiJy. i.lLs’r/

and

It is obvious that the power regulation at the point of matched condi-

tion is perfect—that is, a small change in load bias voltage around that

point produces no change in power output from the pulser—since the
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tangents to the power-transfer curves (Fig. 7* 15a) are parallel to the

Vs/Vn axis at the points of maximum power transfer (matched condi-

tions). For the same reason, the values of voltage and current regula-

tion must be equal, but of opposite sign. For Zx/n = 10 and a = = 1,

1.1 F.
^^ = 0.82

AF.
F/

The second case to be considered is that in which the bias voltage,

Vsy stays constant, but the dynamic resistance varies. Of special interest

is the condition Vs = 0, giving the regulation as a function of load varia-

tion for a pure-resistance load as

and

/afA _ 1 ARi

\FzA. 14.^*

Ria

fA/A ~Zn^ ARi

\ II )ri
1 ,

RlCi Rl

1 _
fAPz\ Zn^ ARi

\ Pi /Rl
^ ,

Ri(^ Rl

For operation at maximum power transfer,

/AF;\ ^ 1 ARi

\FzA 2 Rl'

/Al\ _ 1 ARi

\T7/ri~ "2'^'

(50)

(51)

(52)

It must be noted again that the above expressions apply only to small

variations in the value of the load resistance. If the load variation is

very large, as in the case of an accidental short circuit at the load, it is

better to refer to the load line of the pulser under consideration.

A special case of regulation from pulse to pulse, corresponding to

the pulser using a unidirectional switch, is considered later (see Sec. 10*2).

As has already been pointed out, the network energy is conserved under
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these conditions if Ri/

Z

n is less than one, and the network voltage after

the next charging cycle is higher than normal. Since a discussion of this

phenomenon involves the over-all pulser circuit it is beyond the scope of

this section, which is concerned primarily with the characteristics of the

discharging circuit.

Efficiency ,—The over-all efficiency of a line-type pulser can be

obtained only by a consideration of the different parts of its circuit.

Losses occur in the discharging as well as in the charging circuit. If

7jd and Tic are the efficiencies of the discharging and charging circuits

respectively, the total efficiency rip of the pulser circuit is rip = rid X Vc.

This efficiency, however, does not take into consideration all the power

that has to be supplied to the pulser. For d-c charging, a rectifier circuit

having an efficiency 775 usually has to be introduced. For a-c charging,

the frequency of existing power supplies is such that a special motor-

alternator or frequency converter is usually needed, which is also con-

sidered to have an efficiency rib. Finally, there are overhead losses, some

of which are associated with the switch and some with the auxiliary cir-

cuits and equipment. The hydrogen-thyratron switch requires filament

power and sometimes a trigger amplifier, the series-gap switch requires a

trigger generator, and the rotary-gap switch requires a driving motor

(whose power loss may already be included in rib). The auxiliary cir-

cuits and equipment include line-switching relays, control circuits, cooling

fans, etc. If the power required for the overhead is designated as Pl, the

over-all efficiency is given by

_ (Pdav _ yibVp XROX^ ^ P 14. imz
ViVp {PiU .

The following discussion is concerned principally with the efficiency

of the discharging circuit, with an occasional reference to the over-all

pulser efficiency. The over-all efficiency for a few special applications

is considered in Chap. 11 .

The discharging-circuit efficiency is the ratio of the energy transferred

to the load to the energy taken from the pulse-forming network per

pulse. This definition of discharging efficiency is considered because,

under some conditions of load mismatch, some of the energy may be

conserved on the network when a unidirectional switch is used, as is

evident from' consideration of an idealized circuit (Fig. 7-2). The energy

dissipated in the load is given by

Wi = n
{Ri + Ruh

and the voltage left on the network after the main pulse is
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VN-l ^ Ri + Zn

If Ri > Znj Vn-1 is of the same polarity as Fiv, and the network dis-

charges completely even through a unidirectional switch. If Ri < Znj an

amount of energy iCNV%_i is left on the network because a unidirectional

switch does not permit the network voltages of polarity opposite to that

of Fisr to discharge. Under the latter condition, the amount of energy

taken from the network is

W. - ic.(n - n-.) - - H+lf]

A 172 ^RiZn
- {Ri + Z^Y

As was shown in Sec. 7-1,

tn = 2CnZn,

and the energy taken from the network is

IF.v
V%Ri

,

(Ri +

which is exactly equal to that transferred to the load, provided that

Ti and tn are equal. This condition is obviously attained in a circuit

containing only pure-resistance components, such as that of Fig. 7-2.

It may be concluded from the above considerations that it is desirable

to use unidirectional switches and permit the load to be mismatched.

Other disadvantages, however, result from changes in load impedance

(see Sec. 10-2), and usually make it desirable to drain off most of the

energy left on the network after the pulse. Accordingly, in the remainder

of this discussion this energy is considered to be lost, that is, the network

is considered to be completely discharged after each pulse.

In Sec. 7*2 it has been shown that the maximum pulse power in the

load is given by

<^'>“-53- (“>

Then, if ti is the duration of the pbwer pulse at the load, the maximum
energy per pulse is given by

{Wil IkiL
a/3’

and the energy stored in the network is

*

(54)
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where u and tn are the equivalent pulse durations at the load and at

the network. It must be noted that these pulse durations are not neces-

sarily equal. Since the pulse power considered above is the average of

any oscillations that may be present at the top of the pulse, the effect

of the inductances and capacitances is small and has been neglected.

The only factor that may be significant is the voltage drop across ZnP
caused by the current flowing through Le and Cd- Actually, the time

constants are such that the effect oiCn can, in general, be neglected except

for the first 0.1 /xsec. In order to avoid introducing the pulse duration

into the expressions for pulse power, and because the pulse shape was
considered rectangular, the effect of Le has been neglected until now.

Actually, the effect of the shunt inductance cannot be neglected in

discussions of efficiency. For simplicity, however, an approximate

expression may be used. It is assumed, as before, that the voltage across

the load remains constant for the duration of the pulse, instead of droop-

ing because of the additional voltage drop across the network impedance

that results from the current flowing through Le. Under these conditions,

the current through Le at any time is given by

where t is the time elapsed from the beginning of the pulse, and the energy

stored in the inductance at the end of a pulse of duration ti is

11
2Le

T2
I-

The assumption of constant voltage Vi introduces a value for the losses

in the inductance Le that is in excess of the actual value. On the other

hand, any energy stored in the series inductance, Ll, of the circuit at

the end of the pulse is neglected because the value of this inductance is

small compared with Le. For this reason, an assumption leading to

the higher value for the losses in the shunt inductance seems to be

reasonable.

The losses in the total shunt capacitance across the load Cg = Cd + Ci

appear only when the load is a biased diode, and can be written as iCgVl.

If the inductances and capacitances are neglected, the energy output

under the conditions for optimum power transfer is

YjlUL.
4ZAra/3

Actually, this energy output is decreased by the losses in Le and C« to

(Tir \ __ 2 _ 1 y2 (56)
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For optimum power transfer

from Eq. (24),

V = - IlA
2a V

Zn 2
jS CsZn / n aV— wra 2>Le

“ V Zn^} J

from Eq. (34), and

Since Zn = the discharging circuit efficiency can be expressed as

(TFz)eff _ 1 r. ^ A n aV]
. ^

.

nd =

where 7 = CJC^j. In general, ti is nearly equal to tn) therefore only a

very small error in introduced by rewriting

if. /3 Z.v I \ (^nK\
- TaV - T.V \

The equation for efficiency for unmatched conditions is not given

because it cannot readily be expressed in terms of the pulser parameters;

however, it can usually be determined with sufficient accuracy hy multi-

pl3dng the efficiency for optimum power transfer by the actual power

transfer.

An examination of Eq. (575) shows that the efficiency of the discharg-

ing circuit decreases when the pulse duration is increased, and when 7
(the ratio of distributed to netw^ork capacitance) is increased. If the

distributed capacitance is constant, 7 varies inversely with pulse duration

;

consequently, the third term of the expression causes a decrease in effi-

ciency when the pulse duration is decreased. Since the effects of the last

two terms of Eq. (57a) are in opposition to each other, the curve showing

efficiency as a function of pulse duration for a given set of pulser param-

eters may be expected to have a maximum. The expression for the

particular pulse duration that corresponds to maximum efficiency is

easily obtMned by the differentiation of Eq. (575), and is

Assuming the usual ratio of 0.1 for u/Zn and values for Le and (7« that are

found in typical pulse transformers and loads, the pulse durations cor-

responding to maximum efficiency are found to be about 0.5 to 3 jusec.
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Actually, the efficiency for very short pulses decreases much more
rapidly than is indicated by Eq. (57) because of the nonlinear character-

istic of the switch drop as a function of time. As explained in Chap. 8,

a great part of the power loss in the switch occurs during the first 0.3 /usee,

and sometimes during an even shorter time. As a result, the coefficient /3

should actually be a function of time; however, the values obtained by
expression (57) are sufficiently correct for most practical purposes. For

very short pulses, the efficiency obtained from Eq. (57) is usually too

high unless a value of /3 that holds for these short pulses can be used.

The efficiency can also be expressed as the ratio of the average power

transmitted to the load to the average power supplied by the pulse-form-

ing network. Since

(Pz)av =WlXfr
and

(Pn)&v = IFat X /r,

the expression is the same as that obtained above. The efficiency of the

charging circuit is discussed in Chap. 9. For d-c charging, it is given as

and, for a-c charging, as

Vc =
1 + 6 2Q

ric

. riT

Hence, the over-all circuit efficiency rjp can be obtained from the

relation rjp = rjc X rjd-

The pulser power output is usually measured by two methods. The

average power input into a magnetron may be represented by

(P|)av ^VlX (/^)av, (59)

or by
(Pz)av = VlX hXriX u (60)

If Eq. (59) is used, the average magnetron current is measured directly

by an appropriately protected d-c milliammeter (see Appendix A). For

Eq. (60), a current-viewing resistor is used to present the current pulse on

the screen of the cathode-ray tube of a synchroscope. The average

amplitude of the top of the pulse as well as the pulse duration n (at

i/z), is either measured directly with the synchroscope, or the area

is integrated graphically from photographs of the oscilloscope

tVace. In general, readings of individual points by the two methods agree

to within a few per cent
;
most of the difference can be attributed to experi-

mental errors and, for a large number of readings, these errors cancel
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each other. In some cases, however, a systematic difference in the read-

ings is introduced, either by a small amount of post-pulse conduction,

or by capacitance currents that may be recorded by the average-current

meter, but are neglected in interpreting the oscilloscope trace. A sys-

tematic difference greater than two per cent, however, usually indicates

some fundamental difficulty with the calibration of either the sweep speed,

the recurrence frequency, or the average-current meter. All three cali-

brations are apt to be troublesome, those of the sweep speed and the

recurrence frequency because they may vary slightly from time to time,

that of the average-current meter because of the change in calibration

produced by the shunt resistance that is usually introduced for protection

in the metering circuit.

It must be pointed out that, at best, Eqs. (59) and (60) are approxi-

mate. They are rigorous only for a biased-diode load having a dynamic

impedance equal to zero because they are obtained by assuming that the

load voltage stays constant during the current pulse. In general, the

results obtained from these equations are sufficiently precise as long as

the top of the voltage pulse is flat and the duration of the top of the cur-

rent pulse is long compared with the sum of the times of rise and fall of

the current. Because of these restrictions, the method is not usually

very precise for short pulses (less than 0.5 /isec), for which the time of

fall of the current is often of the same order of magnitude as the duration

of the top of the pulse.

Obviously, the average-current meter cannot be used to measure

average-power output for a resistance load, since the network-charging

current flows through the meter and cancels the reading of the discharging

circuit. Under these conditions, the average power may be computed
from oscillographic observation, or measured by a calorimeter.

The power input to the circuit can be measured by the standard

procedure, a d-c voltmeter and an ammeter giving the output from the

power supply when d-c charging is used, and a wattmeter giving the input

to the resonant transformer for a-c charging.

The average network power can be obtained by measuring the peak

iorward network voltage Vnj that is,

(Piv)av = iC^Vlfr.

If a unidirectional switch is used without shunt diodes to “bleed off^^

the inverse voltage left, on the network by load mismatch,

(P^)a. = ^C^iVl - F^i)/..

The correction can usually be neglected because a value Vn-i/Vn = 0.2*

which corresponds to a mismatch larger than usually tolerated, intro-

duces an error in Pn of only 4 per cent. In practice, it is difficult to obtain
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an accuracy greater than 2 per cent in measuring Vnj which corresponds

to a 4 per cent inaccuracy in the value of {Pn)b.v.

Because of the inherent inaccuracy in the measurement of (Pjv)ar, it is

generally not advisable to give as much weight to the measured values

for the efficiencies of the discharging and charging circuits as is given to

measurements of over-all circuit efficiency.

Values of over-all circuit efficiency for line-type pulsers may range

from less than 60 per cent to about 80 per cent depending on the power

level, on the type of switch, and on the load.

7*4. The Discharging Circuit and Pulse Shape.—A basic equivalent

circuit that can be used to study the behavior of line-type pulsers during

the discharge of the pulse-forming network has been obtained in Sec.

7-2 (Fig. 7*13) by considering the characteristics of the various components

of the circuit. This same circuit can also be used for an analysis of the

output-pulse shape. Some further simplifications are necessary, however,

if the equations are to be kept workable. Examination of the circuit

indicates that those elements that have a large influence on the shaping of

some parts of the pulse can readily be neglected in the study of other parts

of the pulse without introducing appreciable errors. The number of

meshes, and hence the degree of the differential equations, is thereby

reduced. Thus, the discussion on pulse shape is divided into three parts

concerning the leading edge, the top, and the trailing edge of the pulse.

The Leading Edge of the Pulse .—The time variation of the switch drop

during the ionization period undoubtedly affects the rise of the voltage

across the load. Except in a few special cases, however, the complica-

tions introduced in the equations by a nonlinear parameter are not war-

ranted by the change in the results. A few examples are treated later

to show the order of magnitude of the effect of variation in switch resist-

ance, but for the remainder of the discussion the series losses are repre-

sented by a resistance Rp^ assumed to be constant, and the series

resistance Zn + Rp is replaced by Zi.

The effect of capacitance C^n (of the order of magnitude of 20 /x/zf) can

be neglected because the time constant of this capacitance and its series

resistance Zi (about 1000 ohms) is approximately 0.02 jasec. Hence,

CgN is almost entirely charged in about 0.08 /xsec, and the effect of charg-

ing this capacitance can be neglected except when very short rise times

or very short pulses are considered. Since the pulse-transformer shunt

inductance, Le, is always much larger than the other inductances in the

circuit, the pulse current flowing through it during the first few tenths of

a microsecond is very small, and can be neglected for practical purposes.

The load distributed capacitance Ci is, in general, much smaller than the

pulse-transformer distributed capacitance Cd. The two can be lumped

together if the charging inductance Ld is neglected. Actually, neglecting
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Cl introduces some difference only at the very beginning of the pulse, as

explained later, whereas neglecting Ld leads to unsatisfactory conditions

at the transition between the rise and the top

of the pulse; hence, Ci is neglected here,

i
^

I -T- pulse-transformer shunt losses, repre-

\ I
sented by Rey are usually so small (that is,

JL T—? Re is so large) that they have little effect on

the voltage buildup across the load. For this

\ "f I
reason they are neglected, and, until the out-

Fig. 7 - 18— Simplified voltage exceeds the bias of the diode load,

equivalent circuit of a line- the circuit of a line-type pulser may be sim-

thrie^'fng X^^of“the pTise! pli^ed as shown in Fig. 7-18. Assuming that

the initial current through the inductances

and the initial charge on the condenser are zero, the differential equation

for this circuit is

{Ll + Ld) + Ziiji -f- hi'In dt = VnU),

The Laplace-transform equation is then

(Ll + Lz))p^v(p) + ZitNip) + = Vn(p),

Solving for zv(p),

^A-(P) = CdPVn(p)

Cn(LL + Ld)P^ + ZyCnp + 1

and the Laplace-transform equation for vi is obtained from the relation

Vi(p) = LopiNip) +
and is given by

Cd{Ll + Li>)p^ + ZiCpp + l’

For any specific form of applied voltage VN(t)j the Laplace transform vi(p)

defines a time function vi(t) that expresses the voltage applied to the

load. As long as vi(t) < F*, the circuit of Fig. 7T8 is applicable. A
time ti can be found at which vi(t) = Fa, and the values of current Zisr(L)

through the inductances and voltage ^<7(^ 1) across the condenser at that

time can be determined. The value of vc is obtained by the Laplace-

transform equation

.. _ kM.
Voip) =

1 /“.

clj, ’

At time t = h.
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This is the initial condition that applies to the study of the top of the

pulse, during which time the load is taking power from the pulser.

The Top of the Pulse .—The simplifications of the equivalent circuit

of a line-typo pulser applying to this part of the discussion are essentially

the same as those used for the rising portion of the pulse. The capaci-

tance CaN can be neglected, and Re is, in general, so large compared with

Ri (static impedance of the load) that it may be omitted also. The pulse

transformer shunt inductance Le should be included in this part of the

discussion. The simplification of the equations, however, makes it

advisable to consider the effect of Lc independently. If it is assumed that

the voltage across Le is very nearly constant

during the pulse, the current through it is

given by

yp— t.

In general, this current does not exceed 10

per cent of the load current, so its effect is

usually to introduce only a slight additional

voltage drop across Zi, with a resulting droop

. in the voltage and current pulses. Since this

droop is neglected in the following discussion, the circuit for analyzing the

top of the pulse reduces to that of Fig. 7T9.

Fig. 7-19.—Simplified
equivalent circuit of a line-

type pulser for the analysis

of the top of the pulse.

The differential equations are, for t\ ^ t ^ ^ 2 ,

ZllN + Ll + Ld ^ (tN — il) + ^̂ j ~ il) dt = VN(t)y

and

Td ^ (il — iN) +
il /

‘̂y) dt + rtii = —Vs

with the initial conditions

and
'In ”^a'^(^i) 1L\

Vc = Vc(t\) = Fci.

The Laplace-transform equations can be written

(CopZi + CdLlP^ + CdLdP^ + l)iN{v) - (C/>Li>p2.+ i)^^(p)

= Cd{pVn(v) — Fci + (Ll + Ld)],

(CdLdp‘^ + l)iN(v) ~ (CdLdV^+ 1 +riCDp)ii(p) = Cd(Vs — Vcx+LDpiLf).

By usual methods, .the expressions for the current transforms are found to

be

iiiv) =^ (63)
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and

iffip)
Nl(p)
-~A~’

and the voltage transform vi is

.,(p) - ^

+

where

— p + ColriiLL + Ld) + LdZi]p^

(64)

(65)

+ (Ll + CDriZi)p + (-^1 + n)

= LoCr>Vs{p)p^ - [Cr>V,{LL + Ld) + LdCdZJd. - Li,Cz,Fc.]p^

+ [LlIl, + C«Z,(Fc. - F.) + vn{p)]p - V.,

= LdCd[vn(.p) + Ll7 i.]p*

+ {riCD[vAr(p) + IlJJLl + Ld)] — F,CdLd}P'*

+ [vuip) + Ll/l, - tiCdVc^P — F„

^ = CdLd[F.Ll + r(i;^(p)]p’
Kj D

+ [riCD(LDFc. - LdZi/l.) + F.CdLdZiIp^

+ {Li,(F« + + ri[vN{p) + CdZiVc^]p + VgZi.

Again, for any particular time function VN{t), the Laplace transforms for

load voltage and load current lead to time functions that can be com-

puted. The complexity of the solution is such, however, that little can

be said about the effect of individual parameters. Examples are treated

’later, and more detailed discussions of a few special cases are given. This

circuit can be used to obtain a reasonable approximation of the pulse

shape until a time ^ 2 . This time is defined as that for which the static

resistance Ri of the load equals the shunt resistance Re of the pulse

transformer.

The Trailing Edge of the Pulse .—The trailing edge is the part of the

pulse that is applied to the load following the main pulse of energy

delivered by the pulse-forming network. The shape is determined

principally by the energy stored in stray capacitances and inductances in

the circuit if it is assumed that maximum power transfer to the load is

obtained, as is discussed in Sec. 7-3. Accordingly, it is assumed that

VN{t) = 0 after ^ = ^2 as defined above. At this tirae, the energy that

has been stored in the shunt inductance of the pulse transformer cannot

be neglected. Since this inductance was not considered in the previous

calculations, it is necessary to estimate the current flowing through it
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at the time <2. This current is given Avith sufficient precision by

iheih) —
-jJ

{ti — ^l) — /lj.

At the time corresponding to zero current in the load, the currents in

the transformer leakage and charging inductances (Ll and Ld) cause

energy to be stored in these elements. This energy can be neglected,

however, by comparison with that stored in the shunt inductance.

Energy stored in the distributed capacitance Cd must, of course, be con-

sidered. The discharging circuit may then be reduced to a parallel

RJjeC^-combination.

At this point, however, the assumption that the pulse-forming net-

work may be replaced by a source of internal impedance Zn no longer

holds because, on this assumption and with VN(t) = 0, Zn is in parallel

Avith the discharging circuit, causing a very fast dissipation of the energy

stored in that circuit. Since a pulse-forming network is not a dissipative

element, but rather is capable of storing electrical energy, the above

assumption is obviously false.

Practical networks are made up of series-parallel combinations of

capacitances and inductances. In order to reduce the number of loops

to a minimum, it is assumed that the network can be replaced by a simple

series LC-circuit, with the conditions that , * ,

ITT J ^ j ^ 1

and

r = 2C^Zs, [___
leading to the equivalent circuit of Fig. 7-20. Fm. 7-20.—simplified

If the pulse-transformer leakage inductance is typr pXer“ oT‘thf aLlysU
not negligible compared with the network of the trailing edge of the

inductance Lnj it can be added in series with

Ln. The same equivalent circuit is still applicable if Ln is replaced by

{Ln + Ll) in the equations.

The initial conditions for this circuit are determined as follows. The
voltage on Cp and the current through Le are obtained from the ana^sis

of the top of the pulse. Since it is assumed that the energy stored in the

network has been entirely dissipated in the load before the time ^ 2 ,
the

voltage across the network capacitance Cn can be assumed equal to zero

at the time (2 . However, the voltage across the network is not zero,

but is given by Vc{t2 ) = Fcj, and causes a rate of change of current

through the network inductance given by

diN __ Fca

dt Ln
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The current through the network is considered to be equal to the current

I

n

2 that was Avowing through the source at the time ^ 2 ,
and can be obtained

from the analysis of the top of the pulse. This value satisfies Kirch-

hoff’s law of currents in the present circuit, but implies a small amount of

energy left in the network inductance; however, this energy is usually

very small compared with the energy stored in the pulse-transformer

shunt inductance. The equations for the circuit of Fig. 7-20 can then

be written

Ln 7^ + X/e ^ (tN — it) + jj- J
iy dt = 0,

^ j {iL — ii) dt = 0,

j {ii — II) dt + iiRe — 0,

Le ^ {ih — iy) +

giving the following Laplace-transform equations:

Mv)
Lyiy(p)p + Le[iy(p) — U(p)]p +

L,[u(p) - iy(p)]p +

Cyp

iLip) - ii(p)

ti(p) - u(p)

CdP

CdP

— pNlyi + Lei L2>

Iyi.

V
— —LelL2

F,+ il{p)Re =

From these, an expression for the Laplace transform of the current ii

can be obtained, which, multiplified by Re^ gives

Vi{p) = Reiiip) = R_ P N\{p)

A'

where

~ LsILnCdCyVc2P^ LnCn(Iy2 — IL2)p^ + CpV

C

2P ~ Xl2],

and

— LNLeReCyCdP^ “h LnLcCnP^
+ ReiLeCp “f" LeCy + LNCy)p^ LeP + Re-

•

For most practical values of the coefficients at least two of the roots of

the denominator A' are complex, and result in a damped oscillation of

high frequency (1// is of the order of magnitude of r). This oscillation is

superimposed on a low-frequency damped oscillation that corresponds to

the voltage backswing on the network after the pulse. This voltage

backswing can be estimated fairly accurately by obtaining the Laplace

transform iyip), from which the network-condenser voltage is obtained as

Mp) = - iAp)

CnP
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This backswing has a polarity opposite to that of the original source

voltage, and, if a unidirectional switch is used, is approximately equal to

the inverse voltage left on an actual network.

7-6. Computed and Actual Pulse Shapes.—In order to keep the treat-

ment as general as possible, the previous discussion makes no reference

to the time function that can be used, and pertains to a biased-diode

load, which was chosen because of the flexibility that results from vary-

ing either its bias or its resistance.

If the load is highly capacitive, it is possible to use the same procedure

by replacing the distributed capacitance Cnhy the load-plus-transformer

capacitance. If the load is a pure resistance, Vs = 0, and the first step

is eliminated. It is conceivable that a pulser may be used to initiate an

arc of negative-resistance characteristic; it should then be possible to

use a negative value for ri to fit the arc voltage-current characteristic

over the appropriate range, and again the general solution holds.

The pulsers most widely used by the Radiation Laboratory had

magnetron loads, and therefore the following examples consider the case

of a magnetron such as the 4J52 operated from a typical pulser. Assum-

ing that the characteristics of this magnetron are Vs = 13 kv, and

ri = 100 ohms, and its operating current is 15 amp, the corresponding

static load resistance is about 1000 ohms. In discussing examples of

this type, it is convenient to refer all quantities in the pulser discharging

circuit, including the pulse-transformer parameters, to the secondary of

the pulse transformer. The sum of pulse-forming-network impedance

and estimated series losses is thus assumed to be Zi = 1200 ohms,

which necessitates a network voltage equal to

T/ - + Zi) ^ (13,000 + 100 X 15)2200 ^Vn - d2,0U0 volts.

The characteristics of the pulse transformer are: Ll = 90 juh,

Ld = 22 fjh, Cd = 60 Le = 50 mh, and Re = 20,000 ohms. For

the first example, the function VN{t) is assumed to be a trapezoidal pulse

with a time of rise equal to zero, a flat top of 2.5 jusec, and a time of fall

of 0.25 Msec. The second example considers a similar pulse shape with a

time of rise equal to 0.25 Msec, a flat top of 2.5 Msec, and a time of fall of

0.5 Msec.

The time function of the applied voltage for the rising edge of the pulse

is

VN{t) = VNy

which gives the Laplace-transform equation

Vn(p) = —•
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Introducing the voltage transform in Eqs. (61) and (62), the following

time functions are obtained:

iiv(0 sin cot

Vj(t)

F.

where

and

Vn (Ll + Ld)o)

t) ^ f ( Ll .
,

« 2Ld + Ll . A— = 1 — 6“"^
( Y T—j~ COS Oit j r-7— Sin (at I;

N \Ll + Ld 0) Ll -t Ld /

a = Z^

2{Ll + Ld)

The voltage time function is plotted in Fig. 7-21. It may be noted that

the voltage time function does not start from zero voltage, as is obviously

never the case in practice. The two assumptions responsible for this

applied pulse, instantaneous rise).

apparent discrepancy are (1) that the rise of applied voltage is instantane-

ous, which is not possible in practice, and (2) that the capacitance across

the load has been added to the pulse-transformer distributed capacitance.

Hence, at the first instant, the total applied voltage appears across the

series inductance of the circuit, and, since part of that inductance is

directly across the load, a fraction of the voltage equal to Ld/(Ll + Ld)

must appear across the load.



Sec. 7*5] COMPUTED AND ACTUAL PULSE SHAPES 263

This analysis is carried on until, by successive approximations,

time ti is found such that

viih) ^

a

The current through the circuit and the voltage across the condenser Cd
at that time are then computed. For the particular values of parameters

chosen above, ti = 0.087 /isec, Ili/Vn- = 416 X 10~® mhos, and

l£i
Vn

0.383.

The general form of the time function for the top of the pulse is too

complex to permit a useful analysis of the effect of individual parameters,

even with an applied voltage of the simple form assumed here. For the

particular values chosen for the parameters, the load voltage is of the form

F.V
Av + sin (coi^ + 0),

in which the first term has the value

Av
Vn

Zi + n
0.452,

which is the steady-state value of the voltage arrived at from other con-

siderations in Sec. 7-2.

The term is an exponential with a very rapid decay, correspond-

ing to the increase from starting to operating voltage. Again, for this

example, B^ = —0.0048, and b = —14.5 for ^ expressed in microseconds.

The last term corresponds to the oscillations on the top of the pulse,

for which = —0.416, c = —2.24 for t expressed in microseconds,

0)1 = 27.35, and d = 1.431. The time function for the current of the

same form as that for the voltage; the coefficients are given by

A* =
n + Zi

'

and

. Bi = El,
Tl

'

n

and the exponents, frequency, and phase angle are the same.
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A plot of the load-voltage time function obtained with the above

assumptions is given in Fig. 7*21. The amplitude of oscillations is much
greater than that observed in practice because of the shock excitation of

the pulse-transformer circuit. This excitation is introduced partly by
the discontinuous function chosen for the applied voltage, and partly

by the assumption that the switch voltage drops instantaneously to its

operating value.

When the applied voltage begins to decrease at ^ = 2.5 /xsec, its time

function is given by

V^it) = Fjv (l - 0.

with t' = 0 Sit t = 2.5 /isec, where t' is expressed in microseconds and
a = 0.25 /xsec. The Laplace transform for the voltage

\ V

introduced in Eqs. (63) and (65) leads to a time function containing terms

of the same form as those for VsiJ) = Fjv, plus a term that is directly

proportional to the time. For the particular example chose a, the oscil-

latory term is negligible, and the expressions for the load voltage and
current can be written

^ = 0.475 - 0.308< - 0.023e-i^-*2<
V N

and

106 = 687 - 3077< - 230e-‘<-«2< mhos.
V N

The expression for vi{t) is used until t = ^2 ,
^2 having been defined as the

time for which

The load static impedance at any instant is given by

m ^ Vs + iin ^ ri

ii ii
1 - 1^

'

vi

Equating this value to Re, the load voltage is determined as a function of

load parameters, that is

Viih) = V.
Re
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The time t2 at which this voltage is reached can now be obtained from the

time function for vi. In the present example, it is 2.71 /xsec. This value

is used in turn to determine the initial currents to be introduced in the

circuit from which the trailing edge of the pulse is computed.

The amplitude of oscillations on the top of the current pulse is deter-

mined to a large extent by the energy stored in the charging inductance

of the pulse transformer, and their frequency is determined almost

entirely by the distributed capacitance and charging inductance of the

pulse transformer.

Since the applied voltage v^it) is considered equal to zero for t > Uj

the initial conditions for the trailing edge of the pulse can readily be

found as follows:

fe - ?Sr.
^ ^ X > 24 X 10- mh»,

^ = 0.408,
Vnl

and

« 28 X 10-« mhos.
V N

The values for Ln and Cn are found to be

2 5V
Cn = ^ farads,

and

Ln = Z%Cn « 1.4 X 10~^ henrys.

If these values are introduced in the Laplace-transform equation for this

circuit (Eq. (65)), the time function for the voltage across Re is found to

be

= -0.178e-« «22« sin (0.134« - 0.132)
y N

-0.386e-o-394t sin (3.52^ - 1.49).

As can be seen from Fig. 7*22, the load voltage during the tail of the pulse

consists essentially of two damped sine waves, one of relatively high

amplitude, frequency, and damping that corresponds approximately to

the LnCD-circuitj and one of lower amplitude, frequency, and damping

that corresponds very nearly to the LeCn-gitcuH,

The voltage buildup on the network capacitance Cn is given by the

expression

= -0.182e-«-®''*« sin (0.134< - 0.121)
V If

+0.022e-» ®»« sin (3.52< + 1.434),
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and is also plotted on Fig. 7*22. If the switch is unidirectional, the net-

work voltage Vn reaches a maximum negative value, at which time the

discharging circuit is disconnected from the network, and only the charg-

ing circuit needs to be considered.

^ in ju sec

Fig. 7*22.—Computed voltage pulse on the load and backswing voltage on the load and
on the pulse-forming network (trapezoidal applied pulse, instantaneous rise).

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

t in M sec

Fig. 7*23.—Computed load-current and load-voltage pulses for a line-type pulser (trape-

zoidal applied voltage, finite time of rise).

One assumption that is implicit in the above discussion is that the

charging circuit has no effect on the shape or on the trailing edge of the

pulse. This assumption is correct only if the charging inductance is
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very large compared with the shunt inductance of the pulse transformer.

The effect may become appreciable if the ratio yjLc/Le is less than 10.

Figure 7-23 shows the voltage and current pulse shapes obtained for

the same circuit conditions as those applying to the preceding discussion,

but with an applied pulse shape that has a finite time of rise. The
detailed analysis is not repeated, but it is worthy of note that the ampli-

tude of the oscillations on the top of the pulse is reduced by a factor of at

least two by the decrease in the shock excitation in the circuit, as is to

be expected. In actual practice, the amplitude should be reduced even

more because, as explained later, the switch-resistance characteristics

in a hne-type pulser tend to decrease the rate of rise of the pulse on the

load even though a unit step function of voltage is applied to the circuit.

0 5 10 15 . 20
tin/i sec

Fig. 7-24.—Computed voltage pulse on the load and backswing voltage on the load and
on the pulse-forming network (trapezoidal applied voltage, finite time of rise).

The similarity between Fig. 7*24 and Fig. 7-22, showing the load voltage

during and immediately after the pulse, and the voltage on the network

capacitance, is quite obvious. The principal difference between the two

cases is a phase shift of the post-pulse oscillations corresponding approxi-

mately to the time of build-up of the front edge of the pulse.

The series of oscillograms shown in Fig. 7*25 have been obtained with

a circuit simulating a line-type pulser in order to indicate the effects of

distributed capacitance and pulse-tranformer inductances on the top

of the pulse. It may be noted that the damping of the oscillations is

faster than that predicted by theory as a result of the losses in the simu-

lating circuit, which were neglected when making computations. It is

highly probable, however, that the losses in the actual circuit are even

higher than those obtained by the use of air-core inductances and mica

condensers. The frequency of the oscillations on the top of the pulse is
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seen to depend on the value of the charging inductance Ld and on the

distributed capacitance, but not on the leakage inductance. The ampli-
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(c) Ll - 45 fih. (d) Ll — 110 /xh.
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(g) Ll = 45 gh. (h) Ll = HO fih,

Ld = 16 ph, Cd = 150 ppf.

Fig. 7-25.—Observed output pulses from an equivalent circuit for a line-type pulser.

tude of the first oscillation is, to a certain extent, determined by the leak-

age inductance and the distributed capacitance, but it is evident that the

principal factor contributing to that amplitude is the charging inductance.
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A comparison of these photographs with those shown in Fig. 7*30

indicates that the amplitude of the oscillations obtained in an actual

pulser circuit and with a magnetron load is less than that to be expected

from theoretical considerations. The circuit constants used for the above

computations and photographs are very nearly equal to those obtaining

for Fig. 7-30. The simplifying assumptions, such as the lumping of

capacitances and inductances to obtain a workable circuit, account for

this difference.

Effect of the Switch Resistance ,—During the foregoing discussion the

switch resistance is assumed constant in order to simplify the equations,

although it is a function of time for the start of the pulse. A very simple

example is treated here to show the effect of the switch resistance on the

front edge of the voltage pulse on a resistance load. Figure 7*26 repre-

Fig. 7-26.—Equivalent discharging circuit Fig. 7*27.—Assumed switch-resistance char-
for study of the effect of switch resistance.* acteristics.

sents the discharging circuit and Fig. 7*27 gives the assumed switch-

resistance characteristics.

Two assumptions are made concerning the variation of switch resist-

ance as a function of time (discussed in Chap. 8)

:

1. That the resistance decreases linearly from a value Rp^ at the

beginning of the pulse to a value Rpa at a time t = and is equal

to Rpa for the remainder of the pulse.

2. That the decrease in resistance from the same value Rpo to the

value Rpa at ^ = a is parabolic.

This latter method avoids any discontinuity if the vertex of the parabola

is at point A and if its axis is parallel to the resistance axis. For a linear

drop in resistance, the switch resistance from the time ^ = 0 to the time

t = a is expressed as

rp = iipo + ~^
t = Rr. + (fipo - Rra) ( 1 -

a \ a^

and the voltage across the load resistance Ri is then given by

VN{t)Ri
Vi(t) =

Zn Ri A" Tp
for 0 < ^ < a,
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Zn + Tiz -|- Rpa + {RpO

0
-
0

'

Assuming that VN(t) = 0 for ^ < 0, that vn^I) = Vn for t > 0, and that

Zjv = Ri, RpQ = 2Ri, Rpa = 0.05 Riy and a = 0.25 jusec, the time function

of the load voltage may be simplified to

vi(t) _ 1

V^r 4 - 7 .8^

for 0 < ^ < a, where t is expressed in microseconds. For ^ > a,

vi(t) ^ ^ ^ 1

Vn Zn Rl Rpa 2.05

for the values chosen. .

Assuming a parabolic decrease in resistance, the expression for resist-

ance becomes

Tp — (^Rpo Rp 0
-
0

’

for (0 < ^ < a),

and the load voltage becomes

Vi(t) _

Again, for t > a,

Zn Rl + Rpa + (RpO — Rpa)

Vi(t) ^ ^
Vn Zn + + Rpa

0
-
0

’

With the values of constants assumed for a linearly varying resistance,

Qg
the expression for the voltage across the load

I I I
T

1
resistance becomes

Vn 4 - 15.615 + 31.2^2

The effect of a variable switch resistance

is shown in Fig. 7-28. This effect is seen to

be essentially the same as that obtained from

a time function VN(t)y with a time of rise

longer than the actual one, and a constant

0 0.1 0.2 0.3 0.4 0.5 a lime lunciion vn^i), wiin a iime oi rise

T.
^

j longer than the actual one, and a constant

effect of a variable switch switch resistance Rpa. Hence, the method of
resistance on the front edge approach described earlier in this section can
of the voltage pulse for a j • i 'i? xi
resistance load and a rectangu- be used with reasonable accuracy, if the
lar applied pulse. proper assumptions are made concerning the

time of rise of the applied voltage VN(i).
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Effect of Pulse Cable between Pulser and Load ,—If a pulse cable is

inserted between the pulser and the pulse transformer, its effect on the

pulse shape does not lend itself to easy mathematical treatment for the

loads encountered in practice. In general, it can be said that, if the load

is a biased diode, the shapes of the top of the current pulse and the trail-

ing edge of the voltage pulse are affected by changes in the length of a

cable between pulser and load. Oscillograms of 0.2-iiisec voltage and

current pulses obtained with a 4J52-magnetron load using 6 and 50
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Fig. 7*29.—Oscillograms showing the effect of cable length on the pulse shapes for a
0.2-/usec current pulse.

ft of cable are shown in Fig. 7-29. Slow and fast sweeps were used to

show both the top of the current pulse and the trailing edge of the voltage

pulse; sweep calibrations of 5 and 1 Mc/sec respectively are also shown.

Two facts are immediately obvious: (1) in this particular case, the current

amplitude tends to decrease as a function of time if a short cable is used,

and to increase if a long cable is used, and (2) high-amplitude oscillations

are present on the trailing edge of the voltage pulse when the long cable

is used.

Not enough information is available at present to evaluate exactly

the causes for the changes introduced in the pulse shape by the cable;

the problem involves, in addition to the cable characteristics, the variety
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of parameters considered previously in this section. These characteris-

tics include impedance, attenuation, and phase shift, which may vary as a

function of frequency. Thus, individual cases lead to entirely different

results.

Another example is shown in Fig. 7-30, where voltage and current

pulse shapes on a 4J52 magnetron are shown for a 2.4-/isec pulse. In

this case, additional oscillations appear in the current pulse when a long

cable is used. After the first 0.7 /isec, these oscillations take the shape of

•
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Fig. 7-30.—Oscillograms showing the effect of cable length on the pulse shapes for a
2.4-Atsec current pulse.

a distorted damped rectangular wave superimposed on the current pulse.

Graphical subtraction of the two current pulses leads to the conclusion

that this distortion is the result of a highly damped sine-wave oscillation

superimposed on a slightly damped rectangular wave. The half period

of this distorted rectangular wave is slightly longer than the two-way
transit time in the cable; the difference can almost entirely be accounted

for by the time delay in the pulse transformer. The amplitude of oscilla-

tions on the trailing edge of the voltage pulse is essentially the same for

both long and short cables; the period, however, is slightly increased by
the addition of a long cable.



CHAPTER 8

SWITCHES FOR LINE-TYPE PULSERS

By J. V. Lebacqz, H. J, White, J. R. Dillinger, A. S. Jerrems, and
K. J. Germeshausen

Some of the requirements for switches that can be used to initiate the

discharge of the pulse-formin'g network have already been mentioned in

Chap. 1. Briefly, these requirements may be summarized as follows:

1. The switch should be nonconducting during the charging period.

2. The switch should be capable of closing very rapidly at predeter-

mined times.

3. The switch resistance should be as small as possible during the

discharge of the network.

4. The switch is not required to interrupt the pulse current, since the

current drops to zero or nearly to zero at the end of the pulse.

6. The switch should regain its nonconducting state rapidly after

the end of the pulse.

The requirements of low resistance and rapid closing of the switch

suggest that either spark gaps or gaseous-discharge tubes should be used

as switches in line-type pulsers. The problem of closing the switch or

initiating the discharge at predetermined times has been a serious one

because, for some applications, an accuracy of about 0.02 /zsec is desired.

Both thyratr.ons and triggered spark gaps have been developed to meet

this exacting requirement successfully. Rapid deionization of the gas

after the discharge is essential if high recurrence frequencies are required.

Since the nature and pressure of the gas, the electrode geometry, the total

ionization produced by the pulse current, and the type of charging cir-

cuit used all affect the deionization time, some compromise may have

to be reached between the pulse power and the maximum recurrence

frequency, independent of the safe allowable average power. In spark

gaps electrode erosion occurs, changing the gap geometry and the break-

down characteristics. Attention must also be given to the residual gases

produced by the spark under certain conditions.

Since rotary spark gaps had been used successfully in radio code trans-

mitters, they were suggested for use in radar pulsers, and proved very

satisfactory. They presented three main disadvantages, however: (1)

273
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they are not well suited for high recurrence frequencies, (2) they have an

inherent uncertainty in the time of firing, which may be as high as 50 /xsec,

and (3) they cannot readily be adapted to applications requiring air-

tight enclosures. As a result, developmental work was started on both

fixed spark gaps and thyratrons. The early investigations covered such

possibihties as veatrons (vacuum arc devices)a ndignitrons,^ fixed two- and

three-electrode^ gaps operating in air with a forced circulation of the air

in order to aid deionization, ^ and mechanical switches operating in a

vacuum.® The ^'trigatron,’^^ an enclosed three-electrode gap was found

to be satisfactory for lowpower applications in which long life was not

required. Some work was done on an enclosed three-electrode gap for

applications requiring high power and long life.^ Of all these devices,

an enclosed fixed gap having two electrodes and operated in series with

one or two similar gaps showed the greatest promise of early satisfactory

development, and the effort was therefore concentrated on these so-called

series gaps.”^

A series-gap switch is preferable to the rotary spark gap for the

following reasons: (1) the time fluctuations in the initiation of the dis-

charge are smaller (1 to 2 //sec for one type of series gap, 0.02 Msec for

another type), (2) it can easily be operated at more than one pulse recur-

rence frequency in a given installation, (3) it can be operated at recurrence

frequencies that are higher than those conveniently obtained with a

rotary gap, and (4) each fixed spark gap is completely enclosed.

Early work on existing mercury thyratrons^ indicated the desirability

of developing a switch that would eliminate the variation of character-

istics as a function of ambient temperature, and that would use a gas

that would not damage the cathode when passing the high peak currents

required. After much experimentation, the hydrogen thyratron was
developed at the Radiation Laboratory, and proved to be the most satis-

^ C. M. Slack, ^'Report on Pulser Tube Development,” NDRC 14-105, Westing-

house Electric Corporation, May 15, 1942.

2 L. Tonks (General Electric Company), “Fixed Spark Gaps and Associated Cir-

cuits,” Spark Gap Colloquium, RL Report No. 50-1, Sept. 28, 1942.

R. G. Fluharty, “Life Test Report on Triggered Spark Gaps Developed by L.

Tonks at the G. E. Company,” RL Internal Report 51-Apr. 7, 1943.

* J. V. Lebacqz, H. O. Anger, and T. W. Jarmie, “Mechanical Vacuum Switches,

Transmission Line and RC Pulsing Circuits,” NDRC 14-156, U. of Calif., June 1, 1943.
^ J. D. Craggs, M. E. Haine, and J. M. Meek, “The Development of Triggered

Gaps with Particular Reference to Sealed Gaps,” Metropolitan-Vickers Electric

Co., Ltd., Report No. C-311, September 1942.

® C. M. Slack, and E. G. F. Arnott, “Report on Enclosed Pressure Gaps,” NDRC
14-150, Westinghouse Electric Corporation, Dec. 31, 1942.

® F. S. Goucher, J. R. Haynes, W. A. Depp, and E. J. Ryder, “Spark Gap Switches

for Radar,” Bell System Technical Journal, Oct. 1946.

^ A. W. Hull (General Electric Company), “Mercury Vapor Thyratron,” Modu-
lator Colloquium, RL Report No. 50-2, June 9, 1943, pp. 118-120.
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factory switch throughout the power range which it covets. With this

switch, the time fluctuation can easily be kept to 0.02 jusec or less, and the

auxihary circuits required for the trigger pulse are very simple compared

with those necessary to supply a high-voltage trigger pulse to the series-

gap switch.

The characteristics, uses, and special requirements of rotary spark

gaps, enclosed fixed spark gaps, and hydrogen thyratrons in pulser

circuits are considered in this chapter.

THE ROTARY SPARK GAP

By J. V. Lebacqz and H. J. White

A very brief discussion of the sparking mechanism at or near atmos-

pheric pressure may be helpful in understanding the limitations and

advantages of the different kinds of rotary spark gaps. A spark may be

defined, for the purpose of the present discussion, as the transient,

unstable breakdown of a gas between electrodes whereby the gas is

suddenly changed from a good insulator to a relatively good conductor.

It results from the formation of a highly ionized path between two
electrodes, and, within the limits of voltages considered here, the final

voltage-current characteristics of the spark usually depend more on the

external circuit than on the gap dimensions.

A spark is initiated between two electrodes by raising the voltage to,

or above, the static-breakdown voltage. The static-breakdown voltage

is the minimum voltage that, if applied to a given gap for a long enough

time, eventually causes it to break down. The concept of time is intro-

duced here because the breakdown is initiated by the ionization of the

gas molecules by free electrons accelerated in a strong electric field.

Under favorable conditions, the process is cumulative and breakdown

results; however, the time lag, or the time elapsed between the applica-

tion of the static-breakdown voltage and the initiation of the discharge,

may be as long as several minutes. If a voltage higher than the static-

breakdo\vh voltage is applied, or if a large number of electrons are made
available in the gap, the chances of obtaining conditions favorable to

ionization increase and the statistical time lag decreases. In general,

if the voltage applied to the gap is two to three times the static-breakdown

voltage, and if some initial ionization is provided, the time lag of the gap
can be reduced to to seconds.

Once the ionization process has been initiated, some time still elapses

before the breakdown takes on the character of a spark. This time is

referred to as the ^‘breakdown time” of the gap and depends on its geom-

etry and on the pressure and nature of the gas, as well as on the shape of

the applied voltage wave. Observations indicate that the breakdown
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time is usually very small—of the order of magnitude of 10~® sec

—

although it increases for very nonuniform fields, and for low gas pressures.

Since the breakdown of a gap can be controlled accurately by ade-

quate overvoltage, the problem becomes that of obtaining the necessary

overvoltage. This overvoltage can be obtained either by applying a

high transient voltage to one of the electrodes if the gap geometry is

fixed, or by varying the gap spacing as a function of time, as in the rotary

spark gap.

8-1. Electrical Considerations in the Design of Rotary Spark Gaps.

—

Rotary spark gaps consist of a set of moving electrodes rotating in front

of one or more fixed electrodes. The minimum spacing is adjusted so

that the corresponding static-breakdown voltage is smaller than the volt-

age required on the network, and the motion of the electrodes is syn-

chronized in such a way that the maximum network voltage is obtained

a short time before the minimum spacing is reached. Although the final

design of successful rotary gaps has been achieved primarily by trial and

error, there are some fundamental factors to be kept in mind, and some
experimental data that can be used as a guide. These factors are the

gap geometry, the nature of the gas and electrode materials, and the

number of electrodes.

Gap Geometry.—Nearly all the successful rotary spark gaps used in

pulsers were designed with cylindrical electrodes. It is necessary to

minimize the changes in gap geometry which are unavoidable in spark

gap operation, if the operating point is to remain reasonably constant

during life. The gaps were therefore built either with parallel electrodes

having sufficient overlap to increase the effective area which the spark

may strike, or the electrodes are in two planes normal to the axis of

rotation. The moving electrodes are radial and the fixed electrode makes
an angle of 20° to 40° with the raidus, so that the gap geometry is essen-

tially unaltered as the electrode wears away slowly from its tip.

Simple considerations of the voltage gradient between two moving
cylindrical electrodes with parallel axes may be used to bring out some of

the limitations of a gap of this type. Consider two electrodes (Fig. 8T)
of equal diameter d, and having a minimum spacing a. For any distance

s between the axis of the moving electrode and its position corresponding

to minimum spacing, the breakdown distance between the two electrodes

is given by

Z> = y/ + {d ay — d.

For a rotary gap, the angular velocity of the moving electrode is constant.

Then, if to denotes the time at which D = a, the distance s can be expressed

as a function of angular velocity w and radius r of the circumference of

the center of the electrode. Then s = cor(^o — t). This equation is
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correct only to the same approximation that co(/o ~ 0 ~ sin co(/o — t);

for usual rotary-gap practice, the angle over which the spark may take

place is always so small that the error introduced is negligible. Hence,
the average voltage gradient between electrodes can be expressed as

^ _ Yjl = Yjl = Yjl
•D Vs" + (c? + ay - d - <)" + {d + a)^ - d’

where Fjv is the network voltage. For reasons explained later, resonant

charging is nearly always used for rotary-gap pulsers. In this case, the

network voltage is so nearly constant near the discharge point that it

may be assumed constant without introducing appreciable error. An
exact discussion of the sparking phenomena requires a knowledge of the

maximum electric field between elec-

trodes for every position of the moving
electrode. In the following discus-

sion it is assumed that the voltage

gradient E is uniform between the

electrodes. It is also assumed that a

spark may occur at any time after the

electric field exceeds 30 kv/cm, and
occurs instantaneously if the electric

field reaches a value of 70 kv/cm.
These assumptions are obviously far

from correct, and are not intended to

give a quantitative solution to the

problem of gap design. If made con-

sistently for various conditions, how-

ever, they do lead to results that are

in accord with experience, and are

therefore sufficiently accurate to in-

dicate the expected trends of the phe-

nomena. For instance, it is shown
later that the experimental average

gradient before static breakdown for

a given gap varies as a function of

spacing, and is higher than 30 kv/cm
at the smaller spacings. The introduction of this variation in the mini-

mum average gradient in the discussion at this point would result in

many additional complications without altering the conclusions.

For any given values of applied voltage, electrode dimensions and

minimum spacing, and velocity of the moving electrode, a time t = h can

be found at which the voltage gradient reaches 30 kv/cm. Similarly, a

time t = t2 may be defined as the time at which £' = 70 kv/cm. The

s in cm

Fig. 8-1.—Average field between
rotary-gap electrodes. Curve A is for

Vn = 10 kv, a = 0.05 cm, curve B is

for Vn = 10 kv, a = 0.10 cm, and
curve C is for Vn — 20 kv, a =0.10 cm.
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spark then occurs between and ^2 . Thus, {t 2 — ^i) corresponds to

the maximum time jitter that may be expected because of uncertainty in

the initiation of the gap discharge. As an example, consider the hypothet-

ical gap of Fig. 8-1, and assume that the electrodes are 0.25 cm in diameter.

The average gradient has been plotted as a function of s for several values

of Fjsr and a. Then, with the assumptions made above, a spark may take

place at any point between s = 0.25 and s = 0.5 cm for curve A
;
between

s = 0.18 and s = 0.43 cm for curve B; and between s = 0.41 and s = 0.85

cm for curve C. To express these results as a function of time, some

electrode velocity must be assumed. Taking r = 10 cm and a rotor

speed of 60 revolutions per second, the linear velocity of the moving

electrode is

cor = 27r X 60 X 10 = 3750 cm/sec

Then, the maximum time jitter can be estimated as 0.25/3750 sec or

65 Msec for curves A and B, and about 115 /isec for curve C.

These values are larger than those normally found in practice (1)

because of the crudeness of the assumptions concerning field distribution

and breakdown voltages, (2) because the time lag at minimum breakdown

voltage has been considered equal to zero, and (3) because the possibility

of the formation of corona has been neglected. Actually, for the gap

geometry considered, the minimum value of the average static gradient at

breakdown is probably nearer 40 than 30 kv/cm. If this value is chosen,

and if the gap is assumed to break down with a time lag smaller than 1

Msec when the voltage is equal to 150 per cent of the minimum breakdown
voltage, 60 kv/cm in this case, the values obtained for inherent time

jitter in the gap are 30 mscc for curves A and B and about 50 mscc for

curve C. Nevertheless, the results can be used either to compare the

behavior of gaps having different geometries, that is, where the ratio of

the minimum spacing to the electrode diameter varies, or to compare the

operation of gaps with similar geometries at different voltages.

The time jitter to be expected is inversely proportional to the relative

speed of the electrodes. Thus, in order to decrease the inherent time

jitter caused by the statistical nature of the sparking process, it is

theoretically sufficient to increase the steepness of the curve showing

the variation of field with spacings or time within the range of voltage

gradients that is most apt to produce a spark. One method of achieving

the desired result is to increase the speed of the moving electrode. A
judicious choice of electrode diameter and spacing for a given operating

voltage is also necessary. For instance, referring to Fig. 8*1 and the

previous discussion, it is seen that the time jitter of the gap with a

minimum spacing of 0.10 cm for an applied voltage of 20 kv is almost

twice its value for an applied voltage of 10 kv.
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If the moving-electrode velocity is held constant, the inherent time

jitter of a gap that has an electrode diameter and minimum spacing that

are twice those of the gap considered in the previous example and that

operates at 20 kv is still much greater than that of the gap operating at

10 kv. Since the mechanical design imposes a limit on the maximum
electrode velocity, it is advantageous, in some cases, to use two gaps in

series if the total voltage becomes very great. This method has been

used in some rotary gaps designed at the Radiation Laboratory.

If the voltage across a rotary gap is increased gradually, the gap

begins to break down erratically when the field corresponding to the

minimum spacing reaches the critical gradient at which the spark may
occur with a long time lag. If the voltage is further increased, the gap

begins to break down on every pulse,’and usually reaches a point of opti-

mum operation. If the voltage is increased still further, the length of

the gap at which the spark jumps increases, as well as the time jitter.

Another very important consideration in gap design is that of deioniza-

tion. As pointed out previously, the gap is not required to interrupt the

main pulse current. The network, however, starts to recharge immedi-

ately after the pulse, and care must be taken that its voltage does not

exceed the breakdown voltage of the gap at any time before the end of

the desired interpulse interval. Since the air in the vicinity of the

electrodes is highly ionized by the passage of the spark current, it is safe

to assume that there is very little time lag before breakdown, even for

the minimum voltage gradient. If losses are neglected and the network

is assumed to discharge completely, the voltage across the gap may be

expressed as

Vn = ^ (I — cos o)ot)

for d-c resonant charging, and the average field is

where D is defined as before. As an example, consider the gap of Fig. 8T
curve A with = 10 kv, and assume that the spark has taken place

when E' = 40 kv/cm. If the pulse recurrence frequency is 600 pps,

Vn = 5(1 — cos 600 Tt)j

and the electrode velocity is 3750 cm/sec. Thus, the voltage gradient

across the gap can readily be plotted as in Fig. 8*2 for various positions of

the moving electrode. For the particular values of parameters chosen,

there is no danger of the gap restriking and establishing a short-circuiting

arc across the power supply. If the same gap were used at Fjsr = 20 kv,
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however, the network discharge might take place at s = 0.7 cm. Then,

the voltage built up on the network at the time of minimum spacing

between the electrodes would be about 610 volts, corresponding to an

average gradient greater than 12 kv/cm. Because of the nonuniformity

of the field, which can be caused by rough electrodes resulting from long

operation, the gap may be expected

to restrike under these conditions.

The average voltage gradient as a

function of pin spacing has been

plotted for this case in Fig. 8-2.

In conclusion, some practical re-

sults are given. Experience has shown

that high-power gaps work satisfac-

torily with an average gradient be-

tween 60 and 70 kv/cm corresponding

to minimum spacing (Fig. 8T), and

that low-power gaps may be built

and operated with minimum spac-

ings that would correspond to aver-

age gradients of between 200 and 300

kv/cm if the gap did not break down before that point were reached.

These figures are only indicative of the range that has been used, and
each case has to be considered separately, depending on the required

recurrence frequency, the time jitter, the type of charging circuit, and
the type of load.

Gas and Electrode Material .—According to the most widely accepted

theories, gap breakdown takes place exclusively in the gas and is inde-

pendent of the material used for electrodes, except inasmuch as it may
contribute to the initial ionization of the gas, either by radioactivity or by
photoelectricity. Thus, the choice of electrode material is determined by
other considerations, such as the necessity of obtaining a long trouble-

free operating life. Since high temperatures are developed in high-cur-

rent sparks, refractory material should be used for the electrodes, and
consequently tungsten was chosen for the initial tests on rotary spark

gaps. Because of the satisfactory operation of these gaps, tungsten

electrodes were used in nearly all the rotary gaps designed at the Radia-

tion Laboratory. The original gaps were designed to operate in air at

atmospheric pressure, where a breakdown field of 30 to 50 kv/cm,
depending on the spacing, is applied. Tests on sealed rotary gaps, as

well as on fixed spark gaps, indicated that the presence of oxygen was
necessary to obtain a satisfactory life from the tungsten electrodes. The
exact reason is not known, but it is believed that the formation of a

layer of tungsten oxide provides a protective covering for the gap spark-

-•— Direction of motion

Fig. 8-2.—Average field between
electrodes during the beginning of a
charging cycle for d = 0.25 cm, a = 0.05

cm, fr = 600 pps, oor = 3750 cm /sec,

where d, a and s are shown in Fig. 8-1.
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ing surfaces that greatly reduces the electrode wear. Ventilated rotary

gaps using tungsten electrodes have been used in the great majority of

radar applications, although they cannot be used in airborne radar sets

because of the change in breakdown voltage with pressure. Sealed rotary

gaps have been used in one airborne radar set, for which the life require-

ments are much less severe than for ground-based or shipbome sets.

A number of life tests on rotary gaps have been made both at the

Radiation Laboratory and at the Bell Telephone Laboratories. The
results are all in reasonable agreement, and show that the rate of cathode

wear is much larger than that of anode wear. Since the electrode wear

appears to be approximately proportional to the total charge passed by the

gap, a logical unit for rate of wear is the loss of mass per unit charge. In

practice, a convenient unit for rate of wear is milligrams per ampere-hour.

Experimental data obtained both at the Bell Telephone Laboratories

and the Radiation Laboratory show that, for pulse currents from 40

to 170 amp, the rate of cathode wear in air varies between about 2 and

6 mg/amp-hour, 3 or 4 mg/amp-hour being the median value. In nitro-

gen or gas mixtures that do not contain oxygen, the rate of wear is 10

to 20 times greater. The order of magnitude of the rate of anode wear

in air is only i that of the cathode.

Electrode diameter in inches Electrode diameter in inches

Fig. 8-3.—Diameter of the moving electrode for satisfactory gap operation and life.

Figures 8-3 and 8*4 show the relationship between pulse power and

average current and the diameters of the moving and fixed electrodes,

obtained from gap designs that have given satisfactory operating life.

In these gaps, the fixed electrode is the anode and, as there are always

several moving electrodes, the wear is divided between them. The

values indicated by the curves can be regarded as the maximum safe

operating power and current for any given electrode diameter, as deter-

mined from present experience, that allows a satisfactory gap life.
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Number of Electrodes .—The number of fixed and rotary electrodes,

Nf and Nr, is related to the angular velocity, w, of the rotor (in revolutions

per second) and the required pulse recurrence frequency, /r, by the

relation

fr = NfNrO^.

This relation applies only if the respective positions of fixed and rotating

electrodes are such that the minimum spacing between electrodes is

never reached simultaneously by more than one fixed and one rotating

electrode. If, for instance, there are six rotor and six stator electrodes all

spaced 60 mechanical degrees apart, the total number of sparks per

revolution is six, the same number that would be obtained for one, two,

or three stator electrodes equally spaced. If, on the other hand, there

are five rotor and three stator electrodes equally spaced, the number of

sparks per revolution is 15, and fr = Ifiw.

In general, because of the mechanical difficulties involved, only one

fixed electrode is used, except for special applications such as the Marx
circuit (see Sec. 1T8) or the half-wave a-c charging circuit (see Sec.

11*6). In these cases, it is necessary to obtain two or more sparks simul-

taneously, and the number of fixed electrodes must therefore be at least

equal to the total number of discharge paths desired. It should also be

pointed out that the formula gives the average recurrence frequency

for one complete cycle, and doefe not specify the actual value of the recur-

rence period. In general, it is desired to make all the interpulse intervals

equal, so the angle between rotating electrodes is constant and equal to

2Tr/Nr for the usual case of one fixed electrode. The radius of the circle

of rotating electrodes is determined by considerations of electrode veloc-

ity necessary to minimize the time jitter and to prevent the restriking of
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the spark between electrodes during the charging period. It has been
found that satisfactory operation can generally be maintained if the

distance in inches between consecutive electrodes is greater than one

tenth the maximum network voltage expressed in kv. A factor of

between one sixth and one eighth is commonly used to provide a desirable

factor of safety.

Finally, the length and overlap of the electrodes should be considered.

Although no general rules can be given, a few facts can be used as a guide.

The overlap should be large enough to allow a reasonable sparking area

in order to prevent the gap geometry from being changed very rapidly

by the wearing away of the electrodes; on the other hand, it has been

found that the time jitter increases if the overlap becomes excessive.

The total length of the electrodes protruding from the rotor or the stator

bushing must be sufficient to produce as little field distortion as practi-

cable at the ends of the cylindrical electrodes. The values which have

been used in the rotary gaps designed at the Radiation Laboratory are

given in Table 8T, and can be used as a guide in the design of gaps of

similar specifications.

From considerations of electrode wear, the rotating electrodes are

usually made the cathode of the gap. With the pulser circuits most

commonly used, it is therefor sufficient to ground the rotor to complete

the pulser discharging circuit. Possibly the simplest way of accomplish-

ing this grounding is to use a solid metal rotor and let the bearings carry

the current
;
however, because of the local sparking and electrolysis action

which takes place, the life of the bearings is considerably reduced if

current is allowed to pass through them. Consequently, all rotors should

be built with an insulating disk between the shaft and the sparking

electrodes. The pulse current can then be collected either by brushes,

which are satisfactory for low voltages and low power, or by a sparking

segment that is located very near the rotor.

8*2. Considerations of Mechanical Design.—The speed of rotation,

the rotor diameter, the minimum electrode spacing, the number of elec-

trodes, and their size and shape can be determined by considerations of

electrical design. There still remains to be determined the rotor size,

the motor power, the gap housing, and methods of mounting the elec-

trodes. Actually, both mechanical and electrical design have to be

carried out simultaneously, at least up to a certain point. For example,

the rotor speed may have to be determined by the motor speeds avail-

able, and the number of electrodes adjusted to obtain the required recur-

rence frequency.

Size of Rotor .—The rotor disk must run true on the motor shaft, must

be free from wobble, and must have a thickness sufficient to insure rigidity

and to permit machining. Nickel-plated brass is commonly used as
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the rotor material, and the thickness varies from i to f in. The holes

for mounting the tungsten pins used as electrodes are either bored or

ground and tapered to insure an accurate fit. In order to obtain smooth

satisfactory operation of a rotary gap, it is important to maintain the

positions of the rotary electrodes within the specified maximum toler-

ances. A precision index head must be used for this purpose.

The importance of machining tolerances can readily be understood

from the following discussion. Let

be the average peripheral spacing between rotary electrodes, and assume

that A/ = 1. If one of the rotary electrodes is displaced by an amount

AL along the circumference from the position it should occupy, so that

the distance to adjacent pins is (L ± AL) respectively, the corresponding

interpulse intervals are given by

Tr - ATr = ^iL - AL)

and

Tr + ATr = ^iL + AL),

if the effects of time lag in breakdown discussed in Sec. 8T are neglected.

It is thus seen that, for a displacement AL in one electrode, the expected

time jitter produced by mechanical inaccuracy is given by

ATr =

If a tolerance of I is imposed on the peripheral location of the electrodes,

the minimum and maximum spacings between consecutive electrodes may
vary from (L — 21) to (L + 21) and the maximum time jitter that may be

expected from this cause alone is

21
ATr= +Tr~

Errors in the radial position of the electrodes have a similar effect,

as can readily be understood from Fig. 8T. If, for Vn = 10 kv, the

minimum distance a is increased from 0.05 to 0.1 cm (about 0.02 to 0.04

in., or a radial displacement of 0.02 in.), and the breakdown of the gap is

assumed to take place without time lag for an average field of 40 kv/cm,

the distance s at which breakdown takes place is decreased from 0.40

to 0.33 cm. Hence, the effect on time jitter is the same as if the spacing

between consecutive rotary electrodes varied by 0.07 cm. This particu-
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lar case must be considered as an exception, in that the radial tolerance

in position leads, in general, to less time jitter than an equal peripheral

tolerance, and not to more as indicated by this example.

The tolerances at the sparking point, which is usually near the tip

of the electrode and not at the rotor disk, are the values to be controlled.

Experience at the Radiation Laboratory indicates that, for most satis-

factory operation, these tolerances should not exceed 0.005 in. for periph-

eral and 0.003 in. for radial alignment at that point. Assuming that

the electrodes are 1 in. long and perfectly spaced on the rotor, they have

to be ahgned with a deviation of less than 10 min of arc in order to satisfy

the tolerance requirements.

The results of tests on a 7-pin rotary gap with an outside diameter of

5.5 in. and rotating at 3450 rpm indicate the effect of machining inac-

curacy on time jitter. The average peripheral spacing was about 2 in.,

and the measured radial tolerance was ± 0.002 in. For a maximum meas-

ured variation in peripheral spacing of 0.036 in., the maximum theoretical

time jitter from this cause alone would be 45 Msec, and the observed time

jitter was approximately 50 Msec. When the variation in peripheral

spacing was reduced to 0.010 in., the observed time jitter was reduced to

approximately 25 Msec; a value of 13 Msec would be expected from the

error in spacing alone. The figures for observed time jitter were obtained

under conditions of network voltage corresponding to a minimum jitter.

Motor and Housing ,—In all practical gaps designed at the Radiation

Laboratory, the rotor is mounted directly on the shaft of the driving

motor; hence, the speed of the motor is easily determined. As has

been mentioned previously, a compromise usually has to be reached

between the number of electrodes and the speed of rotation. One of

the factors limiting this speed is the life of the bearings: very fast motors

normally tend to develop play in the bearings, which adds to the toler-

ances of the gap and may render it inoperative in a very short time.

Once the motor speed is determined, its power can be obtained by
considerations of rotor inertia, which determines the required starting

torque, and its windage and friction losses, which determine the running

torque. Because of the required rigidity, the shaft and bearings have

'to be chosen as large as is practicable for the motor size required. In

Table 8T the pertinent motor data for a large number of rotary gaps are

listed, which can be used as a guide in design. All rotary gaps have

been enclosed in a metal housing. The main purpose of the housing is

to allow for self-ventilation of the gap and to prevent the corrosive vapors

formed by the spark from escaping into the cabinet containing the pulser

components. The nitric acid, which can be formed by combination of

these vapors and water vapor in the air, must not be allowed to condense

on any vital part of the pulser. By enclosing the gap in a housing it is
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also possible to reduce noise, to protect against accidental electrode

breakage, and to reduce the windage losses with a corresponding saving

in motor size.

Housings have been made of pressed steel, cast iron, or cast aluminum.

The cast housings are usually preferred for the higher powers, and are

used almost exclusively for gaps in a-c charging pulsers. In this case,

the housing is required to perform the additional function of phasing the

gap breakdown with, the applied-voltage wave shape. This phasing is

usually accomplished by rotating with respect to the frame of the motor

the part of the housing that carries the high-voltage fixed electrode. Any
number of screw and gear arrangements can be used to achieve this pur-

pose, and the housing has to be machined in order to permit some rotation,

the amount of which depends on the number of rotary electrodes. In

some cases, the phasing adjustment is motor-driven in order to permit

remote control.

The self-ventilation of the rotor and pins is usually sufficient to pro-

vide an air circulation of 1 or 2 ft^/min, which is adequate for the cooling

of the gap and removal of the corrosive vapors. The air inlet and the

exhaust port leading to the outside air through pipes are usually equipped

with sound absorbing mufflers or silencers, and also with Davy screens if

explosive gases or vapors are likely to accumulate in the neighborhood

of the gap.

Types of Rotary Gaps ,—Of all the possible gap configurations, several

have been used extensively and have proved the most satisfactory. In

all of these gaps, the electrodes were tungsten rods, so the types of gaps are

classified by their geometry.

Figure 8*5a shows a perspective view of the parallel-pin rotary gap

with sparking sector. A gap of this type was used extensively for a

pulse-power range of 500 to 3000 kw. The clearance between the rim of

the rotor disk and the sparking sector is usually from 0.010 to 0.050 in.,

corresponding to a static-breakdown voltage between 1 and 5 kv, approxi-

mately. Hence, little time delay occurs once the gap between the pins

has broken down, and most of the network voltage appears betw^een the

pins until this gap is broken down, since capacitance between them is

very much smaller than that between the rim and ground. An important

advantage of the parallel-pin gap is that its operation is relatively inde-

pendent of the exact amount of electrode overlap, which in turn means
that close end-play tolerances are not required of the motor driving shaft.

Figure 8*56 shows a variation of the preceding design called the

parallel-pin double gap. In this case, the rotor must be insulated for

the full network voltage, and not just for the breakdown voltage of the

sparking sector. The rotary pins extend on either side of the insulating

rotor, and spark to two fixed pins. A gap of this type is especially useful
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10-Mw a-c charging pulser in which the gap current exceeds 1000 amp.

It was conservatively estimated that the fixed electrode would not need

replacement in less than 1000 hours.

Figure 8-5d shows the opposing-pin gap, which was used in early

experimental sets. This gap was unsuitable for long service bec^ause of

the rapid change in geometry with erosion. Except for very low powers,

the grounding brush has also been abandoned because of the rapid

deterioration of the brush and slip-ring surface.

Many other types of gaps have been tried, including the ‘^paddle

wheel,^' adopted directly from the old radio transmitters. Two others

Fig. 8*6.—Photograph of a parallel-pin rotary gap.

deserve brief mention. Attempts at improvement of the types of gaps
described above were made by introducing one or more corona points,

in order to supply a larger initial ionization. In practice, it was found
that the corona point improved the gap performance only over a very
narrow range of voltages near the lowest operating point of the gap, and
was ineffective or even had an adverse effect at higher voltages. As a
result, the corona points were not used, except in a few gaps designed to

operate below 6 kv.

A gap in which both electrodes are stationary, and where breakdown
is obtained by varying the dielectric constant and dielectric strength of

the gap space, has also been built and operated satisfactorily. This

variation was accomplished in one case by the method sketched in Fig.

8*5e, which shows a micalex disk rotating between two fixed massive
electrodes. A series of holes drilled in the micalex causes the gap charac-
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teristics to change as the holes pass between the electrodes, in such a

way that a spark takes place at that time. The life of a gap of this type

is limited by the eventual deterioration of the insulating disk, which is

eaten away by the sparks. Since this gap has no particular advantage

over those of Fig. 8*5a, 6, or c, it has not been used in radar pulsers.

Photographs of rotary gaps of the parallel-pin and radial-pin types are

shown in Figs. 8*6 and 8*7 respectively.

Oin. 2 4 6 8 10 12 14 l6 18
i { ,„i I—I > ,i, t—I—I—< ,.i —L--J

Fig, 8-7.—Photograph of a radial-pin rotary gap.

8»3. Rotary-gap Performance,—^Little experimental data has been

obtained for rotary gaps, and it is accordingly difficult to present a

scientifically satisfying explanation of gap performance. Probably this

dearth of extensive investigation had two causes: (1) the gaps that were

built worked satisfactorily, even though their operation was not com-

pletely understood, and (2) the time jitter inherent in the gaps makes

their study difficult and unrewarding. Nevertheless, the results pre-

sented in this section are believed to be, on the whole, representative of

rotary-gap performance.

Gap Efficiency.—Considering the general characteristics of a spark, the

gap efficiency may be expected to be high, and general experience has

indicated that such is the case. Measurements carried out by the Bell

Telephone Laboratories for one gap corroborate this conclusion. The

test was made by calorimetric methods on a gap operating at 7 kv, 70

amp, and discharging a 50-ohm netw'ork into a 50-ohm load; the pulse

duration was 0.75 jusec and the recurrence frequency 1600 pps. Under

these conditions, the average power input to the load was about 300
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watts, and the power loss about 12 watts, resulting in a gap efficiency of

approximately 96 per cent. The gap efficiency may be expected to be

higher at larger currents and longer pulse durations. The driving power

of the gap, of course, is not included in the efficiency figure quoted above,

and must be considered in order to obtain the over-all pulser efficiency.

Time and Amplitnde Fluctuation of the Pulses .—As has been pointed

out before, the minimum spacing between electrodes is normally adjusted

so that the gap is overvolted by a factor of 2 to 10 at the point of closest

approach. As a result, the spark always takes place before the closest

approach is realized, and the un-

certainty in the time of break-

down produces time jitter. In

order to reduce time jitter to a

minimum, as explained in Sec.

8T, it is desirable to have the

steepest part of the average field-

spacing characteristic (Fig. 8T)
occur at those fields at which

breakdown is most Hkely to occur,

or at about 40 kv/cm. (see Fig.

8-8). If sufficient ionization is

available, usually as a result of

preceding sparks, the time jitter

of the gap can be held to less then

10 /xsec. This figure depends on

the relative velocity of the elec-

trodes, and decreases as the velocity increases; it does not take into

account the time jitter produced by mechanical inaccuracies, as dis-

cussed in Sec. 8*2.

Amphtude jitter, or fluctuation, of pulses produced by a rotary-gap

pulser proved, in general, to be of secondary importance as long as a-c

or d-c resonant charging was used. The reason is obvious from a con-

sideration of the shape of the charging wave near the discharge point.

For d-c resonant charging, the network voltage, neglecting losses, is

given by
Vn = Ebb{l — cos 00rt)j

so that, for t = Try

Gap length in cm
Fig. 8*8.—Breakdown characteristics of the

rotary gap used in a 1-Mw pulser.

Vn. — ^Ebb

and, for t = Tr — ATr,

Vn = 2Ebb COS (cOrATr).

If ATr = OMTry

Vn = 2Ebb cos^ = 1.975Ebb-
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If ^Tr = 0.02r„

Vs = 2£:» cos^ « 2eJ^ - « 2Et,{l - 0.0005).

Tn other words, a time jitter equal to 5 per cent of the recurrence period

results in an amplitude variation in network voltage of about 1.2 per

cent. The resultant variation in pulse power is less than 2.5 per cent.

For a 2 per cent time jitter, the pulse-power variation is only 0.1 per

cent. Since the time jitter is nearly always less than 2 per cent of the

recurrence period, the pulse-amplitude jitter can usually be neglected.

The performance of the rotary gap for a-c resonant charging is some-

what different from that for d-c resonant charging. A complete theo-

retical analysis of the difference has not been made. However, a partial

analysis indicates that, with d-c resonant charging, the operation of the

rotary gap tends to be slightly unstable. If the gap breaks down pre-

maturely on one spark, there is a residual current left in the charging

reactor which causes the subsequent voltage wave to rise to a slightly

higher peak value at a somewhat earlier time. The next succeeding spark

thus tends to occur still earlier. This effect may be cumulative over

several cycles, and tho spark thus tends to fluctuate in a statistical way
about some mean time interval determined by the electrode spacing.

With a-c resonant charging, on the other hand, the rotary-gap opera-

tion appears to be stable. In this case, if the gap breaks down pre-

maturely, the subsequent voltage wave rises to a slightly higher peak, but

at a somewhat later time. Thus the gap voltage at a time Tr after a

premature spark is not appreciably affected. There is therefore no

tendency for the gap to break down still earlier, as in the case of d-c

resonant charging, but rather there is a tendency to prevent the gap from

breaking down prematurely. Thus slight variations in the breakdown

time are not magnified by the charging circuit, and the operation tends

to be stable with respect to such variations. It should be pointed out,

however, that a rotary-spark-gap pulser using a-c charging requires a

careful selection of the effective charging inductance ancf careful adjust-

ment of the gap phasing before the best stability can be obtained.

If d-c linear charging is used, the amplitude fluctuation in the net-

work voltage is almost directly proportional to the time jitter, and the

percentage variation in pulse power is twice the ratio of the time jitter to

the recurrence period. There is, in addition, some danger of the gap

restriking at the beginning of the charging period because of the rapid

increase in the voltage across the electrodes, which are still approaching

each other. As a result, the rotary spark gap is unsuitable for use with

pulsers having d-c linear charging.

Breakdown Voltages and Fields of Rotary Gaps .—The average field at
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Table 8T.—Design Data

Type of charging D-c resonant charging

D-c
charg-

ing

Electrical ratings

Voltage range, kv 7-16 5->9 12-22 12-22 5- >9 8-13 12-25 12-24

Peak current, amp 160 >90 220 220 >90 130 250 480

Normal operating voltage,

kv 12 8 «18 «18 8 13 25 20

Normal operating current,

amp 120 80 180 180 80 130 250 400

Normal average current, ma 45 100 130 130 70 70 92 140

Pulse recurrence frequency,

pps 410 825 800 800 750; 375 580 410 350

Pulse duration, /xsec 0.9 1.5 0.9 0.9 li;2i 0.9 0.9 1.0

Pulse power, kw 600 360 1500 1500 300 700 3000 4000

Pins

No. of fixed pins 1 1 2 2 2;1 1 1 1

No. of rotary pins 7 14 10 14 4 10 7 6

Dia. of fixed pins, in. 0.100 0.188 0.125 0.150 0.125 0.120 0.150 0.150

Dia. of rotary pins, in. 0.100 0.125 0.100 0.100 0.125 0.120 0.120 0.120

Dia. of rotary-point circle,

in. 4.5 9 10 14 6 7 7.5 9.6

•

Pin length, in. i
li 13
16 ? le H 11 5

8 U in in

Minimum spacing, in 0.015 0.028 0.020 0.020 0.010 0.015 1
8

1
8

Overlap, in. 1
4 16 i i

1
4 A 1

4

Motor
Type ind. ind. d-c d-c ind. ind. ind. ind.

Driving power, H.P. 1
JZ

1
4

1
4 A 4* 5*

Motor speed, rpni 3500 3535 4800 3400 5600 3450 3450 3500

* Drives the main pulse generator as well as the rotary gap. ind. = induction motor
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FOB Rotary Spark Gaps

A-c resonant charging

Half-

cycle, a-c

resonant

charging

A-c

diode

charging

Blum-
lein

12-24 15-27 12-20 7-12 7-12 12-25 8-12 12-25 15-27

240 1170 200 120 120 250 120 250 1000

20 24 18 11 11 25
1

12 22 8.5 26

200 1000 180 no no 250 120 220 65 1000

130 350 100 80 40 90 45 130 30 350

650 “ 350 630 800 400 400 400 120 420 350

1.0 1.0 0.9 0.9 0.9 0.9 0.9 5.0 1.0 1.0

2000 10,000 1600 600 roo 3000 600 2300 200 10,000

1 1 1 1 1 1 1 4 1 1

11 6 11 14 7 7 6 4 7 6

0.120 0.2 0.120 0.080 0.080 0.120 0.100

3-0.080

1-0.120 0:060 0.2

0.12& 0.2 0.120 0.080 0.080 0.120 0.080 0.120 0.060 0.2

9.6 12i 9.6 5.5 5.5 7.5 4 9.6 4 121

lil IH Ul li in 1 1 15 7
8 in

i
1
8 i\ A 1

32 i
1
16

1
32 0.015 i

1
4 1

1
4 i

1
4 A 1

4
1
4

9
16 1

ind. ind. ind. M-G M-G M-G

2-cycle

gas

engine syn. M-G ind.

4* 12* 4* 5* 1
4

12*

3500 3500 3400 3450 3450 3450 4000 1800 3600 3500

syn. synchronous motor M-G = motor-generator
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breakdown of a rotary gap can be measured with good accuracy by
measuring the spark length with a cathetometer and the voltage with a

divider. The static characteristic corresponds to measurements obtained

when the gap is stationary, and the dynamic characteristic is the break-

down voltage measured while the gap is rotating. Figure 8*8 gives the

observed breakdown voltage and computed average fields for the rotary

gap used in a 1-Mw pulser, the electrode diameter of which is 0.120 in.

The average field at breakdown is observed to be considerably higher for

the rotating than for the stationary gap, particularly at the longer spac-

ings. This fact is presumably due to the presence of corona in the static

case. When the electrodes are moving relative to one another, the corona

does not have time to form in the rapidly diminishing gap spacing before

breakdown occurs.

Considering a spacing of 0.3 cm, the average voltage gradient before

dynamic breakdown is about 40 kv/cm, and the static average gradient is

30 kv/cm. The gradient at the electrodes can be calculated by the

relation^

Qxa&x —

2r 4
{S/2r) 1

(S/2r) + 1
X In + «)•-!

from which the maximum gradient for dynamic breakdown is found to be

52 kv/cm, and that for static breakdown to be about 40 kv/cm. Since

the electron multiplication varies exponentially w ith the Townsend coef-

ficient a and the distance, and since a increases very rapidly in the high

fields corresponding to the dynamic breakdown, the electron current

builds up very rapidly once the breakdown has started. The time for

this buildup is estimated at 0.01 jusec from other data.

In general, the ratio of the maximum to the minimum operati^ volt-

ages for satisfactory operation of rotary gaps is about two. Tne mini-

mum voltage is limited by the failure of the gap to break dowm con-

sistently at the minimum electrode spacing, and the maximum voltage

is usually determined by the restriking of the spark as explained in Sec.

8T. Table 8T gives the pertinent data referring to most rotary gaps

designed and built either for service in radar systems or for laboratory

testing of pulser components or magnetrons.

ENCLOSED FIXED SPARK GAPS

By J. R. Dillinger

When two or three fixed two-electrode gaps are connected in series,

the breakdowm of the entire switch can be accomplished rapidly by the

^ F. W. Peek Jr, Dielectric Phenomena in High-voltage Engineering^ 3rd ed., McGraw-
Hill, New York, 1929, p. 25.
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successive breakdown of the individual gaps. This breakdown is

obtained by applying a very high trigger voltage to one or both junction

points. Since enclosed fixed spark gaps of this type have been used

more frequently in this country than those of any other type, most of

the following discussion is concerned with them. The trigatron and

a three-electrode gap of one other type, in which breakdown is

obtained by suddenly distorting the electric field between the main elec-

trodes by applying a high voltage to a trigger electrode, are discussed

briefly in Sec. 8- 10.

Two series-gap designs have been evolved. One has a cylindrical-rod

anode surrounded by a hollow cylindrical cathode,^ and the other has a

roa anode mounted above a mercury cathode,^ (the mercury is immobil-

ized by a metallic sponge, and the mercury surface is continuously

renewed through capillary action.) The basic features of the cylindrical-

electrode gap and of the metallic-sponge mercury-cathode gap are

given in Sec. 8-8 and 8*9 respectively. The cylindrical-electrode gap

is the result of early efforts^ to find a switch that would operate at

lower voltages and have a smaller time jitter than the rotary gap, and

that, in addition, would be completely enclosed. Later work showed

that a gap of this type could be used over a wide range of operating con-

ditions. The metallic-sponge mercury-cathode gap is not limited by
cathode erosion and therefore operates satisfactorily at higher powers and

longer pulse durations. The time jitter in gaps of this type has been

reduced to 0.02 /usee.

As a result of work done at the Bell Telephone Laboratories, the

Westinghouse Electric Corporation, and the Radiation Laboratory,

series gaps have been developed that have an operating-voltage range

such that the maximum operating voltage is slightly greater than t\vice

the minimum operating voltage. These gaps operate successfully at

voltages up to 30 kv, pulse currents up to 900 amp, and pulse durations

from 0.25 to 5 /usee. At the longer pulse durations, the maximum
allowable pulse current is smaller. The maximum voltage at which a

given switch operates is smaller for the higher recurrence frequencies,

and the time jitter increases as the recurrence frequency is increased.

Increased dissipation and electrode wear make the operation of these gaps

^ F. S. Goucher, S. B. Ingram, J. R. Haynes, and W. A. Depp, “Glass Enclosed

Triggered Spark Gaps for Use in High Power Pulse Modulators,’^ BTL Report

MM-43-110-3, Feb. 26, 1943. ^

F. S. Goucher (Bell Telephone Laboratories), “Development of Enclosed Trig-

gered Gaps,” Modulator Colloquium, RL Report No. 50-2, June 9, 1943, pp. 1-15.

2 J. R. Haynes, “Some Experiments with Mercury Cathode Series Spark Gap
Tubes,” BTL Report MM-45-1 10-20, Mar. 3, 1945.

3 S. B. Ingram (Bell Telephone Laboratories), “Application of Fixed Spark Gap
Tubes,” Modulator Colloquium, RL Report No. 50-2, June 9, 1943, pp. 16-24.
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at recurrence frequencies above 1000 pps impractical for very high power

output.

8*4. General Operating Characteristics of Series Gaps.—Two or

three gaps connected in series, as shown in Fig. 8*9, constitute the switch

in a line-type pulser. It is therefore necessary to consider the character-

istics of a set of two or three gaps in series as well as those of a single gap.

ic)

Fig. 8*9.—Four commonly used series-gap circuits.

Static- and Dynamic-breakdown Voltages of a Single Gap .—The static-

breakdown voltage of a gap is defined as the voltage at which the gap
sparks when the d-c voltage across it is slowly increased. This voltage

can be used as an indication of the general hold-off characteristics of a

single gap, but its value is not very reproducible, particularly after the

gaps have been operated for a few hours. However, it is more nearly

reproducible for mercury-cathode gaps than for aluminum-cathode gaps

because the surface-discharge characteristics are more nearly constant

for a liquid cathode.

The dynamic-breakdown voltage is defined as the voltage at which

the gap breaks down for given conditions of residual ionization. Immedi-

ately after a pulse of current passes through a single gap, many ions are

left in the gap. These ions recombine rapidly, but some residual ioniza-
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tion still remains 1/fr seconds after the pulse, where fr is the pulse recur-

rence frequency. The dynamic-breakdown voltage therefore varies

with the conditions of residual ionization, and thus with the recurrence

frequency, the pulse duration, and the pulse current.

Definitions of Fmax, Fmm, and Fstart.—These three quantities are the

characteristic breakdown voltages of the switch as contrasted with those

of a single gap. In the following discussion, it is assumed that a voltage

of the form

^ (1 — cos Trfrt)

is applied to point S in the circuits shown in Fig. 8-9, where VN(t) is the

voltage at any time t, and Vn is the maximum value of this resonant-

charging transient. For charging waves of other forms, the definitions

of the characteristic breakdown voltages are the same, but the actual

values may be different. For example, Fmax is slightly higher for linear

charging than for resonant charging. It is also assumed in this discus-

sion that a trigger pulse of the proper shape, and of amplitude sufficient

to render the gaps conducting at intervals of l/fi when VN{l/fr) ~ Vnj

is applied to the points P.

If the maximum value. T at, of the d-c resonant-charging transient

applied to a given gap switch is slowly increased, a value is reached at

which the switch breaks down before the trigger pulse is applied. This

premature breakdown is called a pre-fire. When a pre-fire occurs,

the trigger loses control, and continuous conduction may set in, making
it impossible to regain control. The maximum value of Fat at which

the rate of pre-firing is still negligible, for a given switch and operating

conditions, is defined as Fniax. If the voltage-dividing resistors, the

trigger-coupling condensers, and the recurrence frequency are such that

the voltage is divided equally across the gaps at all times, Fmax has the

highest value that is theoretically possible, and is then called Vs. Since

equal division of voltage is not obtained in practice, the observed value of

Fmax is always less than F^. This observed value is referred to as Vm,

and can be determined by observing the charging waves on an oscilloscope

as the voltage is increased to a value just below that which is sufficient

to cause pre-firing. The value of Fs can be determined from curves

showing the variation in the ratio Vu/Vs with circuit conditions and

recurrence frequency.

Ideally, for a given switch and operating conditions, F^ is equal to

the number of gaps in the switch multiplied by the dynamic-breakdown

voltage of a single gap. Since this voltage fluctuates during the life of

the gap in a random manner, it is extremely difficult to relate Fs to any

breakdown-voltage measurement for a single gap. This fluctual^on is
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very noticeable for aluminum-cathode gaps operated at powers so high

that their anodes become rough. In practice, the dynamic-breakdown
voltage of a single gap is defined as Fs divided by the number of gaps.

As the residual ionization is increased beyond some minimum value,

Vs decreases. The variation of Avith recurrence frequency and pulse

duration is shown in the curves of Fig. 8T0. In order to obtain the data

25
>
.:c - ^ sec

20

15

5/iS 5C 2//S ec

.__J
0 500 1000 1500 2000

Recurrence frequency in pps

Fig. 8-10.

—

Vs as a function of recurrence frequency.

for these curves, three WX3226 gaps filled to a total pressure of 110

cm of mercury with a mixture of 80 per cent hydrogen and 20 per cent

argon were operated as the switch in a pulser having a 50-ohm network
and a 50-ohm resistance load. The variations in pulse current corre-

sponding to changes in switch voltage, of magnitude represented by these

curves, have a negligible effect on the value of Vs determined from other

data taken at different pulse currents with r and fr constant.

If the maximum value, F at, of the resonant-charging voltage is slowly

reduced, a value is found at which the switch fails to fire (misfires) when
the trigger pulse is applied. The lowest value of F.v at which the rate

of misfiring is negligible is defined as Fmin, and can be determined by
observing the charging Avaves on an oscilloscope as the voltage is reduced
until the sA\dtch is seen to miss. As the residual ionization is increased,

Fmin decreases by an amount that is small compared a\ ith the decrease in Vs.

If the poAA^er-supply voltage is increased sloAvly from zero, the sA\dtch

voltage is equal to the poAver-supply voltage and is divided equally across

the gaps. As the poAver-supply voltage is increased, a value can be found
at which the SAvitch either starts and continues to operate, or periodically

starts and then stops after firing a feAV pulses. This power-supply volt-

age is defined as Fstart.

Typical Switch Operation .—As an introduction to the problem of

triggering, consider briefly the operation of three identical gaps Avith

equal voltage-dividing resistors in the circuit (6) of Fig. 8*9. Assume
that the SAvitch voltage is zero at ^ = 0, and that the voltage Vn at the

end of each charging, cycle is sufficient to break down one gap Avithin a
fraction of a microsecond after being applied to it. Then, if the ampli-

tude of the trigger pulse applied to point P is sufficient to cause the break-

doAvn of gaps G2 and Gz the full SAvitch voltage is then applied to Gi,

causing Gi to break doAvn, and alloAving the network to discharge through
the switch and the load.
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The process just described occurs repeatedly, and the pulser circuit

delivers a pulse to the load corresponding to each trigger pulse. Assum-
ing that the trigger circuit does not drive point P negative after the break-
down of G2 and Gzj Fmm should be the dynamic-breakdown voltage of a
single gap. Under idealized conditions the ratio of Vs to Fmin for three

gaps in this circuit is 3/1, but, because the breakdown characteristics of

gaseous-discharge devices near their upper and lower hmits are statistical

in nature, ratios of 2/1 to 2.5/1 are obtained. This ratio decreases during
the life of cylindrical-electrode gaps operated under conditions sufficient

to cause considerable anode roughening. Time jitter in the operation of

this switch is caused principally by the uncertainty in the firing of gap

(ji, which can not be overvolted by the trigger as can G2 and G3. This
time jitter is small for operating voltages near Vs^ but increases as Vn
approaches Fmin.

The above account of steady-state operation does not explain the

starting of the gap when the pulse-generator voltages are first turned on.

When the power supply is first switched on (neglecting any advantage
that may result from a sudden rise in supply voltage), the network
becomes charged to the no-load power-supply voltage Ebb, and the volt-

age at P becomes iEbb. Although, under these conditions, gaps G2 and
G 3 may not be broken down oy every trigger pulse, it is assumed that

Ebb is such that they are broken down occasionally. On one of the occa-

sions when G 2 and G3 are broken down, Ebb is also assumed to be sufficient

to break down Gi, and the circuit goes into steady-state operation.

The minimum value of Ebb for which starting takes place has been defined

as Fstart, the value of which is fre-

quently greater than the no-load

power-supply voltage that corre-

sponds to operation at Fmm. The
lowest satisfactory operating volt-

age of such a switch may then be

limited by the starting-voltage re-

quirements. This difficulty may
be eliminated, however, by the use

of a power supply with sufficiently

poor regulation.

The way in which Fmin and Fstart

depend on the trigger voltage is

shown in Fig. 8-11. These data

Trigger voltage in kv

Fig, 8*11.—Operating range as a function of
trigger voltage.

were obtained by operating the

three WX3226 gaps mentioned above at a recurrence frequency of 800 pps

and a pulse duration of 0.9 /isec in circuit (a) of Fig. 8-9. From Fig. 8*11 it

can be seen that F^ is unaffected by the trigger voltage as expected, and
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that both Fmin and Fstart increase as the trigger voltage is decreased below

some minimum value. In order to determine whether satisfactory opera-

tion can be obtained over the entire range, it is necessary to consider the

voltages F', F", and F'", where F' is Fmin divided by the resonant-

charging stepup ratio (assumed to be 1.9 in this case), F" is F' times the

ratio of no-load to operating-load power-supply voltage (assumed to be

1.25), and F'" is Fstart multiplied by 1.9. As long as F" is greater than

Fstart, the gaps should start with the power supply adjusted for operation

at Fmin. Operation at voltages less than F'" may be objectionable

because the operation at a switch voltage F'" during the starting of the

gaps may produce an undesired overvolting of other components in the

circuit. If F" is less than Fstart, the lowest switch voltage at which

operation is satisfactory from the standpoint of starting is greater than

Fmin, and equal to Fstart X 1.9/1.25. If Fstart X 1.9 is greater than Vm, the

switch pre-fires immediately after starting.

Range Versus Number of Gaps .—Several factors need to be considered

in determining the optimum number, no, of gaps to use in series as the

switch for a given application. The most important consideration is

that of the range of operating voltage, which is defined as

F^ - Fmin

F^ + Fmin'

and is expressed in per cent. The value of Uo that gives the widest pos-

sible operating range is determined from the following considerations.

Under identical operating conditions, let the dynamic-breakdown

voltages of Gi and G2 be Via and (n — l)Fid respectively. Thus, Gi

is considered to have a unit breakdown voltage, and Uo is the optimum
number of gaps identical to Gi that could be used in series as the switch.

The gap G2 may be thought of as replacing (n — l)^aps identical to Gi.

•These gaps are assumed to be operated in circuit ^) of Fig. 8-9, with

power-supply and trigger voltages of the same polarity. If these volt-

ages are of opposite polarity, the following discussion is still valid if

Gi and G2 are interchanged in the circuit (d). It is assumed that any

voltage applied at point S is divided so that the ratio of the voltage across

G2 to that across Gi is exactly equal to (n — 1), and that a suitable trigger

pulse of sufficient amplitude is applied to point P.

In order to simplify the discussion, the following assumptions are

made:

1. That the voltage Vs is n times the dynamic breakdown voltage

of Gi. The problem of finding Uo thus becomes one of finding the

value for n for which Fmin/F^ is a minimum.

2. That the breakdown voltage of a single gap is independent of the

manner in which the voltage is applied to the gap.
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3. That the breakdown characteristics of a single gap are the same,

regardless of its polarity.

There are two possible conditions for switch cutoff. Condition A
occurs when G\ fails to fire after the breakdown of G2 because Vn is less

than the dynamic-breakdown voltage of Gi. Condition B occurs when
the value of n is such that the lowering of Fjsr changes the voltages on

Gi and (?2 so that the application of the trigger voltage, Vt^ to point P
breaks down Gi before G2 , whereupon the voltage across G2 falls to V
which is less than the breakdown voltage of G2 .

When the cutoff occurs according to condition A^ Fmin is given by

(Fmin)^ = (1)

from assumption 1.

The relationship between Fmin and n under condition B is next derived.

As the trigger voltage, Vty rises toward the value at which breakdown
occurs, the voltages across Gi and G2 are

i Fw (2)
Th

and

+ (3)

For any particular pair of values of n and VNy there is a trigger-voltage

amplitude Vt such that

(n — l)?;i = V 2 y
for Vt = Ff. (4)

Substituting Eqs. (2) and (3) into Eq. (4),

F, - - F^ = -A- F, + - F;,,
n — 1 n '

_ 2(n - 1)
- n(n -2j

At Vt = Vty the value of Vi from Eq. (2) is

y _ 2(n — 1) y __ _! y _ ^

~ n(n - 2) n n -2 F^.

Under condition By Fmin for a given n is the value of Fa^ for which Fi

is equal to the dynamic-breakdown voltage of Gi, referred to above as

Vs/n, Therefore,

(F„io)i, = (n-2)^". (5)
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For any value of n, Fmm is equal to either or whichever is

greater. Thus, from Eqs. (1) and (5), Vxrin/Vs is the greater of the two
expressions

^ 1

Vs n

and

Figure 8-12 is a graph showing Vmin/Vs as a function of n. The lowest

value of this ratio occurs when n = S. The value of Fmin is determined

by cutoff condition A for n ^ 3 and by
condition Biorn ^ 3. The optimum
number of gaps is thus Uo = 3.

Conditions A and B are based on

the assumption that sufficient trigger

voltage is applied to point P. If the

trigger voltage 'is not sufficient to

break down G2 ,
another condition for

cutoff arises. The trigger amplitude

required can be determined from the data of Fig. 8T1 for a given gap

design. In general, it is about twice the value of Fmin and is therefore

slightly greater than the normal operating switch voltage, assuming that

the switch is usually operated at a voltage near the center of the range

between Fmin and Vm.

Two- and Three-gap Operation .—When using the cylindrical-alu-

minum-cathode gaps, it is generally desirable to place three gaps in series

in order to obtain the maximum range, particularly at power outputs

greater than 1000 kw. However, two-gap operation has proved satis-

factory for some low^-power applications. In using two, instead of three,

gaps with equal breakdown voltages, additional requirements must

be imposed on the shape of the trigger pulse in order to insure satisfactory

starting. In circuit (d) of Fig. 8-9 it can be seen that the voltage at S
for starting is just equal to the power-supply voltage ^66. After the

trigger causes G 2 to fire, the voltage Ebb is applied across Gi, which must

break down if the gaps are to break down on the first pulse. Thus,

Eub must be at least as great as the breakdown voltage of one gap. After

the first pulse, a voltage of about 1.9 Ebh is applied to point S, which is

sufficient to break down both gaps before the trigger is applied, since the

practical ratio of F^ to Fmin for two gaps is about 1.6.

Satisfactory starting can be assured by supplying a bidirectional

trigger pulse to point P as shown in Fig. 8-13. Suppose the voltage at

S is positive and equal to the power-supply voltage E^b, which is assumed

Fig. 8-12.—Ratio of Fmin to Vs as a
function of n.
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to be less than the breakdown voltage Gi. Gap G2 is then broken down
on the positive part of the trigger in the region A, causing E^b to be applied

to Gi. If t of Fig. 8-13 has approximately the correct value, G2 deionizes

during this time and can therefore hold off some voltage in the reverse

direction. Point P can then be driven to a negative value by region B
of the trigger pulse. The addition of the negative voltage at P to Ebb

causes Gi to break down, initiating the pulse. This behavior can add to

the time jitter; for an operating voltage near Vs, the switch is rendered

conducting by region A of the trigger; near the middle of the range it is

rendered conducting at A on some pulses and at B on others; and just

above Fmm it is rendered conducting only in region BA
The choice among the three possible circuits for three-gap operation

shown in Fig. 8*9 depends on several factors. For given values for equal

voltage-dividing resistors, trigger-coupling condensers, and recurrence

frequency, inequalities in the voltage division across the three gaps have

the least effect on the difference between Vm and Vs for circuit (a). For

three aluminum-cathode gaps, Fium and Fstart are the same for (a 1 and (6),

but are appreciably lower for (c), and for long-time o!I)eration at powers

above 500 kw the change in V

m

is less in circuit (c) than in the other two.

For these reasons, circuit (c) is generally preferred for the operation of

aluminum-cathode gaps. However, other considerations such as the

mounting space, the polarity of the most readily available trigger volt-

age, and the voltage ratings of the coupling condensers may influence

the final choice of circuit.

When enclosed fixed spark gaps having mercury cathodes immobilized

by means of an iron sponge are used in place of those having aluminum
cathodes, both the optimum number of gaps and the best method of

coupling the trigger (in three-gap operation) are very different. This

difference is caused by the formation of a corona sheath about the anode,

which changes the effective electrode geometry and, within limits, raises

the breakdown voltage when the amplitude of the charging wave is

increased. The need for a bidirectional trigger to start the two tubes is

therefore eliminated. Test results show That the range of two of these

gaps in series is satisfactory for all conditions at which they have been

tested to date (see Sec. 8-9), and is greater than ±33 per cent at powers

up to 10,000 kw for more than 500 hours. Tests also show that, if three

gaps are used, circuit (a) of Fig. 8*9 is preferable to (5) or (c) from the

standpoint of range alone because the breakdown characteristics of the

individual tubes remain very nearly constant throughout life. Thus,

the reduction in V

m

for given values of the voltage-dividing resistors,

1 For a more complete analysis of gap operation of this type, see J. R. Haynes,

“Some Characteristics of 1B22 Spark Gap Tubes,” BTL Report MM-43- 110-34, Oct*

27, 1943.
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trigger-coupling condensers, and recurrence frequency that is occasioned

by changing from circuit (a) to (5) or (c) is also constant throughout life.

Measurements also show that Fmm and Fstart are the same, regardless of

which of the above three-gap circuits is used, contrary to the observa-

tions made with three aluminum-cathode gaps.

8*6. Trigger Generators.^—^Amplitude, shape, and energy are the

three major characteristics of the trigger-generator output pulse that

must be specified. The pulse of Fig.

8T3 is a tracing of the output of a

typical condenser-discharge trigger

generator. In this discussion, the

amplitude of the trigger pulse is con-

sidered to be the maximum value of

the first swing of the trigger in re-

gion A . If the operation of two alu-

minum-cathode gaps is to be consid-

ered, the amplitude of B and time t

also have to be specified.

In operating three aluminum-cath-

ode gaps and two or three mercury-

cathode gaps, which are the arrangements of greatest interest, the shape

of the trigger pulse need not be closely specified. Typical values 'in

Fig. 8T3 are h = 1.5, U = 9, ^3 = 17, and ^4 = 30 ^usec. For the opera-

tion of two mercury-cathode gaps with time jitter of less than 0.02 ^tsec,

it is necessary that the rate of rise of that portion of the pulse between

^ = 0 and ^ be at least 35 kv/ptsec; 50 kv//xsec is usually taken as a

design figure. Rates of rise as low as 15 kv//zsec are satisfactory for

operation of three aluminum-cathode gaps: higher values do not have an

appreciable effect on time jitter, because the major source of jitter in

these gaps is in firing the third tube, over which the trigger has no control.

To date, it has not been necessary to specify the impedance of the

trigger generator because the operation of these gaps is not critically

dependent on the amount of energy dissipated in the gaps during the

trigger discharge. The efficiency of the trigger circuit is usually not very

important as the total power consumed by it is, in most cases, small.

However, the effect of increasing the load on the trigger from that con-

sisting of the input capacitance to the gaps in series with the coupling

condensers to that of the coupling condensers alone when the gaps fire

must be taken into account. This effect is of greater importance when

the trigger is coupled to both intermediate points than when it is coupled

to either the upper or lower point alone.

Trigger circuits for series gaps are designed to generate a voltage of

^ By A. S. Jerrems.

two-gap switch.
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amplitude as high as 35 kv to be applied to a load equal to the capacitance

from point P to ground in any one of the circuits of Fig. 8*9. Since

this load is about 12 to 15 /i/xf, and the trigger circuits are sensitive to

loading, some consideration must be given to the viewing system used to

measure this voltage. One procedure is to use a special viewing system

with very low input capacitance, and specify the voltage measured as a

no-load value. As a result, the load on the trigger is increased consider-

ably when the output trigger lead is connected to the gaps, with a

resulting decrease in trigger output. Another procedure is to measure

the load from P to ground and to use a viewing system with the same
input impedance, with the result that the measured voltage is the same
as that applied to point P. This substitution method has been used in

making all trigger-voltage measurements quoted in the present discussion.

The following three types of trigger circuits are discussed here:

1. The inductive kicker, in which a transient high-voltage oscillation

is obtained by rapidly cutting off the current in an inductance

shunted by a condenser.

2. The condenser-discharge circuit, a line-type pulser whose pulse-

forming network is replaced by a condenser.

3. The saturable-core-tiansformer circuit. This trigger circuit is

similar to the condenser-discharge circuit, except that the trans-

former is saturable, and its secondary is connected in series with

one or more gaps. The secondary has a high impedance during

the trigger discharge, but offers a low impedance to the main pulse

because the transformer core is saturated by the pulse current.

The Inductive Kicker .—The basic circuit of an inductive kicker is

shown in Fig. 8* 14a. The tube is normally cut off, and positive grid

Fig. 8*14.—The inductive kicker.

pulses of duration are applied to it at the desired recurrence frequency.

During the interval between h and ^2 ,
current builds up in the tube in a

nearly linear manner. At the end of the interval A^, the tube is suddenly

cut off, isolating the resonant circuit connected to its plate, and leaving a
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current flowing in L. A transient damped oscillation of the form shown

in Fig. 8* 145 develops across the load and stray capacitances represented

by C. If the damping and tube drop are neglected, and if it is assumed

that there is an instantaneous cutoff of tube current, the output voltage,

Vty is given by

Vt =
t

Vlc'

where / is the current in L at ( 2 . In terms of the power-supply voltage,

V{At) . t= — sin —7
=*

Vlc Vlc
(6)

For example, the output of a circuit with L == 0.5 mh, C = 20 M^f,

V = 500 volts, and A/ = 1 /xsec, according to Eq. (6), is an oscillation of

amplitude

Vlc
5 kv

and period

Tt = 27r 's/LC = 0.6 /xsec.

The approximate values of Vm calculated in this manner are invariably

high, because of damping and noninstantaneous tube cutoff. The capaci-

tance C is made small in order to get maximum output voltage for a

given peak tube current. The in-

ductance L is chosen for a particular

circuit in order to get the desired

rate of rise and amplitude of output

trigger. One such trigger circuit,

with L = 5 mh using a 5Z>21 as con-

trol tube, has been found to be reli-

able and give values of Vm up to 16 kv
on a 15 mmI load at 1000 pps.

The output of a circuit of the

form just described is limited to the

peak transient voltage that the con-

trol tube can hold off. This limita-

tion can be overcome by making L
the primary of a stepup transformer.

A circuit using an 807 tube and a

stepup autotransformer, with turns ratio n = 5, was used successfully

by the Bell Telephone Laboratories.

A disadvantage of the inductive kicker described above is the need

of an additional circuit to supply the long rectangular input pulse.

Fig. 8* 15.—Sin;plified diagram of a
line-controlled inductive-kicker circuit

using screen-grid feedback with pulse-

transformer output.
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A regenerative pulser using feedback from the screen-grid circuit that

only requires a synchronizing trigger of indifferent shape and small

amplitude has been developed. Because of the limitations on screen-

grid current, the maximum available output for a given tube is less than

that obtained with externally triggered circuits. Figure 8-15 is a sim-

plified diagram of a line-controlled inductive-kicker circuit using a screen-

grid feedback with a pulse-transformer output.

Fig. 8- 16.—Typical condenser-discharge trigger circuit.

The Condenser-discharge Trigger Circuit .—The basic circuit of the

condenser-discharge trigger, shown in Fig. 8T6, consists of a switch S
in series with a storage capacitance C* and a pulse transformer of stepup

ratio n. The storage capacitance is charged through a large resist-

ance or inductance, and then discharged into the pulse-transformer

primary when S is closed. The switch S is a

thyratron fired at the desired recurrence

frequency by a signal from an external

synchronizer.

The operation of the circuit of Fig. 8- 16 can i— L

~
be analyzed with accuracy sufficient for design

|

purposes in terms of the equivalent circuit
8 i7—Equivalent

of Fig. 8T7. If the transformer is assumed circuit for the condenser-

to be phase-inverting, and if the voltage Vg on discharge trigger circuit.

the storage condenser has an initial value and S closes at time 1 = 0,

the output voltage is

nVsCs (, t \

in which

+ (cTTF,)
and

^ _ n^C,Co

C.+ n^Co

for the interval from time < = 0 to time h = x -s/LlC. The voltage and

current waveforms are sketched in Fig. 8- 18. The maximum value of

the output pulse voltage is

,, _ 2nV.C.

C. + n^Cj-
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and the voltage rises to this value in the time interval

— 0 = X LlC\ (7)

For Cs > n^Co there is a positive charge left on C, at the time which is

then drained off through S. For Cs = n^Co, Va is zero at time h. For

Cs < n^Co a negative charge is left on C^, wjiich cannot drain off if S is

unidirectional. For a load consisting of a gap of capacitance in series

with a coupling condenser Cc, and

of distributed capacitance Cd, these

waveforms are distorted as a result

of the firing of the gap. The effect

of gap firing is, to a fair approxi-

mation, that of an abrupt change in

capacitance Co from the value above

to Co = (Cd + Cc) after the gap fires.

No detailed procedure can be set

down for designing condenser-dis-

charge triggers because the best de-

sign for a particular case depends on

the specifications for the trigger and

on the type of charging used. For

example, it may be desirable to use

the lowest practical power-supply

voltage for the trigger, or it may
be necessary to use a power supply

already set at a particular level, or

limitations in the maximum con-

denser voltage may be imposed by

trigger-switch ratings. Resonant,

linear, or resistance charging may
be used. In general, there are sev-

eral parameters to be chosen, and

it is possible, within the limits im-

posed by operating specifications, to

maximize the efficiency. An outline of a design for a typical set of require-

ments is given in the following paragraphs.

A trigger is required that will take its current from the principal

pulser power supply at a voltage level Ebb and will deliver output pulses of

maximum amplitude Vt and frequency fr = l/Tr to a total effective

capacitance load Co. It is assumed that the trigger must use a switch

tube that does not hold off voltages higher than the power-supply volt-

age Ebbi and it is specified that the trigger pulse must rise to its peak value

in a time interval Af.

Time

Fig. 8-18.—Voltage and current wave-
forms in the condenser-discharge trigger

circuit.
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Because of the maximum-voltage requirement on the trigger switch,

it is necessary to use resistance charging. The equivalent circuit is

therefore that shown in Fig. 8T9, where Si is the trigger switch tube and
#82 is a hypothetical charging switch. ^
During the interpulse interval, is

open and >82 is closed, and Cs is charged

through Rc and Ll. The effect of Ll
on this charging process may be neg-

lected. When the synchronizing sig-

nal closes a8 i, S 2 may be considered

open, and Cs discharges through the

circuit consisting of >81
,

Cs, Ll, and

n^Co in series. It is assumed that Rc is so large that it may be neglected

during the discharging period.

Since negative voltage left on C* at the end of a trigger pulse can only

result in additional charging loss without any corresponding increase in

output, it is assumed that Cs ^ (see Fig. 8T8 ), and consequently

that the voltage on Cs at the beginning of each charging cycle is zero.

Under this assumption, the charging and discharging equations can be

written independently and combined to get the maximum-voltage-output

equation

1

Fig. 8* 19.—Equivalent circuit used
in the design of a condenser-discharge
trigger circuit.

Vi =_ 2CA (1 - e

Cs + 'i^^Co
(8 )

where Vt, Ebb, and/r are specified, and Co, n, and Rc are chosen such that

this equation is satisfied and maximum efficiency is obtained.

Since the specifications require a particular power-supply voltage

Ebb and power output 0.5/f(7oFf, the average power-supply current, I,

is a reciprocal measure of the over-all efficiency of the trigger circuit.

This current can be written in terms of the charging-circuit param-

eters, that is,

I = frEbbCs (1 - (9)

Combining Eqs. (8 ) and (9)

. _ {Cs + n^Co)fr

2n '' (10)

in which the variables are and n. Differentiation of Eq. (10) with

respect to n reveals that I has a minimum value

/.ia = frVi (11)
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that is, ior equal capacitances 'm the equivalent ciicult.

<?>N ^
’«>. <3 , -icwS. h

is obtained in which I is minimized with respect to n, namely,

Since /mm is proportional to \/C, (see Eq. 11), it is desired to rfiake C,

as small as possible. The lowest value of Cs that satisfies Eq. (12) is

c

which corresponds to Ec = 0.

The storage capacitance Cs must be chosen so that Rc does not dis-

sipate appreciable power during the trigger-discharging period. For most
radar recurrent frequencies (up to about 5000 pps) it is sufficient to take

C. = 3C.„ = 3 -H C„. (13)
^hb

The charging resistance that should be used with this storage capacitance

is

D _ ^bb

2.58/.F?C,

and the pulse-transformer ratio is

n = 1.7 X
Eu

Referring to Eq. (7), the value of Ll that should be used is

F?Co

An expression for power-supply current is obtained by substituting Eq.

(13) into Eq. (11), namely,

I = 1.732
V^Cofr

Ebb
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If the output per pulse is taken to be the energy Wa delivered to Co

when it is charged to a level Vt, the efficiency of the trigger circuit is

given by
0.5C.F?/.(100^

1.732

29 per cent.

Consider a particular pulser for which the total effective trigger load

Co is approximately 30 g/if. Suppose that a 500-cycle/sec output trigger

voltage rising to an amplitude of 16 kv in 0.5 gsec is required, and that

only a 6-kv power supply is available. From the above equations, the

values of the parameters are then

a = 0.0007 gf

Rc = 35 megohms
n « 5

Ll ~ 20 jLth.

The current taken from the power supply is then approximately 1.1 ma.

The condenser-discharge trigger circuit is simple and flexible, and has

been commonly used for triggering series spark gaps. The pulse of Fig.

8- 13 is typical of this circuit. Trigger circuits have been developed using

the 4C3& hydrogen thyratron as switch to give pulses with amplitudes

of 35 kv on 15 ggf loads, and rates of rise of voltage from 15 to 200

kv/gsec. The losses in this circuit are principally in the pulse trans-

former, which complicates its design

at voltages of about 35 kv and at

recurrence frequencies of about 1200

pps.

Trigger Circuit Using a Satu-

rable-core Transformer .—As shown in

Fig. 8-20, the gap is overvolted by
means of a trigger transformer whose

secondary is in series with the spark

gap. For most applications, the trig-

ger transformer must be able to

supply voltages of about 20 to 30

kv, and it should have a high impedance during the rise of trigger voltage

in order to avoid excessive primary current, but a low impedance during

the passage of the main pulse. These requirements are met by designing

the transformer so that its core becomes saturated abruptly a short time

after the gap has been broken down by the trigger voltage. The effect

of the saturated inductance on the principal discharging circuit is to

round the leading edge of the output pulse. In order to maintain a

Fig. 8-20.—Trigger circuit using a
saturable-core transformer.
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nearly rectangular pulse shape, the saturated inductance must not be

greater than 5 /zh for a 25-ohm load impedance. A sufficiently high

ratio of unsaturated to saturated inductance can be obtained by the use

of special core materials.

This trigger circuit has not been used extensively, but laboratory

tests in which it has been used to trigger a special three-electrode gap,

as well as series gaps, are promising.^

8-6. Division of Voltage across Series Gaps.—In the foregoing discus-

sion it has been assumed that the applied network or switch voltage is

divided across the gaps that comprise the switch in the ratio of their

dynamic-breakdown voltages. In general, however, such voltage divi-

sion is not obtained when using practical values of voltage-dividing

resistors, trigger-coupling condensers, and recurrence frequencies.

Results of analyses concerning the division of voltage across series gaps

in each of the four commonly used circuits shown in Fig. 8*9 for resonant

charging of the network are given here.^ It is assumed that a voltage

Vn
wave of the form Vn = (1 — cos Trfrt)j where 0 < ^ < l/fr, is applied

at point S in each of the four circuits of Fig. 8*9. The voltages Vs and

Vm have previously been defined as the theoretical and experimental

values of Fmax respectively. When using gaps Vvfith equal breakdown

voltages, it is desirable to divide the applied switch voltage equally

across the individual gaps in order that V

m

may approach Fs.

During the network-charging cycle, the gaps Gi, G2, and (73 of Fig.

8-9 can be represented by the condensers c shunted by the resistors i2i,

R2, and Rz. The capacitance, c, includes the stray capacitance across

each gap as well as that of the gap itself. In most circuits, c is about

10 MAtf, b of which represent the capacitance of the gaps. Since the input

terminals of the trigger-coupling condensers can be considered grounded

during the network-charging cycle, there is effectively an unbalanced RC
voltage divider in parallel with the switch.

The instantaneous values of the voltages Vi^ V2j and Vz across Gi,

G2J and Gz are shown in Fig. 8*21 for the circuit (a) of Fig. 8*9 with equal

voltage-dividing resistors. It can be seen that the voltages across Gi
and G2 are identical, and reach a maximum at a time G smaller than the

1 For additional operating characteristics, together with transformer-design

information, see K. J. Germeshausen and H. R. Zeller, Three Electrode Triggered

Gap” RL Report No. 880, Oct. 11, 1945.
2 For a more complete treatment, as well as the study of other cases, see J. R.

Dillinger and F. E. Bothwell, ^'Division of Voltage Across Series Spark Gaps in a

Line-Type Modulator,^^ RL Report No. 682-2, Oct. 31, 1945; H. J. Sullivan, “Double-
triggering and Voltage Balancing for Series Gaps,^^ NDRC 14-493, Westinghouse-
Electric Corporation, May 22, 1945.
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time l/fr at which the switch voltage applied at S reaches a maximum.
The voltage Vz across Gz lags slightly behind Vi and V 2 .

There is a maximum voltage at which satisfactory operation can be

obtained with a combination of gaps having equal breakdown voltages

and used with equal voltage-dividing

resistors. This value is the switch ^

voltage at ^ = 1 /fr for which the values

of Vi and V 2 Sbt t = h are just less than
|

/
^

/
the dynamic-breakdown voltages of (ti y '^

1-% /
and (r 2 . If the switch voltage is in-

\/
creased beyond this maximum value /
Tm, G\ and G2 will break down at

t = tij causing an overvolting of Gz

and thus resulting in a pre-fire. Since

Fjtf is equal to the sum of V 2 ^
and 0 ^ t\Vs

i;, at < = 1//., each of which is less
8.21.-Sketch showing instal

than V\ or 1^2 at ^ = ^ 1 ,
and since taneous voltages across three series gaps

in and .. < ir. at i - ^7“.'SSa'i'toEfit*
V

M

must always be less than Vs- The
ratio VmIVs is a figure of merit for division of voltage across the gaps

and for given circuit conditions, since Vm is the value that can be realized

in practice, and Vs is an ideal value obtained by assuming equal voltage

division.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

RfrCs

Fig. 8*22.—Ratio Vm/Vs as a function Fig. 8*23.—Ratio Vm/Vs as a function
of RfrCz for the series-gap circuit of Fig. of RfrC\ for the series-gap circuit of Fig.

8-9a. 8-96.

Figure 8-22 shows Vm/Vs as a function of the product RfrCz for the

series-gap circuit (a) of Fig. 8-9. For these curves, Ri = R 2 — Ry which

was found to be an optimum condition, and the effect of varying the ratio

R/Rzi^ shown. For each value of RfrCzy there is some optimum value of

Rzy defined as Roy that makes Fm a maximum. The voltage ^3 across
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Gs then varies as shown in the curve labeled in Fig. 8*21. Values of

Rn for RfrCs below about 0.57 can be found by interpolation on the curves;

for RfrCz greater than 0.57, the optimum value for Rz is infinity. For the

curves of Figs. 8*22, 8*23, 8*24, and 8*25, the resistances R, Rz, and Ro

are in ohms, the capacitances c and Cz are in farads, and the recurrence

frequency fr is in pps.

The actual solution for Vm/Vs includes both RfiC and RfrCz as vari-

ables, but the values of Vm/Vs are not critically dependent on Rfr^,

The curves of Fig. 8*22 are in error by less than 1 per cent for values of

RfrC between 0 and 0.024, and by less than 2 per cent for values of RfrC

between 0 and 0.050.

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 .8-

Rf^C^

Fig. 8-24.—Ratio Vm/Vs as a function Fig. 8-25.—Ratio Vm/Vs as a function
of RfrCz and RfrCi for the series-gap circuit of RfrC a, for the series-gap circuit of Fig.
of Fig. 8-9c. 8*9d.

The curves of Figs. 8*22 to 8*25 are useful in choosing suitable voltage-

dividing resistors and trigger-coupling condensers for series-gap circuits.

From the standpoint of maximum voltage range, it is desirable to make
ii/rCa small. On the other hand, Cz must be large enough to avoid serious

attenuation of the trigger pulse: 20 per cent of the trigger voltage is lost

if Ca is equal to four times the capacitance from point P to ground.
Also, the chosen value of R must be large enough to prevent excessive

dissipation of energy in the voltage-dividing resistors.

Since the voltages across each resistor are not identical, the energy
that each must dissipate is not the same, even though the resistors are

of equal value. The amount of energy dissipated by each resistor

depends on RfrCz and RfrC^ in the same manner as the voltage distribu-

tion. In most applications, however, it is sufficient to assume equal
voltage division when calculating the energy dissipated, in which case

the dissipation in all resistors is divided by the sum of the resistances.

As an example of the use of these design curves in choosing voltage-
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dividing resistors and trigger-coupling condensers, consider the circuit

(a) of Fig. 8-9, and let it. be required to operate at two recurrence fre-

quencies /n = 1000 pps and = 600 pps. Assume that the dividing

resistors are equal {Ri = = Rz = R), which is the arrangement most
commonly used. If Cs is 90 /i/xf and is 4 megohms, Rf^Cz = 0.36

and RfrjOz = 0.22. From Fig. 8*22 the ratio VmIVs is 0.905 for 1000 pps

and 0.951 for 600 pps. The loss in trigger voltage across C3 is about 14

per cent. For 72 = 4 megohms and = 20 kv and fr = 1000 pps, 5.7

watts are dissipated in each resistor Ri and R 2 and 1.9 watts in jRa, if the

uneven voltage distribution due to the charging current in condenser

C3 is considered. If the voltage is assumed to be divided equally at all

times, the total wattage rating of /2i, R^ and Rz must equal

3 n
8 {Ri -\r R 2 Rz)

or 4.2 watts each.

It can be seen from Fig. 8*22 that, at 1000 pps, Vm/Vs can be increa^sed

from 0.905 to 0.981 by making Rz = Ro instead of Rz = R. However,

at 600 pps, a decrease in Vm/Vs from 0.951 to about 0.835 results, which

may or may not be serious depending on the variation of Fs with recur-

rence frequency. If this variation is assumed to be such that

0.835(F5)6oo pps = 0.981 (Fs)iooo pps,

and if it is desired to have the same value for Fm at both frequencies, an

over-all gain in Vm/Vs is produced by setting Rz = Ro.

The curves in Fig. 8*24 for circuit (c) of Fig. 8-9 are plotted differently

in order to show the effects of varying both coupling capacitances, Cz

and C4. The variables are RiStCa. and RifrCz and lines of equal ratio

Vm/Vs are plotted for Ri = R 2 = Rz.

Although these curves serve as a basis for choosing the voltage-

dividing resistors and trigger-coupling condensers for any given series-gap

circuit, they cannot be used to determine which circuit to use for given

gaps. Experience has shown that the choice of the optimum circuit

depends on the type of gap being used and, in some cases, on the power

level at which the gap is to be operated. From the standpoint of making

Vm/Vs close to 1 for three-gap operation, the circuit (a) of Fig. 8*9 is

the best, (6) the next best, and (c) the worst. However, experience has

shown that, although Fmin is not affected by variations in the division of

voltage across the gaps, within limits, Fmin for some gaps is appreciably

altered, depending on where the trigger is coupled. These analyses have

assumed that the dynamic-breakdown voltages of the gaps are equal

and remain so throughout life. The reasons why these assumptions are

not always valid are discussed in later sections.

.
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Tniniim under the same conditions showed that of beryllium to be 0.38

times that of aluminum by weight and 0.58 times that of aluminum by

volume. The use of beryllium is objectionable because the eroded

metallic vapor condenses into a fluffy material that drifts around inside

the tube and causes occasional premature breakdowns of the gap. Alu-

minum was chosen as the cathode material in one major type of series

spark gap because the material sputtered off the cathode was found to

be deposited on the anode in such a way that the gap spacing stayed

approximately constant under limited operating conditions. Experi-

ments have also been made with several sintered materials containing

various oxides that have low work functions. It was found that cathodes

made by sintering 5 per cent barium oxide, strontium carbonate, or

beryllium oxide with a mixture consisting of 95 per cent tungsten and 5

per cent nickel or copper for a binder had an erosion rate of about 0.025

times that of tungsten or molybdenum alone. ^ These materials were not

used as the cathode in series gaps because of the development of the

sintered iron-sponge mercury cathode, which was superior to them.

Determination of a Satisfactory Geometry .—The wartime demand for

operable tubes made it necessary to design and manufacture them before

an adequate study of the erosion problem could be made, and before a

material could be found that solved this problem in a hydrogen-argon

gas mixture. Therefore, it was necessary to determine a disposition and
design of the electrodes such that cathode erosion would have a minimum
effect on tube characteristics. This approach has given rise to two
basic designs for enclosed fixed spark gaps. One design has concentric

cylindrical electrodes, the outer one being an aluminum cathode. By
providing a large cathode area, the change in the electrode spacing

produced by cathode erosion can be minimized. The other design uses

a mercury cathode. In order to immobilize the mercury, it is held in

the interstices of a sintered honeycomb structure of iron powder, called

an ‘‘iron sponge.’^ The design is such that within the operable power
range only mercury is eroded from this cathode.

8-8. The Cylindrical-electrode Aluminum-cathode Gap.—The ratio

of the diameter of the outer electrode, or cathode, to that of the inner

electrode, or anode, is made approximately equal to e, the base of natural

logarithms. With this ratio, the highest possible breakdown voltage

that does not cause the formation of corona before breakdown for a

given outside diameter is obtained, and a minimum change occurs in

this breakdown voltage for a slight change in the size or spacing of the

electrodes.

1 F. S. Goucher, J. R. Haynes, and E. J. Ryder, ^‘High Power Series Gaps Having
Sintered Iron Sponge Mercury Cathodes,” NDRC 14-488, Bell Telephone Labora-

tories, Oct. 1, 1945.
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Cathode and Anode Erosion ,—If the discharge takes place at random
over the large cathode area provided by this geometry, considerable ero-

sion can be tolerated before the gap spacing is changed enough to have

any appreciable effect on the breakdown Characteristics of the gap. In

fact, cathode erosion is not a problem in a gap of this type, except insofar

as it affects the buildup of material on the anode.

These gaps are operated in a vertical position with the cathode open-

ing downward in order to allow the material eroded from the cathode that

condenses before reaching the anode to fall to the bottom of the tube.

In spite of this arrangement, it has been found that a considerable fraction

of the material eroded from the cathode per pulse is transferred to and
deposited on the anode, which thus becomes coated with aluminum.

For this reason the choice of anode material is not critical, and both iron

and nickel have been used. The anode is not subjected to positive-ion

bombardment during the main pulse; thus, anode erosion can take place

only if there is reverse current in the circuit. In the usual designs for

line-type pulsers, therefore, anode erosion does not impair the operation

of a tube of this type. There are two results of the buildup of aluminum
on the anode that can render the operation of the gap unsatisfactory. If

the amount of material deposited on the anode per pulse is great enough

to affect the voltage gradient at the anode appreciably, subsequent dis-

charges take place to particular points on the anode, instead of being

distributed over the entire surface in the sparking region. This poor

distribution of the sparks causes the aluminum coating on the anode to

be rough, instead of smooth. For a gap of a given design, there is a

quantity of material M i deposited on the anode per pulse such that the

anode buildup is a smooth coating for all values less than Mi, There

is also some value M2, greater than Mi, such that for all values greater

than M2 such a large fraction of subsequent discharges takes place from

a few points on the anode that the material is deposited in the form of

“spikes,’’ rendering the gap inoperative in a short time. For values of

anode deposit between Mi and M2, predominant spikes are not formed,

but the deposit of aluminum on the anode is so rough that the dynamic-

breakdown voltage of the gap, and hence the operating-voltage range

of the switch, is decreased appreciably.

Even with a smooth anode buildup the operation of these gaps may
become unsatisfactory before the end of their required lifetime. If

the smooth coating is very thick, a piece may break off, particularly from

the end of the anode, when it is subjected to shock and vibration. The

crater thus formed on the anode causes erratic operation of the gap. In

short, for satisfactory operation of a gap of given design, there is an

upper limit to the amount of material that can be deposited on the anode

per pulse and to the total amount of material that can be deposited on
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the anode during the required life of the gap. Despite the fact that anode

buildup is a very serious defect in the cylindrical-electrode aluminum-

cathode gap, there are many combinations of operating conditions for

which a tube of this type is satisfactory.

Some conclusions concerning the effects on cathode erosion and anode

buildup of variations in recurrence frequency, pulse current, pulse dura-

tion, gas pressure, and gap spacing are stated here. These conclusions

are based on data taken for gaps having 0.200-in. and 0.330-in. spacings,.

similar to the WX3226 and WX3240 gaps respectively, and filled with

80 per cent hydrogen and 20 per cent argon to total pressures in the range

of 68 to 175 cm of mercury. The ratio of the cathode radius to the anode

radius was maintained at approximately e for all gaps studied.^

The amounts of* cathode erosion and anode buildup per pulse were

found to be independent of the recurrence frequency in the range 200 to

1200 pps.

For a given gap spacing, pulse duration, and gas pressure, the cathode

erosion and anode buildup per pulse were found to be directly propor-

tional to pulse current in the range 100 to 400 amp.

For a given gap spacing, pulse current, and gas pressure, the cathode

erosion and anode buildup per pulse increase much more rapidly than the

pulse duration in the range 0.9 to 5 ^sec. As a result the maximum
allowable pulse current for a given gap design decreases rapidly with

increasing pulse duration.

The ratio of anode buildup to cathode erosion per pulse was found to

remain constant for a given gas pressure and gap spacing, even though
the pulse current varied from 100 to 400 amp, the pulse duration varied

from 0.9 to 5 ^sec, and the recurrence frequency varied from 200 to

1200 pps, corresponding to a variation from 25 X 10~^ to 560 X 10~® mg
in the mass of aluminum eroded from the cathode per pulse.

For a given gas pressure, pulse current, and pulse duration, an increase

in gap spacing was found to decrease the amount of material eroded from
the cathode per pulse, and the ratio of anode buildup to cathode erosion

per pulse. A tube with large spacing may therefore be operated satis-

factorily at higher values of pulse current and longer pulse durations

than a tube with smaller spacing.

For a given gap spacing, pulse current, and pulse duration, an increase

in gas pressure was found to increase the cathode erosion per pulse slightly,

and to increase the ratio of anode buildup to cathode erosion per pulse

appreciably. The increase in cathode erosion is perhaps due to a decrease

in the size of the cathode spot with increasing gas pressure, which increases

its temperature, and thus increases the amount of material evaporated
from the cathode per pulse. Because the temperature along the arc

^J. R. Dillinger, General Characteristics of Aluminum -cathode Type Series

Spark Gaps,'^ RL Report No. 682-3, Nov. 21, 1945.
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column is high and the gas density is therefore low, and because a higher
gap-filling pressure causes a region of higher gas density to surround the
arc column, it is believed that the higher pressure aids in funneling
aluminum vapor from the cathode across to the anode. The higher
pressure thus concentrates the distribution of aluminum vapor from the
cathode spot in the direction of the anode.

Particular Designs for Enclosed Fixed Spark Gaps .—The photographs
of Fig. 8-26 are of five different cylindrical-electrode aluminum-cathode
gaps. Photographs (a), (6), (c), (d), and (e), in Fig. 8-27 are x-ray prints

of the 1B29, 1B22, 1B31, WX3226, and WX3240 tubes respectively.

Fig. 8*26.—Photographs of various aluminum-cathode gaps. {Parts (a) and (b) courtesy

of the Bell Telephone Laboratories.)

The 1B29, 1B22, and 1B31 were made by the Western Electric Co.
whereas the WX3226 and WX3240 were made by the Westinghouse
Electric Corporation.

As the required pulse current and pulse duration increased, it became
necessary to develop gaps with larger spacings in order to limit the amount
of material deposited on the anode per pulse. Since the gap dissipation

increases with spacing, it is desirable to keep this spacing to a minimum,
compatible with the allowable rate of anode buildup. Therefore, it is

undesirable to operate a gap at pulse currents and pulse durations that

are appreciably lower than the design figures.

After the spacing of one of these gaps has been chosen with regard to

anode buildup and dissipation, the breakdown voltage can be adjusted to

the desired value by changing the gas pressure. The operation of gaps

filled with 80 per cent hydrogen and 20 per cent argon has been satis-

factory over a range of pressures from 50 to 250 cm of mercury.^
1 E. G. F. Arnott, “Development of Series Spark Gaps,’' NDRC 14-327, Westing-

house Electric Corporation, Aug. 14, 1944-
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The tubes that were designed to operate at voltages below 5 kv per

gap were difficult to start because of insufficient background ionization.

Therefore, a small amount (about 0.002 mg) of a radium salt (either

radium bromide or radium chloride) was added in order to provide

additional ionization, and thus to aid in starting the gaps. For voltages

higher than 5 kv the gaps start readily without this salt, because of

ionization produced by corona at the edges of the electrodes. Special

corona points were provided in the 1B29 and 1B22, as can be seen in

Fig. 8*26, in order to give further aid in starting.

(a) 1B29. (6) 1B22. (c) 1B31. (d) WX3226. (e) WX3240.
Fig. 8*27.—X-ray prints of various aluminum-cathode gaps. {Parts (a), (6), and (c)

courtesy of the Bell Telephone Laboratories,)

Nominal ratings for each of the seven gaps developed are given in

Table 8-2. The 1B34 is a WX3226 filled to a pressure of 75 cm of mer-

cury, and the 1B41, 1B45, and 1B49 are WX3240 gaps filled to pressures

of 90, 150, and 110 cm of mercury, respectively.

Table 8-2.—Nominal Ratings fob Various Fixed Spark Gaps

Type amp r, /isec /r, PPS Vso, kv /r X r,

Ip X r,

coulombs

per pulse

1B29
1B22

30

75

20

50

1

^

0.75

0.75

0.4

0.4

2100

1100 75

1.4

2.1

1B34 200 75* 2 0.25 2000 160 3.5 0.001 2 X 10-*

1B31 300 30 0.25 1600 150 4.0 0.001 3.8

1B41 ! 450 100' 5 0.5 2000 210 5.0 0.001 7.5

1B49 450 100 5 0.5 2000 210 5.5 0.001 7.5

1B45 450 100 5 0.5 2000 210 6.5 0.001 7.5
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When more than one value is given, the second value denotes the

minimum allowable value of that quantity, whereas a single value or the

first of two values denotes the maximum allowable value. In this table.

Ip is the pulse switch current, r is the pulse duration, fr is the pulse recur-

rence frequency, is the average pulse switch current, and Vsg is the

nominal operating voltage per gap, which can be relied on during at least

500 hours of operation. If two or three gaps are used in series with reso-

nant charging, the nominal operating switch voltage is about 2Vsg and

SVsG respectively. The usable range of operating voltage above and
below Vsg depends on the operating conditions. It is sometimes advis-

able to have a nominal operating voltage above or below Vsg in order to

operate more nearly in the center of the operating-voltage range.

Since Ip, r, and fr are interrelated insofar as their effect on the opera-

tion of these gaps is concerned, it is necessary to state limits on the prod-

ucts of these quantities taken two at a time. The product rfr is the

duty ratio, r/p is the number of coulombs per pulse. It is evident that,

in order to prevent the growth of spikes on the anodes, the pulse current

must be decreased when the pulse duration is increased. A limit on the

product frip is included in the limit on /p^v, which, together with the duty

ratio, limits the gap dissipation and the total amount of material deposited

on the anode during life.

Change in Characteristics during Operation ,—The dynamic-breakdown

voltage of each gap decreases during life because of changes in the

characteristics of the electrode surfaces that result from the erosion of the

cathode and the buildup of material on the anode. The magnitude of

this decrease depends on the rates of cathode erosion and anode buildup,

which in turn depend on tube parameters and operating conditions, as

discussed previously. Tests show that, for a large rate of anode buildup,

the value of for a set of gaps decreases during the first 100 hr of opera-

tion, and then remains very nearly constant for the remainder of a 500-hr

period or longer. For a small rate of anode buildup, Vm has been

observed to remain constant during operating periods more than 500 hr

long. For intermediate rates of anode buildup, Vm may decrease gradu-

ally for more than 500 hr. The values of Fmin and Fstart are only slightly

affected by these changes in electrode-surface conditions.

Figure 8*28 shows the variation of operating voltage range with time

for a set of three 1B41 gaps operated in series with different trigger

couplings as the switch in a 25-ohm line-type pulser at a pulse recurrence

frequency of 300 pps and a pulse duration of 2 /xsec. The operating

switch voltage was 15.8 kv, making the pulse current approximately

equal to 300 amp. The HK7-magnetron load used for the test was

replaced by a resistance load for purposes of measuring the voltage range.

A trigger voltage of 20 kv, measured on a 15 /x/if load, was sufficfent to
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obtain the maximum range from these gaps. It is seen from Fig. 8*28

that both Vrain and Faurt are appreciably lower when the trigger is coupled

to both intermediate points than when it is coupled to either the upper or

lower point. This test and others show that the value of Fm for new
tubes with two-point triggering is lower than that for one-point triggering.

After the electrodes become roughened, however, the difference becomes

negligible, and, because of corona bursts in the gaps after the electrodes

have become roughened, it is impossible to predict which method of

triggering will give the highest F^. The a|sumption that the gaps behave
as condensers, made in discussing the division of voltage across the gaps

Fig. 8-28.—Operating range as a function of hours of operation for the 1B41.

for each method of triggering, does not hold after the electrodes have
become roughened. Since Fmm and Fstart are lower, and over a long period
of time Vm is about the same whether the trigger is coupled to both
points or to either the upper or lower point, it follows that two-point
triggering generally gives the widest range of operation for three gaps
in series.^

Gap Dissipation .—By connecting the vertical plates of a modified
synchroscope directly across the grounded gap in the pulser switch,

the voltage drop across a single gap during the discharge was deter-

mined. The oscilloscope traces were observed with self-synchronous

operation of the oscilloscope, that is, the signal voltage applied to the

iJ. R. Dillinger, ''General Characteristics of Aluminum-cathode Type Series

Gaps,” RL Report No. 682-3, Nov. 21, 1945; J. R. Dillinger, "Some Characteristics

of the 1B41, 1B45, and 1B49 Series Spark Gaps,” RL Report No. 682-4, Nov. 26,

1945; E. G. F. Arnott, "Development of Series Spark Gaps,” NDRC 14-494, Westing-
house Electric Corporation, July 12, 1945.
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vertical plates was also used to start the sweep. Because there is a

slight time lag between the application of the voltage starting the sweep
and the appearance of the trace on the oscilloscope screen, the initial

portion of the voltage pulse cannot be observed. The curves in Figs.

8-29 and 8*30 were drawn from these traces, and show the voltage drop

Time in A* sec

Fig. 8-29.—Voltage drop across three

fixed spark gaps having different electrode

spacings for a pulse duration of 0.9 /zsec.

Time in /x sec

Fig. 8*30.—Voltage drop across three

fixed spark gaps having different electrode

spacings for a pulse duration of 4.5 /xsec.

across each of three gaps having different electrode spacings for nominal

pulse durations of 0.9 and 4,5 Msec, respectively. The gaps with spacings

of 150, 200, and 375 mils were, respectively, the 1B22, WX3226, and a gap

similar to the WX3240, but with a slightly greater spacing. The cor-

responding current pulse is also shown; the rounding of the leading edge

of the current pulse is a result of the high tube drop during the first part

of the pulse.

The tube drop was found to be independent of the gas mixture, the

gas pressure, the pulse current, and the recurrence frequency within the

limits of error of these measurements, and within the range over which

these quantities were varied. The gas mixture was varied from 100 per

cent hydrogen to 100 per cent argon, the pressure from 68 to 150 cm of

mercury, the pulse current from 80 to 240 amp, and the recurrence fre-

quency from 200 to 2000 pps. The tube drop is primarily dependent on

the electrode spacing and pulse duration.

The voltage across a gap during the first part of the discharge has
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been studied with the use of a capacitance voltage divider. By multiply-

ing the values of tube drop and pulse current for each increment of time

during the pulse, a curve can be obtained showing the rate at which energy

is dissipated in a single gap during the

pulse. Figure 8*31 shows such a curve

for a WX3226 gap operated in series

with two other gaps at a pulse dura-

tion of 0.9 jusec and pulse current of 80

amp. Integrating this curve, a value

of 15.4 X 10“^ joules is obtained as

the energy dissipated per pulse in one

of these gaps. A measurement of the

average dissipation by means of a cal-

orimeter gave a value of 15.5 X 10~^

joules per pulse. A comparison of

other values obtained by integrating

power-versus-time curves with those

^
Timein/fsec

obtained calorimetrically also shows

Fig. 8-31.—Power dissipated in one gOOd agreement.

WX3226 gap as a function of time for The dissipation per pulse has been
a single pulse.

found to be directly proportional to

pulse current and to gap spacing. By arbitrarily assuming that an
equation for dissipation per pulse involves terms including t and r^,

the following empirical relation has been developed:

D = (0.703 X 10-® + 0.420t - 0.0233 X 10V2)>S/p,

where D is the dissipation per gap in joules per pulse, r is the pulse dura-

tion in seconds, S is the gap spacing in mils, and Ip is the pulse current in

amperes. This equation agrees reasonably well with experimental data
over the range of 0.9- to 5.0-Atsec pulse duration, 0.200 to 0.440-in. spac-

ing, and 80- to 500-amp pulse current.^

Time Jitter .—Attempts to make the cylindrical-electrode aluminum-
cathode gap operate synchronously have not been successful. In using
these gaps 1 to 3 jusec of over-all time jitter must be tolerated, depending
on operating conditions and particularly on the value of the operating
voltage relative to Fs and 7™. About 95 per cent of the pulses show a
time jitter that is considerably less than 1 /^sec, but an appreciable num-
ber of random pulses account for the over-all jitter of 1 to 3 /xsec.

The two gaps in a set of three that are broken down by the trigger

iR. G. Fluharty and J. R. Dillinger, '‘Dissipation in Series Spark Gaps and
Voltage-current Relationships During the Discharge,'' RL Report No. 682-1, June 26,
1945,
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pulse can be made to fire accurately to within 0.1 /xsec. The primary

source of jitter in a switch of this type is in the firing of the third tube,

which cannot be overvolted by the trigger. After the two triggered tubes

are broken down, the full switch voltage is applied to the third tube;

thus, the greater the switch voltage, the greater the overvolting of the

third tube. The jitter in this switch, therefore, decreases with increas-

ing switch voltage. At a given switch voltage the jitter also varies

during the life of the tube because of changes in electrode-surface

conditions.^

8*9. The Iron-sponge Mercury-cathode Gap.—A gap of this type^

is an improvement over the cylindrical-electrode aluminum-cathode gap

in at least three respects:

1. The range remains constant during life.

2. The time jitter can be maintained at a value of the order of mag-

nitude of one per cent of the pulse duration.

3. As wide an operating range can be obtained with two of these gaps

as with three of the cylindrical-electrode aluminum-cathode gaps.

For satisfactory operation, however, the reverse current must be kept

very low.

The anode of this gap is a molybdenum rod with a diameter of approxi-

mately 0.060 in. The cathode is mercury that is immobilized by an iron

sponge. This iron sponge contains about 60 per cent void space and is

made by compressing iron powder into a kovar cup and sintering under

appropriate conditions. After subsequent heat treatment in a hydrogen

atmosphere the sponge of a typical gap holds about 9 cm* of mercury

when fully saturated. The mercury that is evaporated from the surface

of the cathode during operation condenses and runs down the walls back

into the sponge. Because of the surface tension of the mercury, a film of

mercury is maintained over the surface of the iron sponge which prevents

the erosion of the iron. In order to minimize the time jitter, the gaps are

usually filled with 100 per cent hydrogen. Radium salts are generally

omitted in order to increase the operating range and to further minimize

jitter.

1 H. L. Glick, “Triggering of High Power Spark Gaps,^^ Westinghouse Research

Report SR-307, Oct. 18, 1945.

2 F. S. Goucher, J. R. Haynes, and E. J. Ryder, “High Power Series Gaps Having

Sintered Iron Sponge’ Mercury Cathodes,’^ NDRC 14-488, Bell Telephone Labora-

tories, Oct. 1, 1945; J. R. Dillinger, “Operation of Sintered Iron Sponge-Mercury

Cathode Type Series Gaps at 5 Microsecond Conditions,” RL Report No. 682-5, Nov.

28, 1945; and J. R. Dillinger, “Line-Type Modulator and HPIOV Magnetron Opera-

tion at 6 Megawatts,” RL Report No. 682-6, Nov. 30, 1945.
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Particular Gap Designs .—Figure 8*32 shows the two tubes of this type

develoi>ed to date. The cooling fins, which are in thermal contact with

the cathodes of the tubes, can be seen. The 1B42 is shown in Fig.

8*32a and the Fe-I is shown in Fig. 8*326. The large opaque spot fust
V

(^>)

/ N

X-ray prints of iron-sponge mercury-cathode gaps,
(a) Ihe 1B42, (6) the Fe-I. {The photographs for part (a) courtesy of the Bell Telephone
Laboratories.) .
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above the kovar cup in the x-ray of the Fe-I tube is due to a globule of

free mercury that collected there when the tube was placed in a horizontal

position to take the x-ray. The small spots on the walls of the kovar cup
were caused by drops of mercury adhering to the kovar. The upper
portion of the anode is surrounded by glass shields in order to prevent

mercury from dripping down close enough to the sparking region to affect

the operation of the gap. The 1B42 is mounted by means of a bolt

extending down from the cathode, and the cooling fin is an integral part

of the tube. As shown in the sketch in Fig. 8*326, the cooling fin of the

Fe-I tube is not an integral part of the tube, but serves instead as a

mounting socket. The operation of the Fe-I tube with various electrode

spacings and gas pressures has been satisfactory for a variety of condi-

tions, the reliable life of the tube being greater than 500 hr.

Some specifications for these tubes are given in Table 8*3. Each
quantity has the same significance as in Table 8*2. In columns contain-

ing more than one figure, the first represents the maximum and the second

the minimum rating. The value of VsGy the nominal operating voltage

per gap, has been obtained from data for the operation of two gaps in

series.

Table 8-3.

—

Ratings for Two Iron-sponge Mercury-cathode Gaps

No. Ip, amp T, Msec

1

fr, PPS, IPay, ma
VSG ,

kv
rfr

rip,

coulombs

per pulse

frip,

amp X
sec“^

1B42
Fe-I

300—80
750—100

6.1—0.25
5.5—0.5

1

2000

1000
1

0.250

0.450

5.0

7.5

0.0012

0.0011

1.28 X 10-3

1.5 X 10-3
40 X 10<

25 X 103

Operating Characteristics .—Two of these gaps are used in series as

the switch in a line-type pulser because it was found that two gaps give an

operating range greater than ±33 per cent, which is ample for most

applications. In general, one would expect Fmin to be equal to the break-

down voltage of one gap and Fs to be twice this value when using two

gaps in series, making the range ±33 per cent. However, the applica-

tion of the charging-voltage wave to these gaps causes a corona sheath

to be formed about the anode, which changes the breakdown characteris-

tics. The magnitude of this change increases with the amplitude of the

charging-voltage wave. At voltages near Fmin, the corona sheath has a

small effect, and the breakdown voltage of the gap is approximately

characteristic of a point-to-plane discharge, as seen from the x-rays of

Fig. 8-32. Near Fs, however, the corona sheath is large and shaped

like a distorted sphere about the end of the anode, making the breakdown

voltage per gap more nearly characteristic of that of .a sphere-to-plane

discharge. Thus, the dynamic-breakdown voltage per gap at voltages



330 SWITCHES FOR LINE-TYPE PULSERS [Sec. 8*9

in the region of Vs is greater than in the region of voltages near Tmin.

Therefore, the ratio of Vs to Fmin is greater than 2 to 1 for the operation

of two gaps in series. If a small amount of radium salt is inserted in

these gaps, the beneficial effects of this corona sheath are destroyed, and

the ratio of maximum to minimum operating voltage obtained with two

gaps becomes less than 2.

For two Fe-I gaps operated at 15.5 kv, 290 amp, 300 pps, and 2 /xsec,

the voltage range of 10.»5 to 22.5 kv is constant for more than 500 hr of

operation, with Fstart equal to 5.5 kv. The required trigger voltage is

20 kv, and the time jitter is less than 0.02 jusec at voltages above 14 kv,

provided that the rate of rise of trigger voltage is 55 kv//isec or greater.

For gaps filled to higher gas pressures, ranges of 13 to 29 kv for two gaps

have been maintained during more than 500 hr of operation at 24.5 kv,

925 amp, 250 pps, and 2 /xsec.

Time Jitter ,—In operating two gaps in circuit {d) of Fig. 8-9, gap G2 is

broken down by the trigger pulse, applying the full switch voltage to

Gi, which is then broken down. If the delay in firing Gi is appreciable,

G2 can partially recover and must be reignited after Gi breaks down.

As a result, there are at least three sources of uncertainty in the initiation

of the discharge, which combine to produce the observed time jitter in

the output pul^e. •

The uncertainty in the firing of G2 by the trigger pulse can be made
small compared with 0.02 /xsec by making the rate of rise of the trigger

voltage pulse equal to or greater than 55 kv//xsec.

The uncertainty in the firing of Gi can be reduced by increasing the

switch voltage, all of which appears across Gi after G2 breaks down.

The time jitter introduced in reigniting G 2 has been detected, but it is

negligibly small.

All three sources of time jitter, but particularly that introduced in

the firing of Gi, can be reduced by improvements in the tube design.

The elimination of argon from the gas filling, “a reduction in the diameter

of the anode, and a decrease in the gap spacing have all been found effec-

tive in reducing time jitter. It is possible to eliminate argon from these

tubes because they are intended for operation at pulse currents of 100

amp and higher. A reduction in the anode diameter decreases the jitter,

but increases the detrimental effects of reverse current in the tubes. The
most effective way of reducing time jitter is to decrease the spacing, and
to increase the gas pressure accordingly in order to obtain the desired gap
breakdown voltage. However, the maximum gain that can be obtained

by this method is limited because, for a gap with small spacing, the break-

down voltage increases linearly with gas pressure in the region of low

values, but for high gas pressures, this voltage is not affected appreciably

by a change in pressure.
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Effects of Reverse Current—Reverse current damages iron-sponge

mercury-cathode tubes by eroding the electrode that is the anode for

the forward pulse and the cathode for the reverse current pulse. The
resulting increase in spacing during operation causes Finm to increase and

Vs either to increase or to decrease. If considerable material is eroded

from the anode and deposited on the tube walls, mercury condenses on it

and partially covers the walls. This mercury may give rise to disturb-

ances along the walls, which can lower Vs despite the increase in spacing.

The increase in spacing also causes the time jitter to increase. Tests

have shown that a given value of reverse current has a more detrimental

effect on gap operation from the point of view of time jitter than from

that of operating range. In order to specify the reverse current that can

be tolerated in these tubes, limits are imposed on the maximum value of

erosion per pulse and on the total erosion permissible for a life of 500 hr.

The film of mercury that coats the end of the anode during operation has

been found to limit the erosion rate of the anode to a value much smaller

than would be obtained without this film. It is therefore necessary to

limit the amount of erosion per pulse of reverse current, otherwise the

mercury film could be broken through during a single pulse of reverse

current, thereby exposing the molybdenum of the anode and greatly

increasing the erosion rate. By placing limits on the pulse current and

the pulse duration the erosion per pulse can be limited. If the total

erosion during a period of 500 hr were directly proportional to the num-
ber of coulombs per pulse, it could be limited by a specification of the

maximum allowable value of the average current. Although this linear

relation does not hold over a wide range of pulse duration, the linearity is

sufficient for general specifications. The limiting value of the average

reverse current that does not affect time jitters appears to lie between

1 and 2 ma.

In addition to the need for limiting the reverse current in these tubes

to a very low value because of its effect on range and time jitter, it is

necessary to limit it in the tubes filled with 100 per cent hydrogen in

order to eliminate amplitude jitter. In tubes containing 100 per cent

hydrogen, the tube drop during the conduction of reverse currents of low

peak value can be high and can fluctuate from pulse to pulse. A volt-

age that is sufficient to affect the next charging voltage can therefore be

left on the network after the pulse. Since the amount of voltage left

on the network fluctuates from pulse to pulse, amplitude jitter can result

in the output pulse.

Dissipation ,—As a result of calorimetric measurements made at the

Bell Telephone Laboratories^ on iron-sponge mercury-cathode gaps

1 F. S. Goucher, J. R. Haynes, W. A. Depp, and E. J. Ryder, “Spark Gap Switches

for Radar, Bell System Technical Journal Oct. 1946.



332 SWITCHES FOR LINE-TYPE PULSERS [Sec. 8-10

operated over a wide range of pulsing conditions, the following empirical

formula has Jbeen established expressing the dissipation D in joules per

pulse per gap in terms of the gap parameters and the pulsing conditions:

D = 5.7 X lO-Uj^S + (40 + 3.9 X 10-2pO-4>S)V,

where ip is the pulse current in amperes, S is the gap spacing in mil^, p

is the gas pressure in inches of mercury, and r is the pulse duration in

seconds. This equation has been established from data covering the

following ranges of parameters: spacing, 40 to 350 mils; gas pressure, 28 to

50 in. of mercury; pulse duration, 1 to 6 jusec; pulse current, 45 to 1070

amp. The dissipation in watts per gap for any application may be

obtained by multiplying the value of D by the recurrence frequency.

This equation does not include the energy contributed by the trigger,

which can usually be neglected, but which can be measured independently

and added if necessary.

Dissipation is an important consideration not only from the stand-

point of circuit efficiency, but also in determining whether or not forced

cooling is necessary when operating mercury-cathode gaps. Since

mercury vapor has poor deionization characteristics, there is some upper

limit to the partial pressure of mercury, and thus to the operating tem-

perature of the gap, above which the poor deionization characteristics

of the mercury override the good characteristics of the hydrogen.

8*10. The Three-electrode Fixed Spark Gap.—In order to build a

satisfactory three-electrode gap, it is necessary to have an electrode

material such that its erosion rate at the desired operating conditions is

negligibly small in the gas to be used. Since a gap of this type has a

somewhat more complex electrode configuration than does a two-elec-

trode gap, much less electrode erosion can be tolerated.

The Trigatron .—The trigatron^ is a three-electrode tube filled with

approximately 95 per cent argon and 5 per cent oxygen to pressures of

about 1 to 6 atmospheres, depending on the desired operating voltage

and on particular tube design. The British CV85 and the CV125 were
the two most widely used designs. Typical operating conditions for the

CV85 are 8 kv, 1200 pps, and 1 /xsec in a 70-ohm line-type pulser.

Photograph (a) of Fig. 8*33 shows a. CV125 and (6) is a print of an
x-ray of this tube. The anode and cathode are of molybdenum and the

trigger pin is tungsten. The anode sleeve was found effective in making
the time jitter less than 0.1 Msec.

Oxygen is used in a trigatron principally to maintain an oxide coating

1 J. D. Craggs, M. E. Haine, and J. M. Meek, ''The Development of Triggered
Spark Gaps with Particular Reference to Sealed Gaps,'' Metropolitan-Vickers Electric

Co., Ltd., Report No. C-331, September 1942.



Sec. 8*10] THE THREE-ELECTRODE FIXED SPARK GAP 333

on the surfaces of the electrodes and thereby to limit the rate of electrode

erosion, since there are effectively two cathodes in the tube when it is

operating. In this tube, the principal discharge does not start between

the anode and cathode after the tube is triggered, but takes place from

the cathode to the trigger pin to the anode. Thus, the trigger pin must
serve as both an anode and cathode, and is therefore doubly subject to

erosion. Because of the small size of the trigger pin and the other elec-

trodes, this erosion must be minimized. The oxygen is also needed in

these gaps to quench metastable atoms of argon after the discharge.

(a) {b)

Fig. 8-33,— (a) A photograph and (6) an x-ray print of the CV125 three-electrode gap.

.At a recurrence frequency of 800 pps and a pulse duration of 0.9 /xsec,

and in a line-type pulser with a 50-ohm network and 50-ohm load, a

new CV85 trigatron has a range of about 3.5 to 11 kv with a starting

voltage of 1.5 kv. A trigger voltage of 6.5 kv is sufficient. The curves

of Fig. 834a show the variation in range with trigger voltage for a new
CV125 operated in this circuit. A comparison of these curves with

those of Fig. 8T1 for three WX3226 gaps filled to a pressure of 110 cm of

mercury and operated under the same conditions shows that the range of

a new CV 125 is equivalent to that of three of these gaps in series.

Figure 8-345 shows variations in range with life for a CV125 operated

at 12 kv, 800 pps, and 0.9 /xsec in a 50-ohm circuit. After 375 hr of
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operation, this tube was found to fail to deionize at frequent intervals,

agreeing with British experience. Failure of this tube is not due to

electrode erosion, for it operates satisfactorily after being pumped and

refilled. The failure may be due to the formation of nitrogen peroxide,

which is known from experience with rotary gaps to have poor deioniza-

tion characteristics, or it may be due to a reduction in the amount of

oxygen to a value that is insufficient to quench metastable atoms of argon

after the discharge. This reduction is caused by the combination of

oxygen with the molybdenum and tungsten electrodes during operation.^

Fig. 8-34.—Variation in voltage range of a CV125 three-electrode gap (a) with trigger

voltage (new tube)
,
(b) with time.

Further comparison of the CV125 with a set of three WX3226 gaps

operated under the same conditions at a pressure of 110 cm of mercury

shows that a 13-kv trigger voltage is required to obtain the lowest values

of Fmin and Fstw-t for the series gaps, whereas 8 kv is sufficient for the

three-electrode gap. It is also to be noted that the CV125 requires a

high trigger voltage primarily for good starting, whereas series gaps

require a high trigger voltage to give a satisfactory operating range as

well. The time jitter in the CV125 at 12 kv, 800 pps, and 0.9 /xsec in a

50-ohm circuit remains less than 0.09 /xsec throughout life, a value that

is much less than that for cylindrical-electrode aluminum-cathode gaps.

The life of series gaps under the above conditions is considerably longer

than that of the CV125, and can exceed 1500 hr. Also, the deionization

characteristics of the series gaps are better than those of the trigatrons,

1 These observations are in accord with reports of work done by the British at

Birmingham University, gee D. T, Roberts, Determination of Oxygen and Nitro-

gen Peroxide in Samples of Gas from Trigatrons Taken at Various Stages of Life,”

Birmingham University, C. V. D. Report BS/19, 1943.
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as is evidenced by the greater decrease in Fm with increasing recurrence

frequency for the trigatron than for the series gaps.^

Hydrogen-filled Three-electrode Gap ,—It would be desirable to combine

the advantages of the hydrogen or hydrogen-argon gas filling, which is

stable with life, with those of a three-electrode geometry of the trigatron

type. Unfortunately, the erosion rate of possible electrode materials

in the absence of an oxide coating on the surface is usually high.

An attempt has been made to overcome this difficulty by using

electrodes made by sintering tungsten and barium oxide together,with

nickel as a binder. Statements concerning the erosion rate of these

sintered mixtures have been given in Sec. 8*7. Some three-electrode

tubes have been constructed with these materials, but sufficient tests

have not yet been made to indicate the stability of their characteristics

during life.^

THE HYDROGEN THYRATRON

By K. J. Germeshausen

As explained in the introductory paragraph of this chapter, work was

started early in the history of the development of pulse generators in

order to obtain a satisfactory sw’fcch of the thyratron type. The advan-

tages of the thyratron are many: the switch is small and light, it can be

triggered accurately by applying low-voltage pulses to the grid, it has a

high efficiency, and it can operate over a wide range of plate voltages.

Experimental work was started simultaneously to improve existing

mercury thyratrons and to develop tubes of new types. One disadvan-

tage of mercury is its temperature sensitivity; this, however, can be

remedied by thermostatic control of the enclosures. There are other

difficulties specifically related to pulser operation, such as the long deion-

izing time and the low voltage drop at which ion velocities destroy the

oxide cathode. To eliminate these defects, developmental work was

started on a thyratron that would be particularly well suited to pulser

operation. Hydrogen was chosen for the filling because it enables high

pulse currents to pass through the tube without causing voltage drops

great enough to destroy the cathode. Also, the structure of the tubes

was designed specifically to withstand high voltages. The develop-

mental work has been successful in creating and puttftig into production

three tubes that provide for a continuous range of pulse power from about

10 to 2500 kw; work has also been started on a tube capable of switching

^ J. R. Dillinger, “General Characteristics of Aluminum Cathode Type Series

Gaps,” RL Report No. 682-3, Nov. 21, 1945.

2 K. J. Germeshausen and H. R. Zeller, “Three Electrode Triggered Gap,^' RL
Report No. 880, Oct. 11, 1946.
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pulse powers ranging from about 5 to 8 Mw, but has not been completed

at the time of this writing.

8-11. General Operating Characteristics of the Hydrogen Thyratron.

The use of hydrogen in place of mercury vapor or a rare gas as the filling

for thyratrons,^ appeared to have some real advantage if an adequate

life could be obtained. Drewell succeeded in making hydrogen tubes

for sweep circuits, but their operating voltage and life were inadequate

for pulser applications. His results, however, were considered encourag-

ing enough to warrant further development, and consequently work was

started in 1941.

The primary advantage of hydrogen, when used in a thyratron, is

the high fall of cathode potential that can occur without injury to the

oxide cathode. The destruction voltage, or voltage corresponding to

the ion velocity at which destruction of an oxide cathode sets in, is about

30 volts for mercury ions and has about the same order of magnitude for

the rare gases, including helium. For hydrogen the destruction voltage

is about 600 volts, or 20 times as great. This fact is of considerable

importance in the design of a thyratron for operation at high voltages

and high pulse currents.

A second advantage of hydrogen-filled tube is the short deionization

time that is obtained. In any given circuit this deionization time is

about one tenth that of mercury-, argon-, or zenon-filled thyratrons.

The only other gas that provides such a short deionization time is helium,

which cannot be used because of the cathode destruction previously

mentioned.

A serious problem connected with the use of hydrogen in thyratrons is

gas cleanup, or the disappearance of the gas during operation. Gas
cleanup is caused mainly by the great chemical activity of hydrogen,

which combines readily with many substances including, under certain

conditions, the oxide cathode. The grade A nickel usually employed in

vacuum-tube construction contains reducing agents, such as carbon and
silicon, that combine with the hydrogen and promote cleanup. In

addition, these nickels may contain other reducing agents, such

as magnesium, which do not combine directly with hydrogen, but
which can reduce the oxide cathode, releasing free barium. The free

barium thus produced combines very readily with hydrogen and
can cause a rapid disappearance of the gas in the tube. In order to

obtain nickel free from these reducing agents, or other harmful

impurities, it was necessary to develop a very pure grade of electrolytic

nickel.

In addition to the use of materials of carefully controlled purity, it is

important to prevent contamination resulting from improper cleaning or

1 P. Drewell, Zeits. f. Techn. Phys.j 16, 614, (1936).
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handling of the parts. The successful manufacture of hydrogen thyra-
trons requires a much more rigid control of the various manufacturing
processes than is usual in the manufacture of radio tubes. Great care
must be taken to prevent the inclusion of any substance that can react

chemically with the hydrogen. By proper design and processing, and
by the use of selected materials, pressure cleanup has largely been elimin-

ated and is no longer a serious limitation on tube life.

Since the reducing action of hydrogen on the oxide cathode becomes
serious at temperatures of about 900°C, it is necessary to maintain the
cathode temperature well below this value. A maximum temperature
of 850°C is permissible, but a somewhat lower value is preferable. On
the other hand, cathode emission decreases rapidly at temperatures
below about 800°C; hence, the operating range of cathode temperature
is narrow. The filament voltage must therefore be kept within close

limits, and variations in cathode temperature from tube to tube minim-
ized. Variations in temperature

over the surface of the cathode can

be made much smaller for indi-

rectly heated cathodes than for

filament cathodes; hence, it is de-

sirable that hydrogen tubes ha\ e

indirectly heated cathodes.

Because of gas cleanup, the gas

pressure is raised as high as possible

by making the spacing between the
anode and grid much smaller than

in the more conventional thyratron

designs. The purpose of the small

spacing can best be explained by
referring to Fig. 8*35, which is a

plot of the breakdown voltage in hydrogen versus the product of spacing and
pressure, the familiar Paschen curve of breakdown in gases. In thyra-

trons the grid-to-anode spacing is such that the operating point is on the

left-hand portion of the curve, where the breakdown voltage is rising

rapidly as the product of spacing and pressure is reduced. Since the

product of spacing and pressure must be maintained at a value less than

that corresponding to the desired breakdown voltage, high gas pressures

can be obtained only by reducing the spacing. In typical hydrogen

thyratrons, the gas pressure is about 500 microns and the grid-anode

spacing is about 0.0625 to 0.090 in. Smaller spacings make the mechani-

cal assembly difficult, and may result in field emission from the grid.

The perpendicular distance from grid to anode must not exceed the

desired spacing at any point; the grid structure is therefore placed so

Product of pressure in mm
and spacing in mm

Fig. 8-35.—Plot of breakdown voltage
in hydrogen as a function of the product of

spacing and pressure.
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that it completely surround the anode, as shown in Figs. 8*36, 8-37, and

8*38. Long-path discharges between the anode-lead wire and the out-

side of the grid structure are prevented by surrounding the lead by a glass

sleeve that fits tightly into a collar attached to the grid structure. From
Fig. 8*36 it is apparent that the distance between

the upper part of the anode lead inside the glass

sleeve and the grid structure is considerably greater

than the shortest spacing from grid to anode.

Breakdown over this relatively long path is pre-

vented partly by the small spacing between the

glass sleeve and the anode lead, and partly by the

fact that the field between the anode lead and

Fig. 8*36.—Structure of a hydrogen thyratron.

Fig. 8-37.—Cut-away
perspective view of the
5C22 hydrogen thyra-
tron.

the grid structure in this region is in such a direction that the accelera-

tion of ions or electrons over the long path is prevented.

Hydrogen thyratrons differ from the more common thyratron types
in that they are designed with a positive control-grid characteristic.

In order to trigger the tube it is necessary to drive the grid to a positive

voltage sufficient to draw grid current between the grid and the cathode.

Two considerations dictated the positive control characteristic. First,
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positive control simplifies the trigger circuit, since, for most applications,

no negative bias supply is required. Second, the extensive baffling

between the anode and cathode that is associated with positive control

minimizes grid-emission difficulties.

In order to obtain a positive control characteristic, the cathode is

completely shielded from the anode field in the manner shown in Fig.

8*36. The grid itself is a perforated,

or mesh, section situated just below

the anode, and beneath it is a grid

baffle, which is attached to the grid.

In such a structure the anode field

does not extend beyond the point

marked A, and there is no opportu-

nity for the a#ode' field to act upon

electrons emitted from the cathode,

most of which are confined to the

region inside the cathode shield and

baffle structure. In order to trigger

the tube, or to start conduction, it is

necessary to draw current between the

grid and the cathode. This current

produces electrons and ions in the

region outside the cathode-shield

structure, some of which reach the

point A . As soon as the electron den-

sity at A is high enough, the anode

field is able to produce ionization

in the region above the grid baffles,

and breakdown takes place. During

the initial stages of the breakdown,

the anode current is drawn from the

grid as a glow discharge because the

anode field is unable to penetrate

into the grid-cathode space. This

glow discharge raises the grid to a

high positive potential, which quickly

ionizes the grid-cathode region to an

extent sufficient to bring the grid back

Fig. 8 ‘38.—X-ray photograph of a
hydrogen thyratron.

almost to the cathode potential.

The entire breakdown process described above occurs in 0.02 to 0.07

/usee, which is thus the ionization time.

Tube Characteristics and Operation.—Photographs of the three hydro-

gen thyratrons that have been developed are shown in Fig. 8-39, and

their basic operating characteristics may be found in Table 8*4.
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Table 8*4.

—

Opekating Chakacteristics op the 3C45, 4C35, and 5C22 Hydrogen
Thyratrons

3C45 4C35 5C22

Maximum forward anode voltage in kv 3 8 16

16 0Maximum inverse anode voltage in kv 3.0 8 0
Maximum value of inverse anode voltage in kv for 25 jusec

after pulse 1.5 2.5 5 0

Maximum anode pulse current in amp 35 90 325

2500Pulse power into resistance load in kw 50 350

Maximum average anode current in ma 45 100 200

Cathode: indirectly heated, unipotential

Heater power in watts 15 40 65

Heater voltage in volts ( +7.5%) 6.3 6.3 6.3

Maximum pulse duration in /xsec 6 6 6

Grid bias in volts 0 0 0

Minimum trigger voltage in volts 150 150 150

Tube weight in grams 64 194 273

Tube life at maximum ratings in hours 500 500 500

A simplified diagram of a thyratron pulser is given in Fig. 8-40.

Hydrogen thyratrons are designed to work primarily into a load

impedance of 50 ohms and, in the case of the 3C45 and 4C35, maximum
pulse power is obtained at this level. The 5C22 supplies its maximum
pulse power at 25 ohms; however, the average power is the same as at

Charging

Fig. 8-40.—A typical hydrogen-thyratron pulser circuit.

50 ohms. Any desired load impedance may be used, provided that none

of the maximum tube ratings are exceeded. In general, both pulse and

average power are less if a load impedance of other than the optimum

value is used.

The life of the thyratron depends greatly on the operating voltage,

current, and recurrence frequency. A typical life of about 500 hr can

be obtained at the maximum voltage and current ratings, with recurrence
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frequencies of 2000 pps for the 3C45 and 4035 and 1000 pps for the 5C22.

The length of life is considerably increased by reducing any of these

parameters, and, in general, the operating level of thyratron pulsers

should be kept somewhat below the maximum tube ratings. A much

longer tube life can be obtained by operating the tubes well below these

ratings; for instance, 4C35^s operated at 4 kv and 45- to 50-amp pulse

current usually give 2500 to 3000 hours of satisfactory service. Improve-

ments in manufacturing methods are constantly increasing the life

expectancy, which may soon be at least 1000 hr at full rating.

Since the thyratron is a unidirectional switch, negative charges are

left "on the network if the load impedance is too low. When the load

impedance varies erratically, as in the case of a sparking-magnetron

load, variable negative charges may be left, which seriously affect the

forward voltage of the succeeding pulse. In order to remove these

negative charges and to minimize or prevent their effect on forward

voltage, it is usually desirable to connect a shunt diode across the thyra-

tron. The problem of unidirectional-switch operation is discussed in

detail in Chap. 10.

The tube heating time may be reduced by overvolting the heater by
as much as 20 per cent, in which case the preheating time for the 5C22
is reduced from five to two minutes. It may also be possible to apply

the anode voltage and heater power simultaneously; however, adequate

tests and recommendations from the manufacturer are necessary if the

present ratings and specifications are not followed exactly.

Hydrogen thyratrons may be mounted and operated in any position,

but care must be taken lest the life be reduced by gas cleanup or puncture

of the bulb. Gas cleanup is accelerated if the bulb temperature is

lowered by subjecting the tube to forced .cooling, or if intense r-f fields

are present to cause the ionization of the gas. Corona extending to the

glass surface causes erratic operation and, eventually, puncture of the

bulb.

Series and Parallel Operation of Hydrogen Thyratrons .—It is often

possible to satisfy switch requirements for which no single thyratron is

suited by the operation of two tubes in series or in parallel. ^ Parallel

operation provides twice the load current, while series operation provides

twice the load voltage. There are a number of possible circuits, two of

which are shown in Figs. 8-41 and 8-42.

In parallel operation, the principal problem that arises is to secure

proper division of the current between the two tubes. When the anodes
of the two tubes are connected directly, the tube that breaks down first

reduces the anode voltage of the second tube so rapidly that it may not

1 Experimental work on series and parallel operation hais been carried out at the

Evans Signal Laboratory, among other places.
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break down at all. The best way to avoid this difficulty is to use a

balanced reactor in the thyratron-anode circuit, a device that has been
used with gas-tube rectifier circuits. The reactor is wound so that the

fields of the two halves are in opposition, and with very close coupling

between the two. When the triggered tube is broken down, the full

anode voltage appears across its half of the reactor, producing an equal

and opposite voltage in the other half of the reactor which abruptly

raises the anode voltage of the secdnd tube to twice its previous value.

The grid-to-anode capacitance of the second tube is such that the grid is

pulled positive by the transient voltage, thus triggering the second tube.

Until the currents in the two halves of the reactor are equal, there is

considerable reactance in each anode circuit; however, when they become

equal the net reactance is negligible. Any tendency of one tube to draw

more current than the other unbalances the reactor and raises the anode

voltage of the lagging tube until the anode currents are again equal.

A practical circuit for the operation of two thyratrons in series is

shown in Fig. 8*42. Equal division of the voltage across the two thyra-

trons is obtained by means of the voltage divider comprising the resistors

/2. The minimum value of the resistors R is limited by the excessive
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drain on the power supply and by the effect on the peak network voltage.

The maximum value is limited by the effect of the thyratron capacitance

on the proper division of voltage. When the lower tube is triggered,

the cathode potential of the upper tube is abruptly lowered to ground,

but the potential of the grid of the upper tube tends to stay fixed because

of the grid-anode capacitance. As a result, a positive voltage is applied

to the grid of the upper tube, which triggers it. By this means both

tubes are rendered conducting. •

Special problems related to the effect of pulser design on thyratron

performance and, to some extent, to the effect of thyratron characteristics

on pulser performance are discussed in the following sections.

8«12. The Anode Circuit. Variation of Tube Drop with Time .—The

major tube characteristic affecting the performance of the anode circuit

is the variation of tube drop with

time. It may be divided into two

regions: an initial, or ionization pe-

riod, when the drop is relatively

high, and a conducting period dur-

ing the pulse when the tube drop is

relatively low. In Fig. 8*43 is

shown the relation between the tube

drop, current, and impedance, as a

function of time.^ The data for

the curves were obtained from oscil-

lographic records of the operation of

a 4C35 in a 50-ohm pulser circuit.

The portion of the curves to the left

of 0.05 jusec represent conditions in

the tube during the time that the

gas is being ionized. This section

of the curves is called the ionization

period. The portion of the curves to

the right of 0.05 //sec, occurring after

the gas is fully ionized, is the con-

hydrogen thyratron {Vn = s kv, Ip =90 ducting period during which the tube
amp, T = 1.1 fisec. drop remains relatively constant.

Ionization time and the shape of the voltage-time curve during ioniza-

tion are almost entirely independent of the external circuit, that is, they*

are a function of tube characteristics only, mainly because of the high

anode voltages employed in pulser applications, which insure that any

electrons present are accelerated sufficiently to ionize the gas. The

1 S. J. Krulikoski, “Hydrogen Thyratrons in Pulse Generator Circuits,^^ RL
Report No. 953, Mar. 18, 1946,

Fig. 8-43.—Tube drop, current,

impedance as a function of time for a
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ionization time depends primarily on the probability of the collision of

electrons with hydrogen molecules, and on the length of the path to be
ionized. The factors affecting ionization time are, therefore, primarily

the tube dimensions and gas pressure; the quality of the cathode has little

influence on this characteristic. The ionization time is approximately
proportional to the tube dimensions, hence large tubes

have a longer ionization time than small tubes. The
ionization time is about 0.03 /zsec for the 3C45, 0.045

)Lisec for the 4C35, and 0.07 jusec for the 5C22 at

nominal operating pressures. Gas pressure has a very

marked effect on the ionization time; a high gas pres-

sure materially reduces the time required to establish

conduction, whereas a low gas pressure increases it.

When the gas pressure becomes very low, the ionization

time may become long enough to affect the pulse shape

considerably. Since ionization time is primarily a

tube characteristic, parameters such as anode current,

rate of rise of anode current, and initial plate voltage

have very little effect on the time required to establish

conduction.

After conduction has been established the tube drop

during the pulse is a function of tube current and of the quality of the oxide

cathode. As can be seen from Fig. 8-44, the tube drop during the pulse

does not vary appreciably^ with anode current. On the other hand, the

quality of the cathode has as much effect on the tube drop as the varia-

tions in current. For most pulser applications, the tube drop has a

negligible effect on pulser performance.

Tube Dissipation .—Since tube dissipation is one of the factors limit-

ing tube performance, the parameters affecting it deserve considerable

attention. In Fig. 8-45, is shown a

plot of tube dissipation versus time

for a single pulse of l.l-/isec dura-

tion. . The data for this curve were

'obtained from the volt-ampere char-

acteristics of Fig. 8*43, considering

the dissipation as the product of tube

drop and tube current. The total

integrated area under the curve is

9.8 X 10“^ joules, of which approxi-

mately 25 per cent is under the initial

spike that occurs during the ioniza-

tion period. The circuit parameters affecting tube dissipation per pulse

are pulse current, pulse duration, anode voltage, and rate of rise of anode

80
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Fig. 8-45.—Plot of tube dissipa-

tion vs. time for a single pulse (4C35,

Fjsr = 8 kv, Ip = 90 amp, t = 1.1 /xsec).
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Fig. 8-44.—Var-
iation in tube drop
during the pulse
with anode current.
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current. For short pulses, where a large proportion of the tube dissipa-

tion occurs in the initial spike, the most important parameters are the

anode voltage and the rate of rise of anode current. For long pulses the

factors controlling tube dissipation are the anode current and the pulse

duration.

In general, tube dissipation increases with decreasing pulse duration

and constant duty ratio, since the average energy dissipated in the initial

spike is proportional to pulse recurrence frequency and independent of

pulse duration. This effect is accelerated by the increased rate of rise of

current associated with the shorter pulses. The tube* dissipation for

short pulses can be reduced considerably by limiting the rate of rise of

anode current. For a given pulser circuit, tube dissipation is also

approximately proportional to the square of the applied anode voltage.

.

Excessive tube dissipation shortens the life of the tube and can usually

be detected through excess anode heating, which causes the anode to

glow with a red color. If the anode of a tube turns red, either it is being

operated above the ratings, or the gas pressure is too low.

Forward Anode Voltage ,—The forward anode voltage applied to the

thyraton is limited by the maximum tube ratings and the method of

applying it can considerably influence the maximum pulse recurrence

frequency. If the pulses are spaced equally in time, linear charging,

resonant charging, and diode charging are all equally satisfactory from

the standpoint of obtaining a constant output pulse voltage. There is,

however, a significant difference be-

tween the anode-voltage waveforms
for hnear charging and that for reso-

nant charging, as shown in Fig. 8*46.

During the period immediately fol-

lowing the pulse the anode voltage is

much lower for resonant charging than

it is for linear charging. When a

positive voltage is applied to the

thyratron before it has completely

deionized, the tube starts to conduct*when the anode voltage reaches the

critical reignition voltage, which is about 100 to 200 volts, without the

application of a trigger voltage. As a result, continuous conduction in

the thyratron usually occurs, which causes the pulser to draw an excessive

power-supply current. With resonant charging, the time required to

reach this critical reignition voltage is a maximum. Any deviation

from this condition causes a decrease in the maximum pulse recurrence

frequency.

Inverse Anode Voltage .—Inverse anode voltage may be divided into

two types: that which appears immediately after the pulse, usually

Resonant
charging

Linear

charging

Fig. 8*46.—Anode-voltage waveforms
for linear and resonant charging. ,
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because of mismatch, and that which appears during the interpulse

interval, associated with a-c resonant-charging circuits. Since effect on
tube performance is somewhat different in the two cases, they are con-

sidered separately. If the load impedance is less than the network imped-
ance, the anode potential becomes negative immediately after the pulse.

The amount of this inverse voltage depends on the degree of mismatch,
and it should not exceed the rating for the tube. When a high inverse

voltage is applied to the anode before the ions in the grid-anode space

have time to recombine, the ions are pulled into the anode with high

velocity, and cause serious sputtering of the anode material. If the

inverse voltage is high enough, a low-impedance arc may form between
the anode and the grid, resulting in even more serious sputtering of these

surfaces and, since the low-impedance arc removes the normal inverse

voltage, the forward voltage of the next pulse is low. The time required

for the grid-anode space to deionize is not known accurately, but it is

about 5 ^lsec. Because of the relatively small grid-anode spacing, this

time is much shorter than that required for the grid-cathode space to

deionize; hence deionization problems are concerned mainly with condi-

tions in the grid-cathode region.

If the load is short-circuited, the thyratron conducts a current twice

the normal pulse current, and the inverse voltage on the tube greatly

exceeds its rating. Until a means of eliminating magnetron-sparking is

found, there does not seem to be any remedy for this condition; however,

there is no evidence that the thyratron life is seriously shortened by the

amount of sparking that is usually tolerable in a radar transmitter.

For a given circuit, the presence of inverse anode voltage increases

the maximum recurrence frequency that can be obtained, before the

thyratron starts to conduct contin-

uously.^ As is shown in Fig. 8*47,

the effect of inverse voltage is to in-

crease the time that elapses before

the anode potential reaches the re-

ignition voltage. This effect is simi-

lar to that caused by the difference

between linear and resonant charging

as illustrated in Fig. 8*46. Higher re-

currence frequencies can be obtained with resonant charging and some in-

verse voltage on the network. A condition to be avoided is one in which

the load impedance is higher than the network impedance. With a mis-

match of this type, the anode voltage may not fall below the extinction

voltage of the thyratron, and continuous conduction may result.

1 S. J. Krulikoski, ''Technical Data and Operating Notes for the 5C22 Hydrogen

Thyratron,” RL Report No. 828, Nov. 14, 1945.

Fig. 8-47.—Anode-voltage waveform
with and without inverse voltage.
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The practice of using a shunt diode in thyratron-pulser circuits

changes the effect of inverse voltage on thyratron operation. A typical

anode-voltage waveform, with linear charging which shows the removal of

inverse voltage by a shunt diode, is

given in Fig. 8*48. The impedance

in the diode circuit is usually so great

that the peak inverse voltage is not

greatly changed, and the time required

to remove the inverse voltage is long

compared with the deionization time

of the grid-anode space. Hence, sput-

tering of the anode and grid-anode

breakdown are not greatly reduced by

the presence of a diode. However, the diode does remove the inverse

voltage quickly enough to nullify its effect on the time for deionization of

the grid-cathode space, and hence lowers the maximum recurrent

frequency.

A-c resonant-charging circuits apply an inverse anode voltage that is

comparable to the forward voltage. The maximum inverse voltage usu-

ally occurs near the middle of the interpulse interval, after the thyratron

has become completely deionized, and hence has no adverse effect on

the tube. Test data indicate that life expectancy is probably as great

with a-c charging as with d-c charging, except possibly at high recurrence

frequencies.

Rate of Rise of Anode Current .—The rate of rise of anode current

influences anode dissipation and, under some conditions, may cause

cathode sparking. Anode dissipation and its relation to rate of rise of

current are discussed in an earlier part of this section. Cathode sparking,

although comparatively rare, may occur with very high rates of rise of

anode current, particularly when the cathode temperature is low. Dur-
ing the development of hydrogen thyratrons, various limits were placed

on the maximum rate of rise of anode current, starting as low as 600

amp//isec. This figure was based on British experience with mercury
thyratrons; however, tests on hydrogen thyratrons have indicated that

they are not damaged by a high rate of rise of current, the major limita-

tion on this rate being anode dissipation.

In general, the rate of rise of anode current depends both on the net-

work design and on the pulser design. For type E networks it becomes
lower as the number of sections is reduced, and is lower for long pulses

than for short pulses. One very troublesome source of high rates of rise

of current is the stray capacitance across the thyratron. As shown in

Fig. 8*49, this capacitance can originate in the filament transformers for

hold-off and shunt diodes, and in the capacitance between the network

Fig. 8-48.—Anode-voltage wave-
form showing the removal of inverse

voltage by means of a shunt diode.
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and its container. Excessive cabled wiring in the thyratron circuit may
also introduce appreciable stray capacitance.

When the thyratron breaks down, these capacitances discharge

through the tube, the rate of rise of current being limited only by the

wiring inductance and thyratron impedance. The current flows in the

Fig. 8*49.—Typical piilser circuit showing distributed capacitance.

thyratron and not through the load; hence, in checking the thyratron

pulse current and the rate of rise of current, it is important to make the

measurements at the tube. For small capacitances, the thyratron cur-

rent differs only slightly from the load current, as shown in Fig. 8-50a.

Pulser designs have been encountered,

however, where the difference was as great

as that shown in Fig. 8-506. The high-

frequency oscillation in the thyratron cur-

rent is apparently due to oscillations

between the distributed capacitance and

the inductance of the circuit wiring. The

effects of distributed capacitance may be

reduced to a minimum by careful design

of the components and circuit layout.

For type E networks, the effect of the

stray capacitance between the network

and the case can be reduced by connect-

ing the coil terminal to the thyratron, thus

placing a small inductance in series with

the distributed capacitance of the network,

essary to add a small inductance of about 5 /zh in series with the thyratron

anode lead. Such an inductance may distort the pulse shape slightly,

particularly for short pulses, but it will effectively limit the rate of rise

of thyratron current.

8-13. The Grid Circuit.—One of the important advantages of hydro-

gen thyratrons as compared with other gaseous-discharge switches is

Load current

Fig. 8-50.—Waveforms show-
ing load and thyratron current

(a) for small distributed capaci-

tances, (6) for large distributed

capacitances.

In some cases it may be nec-
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their excellent triggering properties. They can be triggered precisely,

with very small delay and time jitter, by a low-voltage low-power trigger

pulse that can be obtained from receiving-tube circuits. The variation in

delay from tube to tube during life and with changes in operating param-

eters is also small. Because of the importance of precise synchroniza-

tion, the triggering properties of thyratrons have been carefully studied.

It has been found that the major circuit parameters affecting delay and

jitter are the amplitude and rate of rise of the trigger pulse, and the

thyratron anode voltage. Neither hydrogen pressure nor cathode

temperature have much effect on the time delay or jitter as long as they

are kept within the normal operating range. The variation in triggering

characteristics with circuit parameters has been measured for a large

number of tubes. Most of the data has been obtained with the 4C35,

but enough tests have been conducted with the other types to demon-

strate that the same general conclusions hold.

As has previously been explained, hydrogen thyratrons differ from the

more common thyratron types in that they are designed with a positive

grid-control characteristic. In order to trigger the tube, it is necessary

to drive the grid sufficiently positive

to draw grid current between the grid

and cathode. The voltage required

to start conduction between the grid

and cathode and the time that elapses

before conduction starts depend on

the rate of rise of the applied grid

voltage, as shown in Fig. 8*51. When
conduction has been established and
the grid-cathode space is ionized, the

anode-grid space breaks down with

a very short delay. As a result of

this breakdown, the grid is momen-
tarily raised to a high potential, fall-

ing back to a potential equal to the

cathode potential plus the normal
grid-cathode drop in a time comparable to the thyratron ionization

time.

A pair of synchroscope photographs of the thyratron grid voltage are

shown in Fig. 8*52. Trace A of Fig. 8*52a is the open circuit trigger

voltage and trace B is the grid voltage when grid-cathode breakdown
occurs. The effect on the grid voltage of the glow discharge and subse-

quent entire breakdown of the anode-cathode space referred to previously,

is shown in Fig. 8*526. The anode fires within 0.05 /xsec of the time when
the grid fires. In addition, the presence of the anode voltage slightly

Fig. 8-51.—Grid-to-cathode break-
down voltage as a function of the rate
of rise of grid voltage for a 4C35
thyratron.
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(a) Without anode voltage.

lowers the grid-cathode breakdown voltage. As the anode voltage is

decreased, its effect on grid-cathode breakdown becomes less, and the
delay between grid-cathode breakdown and anode breakdown increases;

these effects combine to increase the time between the application of grid
voltage and anode breakdown. This time is considered to be the interval

between the time when the grid

voltage exceeds 6 volts and the time

when the anode fires.

Since the delay time is important

in the design of precisely synchro-

nized equipment, it has been meas-

ured over a wide range of conditions.

Figure 8*53 shows the effect of rate

of rise of trigger voltage on the delay

time with a constant trigger ampli-

tude of 150 volts. Curve C is the

average delay time for a group of 78

tubes, while curves A and B repre-

sent the longest and shortest delay

times observed . From these curves

it can be seen that, above abouc 200

to 300 volts fjLsec, the reduction in

time delay is small compared with

the increase in the rate of rise of trig-

ger voltage. In some applications

in which a short delay time was de-

sired, trigger pulses rising at the rate

of 1200 volts/jusec have been used.

For most applications, however, a

rate of rise of about 200 volts/^tsec

is adequate. The variation in delay

time with anode voltage is relatively

small, being about 0.07 /xsec from

full to i maximum anode voltage.

Decreasing the anode voltage in-

creases the delay time . There is also

some variation in delay time with

life; in general, this delay decreases

as the tube grows older, the maximum variation in delay with life being

about 0.1 /isec. The effect of trigger impedance on the delay time has

been studied over a range from a hundred to several thousand ohms. It

was found that the delay time decreased about 0.1 /isec when the imped-

ance was changed from 2000 to 200 ohms, and that no decrease occurred

(6) With anode voltage.

Fig. 8-52.—Photographs of synchroscope
traces of thyratron grid voltage.
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for impedances less than 200 ohms. The usual trigger circuits have an

internal impedance of 300 to 500 ohms.

Time jitter, or the variation in time delay from pulse to pulse, is

invariably less than 0.05 jusec with the trigger voltage shown in Fig. 8*52

and a trigger impedance of 500

ohms. Until recently, there has

been no need for reducing the time

jitter below this level, and no

equipment for making significant

measurements of shorter time in-

tervals. There has, therefore,

been no extensive investigation of

time jitter, except for a few meas-

urements on the 5C22. The re-

sults tabulated in Table 8*5 show

the effect that variations in the

trigger parameters have on time

jitter in the breakdown of a group

of twenty-five 5C22^s. Trigger A
has the minimum amplitude and

rate of rise permitted by tube spec-

ifications. It has been observed that jitter is associated with the a-c

field produced by the cathode heater; however, it can be reduced below

a measurable value by the use of d-c heater power.

Table 8-5.

—

Effect of Variations in Trigger Parameters on Time Jitter

Trigger A B

Amplitude, volts 150 195

Rate of rise, volts//isec 150 850

Output impedance, ohms 620 230

Average time jitter for 25 5C22’s, jusec 0.03 0.003

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Anode delay time in fi sec

Fig. 8-53.—Effect of the rate of rise of

trigger voltage on the anode delay time.

Curve A is for the shortest delay, curve B
is for the longest delay, and curve C is an
average based on A and B and statistical

data. (4C35, Vn = ^ kv, trigger ampli-
tude = 150 V.)

The trigger generator for hydrogen thyratrons may be any of the

various low-level pulse generators used in other parts of the radar system.

A commonly used source consists of a regenerative pulse generator with

a cathode-follower output, as shown in Fig. 8-54. The major require-

ments are a suitable output pulse shape and a low internal impedance,
preferably not more than 500 ohms. As explained in connection with

Fig. 8-526, the beginning of anode-current flow is associated with a high

grid-voltage spike, which may approach the anode potential. This

spike is usually of very short duration and has little energy associated

with it, but it may cause the driving circuit to become unstable, or cause
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the electrical breakdown of the low-voltage driver components. In
order to avoid these difficulties, a low-pass filter circuit is usually con-
nected between the thyratron grid and the driver. Such a filter is essen-
tial when using a high-voltage tube like the 5C22, and is desirable with
the 4C35 and 3C45. A typical filter circuit is shown in Fig. 8-54; its

design is not critical, and in many cases a simple L-section filter is used.
Since the voltages in the filter circuit may be very high, both the chokes
and the condensers should have a rating of at least 2500 volts.

The impedance to ground in the thyratron grid circuit is important,
particularly for high pulse recurrence frequencies. By keeping this

impedance low, it is possible to minimize the effects of thyratron anode-
grid capacitance, and to influence the deionization characteristics.

Westlnghouse 145 EW
pulse transformer

Fig. 8-54.—Typical hydrogen-thyratron trigger generator.

Because of the close grid-anode spacing, hydrogen thyratrons have a

large grid-to-anode capacitance of about 10 to 15 This capacitance

causes coupling between the grid and anode circuits, which may pull the

grid positive during the anode-charging cycle and cause the tube to break

down. The effect of this coupling is most serious at high pulse recurrence

frequencies when the rate of rise of anode voltage is high, or under

conditions where high-frequency transients may appear at the thyratron

anode during the charging cycle. Essentially, the grid-to-ground

impedance consists of the thyratron grid resistor in parallel with the

series combination of the coupling condenser and the cathode-follower

resistor. The values for these components given in Fig. 8*54 are suitable

for most applications. In order to obtain a low grid-to-ground imped-

ance, the grid resistor may be replaced by an inductance of 2 to 5 mh.

The low d-c resistance of this coil and its low reactance at the charging

frequencies insure negligible coupling between the grid and the anode.

At high pulse recurrence frequencies, the deionization time of the

grid-cathode region may become a limiting parameter. Since deioniza-





CHAPTER 9

THE CHARGING CIRCUIT OF THE LINE-TYPE PULSER

Fig. 9-1

-

Block diagram of a line-type
pulser.

By H. J. White, P. C. Edwards, and H. H. Koskii

In line-type pulsers, all the energy stored in the pulse-forming net-

work is normally dissipated during the pulse and it is necessary to

recharge the network during the interpulse interval. Since the voltage-

fed network is used in preference to the current-fed network in the over-

whelming majority of practical appli-

cations, the detailed discussion of the

theory and practice of network charg-

ing given in this chapter is restricted

to the voltage-fed network. The
charging circuit for a voltage-fed net-

work, as shown schematically in Fig.

9*1, consists of a power supply, charging

element, pulser load, and the network.

Although the charging circuit has

little effect on the output charac-

teristics of a pulser, the design of the circuit and the choice of the

circuit components are of vital importance to the over-all pulser oper-

ation and efficiency. One of the important considerations in the design

of the circuit is that the same amount of energy must be stored in the

network for each pulse. Another consideration is that the charging

element must isolate the power supply from the switch during the pulse

and for a short time immediately after the pulse. (The isolation during

the pulse is necessary to minimize the current flowing from the power

supply through the switch during the pulse interval, and the isolation

immediately following the pulse is necessary to allow the gaseous-

discharge switch to deionize and return to its nonconducting state.)

Finally, since the pulsers considered here are power devices, it is impor-

tant that the charging circuit be designed for high efficiency.

In general, the charging element can be either a resistance or an

inductance. A resistance in series with the energy-storage condenser of a

voltage-fed network and the power supply is a simple method of meeting

the first two requirements stated above, but the inherent efficiency of

^ Section 9:3 by P. C. Edwards and Sec. 9-8 by H. H. Koski, both of the General

Electric Company, Pittsfield, Mass., the remainder of Chap. 9 by H. J. White.
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such an arrangement is well known to be never greater than 50 per cent.

The use of an inductance as the charging element, however, makes it

possible to design the charging circuit for a very high efficiency and to

obtain better isolation between the power supply and the switch than is

possible with resistance charging under the same conditions of recurrence

frequency and pulse power. As a result, inductance charging has been

used almost exclusively in pulsers for microwave radar.

The power supply may be either d-c or a-c, depending on the nature

of the switch to be used, the pulse power, the recurrence frequency, and

the required flexibility. Since the design of the charging circuit depends

on the type of power supply, it is logical to divide the discussion into two

parts: inductance charging from a d-c supply, and inductance charging

from an a-c supply.

INDUCTANCE CHARGING FROM A D-C POWER SUPPLY

9*1. General Analysis of D-c Charging.—It is usually possible to

analyze the behavior of the charging circuit by making the following

simplifying assumptions

:

1. The pulse-forming network is represented by the capacitance

Cn appearing between its terminals. The effect of the PFN
inductances on the charging voltage wave can be neglected because

the frequencies involved during the charging cycles are very low

compared with the natural resonant frequency of the network

meshes.

2. The pulser switch is assumed to be perfect—that is, its deionization

is assumed to be instantaneous after the discharge of the network

—

and can be considered as an open circuit.

3. The shunt inductance of a pulse transformer used with a unidirec-

tional load has a negligible effect compared with the inductance of

the charging reactor.

4. The charging reactor is assumed to be linear, that is, its flux is

assumed to be proportional to the current. Its inductance must
therefore be constant.

The equivalent charging circuit can then be represented by Fig.

9*2 in which the switch S, not present in actual pulsers, is inserted as a

schematic means of starting the charging cycle after the discharge of

the pulse-forming network. The differential equation for this circuit, in

terms of the instantaneous charge Qn on the network, is

d^qN
''

dt^
+ Ri

dqA -L -£5 ^
I ry

dt
'

Cat
ElN>, (1 )

where Be is the resistance of the charging inductor and Ea is the power-
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supply voltage. If it is assumed that there is an initial current tc(0)

in the charging inductance Lc and an initial voltage Vn(0) across the net-

work capacitance Cn^ the initial conditions

imposed on Eq. (1) are:

Qn{0) = CnVn{0)

IF

c r0.7

and

w,.,
-

(2) Fig. 9-2.—Equivalent
charging circuit for a line-type
pulser.

With these initial conditions, Eq. (1) leads to the following Laplace-

transform equation:

Q!fip) = Eti

iJc Juc^ N

+
P + ^ QifiO)

+ ^P + i-Tr
JL/c N

+—

-

ic{0)

P^ + ^ P + y-TT-
IJc J-^C^ N

(3)

Let

a = Rc
0)1
=

2Le^ LcCn^

Then Eq. (3) becomes

(p + g) + g 1

(p + ay +

= a>o — g^ = R^

Qn{p) = CnEi,}, + ^y(O)

LcCn 4L2

(p + g) + g

(p + ay + co2

+ fc(0)
1

(p + ay +

and the corresponding time function can be obtained by inverse trans-

formation from tables of Laplace-transform pairs. For the oscillatory

case, which is the only one of interest here, the time function is

+ ^c(0)e
sin o)t

qN{t) = CnEu, j^l — ^cos “ sin
j

+ ^cos ^
sin ... ^

The expression for the network voltage follows immediately.

[fAr(O) - j^cos “ sin wij

m

(4)

VnU)

+ sin cot
[

• (5)
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By differentiating Eq. (4) and simplifying, the expression for current

becomes

ic{t) =
^Vn(0) si^^

^

As stated before, it is necessary that the pulse-forming network be

charged to the same potential each time the discharge switch closes if all

the output pulses are to be of the same amplitude. Examination of Eq.

(5) indicates that, if this condition is met, and if the charging period is

the same before all pulses and equal to the recurrence period Tr, the initial

conditions, vn(0) and ic(0), must be the same for each cycle. The value

of Vn{0) depends on the load characteristics and is usually constant, except

in cases of faulty load behavior dispussed in Chap. 10. Because of the

short pulse durations that are involved, the current in the inductance at

the beginning of a charging cycle can be considered equal to that at the

end of the preceding charging cycle. Then, ic(0) = ic{Tr). From Eq. (6),

UO) = UTr) = Ehh — vjsr(O) sin oiTr

Solving,

+ ^’c(0) ^coscoTr — ^
sin

sin o)Tr

H— sin coTr ~ cos o^Tr
CO

(7)

and the follo^ving general expression for network voltage VN{t) is obtained

by substituting Eq. (7) into Eq. (5)

:

VN(t) — Ebb + [Ebb — i^iv(0)]c
sin oot sin coTr

— cos coTr + ^
sin o)T^ LjCi.

— ^cos co^ + - sin

The value of network voltage at the time of discharge is given by

VN{Tr) =Ev, + ^

.vco^

(8 )

I
LcCnCh)^^6“^'- — COS wTr + ^

sin o}T^ .

^cos "T’r + ^
sin • (9)

By substituting Eq. (7) in Eq. (6) in the same way a general expression

for the current that charges the network is obtained, that is,
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Etb — vn{Q)
,

e"^’- sin tat + sin a)(r, — t)

gaTr + - sin — cos 0>Tr
03

( 10)

If the resistance Re can be neglected, that is, if there are no circuit

losses, a = 0, the expressions (8) and (10) for voltage and current may
be simplified to

and

Vsit) — Ebb + [Ebb — Vj\r(0)]

. 2t- Tr
sin T.

-
.

--

2 VL,C^

Sin
Tr

cos

2 VLeCs

Tr - 2t

• Ebb — 2^jv(0) 2 \/LcCn
'^cKt) J=-

yjcM
sin

Tr

2 \/LcCn

( 11 )

(12)

(Equations (11) and (12) are not valid if Tr/2 '\/LcCn = nir.)

The network voltage at the time of discharge given by Eq. (9) reduces to

VNiTr) — 2Ebb — vjv(O). (13)

In the case of a lossless circuit, the sum of the initial and final network

voltages is always equal to 2Ebb, regardless of the value of the inductance

chosen. Practical circuits always have losses, however, but if the ^

Equal-

ity factor,’^ Q, of the charging circuit is kept high—10 or more—the ratio

of network to power-supply voltage is only slightly less than two, and is

not greatly affected by the actual value of inductance that is used.

As a check on the previous computations, it is easy to arrive at Eq.

(13) by very simple physical considerations. Again consider the circuit

of Fig. 9*2, and assume Rc = 0 and an initial voltage Viv(O) on the net-

work. Assume that the energy stored in the inductance is the same at

the end as at the beginning of the charging cycle, and that a charge

has been transferred from the battery to the network, resulting in a

voltage VN(Tr). Then, to satisfy the law of conservation of energy,

But the electric charge

Hence,

qN — Cn[vn(T^ — yisr(O)].

q^Eu. = ^ {vK{Tr) + !;^(0)],

or

Vn(T^ = 2Ebb — Vn(0). ( 13 )
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Equation (7) indicates that the initial current in the inductance 2c(0)

may be either positive, zero, or negative, depending on the relative values

of both the natural resonant period, (27r/a)), of the circuit and the pulse

recurrence period. The special case where ic(0) = 0 is called ^'resonant

charging,’^ and corresponds to the first zero of sin coTr as the argument

increases, obtained when

0)Tr = TT, (14)

For resonant charging, the expressions (5) and (6) for voltage and current

may be simplified to

and

VN{t) = Ebb + [v'n(0) — Ebb] cos cot + - sin cot

ic(t) = f sin o)tj

(15)

(16)

giving a network voltage at the time of discharge

VNiTr) = Ebb ~h [Ebb ” t^A^(0)]e“®^^ (17a)

This equation can be rewritten as a function of the quality factor of the

circuit. Since

^ ^
'W

^ ^

the network voltage at the time of discharge is given by

Vn^Tt) — -^66 + [Ebb ~ Vj\r(0)]e (176)

It is evident from Eq. (15) that the rate of change of the charging voltage

is small in the region of the maximum value. Hence, there are several

advantages in operating near resonant charging, namely, small variation

in output power even if the time jitter in the switch is large, no overvolt-

ing when the switch misfires, and a slow buildup of the voltage after the

pulse, allowing a maximum length of time for the switch to deionize.

The value of inductance corresponding to resonant charging is readily

obtained from Eq. (14), and can be expressed, if the effect of the resist-

ance is neglected, by

where/, =

Since the resonant frequency of the circuit is given by

2t '^IjcOn
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it is immediately evident that

fr = 2/o.

For any value of inductance larger than Lr, so-called '‘linear charging
''

results, that is, the voltage on the network is still rising at the time the

switch is fired. At equilibrium, the voltage is essentially the same as

that obtained by resonant charging when a choke with the same Q is

used. In this case, the current in the charging choke never reaches

zero, and the degree of linearity of both the charging voltage and current

depends on the ratio of the actual circuit inductance to that which would
produce resonance. By taking advantage of linear charging the same
value of inductance can be used throughout large ranges of recurrence

frequencies and pulse-forming-network capacitances. Care must be

taken to insure that the switch operation is free from time jitter, and that

the inductance current is small enough to allow the switch to deionize.

Satisfactory deionization can usually be obtained by allowing a small

inverse voltage to appear on the network after the pulse.

If the value of charging inductance is made smaller than that cor-

responding to resonant charging, the initial current ic(0) is negative, and

Tr is longer than one half the natural period of the circuit. Consequently,

additional losses occur in the circuit, and the pulse-forming network must
be able to withstand a voltage higher than that at which the discharge

takes place. For these reasons, the pulse recurrence period is never

allowed, in practice, to become more than about 10 per cent larger than

one half the natural period of the circuit. If other requirements of the

pulser dictate the use of a small value of charging inductance, a simple

artifice is used : a charging diode is connected in series between the charg-

ing reactor and the pulse-forming network. This diode prevents reversal

of current, and the voltage on the pulse-forming network assumes the

shape indicated by Eq. (17) until the maximum value is reached. Except

for possible leakage, the voltage remains at a maximum until the switch

is fired. The shapes of charging-voltage and current waves for typical

charging circuits and values of inductance are shown in Fig. 9-3 where

the inductance Lr corresponds to the special case of resonant charging.

It is therefore evident that inductance charging from a d-c power supply

allows a great flexibility in the operation of a line-type pulser. This

feature has been largely responsible for making the line-type pulser a

competitor of the hard-tube pulser where variable pulse durations and

recurrence frequencies are required; a pulser of this type has been pro-

duced with pulse durations varying in the ratio of one to twenty and

recurrence frequencies varying in the ratio of one to eight.

Two quantities—the average and effective current—are necessary

to the study of both the pulser charging circuit and charging inductance.
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They can be obtained by integration over the charging period, using the

well-known relations

/..V = Yr Jo

and

It is easier, however, to obtain the average current by considering the

0 1 2 0 1 2 0 1 2

t/Tr t/Tr t/T^

0 1 2 0 1 2 0 1 2

t/Tr —* t/Tr t/Tr

(a) (6) (c)

Fig. 9*3.—Charging-voltage and current wave shapes, vn (0) = 0, ftc = 0, (a) Le = fLr,
(6) Ley — Lry (c) Lc = 4Lr. The dotted lines correspond to the use of a charging diode.

charge on the network, thus

= ^ = frC4V:,(Tr) - (18)

The expression for the effective value of the current is sufficiently accu-

rate for most purposes if losses are neglected. The current idt) is given

by Eq. (12); therefore,
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P = —
4* /n

1 [Eu-vAOW , (Tr-2t)
Tr

\
2y/Ljr,

Jo Cn 2 ^JLicCn

dt

[Ehh — i^Ar(O)]

2 sin^

y/UC^ .

C„ 2 -s/LjC„

Tr
=)
LcCj

(19)

The ratio of Icru^ to /cav, obtained from Eqs. (19), (18), and (13) is

known as the ^Torm factor,’^ that is,

1 ,
VLcCn .

T.

V2LcC>, 2 sin
Tr

2 VLcCs

(20)

For the special case of resonant charging, where Tt/n/LjCn = ic, the

form factor reduces to t/2 = 1.11, the expected value for a sine

wave. As the charging inductance increases, the form factor decreases

and approaches unity, as is to be expected since the current approaches

a constant value as the value of the inductance approaches infinity.

The efficiency of inductance charging can be readily obtained as

the ratio of the energy supplied to the network during the charging cycle

to the energy taken from the power supply during the same period. Thus

_ [vliTr) - V%m
EuIc.,Tr

Substituting 7cav from Eq. (18) and simplifying,

_ yjv(Tr) + Vjv(O)

“ 2E^ (21 )

For the case of resonant charging, VN{Tr) is given by Eq. (176) and Eq.

(21) may be simplified to

Vc =
I + e 2Q vn{0) 1 - e

+
'2Q

Ebi

In many cases, v^iO) is equal to zero, and the charging eflBciency is given

simply by

(22a)

It is seen that the eflhciency varies from about 92 to 96 per cent values of

Q ranging from 10 to 20, whereas for resistance charging the efficiency is

only 50 per cent.



364 THE CHARGING CIRCUIT OF THE LINE-^TYPE PULSER [Sec. 9-2

9‘2. Practical D-c Charging Reactors.—The approximate ranges of

values of inductance, average-current, peak-voltage, and recurrence-

frequency requirements for the majority of d-c charging reactors used in

microwave-radar applications are as follows:

Inductance 1 to 100 henrys

Average Current 0.01 to 1.0 amp
Peak Voltage 1 to 30 kv

Pulse Recurrence Frequency 200 to 4000 pps

The inductance and current requirements are such that it is nearly

always advantageous to use iron-core inductors. Because of the high

network voltages encountered and the surge voltage that appears between

turns at the high-voltage end when the switch is closed, very careful

insulating and processing of the units are required. Oil impregnation

with hermetic sealing is used almost entirely for voltages higher than

about 5 kv.

Linearity Requirements for D-c Charging Reactors ,—In the theoretical

treatment of d-c inductance charging, a linear reactor of constant induct-

ance is assumed. Linear, or approximately linear, inductors are also the

most satisfactory in practice. As anticipated from physical considera-

tions, small departures from linearity affect the results only slightly.

Large variations in the charging inductance produced by saturation of the

iron core are usually not permissible because of the excessive power loss and
the possibility of operating in a region of nonrepeating charging voltage.

In the theoretical discussion of d-c charging it is shown that, when
using a linear charging choke, repeating transients may occur under all

conditions. The proof is not valid when the

inductance varies with the current or, more
specifically, when the total magnetic flux in the

reactor is not proportional to the current. For

a nonlinear reactor, the differential equation for

the charging current must be written in theform

-^ + Reel + -^ j tedt = Evb, (21)

where Nc is the number of turns on the reac-

tor and <f>c is the total flux, which is assumed
to be confined to the core. The total flux 0c

is a function of the charging current, 0c = <t>(ic)y

which may be found by experiment and has the form shown in Fig. 9*4.

Equation (21) may then be solved graphically or numerically for ic{t). It

should be noted, however, that this method of solutioto does not prove

that the repeating transients required for stable d-c charging exist.

function of current ic for a
charging reactor.
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At currents sufficiently below saturation, 0c « Me and the reactor
becomes approximately linear. As the core becomes saturated, the

incremental inductance No becomes very small, and large increases

in current are necessary to maintain a given voltage across the reactor.

As a result high peak currents occur in the reactor when d-c charging is

used.

Experimental charging-current and voltage waveforms for a typical

nonlinear reactor are shown in Fig. 9*5. At /cav = 44 ma, the charging-

current waveshapes are the same as those to be expected from a linear

choke. At 50 ma, their loops have become quite peaked, indicating the

Fig. 9-5.—D-c charging current and network voltage obtained from nonlinear charging
reactor.

onset of saturation. Finally at 52-ma average current, the loops no

longer repeat from cycle to cycle, but rather repeat in alternate cycles,

one cycle having a much higher peak current and condenser voltage than

the other. This occurrence indicates a high degree of saturation and,

of course, is not permissible in practice. A general explanation follows.

At low average currents there is no flux saturation of the iron core,

and the charging waves are those for a linear reactor. As the average or

direct current is raised, a point is reached where the reactor starts to

become saturated at the current peaks. This saturation lowers the

incremental inductance, which in turn increases the peak current. The

effect tends to be regenerative and somewhat unstable, and causes

the current peaks to increase rapidly in amplitude as the direct current is

raised. At the same time, the period of the LcCi^rcircuit decreases, caus-
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ing the charging voltage to overshoot and the charging current to become

negative before the switch is fired. As a result, the reactor inductance

remains high for a longer period on the following cycle, and the current is

thereby prevented from reaching the high peak value of the preceding

cycle. Since a higher inductance also means a longer charging period,

the reaj^tor current still has a positive value at the instant when the net-

work discharges. Saturation is encouraged by this positive value of the

initial current, and the high and low current loops are repeated alternately

in a perfectly stable manner. The whole phenomenon occurs because

the reactor has a relatively high average inductance on one cycle and a

relatively low average inductance on the following cycle.

The failure to obtain cycle-to-cycle repeating transients is a good

illustration of the statement made earlier that repeating transients may
or may not be obtained in any case, and that the proof of their existence

is hmited to hnear reactors. Linearity is therefore important in the

design of charging reactors for pulsers; however, its advantages have to

be weighed against its cost.

It is possible to make charging reactors with any desired degree of

hnearity, but, in general, they are larger and heavier, the stricter the

linearity requirement. Thus, for use in airborne sets, they are usually

made somewhat nonlinear in order to save weight and size. When weight

is not an important factor, the majority of charging reactors for pulsers

designed at the Radiation Laboratory satisfy the following conditions for

linearity and inductance variations.

1. Linearity. The inductance shall not change by mor^ than 5 per

cent measured at rated full-load and at half the rated full-load

direct current.

2. Inductance value. The inductance shall be within the tolerance

range of from +6 to —2 per cent of the design value.

Charging reactors for airborne applications are usually specified on

the basis of samples that are tested in an electrical model of the pulser

unit. Reactors having varying degrees of nonlinearity are tried until a

satisfactory compromise is obtained between linearity and heating on

the one hand and weight and size on the other hand. This method of

design is justified on the basis of the large amount of adjustment necessary

for airborne sets, and of the very large numbers in which these sets usually

are made.

Inductance Measurements.—Inductance-measuring circuits are de-

signed to simulate the current wave shapes for d-c resonant charging,

which consist of a series of half sine-wave loops. Such a current can be

obtained exactly by using a line-type pulser of adequate voltage and

current capacities, but this method is very awkward, inconvenient.



Sec. 9-2] PRACTICAL D‘C CHARGING REACTORS 367

and expensive. The voltage and current wave shapes can be simulated
by the output of a^ full-wave rectifier consisting of an LR-circuit of the
proper ratio. ^ This method, on the other hand, is rather slow and inac-
curate because it involves adjustment of the resistance until the wave’

Transformer

Fig. 9‘6.—Circuit for measuring the inductance of a charging reactor.

becomes tangent to the zero axis on an oscilloscope. Hence, the simulat-

ing circuit shown in Fig. 9*6 has been used in preference to both the pre-

vious methods, and its explanation follows.

Superimposed direct and 60-cycle alternating currents are passed

through the reactor Lc under test, the alternating current being supplied

by means of a transformer and the direct current by means of a d-c power
supply to which an additional filter section CfLf has been added. The
capacitance C provides a very low impedance path for alternating cur-

rents, and an accurate measurement of the alternating component of

the current may be obtained by inserting an accurate a-c milliammeter in

series with C.

In operation, the direct current is adjusted to the desired value and
the alternating current is then ad-

justed so as to have a peak value

equal to the direct current. For

this condition, assuming a per-

fectly linear reactor and a purely

sinusoidal voltage, the current

wave becomes tangent to the zero

axis and rises to a peak value equal

to twice the direct current, as illus-

trated in Fig. 9*7.

The magnitude of the alternating current to be used is calculated

from the relation

Fig. 9*7.—Current through the charging
reactor in the inductance-measuring circuit.

^ A. C. Donovan, “The Measurement and Design of D-C Resonant Charging

Chokes,^^ RL Report No. 51-14, Nov. 23, 1942.
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The value of Lc is given by

(23)

where the applied angular frequency wa = 377 for 60-cycle voltage. The
use of 60-cycle voltage is preferred because both the frequency and wave

shape supplied by the public utilities usually are accurately controlled,

and also because 60-cycle frequency allows the use of relatively low alter-

nating voltages to obtain the necessary (and sometimes high) values of

alternating current. The meters used should be accurate to 1 per cent

or better in order to obtain suitable accuracy for the inductance Lc,

The ratio of peak to average current for the wave of Fig. 9 7 is 2/1,

whereas the ratio obtained in the pulser circuit for a linear reactor and

resonant charging is 7r/2 = 1.57. The test circuit therefore imposes a

higher peak current in the reactor than it will carry in actual service.

The increase, which is by a factor of 4/^ = 1.27 for d-c resonant charging,

may be regarded as a safety factor in the measurement. The factor is

greater for linear charging, approaching the value 2 in the limit. Advan-
tage may sometimes be taken of the decreased peak current occurring for

linear charging in order to decrease the size of the reactor core.

When Lc is nonlinear, the method of measurement outlined above

gives an approximate average value for Lc over the current range that is

used. This value is satisfactory for checking inductors against the

linearity and inductance conditions given in the preceding section.

The inductance-measuring equipment usually incorporates an oscil-

loscopic viewing system for directly observing the B-H curve for the

reactor under test. In Fig. 9-6 these added elements consist of the

resistor the resistor and condenser Ri and Ci, and the oscilloscope.

The voltage across i?2 at each instant is proportional to the magnetizing

force of the reactor, since

VRi — IcR^ — He X 10

4irNc
Ri

and is applied to the horizontal deflecting plates. The voltage across Ci,

which is applied to the vertical deflecting plates, is proportional to the

flux density, as is shown by the following calculations. Neglecting the

voltage drop across the reactor resistance, the voltage across R\Ci is

given by

^ _ NcA dBc^
108 dt

~
108 dt

’

where A is the cross-sectional area of the core. If the values of Ri and

Cl are chosen so that the current in that circuit is determined almost
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exclusively by the resistance, the voltage across Ci is given by

Vr = — f ? / = — f df = r dBo _ NcA p
CxJ cj fti

“ R^C^ X 10* j "dT

The degree of Hnearity of a charging reactor is probably best shown
by means of oscillograms. For an ideal perfectly linear reactor ha^dng
no losses, the B-H oscillogram consists simply of two straight hnes
enclosing zero area. The B-H oscillogram for a well-designed iron-core
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reactor departs only slightly from the ideal case as it consists of two

slightly bowed lines that form a narrow B-H loop of small area. A good

example of such a B~H loop for a reactor tested at half-rated direct cur-

(o) = 0.050

amp,
Lc = 30.3

henrys.

(6) 7,^^ = 0.100 amp, (c) = 0.150 amp. (d) Ic^^ = 0.200 amp,

Lc = 29.1 henrys. Lg = 22.7 henrys. Le = 15.6 henrys.

= 0-70-

(«) = 0.050 (/) = 0.100 amp, (p) = 0.150 amp, (A) Ic„ = 0.200 amp,

amp,
Zjg = 30.0 Lc = 29.9 henrys. Lc = 26.5 henrys. Lc = 16.2 henrys.

henrys.

WJK. = 0-40.

(t) Ic„ = 0.150 (j) = 0.200 amp, (*) = 0.260 amp, (f) = 0.300 amp,

amp,
Lc = 27.1 Le = 20.9 henrys. Le = 10.6 henrys. Lc =® 7.1 henrys.

henrys.

Fig. 9*9.

—

B-H oscillograms for a typical d-c charging reactor rated at le^^ ~ 0.19

amp, B is vertical and H is horizontal.

rent is shown in Fig. 9*8a. The onset of saturation of the reactor coi*e

when the direct current is increased to the rated value is shown in Fig.

9*86. Further increases in the current produce core saturation over a

greater range of the B-H loop (Fig. 9-8c and 9-8d.)
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The saturated portion of the loop has a slope that is characteristic of

the inductance of the equivalent air-core reactor. For example, in Fig.

9*8d the relative slope of the steep to the flat portion of the B-H loop

is about 20/1, which indicates that the inductance is increased by a
factor of about 20 when the air core is replaced by an iron core of the same
size. The corresponding ratio for the curve of Fig. 9-9d for another
reactor is about the same.

The oscillograms in Fig. 9*8 are all for the same reactor, but are taken
for different values of the current ratio the ratios being 0.70 for

Fig. 9*8d, 0.40 for Fig. 9'Se-h and 0.10 for Fig. 9'Si-l. The
current ratio of 0.70 corresponds to the test condition, the ratio of 0.40 to

sine-wave or d-c resonant charging, and the ratio of 0. 10 to nearly linear

charging. In the case of linear charging, it should be noted that the B-H
loops for large direct currents (Figs. 9-8fc and Z) do not show the two-slope

character, but rather are relatively linear. This linearity is a character-

istic of the B-H loops that is to be expected when the component of

alternating current is relatively small. ^

The oscillograms of Fig. 9*9 are similar to those of Fig. 9*8, but are

for a reactor of somewhat different design. The latter reactor is definitely

nonlinear when operated at its rated current of 0.190 amp. In a pulser

circuit it will therefore give nse to a charging wave of the same general

character as that previously shown in Fig. 9*5. It is therefore unsuitable

as a d-c resonant-charging reactor for a current of 0.190 amp, although

for currents of 0.100 amp, or possibly 0.125 amp, it would be satisfactory.

Fig. 9*10.—Inductance as a function of current for iron-core d-c charging reactors, (a)

linear reactor (see Fig. 9-8), (b) nonlinear reactor (see Fig. 9-9).

The B-H oscillograms thus serve as a rapid and rather sensitive visual

test of the linearity of a reactor and of its suitability as a charging choke

;

however, they should always be supplemented by meter measurements in

^ For a discussion of the magnetic characteristics of iron under these circumstances,

see Members of the Staff of the Department of Electrical Engineering, Massachusetts

Institute of Technology, Magnetic Circuits and Transformers^ Wiley, New York, 1943,

pp. 197-202.
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onier to determine the numerical value of the inductance. Figure 9* 10

diows the results of such measurements for the same two reactors.

The inductance of d-c charging reactors can also be measured by

a power bridge. ^ The voltage supplied to the bridge circuit is obtained by

the addition of a-c and d-c voltages in such a way that the peak alternat-

ing current is equal to the direct current. Inductance and quality-

factor measurements made with the power bridge can be accurate to

within i and 1 per cent respectively.

9-3 The Design of D-c Charging Reactors^.

Figures 9*11 and 9-12 show the usual form of the

d-c resonant-charging reactor. The essential

elements of a complete reactor are the coil, the

core, the air gap in the core, and the enclosing

case. Accuracy in both design and manufacture

is necessary to obtain reactor characteristics

that are within specified limits.

Core Design .—The degree of linearity of the

inductance is determined by the relationship be-

tween the characteristics of the core material and
those of the air gap. The following limits, how-
ever, have been found to apply generally to core

steels:

1. Maximum flux density in the core = 55

kilolines/in^.

2. Ratio of the air-gap spacing to the mean
length of the magnetic path ^0.6 per cent.

If the current density in the copper and the flux density in the core

are held constant, a larger gap requires a greater number of turns in the

coil and a smaller cross section for the core in order to produce a given

inductance. Thus, as long as the above limits are met, the designer has

the freedom to reduce the weight of either the copper or the iron. The
ratio of copper to iron in the reactor is important from the standpoint of

low cost and high operating eflSciency.

Laminations 0.014 in. thick can be operated at frequencies up to 600
cycles/sec, but for frequencies up to 15 kc/sec the thickness should not

exceed 0.005 in. For any given operating frequency and steel thickness

the designer can control the core loss by varying the peak operating flux

density. The operating frequency to be used in the design is the resonant

frequency of the charging circuit of the pulser.

Coil Design .—Coils for resonant-charging reactors as well as for a-c

1 Standard Handbook for Electrical Engineers, 7th ed., McGraw-Hill, New York,

1941, pp: 180-185.

* By P. C. Edwards of the General Electric Company, Pittsfield, Mass.

Section A-A
Fig. 91 1.—Sketch

d-c resonant-charging
actor.

of
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resonant-charging transformers (see Sec. 9*8) must withstand continued
electrical impulses, as the voltage across the coil reverses in polarity

in a few microseconds when the pulser switch closes. This condition is

considerably more severe than that to which normal reactors and trans-

formers are subjected.

The distributed capacitance that occurs between the coil turns and
the winding layers has several effects upon the circuit: it increases the

losses by the dissipation of the stored energy, at the time the

switch closes; it tends to detune the charging circuit, an effect which is

small except for very short pulses; in the case of d-c charging, it causes

some impulse voltage to be applied to the rectifier circuit; and, during

Fig. 9*12.—Core-and-coil assembly of a resonant-charging reactor. {Courtesy of General

Electric Co.)

the discharge of the pulse-forming network, it produces an uneven voltage

distribution throughout the coil, thus placing an undue stress on certain

parts of the coil conductor and layer insulation.

The distribution of impulse voltage can be improved by designing a

coil so that the radial build is about i to | the length of the coil winding

layer. This ratio is a compromise between that needed for good impulse-

voltage distribution and that for a low coil capacitance. As the ratio of

the coil dimensions decreases the voltage distribution improves, but the

capacitance becomes greater. It is possible to control the distribution

of impulse voltage by means of an electrostatic shield that is applied over

the finish layer of the coil and connected to the output lead, as shown in

Fig. 9T1. This shield can be either a metallic wire screen or a conductor

on the last layer of the coil.

Methods of Treating
j
Tanking

j
and Sealing .—In addition to the mag-

netic and electrical design requirements outlined above, the reactors and
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transformers developed for radar applications have to meet general

specifications for humidity and temperature, acceleration, insulation,

mechanical handling, and life. Accordingly, the higher-voltage units are

usually built in hermetically sealed tanks, and special techniques of

handling oil expansion, vacuum treatment, insulation, and heating are

used.

Varnished units are used whenever conditions of ambient temperature

and humidity are not severe, voltages are not high, and low cost and

light weight are of prime importance; new types of dry insulation recently

developed have shown great promise up to 10 to 15 kv (see Sec. 14*3).

When the reactor is enclosed in a hermetically sealed case, some type

of filling compound or oil is required to aid in the process of cooling the

core and coils, and to provide the necessary insulation between the coil

and grounded parts. When used with vacuum-treating technique, oil

has the advantage over the compounds now available in that it is able to

fill all voids and remain free from cracks at normal operating tempera-

tures. Since the initial corona discharge that is usually the starting point

for insulation failure fe often associated with air pockets and voids in the

insulation (see Sec. 6*5), the flow of oil into the vicinity of the spark

immediately after the internal flashover helps to prevent recurrence of

such a breakdown, and the solid insulation does not become carbonized.

When used with a hermetically sealed case, oil provides a durable,

reliable, and long-lasting insulation, even at continuous operating tem-

peratures as high as 115°C. Compounds provide an inexpensive, though

not so reliable, filling medium for high-voltage units. The decision

whether to use oil or compound is usually made on the basis of the

applied voltage and reliability desired.

Practical values usually accepted as the maximum allowable voltage

gradients for a satisfactory reactor and transformer are listed in Table

91.

Table 91.—Maximum Allowable Voltage Gradients
Working stress,

Quantity peak volts/mil

Solid insulation coil to ground 100

Solid layer insulation 100

No. 10-C transformer oil 75

Surface creep from coil to groimd 20

Surface creep inside coil 20

Representative charging reactors are shown in Fig. 9T3, and Table’

9-2 gives their significant design values.

Heating .—The reactor losses produce heat in the core and coil.

Excessive coil temperatures not only damage conductors, but also cause

deterioration of the usual organic insulating materials.
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Oil expansion and contraction give rise to forces on the sides of the
tank, which may result in mechanical damage to the seams. Several
methods have been used to limit the pressure built up in the tank.

1. The amount of expansion can be reduced by the use of sand to dis-

place part of the oil, and the pressure may sometimes be limited to
a practical value by combining this method with a flexible tank.

2. An air space at the top of the tank has been used to limit the pres-

sure by compression of the air.

Fig. 9*13.—Representative d-c charging reactors.

3.

Various mechanical expansion chambers have been used which

reduce the pressure to its lowest possible value. The most satis-

factory mechanical device is the metal bellows provided that the

resultant increase in case size can be tolerated. An empirical

equation for calculating the final oil temperature and pressure for

a given design is given in Sec. 9*8.

Table 9-2.

—

Significant Design Information for Reactors of Fig. 9-13

No.
Type of

service

j

Weight,

lb

Over-all

height, in.

1

D-C current

rating, amp

Peak volt-

age rating,

kv

L
rating,

henrys

a Airborne 5 0.050 8 98

b Ground or

ship

Ilf 7f 0.100 8 24

c Ground or

ship

45 10 0.200 17 28

d Ground or

ship

71i Ilf 0.400 17 19

Testing ,—A preliminary test is conducted prior to sealing the core-

and-coil assembly into the case in order to insure that, as far as possible,
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part of the magnetic circuit. For simplicity in the calculation, however,

the energy is apportioned to the complete core volume including the air

gap. For a charging reactor using normal core steels, the value of

{NJcveak)/lm is approximately 85 when the flux density in the steel is

55,000 hnes/in.2 and the gap length is 0.6 per cent. This figure is

adjusted somewhat to allow for flux-fringing at the air gap. The value

is increased or reduced in inverse proportion to the fringing effect.

Using the above figure,

_ Q q23 vvatt-seconds/in.s
V

of core, including the gap. Thus, the core volume is

0.023

The number of turns can be calculated from Nc = 85 Im/Icj^ak- For

minimum size, the reactor coil and insulation should fully utilize the

area of the core window.

Experience has shown that about 80 per cent of the total flux thread-

ing the coil turns is in the core steel; the remainder is leakage flux.

Hence, an approximate value may be obtained by considering Lpe = 0,8Lc»

The energy iLc(/cpeak)^ stored in the reactor determines the core size

and the operating voltage gives an indication of the additional space

required for insulation.

Graduated sizes of reactor cores can be designed and tabulated. The
data required are: Core dimensions, net cross-sectional area, weight,

volume per unit of stack, length of magnetic path, and the maximum
number of ampere-turns that can be wound into the window for different

thicknesses of insulation (that is, various voltage levels).

The designer can readily determine core dimensions, coil turns, and

insulation thicknesses by trying two or three cores from the standard

list prepared as above. In the following example, it is assumed that the

reactor core and coil sizes have been determined, and that this calculation

is the final check on the design. Note that the adjustment in core cross-

sectional area and coil turns must be made previously because the amount
of leakage flux has been assumed. The actual values must be calculated,

and used to determine the inductance.

^As a result of the design calculations, the coil is to be constructed of

3394 turns. The major portion of the coil conductor is 0.0253 in. DEC
wire that has a cross section of 0.000503 in.^ The last layer, shown as

the finish layer in Fig. 9T1, is wound of 6/30 AWG tinned-copper cable

insulated with paper to give an insulation layer thickness of 0.012 in.

which adds 0.024 in. to the diameter of the stranded conductor. The
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cable is finished with a 0.007-in. layer of cotton. The resulting dimen-
sions for a rectangular coil are:

k = 2.063 in. Wi = 2.438 in.

lo = 5.813 in. Wo = 6.188 in.

length of winding layer Z«, = 2.875 in.

The core, Fig. 9*14, uses 0.014 in. by 1^ in. low-loss precut formed steel

strips built up to in. The center leg gross cross-sectional area is the

strip width W 2 times the total buildup or 1.688 in.^ Assuming a space

factor of 90 per cent the net steel cross-sectional area, Ape, is 1.519 in.^,

and the windows for the coil are 4^ in. by 2t| in. The mean length of

the magnetic circuit Im is

Im = 2(hi 4- t4;i) + ^ X = 15.9 in.

where hi is the height and Wi the width of the window, and is the

corner allowance.

If the length of the core gap Ig is chosen to be 0. 1 14 in.,

k = 0.0072,
vm

and the net area of the air gap, including fringing, is given by

Ag — W2h2 “h i(Zt2 H" = 1.89 in.^,

where /12 = liin. and W 2 = H in.

The area of the coil for leakage flux is given by

^ ^Wili 4* ^ 1Q K 2
Aik —

^
Ag — 13.5 in.

The ampere-turns in the steel are determined as 20 (rms value) consisting

of 1.15 ampere-turns/in. for the steel at 50,000 lines/in. 2
,
and 1.7 ampere-

turns for the core joint. Finally, the design-center voltage across the

reactor is obtained from

Va = 27r/oLa/crin8 = 8450 VOltS,

where

fo — K = 585 cycles/sec..

La = design-center inductance, or rated value adjusted to be at

the center of tolerance range = 1.02 X 7.4 = 7.55 henrys,

and

Icrw. = 1.11 X 0.274 = 0.304 amp.
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Checks on the design are then obtained by computing the inductance

by either the a-c or the d-c method.

By the a-c method, the voltage across the reactor is obtained from

Va = 4.44<?^riV^e/o X 10”® volts,

where (t>Ty the total flux, is the sum of the flux in the core <^>Fe and the leak-

age flux The total number of ampere-turns (rms value) is

NJcrro. = 3394 X 0.304 = 1032,

of which 20 are in the steel, and 1012 across the gap. Then, the flux in

the gap and steel is given by

<^Fe = 4.51 4^ 1012 = 76,000 lines,

4>ik = 4.51^ 1032 = 21,900 lines,
I'W

and

<t>T = 97,900 lines.

where 4.51 is the permeability of air in lines per square inch per rms

ampere-turn per inch from which Va = 8600 volts, which is within the

manufacturing tolerance since the design-center voltage is 8450 volts.

By the d-c method, the peak ampere-turns is

TT

= 2
'?cav3394 = 1460 ampere-turns,

resulting in a total flux of 97,900 lines, which corresponds to an inductance

Lc = y"" -- 10”® = 7.7 henrys.
<7peak

This value again checks closely with the value for the design-center

inductance obtained above.

INDUCTANCE CHARGING FROM AN A-C SOURCE

9*4. General Analysis of A-c Charging.—The energy-storage con-

denser of a voltage-fed network may be recharged from an a-c voltage

source whose frequency is integrally related to the recurrence frequency

of the pulse generator. Some intermediate element must be interposed

between the pulse-forming network and the a-c voltage source; otherwise,

it is impossible to discharge the network at a voltage peak and at the

same time retain stable conditions. For example, if the network is con-

nected directly to the terminals of an ordinary high-voltage transformer

and then discharged at the peak of the transformer voltage, the network
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tends to recharge immediately, and the transformer is short-circuited for

the remainder of the half cycle under consideration.

Perhaps the most obvious means of avoiding this difficulty is to use a
hold-off diode between the network and the transformer, and to discharge

the network on the following half cycle, which has a polarity opposite to

that of the charging half cycle. Under these conditions the network
does not recharge immediately; consequently, the circuit action is stable,

but the utilization factor for the high-voltage transformer and a-c source

is low (see Sec. 9-9).

The other simple method for recharging the network from an a-c

source is to interpose a series inductance between the high-voltage

transformer and the network. By the proper adjustment of the value

of this inductance, the PFN capacitance, and the voltage phase, the

network may be discharged at a voltage peak and stable circuit action

retained. The series inductance also isolates the network from the power

supply for an appreciable time after the pulse, allowing the switch restrik-

ing voltage to increase faster than the applied voltage.

The conditions for a-c inductance charging are considerably more

complicated than those for d-c charging, primarily because there are more

variables to consider. These variables include the voltage phase angle

at which the network is discharged, and the relation between charging

period and impressed frequency: The equations for a-c inductance

charging are therefore more difficult to derive and apply, and a reasonably

complete study of all the possible variations is lengthy and somewhat

cumbersome.

The simplest type of a-c inductance charging (as well as the one most

often used in practice in this country) is a-c resonant charging, in which

the charging circuit is tuned to resonance at the impressed a-c frequency.

The network voltage reaches a maximum value when the impressed

sinusoidal voltage is passing through zero. The pulses therefore occur

whenever the impressed voltage is zero. Although the pulse recurrence

frequency is usually equal to the impressed a-c frequency, it is sometimes

double the impressed frequency, in which case there is one pulse for each

half cycle of the applied-voltage wave. The disadvantage of a-c resonant

charging is that the voltage across the network continues to build up if

the switch misses one or several pulses. Considerable work on a-c

charging has also been done by the British, who often use nonresonant

charging to alleviate this disadvantage.

A-c inductance charging has the advantage of simplicity, and permits

a net saving in weight and size, particularly since the inductance is usu-

ally built into the high-voltage transformer. On the other hand, it

generally requires a special motor-alternator for each design in order to

supply the proper frequency, with a resultant lack of flexibility. The
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disadvantage of requiring a special motor-alternator is offset to a certain

extent by the advantage of being able to control the pulser power output

by varying the relatively small field current of the alternator. In con-

trast, the power output of a high-voltage d-c rectifier, such as used in d-c

inductance charging, must usually be controlled by a large motor-driven

induction regulator or a set of motor-driven variacs, which necessitates

an increase in weight and a more complicated circuit.

A-c charging pulsers having rotary-gap switches are used extensively

where relatively high powers and low recurrence frequencies are specified.

Rotary spark gaps, however, require self-synchronous triggers and also

introduce a time jitter of about 25 /usee or more. Triggered fixed spark

gaps or thyratrons produce very little time jitter, but, because a more
complicated circuit is needed, they have not

been used to any great extent in a-c charg-

ing pulsers.

The equations for a-c charging require

the general solution of the series-LRC circuit

for an applied a-c voltage of arbitrary fre-

quency and phase. The following method of

solution for the circuit of Fig. 9T5 is based

on the use of complex quantities and numbers.

The differential equation for the circuit in terms of the charge Qn on

the network is

C)£’^cos«*)a«+V»)

Fig. 9-15.—Schematic cir-

cuit for a-c inductance charg-

ing.

^ ~
"f” (51)

(Hereafter, the abbreviation ^'Re’^ meaning ‘^real part of'' is usually

omitted.) As usual, so that Eb is the magnitude and <p the

phase angle of Eb. The bar notation is used in this section to denote

complex numbers.

By inspection, the particular or steady-state integral of Eq. (51) has

the form

gi(0 =

where Qn is determined by substitution in Eq. (51), that is,

Q _ ^^Eb
1 - + jEcCNi^a

The complementary or transient integral is the same as that already

found for the d-c charging circuit, namely,

q^{t) =

where A is a complex constant of integration and



Sec. 9-4] GENERAL ANALYSIS OF A-C CHARGING 383

-fe+Wck-(fe)
As in the case of d-c charging, only the oscillatory solution need be

considered. The complete solution is then

qN(t) = qi(t) + q^it) = (52)

Assume the initial or boundary conditions at ^ = 0 to be

qN(t) = qN{0)

ic(t) = ^,(0). .

Substituting these values in Eq. (52) and the time derivative of Eq. (52),

qN{0) = Re(0iv + A) = Qi + Ai

^c(0) = Re{jo)aQN + pA) = — 0)aQ 2 “ ClAi — CjA^.

Now let

Solving for Ai and A 2 ,

Ai = 5iv(0) — Qi

A 2 = {^c(0) -f- 0)aQ2 + — Ql]}.
CO

A = |A| = |Ai+iA2|,

rj/ = phase angle of A = tan“^

Qn = \Qn\ = iQl + jQ2\y

6 = phase angle of circuit = tan~^

The expression for Qn is then

Qn = Qnc^^^-^K

The solution for qNif) may then be written

qN{t) = Re(Qive^"‘*' + Ae^O

= Qn cos (coo^ + </? — ^) + A6~“* cos {o3t + yp).

Differentiating,

i^(t) = COoQiV cos (^at + <^
— ^ + ^^

+ WoAe“®^ COS (co^ + ^ + ^),

where

""
|l - UcJl + 3RcCN<»a

^ ^

(a = angular frequency of circuit,

(63)

(54)

(55)

(a

B = tan“‘—

:

^ n— a

and

coo =
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As in the case of d-c charging, one condition necessary for obtaining

repeating transients is that the magnitude of the current in the inductance

must be the same at the beginning and at the end of the charging period.

In addition, the charging period must be an integral multiple of the half

period of the applied voltage, that is,

oiaTr = riTT whcrc n = 1, 2, 3,
* • \

For the case of an even number of half cycles,

^c(O) = ic{Tr).

In the case where n is odd, that is, for an odd number of half cycles of

applied voltage, the condition becomes

ic{0) = -ic{Tr),

The most general condition that must be satisfied in order to obtain

repeating transients is then

icinir) ± ic(0) = oiaQN l^cos + <p
— ^ ^

+ o)oA cos ^nTT ~ ^ ± cos (^ + jS)

j
=0, (56)

where the plus sign applies to n odd, the minus^ sign to n even. This

equation is transcendental, and can be solved exactly by appropriate

means. For the present discussion, however, it is sufficiently accurate

to assume that a approaches zero, and to solve the simpler equation,

provided that w 9̂ coa. The relation

cos ^titt ^ ^ ± cos + 0)

can be written in product form,

(57a)

^ . (mr 03 .

, ,
. nir 03 ^— 2 sinl-^^ f-^ + zSlsm-Tc =0 n even,

\ Z 03a / Z 03a

I w
1 I 1 o \ nir 03 j j2 c0sl-ir h ^ + P) 00s =0 n odd.

\ COa / Z 03a

For n even, the following solutions are obtained

~ = — where m = 0, 1, 2,
• • •

03a n y y y 7 .

and

" = 2 / _ i±/\
0)a n\ ^ /

(576)

where m = 0, 1, 2,
• • •
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For n odd,

CO m ,_ = _ wherem = 1.3, • •
•

,

S ^ n ^ "I = 1, 3,
• •

•
.

It is evident that co/coa = 0 is a trivial solution. The resonant solu-

tion is co/coa = 1, which must be examined because losses were neglected
in deriving Eqs. (575). The solutions for co/coa can be put in direct

terms by noting that

f -f = tan“i ^

= tan~^

1

J 1
^ ' = tan~i

-+2j

gA-(O) - Qi

CO CO

giv(O) — Qn cos (f

^*c(0) I

COa ^^ H Qn Sin ip
oi 0}

when losses are neglected. Making this substitution and simplifying,

the following condition equations are obtained. For n even.

Qn(0) — Qn cos <p , ( nx co\

2c(0)
,

COa ^ . \ 2 COa/
1 Qn sin ip '

CO CO

and for n odd,

-ran
2 Wa’

n odd,

t?iv(0) - Qat cos ^ ,

/mir nic w\ nir oi— = tan I -K — I = + cot — (586)
*c(0) \ ^ ^ 0)a/ 2 OJa—^ H Qjv sm '

fty

The quantities gjv(O), ic(0), (p and co/coa may be considered to be the

variables in Eqs. (58). In practice, three of these quantities must be

specified or determined by special considerations. For example, if Zc(0)

and gAr(O) are specified to be zero and co/coa is given, the values of the phase

angle ip calculated from Eqs. (58) are those necessary to obtain the repeat-

ing transients when n is even and odd respectively.

There are a great number of special cases that are of interest. In

general, these may be divided into two groups, depending on whether

resonant or nonresonant charging is used. Resonance is defined by the

relation

1 — LcCnO}^ = 0.

If losses can be neglected, this relation is equivalent to co = coa; otherwise,

the natural resonant frequency is less than the resonant frequency defined

by the above relation. For most applications, the difference between

w and coa is negligible, and it is sufficiently accurate to set co = coa. The
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following two sections treat separately the cases of resonant and non-

resonant a-c charging.

9*6. A-c Resonant Charging.—^As defined in Sec. 9*4 the condition

for a-c resonant charging is

1 - = 0 .

With (0 = coa, Eq. (54) becomes

cos (o}J + (p — S) + cos (coj +
where

Qn = = Qn sin <p - JQn cos ip,

JtleOJa

a

A = gjv(O) — Qn sin <p — j — Qat cos ^ + — (gAr(O) — Qk sin <p) ]
L C$}a J

_ COS (p)
# X _1 ^2 . \ COa / a
yp = tan ^ -7- = tan * .

^
^

A

I

L \(lN\v) — Qn sin (p) cooj

Making these substitutions and reducing, the equation for qN becomes

qNit) = QiNr(l — c“®0 sin {o^at + ^) + ^iv(O) cos Wat

(iM
,

ogAf(O) a ^
I 1 y^r sin ip

\ Wa 0)a Wo
sin

j-

The condition for repeating transients, namely, ic(?iT) — Zc(0) = 0,

must be examined separately for the resonant case. The current can

be obtained from Eq. (55) or by differentiating Eq. (59), and is

^c(0 = ^ (1 “ ^““0 cos (coj + ip)
rCc

+ 6“®* ^^c(0) COS COJ — Wa^Jv(O) sin (Vat

COa
sin ip — tc(0) — aqif(0) sin cvai. (60)

For repeating transients, coat = nw, and for n even,

i(nw) = -— (1 - c "*) cos + ic(0) 6 "« = ic(0).
tCc

For n odd, that is, for a charging period containing an odd number of half

cycles, the condition for repeating transients is ic{mc) = — to(0). Since
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two SOCC0881V0 ctiaigiiig periods correspond to an even nninW ol Vald

cycles, the initial current returns to its original value, and it is apparent

that the above condition is correct, and is equivalent to that for full-

cycle charging. For n odd,
I

• nra nra

icinw) = — ^ (1 — e cos (p — e 2c(0)
= — io(0).

Solving for ^c(O) for n odd or even,

^c(O) = ^ cos <p,

and the expression for q2^(t) becomes

(1 - sin (taj + <f>)

/n\ ^ I r Ci^Eh .
,+ qAO) cos 0)at + COS (P ^ sm (P +

Introducing the quality factor Q =

(aat

qN{t) = QCnEi, (1 - sin (<0a« + <p)

sin (^ + 2^^ ^Ar(0)lsin 03j\

+ € ^^(0) cos 03at + ^QCat
CnEi .

Eb cos (p ^ sm <p + ^?jv(0))sin<0a<j-

(62)

Differentiating, the current is

tc(<) = QCnEvUo. (1 - e 26
) COS (wo< + <p)

_|_ g 2Q COS <p COS OJa^ OjV-EbCi^a

— (aat

+ e 20

-
«t|^] 1

(

—(aat

(1 — e 2Q
) cos (<0o< + <p)

^ {cos <P cos 0>at - "
4Q2

)
- 4^ sin sin wj

j).

which, to a close approximation, is

Ut) = QC^Ej^a {(1
- e 20

) cos (w„< + <p)

+ e 20 j^cos <p cos Wat —
j I
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For some purposes Eq. (62) is more convenient when written in terms of

the network voltage Vn = Qn/Cn, that is,

= Q
I

(1 - e 20) sin _j_ ^)

+ ^ ^ “
2Q

sin

(64)

If the losses can be considered negligible, that is, if Rc 0, Eq. (60)

becomes

Eh
limit icit) = (at) cos (coj + (p) + ic(0) cos coj
‘Re—O Rc

+ ^ — ^a^-v(0)j sin <j3at

Ebt r Eb 1
= ^ cos ((jOat + <;p) + ic(0) cos 0)at + 2L^ ^ ~

and

icimr) = ± cos (p + ^c(0) j;

(65)

where the plus sign applies to n even, the minus sign to n odd. Obvi-

ously, the only solution for the condition for repeating transients is

cos <p
== 0 or (p = ±

A
and therefore

Zc(0) = 0.

Equations (61), (63), and (64) are the fundamental expressions for

a-c resonant charging. Equation (64) gives the voltage stepup ratio at

the discharge point as

Vjvin:

E>
± Q(i e 2e)sinvj + |^e 2Q

CNl^h
) (66a)

where the plus sign applies to n even, the minus sign to n odd. For the

case mr/2Q 1, the exponentials may be expanded to give

Vnimr) _ nir f ,
nir\

,
gjvCO) /, mr\

“bt ^('4g)“''+osrv~25/
For the particular case of zero initial charge on the condenser and

negligible losses, the expression becomes

VN(mr)

Eh

nw .= -y sin (p.
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Hence, for n = 2, or one-cycle charging, the maximum network voltage

at the time of discharge is tt times the maximum applied voltage.

The curves of Fig. 9T6 illustrate typical voltage and current wave

shapes for Q = 10, and (p = 90°. The values for average and effective

current, circuit utilization factor, and efficiency are of interest in trans-

former design. They can be obtained as follows.

Fig. 9-16.—Voltage and current wave shapes for a-c resonant charging. The broken

line is the impressed voltage.

Average-current Component.—The average current is zero for any

charging cycle involving an odd number of half cycles; if n is even it is

calculated from Eq. (63), using the definition

where Tr is the recurrence period and can be considered equal to the charg-

ing period, since r

Then •

pTr f

/cav = 7S- /
(1 - e 2«) COS («„< + <p)

Jo I

r qn (o) . Ml
+ e 20

I

cos <p cos uj —
J

Noting that Tr == nx/w, and letting x = W,
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Circuit Utilization Factor {C.U.F.).—This factor is defined as

Q u F — input to network _ Pn
' ‘ ~ volt-amperes input Ehr^ • 7c,

CNo:a{VNynTr

2nT

V2 V2

C.U.F.

nir

n^TT^
4 \/Q

2 cos 2
(p + sin 2

(p + Q A n7r\ .

(71 )

sin 2<p

For <p = 7r/2, corresponding to the most common operating condition

for a-c resonant charging,

V3/
C.U.F. =

2 0 2q)'

Charging-circuit Efficiency .—By definition, the efficiency r)c is

_ 1

~ Pn + I\ Rc ~
, ,

n Re’
^rma 2 4“ ^rms

(72)

where

Pc R.
‘'rms

(CNEbQ)ayl^2 2 I -2 I Q /l • O 1 1

_—r~ L +

t

2
™ ' + 4 - a) ocvr.

CNC0aV%{mr)

'W

4 Q2 qqq2 ^ _|_ __ gjjj

2mr

n7r\ .

I
sin^ (p“ s)

^
4
[q

cot^ ^ ^ ^1
- cot <P

nw 0-i)
(73)

The maximum efficiency occurs when II^ Rc/Pn is a minimum.
This minimum is obtained, to a very close approximation, when

cot or
,
TT 1

±2 + 4Q-
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Thus for maximum efficiency ^ is very nearly equal to ±t/2, in which
case

AnV nr
12Q ^Pc Rc

nv\ 1
ntr’

and the maximum charging efficiency is given by

UT
1 -

Vc =

^ 6Q

2Q ^ nir

nw 3Q
(74)

9*6. A-c Nonresonant Charging.—In resonant charging the voltage

rise or gain may be considered a result of ordinary resonance multiplica-

tion. In nonresonant charging, I — LcCnooI ^ 0, there is also a voltage

gain which, if the duration of the transient is limited to one or two cycles,

may even exceed that for resonant charging. The voltage gain for non-

resonant charging may be considered a result of beats that occur between

the steady-state voltage of ang’.Alar frequency Wo and the transient voltage

of angular frequency w. The voltage rises to high peak values for a

few cycles, and then subsides to the steady-state values as the transient

dies out. In resonant charging, on the other hand, the voltage rises to

higher and higher peak values, and the steady-state value is limited in

magnitude only by damping. It is clear, therefore, that damping can-

not be important for nonresonant charging, except when resonance is

approached, that is, when co « Wa. For transients with durations of one

or two cycles, however, damping may be neglected without making

serious errors, at least when calculating wave shapes.

Neglecting losses, the network charge as given by Eq. (54) may be

simplified to

qN(t) = Qn cos (ojat -j- <p — 0) + A cos (wt + ^), (75)

where

Qn
CnE,

II

B = limit tan"^
i?c—O

RcCyftJa
0 for - < 1,

CO

TT for ^ > 1.

and
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Full-cycle Charging .—The condition for repeating transients for full-

cycle charging [see Eq. (58a)] gives, for n even,

. me _
cot -s-

• — =
Jh CO,

/tc(0) , COa ri • ^— (
—^ H QifSm <p)

0? _ \ CO CO
. / _

^jsr(O) — Qjv COS (p

when JRc = 0 (that is, a = 0). Then

= tan

,
TT UT CO

,
3x HTT CO

.A COa ^ ^

and Eq. (75) becomes

^jNr(0 = Qn cos (coJ + <^ — 0) ± ^ sin ^ ^o)J —

When ^ = 0, the following expression may be obtained for A

:

_j_^ _ CQS (<p — 6)
— gAr(O)

sm
nx CO

COa

Equation (76) can now be rewritten

Qyii) — Qat cos (o)ai <P — ^)

+ [Qn cos {(p — d) — 5j\f(0)]

. CO ( , nx\

CO nx
sin — • ^COa ^

1 _ ^
C02

Sin

cos {cOat + <p) +
. CO nx

sin —
COa ^

COS

CO / . mr\

rnr

T
CO / ^ nx\

?JS-{0)
. CO nx
sm — • —

COa 2

The current equation obtained by differentiating Eq. (77) is

• CifEtCOa
^c{t) = 2

CO CO / . nx \— cos ~ I COa^ —
J

C0a_C0a^\ 2 /

Sin
CO nx

cos ^ — sin (coa^ + (p)

(“•< - f)
gw(0)

CO cos
COa

. CO nx
sm — •

-H-
COa 2

(76)

(77)

(78)
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The network voltage is derived from Eq. (77) and may be expressed in
ratio form VnIEi,, that is,

The voltage stepup ratio at the time (oja^ = me) when fhe network dis-

charges is

where (f is related to tc(0), ^ivr(O), and o3/o3a by the relation

ah ± — 4:ab^ -|- 1
sin V?

=

in which
-f 1

(81)

a = ^“tan^", b = + J^)(l -
‘4)-

CO 2 0)a \Q,OifEi, OJaCnEiJ \ Ot)^J

When ^c(0) = 0 and gjv(O) = 0, the value of (p reduces to

,
CO , riTT CO

tan ip = — cot -X ;

COa ^ COa
(82)

and the equation for voltage stepup ratio at the instant of discharge may
be written as a function of co/coa alone, giving

VNinw) _ 2 cos <p

Et
1

(83)

The values of the stepup ratio and of (p are plotted for one-cycle charg-

ing (n = 2) as functions of coa/co in Fig. 9T7. The steady-state value of

the network-voltage stepup ratio, neglecting losses, is also plotted here.

When resonance is approached, that is, when co « coo, the steady-state

voltage ratio rises to high values. The transient-voltage gain is greater

than the steady-state gain for certain values of 6)o/c*>, illustrating the

phenomenon of beats.
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The maximum stepup ratio for the transient case is about 3.66, and
occurs at cua/o) « 0.7 and (p « 21°.

Fig. 9*17.—Voltage stepup ratio and phase angle as a function of Wo/o) for a-c inductance
charging (circuit losses are neglected).

Curve A is the voltage stepup ratio for n =2 (one cycle charging)

.

Curve B is the voltage stepup ratio for n = «

.

Curve C is the phase angle

Again it is of interest to obtain the average and effective values of

the transformer currents. The d-c current may be obtained by integrat-

ing Eq. (78) over the charging period Tr = nw/o)a. Thus,

^ d(a>aO = — / idx) dx,
I r Jo Jo nir Jo

where osj, — x iov convenience. Then
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1 /*rr \ C

•^Lns
~ “

j
i\{i) d(o)at).

The evaluation of this integral is long and is not carried out here,

result, however, is

The

(85)

Half-cycle Charging .—Following the same procedure that was used

for full-cycle charging, the condition for repeating transients when n is

odd is

rnr (j)

'2'^a
or ^ = TT

UTT 0)

2 0>a

Substitution in Eq. (54) gives

gN{t) = Qn cos (ooat + (f
— 6) ± A cos ^ (^0)at

An expression for A may be obtained when ^ = 0,

gjvr(O) — Qn cos (<p - B)
±A =

cos-
mr 0)

Equation (86) can now be rewritten

gsit) = Qn cos (coat + <p — d)

giv(O) — Qn cos (<p - e)

+
cos

mr ca

2 COa

cos

1 - ^

/ . . N cos (P CO

cos (o)at + cos —
mr (a coa

cos -75
2 COa

UT CO

COS-H-—
2 COa

(86)

ca / ^ mr\

2)

(coj -

+ 3ff(0) (87)
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The equation for current is obtained by differentiating Eq. (87). Thus,

C^EbMa
jsin (o)at + <p)

The network voltage is derived from Eq. (87) and may be expressed in

ratio form, that is,

The voltage stepup ratio at the time (coj = ut) when the network dis-‘

charges is

VN(nir) _ 2 cos <p Vn{0)
(90)

where ^ is related to ie(0), 5j\r(0), and w/wa by

03a .— Sin ' + I -i __
wq 1

0)CnEi, \ 03^/ _= tan
mr

(91)

For the special case where both the network voltage and charging current

are zero at time t = 0, this relation may be simplified to

, 03 . mr 03— tan <p
= — tan (92)

03a ^ 03a

The direct component of current must, of necessity, be zero if n is odd

by reason of symmetry. The rms current is obtained by integrating
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The result of evaluating this integral is

Figure 9T8 gives representative voltage and current wave shapes

for a-c nonresonant charging; (c) and (6) correspond to zero initial cur-

rent and network voltage for half-cycle and full-cycle charging respec-
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tively, and (a) is a special case of full-cycle charging. Figure 9*186

corresponds to the case of maximum voltage stepup ratio for full-cycle

charging.
9*7. Practical A-c Charging Transformers.—In all practical cases,

the charging inductance used for a-c charging pulsers is built as leakage

inductance into the transformer supplying the high voltage. A major

component is therefore eliminated, with resultant savings in the weight

and size of the pulser. The majority of a-c charging transformers fall

within the following range of ratings:

Leakage inductance: 1 to 25 henrys.

Secondary rms current: 0.05 to 1 amp.

Secondary peak voltage: 5 to 30 kv.

Kilovolt-amperes: 0.5 to 10 kva.

A-c frequency: 60 to 800 cycles/sec.

The leakage inductance of a transformer increases when the ratio of the

,
Magnetic primary flux cut by the secondary

to the total primary flux decreases.

This decrease can be achieved in

several ways:

Magnetic
shunt shunt

Primary

coil

Exciting core

Exciting core

Secondary coil

1 .

2 .

3.

4.

a physical separation of

primary and secondary

By
the

windings on the core.

By the use of a magnetic shunt.

By the use of a leakage core.

By a combination of the above
methods.

High-reactance transformers that

have a magnetic shunt or a leakage

core are commonly used because the

leakage flux is more easily controlled

by these means. Figure 9*19 shows a
typical magnetic-shunt transformer.

The normal flux path through the

exciting core of the transformer is

indicated by FFF. The magnetic

shunts that provide a path for the

leakage-reactance flux are located

between the primary coil P and the

secondary coil S. These shunts are

composed of iron laminations of the same quality and thickness as those

used in the main transformer core. By increasing or decreasing the

Section A-A Magnetic shunt

Fig. 9-19.—Sketch of an a-c resonant-
charging transformer with a magnetic
shunt; 0* is the exciting flux and is the

reactance flux. {Courtesy of General
Electric Co.)
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spacing of the air gaps at the ends of the magnetic shunts, the leakage
reactance of the transformer can be adjusted.

The magnetic-shunt transformer is simple in design and construction.
There are certain current phase conditions on capacitive loads, however,
under which the leakage-reactance flux and the exciting flux add in such
a way as to increase the flux density in the two outside legs of the trans-

former core. This increase may cause magnetic saturation of the iron

in the core legs, with a corresponding

increase in core loss and decrease in

inductance for the large values of sec-

ondary current.

Figure 9*20 shows a transformer

having a separate leakage-reactance

core. The .design comprises a primary

coil P and the secondary coil S
which are linked by a normal exciting

core as shown. In addition, a leak-

age-reactance core containing an air

gap is provided in order to link the

secondary winding and to serve as

a magnetic path for the leakage

flux. The spacing of this air gap con-

trols the reactance and its physical

shape determines the reactance-

versus-current characteristics of the

transformer. An air gap is also pro-

vided in the exciting core in order to

prevent its saturation by the direct-

current component in the secondary

winding.

The separate-leakage-core transformer has an advantage over the

magnetic-shunt transformer because it provides a separate path for the

leakage flux, and therefore prevents the leakage flux and the normal

exciting flux from adding to produce saturation of the steel. A trans-

former of this type requires two separate cores, but is comparable to

the magnetic-shunt transformer in simplicity of design and construction.

A transformer having a separate leakage core requires approxhnately

10 per cent more space than that having a magnetic shunt, but the

additional space has not limited its applications. Figure 9*21 shows the

assembly of cores and coils for a transformer with a separate leakage core.

The various parts can be recognized by comparison with Fig. 9*20.

Linearity Requirements for A-c Charging Transformers, The switches

used in a-c charging pulsers are nearly always rotary spark gaps, which

Separate leak-

age core
Finish layer

Exciting
/ core

A

Primary

coil

Secondary coll . ^

Separate leak-

Fig. 9-20.—Sketch of an a-c re-

sonant-charging transformer with sepa-

rate leakage core; (f)e is the exciting flux

and 01 is the reactance flux. {Courtesy

of General Electric Co.)
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have complex operating characteristics. Perhaps the most important

complicating factor encountered with rotary-gap pulsers is the increase

in spark length with power level. This increase in gap length changes

the a-c voltage phase at which the spark occurs, thereby disturbing the

charging-circuit conditions. The phase of the a-c voltage may also be
changed by the effect of the load current on the alternator magnetic field.

As a result, transformers having

constant leakage inductance for all

currents in the operating range

usually do not give the best over-

all performance. Since an exact

analysis is difficult, the final adjust-

ment of the inductance characteristic

of the charging transformer is always

made by experimental observation

on an electrical sample of the pulser

circuit, including the alternator.

The leakage inductances of charg-

ing transformers are measured by
the same methods as those used for

d-c charging reactors (Sec. 9*2) . The
transformer primary is short-cir-

cuited and superimposed a-c and d-c

currents are passed through the sec-

ondary. In the case of half-cycle a-c charging, the direct current in the

transformer is zero. When testing full-cycle resonant charging trans-

formers, the a-c to d-c current ratio is taken as 2.9, but for nonresonant

charging the ratio is larger. The value of 2.9 is derived as follows. For
full-cycle charging (n = 2) Eq. (70b) reduces to

/T \ ...
‘jrCjv^E&Wa

(fcrms/min —

The corresponding average current from Eq. (67a) is

Fig. 9*21 .—Core-and-coil assembly of

a high-reactance transformer. {Courtesy

of General Electric Co,)

Hence,

(95)
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The a-c component of. the secondary current is given by

Hence the a-c to d-c current ratio is

Using representative value for the quality factor, that is, Q = 10,

the a-c to d-c current ratio is found to be 2.9. For zero circuit loss, that

is, Q = 00
,
the ratio is reduced to 2.37.

The charging-current wave for the case of a-c resonant charging with

zero initial voltage on the condenser and zero current is shown in Fig.

9T6b, where the form of the a-c component of the current is seen to be

approximately sinusoidal. The maximum value for this a-c component
is l.Q2CNEh03ai whereas the peak value of the corresponding sine wave,

calculated for Q = 10, is Since the inductance-measuring

method closely simulates the current under operating conditions the

values of leakage-inductance determined by this method may be con-

sidered to be significant.

The inductance of the charging circuit includes that of the a-c alter-

nator or other a-c voltage source. The effective inductance of the special

alternators used with a-c charging pulsers may be from 10 to 20 per cent

of the total inductance, and must be subtracted from the calculated value

in order to obtain the net leakage inductance required in the charging

transformer. The effective alternator inductance is difficult to calculate

in any given case and is also difficult to measure, except when it is used

directly in a pulser circuit.

A transformer to be used with an a-c charging rotary-gap pulser

usually gives the best over-all performance if its leakage inductance

decreases slightly with increasing current. The leakage-inductance

characteristics for two representative transformers are shown in Fig.

9*22, that in Fig. 9*22a having a magnetic shunt, and that in Fig. 9*226 a

leakage-reactance core. As is to be expected, the transformer using a

leakage-reactance core has the more linear characteristic. The allowable

amount of decrease in the inductance characteristic is estimated by

experience, and the final adjustment is always made on an actual test

pulser.

B-H Oscillograms for Typical A-c Charging Transformers —The
leakage-inductance characteristics may be shown by graphs such as those
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in Fig. 9*22. The B-H oscillograms, however, are more fundamental,

and reveal in detail the effects of transformer-core saturation. Two
complete sets of B-H oscillograms for the same transformers as those of

Fig. 9-22 are shown in Fig. 9*23 and Fig. 9*24.

Ic in ma in amp

(a) (6)

() With a magnetic shunt; rated Ic^^ == 300 ma.

() With a separate leakage core; rated = 1.2 amp.

Fig. 9-22.—^Leakage inductance vs. secondary a-c current for typical a-c charging

transformers.

An ideal a-c charging transformer is one that has zero internal loss,

as well as a constant stepup ratio and leakage inductance over the range

of voltage and currents used. The B-H oscillograms for such a trans-.

former would consist of straight lines enclosing zero areas, instead of the

loops enclosing finite areas that are actually observed. The leakage-

inductance B-H oscillograms for \^ell-designed charging transformers

always enclose small areas, indicating that the losses are relatively small.

The linearity of the B-H loops depends to a great extent upon the type

of leakage-fiux path used in the transformer. Transformers with

magnetic shunts usually show the greatest saturation effects.

The oscillograms in Fig. 9-23 are good examples of this tendency since

there is a slight amount of saturation even at one-third rated load cur-

rent when direct current is present. The curvature of the remaining

B-H loops increases, although not markedly, with increasing current.

As indicated by theory, the removal of the direct-current component

lessens the degree of saturation. The other oscillograms in the same

figure show the secondary exciting current when the primary is open-

circuited. Since the areas of these loops are considerably greater than

those for the leakage inductance, it is evident that the core losses are

greater. The high degree of saturation induced by both the over-voltage

and the direct current is indicated by comparison with normal B-H loops

for the transformer-exciting current.

The set of B-H oscillograms shown in Fig. 9*24 are for a transformer

with a separate leakage core, and form an interesting comparison. The

leakage-flux oscillograms indicate very slight saturation of the leakage-
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—

B-H oscillo^ams for an a-c charging transformer with a magnetic shunt.

Transformer rated at 0.300 amp rms and 9000 volts secondary voltage.
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Flo. 9-24.—B-H osciUofframs for an a-c charging transformer with a separate leakage core.

Transformer rated at 1*20 amp and 7500 volts secondary voltage.
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flux core. Likewise, the direct-current component has only a very small

effect on the measured values of the leakage inductance. The oscillo-

grams for the secondary exciting current are also of a somewhat different

character than those for a transformer of the magnetic-shunt type. The
direct-current component has less effect on the degree of core saturation

in the latter case. Unfortunately, however, limitations in the measuring

apparatus prevented the overvolting of the secondary, and it was there-

fore impossible to obtain a complete set of comparative data for the latter

transformer.

9*8. The Design of High-reactance Transformers.^—Only the design

problems specifically related to high-reactance transformers are discussed

here since those common to both d-c charging reactors and a-c charging

transformers are treated in Sec. 9*3.

The determination of the effective voltage stepup ratio and the induct-

ance of the transformer is made by calculation and by experiment.

Theoretically, the total reactance in an a-c resonant-charging circuit of

the full-wave type should be about 194 per cent, that is,

« 1.94.
Eb

The series reactances of the power supply and the high-reactance trans-

former are combined to give this reactance. Nonlinearity of the trans-

former inductance may be provided by extending the length of a few of

the laminations on the leakage core, thus providing a short gap of small

cross section in parallel with the main gap.

Pulse-forming

Fig. 9-25.—Diagram of a line-type pulser using a-c charging.

Figure 9*25 shows the general circuit in which a-c resonant-charging

transformers are used. The pulse transformer shown does not contributr

in any way to the characteristics of the charging circuit; hence, for most

- By H. H. Koski of the General Electric Company, Pittsfield, Mass.
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purposes, the impedance of the pulse transformer can be considered to

be zero, except during pulsing.

Figure 9*26 shows the equivalent circuit of the diagram given in

Fig. 9*25. The induced voltage, usually sinusoidal, in the generator

armature is shown by Vq. This voltage is applied to the resistance and

reactance components of the a-c generator, resonant-charging trans-

former, and the capacitance in the pulser circuit.

Typical oscillograms of the voltage output of the transformer in a

full-wave charging circuit are shown in Fig. 9-27. The exponential decay
in the voltage after the pulse is caused by the time constant of the viewing

circuit that is used in conjunction with a cathode-ray oscilloscope to

observe the charging waveform.

(a) Slow sweep. (6) Fast sweep.
Fig. 9-27.—Charging voltage wave shapes in an a-c charging line-type pulser.

of General Electric Co.)

{Courtesy

Sample Design .—The following sample calculations show the general

procedure followed in the design of a transformer having the following

specifications:

Input: 115-volt, 635-cycle.

Effective turns ratio : 1 /49.

Inductance: 6.2 henrys ± 5 per cent.

Current in high-voltage winding: 0.330 amp rms, 0.114 amp d-c.

Recurrence frequency: 635 pps.

Peak charging voltage: 21.8 kv.
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Full-cycle charging circuit.

Efficiency: 90 per cent.

Ambient temperature range: —40®C to -1-50°C.

For shipboard use.

Hermetically-sealed unit, dimensions not specified, mounting to be

by means of a clamp over the top edge of the tank.

PFN capacitance: 0.0091 /if.

Generator impedance: 3.9 ohms.

For this case, tests indicated that an actual turns ratio of 1/44 was
required instead of the theoretical value 1/49; in the same way, the neces-

sary transformer inductance was found to be 6.2 henrys as against 5

henrys indicated by the original computations.

This transformer was designed to have a separate leakage core (Fig.

9-20), but the calculations can, in general, be applied to one having a

magnetic shunt. Figure 9*21 shows the core and coil of the assembled,

unit. The design calculation is started by choosing values of maximum
flux densities compatible with previous experience. Selecting 27,000

and 40,000 lines/in. ^ for the flux in the main and leakage cores respec-

tively, and a cross section of 3 in. by ^ in. for the main core, the voltage

per turn may be found by the formula

V, = ~fr X B,XA,X 10-*,

where Ac is the net area of steel or the cross section multiplied by the

space factor. Assuming a value of 0.88 for this factor gives

Vt = 4.44 X 635 X 27,000 X 3 X i X lO'^ volts

= 1.76 volts.

Hence, the coils require 65 and 2860 turns respectively.

The leakage-reactance core can now be determined. Its flux is

given by

Lc X Ic^. X 10«
<pik

— 77 y

where Icu^ = 1.87crnis, and N = number of high-voltage turns. Then

6.2 X 0.33 X 1.8 X 10^
<t>ik =

2860

= 129,000 lines.

Past experience indicates that about 20 per cent of this flux is external

to the leakage core, leaving only 103,000 lines in the core. The cross
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section of the leakage core at 40,000 lines/in. ^ equals

103.000

40.000
2.58 in. 2

This value closely approximates that for the main-core cross section.

For mechanical reasons, the same section is used for both cores, giving a

flux density

Be
103,000

2.36
44,600 lines/in.

2

in the leakage core. This value is approximate and must be corrected

later when the flux external to the core is calculated.

The coils can now be designed. In order to stay within the allowable

current density at full load (assumed to be 1300 amp/in.^), the secondary

conductor must be 0.0179 in. in diameter, and the primary 0.120 in.

by 0.090 in. The latter cross section corresponds to the equivalent value

of the a-c component of the high-voltage current plus the core-exciting

current. The conductor shape is determined solely by the complete

coil-shape desired and the wire sizes on hand.

The low-voltage wire is chosen with paper insulation, making the

over-all insulated size 0.131 in. by 0.101 in. Two layers are necessary

for the coil and a sheet of 0.015-in. insulation between the layers serves

as mechanical support for the second layer.

In order to reduce the voltage induced in the primary by the discharge

of the pulse-forming network and thus to minimize radio-noise inter-

ference, a grounded electrostatic shield is interposed between the wind-

ings. This shield consists of a brass screen insulated from the coil by a

sheet of 0.015-in. layer insulation forming one open turn around the

coil. It is bonded to the core clamp and hence to ground. Some insula-

tion must be between the ends of the shield to prevent a short-circuit.

The high-voltage wire is constructed with double enamel and cotton

covering, which makes its nominal over-all diameter equal to 0.0246 in.

In order to distribute the voltage stresses more evenly under the impulse

conditions of operation, the last layer is made of more heavily insulated

wire, as shown in Figs. 9T9 and 9*20. This wire insulation consists of

^-in. black varnished cambric insulation, which needs only a few turns

for a full layer; thus, the number of turns of the 0.0179-in. wire is reduced

accordingly.

The insulation in the transformer consists of the coil cylinders, paper-

layer insulation in the coils, pressboard collars and barriers, wooden
spacers, and oil.

Because of the mechanical strength required, the coil cylinders present

no problem in electrical insulation. The layer insulation in the coils.
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the creepage distance around the ends of the layers, the collars and bar-

riers between the high-voltage coil and the cores, and the insulation of

leads are all determined from the corresponding applied voltages and the

limiting values of stress. Some of these values are calculated directly,

but others must be obtained from a scale layout of the transformer.

Another reason for using a scale layout is the necessity of measuring the

cross-sectional areas of the coils and the area between coils in order to

calculate the air and iron fluxes more accurately.

Leakage-reactance-core Gap .—The preliminary calculation of the flux

in the leakage-reactance core was based on an estimate of the flux in

the air external to the core. The air flux is now calculated from the

actual dimensions of the transformer in order to give a more accurate

value of core flux for use in determining the gap in the leakage-reactance

core.

The flux <t>i external to the core is^

where

A,

At

A^h-i)

h
and

4>i =
3.19^^ + A(^h-i) + NL.

o.mh

= cross-sectional area of the high-voltage coil in in.

= cross-sectional area of the low-voltage coil in in.^,

= area between the coils in in. 2,

= length of winding on the high-voltage coil in in..

*1 =_
3.19 (I

2
I K QK I

3- + 5.85 + -3
)

(2860) (0.330) (1.8)

= 23,200 lines.

(0.65)(4.25)

Since a total flux of 129,000 lines was previously calculated, 105,800 lines

are left in the core.

Because of the effect of fringing,^’ the calculation of the core gap

is a trial-and-error process. The actual length of the gap is used, but its

cross-sectional area is increased by an empirical amount that is a function

of the length.

First, the ratio of effective area to length of the leakage-reactance core

is calculated;

Ag _ <t>2

I, (3.19)(i\r/J

where A^ = effective gap area, Ig = gap length, and <^>2 = core flux.

1 The factor 0.65 in the denominator is empirical and depends on the coil configu-

ration. Its value may vary from 0.6 to 1.1.
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There results

^0 105,800 _ 1 Q K

I, (3.19)(2860)(0.330)(1.8)
‘

Assuming a gap length of 0.160 in., the effective area is calculated from

A, = A^ +

where Aa is the actual cross-sectional area of the gap, and pg is the

periphery of the gap.

Therefore

Ag -3x1 + (0.160) (7.75)

3

Checking,

= 3.03 in.2

A, ^ 3.03

Ig 0.160
19.0 in.

A gap length of 0.155 in. would almost exactly check the value calcu-

lated for Ag/lg but the value 19.0 is within the design limits.

A gap of this length is satisfactory, but a nonlinear inductance gives

more stable operation. The ordinary gap gives an almost linear induct-

ance. By experiment, a nonlinear inductance is obtained by making
the gap with several of the outside laminations extending into the gap.

At low currents the short gap between the extended laminations gives a

high inductance, but at high currents these extended laminations become
saturated, causing the effective length of the gap to increase. The
inductance at high current is therefore decreased by some value depend-

ing on the proportions of the gap. The final design has about a 15 per

cent drop in inductance from i to full current. This gap construction

requires preliminary tests on the cores in order to adjust the spacing to

the right value.

Losses .—The losses in the transformer are important not only from

the standpoint of resonant-voltage rise but also from the point of view of

efficiency and heating. The losses, shown in Table 9-3, consist of I^R-

and eddy-current losses in the windings, core loss, and stray loss, which is

an all-inclusive term covering indeterminate losses in the insulation, the

clamps, and the tank.

The ratio of the expected voltage rise to the applied a-c voltage in a

resonant-charging circuit is given by the relation (66&) which, in this

case, reduces to

Xl — A —
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where

/-j ^oLc j2^ ~
~Br

~ ~p7

635 X 2x X 6.9

90.16
X (0.33)2 = 30.

Hence, for full-cycle charging.

i « 2.98 .

The leakage-core loss is calculated by assuming that the wave is

unsymmetrical, that is, the first peak has only half the voltage of the

second peak. The stray loss depends greatly on the mechanical propor-

tions of the transformer and can be estimated only from experience; in a

transformer of this type it is usually about equal to the total copper loss.

Table 9-3.—Transformer Losses

Watts full load,

a-c resonant-

Loss charging circuit

In primary coil PR plus edf’y-current loss 13.45

1

/2/2 plus eddy 17.71

Leakage-core loss 29.0

Stray loss 30.

Total loss in charging circuit, Pc 90.16

In exciting core 24.4

Total transformer loss 114.56

Heating and Oil Expansion .—The operating temperature of the wind-

ings, core, and oil is determined by computing empirically the tem-

perature drop from the wire and core to the tank surface through the

insulation, the oil, and the contact surfaces. In this particular example,

the losses correspond to approximately 0.2 watts/in. ^ of tank, giving a

temperature rise of 25°C from ambient air to oil. The temperature rise

in the oil from tank to coil depends on conduction and convection, and

may amount to 15°C in this transformer; the rise from the coil to the

mndings amounts to about 10°C for a coil construction of the particular

type used in this case. The temperature rise of the core above oil,

resulting from a dissipation of about 0.25 watts in.^, is also about 10°.

The temperature rise of both coils and core above the external ambient

temperature is therefore about 50°C.

In this particular .transformer, an air space is provided in order to

limit changes in pressure inside the tank, resulting from temperature

variations that cause the oil to expand or contract. The expected pres-
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tive currents are found to be

and

=

2ir

CnEhMg

2\/2
respectively.

The transformer utilization factor, T.U.F., or ratio of power output to

transformer volt-amperes, is then

T.U.F. =

03a 1

^'2 C^El

Eh CnEhUa IT

>>

1= i = 0.32, (103)

V2 2\/2

and the charging efficiency, is given by

Vo
— power output

COa 1

^*2— ‘

power input w<, i
f, pi j.

• X LNtjb +
(104)

2ic 2 g
Ro 1+2

if the core loss in the transformer is neglected. Both the diode resistance

and the transformer effective resistance must be included in Be.

A-c diode charging normally has a high efficiency if a suitable diode is

used. The method has the advantage of being simple and requiring no

adjustments. On the other hand, it has the disadvantage of having a

very low T.U.F. and requiring a high-voltage diode. These disadvan-

tages limit its use to relatively low-power circuits.

A variation of the a-c diode-charging circuit is one in which a resonat-

ing inductance is included in order to increase the network voltage.

Neglecting losses, the maximum voltage on the condenser is increased

by a factor of 7r/2 and the T.U.F. is like-

wise increased. This circuit has no advan-

3 '] Network
tage over the a-c resonant-charging circuit,

however, except in the case where the a-c and

the recurrence frequencies are subject to con-

siderable variation.

The a-c diode-charging method may be ex-

tended to full-wave charging by using two

diodes in a manner similar to the’ ordinary voltage-doubler rectifier cir-

cuit. The two-diode charging circuit is shown in Fig. 9-30.

Transformer

Fig. 9-30.—Two-diode charg-

ing circuit.



CHAPTER 10

PERFORMANCE OF LINE-TYPE PULSERS

By J. V. Lebacqz

In the preceding chapters the behavior and performance of the

various components of the pulser and of the discharging and charging

circuits are considered separately. In most of the discussions it is also

assumed that the pulser load stays constant, both from pulse to pulse

and during one pulse. In practice, however, the load is not always the

same from pulse to pulse, and there are special conditions that require a

consideration of the entire pulser circuit. Faults can occur in some of

the components or in the load, and it is necessary to devise protective

measures in order to limit the resulting damage to the other components.

Some magnetrons exhibit spurious characteristics, such as mode-changing

or sparking, which can be alleviated by careful pulser design.

The purpose of this chapter is to indicate some of the principles to be

followed in the design of the pulser as a whole in order to obtain the most

satisfactory operation that is compatible with the load characteristics.

10«1. Effects of Changes in Load Impedance.—The purpose of this

section is to discuss the effect on the pulser circuit of sudden variations in

load impedance, either from pulse to pulse, or during one pulse. Small

variations in load impedance usually have little effect on the operation of

the circuit. This fact can easily be understood by the considerations of

power transfer, discussed in Sec. 7*2, which show that litWe change in

output power is introduced by a slight mismatch between the impedances

of the load and the pulse-forming network. This statement, however,

must be qualified when the entire pulser circuit, including the charging

circuit, is considered. It can then be shoWn that the effect may not be

negligible if a unidirectional switch is used.

Of more direct concern are the effects of large variations in load

impedance which are usually produced by faulty operation of the load,

such as an open circuit or a short circuit. Either one of these conditions

may occur for an indefinite length of time, for only one or a few pulses in

succession, or—as, for instance, with some sparking magnetrons—they

may be expected to repeat at irregular but frequent intervals. The

general measures taken to protect the circuit against such load behavior

are considered in this section, and a more complete analysis of the opera-

tion of the pulser with a sparking magnetron is given in Sec. 10-3.

417 •
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Effect of Load on Pulser Operation .—In Sec. 7*1 it is shown that the

current and voltage supplied by an ideal pulser discharging a pulse-form-

ing network of impedance Zn into a resistance Ri are given by

and

’-R.lzJ" ( 1 )

(2)

The voltage left on the network at the end of the pulse is given by

JT _ "
T/

(3 )

If Ri > Znj has the same polarity as Vn^ and the voltage left on

the network discharges through the load, giving reflected pulses of

amplitude

Vin = Ri

Ri + Z.
(Ri

-
N \Ri 4" Zn)

N,

where Vin is the voltage of the nth reflected pulse following the principal

pulse. Obviously, if the load is a biased diode, the reflected pulses in

the load appear only as long as the voltage left on the network VN^n is

greater than the bias voltage F^, and the value of Ri changes with each

successive step. If F, > Fjsr-n, the discharge takes place entirely through

shunt paths in the pulse transformer.

If Ri < Zn, three cases must be considered. If the load is a resistance

and the switch is perfectly bidirectional, voltage left on the network dis-

charges through the load in the same fashion as when Ri > Zn, and

reflected pulse voltages appear across the load, the successive voltages

being of opposite polarity. If the switch is unidirectional the voltage

given in Eq. (3) is left oh the network, since its discharge requires a cur-

rent of polarity opposite to that of the main pulse flowing through the

switch. This voltage affects the amplitude of the network voltage at

the end of the following charging cycle in the manner described below.

If the switch is imperfectly bidirectional—that is, normally passes

current in either direction but may hold off some voltage of either polarity

because deionization sets in—this voltage affects the following charging

cycles and, since it is random in nature, may also cause random varia-

tions in the peak network voltage.

The following discussion applies to the relatively simple but very

important case of a pulser using d-c resonant charging and a unidirectional

switch. A constant load resistance Ri is assumed, instead of a biased
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diode load. The voltage at the end of the nth charging period is given by

RcTr

VNn = ^bb + (Ebb — Vj^_i)e n = 1, 2 ' •
•

,
(9T7a)

where is the voltage left on the network by the mismatch

as derived from Eq. (3) and shown

in Fig. lOT.

and
1 2t

I r = T = ^

Jr

Thus

= Ehb + (Ebb

where

Vj„_y 2Q

Q =
OoLc

Rc 2 Rc (a)

This equation can be rewritten

= Ebb(l + e~^) -

IT

or, letting y = e and considering

the charging cycle following the first

pulse,

VNi = Ebb(^ + y) — tE/j. (4)

If the value of V = Vk-i is intro-

duced from Eq. (3), and

— ~

Ri Zn
Vji — kVn = /cEfeft(l + 7).

Thus

Vn2 = Ebb(l + 7)(1 — yiO-

Fig. 10*1.—Network voltages if the

load resistance is smaller than the net-

work impedance, (o) Bidirectional

switch; successive reflections. (6) Effect

of inverse voltage on successive charging

cycles with a unidirectional switch and
d-c resonant charging.

At the end of the second pulse, the voltage left on the network is given by

Vji
— /cFiVj,

and at the end of the third charging cycle the network reaches the voltage

Fv. = ^66(1 + 7)
- = Ebb(l + 7)(1 - 7/C + 7^/c^).

Similarly,

Vj, =
and

F 2V4 = Ebb(l + 7)(1 — 7/c + 7V - yV). (5)
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1

load. If a biased-diode load is considered, the analytical expressions

become more complicated because of the change in operating point with

change in network-charging voltage, which causes the coefficient k to

decrease slightly after each pulse. Some equilibrium network voltage is

eventually reached, however, because the quality factor of the charging

reactor is not independent of the applied volt-

age, resulting in a decrease in y with an

increase in (V

n

— Ebb).

If a pulse transformer and a biased-diode

load are considered, network inverse voltage

appears even though the operating point of the

load matches the network impedance, as can

be seen by considering Fig. 10*2 in which all dis-

turbing elements except the shunt inductance

of the pulse transformer have been neglected.

At the end of the rectangular pulse of amplitude Vi and duration r,

Vi
the current flowing in this inductance can be expressed by iie = y-r,

discharging circuit used to

study inverse network voltage.

and the energy stored in it by

1
, -2

2

vy
2Le‘

At the end of the pulse, this energy charges the storage condenser of the

pulse-forming network to a voltage Vj such that

- 2T7

For matched conditions.

and

However,

(VjY ^ 1

VF,,/ 4

T = 2CifZir = 2

and hence, to a first approximation,

Vj _ _ iLs

Fj» V l: (11 )
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where the sign is determined by the direction of current flow. Assuming
r = 2.5 /isec, Zn = 1200 ohms, and Le = 45 mh,

and

= ZnT
~2 1.5 X 10“^ henrys,

- l±
Vn \45 VSO

1

5.5
-0.18.

The values obtained from Eq. (11) are usually greater than those

obtained experimentally because losses in the circuit and in the dis-

tributed capacitances normally absorb or dissipate part of the energy that

has been assumed to be returned to the network capacitance. These

values are sufficiently accurate, however, for use in the preliminary design

of a pulser.

10-2. Short Circuits in the Load.—Two cases must be considered

when studying the operation of a pulser when the load is short-circuited

:

1. That for a unidirectional switch.

2. That for a bidirectional switch.

The fundamental concepts of operation discussed earlier in Sec. 10*1

are now amplified.

Circuit Using a Undirectional Switch .—It has been shown that the

equilibrium output voltage is given by Eq. (7), that is,

Vi = 1+7
2

1 +K
1 + Ky

where y = e ^0 is determined by the charging circuit, and k
Ri — Zn
Rl + Zn

is a measure of the mismatch present.

In the following discussion, however, the output voltage has to be

considered in a slightly different way because, obviously, if Ri = 0,

Vi = 0. If the entire series resistance (including switch resistance and

series losses) in the discharging circuit is considered instead of only the

load resistance,

,
Rl Rp — Zn Rp — Zn

and
Rl + Rp + Zn Rp + Zn

1 + 7 1 + ^'

for Rl = 0

2 1 + k'7

The term F{ is still referred to as ‘‘output voltage,'^ even though it is not

possible to measure any such voltage across short-circuited output
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terminals. The voltage on the pulse-forming network just before the

switch is made conducting is given by

Vn = Ebb(l + 7)[1 — 7k' + (yK^y _ . .
. + (7Ac')”]

or, if equilibrium is reached,

Elhb

7.5

5.0

2.5

It is of interest to plot the network voltage for successive pulses for a

typical case in which a short circuit is suddenly applied to the output.

If it is assumed that 7 = 0.9 and
Ep/Zn = 0.10, or / = —0.82, Fig.

10*3 gives the ratio of the network

voltage to the power-supply volt-

age, for the first ten consecutive

pulses after application of the short

circuit, as well as the equilibrium

voltage that would be reached by
the network after a large num-
ber, n, of successive pulses on

a short-circuited load. After only

pulser with the short-circuited

0123456789 10 n
Number of pulses after

short-circuiting the load

Fig. 10-3.—Increase in network voltage
with a short circuit in the load when the

switch is unidirectional.

two consecutive operations of the

load, the network voltage is more than twice its normal value under
matched conditions, and after four such consecutive pulses, it is

very nearly three times its normal value. These conclusions may vary
slightly depending on the values of 7 and k', but the order of magnitude
stays the same, indicating how quickly voltages dangerous to the circuit

components can be reached if preventive measures are not taken.

The average pulser current taken from the power supply, given by
Eq. (9*19), is

/cav = - Vj) = frC^V^{l - IC').

Hence, for any given conditions of load mismatch, the power-supply

average current increases proportionally with the peak forward network
voltage. In practice, the power-supply output voltage, Ebb, must there-

fore decrease, since no d-c rectifier can be built with perfect regulation,

and the final network voltage is lower than the value indicated in Fig.

10*3. A complete analysis is outside the scope of this book, but the

interrelation of all the components in a pulser—from the power supply

to the load—^is important enough to be mentioned here.

Bidirectional Switches ,—When bidirectional switches are used, all

the energy stored in the pulse-forming network is dissipated in the

resistance Ep by a series of pulses of amplitudes
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VL = n = 0, 1, 2, 3,
• • •

II = ('cyV^,

and

PI = 1^(1 -

For practical values of k
'
(of the order of magnitude of —0.8 or less),

most of the energy in the pulse-forming network is generally dissipated in

less than ten consecutive reflections, the voltage left on the network after

fifteen to twenty reflections is only a few per cent of the maximum for-

ward voltage, and the switch usually begins to deionize at this time.

Since the total time interval required by ten to twenty reflections is, for

most radar pulsers, only one or two per cent of the charging period, the

current in the charging reactor at the end of this interval has not yet

reached a value which can prevent switch deionization, and the charging

cycle proceeds normally with almost zero initial charge on the network

capacitance. Hence, both the peak forward network voltage and the

average power-supply current have the same value for short-circuited

as for normal load operation. All the energy supplied by the power

supply, however, is now dissipated in the components of the pulser dis-

charging circuit, instead of in a load. The heating that results from the

additional losses in the components has caused the failure of enough pulse

transformers and networks to necessitate the introduction of protective

devices.

In conclusion, it can be said that the damage to pulser components

resulting from a short-circuited load is caused primarily by overvoltage

for unidirectional s^vitches, and by overheating for bidirectional switches.

The way in which the circuit components are protected against short

circuits in the load must depend on the type of switch. The final choice

of protective device in any practical pulser is determined partly by the

particular application for which it is designed. For instance, airborne

systems usually carry less protection than ground or ship pulsers in order

to keep the size and weight to a minimum. The frequency with which

faults in the load can be expected is also an important factor to consider.

Some magnetrons used in radar applications may have normally high

sparking rates, perhaps as high as one per few hundred pulses. The
protective device then becomes a circuit element, especially if the pulser

uses a unidirectional switch, and if the tendency of the load to spark is

enhanced by an increase in network power, as is usually the case. The

two methods of protection described below apply specifically to this

case. General protection by relays is discussed later.
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The Shunt Diode .—The overvoltage on the pulse-forming network at

tte end of the charging cycle immediately following a short circuit in

the load can be eliminated in several ways. One method would be to

insert a resistance Ri = in series with the load at the very instant at

which the load is short-circuited, thus preventing the appearance of

inverse voltage on the network. Although no practical solution has

been reached by this method, it is theoretically possible to achieve the

proposed result by connecting a saturating reactor or a nonlinear resist-

ance in series with the load. Another way in which the network-charg-

ing voltage may be kept constant is to remove the inverse voltage so

rapidly that its effect on the following charging cycle is negligible. If a

resistance Ri = Zn were connected

in parallel with the network at the

end of a short-circuited pulse, the

inverse voltage, Fj, would be re-

moved in a time r, and the charg-

ing cycle would proceed as if no

short circuit had occurred.

This procedure is closely approx-

imated by the shunt-diode circuit of

Fig. 10-4. In practice, however, it

has not been possible to obtain diodes

having internal resistances as low as the impedance of the pulse-forming

network. It is hoped that some day a gaseous-discharge diode that may
be used to great advantage in this position will be available. Most
diodes available at present have an internal resistance of about ten or

more times the network impedance, and additional series resistance

often has to be inserted in order to obtain satisfactory life for the diode.

Accordingly, the tilne constant for the discharge of the network capaci-

tance through the shunt diode becomes an appreciable fraction of the

charging period. The effectiveness of the diode is therefore impaired,

since an appreciable current may already be flowing in the charging reac-

tor at the time when the network voltage reaches zero.

The addition of a series inductance Ls in series with the shunt diode

offers advantages that can best be understood by simple physical con-

siderations. If a small inductance is used in series with a diode of zero

resistance, the inverse network voltage reverses rapidly because of

the resonant action of the shunt circuit. Since the losses are neglected,

the network is now charged to a voltage —k'Vn that is of the same polar-

ity as Ei^, but is greater than Ebb for values of ic' assumed previously

—0.8). Under these conditions, the network voltage at the end of

the first charging cycle following a short circuit in the load is given by

+ 7)(1 + yK'), and is smaller than Ebb if —/ > 1/(1 + 7). It is

Fig. 10-4.—Pulser with a shunt diode across

the network.
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therefore possible to reduce the output voltage for the pulse immediately
following a short circuit to a value much smaller than normal.

Since a pulser circuit that does not incorporate a shunt diode produces
an output voltage for the pulse immediately following a short circuit

which is much greater than normal, there must be a combination^ of

values of elements—including charg-

ing reactor, pulse-forming-network

capacitance, and shunt circuit—for

which the network voltage is main-

tained at its normal value after a

short circuit in the load.

The circuit behavior can best be

analyzed by considering Fig. 10*5,

in which the network is replaced

by its capacitance Cat, and the total

resistance in the diode circuit is Rs^

The effect of post-pulse inverse volt-

age on the network, produced by the

release of energy stored in the induct-

ances in parallel with the load, is neglected in the following analysis. The
equations for the circuit are

Lc + Rcic + J {ic + is) dt = Ehby

Ls + Rsis + y* {ic + is) dt = 0.

If resonant charging is assumed,

(^c)i*=0 ~ 0,

= 0
,

(yAr)f=o = Vj.

Fig. 10-5.—Equivalent circuit for the
analysis of the effectiveness of the shunt
diode.

Solving by the Laplace-transform method,

^
V (Ls^ - L. - - Ke -

_p LcL}iCnD{p)

{ ^ ^

Rc
,
Ebb 1 \

y ^ VjL^cJ
LsD{p)

1

Rs

Vsip) = Vj

is{p) = -Vj

Up) = (Eu - Vj)
^ ^ - VjLsCj,

LJ)(p)



428 PERFORMANCE OF LINE-TYPE PULSERS [Sec. 10'2

where

D(p) = p
RcLs *4“ LcRs

)p
^ ,

Lc Ls RcRsCn _ ,

Rc +^^5 ]
^ H f-f-n P +

LcLs r ' LJ.sC^ ^ LcLsCn]

The time functions VnU), tc(0, and is{t), corresponding to the trans-

forms above, assume different forms depending on the nature of the roots

of D{p) = 0. Let these roots be

Vi = 0
,

P2 = -a,

Pa = “6 -f- c,

and

Pi = -b - c,

where a and b are real positive numbers and c may be real, zero, or

imaginary. If c is real (aperiodic case), the time functions are of the

form
F(t) = A + Be--^ +

If c is zero (critically damped case),

F{t) = A + Be--^ + (C + D)e-^K

If c is imaginary (oscillatory case),

F(t) = A + Be~^^ + e~^^(C cos cot + D sin cot),

where A, B, C, and D are constants that depend on the initial conditions

and the values of the circuit elements, and may be evaluated from the

transforms given above.

The time ti at which the current is(t) reaches zero can be found, in

each particular case, by a series of trial values. After that time, the

circuit reduces to a single mesh containing Rc^ Lc, and Cn in series, idti)

and Vjv(L) being the initial values of current in the inductance and

voltage on the condenser, respectively. The expression for the network

voltage is then

VNr(t) = Ehb[i + sin ooit -f B cos coi^)],

where t is measured from the instant ti and
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The term iRc/2Lc)^ has been considered negligible compared with I/LcCn-

The time at which the network voltage reaches its maximum may be
obtained by differentiation,

1
, ,

Aoi\ — B(i\— tan“i j- p ^

0)1 Aa\ + i>o)i

and the maximum value of network voltage can thus be ascertained.

The expressions obtained are obviously too complex to allow general

conclusions to be drawn as to the optimum values of Rs and Ls for any
given value of VN{tm) which are desired. In order to keep the peak net-

work forward voltage after a short circuit the same as that obtained

after a normal pulse, the necessary condition is

^ aiir

sin OJitm + B cos COitm) = e 2Q = g£oi

The values of Rs and Ls enter into this expression only inasmuch as they

determine the initial conditions ic{ti) and A typical example is

treated more completely in the following section, when magnetron spark-

ing is considered.

Nonlinear Circuits .—Although nonlinear elements have not been

used to date to prevent the buildup of inverse voltage on the net-

work, they have been used to control the network-charging voltage

even though inverse voltage is present. One proposed system uses a

vacuum tube (triode or tetrode) connected from network to ground.

The grid bias is controlled by feedback from the pulser operation in such a

way that the tube is cut off for a normal pulse current, but is made con-

ducting during the charging period immediately following a short cir-

cuit. The charge is thus permitted to leak off the network. Another

suggestion was to increase the charging-circuit losses after a short circuit

in the load by inserting a tetrode

with a normally low resistance in

series with the charging reactor, and

with the grid biased by feedback

from the short-circuit current to

reduce the charging stepup ratio

during the following charging cycle.

The .use of thyrite was also

suggested, and computations and

tests proved the method satisfac-

tory when the tendency of the load

to become short-circuited was not

greatly affected by a power increase of 20 to 30 per cent. Since the

thyrite current characteristic is of the form i = it is connected in the

circuit as shown in Fig. 10-6 in order to obtain the highest possible volt-

Fig. 10-6.—Pulser using thyrite for net-

work-voltage control.
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age increase across it after short circuit. During normal operation, the

voltage across the thyrite never exceeds Ebb, but after a short circuit,

with the values considered in previous exam-
vyw pies, it reaches a value

V,- Eu - Vj, = £41 - *'(1 + y)] = 2.56£».
nnnnnnr' r-

j
lie ‘ Thyrite can be obtained for which the expo-

's o I nent n is 6 or more, in which case the initial

'^N current flowing through the thyrite after a

“T short circuit is about 250 times the maximum
' ^ current under normal conditions. Detailed

charging circuit of a puiser Computations Were earned out as explained

using thyrite for network- below, using the equivalent charging circuit
voltage control.

given in Fig. 10-7. Assuming negligible losses

in the charging reactor, and replacing the network by its capacitance

Cy, the equations for the circuit can be written

Fig. 10-7.—Equivalent
charging circuit of a puiser

using thyrite for network-
voltage control.

in the charging reactor,

Cn, the equations for the

Ebb — Vl Vffy

J. I di I di^^
^\-di - It)’

Vs ^ dtf

These equations can be combined into the following differential equation

— + h = 0

where

— kn 1^ Ebb^-K

h -
Pjbb

\^LcCn

The presence of in the equation necessitates a point-by-point inte-

gration, which was used to solve a specific problem. Resonant charging

was assumed, with Ebb — 7 kv, Le = 20 henrys, Cy = 3 X i0“^ farads,

Tr and the charging period = 2500 /^sec. For the thyrite characteristic,

values of k and n were chosen so that they had little effect during normal

c^ration, but a large effect when there was an inverse voltage on Cn*
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These values were /b = 1.1 X 10“^® and w = 6. For the initial conditions

corresponding to a spark after normal operation, the current through the

inductance is ii — = 0, and Vj^ = — I.SFat = — 0.75(2^n>). The
curve of Fjsr against t for this case

is shown in Fig. 10.8. The value
^

oi Vn Sit the end of the period is
2o / ^

2.2SEbbj or approximately 15 per ^
cent higher than the value for nor- 15 ^

y

mal operation. If a seconcj spark /
follows on the next pulse, the ini- 1.0

tial conditions are !

ii — H = 0.05 amp, /
determined from the previous cai- ® /

culations, and /
““ 05 yT

Vj = -0.75(2.28£;66) = -1.7lFiv. /- 1 .0 -/

Although Vj initially has a larger

inverse voltage for this case, the -1.5? —
, r XU 1 \ 0 500 1000 1500 2000 2500
slope of the curve is also greater, Time in Msec

and the entire curve of V^/ E^b Fig. 10-8.—Charging wave of a pulser

against t follows very closely that thyrite for network-voltage control
® . after a short circuit in the load.

of Fig. 10-8. The value of Fjv at

the end of the period is the same as that obtained in the previous compu-

tation, indicating that there is no further buildup of network voltage if

the short circuit in the load lasts for a large numrber of consecutive pulses.

These results were checked experimentally with a pulser having very

nearly the same characteristics as were used in the computation, and the

agreement was remarkably good. Obviously, the advantage of thyrite

appears mostly in systems where the charging period is long.

10‘3. Open Circuits and Protective Measures.—The discussion of the

effect of an open circuit can be divided into several examples, depending

on the connections from the output of the* pulser to the load, and on the

exact location of the fault. Assume first that a pulse transformer is

used, and that an open circuit takes place either in the secondary winding

or between the transformer and the load. The primary winding consti-

tutes a discharging path of very high impedance for the pulse-forming

network, and, since ^ most of the network voltage appears across

the open terminals. If no breakdown occurs in the pulse transformer or

in the output connection of the network because of this overvoltage

(which is usually about twice the normal operating voltage), the network

discharges slowly through the pulse-transformer shunt path as shown in

Fig. 10*9. Since the inductance Le is, in general, many times greater.
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thun the network inductance, the discharging circuit acts as a resonant

circuit of period

Td = ^ \/CnLc

if the effect of shunt and series resistance is neglected.

The circuit behavior then depends on the switch used and on the ratio

Td/Tr. If this ratio is large (about 0.1) and the switch is a hydrogen

thyratron, the current in the charging inductance may build up to a value

that can prevent thyratron deionization before

the network is completely discharged. The
power supply is then short-circuited by the

charging inductance. If the ratio Td/Tr is

small, the thyratron has time to deionize, but

a high inverse voltage Vj is left on the network.

The situation is then essentially the same as

that already discussed for a short circuit in

the load. If the svdtch is bidirectional, the

energy stored on the network is dissipated in

the pulser components, unless the duration

of the oscillations produced in the discharging circuit is long enough

to prevent deionization, in which case the power supply is again short-

circuited by the charging reactor. For a rotary-gap switch, the arc is

usually interBnpted by the increasing separation of the electrodes, but

both the voltage left on the network and the charging period are erratic,

resulting in a variable network voltage at the time of firing.

If no pulse transformer is used or the open circuit takes place in the

primary winding, the equivalent circuit is

given by Fig. 10- 10, in which the capacitance

C. represents all stray capacitances from the

anode of the switch to ground. If a triggered

switch is used, this capacitance is suddenly

discharged by the switch, and immediately

begins to recharge through the charging induct-

ance Lc. The charging period in this case is

usually so short, however, that the switch is

not able to deionize before the anode voltage

reaches a value high enough to maintain conduction. The switch there-

fore goes into continuous conduction and short-circuits the power supply

through the charging reactor. For a rotary-gap switch, the current may
again be interrupted by electrode separation, but at best the operation is

equivalent to a rapid succession of short circuits of short duration across

the power supply.

. One more special case may be considered, in which the open circuit

-Tpfn}—

Fig. 10- 10.—Equivalent
pulser circuit for an open cir-

cuit at the primary of the
pulse transformer. #

Fig. 10-9.—Equivalent
pulser circuit for an open cir-

cuit at the secondary of the

pulse transformer.
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takes place at the primary of the pulse transformer and a long cable con-

nects the pulser to the pulse transformer. The equivalent circuit is then
given by Fig. 10-11, where the cable is considered as a pulse-forming

network. The discharging circuit then consists of two pulse-forming

networks of the same impedance but different pulse durations, connected
in series, which are short-circuited by the switch when it operates. The
result is then again comparable to that obtained with a short-circuited

load.

Protection of Circuit Elements hy Relays ,—In line-type pulsers over-

current, undercurrent, and reverse current relays are used for the pro-

tection of circuit elements against load variations, as well as against the

possible failure of some of the elements themselves.

It has been shown that an open circuit in

the load often causes the switch tube to con-

duct continuously. The protective device

should therefore be an overload relay in the

power-supply circuit. For d-c charging, the

usual practice has been to connect a relay in

the ground return of the power supply, the

ijontacts opening the connections to the pri-

mary of the transformer. Undeicurrent relays

in the load are also used for this purpose.

In order to devise effective protection against short circuits in the

load it is necessary to consider the type of switch and the nature of the

circuit being used. If the switch is unidirectional and auxiliary circuits

are not included to prevent the buildup of network voltage after a short

circuit, the average power-supply current increases with the network

voltage and an overload relay in the grounded side of the power supply

will readily disconnect the primary power input. If bidirectional switches

are used, or if a shunt diode or similar system is used to maintain the net-

work voltage very nearly constant, the average pulser input current is

almost unchanged by the short circuit in the load. On the other hand,

the ratio of peak load currents for short-circuit and normal operation

usually does not exceed t^j/^o, and the increase in average load current is

large only if the short circuit in the load is unidirectional. Although

an overload relay in the load does not operate under certain conditions,

it was widely used as long as no better system was available. Protective

devices whose operation depends on reverse current have proved the

most satisfactory.

The first of these devices was designed specifically for use in pulsers

employing shunt diodes. As has been explained above, the ^hunt diode

does not normally conduct any current, but, when a short circuit occurs, it

carries the average pulser current. Some device for averaging the diode

,

—

PFN

1
Cable

Fig. j.0-11.—Equivalent
pulser circuit for an open cir-

cuit at the end of a long cable.
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current must, of course, be used; it can be either a thermal relay, or a

capacitance connected in parallel with a magnetic relay. The time con-

stants of the available magnetic relays and condensers cannot usually

be made long enough to delay the operation of the relay for more than

ten consecutive short-circuited pulses. Since such rapid action is not

necessary for protection of the components, thermal relays are generally

preferred. Relays are chosen that will operate either after one or two

seconds during which short circuits occur at every pulse, or when the

rate of sparking in the magnetron exceeds a predetermined limit for a

longer time. This limit is determined by the ratings of the shunt diode

and other circuit components. Experience with pulsers used in micro-

wave-radar applications indicates that the thermal relay should operate

when the load is short-circuited on 15 to 25 per cent of the pulses during

a 15- to 30-sec interval. It must be noted that the thermal relay operates

as a function of the effective, not the average,

value of the current, and that the ratio of these

values varies with the design of the shunt-

diode circuit. It must also be pointed out

that the relay in this position becomes less

effective if the cathode emission of the shunt

diode decreases.

The second type of reverse-current protec-

tion was designed specifically for a spark-gap

pulser, but is applicable to all pulsers using

bidirectional switches. It should not be used

in place .of the method described above because

its operation depends on a large peak reverse current, which is not obtained

with the shunt diodes available at present.

The principle of operation is as follows (See Fig. 10*12). The polar-

ity of the main pulse current flowing through the primary of the pulse

transformer T is such that, for normal pulses, the cathode of Ti is driven

positive with each pulse. Hence, the grid of is maintained at ground

potential, and a certain current normally flows through R. A pulse of

opposite polarity, however, drives the cathode of T\ and the grid of

negative, reducing the current through R. The resistance R can easily

be replaced by a relay, and the circuit constants made such that the relay

is de-energized when reverse current flows through the transformer for

one or several pulses.

The transformer T actually used in one radar system consists of a

small steel ring fitted at the cable connector in such a way that the pulse

current passes through the axis of the ring. One turn of wire is looped

around the ring, and the voltage generated is sufficient to operate the

protective device. Simplifications were introduced in the circuit of

diagram of a protective circuit

using reverse current.
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Fig. 10-12 by eliminating the plate-voltage supply; tube T2 then acts as a

grid-controlled rectifier, and the load consists of the relay bypassed by a

condenser. An auxiliary contact introduces an additional voltage on

the grid, which keeps the relay de-energized until a reset button is pushed.

This system of protection has proved very satisfactory.

PULSER PERFORMANCE WITH A MAGNETRON LOAD

10*4. Normal Operation of the Magnetron.—This section discusses

qualitatively the operation of a pulser with actual magnetron loads, and

attempts to point out the difference between operation with a magnetron

and with a perfect biased diode. Particular attention is paid to some of

the characteristics of the magnetron which may, under some conditions.

Fiq. 10-13.—Magnetron-input characteristics illustrated by V-I oscillograms.

make it an unstable device, and to some of the corrective methods which

have been used to improve the performance of the over-all transmitter.

The magnetron input characteristics can best be analyzed from a

study of the voltage-current characteristic curves. Some oscillograms of

such characteristics are given in Fig. 10-13, the time sequence of the

curves being given by OABCO. Any portion of the curve corresponding

to negative voltages is due to post-pulse backswing and need not be

considered here.

The part of the curve OA corresponds to the buildup of the voltage.

In general, only capacitance current is drawn by the magnetron during

this time, although leakage current may be present in some cases. The

time necessary for the voltage buildup is usually between 0.05 and 0.2

Msec, depending on the pulser characteristics. The portion AB corre-

sponds to the buildup of current in the magnetron. There is usually

little or no increase in voltage corresponding to the current buildup;

there may even be a slight decrease. The time necessary for current

buildup has not yet been measured very accurately, but it is always very

short and has been estimated to be as low as 5 X 10~® sec for some low-

voltage X-band magnetrons (2J42) . Point B corresponds to the so-called
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portion of the pulse, where both voltage and current remain con-

i^nt except for small oscillations.

From B to C both current and voltage decay at the end of the pulse,

the line BC giving the diode characteristic of the load, which has been

used before. Any slow variations of voltage and current, such as oscilla-

tions up to perhaps 10 Mc/sec, follow very nearly the same curve once

the magnetron is operating. Corrections may have to be made, however,

for the transit time between the plates of the cathode-ray tube or other

viewing-system defects at higher oscillation frequencies. The average

slope of this curve thus gives the dynamic resistance of the magnetron.

From C to 0, the voltage is gradually decreasing to zero, and again

capacitance current may cause the curve to deviate slightly from the

axis. This deviation is much smaller than that resulting from the volt-

Fig. 10*14.—Line-type pulser with a despiking -network.

age buildup, however, because of the much smaller rate of change of

voltage.

The assumption that the load acts as a biased diode does not hold

during the starting period of the pulse after the voltage has reached an

amplitude corresponding to C. It can be assumed, however, either that

the magnetron impedance is infinite until the voltage reaches a value A,

and then drops suddenly (in about 10~® sec) to the normal operating

value, or that during the buildup of oscillations, that is, from points 0
to B, the magnetron is a biased diode of nearly zero internal resistance.

The value of the voltage at A is, unfortunately, not constant, but

depends to some extent on the time required for the voltage to build up
to this value. Hence, no general analysis of the problem can be made.
It can be stated, however, t^at the sudden rush of current through the

load tends to produce unduly high oscillations by means of the shock

excitation of the LC-circuits in the pulse transformer connecting the pulser

to the load.

One satisfactory method of decreasing the resulting mismatch is to

introduce an J2C-circuit in parallel with the primary of the transformer,

as shown in Fig. 10*14. Its purpose is to minimize the spike that often

appears at the beginning of both voltage and current pulses because of
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the magnetron characteristics discussed above. If a unit function of

voltage is applied to the despiking network, its instantaneousrimpedance
as a function of time is given by

Zd =

The instantaneous impedance that the pulse transformer presents to a
unit voltage until the magnetron starts to oscillate is a complicated
function of time. A satisfactory approximation can be obtained, how-
ever, by reducing the pulse transformer to its leakage inductance and
distributed capacitance, Ll and Cd, respectively. Its instantaneous
impedance can then be expressed as

The effect of the despiking 2^C-cir-

cuit on the instantaneous output

impedance of the pulser can best be

seen by a graph such as that of Fig.

10T5. For the sake of uniformity,

the instantaneous output imped-

ances are referred to the network
impedance Zn, and the following

assumptions are made,

and

1 TT Fig. 10*15.—Instantaneous output im-
pedances of a pulser with a despiking RC
network.

The time scale can then be t/RdCdf and the impedance scale z/Zn. The
curve Zt/Zn- is the pulse-transformer instantaneous impedance, and

obviously starts at infinity. The resulting instantaneous mismatch

produces a reflection of voltage to the pulse-forming network through the

cable linking the pulser to the load, and further reflections at the network-

cable junction may produce undue oscillations in the load voltage.

The instantaneous impedance to which the pulser is connected

when a despiking JKC-circuit is used in parallel with the pulse-trans-

former primary is given by

I
Zi

- + -•
Zd Zt



438 PERFORMANCE OF LINE-TYPE PULSERS [Sec. lO f)

When the curves Z^/zd and Zn/zt are plotted and added graphically,

Zy/Zi is obtained. The reciprocal of Zy/zi is then taken, giving the

instantaneous impedance of the load for the constants used. It can

readily be seen that, for the particular example treated, the values of

Zi do not vary from Zy by more than 13 per cent for any time t < 2.75RdCd.

In practice, the magnetron usually starts to conduct before the current in

the leakage inductance of the pulse transformer has decreased to 70 per

cent of its peak value (corresponding to ^ = SRdCd in this scale). At

that time, the simplified equivalent circuit considered here is no longer

vahd, and matching of the load to the pulse-forming network is assured

by the magnetron itself.

This method of eliminating instantaneous mismatch has been used

extensively with very good results. It has the further advantage of

tending to decrease the voltage rate of rise at the magnetron before the

oscillations start, since the instantaneous voltage applied to the input of

the pulse transformer is given by

Vi = Vy
Zj

Zi + Zy

At the first instant, Vi = V

y

if no despiking circuit is used, and Vi = Vy/2
if a despiking circuit containing Rd — Zy is used. The disadvantage of

the despiking circuit is a power loss in the additional capacitance Cd,

which can be estimated by the method described in Sec. 7-3, and the

introduction of two additional elements in the pulser circuit.

10-6. Magnetron Mode-changing.—Some magnetrons, unfortunately,

do not always operate in the intended mode of oscillation once the voltage

is applied. The reasons are obviously outside the scope of this chapter, ^

but, since remedial measures can be introduced in the pulser to prevent

some magnetrons from selecting the wrong mode of oscillation, a brief

explanation of some possible mode-changing processes is given here. A
common type of mode change from pulse to pulse (called mode-skipping)

may be most readily understood by a study of the voltage-current charac-

teristics of a magnetron exhibiting such behavior. Figure 10* 16 shows
oscillograms of the voltage-current input to a magnetron that is skipping

modes. First, it may be noted that the operating characteristics of the

unwanted mode are such that the voltage is higher and the current lower

than the values corresponding to the normal mode of operation. Of
particular interest is the fact that mode selection is determined at the

very beginning of the current pulse. Looking at the voltage rise, it is

seen that, at a point corresponding to A of Fig. 10*13, the magnetron

current tends to increase, but succeeds in reaching the operating point

^ See Vol. 6, Chap. 8.
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only occasionally. In other cases, the voltage continues to increase until

the current starts to build up the oscillations in the unwanted mode.
For the purpose of this section, it is sufficient to say that a mode skip

can take place if the voltage applied to the magnetron is allowed to reach a
region in the V-I plot where the unwanted mode may start.

Obviously, if the voltage is never allowed to reach the region where
instability may develop, the problem of mode-skipping does not arise.

By increasing the voltage-rise time through the region where the magne-
tron starts in the desired mode to a value greater than the magnetron-
starting time, the voltage can be kept out of the region of instability.

(c) Idealized sketch; time
follows arrows; A is the
normal operating mode; B
is the unwanted mode.

Fig. 10 - 16 .
— V-I Characteristics of mode-skipping magnetron.

This condition alone is not necessarily sufficient, however, since the

magnetron-starting time itself may vary, depending on the voltage rate of

rise itself, and possibly on pulser circuit conditions.

The increase in voltage-rise time—or decrease in the rate of rise of

the voltage—can be accomplished, as explained before, by addition of a

despiking jKC-circuit in parallel wdth the pulse-transformer primary.

It can be achieved, however, more simply and directly by adding either

a capacitance in parallel with the magnetron (increasing Cd) or an

inductance in series with the pulse-forming network and the pulse trans-

former (increasing Lp). If the simplified pulse-transformer circuit is

considered, an increase in either of those quantities by the same per-

centage should have very nearly the same effect on the front edge of the

voltage pulse. Experimental results agree with this conclusion, but also

indicate that the tendency to skip modes is not always affected in the
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same way by a given decrease in rate of rise of voltage if this decrease is a

result of additional inductance rather than additional capacitance.

For the 2J42 magnetron, for example, a greater decrease in dv/dt is

necessary in order to bring about the same proportional reduction in

mode-skipping if an inductance is used. This result can be explained by
a consideration of the instantaneous impedance of the pulser output cir-

cuit and of the time necessary for current to build up in the magnetron,

which has been estimated to be as

low as 0.005 /isec for some of these

magnetrons.

Additional capacitance in par-

allel with the magnetron has two
effects: (1) it increases the maxi-

mum value of current in the leakage
() Z/ - 0. inductance of the pulse transformer,

and (2) it stores added energy in

parallel with the load. The com-

bined result is that a greater instan-

taneous current can be supplied to

the load. Additional inductance in

series with the pulse-transformer

() L = S^h. leakage inductance, on the other

hand, decreases the maximum in-

stantaneous current flowing through

that inductance. Hence, less cur-

rent is available to permit the mag-
netron to start in the desired mode,

and a very much larger decrease in

(c) L = voltage rate of rise is necessary be-

Fig. 10- 17.—Magnetron voltage and fore the tendency to skip modes
current pulses (lower and upper traces re- Up nnrrppfprl
spectively) showing the effect of series

correcteu.

inductance between the pulse transformer In practice, however, a capaci-
and the pulse-forming network. cannot always be chosen that

will correct for mode-skipping in magnetrons. The principal objection

to the use of a capacitance in the circuit is the resulting decrease in pulse

duration and efl&ciency. Series inductance generally tends to lengthen

the pulse duration and to decrease the efficiency by a smaller amount.

The amount of inductance used, however, must not be so large that the

shape of the current pulse deteriorates appreciably. Figure 10*17 is an

example chosen at random from many photographs showing the mag-
netron voltage and current pulses (lower and upper traces respectively)

as a function of added inductance. For all these pulse photographs,

Vi = 5.4 kv and Ii = 4.6 amp. The rate of rise of voltage was reduced

(6) L = 5Mh.
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(c) L — Id^ih.

Fig. 10* 17.—Magnetron voltage and
ciurent pulses (lower and upper traces re-

spectively) showing the effect of series

inductance between the pulse transformer
and the pulse-forming network.
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from 59 kv/fisec (Fig. 10*17a) to 46 kv//isec (Fig. 10176) by the addition

of a 5-Mh inductance in series with the network and pulse transformer,

and to 40 kv/^sec (Fig. 1017c) by a 15-/xh inductance. Actually, a
marked improvement in current pulse shape is observed between Figs.

10- 17a and 6 but the slope of the current in Fig. 10- 17c is detrimental

to the r-f spectrum.

Other types of mode changes may be possible in magnetrons. In

some cases the magnetron may be able to operate in an unwanted mode
that starts at a voltage lower than that of the desired mode. A possible

remedy may then be to decrease the time of rise of the voltage through

the starting region for the unwanted mode to a value lower than the start-

ing time for that mode by increasing the number of sections in the pulse-

forming network and reducing the leakage inductance and distributed

capacitance of the pulse transformer. Finally, mode-shifting—or a

change in operating mode during a pulse—may occur. In general, little

can be done to the pulser to prevent this behavior.

10*6. Magnetron Sparking.—Sparking difficulties have occurred fre-

quently in the magnetrons used in radar systems,^ principally because of

the war-imposed necessity of rating the operating point of the tubes with

an insufficient factor of safety. The following discussion summarizes

the present knowledge of the cifect of line-type-pulser characteristics on

magnetron sparking, as well as the effect of magnetron sparking on pulser

operation. The experimental study of the causes and effects of sparking

has been conducted primarily on a statistical basis. Some pictures of

individual current and voltage pulses during sparking ^re shown in

Fig. 10-18. These records were taken on a rapidly moving film in order

to obtain the desired separation between pulses, and the blur in the

pictures is caused by the persistence of the fluorescent screen of the

cathode-ray tube. Figure 10- 18a shows a series of voltage pulses from a

medium-power magnetron. Fig. 10-186 shows current pulses on the same

magnetron, and Fig. 10- 18c current pulses on a high-power magnetron.

The line drawings in Fig. 10-19 show schematically the conditions occur-

ring in a few of the oscillograms of Fig. 10-18. The immediate conclu-

sions that can be drawn from observation of the individual pulse pictures

are:

1. Sparks may take place at any time during the pulse.

2. A spark can be initiated in several ways, corresponding in some

cases to a rapid ncrease in current to almost twice the normal

value, and in some cases to a reasonably slow breakdown of voltage

and increase in pulse current.

1 See Vol. 6, Chap. 12.
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3. After the spark is initiated, it can have the character of an arc

(as indicated by pictures in which the voltage stays very nearly

zero), or it can show unstable characteristics, possibly caused by
oscillations in the external circuit. These characteristics are shown

by pictures in which the voltage trace at the zero axis is broken,

indicating temporary high potentials between anode and cathode

after which the spark again breaks down the cathode-anode space.

(a) Voltage pulses, 4J52 (6) Current pulses, 4J52 (c) Current pulses, HK7
magnetron. magnetron. magnetron.

Fig. IQ* 18 .—Oscillograms showing the effect of magnetron sparking on voltage and
current pulse shapes. The first trace in each series is a normal pulse.

There are many causes for the initiation of a spark in the magnetron,

as evidenced by oscillograms similar to those shown here. In some cases,

the spark is presumably caused by bursts of gas in the magnetron. A
very high percentage of sparks occurs in some tubes during pulses when
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the magnetron is operating in an unwanted mode at a higher voltage and
a lower current than the normal values. In other cases, sparking is

presumably associated with cathode fatigue during the pulse many
photographs of individual voltage traces indicate that the current

decreases and the voltage rises slowly (in a few tenths of a /xsec) to a

value that is 10 to 20 per cent greater than normal before the tube

breaks down.

The assumptions made in the study of the effects of sparks on pulser

operation should cover a wide range of possibilities. The variable nature

of the sparks—from an almost perfect short circuit to a very nearly

normal pulse—result in values of k (the mismatch coefficient) ranging

from — 1 to 0, if the losses in the circuit are

neglected.

For pulsers using bidirectional switches,

the protective systems described in Sec. 10*3

are satisfactory; for pulsers using unidirec-

tional switches, a diode circuit in parallel with

the pulse-forming network has proved to be

particularly effective. The effectiveness of

the shunt-diode circuit depends to a certain

extent, however, on the value of /t. A typi-

cal example has been worked out using the

general method outlined in Sec. 10*2, and the

most significant results are given in Figs.

10-20, 10-21, and 10-22.^ The circuit con-

stants are those of a medium-power airborne pulser, rated at 200-kw pulse-

power input to a 4J52 magnetron, with pulse durations ranging from 0.25

to 5.4 /xsec. Since sparking was most prevalent for the long pulses, the

following values of parameters were used:

Charging inductance Lc = 16 henrys,

Charging circuit Q = 15,

Network capacitance Cn — 0.0525 /xf.
^

For the study, a range of values were considered for the shunt-diode

circuit. Figure 10-20 shows some typical charging waves for normal

operation and after a spark (k = —0.8) for several values of the shunt-

diode circuit parameters Fig. 10*20a shows the first part of the charging

wave on an expanded time scale. Figure 10*21 gives the percentage

increase of network voltage over its normal value as a function of the

mismatch coeflicient for several combinations of series inductance and

1 Volume 6, Chap. 12.

*0. T. Fundingsland and Anna Walter, ** Analysis of Line Modulator Behavior

with a Sparking Magnetron Load,’' RL Report No. 765, Aug. 10, 1945.

ni—If

Sparkmg-
magnetron
voltage

(a) Voltage pulse.

Sparking-
magnetron
current

(b) Current pulse.

Fig. 10*19.—Schematic
representation of the pulse

shapes of Fig. 10*18.
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resistance in the diode circuit. At first glance, the circuits containing

inductance seem highly preferable because they maintain the network

voltage nearer to the normal value, and can be designed to produce a

reduction in this voltage.

Fig. 10-20.—Computed charging waves for normal and sparking operation of the load.

Circuit constants: Le = 16 henrys, Rc = 1200 ohms, Q = 15, Cv = 0.0525/xf. Curve (1):

Normal operation, k = 0. Curve (2): Sparking operation, k = —0.8, no shunt diode

circuit {Rs — <»). Curves (3) and (3a): Sparking operation, k = —0.8, Rs = 2000 ohms,
Ls — 0. Curves (4) and (4a): Sparking operation, k = —0.8, Rs = 700 ohms. La = 45
rnh.

If an RL-circuit is used to obtain negative regulation (that is, a

decrease in the network voltage from normal after a spark), the instan-

taneous power-supply regulation may be such that the second pulse

following the spark is higher than normal, and the advantage of the good

initial regulation is thus lost. This high pulse occurs because the current

drain from the power supply is smaller during the charging period that

produces a network voltage smaller than normal, and thus leaves a higher
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voltage on the power-supply filter condenser. Th§ following charging

cycle therefore produces a correspondingly higher voltage on the network.

Some sample curves of mag-
netron sparking rates versus pulse

current are given later. Over the

range of currents studied, they

are of the general form

S = + K,

where S is the number of sparks

per unit time, h is the pulse cur-

rent, and A:, X, and K are constants

that depend on the magnetron and

the pulser circuit. Then dS/dh
= If the increase in spark-

ing as a function of pulse current

is large for the normal value of

pulse current considered, every effort should be made to keep the network

voltage as nearly constant as possible, lest an accidental spark should

initiate a long burst of sparks. If dS/dli is small, the chances of an

/2i=1600 ohms
L3=0

i2g=1000 ohms

iJ«=1600ohms

Ls=50mh

Rg^lSOO ohms

Ls=75 mh

1600 ohms
100 mh

Fig. 10-21.—Percentage increase of net-
work voltage over its normal value as a
function of the mismatch coefficient for

several combinations of series inductance
and resistance in the diode circuit.

0 100 200 300

t in M sec

Fig. 10*22.—Diode currents for different values of the shunt-circuit constants.

accidental spark starting a series are minimized even though the current

on the next pulse may be higher than normal, and the network-voltage

regulation need not be ^as good as in the first case.
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Another item to J^e considered is the peak current in the shunt diode.

Figure 10*22 shows the diode currents for the shunt-circuit constants

considered and for k = —0.8. It is seen here that the peak currents in

diode circuits using series inductance are much smaller. Finally, some
consideration must be given to the switch-tube deionization. As
explained in Chap. 8, it may be helpful to maintain some inverse voltage

on the plate of a thyratron for some
the case, the time constant of the

50 60 70 80 90
Current in amp

Fig. 10-23.—Sparking rate vs, cur-
rent for variable pulse durations. In
all cases, dv/dt = 200 kv//isec at 60
amp.

time after the pulse. When such is

shunt-diode circuit must not be so

50 60 70 80 90
Current in amp

Fig. 10-24.—Sparking rate vs. current for

different networks of identical pulse duration
and variable dv/dt.

Network 1: dv/dt = 307 kv/jusec at 70 amp.
Network 2; dv/dt = 252 kv/fxsec at 70 amp.
Network 3: dv/dt = 208 kv/^tsec at 70 amp.
Network 4: dv/dt =175 kv//xsec at 70 amp.

short that the normal inverse voltage is removed before the thyratron is

completely deionized, lest continuous conduction result.

The effect of the pulser circuit on the magnetron sparking rate in a

particular case was studied experimentally by means of electronic spark

counters, and by varying the pulser parameters one by one whenever
possible. The most reliable data have been obtained on high-power

S-band magnetrons, ^ and the results, insofar as they may affect pulser

design, are given in Figs. 10-23, 10-24, and 10-25. An exponential curve

fits the data obtained for sparking rate as a function of pulse current.

It can also be seen that an increase in pulse duration and an increase in

rate of rise of voltage both increase the sparking rate. In general, the

^ H. L. Rehkopf and R. E. Nysewander, “Sparking of HK7 Magnetrons as a Func-

tion of Pulse Forming Network,” RL Internal Report 51-0/24/45.
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pulse duration and the pulse current are determined by the system
requirements, and the designer of the pulser for the system has little or no
control over these quantities. Changes in voltage rate of rise may be
introduced, however, as long as the pulse shape is not affected to the

extent that the r-f spectrum becomes unacceptable. For this particular

magnetron, the sparking rate can be reduced by a factor of 10 if the rate

of rise of voltage at the magnetron is decreased from 300 to 200 kv/zisec.

Some magnetrons, however, tend to operate in a high-voltage mode if

the rate of rise of voltage is low, and, as has been indicated, the change in

mode is often accompanied by sparking. The possible result is indicated

180 200 220 240 260 280 300
Rate of rise of voltage in kv//i sec

Fig. 10*25.—Sparking rate vs. rat^

of rise of voltage for several pulse cur-

rents at r = 1.89)usec.

Fig. 10*26.—Sparking rate vs. rate of

rise of voltage (average of six 4J52 magne-
trons) .

by Fig. 10-26, which shows the average trend of sparking rate for six

medium-power X-band magnetrons (4J52) as a function of rate of rise of

voltage at a constant pulse duration and pulse current. It is seen, in

this case, that the value of dv/dt cannot be decreased indiscriminately in

order to minimize sparking.

If the rate of rise of voltage is decreased by connecting a capacitance in

parallel with the magnetron, the sparking rate may be increased instead

of decreased, presumably because of cathode phenomena in the magne-

tron. For normal operation of a line-type pulser the short-circuit cur-

rent does not exceed twice normal value, but, if a capacitance is connected

across the magnetron terminals, the instantaneous current produced by

the discharge of that capacitance when a spark occurs may be many

times the normal current. This high current may, in turn, damage the

cathode to a point where the probability of a spark occurring on the

following pulse is much greater than normal, resulting in a long burst of

sparks.



CHAPTER 11

PARTICULAR APPLICATIONS

By R. S. Stanton, J. V. Lebacqz, L. G. Kersta, and H. J. White

11*1. A High-power Rotary-gap Pulser.^—Early in 1942 there was a

need for a pulser that would be simple, compact, and rugged, and would

have a pulse-power output as high as 3 Mw. The high-power hard-tube

pulsers did not fulfill this need because of their large size and necessarily

complicated design. Line-type pulsers using d-c charging were in limited

use by this time, but although their design was simpler they required a

rectified high-voltage supply. The simplest conceivable pulser consists

of a source of alternating current, a transformer, and a rotary spark

Pulse-forming network
Pulse

transformer

r J
o
o
c

i Rotary
o
o
o 1 <c

e spark gap
i;

o
o

Fig. 11*1.—Schematic diagram of a high-power line-type pulser using a rotary-spark-gap
switch and a-c resonant charging.

gap. The secondary of the transfornafer supplies a voltage equal to

the desired charging voltage on the condensers of a pulse-forming net-

work, and the rotary spark gap is synchronized with the supply frequency

and phased so as to discharge the pulse-forming network into the load

at the end of each full charging cycle, as discussed in Sec. 9-4. The
source of alternating current is a motor-generator because commercial

supply frequencies are not high enough to give the required pulse recur-

rence frequencies for most radar applications. When a special generator

is used as the source, the obvious method of synchronizing the rotary gap

is to mount the rotor on an extension of the generator shaft. Higher

eflSciency and less amplitude jitter can be obtained by the addition of an

inductance in series to make the charging circuit resonant at the supply

frequency. In practice, the charging inductance Lc is built into the

transformer as leakage inductance. The basic circuit of this pulser is

shown in Fig. IIT.

Design ,—The following specific requirements were set up for this

pulser:

1 By R. S. Stanton.

448
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Pulse power output: 3 Mw.
Pulse duration: 0.9 /xsec.

Recurrence frequency: 400 pps.

Load impedance: 50 ohms.

Supply voltage: 220 volts, 3 phase, 60 cycles/sec.

The quantities important to the pulser design are obtained from these

requirements and from the relationships between the various pulser param-
eters that are developed in the preceeding chapters.

The pulse voltage for a 50-ohm load is

Vi = VpIZi = V3 X 10® X 50 = 12.3 kv,

where Pi is the pulse-power output and Zi is the load impedance. When
the network impedance is equal to 50 ohms, the total capacitance of the

netv/ork becomes

Cat =^ = 0.009 Mf,

and the network voltage is

4
'4P,Zi

fid

/4 X 3 X 10« X 50

"V 0.85
26.5 kv,

where rid, the efficiency of the discharging circuit, is assumed to be 85

per cent. The average power taken from the network is given by

Pn
Ptrfr _ 3 X 10« X 0.9 X 10-® X 400

na 0.85
» 1260 watts.

Choosing full-cycle charging (n = 2, <p = 90°), the secondary voltage of

the charging transformer, from Eq. (9.66), is

E,brwB

Vn

V2

Q(1 - 6 20)

For an assumed value of Q = 12,

0.707 X 26.5 X 10’
Eibtma = 6.8 kv,

12(1 - e

and the current in the transformer secondary, obtained from Eq. (9.94),

ICrvoa

mrCNEi^a

IS
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where Eh is the peak applied voltage. For this example,

^ „ 7r(0.009 X 10-0) \/2(6.8 X 10*)(27r X 400) _ ^ „„„
*cnn8 ~ 7

= ~ u.i&oO amp,
v6

so

Ebr^ X /«rn» » 1940 volt-amp.

The average current is obtained from Eq. (9.95)

;

Ic. « O.UC^EbcOa « 0.097 amp.

The charging inductance is given by

Lc =
1

CnO^I

1

(0.009 X 10-«)(27r X 400)2
17.4 henrys.

Although this value is the total necessary inductance, the source induct-

ance, transformed by the square of the transformer turns ratio, must be

Fig. 11-2.—High-power line-type pulser of Fig. Il l, side view.

considered when designing the transformer because it supplies an appreci-

able part of this total. In this high-power pulser, the source inductance
is approximately 0.001 henry, and the equivalent secondary inductance
is about 3.5 henrys. With the usual circuit Q, the value of the resonating

inductance is not critical, and it can vary ± 5 per cent without seriously

affecting the operation.

Description .—The motor-generator and rotary gap are mounted on
vibration-absorbing mounts in a small framework. The contactor box
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that houses the control apparatus and the oil tank enclosing the a-c

resonant transformer and pulse-forming network are mounted on top of

this frame directly over the motor-generator. Except for phase adjust-

ment the pulser is adjusted by remote control, and meters are provided to

measure the generator voltage, oscillator average current, and operating

time.

The power level is adjusted by a variac in the control box, which varies

the generator-field excitation. Over a small range the power output can

be controlled entirely by this variac, but, if a large change in output power

is required, it is also necessary to rephase the rotary gap by means of a

knurled knob on the side of the gap housing.

The complete pulser, which weighs approximately 700 lb, is shown in

Fig. 1T2. Figures 11*3 and 11*4 are photographs of some of the pulser

Fig. 11-3.—Contactor box for the high-

power pulser, top view.

components. Figure 1T5 is a complete schematic diagram showing both

pulser circuits and control.^

Performance .—Typical performance data^ for this pulser are given

in Table IIT with a magnetron load and a pulse transformer having a

turns ratio of 3/1.

When operating under the proper conditions, the inaccuracy in pulse-

timing that results from the use of the rotary spark gap normally amounts

to ± 25 /isec. An additional winding on the pulse transformer supplies

a trigger pulse for self-synchronous operation of the radar system.

The normal shape of the voltage pulse delivered to a magnetron

through the pulse transformer and a 50-ohm pulse cable is shown in

iP. C. Pettier, 'Tnstruction Manual for Model 6 Modulator,'' RL Report No.

M-153, Feb. 18, 1944.

2P. C. Pettier, ''Model 6 Modulator Performance Tests," RL Report No. 549,

Apr. 22, 1944.
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Table 11-1.

—

Typical Performance Data for a High-power Rotary-gap Pulser

Test

No.

Sup-

ply-line

power

Generator

output

Pulse-forming

network
Magnetron input

Ps, Vo, P‘, Fn, p>^, V,, ^ l&vt Yl • Ila,yj Pt,

watts volts watts kv watts kv ma watts Mw

1 1225 68 535 15.5 505 25.8 12.3 '313 0.99
2 1680 85 855 19.4 762 28.9 18.0 520 1.53

3 2090 98.5 1135 21.9 1010 31.8 22.4 712 2.11

Test

Pulser efficiency

Over-all pulser efficiency

from motor generator to

magnetron

No.

X 100,

per cent
X 100, per cent

59 26

62 31

3 63 34

Fig. 11-6. The pulse rate of rise is too steep for certain magnetrons and

causes mode-changing. In these cases, pulse shape is usually modified

by means of ^Mespiking’’ compo-

nents in the output circuit. A typi-

cal circuit for this purpose consists

of a 12-mh inductance in series with

the output (at the input to the pulse

cable) and a IfiOO-M/xf capacitance in

series with a 50-ohm noninductive

resistance connected in parallel with

the primary of the pulse transformer.

A better solution would be to sub-

stitute a network that was designed

to deliver a pulse to fit the particular

type of magnetron used, but this

procedure rs usually impractical in a general-purpose pulser.

This high-voltage rotary-gap pulser has been used extensively for

component development, life-testing, and magnetron-seasoning. For

these uses no alterations were necessary except a modification of the out-

put pulse shape in order to adapt it to particular magnetrons. This

Fig. 11-6.—Voltage-pulse shape from
the high-power pulser of Fig. 11*1, A is

90 per cent of the average pulse ampli-

tude, B is the average pulse amplitude.
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pulse generator also served as the system field-test pulser for several of

the modern ground-based microwave-radar systems.

11*2. A High-power Airborne Pulser.^—The pulser described in this

section^ was designed to supply a pulse power of 600 to a4J50 magne-

tron at a duty ratio of 0.1 per cent. Since the pulser was intended for

airborne use, it was imperative to keep the weight and size of the package

as small as was compatible with a reasonable operating life, and it was

also necessary to provide an airtight housing, which introduced additional

elements to be considered in the design. Accordingly, in addition to

electrical design and performance, the following discussion includes a

brief outline of mechanical design with particular reference to the prob-

lems of heat dissipation. The completed pulser weighed less than 100 lb

and had an over-all efficiency (including blower and control circuits)

of about 40 per cent.

Electrical Design Requirements.—The specific requirements for this

pulser were as follows:

Pulse-power output at full-power operation : 600 kw (22 kv at 27 amp).

Pulse-power output at reduced power (starting) : 400 kw (21 kv at 19

amp).

Pulse durations: 0.5 and 2.5 ^sec.

Recurrence frequencies : 2000 and 400 pps.

Supply voltages: 115 v at 400 to 2400 cycles/sec and 24 v d-c.

The requirements of multiple values of pulse duration, recurrence

frequency, and pulse-power output made it necessary to use the most

flexible circuit possible. Accordingly, d-c inductance charging with a

hold-off diode and a hydrogen-thyratron switch was chosen. A pulse-

forming-network impedance of 50 ohms was adopted.

Voltage on the Pulse-forming Network and Switch.—If the discharging

efficiency, rjdj is assumed to be 75 per cent, the peak forward pulse-form-

ing-network voltage is given by

Since this value is well within the specifications of the 5C22 hydrogen

thyratron, this tube was then selected as the switch.

Network Capacitance.—The approximate network capacitance is

given by

1 By J. V. Lebacqz.
2 S. Siegel, A. P, Kruper, and H. L. Glick, Westinghouse Research Report SR-316,

Nov. 1, 1945.
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For the O.S-jusec pulse,

Ck, = = 5000 ^4,

and for the 2.5-Msec pulse,

Cn, = 25,000 iifit

Charging Inductance .—In order to insure the best operation of the

•5C22 at 2000 pps, nearly resonant charging should be achieved. Then

fr — I/tt '\/LcC and

^
tTtCn, ~ 10 X 4 X 5 X 10-*

"" ^ henrys,

which is the value of charging inductance used in this pulser.

Shunt-diode Circuit .—In order to maintain a constant peak forward

voltage on the network after an accidental short circuit in the load, it is

necessary to dissipate the inverse voltage left on the network after such a

short circuit as rapidly as possible by means of a shunt-diode circuit across

the network. For maximum effectiveness, the time constant of the net-

work capacitance and resistance of the shunt circuit should be as small as

possible compared with the charging period. Since most magnetron

sparking takes place with long pulses, the charging period to be considered

is

Tc = TT \/LcCnz « 1100 /isec.

In general, the diode circuit proves reasonably effective if its time

constant is about 1 per cent of the charging period. Then

RsC^, = 11 X 10-^

^ 11 X io-« ,

^ 25 X 10-" ~

A resistance of this value can be obtained by using two 3B26^s in parallel,

each in series with a 500-ohm resistance.* The maximum ratings of the

tubes are not exceeded because, for the peak inverse voltage of 13 kv

(rating =15 kv), the peak current after a complete short circuit is

i 13000/900 = 7.2 amp, and decreases in 5 /xsec to less than 4.5 amp
(rating = 8 amp). For a continuous short circuit only the rating for

plate dissipation is exceeded. This excess dissipation can be corrected

by the protective relay discussed later.

Power Supply .—The power supply was designed as a standard full-

wave rectifier with a choke input filter to minimize the effect of the input-

voltage waveform on the pulser output. The d-c voltage required for

normal operation can be arrived at by the use of an estimated charging
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ratio; 1.85 was chosen. Then

Ehb =

For starting,

Vn ^ 12.6

1.85 1.85
= 6.8 kv.

^ 2 /50 X 0.4 ^ ^

1.85 \ 0.75

The average current from the power supply is approximately

Pi 600

r,d X Vc 6800 X 0.75 X 0.925
= 126 ma,

or

/cav = CNV^fr = 5 X 2000 X 12.6 X 10-« = 126 ma.

A total of eight output voltages was provided, in two groups of four.

Each group was given by two taps connected near one end of the primary

winding to allow for the change from low (starting) to high (running)

power. For each operating power level, four adjustments were provided

over a voltage range of approximately ± 5 per cent in order to accommodate
possible variations in the 4J50 input requirements from tube to tube, as

well as to compensate easily for changes in input-voltage waveform.

No particular difficulties were encountered with the power supply,

with the possible exception of the filter inductance. Because of the

waveforms supplied by aircraft generators, the peak voltage across the

inductance was, for some conditions, greater than 1.5 times the expected

value for a sinusoidal voltage. Both the insulation stresses and the core

loss were therefore increased, and the design required special care.

Hold-off Diode .—The maximum expected peak current through the

charging circuit occurs for the long pulse duration and is given approxi-

mately by

« \/2 X 126 X « 400' ma.

Since the 705A diode satisfies both the peak- and average-current require-

ments in addition to the voltage requirement for the hold-off diode, it was

used in this position as well as in the rectifier.

Pulse-duration Switching .—When the pulse duration is changed, it is

necessary to shut off the high-voltage supply for a short time before,

during, and after the switching operation in order to prevent the buildup

of excessive voltage on the network and to*eliminate sparking at the

switch contacts. In this particular instance, two auxiliary relays (Kb

and Kt) actuate the main connector relays K2 and K3 as well as the

high-voltage network switch (K7), designed especially on a Rototrol

mechanism. (See Fig. 11*7.) The main power supply is cut off before
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the pulse duration is changed, and the power is restored as soon as the
high-voltage switch is again in operating position.

Protection .—Protection against short circuits in the load is normally
achieved by the shunt-diode circuit, which prevents dangerous overvolt-

ing of any pulser component and keeps the average current very nearly

constant. For prolonged short circuits, it is desirable either to turn off

the pulser, or at least to change its output from high to low power. Since

the largest current change resulting from a fault occurs in the shunt-

diode circuit, a protective relay is introduced in this circuit. A thermal

relay {TKi of Fig. 11*7) was selected for this function because of its

long operating delay. The relay chosen in this particular case operates

in approximately one second in case of a short circuit in the load (see

Sec. 10-3), but takes five seconds to return to its normal position. The
resultant decrease in the average plate dissipation in the diode to one

sixth of the expected value enables the 3B26 to be operated within ratings.

The pulser components are protected against the effects of an open

circuit in the load, or a short circuit across the power supply caused by a

fault in the pulser, by means of an overload relay (K4 in Fig. 1T7).

This relay is of the flapper’^ type, and releases when the high voltage is

shut off. When the trouble condition is continuous, final protection is

assured by overloading the fuses through the resistance Ri.

Trigger Amplifier .—The trigger pulse supplied by the radar system to

the pulser may vary in amplitude from 7 to 150 volts, and in duration

from 0.5 to 10 /xsec. Because of the trigger and bias requirements of the

5C22 hydrogen thyratron, a special power supply was needed for its grid

circuit. The trigger amplifier is shown in Fig. 11-7. A double triode is

used, one half of which serves as an amplifier and limiter, and the other

half as the tube in a regenerative pulser. The trigger pulse for the 5C22

is obtained from the cathode-follower output from the regenerative pulser

tube.

Insulation .—^All magnetic components used in this pulser have been

designed with Fosterite insulation in order to reduce their weight to a

minimum and to enable operation at ambient temperatures higher than

those that standard equipment would normally ^vithstand. Results so

far have been very satisfactory. It was also desired to use diaplex as

network insulation to further reduce the weight. Because of corona

difficulties occurring at the operating-voltage levels, a satisfactory diaplex

network was not available, and a network with oil-impregnated paper

insulation was used instead. By careful location of the network in the

air flow, it was possible to reduce its temperature rise and thus insure

satisfactory life.

The complete wiring diagrams of the pulser and its control box are

given in Fig. 1T7.
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Mechanical Design and Dissipation of Heat .—A preliminary study and
estimates of efficiency indicated that the pulser components could prob-
ably be contained in a cylinder less than 15 in. in diameter and 17 in.

long, but that the total losses would be 600 to 700 watts. Hence, the

ultimate size of the pulser might be determined by temperature-rise

considerations and heat transfer through the airtight container. Cooling
studies give heat-transfer coefficients of 6 milliwatts per square inch per

degree centigrade for turbulent (low-velocity) air on either side of the

container, and about 16.8 milliwatts for high-velocity air.‘

If a value of 95°C is assumed for the maximum air temperature in the

container, the maximum temperature rise allowable is 24°C above the

Fig. 11-8.—Interior view of the
corrugated can. {Courtesy of the

Westinghouse Research Laboratories.)

Fig. 11 '9.—Outside view of the com-
pleted can showing mounting rings and shock
mounts. {Courtesy of the Westinghouse Re-
search Laboratories.)

value of 71.1°C specified as the ambient operating temperature. Then,

the required cooling area for the best conditions of heat transfer is

Area = 700

16.8 X 24
1750 in.2

In order to obtain a high-velocity air flow along the entire area of the

airtight can, a triple-walled can is necessary. A tentative design, based

on the estimated size of the pulser components size and of the axial-flow

blower, gave an area of about 1200 in.^ for the center (airtight) can. By
forming the cylinder out of a corrugated sheet rather than a smooth sheet,

it was possible to increase the total cooling area to about 1750 in.^ with-

out increasing the outside dimensions of the unit; furthermore, the

mechanical rigidity was increased. Figures 1T8 and 1T9 show the air-

tight corrugated can alone, and mounted with the jackets that assure a

1 A. E. Vershbow and E. L. Czapek “Cooling of Pressure Tight Containers,'^ RL
Report No. 462, Mar. 14, 1944.
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high-velocity flow of air along the corrugations, and Fig. 11-10 gives a com-

parison of cooling efficiency between plain and corrugated cans. The tem-

perature rise is higher here than expected because the correct blowers were

not available for tests, causing a

decrease in air velocity from 2500

to 1500 ft/min for the outside air.

Chassis.—The pulser compo-

nents are mounted on a T-shaped

chassis welded to the circular-front

pressure plate; channel-shaped

sections serve as reinforcement

and runners for sliding on the

guides of the inner can. The loca-

tion of components on the chassis

has been chosen with regard to

weight distribution, short connec-

tions, and the elimination of

electrical noise. Most heavycom-
ponents are located near the front

plate in order to relieve strains on the chassis, the parts have been grouped

by functions, and the noisy elements of the pulse-forming circuit have .

been kept in a section by themselves.

Fig. ll'll.—Top view of the chassis. {Courtesy of the Westinghouse Research Laboratories.)

Relays, tap switches, and line noise filters for all power leads are con-

tained in a relay box on the front of the pressure plate, and the line filters

are mounted on a partition that provides a completely shielded input

compartment for the control-box connector. Separate shielded cables

Fig. 11*10.—Comparison of the heat
dissipation of a plain-wall cSin versus that of

a corrugated-wall, can. {Courtesy of the

Westinghouse Research Laboratories.)
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are provided for both input and output trigger pulses, and a special pulse-

cable connector is also used. Figures 1111 and 11-12 show the nHAjarig

Fig. 11*12.—Bottom view of the chassis. {Courtesy of the Westinghouse Research
Laboratories»)

Fig. 11*13.—View of the chassis partially slid into the can. {Courtesy of the Westinghouse

Research LaboraJtories.)

layout, and Fig. 11*13 shows a general view of the pulser with the cover

partly removed.

Performance ,—Some data covering electrical performance are given

in Table 11*2, corresponding to several taps on the input transformer for
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both short and long pulses. Measurements applying to all cases

are:

1. Short pulse. Recurrence frequency = 2000 pps. Pulse duration

= 0.43 Msec, measured at half amplitude of magnetron current

pulse.

2. Long pulse. Recurrence frequency = 400 pps. Pulse duration

= 2.4 Msec, measured at half amplitude of magnetron current

pulse.

The tabulated magnetron input voltage in Table 11*2 has been obtained

by plotting an average V-I characteristic from the actual data, and cor-

recting the voltage readings to make the points follow a smooth curve.

In no case was the correction greater than 2.5 per cent, which is a reason-

able error for voltage measurements with a capacitance divider.

Table 11*2.—Performance Data for High-power Airborne Pulser

Trans-

former tap

A-c

input

Input to pulser

circuit
Magnetron input

Pulser-cir-

cuit efficiency

^ X 100,

per cent

power

Ps,

watts
Ehb,

kv
1Cftvi

ma
Pi,

watts

h,
amp

Vi,

kv
Pi,

I

kw
Pla.w^

watts

Short pulse

1 710 5.20 86 446 17.0 20.6 350 300 68

3 .
780 5.56 92 511 20.6 21.2 435 375 73

5 950 6.30 105 660 24.3 i 21.8 530 455 69

6 1000 6.50 108 702 26.6 22.2 590 505 72

7 1070 6.78 112 760 27.4 22.3 610 525 69

Long pulse

3 825 5.5 100 550 19.2 20.9 400 385 70

6 1040 6.5 112 728 23.4 21.6 505 485 67

The circuit efficiency is approximately 70 per cent for all operating

conditions; however, the over-all pulser efficiency—from a-c input to

pulse output—^is only about 50 per cent at the higher power levels. If

the drain of blower motors and d-c relays are included, the best efficiency

available is about 40 per cent. Thus, it is seen that the fixed losses

—

cathode power, cooling, etc.—account, in general, for more than half the

total losses in the pulser.

The pulse input to the magnetron and the r-f spectrum are given in

Fig. 1M4.
Heat runs on the finished pulser at full output indicated a hot-spot

temperature on the can of the network that was 32°C above the external
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ambient temperature, and a 35°C temperature rise for the core of the

charging reactor. These values are about equal to those expected from

the design considerations.

11 *3. Multiple-network Pulsers.^—In the conventional line-type

pulser the load is matched to the network impedance in order to obtain
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(a) 0.5-/isec current pulse. (6) 2.5-jLtsec current pulse.

(c) 0.5-/xsec voltage pulse. (d) 2.5-fji8ec voltage pulse.

(e) R-f spectrum for the 0,5-fisec pulse.

Fig. 1114.—Oscilloscope traces of pulses obtained with the high-power airborne pulser

and the 4J50 magnetron. {Courtesy of the Westinghouse Research Laboratories.)

optimum power transfer, resulting in a load voltage equal to one half the

network voltage before discharge. The use of pulse transformers, of

course, enables the load voltage to be stepped up or down by a factor of

five, and possibly ten in some cases. It is possible to obtain load volt-

ages equal to or higher than the network voltage without pulse trans-

formers by using several networks in the discharging circuit. * Circuits

were developed both in England and in this country to accomplish this

^ By R. S. Stanton.
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result. The British used a two-network system called the ‘‘Blumlein

circuit/^ and a general scheme for the use of n networks was devised by

S. Darlington of the Bell Telephone Laboratories. The general principle

on which these circuits are based is essentially that of charging the net-

works in parallel and discharging them in series.

The Darlington Circuit .—A simplified schematic diagram of the Dar-

lington circuit is shown in Fig. 11*15. It consists of (n — 1) four-ter-

minal networks. The nth network can be of the two-terminal type. One
obvious requirement to obtain a single pulse across the load is that all

the networks have the same delay time and phase characteristics. In

order to obtain a single pulse across the load resistance Ri, some definite

relations between the network impedances are required. These imped-

ance relationships may be obtained by making use of a steady-state

theorem on equivalent circuits, and appl3dng it to the impulse system.

Fig. 11*15.—Schematic diagram of the Darlington discharging circuit.

This theorem states that a circuit consisting of an ideal transformer in

series with a load resistance and a four-terminal network is equivalent to

another circuit consisting of a four-terminal network and series resist-

ance, provided that certain relationships exist between the transformer

ratio, the series resistances, and the network impedances. By applying

this theorem to the discharging circuit of a conventional pulser and

introducing a delay line of the same electrical characteristics as that of

the original network, an equivalent two-network circuit is obtained. The
process is repeated until the n-network system is developed for which the

expression for the impedance of the rth network is given by

and the impedance of the nth network is given by Zn = Ri/n.

Energy considerations show that all the energy stored in the network

is dissipated in one pulse in the load resistance when these values are

adopted. Hence, the reflections taking place between networks must of

necessitjj cancel each other, and a single pulse be obtained at the load.

The voltage of that pulse is equal to n/2 times the network voltage. The
series discharge is obtained by short-circuiting the first network of the

series by switch S. By simple transmission-line theory, short-circuiting
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one end of a network is equivalent to reversing the potential of the net-

work, thus putting it in series with the second network. The voltage-

reversal process is continued until the pulse appears across the load.^ It

must be noted that the reversal process results in a fixed time delay
between the firing of the switch and the appearance of the pulse at the

load. The recharging of the network can be accomplished by the same
methods as have been discussed in the case of a conventional line-type

pulser.

The Blumlein Circuit .—If the relations for the network impedance
obtained above are applied to the case where only two networks are used,

Z\ = Ri/2, Z2 = Ri/2. For two networks, however, the constraining

Network 1 Network 2

Fig. 11*16.—Schematic diagram of the Model 16 pulser.

conditions are not as severe as in the general case described above, and

matched conditions are obtained if the sum of the network impedances

is equal to the load impedance, or Zi + Z2 = Ru In this way it is

possible to match a high-impedance load directly to a low-impedance

network by the addition of another network.

Some advantages can be derived from using two networks of equal

impedance. For instance, the practical pulser described hereafter

uses two networks of equal impedance, which can either be connected

in series as in the Blumlein circuit to obtain a pulse power of 10 Mw
for a pulse duration of 1 jiseCj or connected in tandem to obtain a pulse

power of 5 Mw for a pulse duration of 2 jusec by connecting the switch

as indicated in Fig. 11*16. A-c resonant charging was used, and the

rotary spark gap was mounted on an extension of the generator shaft

and provided with phasing control. The networks have impedances

equal to one half the load impedance (magnetron impedance divided by
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the square of the pulse-transformer turns ratio). The specifications for

the pulser were:

Recurrence frequency: 350 pps.

Power output: 10 and 5 Mw.
^ Pulse durations: 1 and 2 /isec.

Supply voltage: 60-cycle 3-phase.

The following protective devices were introduced in the circuit: (1) a

magnetron-average-current underload rela3^, (2) a pulse reverse-current

relay, (3) a thermal overload relay on motor and charging transformer,

and (4) fuses for average-current meter, under-current relay, and control

circuit. The magnetron-filament voltage may be adjusted by means of a

variac, and an automatic two-

minute time delay is introduced

before the high voltage can be ap-

plied to the circuit. The pulser is

built as a single unit, approxi-

mately 30 in. by 60 in. by 69 in.

and weighs about 1700 lb. A
photograph of the completed

pulser is reproduced in Fig. 11T7.

Design Calculations .—For the
,

conventional circuit having a net-

work impedance of 25 ohms, the

pulse-power output is 5 Mw and
the pulse duration is 2 /xsec.

When the Blumlein circuit is used,

the network impedance is 50 ohms,

the pulse output is 10 Mw, and the

pulse duration is 1 jusec. For both arrangements of the circuit the recur-

rence frequency is 350 pps and the average power is 3500 watts. On the

basis of the conventional circuit arrangement, the capacitance for the

network is

^ r 2 X 10-« ..^ .

If the discharging efficiency rjd is assumed to be 70 per cent, the net-

work voltage is

^ /5 X 10^^ X 25
Y. . - 2^ ^ - 27kv,

and the average power taken from the network is

Pn =— « 5100 watts.
Vd

Fig. 11-17.—Photograph of the Model 16
pulser.
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The rms voltage across the transformer secondary forn = 2andQ = 12is

Ie.

c’ _ V2 ^ 0.707 X 27 X 10’
•

270
= 6920 volts,

0(1 - e 2«
)

and the rms current in the transformer secondary is

J mrCNEiO)a
1 .

2\/6
= 1.1 amp.

Therefore/

Eh X Ir — 6920 X 1.1 = 7.6kv-amp.rms rms r

The average current in the transformer secondary is

CnEo(j0,

- (l -
1^)

« OAiCyE^, = 0.378 1

The charging inductance is given by

Lc = Tv
—

9 = 5. 15 henrys.
CnK

This value is the total inductance, but allowance must be made for the

source inductance transformed by the square of the turns ratio of the

charging transformer. According to experimental tests, a transformer

Table 11*3.

—

Typical Operating Characteristics for the Model 16 Pulser

Generator volts, Vg
Charging current

Ic . ma Pulse voltage, kv Pulse power, Mw
av^

Blumlein circuit

150 220 13.6 3.7

155 240 15.4 4.7

160 260 16.4 5.4

165 280 18.2 6.6

170 300 19.1 7.2

185 320 20.2
1

8.2

187 340 21.4 9.2

195 360 22.6 i 10.2

197 380 23.6 11.2

Conventional circuit

185 250 8 2.5

190 300 9.9 3.9

205 340 10.9 4.8

215 375 12.0 5.7
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leakage inductance of 3.6 henrys is necessary in order to obtain a total

circuit inductance of 5.15 henrys.

Typical operating characteristics with resistance load for the Blumlein

and conventional circuits are given in Table 11*3.

114. The Anger Circuit.^—In the conventional line-type pulser in use

in this country, the pulse-forming network is charged slowly to a potential

Vnj and then is suddenly discharged through a load whose impedance is

very nearly equal to the characteristic impedance of the pulse-forming

network.

The Anger circuit was developed in this country by H. O. Anger,

in 1942.2 The British have used the same circuit in some of their

pulse generators. In this circuit

Ri

-aaAt^

—

TTJT fi

fA. 11*18.—The Anger circuit

hold-off thyratron.

the network is charged to a po-

tential Vn through a load of im-

pedance very nearly equal to the

characteristic impedance of the net-

work, and the pulse appears across

the load during the charging of the

network.

The Anger circuit also differs

from that of the d-c charging line-

type pulser in that it is necessary

either to discharge the network or

to reverse the polarity of the net-

work voltage during the interpulse

interval. The network can be dis-

charged by connecting a suitable

resistance across its terminals, corresponding to conventional resistance

charging. The polarity of the network voltage can be reversed by con-

necting an inductance across its terminals, and the same possibilities of

resonant, hold-off diode, or hnear operation exist as in the conventional

inductance-charging circuit.

The fundamental circuit as originally designed is given in Fig. 11 18.

Assume that thyratron Thi has been made conducting, so that point B
is at potential —Ei^. If some time later, thyratron Th2 is made conduct-

ing, (Thi nonconducting), it closes a resonant circuit formed by the

capacitance of the pulse-forming network and the inductance Lc. Since

the current cannot reverse in the circuit because of the unidirectional

property of the thyratron, a charge is left on the network that is nearly

equal in magnitude, but opposite in polarity, to that left on it after the

pulse.

^ By J. V. Lebacqz.
2 J. V. Lebacqz, H. O. Anger, and T. W. Jarmie, ** Mechanical Vacuum Switches,

Transmission Line and RC Pulsing Circuits,” NDRC 14-156, U. of Calif., June 1, 1943,
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Before thyratron Thi is made conducting a second time, a potential

almost equal to 2J5w, appears across it. At the time of firing, the equiva-

lent circuit is that shown in Fig. 11-19. The current flowing through the

circuit when the switch is closed is given by

T = VN Eui

Rp Ri Zn

and the voltage appearing across the load is

VN Ehb
Vi = hRi = Ri. Fig. 11 19.—Equivalent cir-

cuit at the start of the pulse.
Rp R I Zn

Assuming matched conditions {Zn = Ri) and neglecting losses {Rp = 0),

Fat + Ebb
Vi 2

After the pulse, the pulse-forming network again has a voltage Ebb

across it, and the schematic diagram of the potential-reversing circuit is

given by Fig. 1T20. The pulse-forming network can be represented by
its capacitance Cat, if the resonant period of

Lc and Cn is large compared with the pulse

duration.

Then, one half cycle after switch S2 is closed.

Vn = Ebb^ 2Qy

Fig. 11-20.—Sche-
matic diagram of the
potential-reversing cir-

cuit.

where Q = o^Lc/Rcy and Rc is the resistance of the

potential-reversing inductance and switch S2 in

series.

The load voltage for the following pulses can then be written, for

matched conditions and no losses in the switch aSi,

Vi = Et
1 + e 2Q

For a value of Q of approximately 15,

and

p 2Q ^ p-OA = = 0.9,® ® 1.105
’

Vi « OMEtb.

In general, Vi can be written

Vi = Eu(l + e'
Ri

Rp Ri Zn
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The peak current taken from the power-supply filter condenser is

. ^ E^a +
^ Rp + jKj + Zn

and the average current is

i^p Ri -{- Zn

The average power output is given by

+ e 2Q)2

the average power input is

+ 7^, +

and the pulser-circuit efficiency is given by

(1 + 0*^)
’ R^ + Ri + Z^

It can be seen from these relations that the performance of this circuit is

essentially the same as that of the conventional line-type pulser.

A modification of this circuit was introduced a little later in order to

eliminate the necessity of the thyratron Thi

The value of the inductance Lc was increased

until the natural period of oscillation of the

LcCisr-combination was exactly twice the pulse

recurrence period. Under these conditions

the network potential-reversing process oc-

cupies the full interval between pulses, cor-

responding to normal resonant charging of

the standard pulser circuit. A circuit diagram

is given in Fig. 11*21.

Further investigation also showed that the value of the inductance

could be made larger than that corresponding to resonance. In this

case, the current in Lc never drops to zero, and the potential across the

pulse-forming network reverses in a more linear fashion, corresponding to

linear d-c charging of the normal line-type pulser circuit.

Since the Anger circuit gives essentially the same performance as the

circuit discussed in Chap. 9, the reasons for using it must depend on

practical considerations. Probably the principal disadvantage is that the

rectifier-output filter capacitance must be able to withstand the additional

circuit.
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heat produced by the pulse current flowing through it, and must also be
large enough to prevent an appreciable drop in the pulse voltage. From a
practical standpoint, a capacitance ten times the pulse-forming-network

capacitance should prove ample. In general, it is found that this value
is also required to keep the rectifier ripple within reasonable limits.

The principal advantage of the circuit is apparent in applications

requiring high voltages in crowded places. It may be noted that, in

the Anger circuit, the maximum instantaneous voltage to ground afc any
point in the circuit does* not exceed the d-c supply voltage, whereas, in

the usual line-type circuit, it is twice the d-c supply voltage.

Little difference in the transformers may be expected, the rectifier

filaments are at ground potential instead of Eih, but the thyratron cathode

is at —Ehb instead of ground potential, requiring, of course, the addition

of an insulated trigger transformer for the thyratron grid.

11'6. The Nonlinear-inductance Circuit.^—This section is concerned

with pulse generators in which nonlinear inductances are used as the

switching elements. These pulsers can produce a high voltage across

the load from a low-voltage power supply without the use of a pulse

transformer. By suddenly reducing the current in a linear inductance

to zero, the energy stored in the associated magnetic field is transferred

to a capacitance. The resultant high voltage across the condenser causes

a large current to build up in a nonlinear inductance, which soon reaches

current saturation. Upon saturation, the inductance of the nonlinear

coil immediately diminishes to a very small value and, together with 4;he

capacitance, acts as a high-impedance pulse-forming network and delivers

the pulse to the load.

The coil has a toroidal winding on a spirally wound molybdenum

permalloy tape core. The tape has a thickness of about 1 mil and an

initial permeability of at least 10,000. The switching impedance ratio

and the time of saturation of the coil are controlled by the proper propor-

tioning of both the weight of the core material and the diameter and

number of turns on the coil. For a typical coil the inductance changes

from approximately 1.5 h to 100 /xh at a pulse recurrence frequency of

3600 pps, and the time jitter can be held to less than 0.06 /xsec.

The nonlinear-inductance pulser operates in the following manner.

The tube Ti (shown in Fig. 11-22), which is normally cut off, is made

conducting by means of a rectangular-wave grid excitation {Eg in Fig.

11-23). Plate current from a high-voltage source flows through the

linear inductance Li, and the tube is allowed to conduct for a time

sufficient to permit this plate current to build up to a point nearing

current saturation {1^ in Fig. 11-23). This duration is made equal to

approximately 25 per cent of the interval between pulses. At the time

1 By L. G. Kersta of tjie Bell Telephone Laboratories.
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when the current is built up to the greatest usable amplitude for the

excitation applied, the tube is suddenly cut off. Peak current amplitudes

between 0.5 and 3.5 amp are obtained in Li, depending on the output

requirements. A 5D21 tetrode is very satisfactory as tube Ti for a

pulser output of about 200 kw. During the time the tube conducts, the

nonlinear inductance operates in the linear region where its induct-

ance is about 1 to 1.5 henrys. At the cutoff instant the energy in the

inductance Li begins to transfer to the capacitance Ci, and current of

the opposite sign begins to build up in the nonlinear inductance. This

inductance is designed so that the ov
time required for the core to saturate

is equal to the time for the condenser

to become fully charged. At this

instant the condenser suddenly dis-

charges and energizes the magnetron

(Inl in Fig. 11*23). The pulse ap-

plied to the magnetron from the

pulse-shaping elements has a trape-

zoidal shape (Emag in Fig. 11*23);

(time during

which C
charges)

0.5 /i sec

Fig. 11*23.—Typical wave shapes in a
nonlinear-inductance pulser. {Courtesy of
the Bell Telephone Laboratories.)

tbe voltage pulse has a base about 1 fisec long and a flat top of about

0.3 Msec duration. For the operating conditions shown in Fig. 11*23', the

threshold voltage for the magnetron is about 11 kv. Therefore, it is

apparent that both the current pulse and r-f pulse have a base time

duration equal to the duration of the voltage pulse at the threshold

value (Emaq and Imag in Fig. 11*23). The resultant r-f pulse has a

base about 0.5 Msec long and a top 0.3 Msec long.

It may be noted, from Fig. 11-24, that the nonlinear inductance is

operated with a d-c bias. For circuit simplicity an external bias source

is shown here, and circuit arrangements that require no external bias

jrource are described later. With the application, of bias, the cycle of
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operation is started with the nonlinear inductance in saturation, as

shown on the B-H characteristic of Fig. 11*25 at point 7b. When the
tube Ti starts to conduct, current flows through the tube from two
sources: (1) the linear inductance Li, and (2) C2 and the nonlinear

inductance L 2 . Current flows from source (2) because C2 has assumed
the full voltage of the high-voltage

power supply (1200 volts) during

the cutoff period. This current is

in a direction opposite to the bias

current and causes the nonlinear

inductance to move its operating

point to the linear range as shown
by the arrow indicating a rising B,

The bias current is adjusted to

limit the maximum B to a. value

just below the saturation point

shown on the positive side of the

characteristic.

"The pulse-shaping circuit (Fig. 11*26) was evolved from the attempt

to use an equivalent of the Guillemin circuit, a pulse-shaping circuit

that can be represented by iections of series-tuned circuits in parallel.

The variation attempted here was an equivalent circuit that used the

nonlinear inductance and capacitance in series for the first section, and

introduced shunt-tuned circuits in series with the above combination.

Fig. 11-24.—Nonlinear-inductance pulser
with external bias. {Courtesy of the Bell

Telephone Laboratories.)

Fig. 11-25.—Hysteresis
loop of a nonlinear inductance.

{Courtesy of the Bell Telephone

Laboratories.)

,
Fig. 11 '26.—Pulse-forming

network for a nonlinear-in-

ductance pulser. {Courtesy of
the Bell Telephone Labora-
tories.)

This attempt to square the pulse left much to be desired because of

parasitic effects introduced by component proximities. In its final form,

which was determined experimentally, the first element in the network

consisted of a nonlinear inductance and its shunt capacitance in series

with Cl. The inductance L% was adjusted to tune to a higher harmonic

of the pulse recurrence frequency with the tube capacitance Cr, and Le
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was adjusted similarly to tune with the capacitance of the diode and

magnetron. The resultant circuit is effectively a three-terminal network

in which Ci, Ct, and Cnl are charged to the full circuit voltage. Upon
saturation of L2 ,

the condenser Cnl discharges through L 2 and defines

the slope of the pulse voltage up to the threshold value of the mag-

netron. The voltage from threshold is maintained by the energy in

Cl, and declines at a rate that depends on the product of the higher

order elements in the network. The final pulse shape resulted from a

compromise between the desire for a rectangular pulse and that for

simplicity in the network.

Dependent on the application, three basic transmitter circuits have

been used. The first, see Fig. 11-22, is described with the operation of

Fig. 11*27.—Diagram showing a method to supply the bias for the nonlinear inductance
from an i2C-circuit. {Courtesy of the Bell Telephone Laboratories.)

the basic circuit, and uses an external source of bias supply. The other

two circuits use no external power for the supply of bias, and, as a con-

sequence, they have been more widely used in practical applications.

The first of these, shown in Fig. 11*27, is called the dynamic-bias circuit.

It employs the combination R 1C2 to provide the bias. The values are

so chosen that the charge which accumulates on C 2 during the cutoff

time and is dissipated during the period of tube conduction does not

saturate the nonlinear inductance. Also, C2 must be so large compared

with Cl that appreciable energy is not lost during the discharging period.

Likewise, Ri must be large enough to limit the tube current through the

nonlinear inductance to a value that is less than the saturation value.

During the discharge, the value of C2R 1 must be such that the current

in the nonlinear inductance builds up to the saturation value in a time

equal to the charging time of Ci. It is found possible to meet these

requirements with relatively noncritical values of C and R. The second

internal-bias circuit shown in Fig. 11*28 is called the multifilar-bias

csircuit. The biasing circuit is very similar to that shown in Fig. 11*22,
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the difference being that the average plate current of the tube Ti supplies
the bias for the nonlinear inductantje. Since the plate current is pre-
determined by the operating conditions, the proper biasing point is

obtained by adjusting the number of turns on the nonlinear inductance
until the proper number of ampere-turns of bias is obtained. Since
this number of turns is greater than the optimum number for the dis-

charge, the additional turns are ob-

tained by winding them in multifilar

fashion with the winding value that

is optimum for the discharging cir-

cuit. As a result, the nonlinear in-

ductance has between two and four

filar windings, depending on the

power-output requirement. Since

the proper bias polarity is opposite

in direction to the normal plate-cur-

rent flow, the current must be sup-

plied through a linear inductance in windings in the inductances. {Courtesy

order to allow current reversal in the
Laboratories.)

nonlinear inductance. The linear inductance is also proportioned by
multifilar means in order to allow a division of inductance between th^

elements of the nonlinear inductance. An auxiliary consideration is that

the voltage across the nonlinear and choke coils be kept at a minimum;
this is also accomplished by the multifilar windings.

Fig. 11*29.—Photographs of nonlinear-inductance coils. {Courtesy of the Bell Telephone

Laboratories.)

A photograph of the nonlinear inductance used in the circuit of Fig.

11*27 is reproduced in Fig. lV29a, and three stages in the construction

of a multifilar-winding coil for the circuit of Fig. 11*28 are shown in

Fig. 11*29?). The core for the coil shown in Fig. 11 •29a weighs about 400

grams, and the finished unit weighs about 1.5 lb for a pulser having a

pulse-power output of about 200 kw. Photographs of the assembly

Fig. 11*28.—Diagram showing the
elimination of external bias by multifilar
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of the pulser components for the circuit of Fig. 11*27 are reproduced in

Fig. ll*30a and h. The completed^assembly is enclosed by an oiltight

box, and contains all of the components shown in the diagram with the

exception of the tubes and the resistor Ri.

In pulse generators using a nonlinear inductance as the switching

element, it is possible to obtain small time jitter, and to operate con-

tinuously at high pulse recurrence frequencies (greater than 4000 pps)

if necessary. The pulser operates also at pulse durations longer than

those mentioned above, but for durations greater than 1 jusec the effi-

ciency becomes poor compared with that of conventional line-type and

hard-tube pulsers.

(a)

^

Fig. 11*30.—Photographs of the component assembly for the nonlinear-inductance pulser
circuit of Fig. 11*27. {Courtesy of the Beil Tdephone Laboratories.)

11-6. Special-purpose Output Circuits.^ Half-wave Single-phase

Charging .—The a-c resonant pulsers described previously in this chapter

have full-wave, or .^ingle-cycle, charging circuits. In these circuits a

simple switch that is synchronized with the supply frequency and made
conducting in proper phase relation with the charging voltage serves to

deliver a unidirectional pulse to the load, and the pulse recurrence

frequency is, in general, equal to the supply frequency.

For half-wave charging, discussed in Chap. 9, the pulse recurrence

frequency is twice the supply frequency, but the charge on the network is

of opposite polarity on alternate pulses. Accordingly, a conventional

discharging circuit would lead to output pulses of alternating polarity.

Two special switching arrangements have been used in order to obtain a

series of unidirectional pulses across the load by rectifying action.

The first of these is shown in Fig. 11*31, in which the rotary gap G
^ By R. S. St9,utQn.
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is of a special design that provides the rectifying element in the circuit

as follows. When the network voltage assumes a maximum value with
terminal a positive and 6 negative, the switch assumes the petition

shown in the figure; a is therefore connected to ground, and a negative

voltage appears at the terminal c of the load. One half cycle later, the

polarity on the network is reversed, the switch connects h to ground and
a to the load at c, and again a negative pulse appears across the load.

One pulser based on the circuit described above was required to deliver

5-Atsec pulses to a load impedance of 450 ohms at a maximum pulse power
of 1.8 Mw. The pulse recurrence frequency was 120 pps, and the a-c

supply was a 115-volt 60-cycle single-phase line. The rotary-gap

switch was driven by an 1800-rpm s3mchronous motor with electrical

means for automatically selecting the phase required to deliver a negative

Fig. 11*31.—Pulser using a-c resonant half-wave charging.
^

pulse. A special transformer was designed to provide the correct

inductance for resonant charging.

Design Calculations .—The requirements for the pulser are:

Pulse power Pi: 1.8 Mw.
Pulse duration r: 5 /xsec.

Pulse voltage Vi: 28.5 kv.

Load impedance Zf. 450 ohms.

Average power: 1080 watts.

Pulse recurrence frequency /r = 120 pps.

Assuming a pulse-forming-network impedance of 50 ohms to match

the pulse-cable impedance, the following values are obtained:

Pulse-forming-network capacitance Civ = 0.05 /i/.

Pulse-transformer stepup ratio

Discharging efficiency rjd = 70 per cent (assumed). Using the above

values, the network voltage is given by
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and the power to be taken from the network is

o Ptrfr' 1.8 X 10 « X 5 X 10-« X 120
Pjf = —

—

= « 1580 watts.
rid 0.7

The transformer-secondary voltage is

Ll
V2E. =

nx y

Q(1 - e~^)

with n = 1 (half-cycle charging) and Q = 12,

0.707 X 23 X 10*
E,

1.47
11 kv,

and the transformer-secondary current is

^ ^ mrCifEiUa ^ X X 5 X 10“* X 11 X 10* X a/2 (2ir)60

2 Ve 2 X 2.45

« 0.19 amp.

Therefore,

Eb X Ic — 2100 volt-amp.

The charging inductance is

""
(5 X 10-*) (2x X 60)*

"" henrys.

This value was used in designing the a-c resonant transformer because

the source inductance could be neglected.

The Thyratron Bridge .— thyratron bridge can be used instead of the

rotary gap to obtain pulses of identical polarity, as indicated in Fig. 11-32.

When terminal a of the pulse-forming network has reached its maxi-

mum positive charge, a trigger pulse is supplied to VT\a causing it to

conduct. Its plate is thus brought very nearly to ground potential,

and a negative impulse is applied to the cathode of VTlh through the

capacitance of the pulse-forming network. Because of interelectrode

capacitance, the grid does not become negative as rapidly as does the

cathode. Thus, VTlh is also made conducting, and the discharging

circuit is completed through Ri, VTlh, the pulse-forming network,

and VTla. At the peak of the next charging cycle (the succeeding

half-cycle of supply voltage), VT2a and VT2h are made to conduct

in a similar manner. Thus, the thyratron bridge serves the same pur-

pose as the rectifying rotary gap switch.

Assuming perfect voltage division across the bridge, the network
voltage may be twice the voltage rating for a single tube and, since each
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pair of tubes conducts at only half of the output pulse recurrence fre-

quency, the duty ratio may be twice that for a single tube. The pulse

current is limited to the current rating of a single tube, so the maximum
average power output may be four times that for a single thyratron

switch.

A special trigger-pulse generator is required for use with the thyratron-

bridge circuit. It must supply alternate trigger pulses to VT\a and
VT2a spaced exactly 180° in the supply cycle, and phased with respect

to the charging voltage so that each tube is caused to conduct when the

network voltage reaches a maximum.
An experimental pulser was constructed and tested at the Radiation

Laboratory using 4C35 thyratrons and a 400-cycle a-c supply. The

Fig. 11-32.—Schematic diagram of the thryratron-bridge circuit.

pulse recurrence frequency was therefore 800 pps. The 4C35 thyratrons

have maximum pulse ratings of 8 kv and 90 amp, but, since the two tubes

are in series, the maximum allowable network voltage is 16 kv. Assum-

ing matched load, the value of Zn that causes the pulse current to fall

within the maximum rating is

Zn = ohms.
I

The network and load impedances were chosen as 100 ohms each, the

load being a noninductive resistance. For a pulse duration of 0.9 /xsec,

the pulse-forming network had a measured capacitance of 4550 /i/x/.

The charging-transformer characteristics were as follows:

Transformer-secondary voltage.

Eb =

Ijl

V2 « 7.7 kv.

0(1 '20)
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Transformer-secondary rms current,

j. . mrCifEipsa

2 V6
0.8 amp.

Transformer-secondary average current, = 0.

1
Charging inductance, Lc = = 34.8 henrys.

[Sec. 11-6

Typical operating data for this pulser are given in Table 11-4.

Table 11-4.

—

Typical Operating Data for an A-c Resonant Half-wave-charging
Thyratron-bridge Pulser

Supply line
Pulse-forming

network
Load Efficiency

Pij watts Vn, kv
Pn,
watts

^1,

kv
ii,

amp
1

ma
Pi,

kw watts

Pi X 100/Pi,

per cent

150 6.8 84 4.1 38.0 25 156 63 42

280 9.4 161 5.4 50.0 35 270 123 44

428 11.7 247 6.7 62.0 45 415 202 47

PFN

Fig. 11*33.—Schematic diagram of

multiple-load pulser.

Multiple-load Pulser .—In 1942 the need arose for a pulser to supply

pulse power to two magnetrons simultaneously. At that time the

problem was solved satisfactorily by placing the two loads in parallel

on the output of the pulser described

in Sec. Il l, using separate pulse

transformers. With this system the

magnetrons and magnets had to be

^ ^ ^ I

selected carefully in order to assure
^ ^ ^ the equality of load impedance and a

reasonably uniform power distribu-

tion. When the production system

was designed, a circuit was developed that had a common charging circuit

and rotary-gap switch, but separate pulse-forming networks and pulse

transformers. The problem of power distribution to the two loads

does not arise with this arrangement because there is almost no coupling

between the output circuits during the pulse interval. Each network,

pulse transformer, and magnetron combination behaves essentially as a

separate pulser circuit. Figure 11-33 is a simplified schematic diagram

of this circuit.

When a pulser was planned for a system requiring five simultaneous

outputs of 2-Mw pulse power each, this circuit was extended to make a

five-network pulser. Complete schematic diagrams of this pulser, its



Fig.

11*34.

—

Complete

schematic

diagram

of

the

multipledoad

pulser

and

its

control

circuit.
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control circuits, and its remote-control panel are shown in Figs. 11*34

and 11-35.

One of the principal problems associated with this pulser was the

design of a rotary spark gap that could handle the high current (1070

amp) without excessive electrode wear. A switch that would operate for

Terminal

Fig. 11-36.—Complete schematic diagram of the remote-control panel for the multiple-load

pulser.

at least 1000 hours without the replacement of electrodes was finally

developed.

Electrical Design.
—^The sp^ific requirements for this pulser were as

follows:

Pulse power, Pi: five outputs of 2 Mw each.

Pulse duration, r: 1 /nsec.

Average power, Pi^^: 3500 watts (total).
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Pulse recurrence frequency, /ri 350 pps.

Load impedance, Zi: 450 ohms.

Pulse-forming-network impedance, Z^: 50 ohms.
Total network capacitance, C^: 0.05 X 10~^ farads.

Pulse-transformer stepup ratio: \/Zi/Zn = 3/1.

If the discharging efficiency, rjd, is assumed to be 70 per cent, the network
voltage is

/4P;^ /4 X 2 X 10« X 50 ,

= V Oj
“ 24 kv,

and the average power taken from each network is

p _rn —
2 X 10« X 10-® X 350

0.7
1000 watts.

The rms voltage across the transformer secondary for n = 2 and Q = 12 is

E. =

Ijl
V2

Q(1 - e 2«)

0.707 X 24 X 10*

2.76
6.2 kv,

and the rms current in the transformer secondary is

j
TIItEifEl/jOa

'

2 Ve
= 1.28(0.05 X 10-«)(6.2 X 10’) V2 (2ir X 350) = 1.2 amp.

Therefore,

Eb X Ic — 6.2 X 10® X 1.2 = 7.6 kv-amp.

The average current in the transformer secondary is

~ 3)
”

« 0.44(0.05 X 10-’) (6.2 X 10’) V2 {2ir X 350) « 0.42 amp.

The charging inductance is

Lc
1 ^ 1

Cj«o| (0.05 X 10-’)(27r X 350)’
= 4.14 henrys (total).

(Only 2.85 henrys of this total value were designed with the a-c resonant

transformer; the remainder was provided by the equivalent inductance

of the source.)

Typical performance data for this multiple-load pulser are given in

Table 11-5, and photographs of the equipment are reproduced in Figures

11-36 and 11-37.
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Fig. 11*36.—(a) Motor-generator and rotary-gap switch for the multiple-load pulser.

(6) Rotary spark gap.

Table 11-5.

—

Typical Performance Data for a Multiple-load Pulser

Test

No.
/r, PPS

Generator output Pulse-forming networks Efficiency

Vo,

volts
Zg, amp Pt, kw Vn, kv SPivr, kw

Pn— X 100,

per cent

1 356 158 23.1 3.2t 18.8 3.11 95

2 355 179 27.4 4.21 22.0 4.22 98

3 354 198 28.0 5.10 23.1 4.61 91

Test

No.

'Magnetron No. 1 Magnetron No. 2 Magnetron No. 3

Vi, Ph Vi, Pi, V,, p<,

kv ma watts Mw kv ma watts Mw kv ma watts Mw

1 28.0 14.1 395 1.15 28.0 13.5 378 1.08 27.4 14.7 403 1.15

2 29.0 17.7 514 1.50 29.0 16.9 490 1.41 28.2 18.5 522 1.49

3 29.7 20.0 594 1.73 30.0 18.8 564 1.63 29.2 20.8 607 1.73

Test

No.

. Magnetron No.4 Magnetron No. 5

kw

Efficiency in

per cent

Vi,

kv ma watts

Pi,

Mw
Vi,\

kv ma watts

Pt,

Mw p; ^

100

1 27.9 13.5 377 1.09 27.4 14.6 400 1.14 1.95 63

2 28.9 17.2 497 1.44 28.7 18.5 530 1.61 2.55 61

3 29.8 19.3 576 1.67 29.2 20.7 605 1.73 2.94 65
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11-7. Multiple-pulse Line-type Pulsers.'—The problem of obtaining
a rapid succession of pulses from a line-type pulser is complicated by the
fact that all gaseous-discharge tubes known to date have a deionization
time that is too long to enable the network to become recharged if the
pulse interval is to be less than approximately 100 jusec. Hence, in order
to obtain multiple pulses from a line-type pulser, it is necessary to use
artifices.

The following three methods have been tried, one of which is used in
practice: (1) a multiple-switch multiple-network circuit, (2) a multiple-
switch single-network circuit, and (3) a single-switch multiple-network

Fig. 11-37.—Cabinet for the multiple-load pulser. (o) Side view. (6) Rear view.

circuit. The three methods are discussed separately, and their possible

uses and respective advantages are compared.

Multiple-switch Multiple-network Circuit ,—The schematic diagram
given in Fig. 11*38 applies where a double-pulse output is required.

As can be seen, this circuit is simply a combination of two identical

line-type pulsers connected to the same load. When thyratron Thi is

fired, the network PFNi discharges through the load resistance i?z, giving

the first pulse of the series. When Th2 is fired, the second pulse is

produced in the load by the discharge of PFN2 . More circuits can
similarly be fired in succession to produce so-called

^

‘ codes of three or

more pulses. Additional stray capacitance, which may affect the pulse

shape, occurs across th6 load when all the pulse-forming networks are

connected to the load, or to the primary of the pulse transformer. Also,

^ By J. V. Lebacqz.
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ttie plates of all the thyratrons are coupled together through the pulse-

f

a

rming networks. Hence, all output pulse voltages appear, essentially,

at the {Jates of the untriggered tubes. As long as the pulse voltage is

negative, no trouble can result.

If, however, post-pulse oscillations

appear because of the nature of the

load or the pulse transformer, diffi-

cultiesmay arise either from exceed-

ing the peak forward voltage of the

thyratrons that have not yet been

fired, or from the incomplete deioni-

zation of the thyratrons that have

already been fired.

The spacing between successive

pulses of the same code can be

obtained in many ways. A practi-

cal method is to use a delay circuit

that is energized when one thyratron is fired and produces the trigger

for the successive pulse. A low-power coded pulser was built on this

principle, whose schematic diagram is shown in Fig. 11*39. A brief

summary of the design considerations follows.

B+

Fig. 11*38.—Circuit diagram for a multiple-

switch multiple-network circuit.

Fig. 11*39.—Basic circuit diagram for a pulser producing a three-pulse code.

When thyratron Thi is fired, the first pulse of the code is sent to the

load, and, at the same time, the grid of the first* half of is driven well

b^ond cutoff. When the grid potential again rises to allow the tube to
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conduct, the sudden increase in plate current causes a positive trigger to

appear on the grid of the second half of 7^4, starting the regenerative

pulser action and applying a trigger to the grid of Th^. The operation is

then rejleated to trigger Thz. The spacing between pulses can easily be

controlled by adjusting the cathode bias of the triodes T4 and T5.

Resistance charging of the pulse-forming network was chosen because

this particular pulser was required to operate at random recurrence

frequencies from 0 to 2000 pps. Resistance charging presents some
special design problems that are discussed here.

When the thyratron is fired, and until it is completely deionized,

the charging element short-circuits the power supply. Hence, a current

EhbIRc flows through the tube after the pulse-forming network is dis-

charged. If this current becomes too large, the thyratron does not

deionize properly. Even before it stops completely, the deionization

becomes erratic and may occasionally take as long as 500 /xsec, resulting

in improper charging for the next cycle.

In order to prevent large variations in pulse power when the recurrence

frequency is changed, it is necessary that the pulse-forming network be

charged nearly to the power-supply voltage at the time of triggering when
the highest recurrence frequency is used.

If Tr is the recurrence period, and Tk is the deionizing time corre-

sponding to the chosen value of Rc: the network voltage at the time of

firing is given by

Vn = Ej^il - 6“^*),

where Cn is the network capacitance. Thus,

^ RcCn =
Eu

and

r - Tr-T.,
Ojr p

—

Eti — Vk

If a variation of X per cent in the network voltage is allowed, Fjir is

within (1 — X/100) of Ei^, and the pulse output power does not vary by

more than 2X per cent
;
the maximum network capacitance is then given by

Cif

- Tk

Re In X̂
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Wnder these conditions, the maximum energy per pulse in the load is

P„-icv-r. -Ptr - 2
CNV„r,a - ^ 100 \ 100 ) .

iic In
'

As has previously been shown, Re depends on the maxiiiium current

that the switch tube can pass and still deionize satisfactorily. If 7t

is the value of this current. Re = Et^/h, and

_ (Tre^ - T,) (m - X\
* 2 100 V 100 /

in

Thus, from a design standpoint, the maximum energy per pulse that

can be obtained is proportional to the supply voltage and to the minimum
charging time (Tr^ — Tk) of the pulse-forming network.

Double-switch Single-network Circuit .—The schematic diagram of this

circuit is given in Fig. 11*40. Assume that the pulse transformer is an

^ ideal transformer of turns ratio 1/1/1 and
that Ri — Zn (matched conditions). Assume
also that the filter condenser is charged to a

potential Ehb and that the pulse-forming net-

work is completely discharged. If losses are

neglected, the pulse-forming network becomes
charged to a potential Vn = Ei,h when the

thyratron Thi is triggered. Because of the

properties of pulse-forming networks, a pulse

of voltage Eiyb/2 appears across Ri during the

charging of the network. During the pulse

both the plate and the cathode of thyratron

Th^ are driven negative to — E^b^ the plate by
the addition of the voltage at point 4 and that

induced in the transformer winding 5-6. At
the end of the pulse, however, a voltage equal to Ei^ suddenly appears

from anode to cathode of Th2 ,
and, to keep this tube from firing, it is

necessary to prevent the grid from becoming more than a few volts posi-

tive with respect to the cathode. The use of negative grid bias and the

addition of capacitance between grid and cathode easily accomplishes

..-^this result.

Until thyratron Th2 is triggered both the filter condenser and the

network are charged to a voltage Ebb- When Th^ is triggered, the pulse-

forming network discharges through winding 5-6 of the pulse transformer,

and a pulse of amplitude Ebb/"2 again appears across Ri.

Fig. 1 1 -40.—Circuit dia-

gram for a double-switch
single-network pulser.
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Although the circuit itself is very simple and flexible because any
recurrence frequency that allows enough time for thyratron deionization

is permissible, the auxiliary triggering circuit is complex. One such

circuit that has been operated successfully
^

consists essentially of an electronic switch i—oNa —

i

designed to operate at the shortest interpulse '""+\ <
spacing required; its output causes two regen- y ,

^ >
erative pulsers to operate in succession, trig- T”

j

^

gering the thyratrons Thi and Th^ alternately.
|

In general, the simplified equivalent cir- ^ig. ii -41.—Equivalent
cuit of Fig. 11*41 can be analyzed by the circuit for a double-switch

r n • i • T j. XL. X 1 lx single-network pulser.
following equations. Let the network voltage

be zero when the switch Si is first closed. The amplitude of. the first pulse

across the load is then

and the voltage left on the network is

“
"“f?, + Zv

When switch 1S2 is closed, the second pulse has an amplitude

_ T7 . E».
J? _1_ 7 -^hb T> \

r/ p \ nr
^

til ~r ttl “T til “r

and the voltage left on the network is

V — — V 4- V =F ( 1 —“ Ri + Z^ Ri + Zv V +til -f- Ijn

For simplicity, assume, as in Chap. 7, that

Rl — ZiNT

Ri + Zn
Then

i ^Zff

Yi - A
\ Rl Zn)

I - K =
Rl + Zi{

1 + K =

and the equations become

Vi, = Ei^

Rl + Zn

Vn. = E.

Rl

Rl + Zn
2Zn

Rl + Zn

= (1 +

= i^66(l — k),

7z. = ~ ^ (1 ~ k)(1 + k),
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V — #c).

The third voltage pulse is

Vi, = (i?6» - [1 — jc(l — k)](1 + k),

and the voltage left on the network after the third pulse is

V^, = (Ei, - F^,)(l -k) + F^„

or

Fiv, = £« (1 - «)(1 +
The fourth pulse is given by

Fj. = -Fa = -^(1 -k)(1 + .)(! +K^),

and the voltage left on the network after the fourth pulse is

Fiv. = - F
Ri +

-\- Vn, — jBw)K( 1 — (c)(l + K^).

In general, for any pulse,

Vi = - (1 + k)

y ^ Eib — Fwi„) ^ ,

hin+l) 2 ^ ‘

Vk,^ .
= kV.

(1 +

(1 —

These values can now be rewritten in the form of series as follows:

Vkin)

= ^ (1 + '^)(1 ~ <«)(1 + + •
•

• + 2
)

F, ^ (1 + <c)[l - k(1 - K)il + + k* + • •
• +

yN{2n) = EhbK{X — k)(1 + + • •
• +

^fV( 2n+i)
= -£'W>(1 — /c)(l + IC^ + fC^ + • •

• +
Since k is smaller than one, the series are all convergent and the equations

can be rewritten

F,.,= -f (1 + .)V+V
n 2n\- ^ (1 -

^ (1 + (1 +

F»-(,,) — EtiK 1+K
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' i\r(2n+l)
= Ebb

1 —
1+k'

As n increases, the value of or /c^n+i becomes rapidly negligible com-
pared with one, and the voltage across the load becomes

the plus sign corresponding to odd pulses and the minus sign to even

pulses. As has been explained before, a polarity reversal on alternate
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Fig. 11*42.—Pulse shapes obtained on a resistance load with multiple-switch single-

network circuit, (a) Circuit arranged for single-pip operation with uniform interpulse

intervals. (6) Circuit arranged for two-pip operation, (c) for three-pip operation, and
^(d) for four-pip operation.

pulses can easily be accomplished by the use of a pulse transformer.

The network voltage at the end of the charging period is given by

Vif — Ebb
1

1 + K

and that at the end of the discharging period by

K
Ebb 1+K
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The applications of this circuit are not limited to obtaining coded

pulses from line-type pulsers. Although it is equally well suited for the

constant recurrence frequencies that are common in radar systems, its

advantages become particularly impressive when the pulser is required

to trigger at random intervals. As was pointed out before, the principal

disadvantages are due to the complicated auxiliary circuits required for

triggering the two tubes alternately, and to the precautions necessary to

prevent the tubes from going into continuous conduction. It is believed,

however, that where irregularly spaced high-power pulses are required

these disadvantages are outweighed

by the great flexibility of operation

and the high eificiency. Oscillograms

of pulse shapes obtained by this

method are shown in Fig. 11*42. Fig-

ure 11 •42a was taken for a single

pulse in order to show the slight dif-

ference in pulse shape that results, in

practice, from the charging or dis-

charging of the network.

Single-switch Multiple-network Circuit .—The following circuit has

been tried and found very successful in obtaining two very closely spaced

pulses from a line-type pulser. The principle of operation is identical

with that of a regular line-type pulser, but an open-ended delay line is

connected in parallel with the load, as indicated in Fig. 1T43. Assume
that 62 ,

the delay time of PFN2 ,
is greater than 5i, the delay time of PFN 1 .

When the thyratron is*fired, a pulse appears across the load and the delay

line. This pulse travels down the line and is reflected at the open end.

After a time equal to 252
,
the reflected pulse appears at the load and gives

a second signal.

Simple considerations indicate the conditions under which the two

pulses have the same amplitude. The voltage amplitude of the first

pulse is given by

Fig. 11*43.—Circuit diagram for single-

switch multiple-network pulser.

Fz. =

RiZnz

VNi

Znx

Ri -j~ Zn^

I

RiZifj

Ri -|- Zn^

and that of the second pulse is

where

Vu = aVix
Rl ^iV2\

Ri -+ Znz/

a =

oris the attenuation factor, and I is the length of the delay line. The two
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pulses that appear across the load have equal amplitude when

1 4.

~ _ 1

Ri + Zjvj a

or

Zffi = Ri{2a — 1).

To obtain matched conditions for the discharge of the pulse-forming

network, PFNi, the additional condition

Zni
RiZNt __ p 2a — 1

Ri + Z.V.
-

' a

must be satisfied.

Some limitations of the system become obvious immediately. If

2a approaches 1
,
the values of and approach zero. The total

attenuation of the line PFN 2 in-

creases rapidly with the length of

the line, or the time delay between

pulses
;
hence, a limit on maximum

pulse separation is soon reached.

Figure 11*44 shows the similarity

between the two successive pulses

obtained by this method for a Fig. 11 -44.—Oscillogram showing r-f en-

delay time of approximately 3 velope of pulses obtained with the circuit of

Msec.

If, however, the time delay in PFN2 is made less than half that in

PFNi, the wave reflected from the end of the delay line appears at the

load before the main pulse is ended. If the delay line is open-circuited,

the polarity of the reflected voltage is the same as that of the pulse

already appearing across the load, and an increase in pulse amplitude

results. If the delay line is short-circuited, the reflected voltage is of

opposite polarity, and produces a decrease in the amplitude of the main

pulse.

General Comparison .—The multiple-switch multiple-network circuit

is the most flexible one that produces multiple pulses; there are almost

no limitations on the spacings that can be obtained. The main dis-

advantage is the large number of components that are necessary because

a complete pulser circuit is required for each pulse. The double-switch

single-network circuit is almost as flexible as the multiple-switch multiple-

network circuit, except that the minimum spacing between successive

pulses is limited by the deionization time of the particular switch. This

time can be decreased somewhat by operating the thyratrons at voltages

and currents below the rated values. The main disadvantage of this

circuit is the complex electronic switching circuit that is necessary to

pulse the two switches alternately, and the necessity of having a power-
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supply voltage that is equal to the network voltage (instead of half this

voltage, as is usually the case for d-c inductance charging). The high-

insulation trigger transformers may also cause some difficulty, but some

of these disadvantages are outweighed by the absence of any charging

circuit.

The single-switch multiple-network circuit is the least flexible of the

three. It has been described here because it represents a very simple

method of obtaining two closely spaced pulses, or pulses of irregular step

shape.

11«8. Multiple-switch Circuit for Voltage Multiplication.^—For high-

power line-type pulsers having high-impedance networks, the voltages

on the networks tend to become high, and may reach values of 50 kv or

more. Such high voltages usually lead to engineering difficulties, and

some form of impulse-voltage multiplication is therefore desirable. The
Marx multiplier circuit may easily be adapted to this use. The basic

circuit uses the Type A pulse-

forming network and is shown
in Fig. 1T45 for three-stage

multiplication.

The condensers C comprise

the storage capacitance of the

Type A network. Since these

condensers are in series, each one

must have a capacitance of

where n is the number of stages and Cat is the required capacitance

for the network storage condenser. The voltage multiplication is

obtained by charging the condensers in parallel and discharging them
in series. In the ideal case, the voltage stepup ratio for an n-stage

circuit is n. In practice, however, about 10 per cent of the voltage is

usually lost because of currents flowing through the inductances L.

The pulse discharge is initiated by firing the spark gaps G, which may,
of course, be replaced by any other suitable switch. The isolating

chokes L serve to prevent the condensers from being short-circuited

through the gaps during the pulse.

It is clear that the isolating chokes L must have inductance that is

sufficient to prevent an undue portion of the pulse current from being

lost through them. An estimate of the required inductance may be

made by calculating the circulating currents that flow during the dis-

charge period. Some loss may also occur because of circulating currents

if the gaps do not fire simultaneously. Under most conditions, however,

the time lag in the firing of the gaps is less than the pulse duration r,

and the approximate calculation remains valid. Triggered switches

1 By H. J. White.

ighJoitage |\g ^
I

\t^ \t^
High-voltage

source

Fig. 11*45.—Three stage Marx circuit

adapted to the line-type pulser for multipli-

cation of pulse voltage.
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such as thyratrons or fixed spark gaps usually have very small time lags.

For the purpose of an approximate calculation, it is sufficiently accurate

to consider the current flowing through one inductance L and one con-

denser C in series, the condenser being initially charged to a voltage Vn,

The current is then

_J
vie'

The period of the LC-circuit must be large compared with the pulse

duration r, and, on the basis of this assumption,

Ilc
jr [C

.
t _Vd

The maximum value that ihc could have during the pulse if the condenser

were not otherwise discharged is

V^LC/max — f

and the pulse current in the load is given by

nVN
2z;

Eliminating Vn between these two equations, the expression for L is

found to be

— 2Znt

^ I
(i Lc)mBX

I

L h J

As an example of the order of magnitude of L, let

Zn = 1000 ohms, T = 10“® sec, n = 3,

Then
. 2 X 1000 X 10-«

* ,

^ “
3l<0SI

— =

(i Lc)n = 0.01.

Experimental data on the effect of the isolating-choke inductance on

the current efficiency are given in Fig. 11-46 for a two-stage circuit.

Current efficiency is defined as the ratio of n times the average load cur-

rent to the input average current, where n is the number of stages, or

2(/i,v//c»v)- If there were no circulating currents in the isolating chokes,

thepurrent efficiency, by Kirchhoff's law, would be 100 per cent.

Unequal storage-condenser capacitances C also cause circulating cur-

rents, which produce losses in the gaps and the condensers as well as in
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the chokes. The isolating chokes usually have an iron core, and, for

Mgh-power circuits, they can be mounted conveniently in the tank of

the pulse-forming network.

A variation of the circuit of Fig. 11-45 that is particularly applicable

to the two-stage Marx circuit is shown in Fig. 1T47. Here the highest

Fig. 11-46.—Effect of isolating inductance in the Marx circuit on the current efficiency.

voltage to ground at any instant is equal to the load pulse voltage, and

the problem of insulation is therefore simpler than that imposed by

the original circuit. The rotary spark gap can easily be adapted for use

as the switch in a Marx circuit by mounting the rotating electrodes on an

I

J_

source

1

-C S

1 Pulse-shaping 1

elements •=

Fig. 11-47.—Variation of the Marx circuit to reduce voltages to ground.

insulating rotor and using one set of fixed electrodes for each gap required.

An n-stage Marx circuit would have n sets of fixed electrodes. The gaps

come simultaneously into firing position, and very smooth operation is

obtained when the switch is well built.
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CHAPTER 12

ELEMENTARY THEORY OF PULSE TRANSFORMERS

By W. H. Bostick

12-1 General Transformer Theory.—Of the devices that have been

developed for the transformation of energy and power the electromagnetic

transformer, which changes the ratio of voltage and current while main-

taining their product constant, has proved one of the most useful. Elec-

tromagnetic transformers in general and pulse transformers in particular

have been used

—

1. To transfer or control energy by raising a voltage above a threshold

or barrier level.

2. To invert the sign of voltage.

3. To effect ^'d-c isolation between source and load.

4. To deliver the correct amount of power to a load of a given resist-

ance by changing the voltage to the proper value.

5. To effect maximum transfer of energy (or power) from source to

load by a transformation of energy to the proper impedance level.

It is possible to conceive of a perfect electromagnetic transformer

(see page 504 of Sec. 12- 1) which would operate successfully over any

range of frequency, impedance, and power levels. For various reasons,

which are discussed later, such a perfect transformer cannot be built.

Any transformer that can be built has certain limitations in its range of

operation and should be designed to give optimum performance under

the conditions of operation for which it is intended.

Many different types of transformers have been developed to perform

the many functions and to cover the various ranges of operation of elec-

tromagnetic transformers. For example, there are filament and ‘ * power ^ ’

transformers, which operate steadily on a sinusoidal input at the various

standard power frequencies and voltages. There are audio transformers,

which are designed to operate over the audible range of frequencies, some
at high-power levels and others at low-power levels. There are r-f

transformers, which, when used in the circuits for which they are intended,

pass only a narrow frequency band of r-f energy.

The development of pulsed radar created a need for a relatively new
type of transformer—a transformer that transforms the energy in a pulse

499
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1

having a more or less rectangular shape and a duration of the order of

magnitude of 1 /x&ec-

In general, such pulse transformers are used to perform any qr all of

the functions listed at the beginning of this chapter. One individual

pulse transformer is often used over a fairly wide range of pulse durations,

voltages, and impedances.

Pulse transformers are also used extensively (usually at low power)

in one type of pulse-generating circuit, the regenerative pulse generator

or blocking oscillator, in which energy is introduced from the plate to

the grid circuit so that the polarity of the voltage is inverted and regenera-

tion occurs. Transformers designed for regenerative pulse generators

frequently have extra windings that can be used to transfer power to

other circuits.

Pulse transformers are effectively used as interstage coupling and

inverting devices in pulse and video amplifiers. These transformers

usually operate at medium or low power. ^

Perhaps the most important use of pulse transformers, however, has

been the transformation of the energy in a pulse from a pulse generator

to the impedance level of an r~f oscillator, which is frequently a magne-
tron, The pulse-power level at which these output transformers operate

is usually between 10 kw and 10 Mw, and it is these transformers with

which Part III of this book is primarily concerned.

Discussions of the properties of pulse transformers, the problems of

their design, and the use of materials in their design are found in Chaps.

12, 13, 14, and 15.

Since one of the most important functional uses of a transformer is

the matching of the impedances of the source and the load, it is well to

review the facts relating to the maximum power transfer from source to

load.

Maximum Power Transfer in the Steady State .—When a system is

being energized steadily at a given frequency, the power absorbed by the

load is where

i and e are respectively the current in and the voltage across the load, and
Ri is the load resistance. Maximum power transfer from source to load

obtains when the value of I^Ri is a maximum.
If the load impedance is fixed, it may easily be shown that the maxi-

mum power transfer for the steady state occurs when

—

^ For a discussion of low-power pulse transformers see F. N. Moody, “A Treatise

op the Design of Pulse Transformers for Handling Small Powers/’ TRE Technical

Monograph 5A.
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1. The reactive components of the source and load impedances are

equal in magnitude and opposite in sign.

2. The resistive component of the source impedance is kept to a

minimum.
If the source impedance is fixed, maximum power transfer for the

steady state occurs when

—

1. The reactive components of the source and load impedances are

equal in magnitude and opposite in sign.

2. The resistive component of the load impedance is equal to that of

the source impedance.

The condition that the reactances of load and source should be equal

in magnitude and opposite in sign is merely the condition for which, on

the average or at the respective peak values, the energy stored in the

source reactance is equal to the energy stored in the load reactance.

This fact is easily recognized when a simple system such as that whose
equivalent circuit is shown in Fig. 12- 1 is considered. The peak “ kinetic

or inductive energy stored in this system is

and the peak potential or capacitive energy is

These two energies are equal when
Lo = l/(co2Cz), which is the condition for which

the reactances of source and load are equal and

opposite, and therefore, as previously mentioned,

a condition for maximum power transfer from

source to load.

By a process of reasoning formally analogous

to that used in thermodynamics, this source-load

system may be considered to possess two degrees

of freedom. One degree of freedom may be con-

sidered to result from the kinetic energy, the

other degree from the potential energy, as in

a solid made up of one-dimensional linear oscillators.^ The ^‘equilib-

rium thermodynamical state, or the lowest energy state of this system,

may then be considered to occur when there is, on the average, equi-

partition of energy between these two degrees of freedom. ^ Thus, by
way of this thermodynamical analogue, it may be stated that both the

lowest energy state and the maximum transfer of energy are achieved, as

far as the reactances are concerned, when the designer of the circuit

makes the proper choice of Ci if Lq is fixed, or of Lq if Ci is fixed, or

of transformation ratio if a transformer is available (see p. 504).

1 The theorem of the equipartition of energy is usually applied to a system contain-

ing many particles or oscillators. In the formal analogue here suggested, however, it

is being applied to only one oscillator.

* See G. Joos, Theoretical Physics

j

Stechert, New York, 1934, p. 560.

Fig. 12-1.—Simple
source-load system that
may be used to demon-
strate the thermodynam-
ical relationship involved
in the problem of the
maximum transfer of
power in the steady state.
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As already indicated, the resistances of the system should be chosen

to give a maximum transfer of energy from the source from which the

energy is available to the load in which it is dissipated. ^

Although this process of reasoning by thermodynamical analogue

may seem irrelevant and trivial, it proves useful in designing a pulse

transformer that stores a minimum of energy in itself and transfers

maximum pulse energy to the load. This process of reasoning may also

prove useful in the design of transformers of other types inasmuch as its

conclusions predict the general shape, size, maximum flux density, and

number of turns resulting from good present-day audio-, video-, and

pulse-transformer design practice.

It is difiicult to state the general conditions for maximum energy

transfer in an arbitrary time for load and source systems containing

arbitrary arrangements of mass, stiffness, and resistance (or inductance,

capacitance, and resistance). This difficulty exists because it is impos-

sible to characterize accurately the behavior of such a set of circuit ele-

ments under transient conditions by a concept as simple as that of

impedance.

A simple problem in determining the conditions for maximum trans-

fer of energy under transient conditions in a frictionless, gravitation-

less system is, for example, a man of mass Mg who is capable of exerting

an impulse /r and wishes to impart maximum kinetic energy to a load of

mass Ml by means of a transformer of adjustable force ratio n. It is

assumed that the man must move his own mass in imparting motion to

the load mass, and also that he has at his disposal no elements having

compliance. It can easily be shown that the velocity attained by the

load is

_ fnr

+ m’

and that the kinetic energy of the load is

Im
2 ' \Afcn- + Ml)

It is desired to maximize the kinetic energy imparted to the load with

respect to n. Thus,

d
( fnr Y

dn xMgU^ + Ml)
or

dn \MGn^ + Mi

The roots of this equation are

^ Such a choice of resistance may be considered, from the point of view of the

thermodynamical analogue, to effect a maximum rate of degradation of energy from

source to load.
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n = 0,

and

the latter of which gives a maximum for the kinetic energy and has

physical significance. Thus, maximum transfer of energy in this example

occurs when the masses of the source and the load, referred to the same
side of the transformer, are equal, and when the kinetic energies of source

mass and load mass are equal. If the thermodynamical analogue is

again invoked, the kinetic energies of source and load may be con-

sidered to be proportional to the 'temperatures of the source and the

load. For maximum transfer of energy these temperatures are equal and

therefore constant throughout the system. Constancy of temperature

throughout an isolated system is, however, one of the properties of the

state of lowest energy. ^

The choice of source and load resistance for the maximum transfer of

energy to a resistive load under transient conditions is similar to that

under steady-state conditions.

From the foregoing examples employing a formal analogy with ther-

modynamics the general conclusion may be drawn that devices which

transfer maximum energy from source to load, under either transient or

steady-state conditions, are so designed that the elements of the system

in which energy is stored are in a state of thermodynamical equilibrium

or lowest energy.

The general conclusion concerning the state of lowest energy and the

examples on which the conclusion is based are used in Sec. 13-2 as a

plausibility argument to justify the assertion that a pulse transformer

should be designed in such a way that the electromagnetic-energy den-

sities of core and coil are approximately equal.

The General Equivalent Circuit for a Transformer .—Electromagnetic

power is equal to the product of voltage and current (or more precisely

E X H), but the form or impedance level of the electromagnetic power is

characterized by the ratio of voltage and current.

In considering the basic relationships involved in the transformation

of electromagnetic power, it is often useful to introduce the concept of

the perfect transformer. A transformation of power wherein no energy

is stored or lost in the transformer is considered to be brought about by a

perfect transformer. A perfect transformer is represented schematically

^ In this particular case there is only one degree of freedom since there is no energy

being stored as potential energy, and therefore considerations of equipartition of

energy between two degrees of freedom have no significance.
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in Fig. 12*2, where ei and ii may be any functions of time. In such a

perfect transformer, energy and power are transferred immediately

from input to output, that is,

e\i\ = 62^2,

^2 = neij

A perfect transformer reproduces at the output any voltage and cur-

rent at the input, except for a
Input or Output or factor u or 1/n.
primary secondary ^ .

j
It IS often convenient to refer

——i-po ^ circuit elements that are con-

I

I nected to the primary to the im-

1 e
pedance level of the secondary,

I I 1
versa. For example,

Source ^

^

calculations may be simplified by
Perfect Trans-

• r .i j
former, voltage removing from the secondary
stepup ratio=n

circuit in Fig. 12-2 and
Fig. 12-2.—A source-load system employing i

• • xu • • x
a perfect transformer. placing in the pnmary a resistance

Ri of such value that the energy

and power relationships of the complete circuit are unaltered. Thus,

X.,
1

I2
1^2

>Ri
1

1
'

1 1

•
—0 0-

C3:.

—/'TRRT'

—

j

LJ
Source — ^

former, voltage

stepup ratiosn

Fig. 12-2.—A source-load system employing
a perfect transformer.

Furthermore,

ilR'z = ilR2

T?' —— —
5

*

iC'A = iC2el

C' = ri^Ci.

If the system is energized at a constant frequency, for a source and a

load of impedances Zi and respectively,

7/ _ ^2
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If R[ is defined as R\ referred to the secondary,

505

and

R\ =

L'l =

Z; = n^Zi.

In describing the properties of an actual electromagnetic transformer

it is customary to employ the lumped quantities Li, L 2 ,
and Af, which

are, respectively, the self inductances of coils 1 and 2, and the mutual

Fig. 12-3.

—

(a) Circuit illustrating the transfer and transformation of power from source

to load by means of the mutual inductance M and the circuit elements L\ and Li. Q>) The
equivalent of the circuit shown in (a).

inductance shown in Fig. 12*3. Kirchhoff^s voltage-law equations for

the two loops of the circuit shown in Fig. 12*3 are

These last two expressions are the Kirchhoff voltage-law equations for

the circuit shown in Fig. 12*36, where Mi = M/n^ L2 = L2/n^y and

R2 = Ri/n^- The mutual inductance M referred to the secondary of the

transformer is

M2 = nWi = nM.

If suitable additions to and subtractions from the last two equations

are performed, there results

(Li - MO§ + Ml I (ii - iO = ei,
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and

[(LJ - ^0 I + ^2

]
*2 + ^^Jt - ^ 1)

= O’

which are Kirchhoff^s voltage-law equations for the two loops of the

equivalent circuit shown in Fig. 12-4a. Equations identical in form can

be written in which all elements are referred to the secondary; the

equivalent circuit derived therefrom is given

in Fig. 12*46.

If Li and are wound close together on

the same core (as they are in nearly all pulse

transformers),

T ^ — j f

where n is the turns ratio of the two coils.

Then, in the circuit of Fig. 12‘4a,

Li - Ml ^ L'2 - Ml.

lenVtL^sTs^ The inductance 2(1, - M,), customarily

termed ^Hhe leakage inductance,^^ is a series

inductance in the equivalent circuit through which the load current in

must flow.

It is customary to define the constant k that is called the ‘‘coupling

coefficient’^ by the following equation:

k = ^ « Ml.
y/LiLi Li Li

Thus for most pulse transformers the shunt inductance referred to

the primary is Mi « kLi, and referred to the secondary is Af2 « kL^)

the leakage inductance referred to the primary is

2(Li ~ Ml) = 2Li(l - k),

and referred to the secondary is

2{U - Ms) = 2L2(1 - k).

If 2(Li — Ml) = 0 (that is, the leakage inductance is zero), or, what

is the same thing, if A; = 1, a condition known as “perfect coupling”

obtains. Under such circumstances there can be no magnetic energy

stored anywhere in or about the transformer by the load Current in either

the primary or the secondary. Hence any magnetic flux associated with

the primary load current must be negated completely by flux associated

with the secondary load current. Literature on transformers usually

lj2
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defines the condition wherein A; = 1 as that in which all the flux associated

with the current in the primary links the secondary, and vice versa.

Transformers always have a certain amount of distributed capacitance

between primary and secondary; to a first approximation the equivalent

circuit for a transformer with distributed capacitance is shown in Fig.

12*5a, where C is some suitably chosen fraction of the total capacitance

between the primary and the secondary. The equivalent circuit shown
in Fig. 12*56, in which all elements are referred to the primary winding,

is an approximation to that shown in Fig. 12*5a. It can be shown by an

application of Eqs. (6) and (7) of Sec. 12-2 that the capacitance which

(a) ib)

Fig. 12-5.— (a) Equivalent circuit representing the effect of distributed capacitance

along the transformer winding. (6) Circuit approximately equivalent to that shown in

(a).

accounts for the energy stored in C when the voltage stepup ratio n is

different from 1, is given by

= (n - D^c = Co,

where Co is the d-c capacitance between primary and secondary, when the

transformer has a single-layer primary windingand a single-layer second-

ary winding whose adjacent ends are connected. When the opposite

ends of the two windings are connected,

C’i = (n- lyC = Co.

The capacitance CJ, which accounts for the current that can flow directly

from the source to the load without traversing the leakage inductance

and for the capacitive energy stored when a voltage is developed across

the leakage inductance, is given approximately by C3 = C. From the

foregoing expressions for CJ and C3 it is evident that when 0 < n < 1,

Cz is large and C2 is relatively unimportant’ but that when n 1 or

n<$C 0, (72 becomes large and C3 is relatively unimportant.

Usually the core and case of the pulse transformer are grounded, as



508 ELEMENTARY THEORY OF PULSE TRANSFORMERS [Sec. 121

indicated in Figs. 12*5 and 12-6, and one terminal of the primary and one

of the secondary are grounded. Consequently, there is usually some

stray capacitance of the secondary winding to ground, and this capaci-

tance may be lumped into C2, which will now be called Cjy (or Cd when
referred to the high-voltage winding which is usually the secondary).

There is also stray capacitance of the primary winding to ground, and

this capacitance may be represented by Cc

(see Fig. 12-6).

Furthermore, even when (7^ is charged by
application of voltage to the secondary (or Cc

by application of voltage to the primary), the

charging current has associated with it a mag-
netic field, and the energy in this field may be

taken into account by the insertion of the

inductances and Lc, through which the

charging currents must flow, in the circuit of

Fig. 12-6. (See Sec. 12-2.)

The effect of the winding resistance can be taken into account by
the insertion of resistances Rwx and in the circuit of Fig. 12-6.

Finally, the effect of the dissipation of energy in the core of the

transformer may be taken into account approximately by the insertion

of Re.

The lumped-parameter circuit of Fig. 12*6 is then, to a good approxi-

mation, the equivalent circuit for most nonperfect electrical transformers.

Equivalent Circuit of a Pulse Transformer .—From the phenome-
nological point of view, the generator 61 shown in Fig. 12*3 can be consid-

ered to be a pulse generator having internal resistance Rg and producing a

voltage pulse e(t) that remains different from zero for a time that is short

compared with the time between pulses. The usual problem is to design

a pulse transformer that will transform the energy in this pulse to the

proper impedance level with a minimum amount of energy absorbed or

stored in the pulse transformer, and therefore with a maximum amount
of pulse energy transferred to the load and a minimum distortion of the

pulse shape. It is evident from the circuit of Fig. 12*6 that, in order to

accomplish this purpose, the designer should strive to make the shunt

inductances and resistances high, the shunt capacitances low, and the

series resistances and inductances low.

From a more general point of view, a pulse is a spatial concentration

of electromagnetic energy that is in the process of being propagated, the

mode of propagation being determined by the disposition of conductors

in the vicinity of the pulse. The pulse-transformer designer attempts to

IE
I

design a device that will change the ratio of {= in this concentration of
|±1

|

Fig. 12*6.—Approximate
equivalent circuit for most
nonperfect electromagnetic
transformers.
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electromagnetic energy with a minimum increase in the entropy of the

system (excluding resistance load). Such a device must be so constructed

that, at the end of the pulse, it is in a state of energy lower than that of

any other device that could possibly be built.

A method whereby an optimum set of values for the circuit elements

of Fig. 12-6 can be chosen to effect a maximum transfer of energy, and a

method whereby a transformer can be designed so that these values are

achieved, are given in Chap. 13. Methods of calculating and measuring

the values of these circuit elements for a given transformer are described

in Sec. 12*2.

Pulse transformers are used, however, in many special circuits and

applications where the pulse shape, and not the maximum transfer of

energy, is the primary consideration. Often, for example, certain limits

are placed upon the rate of rise, the percentage of droop throughout the

pulse, and the shape and magnitude of the backswing voltage. Fre-

quently, especially at low-power levels, pulse transformers (for example,

trigger transformers) and differentiation transformers^ are purposefully

. designed to distort the pulse shape extensively in a particular manner.

If it is desired to shape a pulse with a transformer, it is necessary to

investigate the effect on pulse shape of the various parameters in the

equivalent circuit of a pulse transformer, a discussion of which is given

in Chap. 14.

The circuit of Fig. 12*6 has too many elements to be of practical value,

and therefore it is well* to try to eliminate or combine some of these

elements. For a pulse transformer designed to deliver 11-kv pulses of

0.5- to 2.0-jusec duration to a load of 1250-ohm impedance, and for which

n = 5, the following values (all referred to the secondary) achieved in

practice are typical:

~ 0.5 ohm,

which is negligible compared with and R[,

L 2 = 25 X 10“^ henrys.

Ll = 2(L2 ~ M2) = 50 X 10“® henrys.

Then
_ ^2 _ 1 — 1

L 1L2 L2 2L2

0.025 X 10-*

25 X 10-^ ’

or

k = 1 - 0.001 = 0.999,
and

M = kLi^ Ll.

Also

Cd = 40 nfif,

Cz = 0.10 /u/if,

^ Moody, op. cit.
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and
Cc = 0.50 /i/if.

Therefore Cz and Cc may be neglected in comparison with Cd-

From the foregoing discussion it is evident that a suitable approxima-

tion for the equivalent circuit of such a voltage-stepup pulse transformer

is that of Fig. 12-7. Since the emphasis of the

discussion in Part III is on high-power pulse

transformers, which* are, for the most part,

stepup transformers, the circuit of Fig. 12-7 is

used and is discussed extensively in Chaps.

12, 13, and 14. For voltage-stepdown trans-

formers (that is, forO < n < 1), orforn 1,

the equivalent circuit of Fig. 12-6 may again

be simplified, but Cg should be retained, and

in some instances it may prove necessary to

retain Cc- For pulse transformers where Ll becomes appreciable with

respect to Le (
= kLi) it is necessary to use the equivalent circuit of Fig.

12*4 or that of Fig. 12-6.

12*2. Values of Elements in the Equivalent Circuit.—The ele-

ments in the simplified equivalent circuit shown in Fig. 12*7 can be

calculated from the geometrical constants of the transformer, the dielec-

tric constant of the insulation, and the permeability of the core material.

Various methods of measuring these elements have been developed.

Primary Inductance .—If the core is in the form of a toroid and if the

effective pulse permeability of the core during operation is assumed to

be a constant, Me (see Sec. 15*1), Re, and Le in the equivalent circuit

shown in Fig. 12*7 may be supplanted by one inductance Lp, which is

called the primary inductance. Then

Primary Secondary
-o

Cd

Fig. 12-7.—Approximate
equivalent circuit for a pulse

transformer.

47r N^A^e
10 ® I

henrys,

where N is the number of turns, A is the cross-sectional area in square

centimeters, and I is the mean magnetic-path length in centimeters.

If a more precise evaluation of the performance of the core is desired

and Re and Le are used instead of Lp in the equivalent circuit shown in

Fig. 12*7, and if m is the d-c permeability (see Sec. 15*1, Fig. 15*2) which

is effective over the range of operation of the core, the values of Le and Re
as defined in Sec. 15*1 are

and

^ _ A^rN^Afi

10®i
henrys

„ _ 12iV2^p
He 707 ^

(15-29)

(15-30)
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where p is the resistivity of the core material in ohm-centimeters, and d

is the thickness of the lamination in centimeters.

A still more precise equivalent circuit for the core is a ladder network

of Li^-rungs, infinite in number, but this circuit is too complex to be of

any practical use and, therefore, either the Le and Re parallel elements or

the Lp element in the equivalent circuit is used to represent the core.

Measurement of Lp, or of Le and Re, is performed by applying the

voltage pulse from a pulse generator to the primary or secondary ter-

minals of the transformer (with the other terminals open-circuited) in

such a way as to simulate the actual operating conditions of the trans-

former with regard to voltage, pulse duration, and reverse current, and

by measuring the exciting current im on a synchroscope as shown in Fig.

12 -8 .

In general, the shape of the trace may be approximated by the sum of

a rectangle and a triangle, if the initial oscillations are neglected, and the

Fig. 12-8.—Method of measurement of primary inductance.

effective shunt resistance Re and inductance Le may be determined as

shown in Fig. 12-8. However, if Re > lOLe/r,
,
for practical purposes,

is negligible in comparison with at ^ = t. The effect of Le and Re may

then be approximated by the primary inductance Lp, determined as

shown in Fig. 12-86.

If the transformer is rated to operate with a reverse current between

pulses, the circuit shown in Fig. 12*8c must be used in the measurement of

Lp (or Le and R^, and the pulse generator should be of approximately the

same design as the one with which the transformer is to be used.

Leakage Inductance .—Formulas for the calculation of leakage induct-

ance for coils of almost all shapes and types may be obtained from many
different sources. This discussion of leakage inductance is confined to

windings of the type commonly used in power-output pulse transformers.

Most pulse transformers for regenerative pulse generators and inter-

stage work have very simple single-layer, noninterconnected windings,

and the calculation of the leakage inductance is very simple. However,

many of the pulse transformers that have been evolved have been used

to pulse the cathode of an oscillator tube. To accomplish this purpose

several different types of winding arrangement have been used.
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In order to simplify the measurement of oscillator current, the second-

ary windings of output transformers are isolated from the primary wind-

ings with respect to direct current. Furthermore, in order to supply the

oscillator filament current through the pulse transformer from a low-

voltage-insulated filament transformer, two secondary windings that are

isolated from each other with respect to direct current are provided. The

two secondaries are identical and are usually separated from each other

by a minimum amount of insulation
;
thus they are closely coupled as far

as pulses are concerned. A portion of each secondary winding equal to

the primary in number of turns may be placed near the primary winding

in a similar fashion; the resultant close coupling makes such a transformer

the equivalent of an autotransformer for pulse conditions.

The simplest type of winding consists of a one-layer primary (low-

voltage) winding and a one-layer secondary (high-voltage) winding. A
second type consists of a one-layer primary and a secondary broken into

two equal layers, both outside the primary. (Or, the secondary may be

broken into three or more layers.) A third general type consists of a

primary interleaved between two equal layers of a secondary. Two two-

layer coils can be put on the two legs of a transformer, and (1) the pri-

maries and secondaries both connected in parallel, (2) the primaries and

secondaries both connected in series, or (3) the primaries connected in

parallel and the secondaries in series. Two-leg variations on the second

and third general type can also be constructed. Each of the above wind-

ing arrangements can be constructed as an isolation (or “iso^^) or an

^^auto'^ version (that is, iso or auto for pulse operation).

The calculation of leakage inductance as a lumped parameter follows

the process of reasoning wherein a given amount of load current I is

assumed to be flowing in the coils and the total magnetic energy resulting

from this load current is computed and equated to ^LlP. In computing
the leakage inductance of a transformer on this basis the first example to

be considered is a transformer with a one-layer primary and a one-layer

secondary of equal length. Since the primary and secondary ampere-

turns are approximately equal in magnitude, and since the currents flow

in opposite directions around the core, the field between the two winding

layers is very nearly equal to that within a solenoid having the same
number of ampere-turns. Since the length of>the coil is usually large in

comparison with the distance between layers, the solenoid may be con-

sidered infinite in length, and practically all of the energy in its magnetic

field may be considered to be inside the solenoid. Such a solenoid

produces the interlayer field distribution shown in Fig. 12-96, since

/li = 1 both in and between the winding layers.

Actually, the current density is not uniform across the layer thickness.

Two extreme conditions of current distribution in the wire that might be
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used for purposes of computation are (1) the condition where the current

is concentrated in two very thin layers, one at the outside of the inside

winding layer, and the other at the inside of the outside winding layer,

and (2) the condition where the current is

concentrated in a very thin layer at the center

of each winding layer. The first extreme

gives a factor of 0 in the last term of Eq. 12T,

and the second a factor of instead of the

factor of i obtained in the following discussion

in which a uniform distribution is assumed.

Since the conditions usually encountered in

pulse transformers lie between these two ex-

tremes, and since the layer thickness is usually

much smaller than the distance between layers,

the assumption, of uniform distribution does

not produce much error.

The magnitude of H in oersteds (and there-

fore of B in gauss) is given by the following expressions

:

T i.1 • TT 4:'irNpIp Xp ^TtNsIs Xp X J uIn the pnmary: Hi = = — oersteds, where Xp is
dU dp oL’ dp

measured from the side of the primary next to the core; dp is the thickness

of the primary layer in cm; Np is the number of turns on the primary.

Ns on the secondary; Ip is the primary current in abamperes, is the

secondary current; £ is the winding length in cm.

Between layers:

f'lG. 12-9.—Distributions
of the magnetic field between
the primary and secondary
winding layers for a simple
winding.

In the secondary: Hz = 1 ~Y where Xs is measured from
£ \ ds/

the inside of the secondary.

The energy in a magnetic field in air (n = 1) is given by

H^W = ergs/cm^,
OTT

where H is in oersteds. Therefore, the energy stored in the leakage field

is given by

TF =^ (
H\ dx, -r HIA + m dx)j

_ /^wNj,
8ir \ £

where 'll is the average circumference of the layers in centimeters, A is

Op ~2

^dx„ + A +
yo \ as/ J
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the distance between layers in centimeters, and 2a is the sum of the

thicknesses of the layers. Since the energy stored in an inductance is

given by TF = hLP, the following equa-

tion may be solved for the leakage induct-

ance, referred to the secondary:

\un = (^ +T)

From this equation,

_ (
£ V

U= A +
3/

abhenrys. (1)

magnetic field for a coil with a

single-layer primary and a double-
layer secondary winding.

The second example to be considered

is a transformer with a one-layer primary

and a secondary composed of two equal

layers, as shown in Fig. 12T0. The flux

distribution is shown in Fig. 12T06, and

the magnitude of H is given by the following expressions:

T . rr 4:7rNpIp Xp 4TNsIa Xp
In primary:

In first interlayer space: =

In first secondary layer: Hz =

4TrNsi%

£
4TrNs

In second interlayer space: =

2£

^TtNsIs

In second secondary layer: =
(‘-S>

2£

^TtNsIs

2£

In these expressions Xp are measured from the inside of the

primary, and of the first secondary and second secondary layers,

respectively.

The energy in the field is given by

W = nijB

8ir

_ (a

£

PHI dxp + HlAi + \ Hi dxs^ + HlA^. +

Vs

7a.

+ Ai +
-J2

+ +

A2
,

2a
+ T + ^>

jf and

- 4iriV^niA
,
As

,
Sa\ ..

Ll = — + :4
+ "3" )

abhenrys. (2)



Sec. 12*2] EQUIVALENT CIRCUIT . 515

The third example to be considered is a transformer with a single-

layer primary interleaved between two equal layers of a secondary, as

shown in Fig. 12T1. From the flux-density distribution across the coil

(indicated in Fig. 12T15) it may be seen

that the transformer can be divided into

two equal parts by a line drawn through

the center of the primary and each part

treated as a simple two-layer transformer.

The total energy stored is the sum of the

Energies in the two parts, and the leakage

inductance is given by

Lj.
47ri^

£
«

47riV^‘U. 1

£ 4
^Ai + A2

abhenrys. (3)

Fig. 12-11.—Distribution of the
magnetic field for a primary
winding interleaved betwreen two
secondary-windings.

If a simple two-layer tran sformer is connected as an autotransformer,

the number of turns in the outer layer is Ns (n — l)/n, where n is the

stepup ratio, and the number of ampere-turns is Nsis {n — 1)/^. The
current in the inner layer is Jp(n — l)/n, and the number of ampere-

turns is Nplp(n l)/n, which is equal to Nsisin — l)/n. Therefore,

the field between the windings is reduced from that in the iso type by
the factor (n — l)/n, and the energy by the factor [{n — l)/nY. Thus,

Ll — ivNfM (

n

£ -)X-¥> (4)

The expressions for the leakage inductance of the auto versions of more
complicated types of winding arrangement are the expressions for the iso

versions multiplied by this factor [(n — l)/n]^.

These equations have been applied to the specific types of windings

diagramed in Figs. 12-12 and 12-13, and the values of the leakage induct-

ance recorded in Table 12-1.

Measurement of leakage inductance can be performed by either a

pulse method or a steady-stage method. The circuit that is shown in

Fig. 12- 14a and by which the increase of current through a standard

adjustable calibrated inductance Ls is compared and adjusted to coincide

with the increase of current through Ll produces a synchroscope trace

of the type shown in Fig. 12-146. The value of Ll is then determined by
the setting of the standard inductance.
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If leads can be brought out from both vertical deflecting plates of the

synchroscope, the alternate circuit shown in Fig. 1214c may be used,

andLs adjusted to give a null trace of the type shown in Fig. 12-14d.

It is possible to measure leakage inductance (and also to calibrate the

standard adjustable inductor of Fig. 12* 14) at a frequency of approxi-

mately 1 Mc/sec by means of a Q-meter if suitable corrections are made
for the distributed capacitances of the circuit. It is also possible to make
an accurate measurement of the leakage inductance of a pulse trans-

former on a Maxwell bridge.

Table 12- 1.

—

Relative Values (in Arbitrary Units) of Ll, Cb, and LlCd
Calculated for the Various Winding Arrangements Shown in

Figs. 1212 and 1213

Winding
type

Constant length
Constant secondary-wire

size
•

LlCd

Ll Cd Ll Cd

Windings of Fig. 1212

a 12.00 16.0 12.00
1

16.0 192

b 6.75 21.3
1 9.00 16.0 144

c 6.00 32.0 1 12.00 16.0 192

d 4.22 34.7 11.25 13.0 146

e 4.30 37.3 12.89 12.4 161

/ 3.50 , 40.0 14.00 10.0 140

9 4.00 37.3 8.00 18.7 149

h 2.53 58.6 6.76 22.0 149

Windings of Fig. 12 13

a 4.50 36.0 9.00 18.0 162

h 2.81 48.3 7.50 18.1 136

c 6.00 32.0 6.00 32.0 192

d 3.38 42.7 4.50 32.0 144

e 4.00 37.3 8.00 18.7 149

f ‘ 2.53 51.0 6.75 19.1 129

9 3.00 64.0 6.00 32.0 192

h 2.11 69.3 *5.63 26.0 146

Distributed Capacitance ,—^Like leakage inductance, the effective

distributed capacitance of various types of windings can be calculated

from general formulas to be found in many different texts and handbooks.

The considerations in this section are confined to the calculation of effec-

tive distributed capacitance for the various types of power-output

pulse-transformer windings that have been developed.

The calculation of distributed capacitance as a lumped parameter
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Fig. 12-12.—Various winding schemes that have been used in the construction of

pulse transformers for magnetrons:

(a) Ll =

(c) Ll =

(e) Ll =

(/) Ll =

{g) Ll =

47rAr«2cU

d

47rW^

d

4tTrNs

Ax + -^ +
4xiV.2'U / . . 4A. Aa

,
Sa\

v^‘+“r +-9

)
=

47rAr,“ai47riWt 1 /

d 4 V
Ai -F A2 + 3^

,
^3 So>

*"
9 3

; (^) Ll =
,

Ai + A2 + 3/*

follows the process of reasoning wherein a given voltage V is placed across

one winding of the transformer and the total energy W stored in the elec-

trostatic field is equated to ^CdV^, where Cd is defined as the effective

distributed capacitance.
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Fig. 12- 13.•—Various winding schemes that have been used in the construction of

pulse transformers for magnetrons:

(e) Ll =

47riSr,2cu 1

£ 4

1

£ 4

1

£ 4
'

£ 4
'

Aa + Ab +

Aa + Ab +
; Q>) Ll =

;
{d) Ll =

(/) Ll =

£ 4

47rAr*2tu 1

£ 4

47rV,2ai 1

£ 4

, 4»-Ar,2‘Ul/n -
,
SA,

.
So\

+ ^ +Tj-

The capacitance of a parallel plate capacitor, each of whose electrodes

is an equipotential surface, is given by the relation

Co =v 0.0885
eA lO-*"*

A
farads, (5)
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(0 (d)

Fig. 12-14.—Method of measurement of leakage inductance. (Note: L5 should be wound so

that it has a low distributed self-capacitance and a low stray capacitance to ground.)

which can be found in most handbooks of electrical engineering, and the

energy stored in a capacitance is given by

W = iCoV^ joules.

A pulse transformer with two adjacent winding layers of circumference

^ and length £> may be considered as a con-

denser composed of two plates of area ^<£ cm^

and separation A cm. Because of the pulse

voltages developed across the windings, the

plates of this condenser can no longer be

considered as equipotential surfaces, and the

voltage distribution along the windings must
be taken into consideration in the computation

of the effective distributed capacitance. The
energy stored in a section of width % and 1215.—Voltage at

height ax (see Fig. 12*15) is given by coil.

dW = i ^0.0885^ (57,)=“ • lO-*^ joules,

where>is-the^electric constant of the material between the plates.
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The quantity dVx is the voltage difference between the plates at a

height X from the lower end of the coil. For a linear distribution of volt-

age along the mndings,

sr.- V., - V,, -
[
V., + (V.,- r.,)

|] -
[
r,, + (K., - v.,)

- + [(F., - F.,) - (F^. - F^,)
Jl

= SVa + (SVs - SVa)

Therefore,

= 0^0^^
I" ij'

Integration over the range from 0 to £ yields

W = I
[(3Fx)^ + SVa • SVs + (57^)^] • IQ-i^ joules. (6)

This equation is used in calculating the energy stored between the core

and the first^ayer, between the first and second layer, and so on. The
equivalent capacitance, referred to the secondary, is obtained by solving

the equation = \CdV\, that is,

2yTF
Cd = farads, (7)

where F2 is the pulse voltage developed across the secondary winding.

By a rough calculation made with the equation for the capacitance

between parallel wires of infinite length, the intertum capacitance can

be shown to be negligible in comparison with the interlayer capacitance.

It is shown in Sec. 13T that, if LlCd equals a constant, one condition

for minimum energy stored in the coil is that the load impedance

Another condition for minimum energy stored in the coil, obviously, is

that the value of LlCd be a minimum. The winding arrangement

that gives the lowest values of LlCd should therefore be chosen for the

transformer.

The leakage inductance and effective distributed capacitance of the

various types of pulse-transformer windings shown in Figs. 12T2 and

12T3 have been calculated for n = 4, Mth each of the following sets of

assumptions:
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1. The thickness of each insulating pad is proportional to the maxi-

mum voltage applied across it, and the coil length is the same for

all types, but the wire size is variable.

2. The thickness of each insulating pad is proportional to the maxi-

mum voltage applied across it, and the secondary wire size is the

same for all types, but the coil length is variable.

Values of Ll and Cd (in arbitrary units) calculated with each of the above

sets of assumptions and values of the product LlCd are given in Table

12T. Since the product LlCd is independent of the length of the wind-

ing for a given type, it is the same for both sets of assumptions. The
thickness of the winding layers is assumed to be small in comparison with

the thickness of the insulation between layers, and is therefore neglected

in these calculations.

The results given in Table 12T show that all of the auto types have

lower values of the product LlCd than do any of the iso types, although

the value for the highest auto type is identical with that for the lowest

iso type. The lowest and highest values for the auto types differ by

only about 15 per cent. [Note: If the thickness of insulation between

inner winding and core is doubled, the iso types are improved somewhat

in comparison wdth the auto types; also type (/t). Fig. 12T2, is improved

relative to the other auto types, whereas type (/) becomes relatively poor.

Types (/) and (6), Fig. 12T3, still appear to be the best.]

The insertion of an electrostatic shield between the primary and the

secondary results in an appreciable increase in LlCd^ and is therefore

recommended only where it is absolutely necessary that the direct

capacitive coupling between primary and secondary be eliminated.

The preferred method of measuring the effective distributed capaci-

tance of pulse-transformer coils depends upon the type of winding. For

transformers mth simple one-layer windings, the value of the distributed

capacitance may be obtained by measuring the capacitance betw^een

windings at 60 or 1000 cycles/sec and applying a factor that depends

upon the distribution of voltage on the windings during the pulse. ^

The self-capacitance of an individual duo-lateral winding can be

obtained by measurement, by standard methods, at frequencies approxi-

mately equal to the highest important frequencies contained in the pulse.

For transformers Hihat employ special interleaving or interconnecting to

minimize the product of leakage inductance and distributed capacitance,

the circuit of Fig. 12T6 may be used to compare the capacitance current

in the lower-voltage wdnding with the capacitance current in the adjust-

able equivalent circuit. The inductor L' and the resistor /Z' are inserted

^ See Sec. 14-2 for a discussion of the calculation of this factor for regenerative

pulse generators.
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to simulate the magnetizing current in the transformer and are adjusted

first to give a trace which coincides with that of the transformer after

the capacitance currents have subsided (that is, toward the latter part

of the pulse). The values of Li, and Cjj are then adjusted to give a

capacitance-current spike which coincides with that of the transformer

at the beginning of the pulse. The value oi Gd may then be read from

the setting of CJj, and the value of Ll from the setting of Li,. This value

of Ll is referred to the lower-voltage winding; the previously described

method of measuring Ll gives greater precision since in that method the

measured value is referred to the higher-voltage winding and is therefore

numerically larger.

Fig. 12 - 16 .—Method of measurement of distributed capacitance. (Note: Ll' should be
wound so that its effective distributed capacitance is low.)

The effective distributed capacitance of a pulse-transformer winding

can also be measured by means of an r-f bridge. ^

Characteristic Impedance of a Pulse Transformer .—It is shown in

Sec. 13*1 that \^LlICd may be thought of as a characteristic impedance

of a winding for a transformer that may be represented by the equivalent

circuit of Fig. 12-7. For a simple coil with a one-layer primary and a

one-layer secondary winding of equal length, and with negligible winding-

layer thickness.

and

Ll = X 10-' henrys.

= JiC„ = X 10-12 farads.

(8 )

(9)

where Co is calculated by the use of Eq. (5), and/i is a fraction depending

upon the voltage distribution between the primary and the secondary.

^ For example, see P. R. Gillette, Pulse Transformer Committee, Proposed Basic

Specifications for Pulse Transformers,^' RL Report No. 881, Nov. 8, 1945.
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Then the characteristic impedance is

623

Zt
377JV.A

£ \/?i
ohms.

(10)

The concept of characteristic impedance is, however, more meaningful

when applied to circuits with distributed rather than lumped parameters.

A simple example of a circuit having distributed inductance and capaci-

tance and a characteristic impedance Zq is one composed of two long

parallel strips of conducting material, 1 meter wide and 1 meter apart,

which are part of two conducting sheets infinite in extent. ^ If the

permeability and dielectric constant of the material between the sheets

are respectively m and ei in mks units, it can be shown that, for a plane

electromagnetic wave propagated between the two strips,

Zo
E
H \€i \C \€o \€

377 'ohms

where jjlq and €o are, respectively, the permability and the dielectric

constant of free space in mks units, and 377 ohms is the characteristic

impedance of free space.

If the spacing between the strips is reduced to A meters and the width

of the strips becomes <£ meteis, and m = 1
?

Zo = —^-
7= 377 ohms,

£ ve
and £ and A may be measured in cm or meters.

If these parallel strips are now wrapped into two concentric cylinders

whose circumferences are large compared with the distance A between the

cylinders, and whose length is £, the characteristic impedance for a plane

electromagnetic wave traveling circumferentially in the space between

the two cylinders is still equal to (A/£ V^) 377 ohms.

If the outer and inner cylinders are now slit helically so that they

become coils of Ns and Np turns respectively, and the electromagnetic

wave is ushered in at one end of the coil and out at the other end, the

inductance per unit length of circumference is greater by a factor of

(for the secondary) than it is for the unslit cylinders. The capacitance

per unit length of circumference is different by a factor of /i, depending

upon the particular type of voltage distribution that is set up between

the primary and secondary. Therefore, the characteristic impedance of

the secondary winding may be expressed by

Zt = 377 ohms.
£VWt

^ J. C. Slater, Microwave Transmission^ McGraw-Hill, New York, 1942, p. 98.
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The characteristic impedance between the two plus (or the two minus)

terminals of primary and secondary of a transformer with a simple wind-

Fig. 12*17.—Circuit for measuring the

characteristic impedance of a pulse-trans-

former coil with single-layer primary and
single-layer secondary of equal length, and
with n = 1.

A, J5, and C are as shown in Fi

for an impulse to travel along the

ing, such as that oi the above ex-

ample, whose stepup ratio is unity

can be measured by the techniques

similar to those used in the imped-

ance measurements of pulse-form-

ing networks (see Sec. 6*6). If

pulses are applied between the

single-layer primary and the single-

layer secondary of a 1/1 trans-

former, as indicated in Fig. 1217,

the voltage waveforms at points

;. 12-18, where 8 is the time taken

Ares from one end of the coil to the

T~
1 !

V
UK- r\r\ f\ '

Li.

-25-
IJ

(6) fi,=o

T

i

TT~i

B{~C)

(C) Ri=Zj

Fig. •12*18.—Drawings of synchroscope traces obtained at points A, B, and C in the circuit

of Fig. 12*17 for three different values of Ri.

other. When the value of Ri is so adjusted that the trace of Fig. 12-18c is

obtained, the value of Et is equal to the value of the characteristic
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impedance Zt- For a transformer of this type the values of Zt obtained

by this method of measurement and by the method of calculation pre-

viously described agree within a few per cent.

The small oscillations appearing at the very beginning of the pulse

on traces B and C, Fig. 12T8, are the result of tum-to-turn transmission

of the impulse. The impulse thus transmitted travels from one end of the

coil to the other much more rapidly than the impulse which must travel

along the wires.

If a 1/1 transformer is wound symmetrically on two legs of the core,

small oscillations appear in the middle of the steps. These oscillations

are the result of small reflections that occur

where the two coils are connected.

For windings of a more complicated

nature the characteristic impedance of part

of the winding may be different from that of

another part of the winding. Also, if n > 1,

the measurement of impedance becomes

much more difficult to perform. Figure

12-20 shows some drawings of synchroscope

traces obtained at various points in the

circuit of Fig. 12-19, in which a transformer

with n = 1 and a transformer with n = 3,

constructed to have the same Zt (1200 ohms) for the secondary (high-

voltage) winding, were pulsed in turn with various loads attached.

It can be seen from these traces that the general character of the

transmission delay of the transformer with n = 1 is retained by the trans-

former with n = 3, but that the tops of the steps of the latter are slanting

instead of horizontal and that oscillations whose period is either or

id often appear on these slanting tops. A simplified explanation is

that the sloping tops of the steps are the result of charging an effective

distributed capacitance through the characteristic impedance Zt of the

transformer winding.

It is interesting to note the nature of the approximation wherein the

effect of distributed inductance per unit length of the wire is replaced by

a lumped-parameter leakage inductance in the equivalent circuit. For

Ri = 0 and for Rg almost equal to 0, the slope of the average of trace D
shown in Fig. 12-20d is VofdZTy where 5 is the time necessary for an electro-

magnetic impulse to travel along the secondary winding from one end of

the coil to the other. If S is the total length of the wire, and if L and C
are respectively the inductance and capacitance per unit length of the

winding,

6 = S Vie,

Zt =

Pulse transformer l/l and l/3

Pulser

resistance resistance

Fig. 12* 19.—Circuit used for

pulsing two transformers, one
with n = 1, the other with
n = 3, to obtain the traces

shown in Fig. 12-20.
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and the slope of the average of trace D (Fig. 12-20d) is Vq/LS = Vg/Ll
irfiere Ll = LS, This slope VgILl is simply the rate at which current

increases when it is limited by the lumped-parameter leakage inductance.

For multilayer-winding and duolaterally wound transformers the

concept of characteristic impedance from the point of view of distributed

parameters becomes more and more strained. The characteristic imped-

(6) Ri = 1200 ohms [d) -R/ =0, low power-

supply voltage

Fig. 12*20.—Drawings of oscilloscope traces obtained at the various points of the circuit

shown in Fig. 12*19 for transformers with n = 1 and n = 3, (a) with Ri = co

,

(6) with
Ri — 1200 ohms, which, for the secondaries of both transformers, is equal to the value of

NA
Zt calculated from Zt = 7= 377 ohms, and (c) and (d) with Ri = 0.

dVTf

ances can then be best thought of as equal to ^/Ll/Cd^ where Ll and

Cd are lumped parameters.

Charging Inductance .—When a pulse transformer is operated into a

load of low dynamic impedance (for example, a magnetron), oscillations

whose period is usually considerably less than 27r \/LlCd often appear

on the top of the current pulse. These oscillations may be considered to

be the result of the transmission and reflection in the coil of disturbances

that are probably initiated at the end of the secondary to which the

oscillator is attached. The impedance of the secondary winding to the
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transmission of such disturbances is

N A
377 ohms.

£ VWi
The time taken for the disturbance to travel along a length of secondary
wire cf AT' turns to the first discontinuity in the impedance is

S —^ V € sec,

where is the mean length of turns of the secondary winding in centi-

meters, c is the velocity of light in centimeters per second, and is the

number of turns on the secondary winding between the high-voltage end
and the first sharp discontinuity in impedance (/x, of course, is equal to

unity for the space between the coils). The time transpired before this

disturbance is reflected back to the source is 25, and when, upon succes-

sive reflections that set up shock-excited standing waves, the fluctuations

of voltage and current at the source take on the approximate sem-

blance of a sine wave, the period T of the fundamental of these oscillations

is either 25 or 45, depending upon the nature of the discontinuity in

impedance. The effect is somewhat analogous to the two different

fundamental periods of oscillation that are set up in closed and open

organ pipes.

Figures 12T8 and 12-20a show examples of such sine-wave oscilla-

tions occurring in the operation of the circuits of Figs. 12T7 and 12T9
respectively.

Figures 2*44 and 2*45 show such sine-wave oscillations appearing on

the current pulse in a magnetron. The fundamental period of these

oscillations is usually

r = 23 =
c

and the periods of various harmonics are integral divisions of this period.

The periods thus calculated agree with the periods of oscillation observed

if there are no interfering effects resulting from capacitance across the

primary winding. For each discontinuity in impedance along the coil

there is observed among the oscillations sine-wave components of a

fundamental period corresponding to each of the resulting reflections.

In the equivalent circuit for a pulse transformer and a biased-diode

or magnetron load (Fig. 12*7) the effect of these reflections can, to a crude

approximation, be taken into account by inserting in series with Cd an

inductance Ld such that

T = 2'?r "^/LdOd
2N'/{1 \/€

c
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or

If the coil is assumed to be constructed with a single-layer primary

Avinding and a single-layer secondary winding of equal length,

Cn
0.0885 • %£e/i • lO-^^

A
farads,

where fi is a factor depending upon the stepup ratio. Then

j _ 1

^ 7r2 .

9

• 1020
. 0.0885 • 10-12

* '

and

Ld _ 1 iV'2qiA £ ; 100 _ OT
Ll “ 7r2 .

9

• 10« • 0.0885 ‘ /i£
‘ ^ttN^^A ” /i

’

If, for example, the stepup ratio n is very high, and ii dVs ^ V2 and

8Va = 0 in Eq. (6), then Eq. (7) yields a value of Cd equal to i of the

total capacitance between primary and secondary, and /i is equal to i.

Thus, for this simple coil where /i is taken to be i, Ld/Ll = 0.3.

For transformers of the type usually employed with magnetrons, the

value of Ld that is obtained from measuring the period of oscillation on

the current pulse and using the expression T = 2w \/LdCd is such that

^ « 0.25.
Ll

P. D. Grout assumes that certain so-called ‘^current modes in the

transformer are associated with generalized coordinates. 1 The result is a

set of equations, one for each mode, which duplicate the mesh equations

of a lumped network.

The particular current mode which is of interest at this point in the

discussion of pulse transformers is that associated with the charging of

distributed capacitance (that is, Crout^s modes By C, and D). In illus-

trating the delineation of the simplest of such current modes (that is,

mode B) the voltage distribution between the primary winding and the

grounded core shown in Fig. 12-21, where £ is the length of the winding,

should be considered first.

The charge per unit axial length of primary may be denoted by kxy

and the total charge that has passed point x toward the right is equal to

I kxdx = ^
(£2 — x^).

^ P. D. Grout, “A Method of Virtual Displacements for ISlectrical Systems with

Applications to Pulse Transformers,^^ RL Report No. 618, Oct. 6, 1944.
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In order that the mode may produce no net mmf on the core, it is required

that there flow in the opposite direction in the primary winding a current

which is constant along the primary and whose mmf cancels that of the

current flowing toward the right. Since the number of turns per unit

length is constant along the primary, the

desired average current flowing toward

the left is k£>^/3.

Then, if the primary current outside

the winding is denoted by dgs/dt (see

Fig. 12-216), k = Qb, and the primary

current in the winding (positive for flow

to the left) is

^ (P2
dt 2£2 dt

_ 1 dqB (Sx^~

The displacement current from primary to

core per unit length of winding is 3x/£>^

dqaldt.

As qB is varied it is evider i; that this

so-called ‘‘mode has the following

properties: •

1. No mmf acts upon the core.

2. The primary winding behaves as

an autotransformer to charge the

primary-to-core distributed capac-

itance with a linear voltage

distribution.

Fig. 12-21.— (a) Voltage dis-

tribution between primary and
core for a pulse transformer.

(6) Displacement current flow-

ing between primary and core.

(c) Plots of displacement and
net primary currents. Curve A is

the displacement current from pri-

mary to core per unit length of

winding, Curve B is the net primary
current.

The displacement current per unit length of winding and the net

primary current are plotted in Fig. 12 -210. It is evident that at all

points except one along the length of the coil the net primary current is

different from zero (although the net mmf on the core is zero). The
energy stored in the magnetic field associated with this primary current

may be represented to a first approximation by an inductance in series

with the effective distributed capacitance in the equivalent circuit

(whence Lc in Fig. 12-6).

By the same process of delineation of current modes it may be shown

that, to a first approximation, an equivalent inductance Ld may be placed

in series with the effective distributed capacitance Cd existing between

the primary and the secondary (see Fig. 12-6).

Thus, where there is a voltage distribution that increases along the
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length of the coil between primary and core, or between secondary and

primary, there are capacitance currents that flow in such a way that

magnetic fields (‘^squirted’’ flux) are created outside the coil as well as

inside. These fields, obtained with a combination of a transformer with

n = 3 and the circuit of Fig. 12T9—a combination that is pulsed at a

time ^ = 0 for a duration ^ 8—and observed in the axial direction of the

coil with a magnetic probe and a synchroscope, are shown for various

positions along the coil in Fig. 12 •22a. It is obvious from the traces

that both fundamentals and harmonics exist in the time variation of the

magnetic fields associated mth charging currents. A plot of values of

these fields for the first and second harmonics has been constructed in

Fig. 12*225, and a rough schematic pattern of these fields about the coil

Field in the axial di-

rection at position 1

Field in the axial di-

rection at position 3

Field in the axial di-

rection at position 2

(a)
(c)

.

Fig. 12*22.— (a) Drawings of synchroscope traces showing the intensity of the magnetic
field in the axial direction obtained with a magnetic probe at various points along the coil.

(6) Plot of the distribution along the coil of the peak magnetic fields of the first and
second harmonics that occur in the time variation <5f the squirted flux.

(c) Rough schematic plot of the field patterns for the first and second harmonics.

for the first and second harmonics has been drawn in Fig. 12*22c. The
charging inductance Ld (or several L^s, one for each harmonic) may be

introduced into the equivalent circuit to take into account the energy

that is stored in these magnetic fields when charging currents flow in

the transformer coil.

There is no contradiction between the concepts of transmission-

reflection and squirted flux, as they are merely different aspects of the

same phenomenon, a phenomenon which is similar to the oscillations

that occur in an organ pipe or along a vibrating string. In all of these

phenomena the reflection of traveling waves sets up sinusoidal displace-

ments in the form of standing waves. The difference between the two

concepts is that, with a transformer coil, in which the voltage distribu-

tion is such that the voltage difference increases along the coil, the

squirted-flux theory predicts external magnetic fields of the type shown

in Fig. 12-22, whereas the pure reflection theory does not.
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Summary .—This chapter has given a brief treatment of general

transformer theory, has indicated a workable equivalent circuit for a

pulse transformer, has shown how the elements in this equivalent circuit

may be calculated and measured, and has introduced and briefly discussed

the concepts of characteristic impedance and modes of oscillation of a

pulse-transformer winding.



CHAPTER 13

PULSE-TRANSFORMER DESIGN

By W. H. Bostick

In this chapter, Sec. 13 T discusses the relationship between the

elements in the equivalent circuit and the rated load impedance, rated

pulse duration, and efficiency of a pulse transformer. Section 13 *2

presents methods of achieving a design that meets the requirements of

specified load impedance, specified pulse duration, and maximum effi-

ciency. Section 13 *3 provides design data for a number of successful

pulse transformers covering a wide

range of pulse durations and imped-

ance levels.

13‘1. General Pulse-transformer

Design Considerations.—Many suc-

cessful .pulse transformers have been

designed without consideration or

cognizance of certain relationships

between the elements in the equivalent

circuit and the transformer rating

and efficiency. It is the author^s

belief, however, that these relation-

ships which are discussed in this

section form the most rational general basis for the design of pulse

transformers giving maximum transfer of pulse energy to the load.

In developing these relationships, it is helpful to consider the system

of Fig. 13T where

Fg is a source voltage,

Rg is the source impedance,

Le is the effective shunt inductance,

Re is the effective shunt resistance,

Ri is the load impedance (a resistance),

Cc, which represents the capacitance between the low-voltage wind-

ing of a transformer and the core (which is grounded), is gener-

ally neglected, and

LlCd equals a constant (a relationship that is true for a constant mean
coil perimeter and a constant number of turns for pulse trans-

formers).

Fig. 13*1.—Equivalent circuit used
in the consideration of the optimum
relationships among Ri, Cd, Ll, Le, and
Re for a specified load impedance and
pulse duration.

532



Sec. 131 ] PULSE--TRANSFORMER DESIGN CONSIDERATION 533

It is desirable to transfer a maximum of energy to Ri in a given

interval of time during which switch (1) is closed (that is, the pulse dura-

tion T, which in average design practice is usually considerably greater

than 2t \^LlCd), and hence to transfer a minimum of energy to Rey Le

(or Lp, see Sec. 12-2), Ll, and Ci>. In a treatment of this problem it is

helpful to introduce the quantity a]

_ Energy flowing into the core during the pulse

Energy transmitted to the load during the pulse
Then

“ F,/,T VJcr h \2Le ReJ’

where the core is represented by an equivalent circuit consisting of Le

and Re in parallel, and im is the magnetizing current that builds up in Le

and Rc,

If, as is often true, the laminations are very thin, or if the pulse

duration is long compared with the time constant of the lamination (see

Sec. 15T), the core may be approximately represented in the equivalent

circuit by Lp, instead of by Le and Re^

Then
Vi r

h 2Lp’

It is also useful to define the quantity /3;

Then

Energy stored in leakage inductance and

_ distributed capacitance during the pulse
^ Energy transmitted to the load during the pulse

= \LlIi + ^CdVi
Vihr

For a variable winding length and a variable spacing between the

primary and the secondary, LlCd = constant [see Eqs. (12*4), (12*6),

and (12-7)]. A maximum amount of pulse energy is transferred to the

load (as far as the coil is concerned) if a minimum amount of energy is

stored in' the coil. Therefore, is minimized under the condition that

LlCd = constant.

Thus,



534 PULSE-TRANSFORMER DESIGN [Sec. 13-

1

and

This condition for maximum energy transfer might be obtained by way
of a thermodynamical analogy by reasoning that the system would be

in its equilibrium state if there were an equipartition of energy between

the two degrees of freedom, that is, that

=iLL

The quantity \^Ll/Cd, which has the dimensions of impedance, may
be thought of as the transient or characteristic impedance of the LlCd-
network. When the impedance of this network is equal to the load

impedance, maximum energy transfer to the load is effected.

The resultant value of )8 for minimum energy stored in the coil is

L _ Li _ VLiCi
. Vilrr Rtr r

For transformers in which the voltage'stepup ratio n>2orn< —

1

(that is, transformers for which the equivalent circuit of Fig. 13T applies),

.

and which are operated on a resistance load, observation and calculation

(see Fig. 14T2) of pulse shapes show that pulse shape is approximately

optimum when the sum a + is a miniucium.^

For stepup transformers operated on a magnetron load, both calori-

metric measurement of efficiency and observation of the shape of the

current and voltage pulses show that the efficiency (for fixed Rg and Ri) is

maximum and, in general, the pulse shape and performance are optimum
when a + j3 is a minimum. The value of the pulse duration r at which

the transformer with a given L«, Re (or Lp), and Cd gives a minimum of

a + can be determined as follows:

or

= V2L^i>. (2)

1 The criteria for optimum pulse shape constitute a very controversial subject. A
good pulse shape is the result of a skillful compromise among high rate of rise, low

overshoot, small amount of droop, high rate of fall, and low backswing voltage. It

is the author’s belief that the most suitable compromise among these quantities is

obtained by making a + a minimum.
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The quantity o: + /3 for Topt

(a + ^)opt

If the effect of Re is neglected,

(a +

and if

is defined as (a + and

V Le Re^Co

Topt —

T Topt

a = ^.

Then, at any t such that r/ropt = /,

a + = (a + P)o

Thus, if / = 2 or i,

if / = 3 or

and if / = 4 or i,

(i+i)

a + ^ = |(a + ^)opt,

a: + jS = f (a + /S)op<,

OJ + ^ = "V"(^ + /3)opt-

(3)

It is obvious that, if the transformer is to be operated over a range of

pulse durations from Tmin to Tm ,, Topt should be chosen to be equal to

'\^TminTniax*

It is of some interest to relate (a + P)opc to the coupling coefficient k.

From Fig. 12*4 it is apparent that 2(Li — Mi) = Ll, or

Since

or

Ml = Li
U
2

*

k

k

M
'\/LiL2

1 IjL‘

2Ti
1 -

Ml
Ll'

k 1
(« +

4

If the transformer is a noninverting transformer with a stepup ratio

n = 1, then Cd = 0, and no electrostatic, only magnetic energy is stored

in the coil. Minimum energy stored as iLJi in the coil is then achieved,

and the relationship Ri = \^LlICd is most nearly approximated when

Ll is a minimum.
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The capacitance Cc of the low-voltage winding to core is, of course,

always present, and energy is stored in Cc. However, Cc does not bear

the close relationship to Li, that Cd does, and Cc may be kept small

merely by using adequate winding-to-core insulation. In properly

designed pulse transformers, Cc is always negligible compared with Cd
when n > 2 or < —1. Therefore, the value of Cc is of little significance

in design considerations, except for the fact that it is usually kept negligi-

bly small.

In addition to Cd there is the input capacitance Ci of the load, which is

usually smaller than Cd. For a system using one transformer, the energy

stored as^CD^j^ + ^LlIi for a constant product LlCd is a minimum when

Ri = ^Ll/Cdj but the pulse shape is usually optimum (for a voltage-

stepup transformer) when Ri — \/Ll/{Cd + Ci) (see Sec. 14*1). In a

system using stepdown and stepup transformers separated by a cable

whose transit time is less than VI>x,Cd,^ the energy stored as S-^CpF? +
Z^LlIi for a constant productZ/xCDis a minimum when
but the pulse shape is optimum when Ri = 1!^Ll/{C

d

— Ci) (see Sec.

14T), where Cd is the effective primary-to^secondary capacitance of the

stepup transformer. Therefore, a compromise must be struck between

maximum efficiency of the transformer or transformers and optimum
pulse shape. Because the assumption that \^LlICd should be equal to

Ri generally gives good results and leads to simpler relationships, this

assumption is employed in the design methods discussed in Sec. 13*2.

In summary, it is evident that, in order to design a good pulse trans-

former (that is, one which effects maximum transfer of pulse energy) for

a given r and i?z, the following conditions should be fulfilled

:

Zt —

a = /3,

{a + /3)opt

(4)

(5)

(6)

13-2. Design Methods.—In the early history of pulse transformers it

was customary to use the following design procedure: the magnetizing

current Im at the end of the pulse was permitted to be equal to 0.1 of

the load current h. Then, from the relationships (see Sec. 15T)

AB =

H =

lO^Fr

NA '

AirNIm

lOZ
'

‘ When the transit time of the cable is appreciably greater than \/LlCdj the con-

siderattions are the same as those for a line-type pulser.
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and
A5 =

the core volume was computed to be

^ 47r • lO^MeVrln, ^ 4w • lO^MeVrli

(Asy (ABy
where

AB is the increment in gauss (at the end of the pulse) of the average

flux density of the core above the remanent value of B/
H is the magnetic field in oersteds created by Imj

A is the cross-sectional area of the core in square centimeters,

I is the mean magnetic-path length of the core in centimeters,

jjLe is the effective permeability of the core,

V is the pulse voltage, and

N is the number of turns on the winding to which is applied the pulse

voltage V.

A guess was made as to a suitable value of AiB, the core volume Al
was computed, and a core having this product, for which the factors A
and I were suitably estimated, was then chosen. The value of N was
computed, and a simple winding scheme selected. The insulation thick-

ness A was chosen so that it v ould be sufficient to withstand the voltage

puncture stress, and sufficient coil margins were left to withstand the

voltage creep stress.

Formerly, an operational requirement frequently placed on a pulse

transformer was the specification of irmai? the maximum allowable time

taken for the pulse to rise to 0.9 of the full amplitude of the output of the

pulse transformer on a resistance load Ri, For the transformer and load,

the resultant time of rise Uy usually computed without a consideration of

the effective distributed capacitance, was obtained from the expression

0.9 = 1 - 6

or

tr = -4^ In 0.1 =-4^;in 10.
Ml Ki

If the computed U exceeded the specified tr^ax, Ll had to be reduced by

reducing N or A, thereby increasing a5, or by reducing A. If the com-

puted tr was less than tr^naxi the design was considered satisfactory.

In more careful designs where the distributed capacitance was taken

into account, the time of rise was calculated on the basis of Eqs. (14T)

and (14-2), and an effort was made to clioose a design which had a value of

cr (see Sec. 14*1) of about 0.5. Except for this occasional effort, which

satisfies the criterion of Eq. (4), early design procedure involved no con-

scious attempt to satisfy the criteria of Eqs. (4), (5), and (6). To take
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full cognizance of these criteria constitutes a more rational and direct

approach to the problem of pulse-transformer design. This direct

approach, or an approximation thereto, should be used whenever the

conditions of design call for maximum transfer of pulse energy.

It is possible, for a given type of winding, to express a and /5 as func-

tions of the number of turns, maximum allowable creep stress, the voltage

on the high-voltage winding, the wire diameter, etc., and to minimize

(a + j8)opt under the constraining conditions of Eqs. (4), (5), and (6).

This method is straightforward and leads to the optimum design. The
algebraic equation resulting from this procedure is, however, of such high

degree that its numerical solution for each new transformer design is

prohibitively laborious. An alternative, but nevertheless equivalent,

procedure is to approach the optimum design by a series of approximating

designs. It is possible to use the criteria of Eqs. (4) and (5) as constraints

on the design, and then to make an estimate as to the optimum flux

density, the number of turns, or the core volume. Although the resultant

transformer satisfies Eqs. (4) and (5), but not necessarily Eq. (6), its

design may be sufficiently good for the intended purpose. If, however,

the best possible performance is desired in this transformer, it is necessary

to make several estimates of flux density, number of turns, or core volume,

and either to calculate or measure (a + for these designs. When
the design possibilities have been thoroughly explored and the design has

been found which satisfies, by measurement as well as calculation, the

criteria of Eq. (6) as well as those of Eqs. (4) and (5), and which operates

satisfactorily in the intended circuit, the design may be considered to be

completed.

There are, of course, complicating factors such as the saturation

characteristics of the core, the range of pulse durations that must be

passed, and the magnitude of the backswing voltage that can be tolerated.

A compromise must often be struck between these circumstances and

adherence to the criteria of Eqs. (4), (5), and (6). Also, except under

unusual circumstances, an approximate core size must be used because,

for economic reasons, cores are manufactured in a set of standard sizes,

finite in number.

This process of design wherein it is attempted to satisfy the criteria

of Eqs. (4), (5), and (6) has been carried out at the Radiation Laboratory

for a number of power-output pulse transformers for magnetrons. Some
of these designs for various power ranges and pulse durations are recorded

in Sec. 13*3. These designs are useful in the design of new transformers

because they provide a good starting point in the initial estimates of the

number of turns, flux density, or core size to be used.

Given also in Sec. 13*3 are the designs of several interstage and

regenerative-pulse-generator low-power pulse transformers in which the
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-Core

Fig. 13-2.—Idealized

core and coil used in

the thermodynamical
considerations of the en-
ergy stored in the
transformer.

criteria of Eqs. (4) and (5) were approximately satisfied, but in which no
particular exploratory effort was made to satisfy the criterion of Eq. (6).

With the use of Eqs. (4), (5), and (6), analytical expressions, which
are algebraically simple, are now developed to show the general depend-
ence of optimum flux density, optimum number of turns, and optimum
core volume on the effective permeability of the core, the dielectric con-

stant of the insulation, the winding arrangement, wire size, output volt-

age, load impedance, and pulse duration. These relationships prove
especially useful in providing a means of extra-

polating from a successful design to a new design

of the same winding type, but perhaps different

voltage, impedance, pulse duration, wire size,

dielectric constant of insulation, and effective per-

meability of core.

It is helpful at the outset to express the second

law of thermodynamics in the following way: the

equilibrium or most probable state of an uniso-

lated system is usually achieved when the energy

of that system has become a minimum. In a

corollary of the second law of thermodynamics

(see Sec. 12T), the law of equipartition, it may be

stated that the energy of the system tends to be

distributed equally to each degree of freedom that enters quadratically

into the expression of the energy of the entire system.

In the pulse transformer (shown in Fig. 13-2), the total volume of

the coil is assumed to be equal to the space between the primary and

secondary windings, and the total volume of the transformer in which

energy is stored is assumed to be equal to the sum of the volumes of the

core and coil. If this transformer is to be used to transform and transfer
*

a pul^e of electromagnetic energy, it is obviously desirable to have a

minimum of energy in the transformer at the end of the pulse, that is, to

leave the transformer in a minimum-energy state. If the energies stored

in the core and coil are considered, by way of a thermodynamical ana-

logue, to constitute two degrees of freedom for the transformer, the

equilibrium or minimum energy state of the transformer is that wherein

a = P (which, as has been proved in Sec. 13T also, gives a minimum for

a + 0 when T = Topt) . Furthermore, according to the second law of

thermodynamics, the equilibrium (and hence the minimum-energy) state

of the transformer is (among other things) that in which the ^‘electro-

magnetic temperature is constant throughout the transformer, and

^ Here electromagnetic temperature may be thought of as analogous to ordinary

temperature which, in a gas for example, is proportional to the average kinetic-energy

density. •
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hence that in which the energy densities of core and coil are equal. This

latter condition effects a minimum of (a + iS)opt, and, coupled with the

condition that a = lays down the additional condition that the volumes

of the core and coil should be equal. ^

If the core and coil are of rectangular cross section a X b and c X d

respectively (Fig. 13*2), and if each completely fills up the rectangular

hole in the other, as each should if the transformer volume is to be kept

to a minimum.

Core volume = ab(2d + 2c + 4a) = 4:a^b + 2abd + 2a5c,

and

Coil volume = cd(2b + 2a + 4c) = 4:C^d + 2cdb + 2cda.

Since the core volume should equal the coil volume,

4a^b + 2abd + 2abc = 4:C^d + 2cdb + 2cda. * (7)

Equation (7) can hold for any arbitrarily chosen a and b only if a = c

and b = d. Therefore the mean perimeter of coil should be equal to the

mean magnetic-path length of core.

Because in practice there are complicating factors such as the length

of the coil margin, the necessary spacing between the high-voltage wind-

ing and the core, the volume taken up by the copper, and complicated,

windings, it is desirable to change the equalities of energy density,

volume, and perimeter of the core and coil to approximations and, in

some cases, to proportionalities.

Of the criteria of Eqs, (4), (5), and (6) for optimum pulse-transformer

design the last is then achieved by designing a transformer such that

The energy density of core ~ the energy density of coil, (8)

and -

The mean perimeter 01 of coil « the mean magnetic-path length

I of core! (9)

^ The foregoing procedure bears some formal resemblance to general practice in the

design of power transformers. In power transformers operating at a constant fre-

quency, the energy stored in the coil and core is, for the most part, not lost but returned

to the circuit. It is the sum of the average power dissipated in the iron of the core and
the copper of the coil that is of primary importance. It might be said by way of

thermodynamical analogue that a power transformer will remain in its lowest or

equihbrium energy state if the rate of dissipation of energy per unit volume is approxi-

mately constant throughout its whole volume. Minimum total power will then be

dissipated in the transformer when the transformer volume is a minimum (consistent,

of course, with the saturation properties of the core and maximum temperature

characteristics of the insulation). The transformer volume will be a minimum when
the perimeters and volumes of core and coil are approximately equal. The resultant

power transformer will thus have total iron losses and copper losses that are approxi-

mately equal,
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The average energy density of the coil (that is, of the space between the

primary and the secondary) is

ffiV^

^ ergs/cmS

where

€ is the dielectric constant of the insulation,

V is the pulse potential of the high-voltage winding in volts,

A is the spacing between the primary and secondary in cm,

/i is a constant depending upon the voltage distribution between

the windings that results from a given winding configuration and

stepup ratio,

H = 47riV^//10<£ oersteds,

N = the number of turns on the high-voltage winding,

I = the load current in that winding in amperes,

£, = the length of the windings in cm (the primary and secondary

windings are equal in length).

Because of Eq. (12-10) and relationship (4)

Zt
377iVA Vh _ j.

(10)

where is a factor relating Ll to the winding arrangement, and also

€/iF2 _
9-104-87rA2 Stt'

If the average energy density in the coil is now made proportional to

the energy density in the core at the end of the pulse,

e/iF^ _ /3(AB)^ ^ U /FtIO^Y
9 • 10"^ • 47rA^ 87r/ie 87rMe \ NA /

where /a is a factor of proportionality. If the average energy densities

of core and coil are made equal, /a = 1. The actual value of /a used in

practice is usually 1 + 0.5.

Relationships (5) and (11) yield

=^Al (12)h
Also,

£ = fM, (13)

where ^2 is the wire diameter of the high-voltage winding, and is a

constant, of proportionality, depending upon the winding configuration

and stepup ratio. For a winding with a single-layer secondary, for
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example, /4 = 1. Equations (12) and (13) then yield

A = (14)
hfiNdi

where, because of Eq. (9), ^ and I are assumed to be proportional and

their factor of proportionality, which is close to unity, has been absorbed

infsfi. Equation (11) becomes

f± (VrlO^W
9 . 104 . ^ \ NA )

/FtIO^Y
\NA )

_ 9 • 10^»r^

2Met/./3(/4d2)^

A^opt
QHlO^r^i

2Ht^e4>h)Hf4d2)^

Equations (10) and (14) yield

^ ^ ^7NA Vh ^ ZT7A Vh
' V^fihfiNd^fm^ V^fihNif^d^y

or

, _ RiV^ihNiud^r

(AS)„pt =

377 Vh

ErlO* _ Frio* • 2H(Mee/i/3)^H/4d2)377/2V^

iVop.44 10*rE,(6/i)^^/3(/4d2)2 • 9« • 10*
’

(AB)„pt =
2H • 377/2MFMe^^

3 • 10*

(AB)„pe = FMe^^

/3«/4 d^Rl'

On the basis of Eqs. (15) and (16), the volume of the transformer core

can be calculated under the condition that A — 2a- (see Fig. 13-2).

The volume of the transformer is dependent upon h/a, and, to minimize

the volume with respect to 6/a, a value of 6/a ~ 2 is suitable. Hence the

value of

A = ah = 2a^ (18)

is chosen.

If the cross section of the coil is assumed to be approximately equal

to that of the core, I \vill be approximately equal to 10a.



Sec. lZ-2]

Then

DESIGN METHODS 543

core volume « 20a3 =
^

core vomme ~ aua
2*^377^

- Kvol •

Also,

(a + |3)opt = • core volume • ^47rfJL^ r T

_ 2H377^no^ {eS,)^%yiYKf4^y'Ri
47r • 9«10^

= k(»-t«o
Uh)'^fY'*hHUd2y^Ri

(19)

‘(20)

Equations (15), (17), (19), and (20) are valuable in that they express the

general dependence of iVopt, (A5)opt, (« + i8)opt, and core volume on the

quantities ^le and €, the properties of the materials a designer has at his

disposal, and on Ri, r, F, and <^2 ,
the requirements which must be met

in the design. When a transformer of a certain winding type has proved

successful (that is, \/Ll/Cd = Rh ''"opt = y/

2

LpCd = r, and (a +
is low) these equations are of further value in that they can be used to

extrapolate (or scale) from this design to designs of the same winding

type but for different values of Ri^ F, and r. This procedure of extra-

polation essentially determines the constants k^, ks, Avoi, and k(^a+p)

on the basis of previous design experience. It is also possible to compute
the values of these constants. These computed values are, however,

less satisfactory because they do not take into consideration the margin

length, the insulation between the primary and the core, etc.

It is to be noted that in Eq. (20) d2 appears explicitly. If (a + |3)opt

should be expressed with o?2 given implicitly in terms of F and Rij as it

occasionally can be, the Ri^ term is altered in the equation.

It is interesting to note that the manner of dependence of (Aj5)opt on

F and Ri corresponds roughly with existing practice in the design of audio

transformers : for example, when the power handled is low the transformer

is designed to operate at low flux densities; when the power is high, the

transformer is designed to operate at high flux densities.

It may prove instructive to illustrate an attempt at meeting the

criteria of Eqs. (4), (5), and (6) with a design of a regenerative-pulse-

generator transformer and a power-output pulse transformer for a

magnetron.

Design of a Regenerative-pulse-generator or Blocking-oscillator Trans-

former ,—It is assumed that the regenerative-pulse-generator transformer

that is used as an example operates in a circuit with an effective series



644 PULSE-TRANSFORMER DESIGN [Sec. 13-2

impedance in the grid loop of about 600 ohms and a tube whose is about

500 ohms. It is also assumed for simplicity that this transformer has

oidy two windings and that practically no power is dehvered to an .

external circuit during the pulse. The characteristic impedance Zr of

the grid winding of the transformer is chosen to be approximately 500

ohms. The pulse duration is specified to be 1.0 /xsec, the stepup ratio is

n = —1, and the voltage to be applied to the plate winding of the trans-

former is not more than 500 volts.

In this example the core selected is a 0.002-in., type C Hipersil core

whose Me for this type of application, as experience has shown, is about

400. The dielectric constant €, for the insulation chosen is 3.5.

The effective distributed capacitance of this transformer, which, it is

hoped, will have a simple single-layer primary winding and a single-

layer secondary winding, is equal to the total capacitance between pri-

mary and secondary, that is.

0.0885€ai<£ • 10-
farads, (12*5)

and /i = 1 [see Eq, 12-9], where ^ is the mean perimeter of the coil,

€ is the dielectric constant of the insulation, and £ is the winding length.

The leakage inductance

j 47riV’2Aai , /ioQ\henrys, (12-8)(12
-8)

and hence /2 = 1 [see Eq. (1310)]. Also,

^ AirmAn,
henrys. (15-8)

By satisfying the criterion of Eq. (4), that is, y/hL/Co = Ri, the

relationship

A = (21 )^ 377N

is obtained. Equation (5), that is, = y/2LpCD = r, gives the

relationship

, 0.0885«'li£ • IQ-i!* 8ir)V*Ame 0.0886eai • 10-‘2 • 377N

Ri y/i

Sir 0.0885 •
10-“i

377/1. iV’ A%
Ri

'

I

84 X 10-2® /- A%
R-r .. v; AT*—

(22)
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If a core is designed with complete latitude in the choice of dimensions,
the dimensions should be chosen approximately in accord with the
principles set forth in Eqs. (5), (8), (9), and (18). The type C Hipersil
cores are manufactured in a set of more or less “quantized” sizes that
have been wisely chosen and that are approximately in accord with the
principles set forth in Eqs. (5), (8), (9), and (18). From the relationships
given by Eqs. (15), (17), and (19), a knowledge of the approximate wire
size required, and from past experience with transformers operating under
the specified conditions, it is evident that two suitable candidate sizes

of the Hipersil cores available are;

Core No. 1: window ^ in. by i in., strip width i in., build i in.;

A = 0.2 cm^, I = 5.4 cm, Al = 1.1 cm®.

Core No. 2: window 1 in. by A in., strip width | in., build i in.;

A = 0.6 cm®, I = 9.4 cm, Al = 5.6 cm®.

For any transformer whose core dimensions are thus established, AM/I

may be expressed in terms of a (see Fig. 13-2). For example, for core
No. 2, which is a well-proportioned core (except that I is slightly large

and b/a\a & little too low), I = 15.7o' A = 1.67a®, 'll » 9a, and

AOl _ 9 • 1.67a®

I 15-7
0.95a®.

Then for Core No. 2, Eq. (22) yields

iVSa® = = 500 • 10®° • 10-»®

0.95 • 84m. V* 0.95 • 84 • 400 VO
= 0.83 X 10-*.

Since, for core No. 2, a = 0.6 cm

^ X 10« = 2.3 X 10^

or

N = 132.

In such transformers the average power dissipated in the winding,

even if the wire diameter is very small, is usually negligibly small as far

as permissible temperature rise is concerned. The wire size is conse-

quently chosen on the basis of ease of winding and window size of the core,

and on keeping the winding resistance negligible in comparison with the

load resistance.

If size No. 38 heavy Formex wire (diameter = 0.0048 in. = 0.0122

cm) is used,

£ « 1.65 cm.
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Then

and

and

The quality of the design may then be assayed by computing

(a + P)ox>t

for this transformer as follows

:

(“ + «> - VI: /sixy* -

= 0.0282 « 0.03.

This value of (a + p)opt corresponds to an efficiency of approximately

97 per cent, which is creditably high for a pulse transformer. The

designer should, however, not take all the credit for himself; this low value

of (a + i3)opi is possible because of the low value of impedance (see Eq.

(20)) for which the transformer is designed, and also because the current-

carrying requirements on the wire are such as to permit the choice of a

small-diameter wire.

Perhaps the value of (a + i3)opt for this transformer could, if neces-

sary, be reduced by choosing a better proportioned core, that is, one with

a lower value of Z. For example, the transformer may be constructed

on two loops of core No. 1, for which a = 0.32, Z = 16.9a, A = 3.92a2,

01 « 15.5a.

Then
3.92a2 • 15.5 „ „ „

1
= 16.9

=358a^

and

500 • 10^“ • 10-^ _Ooooxxio-«^ ® " 3.58 • 84 • 400 • 1.87
“ ^ '

and

^ 0.222^X^10* ^ 2.18 X 10«,

and

A = Ri£ V~€ 500 • 1.65 • 1.87

=

377JV 377 • 132

0.0885 • 3.5 • 5.4 1.65 • lO-^^

0.031 cm = 0.012 in.,

Ll =

Ln

0.031

47r • 1322 • 0.031 • 5.4

10^ • 1.65

47r • 1322 • 0.6 • 400

= 89 X 10~^2 farads,

109

.

9^4

= 22.2 X 10~® henrys,

= 5 • 6 X 10“2 henrys.

N = 130.



Sec. 13-2] DESIGN METHODS 547

This transformer is then constructed on two loops (side by side) of

core No. 1 by putting two single-layer windings each of 65 turns and of

No. 38HF wire on each leg of the core. The total winding length is then

<£ = 0.8 • 2 = 1.6 cm.

Then

^ 500 1.6 1.87
A = — — = 0.0305 cm = 0.012 m.

Thus, this transformer on two loops of core No. 1 has practically the

same values of iV, £, OL, A /I, and A, and therefore has very nearly the same
values of Cd, Llj Lp, and (a + j8)opt as the transformer on core No. 2.

The transformer constructed on two loops of core No. 1 has a lower mean
magnetic-path length, but is less favorably proportioned with regard

to a low value of ^ than the transformer on core No. 2. The two cores

are therefore equally suitable. If only one loop of core No. 1 were

employed, it would prove necessary to increase the number of turns and

hence to use very fine wire, which is difficult to handle and whose resist-

ance may become an appreciable fraction of 500 ohms. In fact, the wind-

ing resistance of each of these two transformers wound with No. 38 is

about 16 ohms, which is three per cent of 500 ohms and therefore dis-

sipates 3 per cent of the jutput power, thereby cutting the over-all

efficiency of the transformer from 97 per cent to 94 per cent. This

efficiency may be improved 1 to 2 per cent by the use of core No. 2 which

permits a longer winding length and hence an increase in wire size. If

the impedance of the load were higher, it would be possible to use wire

^vith a smaller diameter.

Design of a Power-output Pulse Transformer for a Magnetron .—It is

assumed that the power-output pulse transformer that is used as an

example is one which is intended for use on small lightweight airborne

equipment and which must meet the following requirements

:

Voltage out/voltage in: 12.5 kv/2.5kv; n = 5,

Impedance out/impedance in: 1250/50,

Pulse durations: 0.5, 1.0, and 2.0 jus^ec.

Pulse recurrence frequencies : 2000, 1000, and 500 pps,

Filament current supplied to the magnetron: 1.0 amp.

The lower limit to the wire sizes in this transformer is fixed not by

the value of the load impedance (as it is in the previous example) but by

the permissible temperature rise of the windings, which is the result of the

''effective currents in the primary and secondary windings. The

effective current is the effective sum (as far as energy dissipation in

the wire is concerned) of the filament current and the pulse current,

with skin effect and proximity effect taken into consideration. In the

primary winding there is, of course, no filament current. In order to
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keep the operating temperature of the winding at a safe value, it is, in

general, desirable to limit the effective current density to a value of about

5000 amp/in.2 The current density for a filament current of 1.0 amp in

several wire sizes is given as follows: No. 24, 3170 amp/in.^; No. 25, 4000

amp/in.2; No. 26, 5000 amp/in.^

It should be remembered that this pulse transformer is required to

perform satisfactorily at a pulse duration of 0.5 jusec as well as at 1.0 and

2.0 Msec. To achieve a favorable value of a + over this range of pulse

durations and to keep the transformer small and light, the wire diameter

must be kept to a minimum. Since this transformer is to be insulated

mth oil and hence oil-cooled, it is possible to use No. 25 or even No. 26

wire for the secondary, even though the filament current densities therein

approach 5000 amp/in.^

A rough calculation should be made to ascertain how much effective

pulse current, in addition to the filament current, will dissipate power in

the secondary winding. The load current in the secondary is about 10

amp, and since there are two wires of No. 26 in parallel to carry this cur-

rent, the pulse current per wire is 5 amp. The duty ratio is 0.001. The
skin depth for a 0.5-Msec pulse may be computed to be

Ap « \/K5 • 10~2 cm = 0.007 cm = 0.0028 in.

(see Sec. 15-3). Sinee the bare-copper diameter of No. 26 wire is 0.0159

in. ,
the skin-effect factor is approximately

d _ 0.0159

4Ap 4 • 0.0028

The proximity factor is 2 • 1.4 = 2.8 (see Sec. 15*3). The effective pulse

power dissipated in the winding is then

0.001 pulse-^ 1 • 2.8 = 0.0042/2^«e«,

where R is the resistance of the ^vinding and /puise is the pulse current.

The total effective current leu may then be calculated by the equation

HuR = ihR +
or

Ie« = Vro^ + 0.0042 • 25 = Vl.O + 0.10

= 1.05 « 1 amp.

It is therefore obvious that practically all of the power dissipated in

the secondary winding is the result of filament current and that the effec-

tive current density in this winding for both pulse and filament current is

about 5000 amp/sq. in. for No. 26 wire.
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With winding arrangement (/) in Fig. 12* 13 it is often advantageous to
use the same wire size in the primary as in the secondary. If No. 26
wire (one wire on each leg ot the core) is also used in the primary, the

effective current therein is Lu « 25 * \/0.0042 « 1.6 amp if the proxim-
ity factor of 2.8 is used in the calculations. This value of I^u means an
effective current density in the primary wire of about 8000 amp/in.^ The
actual value of will be somewhat less than 1.6 amp because the proxim-
ity factor for the primary is actually less than 2.8. The effective current

density in the primary will, at any rate, be greater than 5000 amp/in.^
However, because the weight, space, and pulse-performance require-

ments placed upon the transformer are rigorous, it is justifiable to use
No. 26 wire on the primary, notwithstanding the high effective current

density.

For this type of transformer (as has been shown in Sec. 12*2) the wind-
ing arrangement (/) in Fig. 12*13 (the Lord-type winding) has the lowest

LiCD-product and therefore represents a transformer whose coil stores

less pulse energy than the^ coil of any other type of winding that could be
chosen. Therefore winding arrangement (/) is the most suitable one for

this transformer. Now, from the equation for Ll for winding (/), the

total leakage inductance for the coils on both legs is

Ll + A2 + (23)

where n = 5, and Sa/3 is, for the purposes • of simplification, to be
neglected.

The total distributed capacitance between primary and secondary for

the coils on both legs, according to Eq. (12-5) and (12 6), is

, _ 22TF _ O.OSSSe'U £
[
(SF,)" + «Fi • dV^ + (SFj)^

F5 F5 3 L Ai J

(5Fi)2 + SVi dVi + (SFa)^] _ O.OSSSeni Js/P + 1 • 2 + 2^

. Ai J . 25 '

3 \ Ai

,

32 + 3-4+4A 0.0885€‘UJb/7
,

37\
+ )’

= ““25“
3U + Aj

It is desirable to keep the characteristic impedances of the first and

second legs of the transformer approximately equal. The characteristic

impedance Zi of leg No. 1 is proportional to \/7Al. The characteristic

impedance Z2 of leg No. 2 is proportional to \/37A|. If = Z2,

A2
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Also, in order to make the voltage stress on the insulation pads 1 and

2 the same, A 1/A2 should equal 2. If

A., = « V^,
A»t = fAi = •|A2.

Then Eqs. (23) and (24) become, respectively,

Ll = 5 = 2£

- i^)'

where

and

/z

0.0885aUC 1 / 3
,

3\
~ 25-3 A.V V
_ 0.0885«3l£ 1 153

3 • 25 A.V
' 4

_ 2 • 0.0885e3l£ 1.53 _ 2 • 0.088563l£

2-3 '

A.V A.V

where

fi,

^ - 0.255.

Also, it should be remembered that

4TJVsA/Ue
Ln —

Cn =

lOH

_ 47rAr?aiAa

W2£
2 • 0,0885^

henrys,

/z henrys,

/i X 10- farads,

and

Then

a = „hm..
2 £ v?;

* 2 • Ri£
A»v = ^ cm,

and
377N. Vh

, r 4 • 0.0885*3l£ • 10->^
, ‘iirNlAn.

ropt = ALoLp T 'Ji sec®.

IOtt • 0.0885 • 10-1®

10®

• 0.0885 • 10-‘®Me V*/i/2^ —>

ion

£A3l 377N,_ Vft
I 2Ri£ \/e/i

W, A%
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or

Then

= 84.0 X 10--“ 4^.
til t

Rt

84 X 10-^“Me Vf/1/2

Ri

= 1.19 X lO^M Ri

Me

= 1.19 X 10«t'“

Me vW/
where r'pt is given in Aisec.

A core which may be tried is a 0.002 in. Hipersil core: window, li in.

by i in.
;
strip width, 1 in.

;
build, -fe in* For this core

and

Then

a = 1.1 cm,

A = 2.82 cm2 = 2.31a2,

I = 13.2 cm = 12a,

^ « 11.2 cm = 10.2a.

OlA
•

I

10.2a • 2.31a2

12c
1.96a2 = 2.38 cm^

Also, Me for this core material in this type of application is about 600,

€ = 3.5, and as has been seen, v7i = 0.505, and \/% = i-

Then
1.19 X 10®- 1250

Nl

or

2.38 • 1.87 • 0.505 • 0.8 • 600

Ns « 111 .

= 1.38 X 10®

This transformer, with A* = 110 turns, the appropriate Ai and A2 ,

and approximately adequate creep distances, can be wound according to

winding scheme (/), Fig. 12-13, with No. 25 heavy Formex wire on the

secondary.

It is customary to try a new pulse-transformer design in the circuit

for which it is intended before the design is considered satisfactory. It

is intended that this particular transformer be used with both hard-tube

and line-type pulsers. Therefore a pair of such transformers is con-

structed and operated in tandem with a hard-tube pulse generator and

magnetron. Unfortunately, it is found that the backswing voltage on

the pulser switch tube is excessive on the 2-Msec pulse operation. (A

discussion of backswing voltage is given in Sec. 14-1.) From Eq. (14-13)

it can be shown that the backswing voltage can be reduced by increasing

Lp. A compromise transformer is therefore designed on this same core
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with Ns = 125 with No. 26 wire on the secondary in an attempt to satisfy

this Backswing requirement. Thus, some sacrifice is made in the accu-

racy with which Eq. (5) (that is, ropt = \/2CdLp) is satisfied. Equation

(4) (that is, ^LlICd = Ri) may be satisfied by choosing Aav according to

the equation

A.

where

Ri • 2£ __ 1250 • 2 . 2.38 • 1.87 • 0.505

S77NsVf2 377. 125.0.8

0.058 in.,

= 0.149 cm

£ ~ 50 • 0.0178 in. « 0.9 in. = 2.38 cm.

The transformer is then constructed with Ai = f Aav and A2 = iA»v.

Its Cd and Ll are measured, and the nominal pad thicknesses Ai and A 2

further adjusted to make \/Ll/Cd ~ Riy with the thought in mind that

the insulation must be fitted into the window and that the puncture

stress of the insulation must be kept at a safe value.

The parameters of the new transformer are measured and the follow-

ing values (referred to the secondary) are obtained: Ll = 54 X IQ”®

henry. Cl = 50 X 10”^^ farad, and Lp = 24 X 10“^ henry. From these

values it can be calculated that

Zt = = 1040 ohms,

Topx = V2LpCd = 1.5/xsec,

(a -|- i3)opt == 0.067,

and that the efficiency at 1.5 /xsec is

r) = 100[1 — (a + i3)opt] = 93.3 per cent.

This value of Zt = 1040 ohms, though not exactly equal to the load

impedance Ri (1250 ohms), is considered to be satisfactorily near to this

value. Furthermore, optimum pulse shape on a magnetron load is

obtained with a hard-tube pulser when

2Ll

Cd + Cl
= Rif

and with a line-type pulser when

Cn + C,
~ Ri,

where Ci(« 15 finf) is the load capacitance (see Sec. 14-1). For a pair of
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these transformers used with a hard-^tube pulser,

For one of these transformers used with a line-type pulser,

Since the most important use for this transformer is in a radar sj’^stem

employing a hard-tube pulser, the value of Zt for the transformer is

considered to be satisfactory from the point of view of pulse shape as well

as from that of maximum energy transfer* The value of ropt = 1.5 /isec,

though greater than \/^ /xsec • 2 /xsec, is considered to be satisfactory;

it is impossible to have Topt = 1 Msec because of the maximum allowable

backswing voltage. The value of the efficiency is considered to be suf-

ficiently high to make unnecessary the trial of any other core sizes in the

design.

The measured values of Ll, Cz>, and Lp are usually more accurate than

the calculated values because it is very difficult to control the coil dimen-

sions with great accuracy and to have exact knowledge of the effective

permeability of the core under the particular conditions of operation.

, The resultant design is that of transformer 232BW2 given in Tables

13T and 13-2. Two such transformers are built, operated in tandem on a

magnetron, and are found to hold the backswing voltage on the pulse-

generator switch tube to an acceptably low value. • Transformer 232AW2,
somewhat similar, but a simon-pure autotransformer, is then designed

to be used in the stepdown position.

Calorimetric measurements are then performed on transformer

232BW2 (as a cased unit) under operating conditions, and its calorimetric

efficiency (exclusive of power dissipated by the filament current) is found

to be 93 per cent at 1 msoc. This value of efficiency agrees within 1 per

cent with {a -f- /3)opt calculated from the measured values ofLp and Ll.

It is not clear, however, that all the difficulties have been overcojne.

The creep stress of the high-voltage end of the secondary to ground is

about 100 volts/mil, and therefore it is doubtful that the transformer will

stand the voltage of 12 kv for any length of time. With No. 26 wire the

effective current density in the primary winding is very high. If there

is any doubt that oil and paper insulation will withstand the high ambient

temperatures encountered by these transformers (which are assumed to

be used, for example, on equipment for carrier-based aircraft in thfe

Pacific), a life test under operating conditions should be performed with

the stepup transformer in a simulated ambient temperature of 85®C.
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Successful operation after 2000 hours of this life test is sufficient to justify

the recommendation that this transformer be used in the equipment.

A photograph of the core-and-coil assembly of transformer 232BW2
is shown in Fig. 13-3, together with the core-and-coil assembly of a 600-kw

pulse transformer (transformer 410AW2 in Tables 13T and 13-2).

Departuresfrom Customary Design Practice .—It is desirable, in general,

to try to meet criteria of Eqs. (4), (5), and (6) in the design of a pulse

transformer. Often, however, it may prove advantageous to depart

from the practice of using single-layer primary and single-layer secondary

^vindings of the same length. For example, if the pulse duration is long,

and if the effective impedance of the load is very high (as it is in a trans-

Fig. 13-3.—Core-and-coil assemblies of oil-filled pulse transformers (a) 120 kw (232BW2),
0.5 to 2.0 ^isec. (5) 600 kw (410AW2) 0.5 to 2.0 /xsec.

former used in the triggering of series gaps), the high-voltage winding may
be composed of several layers. The consequent increase in Ll is accep-

table since it is desirable to make

r„pt = V2L^Co = —
Hi

and

where Ri and Xopt are both large.

Where pulse transformers must operate into loads of very high

resistance and/or low capacitance it is frequently desirable to use a

fluolaterally wound coil. This duolaterally wound coil facilitates wind-

ing with small wire sizes and has, in general, low effective distributed

capacitance. The higher leakage inductance associated with duolaterally
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wound coils can be tolerated because of the high load resistance for which
these transformers are designed. There are many possible arrange-

ments of duolateral “pies^' and layers, and the designer should choose

the arrangement which, for his purpose, stores a minimum amount of

energy in the transformer coil. Such duolaterally wound transformers

are suitable for use at both low- and high-voltage levels. Duolaterally

wound transformers for operation at high-voltage levels are particularly

suitable for use as trigger transformers.

According to customary design practice, pulse transformers that are

to operate at very high voltages

require a core of very large I since

the margins of the coil must be

made long enough to withstand

the high creep stress. If the load

impedance for such a transformer

is high (as it usually is), this diffi-

culty can be obviated by a design

of the type shown in Fig. 13*4.

This particular transformer design

employs a toroidal core. Teflon

insulation (to reduce C

d

and with-

stand the voltage stress) impreg-

nated Avith oil, and primary and

secondary windings of unequal

length. This transformer is capa-

ble of supplying current to the

filament whose cathode it pulses. f a way of placing windings on a

. .
toroidal core for a transformer to be operated

The insulation and wire for this at very high voltages and into a high load

transformer must, of course, be impedance. This transformer has a bifilar

111 . secondary winding and the core is allowed
wound on the core with a bobbin, to “float” electrically.

Pulse transformers with a winding

of this type have operate successfully at an output voltage of 100 kv on a

load impedance of about 20,000 ohms, at 0.5 jusec pulses, with a stepup

ratio n = 5.5.

When special requirements such as the maximum amount of over-

shoot, droop, or backswing are placed upon the pulse-transformer design,

it is necessary to consider the effect of the various individual elements in

the equivalent circuit on pulse shape, a discussion of which is given in

Sec. 14T. Even when satisfying such special requirements, it frequently

proves effective to make the preliminary or trial design on the basis of

the criteria of Eqs. (4), (5), and (6).

13-3. T3^ical Pulse-transformer Designs.—A number of successful

pulse-transformer designs were developed by the Radiation Laboratory

insulation

Fig. 13-4.—Diagrammatic cross section
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for various applications in radar systems. These designs were usually

achieved by the process of a series of successive approximations in design

outlined in Sec. 13*2. Diagrammatic winding specifications and ratings

for some of the more widely used of these designs are included in this

section. The designs are divided into two groups, regenerative-pulse-

generator transformers and pulse-generator-output transformers.

E

Fig. 13*5.—Schematic winding diagram
for a typical regenerative-pulse-generator

transformer.

h' a' a b

Fig. 13-6.—Schematic winding diagram
for a typical stepup low-power output
transformer.

Regenerative-pulse-generator transformers, which have three or four

single-layer windings with turns ratios near unity may also be used as

coupling transformers between amplifier stages.

All but two of the pulse-generator-output transformers (Nos. 148-

CW2 and 232AW2) were designed to drive magnetrons from low-

impedance pulse-cable or line-type

Fig. 13-7.—Schematic winding diagram for

a typical stepdown autotransformer.

pulsers. They have windings of a

Fig. 13-8.—Schematic winding diagram
for a typical stepup high-power output
transformer.

type [winding arrangement (/), Fig. 12- 13] designed to minimize

the product of leakage inductance and distributed capacitance, and
bifilar secondaries to permit the supply of cathode-heater power
to magnetrons from low-voltage-insulated filament transformers.

One example of a stepdown transformer, No. 232AW2, is included

to indicate, by comparison with the corresponding stepup design

(No. 232BW2), how the other designs in this group may be modified

fpr use as stepdown transformers to be employed between hard-
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tube pulsers and low-impedance cable. All of these transformers, except
No. 148 CW2 and 148 DW2, have values of n between 3 and 5.

The values of pulse duration and load impedance given in Table 13T
for these transformers are, in general, those determined from the values of

shunt inductance, leakage inductance, and distributed capacitance by

Fig. 13-9.—Some examples of low-power regenerative-pulse-generator pulse transformers.

the method outlined in Sec. 13T. The voltages given are determined
from insulation thicknesses and from a stress factor of 250 volts per mil

for oil-impregnated units, or 100 volts per mil for small dry-type units.

In Figs. 13-5 to 13-8 a single coiled line represents a single winding

layer, which is, in general, to be centered on the coil form. In general

Fig. 13*10.—Three pulse transformers designed for operation at 120 kv, 0.5, 1.0, and
2.0 /zsec. (a) Core-and-coil .assembly of an oil-filled pulse transformer (232-BW2) on a
0.002-in. Hipersil core, (h) G. E. pulse transformer with Permafil insulation on a 0.003-in.

Monemax core, (c) Westinghouse pulse transformer with Fosterite insulation on a

0.002-in. Hipersil core.

all windings on one leg of the core are wound in the same direction. In

these figures, however, the windings on one leg are wound in the opposite

direction from the windings on the other leg. Connections between wind-

ing layers are indicated by straight lines. The wire size and the number
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of turns are given in Table 13*2. The total thicknesses of the insulating

pads between the winding layers and between the inner winding and the

core are given in mils. Pads between windings that are 15 mils thick or

greater are usually wound with 5-mil unsized Kraft paper; those of less

thickness are wound with 2-mil Kraft paper. A part of the thickness of

the pads between inner windings and cores may consist of a fiber coil

form; this form should fit closely around the core in order to make the

mean perimeter of the coil a minimum. Vacuum (less than 1 mm of

mercury) impregnation with a good grade of transformer oil is recom-

mended for all units rated at greater than 6 kv. Any of the varnishes of

m m (c)

Fig. 13-11.—Three pulse transformers designed for operation at different power levels,

(a) 120 kw (232 BW2) with well for magnetron (Westinghouse) .
(h) 2 Mw (GE) (c)

10 Mw (377 BW2) with form-fitting well for magnetron (GE).

the solventless type, which harden without leaving voids, may be used

for the dry-type units (which are rated at less than 6 kv). Good solvent-

type varnishes may also be used for units rated at less than 2 kv. Stand-

ard sizes of Westinghouse 0.002-in. oriented Hipersil cores are specified

throughout, except in some cases where two standard loops may be placed

side by side to make up the specified strip width.

Figure 13*9 shows several examples of low-power regenerative-pulse-

generator transformers that have been developed; Fig. 13-10 shows three

120-kw pulse transformers; and Fig. 13*11 shows three pulse transformers

of pulse powers of 120 kw, 2 Mw, and 10 Mw. Two of these latter trans-

formers have wells into which the magnetron may be plugged. The well

of the 10-Mw transformer is form-fitting and is greased with Dow-

Corning Compound to exclude air when the magnetron is plugged in.

Figure 13*12 shows pulse transformers employing permalloy cores and
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constructed with diaphragms to accommodate the thermal expansion of

the oil.

In these figures are exhibited some of the final results of the designer’s

effort.

Summary ,—Chapter 13 has established relationships between the

elements in the equivalent circuit of the pulse transformer and the

optimum load impedance, pulse duration, and efficiency. General design

methods for achieving these relationships in building the pulse trans-

former have been advanced, and two examples of the application of these

methods are given. The design data on a number of successful pulse

transformers are given, and methods for employing these data and the

general design methods used in designing new transformers are outlined.



CHAPTER 14

EFFECT OF PULSE-TRANSFORMER PARAMETERS
ON CIRCUIT BEHAVIOR

By W. H. Bostick

14.1. The Effect of Pulse-transformer Parameters on Pulse Shapes

on Resistance and Biased-diode or Magnetron Loads.—This section

treats in turn, the effect of the pulse transformer upon the rise, the top,

and the tail of rectangular pulses applied to the primary when resistance

and biased-diode loads are connected to the secondary. In this treat-

Source
i

f'z,
]
Load

i

1

: Rq I

1

!

1

j

C-'

i

j

1

I

1

Fig. 141.—Equivalent
circuit of a pulse generator,

a pulse transformer, and a

resistance load.

\nr.
R,.

lih

Fig. 14-2.—Equivalent cir-

cuit for the computation of the
rise of the pulse on a resistance

load.

ment the simple equivalent circuit of Fig. 14T is, for the most part,

employed, and the rectangular pulses are considered to be generated by
the closing and opening of the switch shown in the circuit.

The Rise of the Pulse on a Resistance Load .—The rise of the pulse on a

resistance load Ri is considered for a transformer in which the effect of

Re is assumed to be negligible compared with that of Ri, and where the

time of rise is so short that the effect of Le is also negligible. The initial

energies in Ll, !/«, and C are assumed to be zero. The mesh currents

may be chosen as shown in Fig. 14*2. The Laplace transforms of the

mesh equations may be written as follows:

(p' + II P + lie) ~ I^ =

563

Va

Ll
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whence

ei(p) - Rdiiv) =

V„

LlC

F<,

LlC

Li. ^ Li.c) + i?ic) LiC RiC_

or

Then

where

and

When

and

^ [p' + (f; + ^ + Lie0 + It)]

i2ii2(p) = 1Va
LlC pip^ + 2ap + b)

ei(t) = VgRi

Rg + Ri
sinh kt + cosh kt

)}

o — I

^

2ci -j -f~ fiTi ^

IjI, \jJXl

^=L^0+lf)

ifc2 = - h.

h > o*,

k = jw,

(a^ = b — a^,

(1)

= Sl¥k [
1 - (“ sin + cos (2)

To show how the rise of the pulse is affected by variation in the values of

the elements in the equivalent circuit of Fig. 14-2,

_ei

V.;0 + S)

is plotted in Fig. 14*3 against T = ^ for different values of the param-

eter O', where

O' = d CRgRi Ll

Vi 2 VRiLlC{Rg + Ri)

If Rg is so small that Ro Ri and CRg Ll/Rij as it is in a hard-tube

pulse generator, and if VLl/C is made equal to Riy as has hitherto been

found advisable, a = 0.5. If Rg = Riy as it does in a line-type pulse
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generator, and if VlI/C is made equal to Ri, <r = 1/V2 = 0.71. From
the curves of Fig. 14'3 it may be seen that these two values of <r give
reasonably good compromises between maximum rate of rise and mini-
mum overshoot.

Rise of the Pulse on a Magnetron or a Biased-diode Load.—The rise of

the pulse on a magnetron or biased-diode load is considered for a trans-

former in which the effect of Re is negligible compared with that of Ra,

and where the time of rise is so short that the effect of Le is also negligible.

T= 'Ll.
I

27r

Fig. 14-3.—Plot of f 1 + vs. T =^ t.

Va\ RiJ 2w

Both a magnetron and a biased-grid load exhibit the general load charac-

teristics of a biased diode, which is represented in the equivalent circuit

of Fig. 14*4 by a battery, series resistance, and switch that closes when the

voltage across the load is equal to or greater than the battery voltage.

If switch 1 closes at f = 0 and switch 2 is open,

and ei{t) can be obtained from Fig. 14*3 by choosing a curve corresponding

to a value of tr obtained by letting Ri = ^ and Rg = 0 for the hard-tube

pulse generator, or Ra = y/LiJC for the line-type pulse generator.
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Although the energy stored in Ld (see Fig. 12*7) has some effect upon

the shape of the current and voltage pulses in the load, it is neglected thus

far in this computation for two reasons. First, the introduction of Ld
in the equivalent circuit represents only approximately the actual condi-

tions existing in a transformer; and second, it is desirable to keep the set

of assumptions for the design of a transformer simple, and thus to include

only the most important circuit elements. For these reasons also, Ld
is neglected in the treatment of pulse-transformer design in Secs. 13*1

and 13*2, and later in this section the effect of on pulse shape is treated

as a second-order effect.

It is desired, to a first order of approximation, to design the trans-

former so that the current flowing in Li, and into C at the time ti when
switch 2 closes is equal to the current ’that the

load will eventually pass when there are effectively

only the two batteries and two resistances in series.

There will then be no high spike, or excessive

rounding-off of the front edge of the current pulse

in the load.

The first type of pulser operation that is dis-

cussed is that of a biased-diode load and pulse

transformer with a hard-tube pulse generator,

where usually Fg, i2RG Vg, and nn V\

(see Fig. 14*4). The pulse generator is usually

designed so that Vg ^ Vs ^ the desired voltage on the load. Since Rq
is small, Eq. (3) may be written

Fig. 14-4.—Circuit
for the computation of

the rise of a pulse on a

biased-diode load.

ti{t) = — Sin
ILl "Vlib'-

It may be seen from Fig. 14*3 that, for the curve <t = 0 (that is, for

Ro = 0,Ri = 00 ),

ei= 1 ^
Vo Vs

at the moment when

At this moment

and if s/LlIC is chosen to be equal to Ri, the static impedance of the
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load at the point at which the tube is to be operated, ii has the proper

value at the time h when switch 2 closes. Immediately after the time
ti there is a very brief interval of time during which a small additional

rise in ei requires some of the current which is flowing in Ll to flow into C.

For the remainder of the pulse, however, ei remains at a practically con-

stant value, and all the current flowing in Ll flows through the load n.

The value of fi as a function of t, reckoned from the time of the closing

of the switch 2, is

Rg + Ti
+ Vg - Vs

Rg “h Ti

^*

2 (0 ,

where io is the initial current in at the closing of switch 2. If

to is too large, and there is exhibited on the front edge of the current pulse

a spike that decays to the equilibrium value of the current with a time

constant approximately equal to Ll/{Rg + n).

If \^Ll/C > Ri, io is too small, and the current pulse has an initial

value that is too low. The equilibrium value of the current pulse is

approached with the same tim e constant approximately equal to

Ll
{Rg Tj)

There are, of course, oscillations on the current pulse. These oscil-

lations, to a first order of approximation, may be said to be caused by

the shock excitation of the Li)Cz>-branch of the equivalent circuit of Fig.

12-7. They are, in most cases, of a period shorter than the time con-

stant Ll/{Rg + Ti) and are superimposed upon the general trends that

occur with this time constant.

The observed rise of current pulses on a magnetron and calculations

according to the foregoing assumptions are in good agreement (see, for

example, Figs. 2*44 and 2-45).

The second operation to be discussed is that of a biased-diode load

and pulse transformer with a line-type pulse generator, where usually

Vg ~ 2Fs, Rg = Ri (after the closing of switch 2), and Rg^ n (when all

values are referred to the same impedance level). Prior to the closing

of switch 2 in Fig. 14 4 it is assumed that Ri is infinite. Then, if
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Eq. (3) then becomes

• .

Ro
~2Ll

0.866Jio^
..*.0.866.^^,

= yli^’

T = y^i= /IL1
<^ 2t VLlC 2ir'-

In Fig. 14*3, for the curve corresponding to <r = 0.5,

Also

and

ei

Then

Also,

Thus

Rot

g~2LL = ^-0-207 -t = ^-0.650 0.52.

r
sin 0.866 ^ — sin 0.866 * 27r • 0.207 = sin 65° = 0.903.

Fg 0.52 -0.903 Vg
ti = -Fi

= 0.54 -tv
“ Vg

Rg 0.866 Rg 2iRg Rg “h Ri

Thus, in a line-type pulser, if -x/Ll/C = Ri, the current flowing in Ll
at the time when switch 2 closes is equal, to a reasonable approximation,

to the equilibrium current (that is, the current that flows when Vg,

Vsj Rg, and n are connected in a series circuit). If x/Rl/C Ri, the

same exponential approach to the equilibrium

value of the load current occurs, but in this case

the time constant Ll/(Ro + n) is much shorter.

The Top of the Pulse on a Resistance Load,

The beginning of the top of the pulse on a resist-

ance load is influenced by Ll and C, as may be

seen from Fig. 14-3. There is also a droop in the

pulse when Rg > 0, because of the fact that cur-

rent builds up in Lp. Since the effects of Ll and

Cd usually are relatively unimportant as far as

this droop is concerned, the equivalent circuit of Fig. 14-5 may be used in

the computation of this droop. The initial current in Lp is assumed to be

zero, and t is reckoned from the beginning of the top of the pulse. Then

[ ^>Ra

CUp J ei
>

r*

<
>

Fig. 14-5.—Equivalent
circuit for computing the

droop on the top of the

pulse on a resistance load.

ei{t) =
F r> 1 RoRi '

^ LpRo+Ri,
Rg ~h Ri
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When, as in most line-type pulse generators, Rg = Ri,

569

e,(t) =^e

The Top of the Pulse on a Magnetron or a Biased-diode Load .—The
beginning of the top of the pulse on a magnetron

or biased-diode load has oscillations which, as

already shown, may be considered to be caused by
the shock excitation of the Z/DCD-circuit in Fig.

12-6, and may also have a spike or an upward slope

depending upon the value of y/Lh/C relative to

Ri. When Rg > 0, there is a general droop on

the pulse, and this droop may be calculated

approximately from a consideration of the equiva-

lent circuit of Fig. 14-6, whence

^ J
C Rq

c

UVo- Vs
,
Vs\

-
Ll RTTTT + n)

Q Lp jBc+Tj

Fig. 14-6.—Equiva-
lent circuit for comput-
ing the droop of the
current pulse on a biased-

diode load.

--1
ri J

and

e: = Vs + i-,n.

(When ei becomes equal to or less than F*, the ^ 2-branch of the circuit

must, of course, be considered to

be open-circuited and the above
expression for 2*2 does not hold

thereafter.)

Thus the top of the current

pulse ii on a biased-diode load

suffers much more droop than the

top of the corresponding voltage

pulse, or than the top of the pulse

on a resistance load. For the

same reason any voltage oscilla-

tions caused by the transformer

produce much larger fluctuations

in the current pulse because these

voltage oscillations produce current flow through the relatively small

resistance n instead of through the higher resistance Ru Calculations

and measurements of the droop of the pulse on resistance and magnetron

loads agree within the experimental error.

General Backsvnng on the Tail of the Pulse .—Figure 14*7 shows a pulse

with the characteristic backswing produced by the pulse transformer.

Fig. 14*7.—Typical pulse and backswing
produced by a pulse transformer.
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Since the flux density must return to the same remanent point Br before

the beginning of each pUlse [see Fig. 15-2 and Eq. (15*10)],

area (1)

and

area (2)

rt. r Btoa-x

L
-NA

=
J

1 eidt =
0 10*

.

10*

-NA /; . -NA
=

J

II

•

10^ 108

(5max — Br)y

{Br — 5max),

area (2) = —area (1). The interval of time U — tz is chosen to be so

large that, for all practical purposes, ei has become equal to zero. Thus,

when a pulse transformer is used, there is always a general voltage back-

swing whose area is equal to that of the pulse itself, but whose shape is

determined by the values of Re, C, Le, and Ri if a resistance load is still

connected, and by the charge on C and the current in Lp at t2 . When Ri

becomes infinite, at a time very shortly after (2 ,

there are oscillations of a higher frequency super-

imposed upon the general backswing because of

energy stored in Ll-

The shape of the general backswing may be

calculated by assuming that the constant-voltage

generator Fg is disconnected from the circuit at

the time ^2 (see Fig. 14 7). The equivalent circuit

is then that of Fig. 14*8 where, to a good

approximation, the initial current in Le is YiUjLe and the initial voltage

on C is Vi.

Then, if ^ = 0 at the time <2 ,

k R ^

>

<
<:

> £

>

Fig. 14-8.—Equiva-
lent for the computation
of the pulse tail.

^c{t) = V

I

ycosh kt —

for the nonoscillatory condition, and

ec{t) = Vie~^^ ^cos cct —

for the oscillatory condition, where

1

k
LeC

+ «

sinh kt
i

LeC
+ CL

sin oit i
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When a pulse transformer is used on a resistance load, R = Ri, and
the pulse tail is usually ‘^well damped^' (see Fig. 14-9). When a pulse
transformer is used on a biased-diode or magnetron load, the load is

disconnected very shortly after and R is essentially equal to Re (if no
artificial diode or resistance damping is used in the circuit). A typical

backswing (without the superim-

posed oscillations) for this latter case

is also shown in Fig. 14*9.

When a pulse transformer is used

with a line-type pulse generator, the

effective value of C in Fig. 14*8 is

equal to the sum of the distributed

capacitance of the pulse transformer

and the capacitance of the load.

When a hard-tube pulse generator is

employed with stepdown and stepup

transformers, the effective values of R and L are respectively equal to

Re/2 and Le/2, and the effective value of C is equal to the sum of the

effective distributed capacitance of the two transformers, the load, and

the pulse generator. Calculations and measurements of the general

shape of the tail of the pulse oDtained with hard-tube and line-type pulsers

employing pulse transformers and either resistance or magnetron loads

agree within the experimental error.

General backswing
on a magnetron or

biased-diode load

Backswing on a
resisitance load

Fig. 14-9.—Typical backswiiigs with
resistance and biased-diode loads.

Fig. 14T0.—Equivalent circuit for the

computation of oscillations appearing on the

pulse tail with a hard-tube pulse generator

and a biased-diode load.

Fig. 14*11.—Circuit

approximately equiva-
lent to the circuit of

Fig. 14*10.

Oscillations on the Pulse Tail .—The tail of the voltage pulse from a

transformer on a resistance load usually exhibits no oscillations super-

imposed on the general backswing (that is, the energy stored in Ll has

very little influence on the voltage-pulse tail).

However, on a biased-diode or magnetron load, oscillations usually

appear which are superimposed on the general voltage backswing. In

the analysis of these oscillations the example of the hard-tube pulse

generator with two pulse transformers, the effective equivalent circuit
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of which is shown in Fig. 14- 10, is considered first. The load current h
flowing in L I, at the end of the pulse is suddenly interrupted by the open-

ing of switch 2, and the pulse-generator voltage source has been dis-

connected. To a good approximation, the circuit of Fig. 14*10 may be

replaced by that of Fig. 14*11, where

L = 2Ll,

i
C Co + Co + Cl

R = 2Re,

The initial current in L is /t, and, for the purpose of calculating the oscil-

lations occurring on the backswing, the effective initial charge on C is

zero. The voltage ci is then given by

\LC \2RCj
If, as is usually the case,

then

ei(t)
2RC^ sin

y/LC'

These high-frequency oscillations are superimposed upon the general

backswing to produce a pulse tail such as is shown in Fig. 14* 12a. If a

(a) With a hard-tube pulse generator. (5) With a line-type pulse generator.

Fig. 14*12.—Typical voltage-pulse tails on a magnetron load.

cable is used between the stepdown-stepup pulse transformers, the period

of oscillation 27r y/LC is increased by twice the transit time of the cable

There is good agreement between the calculated and the observec

pulse tails obtained with a hard-tube pulser, pulse transformers, anc

magnetron load.
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In a line-type pulse generator with a magnetron load there is a mis-
match in impedance at the magnetron when the pulse voltage drops at
the end of the pulse. As a result, a small portion of the energy is left in
the circuit in the form of a negative voltage spike that is propagated down
the pulse-forming network, reflected at the open end, and propagated
back to the pulse transformer, where it appears as a negative spike on

(a) jRg = 0
,
T = Topt, Zt = Ri

7 = 0
, 0.05, 0.1, 0.2, 0.3

(b) Rg = Ri, T = Topt, Zt — Ri
7 = 0

, 0.05, 0.1, 0.2, 0.3

Pig.

(/) Rg = Ri, r = Topt, 7 = 0.1
* Zt = 1, 2Ri.

Pulse shapes on a resistance load calculated for various values of the

r Ro

(e) Rg = 0
,
r = Topt, 7 = 0.1

Zt = i 1, 2Ri

1413.

parameters, (a -f i3)opt = ^ ^ V2LlCd Tovt Ri

the tail of the voltage pulse. Such a series of spikes, drawn from a syn-

chroscope trace obtained with a line-type pulse generator having a rotary

spark gap as the switch, is shown in Fig. 14-126.

The General Pulse Shape on a Resistance Load .—With the assumption
^

of a resistance load having no appreciable capacitance, the effect on pulse

shape of varying the values of the parameters
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{a + ^)opt — y,

Zt 1 \Ll

_ r

2X/ lCJD T’opt

and RgIRi is calculated on the basis of the equivalent circuit of Fig. 13*1,

and is shown in Fig. 14-13. For increasing values of 7, as shown in Fig.

14- 13a and 6, the approximations used in formulating the simplified

equivalent circuit of Fig. 13-1 become greater, and hence the error in the

calculated pulse shapes becomes greater.

Current Transformers .—A pulse transformer is sometimes used with

its primary in series with a load in such a way that the load current passes

through the transformer primary. A transformer of this type has been

Output pulse transformer

(a)

/D_r

(6)

Fig. 14* 14.—(a) A typical circuit using a current transformer, (b) Circuit equivalent to (a).

termed a ^‘current transformer^^ although the transformer actually

transforms power, as do all transformers. Such transformers are often

used in the generation of trigger pulses of about 100 volts, and a typical

circuit is shown in Fig. 14- 14a.

The equivalent circuit for the current transformer and the associated

circuit is given in Fig. 14-146, where the stepup pulse transformer with

magnetron load is replaced by a resistance Ri = 50 ohms. All quantities

are referred to the primary of the current transformer.

If Lp is sufficiently large to be neglected in comparison with

and if the effects of Ll and Cd may be neglected, the voltage V divides

between Ri and R/n^ in such a way that the voltage across the primary

of the current transformer is

Ri +
R
n^

VR
Rin^

The voltage across the secondary of the current transformer is then

VRfRin. It is thus seen that, for a given value of R, the voltage across
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the secondary of the current transformer increases if n is decreased, pro-

vided that the current in Lp remains small compared with that in R/n^.

Obviously, it is desirable to have only a small fraction of V across

the primary of the current transformer, and it is therefore desirable to

choose values of R and n such that the proper output voltage is obtained,

parasitic oscillations (from Ll and Cd) are sufficiently damped, and a
sufficiently small voltage is applied at the primary.

Current transformers of this type may be used to view the current

pulse in a magnetron or other load. Under these circumstances the

^'primary winding” may be the lead (or leads) carrying the load current,

and in most instances this lead need only be passed through the

core window to produce sufficient output voltage at the secondary
terminals.

14-2. The Effect of Pulse-transformer Parameters on the Behavior

of Regenerative Pulse Generators.—The general criteria of Eqs. (134),

(13*5), and (13*6) hold forregenera-

tive-pulse-g enerator (blocking-

oscillator) transformers as they do

for most pulse transformers. Thus,

for a regenerative-pulse-generator

transformer the optimum pulse

duration is equal to V2LpCd, and

the excellence of the transformer is

judged by the value of (a +
For a regenerative pulse generator

that supplies no appreciable power

to an external circuit, the second-

ary-winding impedance \/LlICd
should be chosen approximately

equal to the effective impedance of

Tg (the grid-to-cathode resistance)

and C in series, or of Vg and the impedance of the line in series if a lumped-

parameter line is used instead of C (see* Fig. 14T5).

There are several variations on the general scheme of regenerative

pulse generators or blocking oscillators. These circuits, however, are

all essentially the same in their mode of operation, and a general physical

description of their operating mechanism is given in Sec. 4-2. As an

example of a regenerative pulse generator, the circuit shown in Fig.

14- 15 is used to show the effect of pulse-transformer parameters on circuit

behavior. The voltage stepup ratio of the pulse transformer in this

example is chosen, for purposes of simplification, to be n = —1, that is,

the windings of the transformer, although wound in the same direction,

are connected so that the pulse to the grid is inverted. It may prove

(either with or without trigger)

Fig. 14- 15.—Circuit of a typical regenera-
tive pulse generator.
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advantageous in practice to select different values of n for different tube

and load characteristics.

There are various stray capacitances in this circuit and the pulse

transformer has a certain amount of leakage inductance; in order to avoid

the difficulties involved in the analysis of such a complicated circuit, it is

profitable to start first with the most simplified of -equivalent circuits and

then to proceed to the more complicated circuits that take into considera-

tion more of the actual circuit elements. The analysis of the pulse-mak-

ing operation is treated by considering first the leading edge or rise of

the pulse, second the top of the pulse, and third the tail of the pulse.

In order that linear analysis may be employed, the plate resistance Vp

and amplification factor fx of the tube are considered constant for the

period of time under immediate consideration.

R

Fig. 14*16.—Simplified equiva- Fig. 14*17.—Circuit of Fig.

lent circuit for a regenerative pulse 14*16 further simplified by
generator in which the effects of setting = \eg — Eco\>

C, Cgp, rp,Lp (andLi) are neglected.

The Rise of the Pulse ,—For purposes of simplification, it is assumed in

the beginning that the effect of the trigger circuit is negligible, that Vp = 0,

that the effect of the leakage inductance is negligible in comparison with

that of Rj that (7 = 0 (see Fig. 14-15), and that the plate-to-grid capaci-

tance Cgp of the tube is negligible. The equivalent circuit is then that of

Fig. 14-16, where Cd and Ll are, respectively, the effective distributed

capacitance and leakage inductance of the transformer. It is assumed
that the bias voltage

Ec = Eco + €,

where e is a positive voltage which can be vanishingly small, but which,

nevertheless, can instigate the process of regeneration. It is readily

shown that this circuit can be simplified to that of Fig. 14-17, where
eg = jOg Eco\.

Kirchhoff's voltage-law equation for the circuit yields the following

differential equation, where the initial voltage on Cp is equal to zero:

i dt “1“ Ri =
“I"
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The Laplace transform of this equation is

since

and therefore

Then

= ^/ idt,

lie'ip)
_ iiijp)

CdP ’

<(P) =

The change in plate voltage on the tube is given by ei, =
Vp has been assumed to be equal to zero. Then

fxe{e^^^ — 1 )7^

-jLte', since

(4)

If M is greater than one, the exponent is positive and regeneration

takes place in such a way that \eh\ increases until \eb\ = E^b. Throughout

this section it is assumed that when the generator output voltage (which

in this example is —eb) is equal to E^by the amplification factor ix of the

tube is less than one, and that regeneration therefore stops. If it is

assumed that, during the rise of the pulse until the generator output

equals E^bj the average value of /x is given by mI^coI = Ebby m must be

assumed to become suddenly less than 1 at the moment when e'g becomes

equal to or greater than \Eco\- The voltage Cg passes through zero and

grid-to-cathode current begins to flow at this moment. Although the

equivalent circuit must be modified at this instant to account for the

grid-to-cathode current, this modification can be made with relative ease

because the generator output attains its peak value Ebb at this moment
and remains constant as long as eg ^0. For purposes of simplifying

the analysis the assumption that /x = \Ebb/Eco\ is, therefore, used through-

out this treatment of the regenerative pulse generator. This simplifica-

tion is desirable because the aim of this treatment is to show analytically,

rather than numerically, how the elements in the equivalent circuit of a

pulse transformer affect the pulse shape produced by a regenerative pulse

generator.

Perhaps a more appropriate assumption with regard to the average

value of /X during the rise of the pulse is to let

H{\Eco\ + ^g) = Ebb,
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where e'' is a positive grid voltage at which /x begins to change abruptly

from a value greater than one to a value much less than one (see Fig.

14*26). In computing the rise of the pulse under this assumption it is

necessary to make the circuit modification (with appropriate boundary

conditions) at the moment eg passes through zero while the generator

output is still rising. It is assumed that the generator output continues

to rise until eg = e'', at which time /x is assumed to become <3C 1, and the

generator voltage is assumed to remain constant at Ei^ as long as eg ^ e''.

A linear solution of the rise of the pulse under these circumstances could

almost never be given in an analytical form, and therefore is of little

general value to the pulse-transformer designer.

If, in the simple example under consideration, it is now assumed that

the leakage inductance Ll is finite, Ll may be inserted in series between

the generator and Cd in Fig. 14*17. The Laplace transform of Kirchjioff^s

voltage-law equation for this circuit then becomes

whence

^i{p) =
Ci>p

The change in plate voltage on the tube is again given by ej, = — fie'g,

since rp has been assumed to be equal to zero. The solution is of the form

^biv) = 7—X

—

w” _i_—X’
ip + «)(p + t)p

whose inverse Laplace transform is

r 1 L Te~“‘ — ae-f‘1 .

+
-^y(a~- y) J’

where

«0 = J-TT’
JuL^ D

A. _ _ i-Mf
2Ll l\2Li,/ LlCd\

a
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and

If

y = A
2L

R
2Ll

+ [(^) " xicf]
'

-fey-fer<o.
that is, if /i > 1, the first exponential term contains a positive exponen-
tial, and regeneration occurs.

The solution (6) may be put in the following form:

eb(t)=-

Rt

e
R
2Ll [(^) -xirf]'

+ { rY 1-m]
\2L,J LlCz>J

1

1
O

1-N ' R\ i-Y
,2Ll/ LlCd.

“‘1

M-l (A.Y-kii
\2LJ UC-TD_

(7)

If n is large enough and R small enough to make

M - 1 / K V
LlCv >> \2L l)

’

a « — 7 ,
and Eq. (6) becomes

€b(t) (8 )

The output 1^61 of the generator in Fig. 14-17 continues to increase

according to the expression given in Eq. (7) [or that in Eq. (8), if the

Fig. 14-18.—Equivalent circuit for a regenerative pulse generat^or where the effect of

R and Cgp may be neglected, (a) Initial voltage on C equal to Eco + e. (b) Initial voltage

on C equal to e.

approximation is valid] until \eh\ = E^by at which time /x is assumed to

become suddenly much less than one and the voltage le^l levels off, thereby

forming the top of the pulse.
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The next example to be considered is one where C 5*^ 0 and R is so

large that its effect is negligible compared with that of C, and where the

effect of Tp is taken into account. The equivalent circuit is then that of

Fig. 14- 18a, which can be replaced by that of Fig. 14-185 for which

L.p + r, + iQ+^)] i(Tp) = /ie;(p) + - = e

Ccp p‘

Then

This equation and its inverse Laplace transform are of the same form,

respectively, as Eqs. (5) and (6), where now

ao =
LiCr

and

„ _ jv _ r/'jv Y -i(i + 1 - AT“ “ 2Ll 1\2LlJ Ll \C Cb Jj
’

[(fe) ^)] •

The condition for the existence of regeneration is that

1
+

1

Cb
< 0

,

or

P >-p + 1.

In the present example €& = — jne' + irp

whence

«6(8) = -pei(p) + rpi(p)

do + dl

pip + a)(p + 7 ) (p + a){p + 7)

where
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and the inverse Laplace transform of the second term is

581

The complete solution for this example is then

eb{t) — tto 1 7 • (9)
l^ay ay{a — y) J L7'“^J

There are two special cases of this general solution that are of interest:

Case 1. Where the time constant a is determined primarily by Tp

and Cd (that is, Ll is negligibly small as far as its effect on z is concerned).

For this case the Laplace transform of Kirchhoff^s voltage-law equation is

_Q + i) p + '*’]

whence

r
,
1/1

,

1 -AT

«c(0 = [l - e--Xc^^>j

«6(p) = -tie'gip) + rpi(p) = -Aie'(p) -1 rrr—^
\'

TpHf) = te
'» Cd J

^ u\ — f r I- ll c -| (10)
‘ Lc(m- 1) - cl. ^ J

+ C(m - 1) - c.

Case 2. Where the time constant a is determined primarily by Ll

and Cd (that is, Vp is negligibly small as far as its effect upon i is con-

cerned). In this case a = -y and Eq. (9) may be simplified to give

)
= -««

(72 - 72

~ ‘

(cfc -1) - r. I

‘ " t (c ^)] ‘I

[
- r. (c + ‘O-
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If C':^Cd and Eq. (11) can be further simplified to

become Eq. (8).

From the expression for in Eq. (8) it is possible to make a calculation

of the time of rise of the pulse when this time of rise is governed only by
the transformer characteristics. Effects that are due to C, and the

grid-to-plate capacitance Cgp, of course, actually increase this time of rise.

If it is assumed that € is 1 volt at ^ = 0 and if the interval of time

h > t > 0 elapsing until e?, is — 1 volt is computed,

is known, ti may be computed. If ^2 > ^ > 0 is the interval of time

until 66 = — 10 volts.

If <3 > ^ > 0 is the interval of time until Cj, = —300 volts.

and

^3 = 301

7.2.

A reasonable definition for the time of rise of a pulse from a regenera-

tive pulse generator would be ^3 — ^2 = Ai; then

M = 4.1.
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For a numerical example, when Ll = 20 X 10“® henry, Cx> = 20 X
farad, and n = 20,

A simple example is now considered where the effect of a trigger circuit

of source voltage Vt and internal resistance Vt (see Fig. 14-15) are taken

into account, where the effects of Rj

and Tp are neglected, and where C is

finite. The equivalent circuit for this

example is given in Fig. 14-19 where the

initial charges on C and Cd are assumed

to be equal to zero. This assumption is

equivalent to the hypothesis that the

initial voltage on C is actually Eco when
the generator output is equal to

n(eg — Eco) and the voltage across Cd is

Cg, It is assumed that the coupling

capacitance between the trigger circuit

Fig. 14*19.—Equivalent circuit

for a regenerative pulse generator

where the effect of the trigger circuit

is taken into account and where the

effects of Cgp, R and Tp are neglected.

and the rest of the circuit so large that its effect is negligible. The
Laplace transforms of the two mesh equations are then
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e'Av) =

ij,

L

It is usually impossible to express ii or e' analytically because the Laplace

Perfect transformer
transform involves the solution

7i=-l of a cubic equation in p. Never-

theless, Eq. (13) can be readily

N _ solved numerically for a given set

of constants, and the rise of the

, 911 9
j

pulse for the circuit of Fig. 14*19

J- may be calculated.

*'3i ^~T~l— -Jli
” ^ simple example is now

treated where the effect of Co® is

^ taken into account but the effects
Fig. 14-20.—Equivalent circuit for a c j-j.

regenerative pulse generator where the effect ^ Tp and K are neglected, and it

of Cgp is taken into account and where the is assumed that there is an initial
effects of J2 and rp have been neglected. ^ i 4. rzn i • j-u j. ^^ voltage €{Eco + € in the actual

circuit) on the capacitance C. The equivalent circuit is given in Fig.

14*20.

Since the transformer in the circuit of Fig. 14*20 is perfect, ii = U and
the Laplace transforms of the mesh equations yield

[llp + ^ (^
+ ^-^)] ^

and

- (w) ’w +Ki “

whence

iAp) =

isip) =

e(l + m)

Co

+ lXc c/)] + Ci,"*]

(1 -

(1 -
LlCo^

pe'Av) =^ [Up) - Up)].



Sec. 14-2] EFFECT ON REGENERATIVE PULSERS

The condition for regeneration is that

585

1 A
I

1 -
Ll\C^ LtCoJ UCd Cd• Ll\C LlCd/ LlCd Cd + Cgp{l + fi)

If the value of C is so large that its effect may be neglected,

M^Cd

M<(P) = Cn + C,A1+F)

T rt i M 1 I „LlCd
1

-
Ll[Cd + Cgp{l + ju)]

= -

1 1ljc„ + C„(

M - 1

Z^l[C2> + Cgp{l + ju)]

(1 + m)]

It is thus obvious that the effect of Cgp on the rise of the pulse is to increase

the effective capacitance of the pulse transformer by the additive quan-

tity Cgp(l + H).

It is possible by the foregoing procedures to calculate the rise of the

pulse both when a trigger is used and when the effects of Cgp, Vp, and C
are taken into account, except that the solutions for Ch involve solutions

of algebraic equations of degree of three or higher, and therefore each

solution must be a numerical one. Nevertheless, the task may be

accomplished in a straightforward manner.

The effective distributed capacitance Cd between the plate winding

and the grid winding is equal to the total capacitance between the two

single-layer windings for a transformer of voltage-stepup ratio n = — 1.

This fact is illustrated in Fig. 14-21 for two cases, one where C is very

large, and one where C is very small. The voltage distributions along

the winding before and during the pulse show that the amount of electro-

static energy stored when a voltage pul^e is applied across one winding

is the same as that stored when a constant voltage is applied between

the windings.

When a transformer has a stepup ratio n 9̂ —1, it is possible to

calculate Cd by the application of the principles set forth in Sec. 12-2.

If there is a third winding on the transformer, the effective distributed

capacitance, leakage inductance, and load of this winding must be taken

into account in the analysis of circuit behavior.

The regenerative pulse generator frequently employs a lumped-

constant line, or network, instead of the capacitance C. For these

circumstances, the rise of the pulse may be computed by substituting for
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C in the equivalent circuit a resistance equal to the characteristic imped-
ance of the line.

If there are to be only two windings on the transformer and no appre-

ciable amount of power is to be delivered to an external circuit/ it is

desirable in the design of a regenerative pulse generator to choose the

p. Supply

Ec

I- Grid

P Plate

i Plate

winding

^"Grid
winding

Before the pulse

Grid

Plate

winding

Grid

Plate

winding

Voltage distribution resulting only from the pulse

(a) (6)

Fig. 14*21 .—Voltage distributions along the windings of a transformer used in a re-
generative pulse generator with n = pi. (a) When C is large. (6) When C is small.

impedance of the line, which in most cases may be considered as the load,

approximately equal to the impedance of the source. The value of n

for the grid winding should be chosen on the basis of the tube character-

istics. If a third winding is to be used, the value of n for this winding

should be chosen on the basis of the tube characteristics and the load for

this winding.
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The Top of the Pulse ,—The interval of time during which the pulse

is more or less flat is usually called the “top’’ of the pulse. The behavior

of the circuit during this interval is now described. When the output of

the generator ^e* is equal to Ehb^ ^ f), M is assumed to become less than

one, and the output of the generator is assumed to remain equal to Ei^

until the grid voltage eg, which is now positive, falls to zero'or lower. The
equivalent circuit is then that of Fig. 14-22 in which Vg is the grid-to-

cathode resistance. The switch remains closed when the voltage eg

across Cp is greater than zero. The effect of the trigger circuit in this

instance is neglected.

It is possible to give a straightforward solution for eg with initial

currents in Ll and Lp and an initial

voltage on C calculated from the rise

of the pulse. For the purpose of

simplification, however, it is assumed

that the initial voltage across C, which

was Eco at the beginning of the rise of

the pulse, has not changed appreciably

during this rise, and that no appreci-

able current has built up in Lp, the 14*22.—Equivalent circuit for

. V i 1 X IT
operation of a regenerative pulse

shunt inductance OI the traiistormer, generator during the top of the pulse.

during the rise of the pulse. Further- voltage on C « -Eco if C'^ Cd.

more, the effect of Ll is neglected. This simplified example may be

broken down into two extreme cases that are even more simplified.

Case 1. Where C is so large that the pulse is terminated by the

effect of Lp alone. If the current in Vg is neglected,

Cb = —Ebbe .

Since there is no appreciable voltage developed across C other than its

initial voltage ECO)

Og Ob EcO’

It is assumed that the energy stored in Cd has little effect upon the dura-

tion of the pulse. When eg = 0 (and hence Cb = Eco), m becomes ^ 1,

regeneration in the “off” direction takes place, and the pulse is termi-

nated. This maximum pulse duration Tnuix that the circuit having a pulse

transformer can produce is then given by

\Eoo\ =

Tmaz
rp Tp

or
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Because of the simplifying assumptions that have been made, the value

of Tma* thus calculated is somewhat greater than the maximum pulse

duration that can actually be achieved.

Case 2. Where Lp is large, and C is so small that the pulse duration

is determined primarily by the value of C, yet large enough to keep its

initial voltage at the beginning of the top of the pulse equal to Eco-

Under these circumstances, if the effect of Cd may be neglected during the

time when Cg > 0 and the switch is closed (Fig. 14*22),

t

_ (Eti, - \E,o\)r„e

rp + Tg

The value of eg thus eventually comes very close to zero, and a small

amount of current buildup in Lp is sufficient to make eg go completely to

zero, at which time the pulse is terminated. An approximate value for

the pulse duration limited by the value of C is

'Tmax ~ (j'

p

"b

An example in which C = 0 and in which any grid current that is

drawn must flow through R is represented in Fig. 14-23 where, at the

beginning of the top of the pulse,

the battery is substituted for the

generator in the circuit. The
value of R is usually much larger

than Tg and e^ never gets very far

above zero. In fact eg usually be-

comes less than zero immediately

after the peak of the rise of the

pulse, and the generator is again

switched into the circuit. In this

particular example the pulse has

no “flat” top, and the pulse “tail” starts as soon as the rise is finished.

The shape of the pulse tail is then determined by the time constants RCd
and/or \/LpCd, by /x, and by the initial energies inLp and Cd. This

example is not treated in detail since it is not of so much practical interest

as others.

The Tail of the Pulse .—The pulse tail is now calculated for the case

where C is finite and where the circuit is considered to have arrived at the

condition where again eg = 0. When eg falls to ^ 0, /x again becomes

greater than one and the circuit regenerates “off,” much as it regenerated

“on.” The order of magnitude of the regeneration time is, as was shown

for a simple case, « which is short coiiipared with the time

y/LpCo* Therefore, it is assumed that the circuit has regenerated “off,”

Vp

Fig. 14-23.—Equivalent circuit for the
operation of a regenerative pulse generator

during the top and tail of the pulse where
C = 0.
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iR. c %

that the generator is therefore disconnected from the circuit, and that
Cg = Eco at the time t = 0, The equivalent circuit is then that of Fig.

14-24 where Re represents the effect of losses in the core and any damping
resistance that may be connected.

The behavior of the circuit may then be considered in two parts. The
first part involves the change in ei from the moment that eg = Eco- The
variation of eb depends upon the values of Lp, Re, and Cd, and upon the cur-

rent in Lp and the charge on Cp (both of which can be determined for a
given circuit condition) at the

moment when = ^co- The
equations for the variation of

are identical in form with those

given in Sec. 14*1 for the tail of

the voltage pulse on a magnetron.

The second part of the circuit

behavior involves the discharge of

C through R until the voltage

across C is equal to Ec (which, for

all the cases thus far considered,

is equal to Eco)- The initial

charge on C depends, of course, on the operation up to the time when
eg = Eco- If the voltage across C at this time is denoted by Vc {Vc is

usually —0.5 to — 0.8-E/w,), the voltage^ec is given by

6c = Eco ~ (Vc — Ec)e

R

^co~Eb\as

+11

Fig. 14*24.—Equivalent circuit for the
operation of a regenerative pulse generator
during the tail of the pulse.

t

RC

and

^(7 = ^6 + (14)

Comparison of Theory and Experiment—The foregoing theory, which

assumes n to be equal to Eu>/Eco and to be constant, and which neglects

various circuit elements in the approximate solutions outlined, gives by

no means a complete and highly accurate description of the operation of a

regenerative pulse generator. A complete and accurate solution of the

problem can be achieved only by laborious graphical methods that fail

to give the average investigator the comprehensive view provided by

analyiiical solutions. It is the author^s belief that this foregoing theory,

rough and brief as it is, is of definite value in being able to show in an

analytical manner the dependence of the circuit behavior on the various

elements.

Figure 14*25 shows typical pulse shapes obtained from a regenerative

pulse generator with two different values of C. ^ The general shape of the

^H. M. Zeidler, ‘'Analysis of the Blocking Oscillator,” Master's Thesis, E. E.

Dept., M.I.T., 1943.
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Fig. 14-26.—Operating curves for the two pulses shown in Fig. 14-25 with time intervals

indicated in /isec.
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ri^ of each pulse agrees with that given by the theory in Eqs. (8) and
(11). The effect of the value of C on the pulse duration is illustrated.

The shape of the pulse tail agrees approximately with that given by the

theory in Eq. (14). Figure 14-26 shows the operating curves or trajec-

tories (with time intervals indicated in microseconds) for the two opera-

tions of the circuit. The inverse slope at any point on a curve of constant

plate current Ip is equal to the value of m of the tube at this particular

point. It may be observed that these

operating lines bear out, in a rough way,

the predictions of the foregoing theory:

during the rise of the pulse the circuit

moves rapidly through the region where

ju is approximately constant and greater

than one until it enters the region where

II abruptly decreases to a value much
less than one. In this region (giving

rise to the top of the pulse) the circuit

lingers until the grid voltage drops to-

ward zero and into a region where ju

again becomes greater than one. The

circuit then regenerates off, passing rapidly through the region where n is

approximately constant and greater than one. It is obvious from Fig.

14-25 that, from the point of view of accuracy in calculation, m should be

assumed to equal Eu>/{eg + \Eco\) when eg < e'', rather than to equal

Ein,/\Eco\ when eg < 0. As has already been stated, however, this former

assumption complicates the problem to the extent that the solutions lose

their analytical character and hence much of their usefulness.

Fig. 14-28.

—

Equivalent voltage and current sources.

14-3. The Effect of Pulse-transformer Parameters on Frequency

Response.—The equivalent circuit of Fig. 14-27 may be used to represent

a generator, a stepup or reversing transformer, and a load, where the

capacitance to ground of the transformer-primary winding may be

neglected.

Fig. 14-27.—Equivalent circuit

generator, transformer, and load for

the computation of the frequency
response.
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It is more convenient to write the equations on the node rather than

on the loop basis. Therefore, the voltage source in Fig. 14*28a is replaced

by the current source of Fig. 14*286

and the equivalent circuit of Fig.

14*29, where io = eoGa, is thereby ob-

tained. Then

eiGo +^ + -jJ-- =

1 I and

"h ^^Gi -|- ^ Fl = 0.
3^

Fig. 14-29.—Circuit equivalent to Qr
that of Fig. 14-27, formulated on the

node basis.

and

Then

I
(xG — (Fp + Fl) ^1 + "^ r L^2 =

L J ^

— V L^l + {Gi — —Tl + ) €2 = 0.
0? \ CO /

62 =

Gq (Fp 4“ Fl) ccGq

Gg- ^ (Fp + Tl) ^ F
CO CO

L

3 T' ri 3

CO
Gi Fl j(j)C

CO

and

fi
Cq

^2 Gq^V l

6g
(?G

— — (Fp -f- Fl) Gi — —V

l

jooC H ^
CO J |_

CO J co^

_ (?gFlCo{co[(jj(Fp-1-Fi,) +Gg(Fi,— CO^C)] —j[(Ji)HTGGl-{-0)^C {Tp-\-T l) — FpFl]
j

- [co^GgGz + co2C(Fp -h Tl) - TpTlY + c^^IGg(Tl - co^C) + Gi(Tp + Tl)]^'

Then

-“I
= (tgFlco

{
[co^Gg^j + co^C(Fp 4“ Fi) — FpFj^ 4“ co4GG(Fi:, — co^C)

CgI

+ Gi{Tp + TlY}-^

ooHjgGi 4~ co^C(Fp 4~ Fl) — FpFL

co[Gi(Fp 4“ Fl) 4" Gg(Fl —
- co^C)]

and

— tan <p =
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If all quantities are referred to the impedance level of 1 /Cri = 1 ohm,
and if Ga = Gi, then

\^\ = + u^C{Tp + It) -

Usually

- tan « - + r.) - r,r^
^ co(rp - o,^c + 2ri)

^ ^ or Pp <$C Pi.
L/p L/l

Hence

~ « rLCo{[co2 + c^^CTl - TpTlY + co2[-co2C + 2T
Co

— tan <p

0)2 + o^^ctl - r^rz,

o)(2rL - 0)^0

If C is assumed to be approximately equal to Cd, the distributed

capacitance of the transformer, the characteristic impedance of thq

winding may be cl^osen equal to the load. resistance, that is.

Also, since

cl yCTL Gi

“Topt — "^^^LpC D)

(a + /3)opt = 7 =

Pi =—

»

Topt7

L
'Topt -p 7

n “ ' ' ~ or 1 p
~ *

y ropt

Zct)
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/ 4 TwVopA
tan (f =
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The response of the transformer may be expressed as follows:

Odb “ 20 logic 2 —
Co

In Figs. 14*30, 14*31, and 14*32 are plotted respectively Odh vs. coropt,

— tan <p vs. coTopt, and —<p vs. coropt for several values of (a + 0)opt = 7*

Fig. 14-32.—Plot of —<p vs. wropt-

Transformer, voltage

stepup ratio =n

Pig. 14-33.—Circuit for oscilloscope Fig. 14-34.—Appearance of

presentation of the frequency-response oscilloscope trace with the circuit

characteristics of a transformer. of Fig. 14-33.

It is to be remembered that the equivalent circuit from which these

curves are calculated is valid only when Ll is very small compared with

Lpy and hence when 7 is small. As 7 becomes larger, the error involved in

using this equivalent circuit becomes greater. Hence, these curves

drawn for 7 = 0.3 and 0.4 involve an appreciable degree of approxima-
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tion. It has also been assumed that Lp is constant over the frequency

range shown. This assumption is valid only if the laminations are thin

enough and their resistivity and m so high [see Eqs. (15-30) and (15-31)]

that the impedance of Re is high compared with that of Le over the fre-

quency range considered.

It is possible to use oscilloscope presentation for the measurement of

|c2/cg
1
and tan (p by using the circuit shown in Fig. 14-33, where the

(a) 1 kc/sec, 6 = —3®. (6) 10 kc/sec, 6 = —20®. (c) 20 kc/sec, 6 = -23.5®.

\ ;

id) 500 kc/sec, 0 = -26.5®. (e) 750 kc/sec, d = -26.6®. (/) 1 mc/sec. 0 = -26®.

Fig. 14-35.—Photographs of oscilloscope presentation of the frequency-response character-
istics of a piUse transformer with n = — 1 and Ri = = 1000 ohms.

actual generator has an impedance that is small compared with Rg = Ri.

The oscilloscope traces are of the general form shown in Fig. 14-34,

where

\e 2 \ _ tan 6

and
1^1 n

'

Then

. (p b

Odb = 20 logio
2 tan $
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In the measurement of frequency response it is often convenient to
use two identical transformers, one a stepdown, the other a stepup, in

order to make n for the pair equal to one. The slope tan 0 for the com-
bination may then be obtained and compared Avith the slope tan 0'

obtained when no transformer is used in the circuit. Then \ei/eo\ for the

(d) 500 kc/sec, B = 27°. (e) 760 kc/sec, 6 = 26.5, (/) 1 me /sec, 6 = 26°.

(g) 2 me /sec, 0 = 11.7°. {h) 3 mc/sec, 6 = —11.1°.

Fig. 14-36.—Photographs of oscilloscope presentation of the frequency-response character-

istics of two pulse transformers (n = | and n = 5) with resultant n = 1.

transformer pair is equal to tan d/tan 6'. This method is recommended

because it eliminates errors arising from lack of orthogonality of the scope

plates.

In Fig. 14-35 are shown photographs of scope traces obtained at

various frequencies in the measurement of the frequency response of a

transformer that is operated with n = — 1 and Ri = 1000 ohms.
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Figure 14-36 shows similar photographs for a combination of trans-

formers (232AW2 and 232BW2, see Tables 13-1 and 13-2) stepdown

n = i — stepup n = 5 operating into a load Ri = 1000 ohms.

Figure 14-37 shows the oscilloscope traces obtained when the trans-

former or transformers are omitted from the circuit.

It is thus possible to relate, both theoretically and experimentally, the

pulse and frequency-response characteristics of a transformer.

ig) 3 me/sec {h) 5 me/sec

Fig. 14-37.—Photographs of oscilloscope presentation of the trace without the transformer
in the circuit, 0 = 28° for all frequencies, Ri = Rg = 1000 ohms.

This chapter has treated the effect of pulse-transformer parameters

on the pulse shape generated by power pulse generators when resistance

and magnetron (or biased-diode) loads are used. The effect of the pulse-

transformer parameters on the behavior of a regenerative-pulse-generator

circuit has been outlined. The effect of the parameters of stepup and
inverting transformers on the frequency response with a resistance load

has also been discussed.



CHAPTER 15

MATERIALS AJID THEIR USES IN DESIGN

By W. H. Bostick

CORE MATERIAL

16-1. D-c Properties and Test Results —It has been pointed out in

Secs. 12*2 and 13-1 that the primary or shunt inductance Lp of a pulse

transformer must be large compared with the leakage inductance Ll if the

transformer is to have a high efficiency. To achieve a low value of

Ll/Lp it is necessary to make a wise choice of core material and type of

core in designing the transformer. It is therefore of importance to

investigate the factors that influence Lp (or Le and Tie).

Required Geometrical and Electrical Properties of the Core.—In general,

the core should be made in the form of a closed path with a mean mag-
netic-path length as small as ohe coil that it encloses permits. In order

that eddy currents may be reduced, the core must be fabricated from thin

laminations or strips, and the core material should have as high a resis-

tivity as is consistent with the retention of good magnetic and working

properties of the steel. The rolling of the magnetic material into thick-

nesses in the range of 0.001 to 0.005 in., and the fabrication of this mate-

rial into the core, must not seriously reduce alter the shape of the

B-H loop in the vicinity of Aat, or increase the value of He (see Fig. 15-2)

of the material. Furthermore, it must be possible in one way or another

to assemble the coils on the core or vice versa. The interlaminar resist-

ance must be sufficiently high to keep the effect of interlaminar eddy

currents negligibly small, and the thickness of the interlaminar insulating

layer should be small enough to permit a high space factor (ratio of active

volume to total volume) for the completed core.

D-c Properties of the Core Material.—The pulse properties of a core

depend to a great extent upon the d-c or low-frequency properties of the

core and the core material. The^ d-c magnetic properties of a core that

are relevant to pulse-transformer use will now be discussed.

Usually voltage pulses of only one polarity are applied to the trans-

former, and under these conditions the core material is operated only in

the region to the right or left of the H-axis. If the pulse-transformer

core is initially unmagnetized, and rectangular pulses of constant voltage

and one polarity are applied, the resultant inc^emental B-H loops of

699
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constant flux swings AB will, during a brief transient period, bring the

core material to the state where the loop from the remanent point to the

B~H curve has a change in flux density equal to AB, The location of

the remanent point depends upon
the particular value of AB and on

the shape of the B-H curve (see

Fig. 15*1). If AB is large, the

remanent flux density at the begin-

ning of each pulse (after the tran-

sient period is over) is very nearly

equal to Bry the remanent flux

density of the core when the ma-
terial is driven to saturation. ^

It is often desirable to have a

large AB during the pulse in order

to keep the number of turns on the

coil and the cross-sectional area of the core reasonably small [see Eq.

(10)]. With a material of large remanent induction Br (see Fig. 15-2a)

the AB over which the core may be operated during the pulse without

saturation is small.

Fig. 15-1.—Steady-state d-c incremental

B-H loops showing the remanent values of

B for various values of AB.

Fig. 15-2.—D-c hysteresis loop of a core with (o) a continuous magnetic circuit (no butt

joint), (6) a gap in the magnetic circuit.

From the d-c or low-frequency hysteresis loops of two sample cores,

one without butt joints shown in Fig. 15*2a and the other with butt joints,

1 In the discussion of the d-c properties of the core material, AB and B are used

instead of AB and 5, which are used in the discussion of the pulse properties of the

core to denote values of flux density averaged throughout the lamination thickness.

2 In the computation of the optimum gap length in the core and of the values of

when a reverse current is employed, it is assumed in this section, for purposes of simph-

fication, that AB is so large that the resultant remanence always corresponds to the

B-H loop of the core material driven to saturation.
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(that is, gaps in the magnetic circuit) shown in Fig. 15*26, it is obvious
that Br may be reduced (and the available AB thereby increased) by

—

1. The insertion of a gap (a butt joint) in the core (see Fig. 15*26).

2. A reverse magnetic field Hr (see Fig. 15*2a) produced by a current

that flows through the primary in the reverse direction between
pulses and leaves the core with a remanence B = B'' (and H = 0)

at the beginning of each pulse.

3. A reverse magnetic field Hr produced by a constant reverse current

(in either the primary winding or a special winding in the trans-

former) that leaves the core material at B = JB'" and H = —HrSit
the beginning of each pulse (see Fig. 15*2a).

To achieve a value of Br that is well below the E-axis (and hence a

high available AB) by Methods 2 and 3 without requiring an inordinately

Fig. 15-3.—Idealized d-c hysteresis loop of a pulse-transformer core.

large amount of current to achieve the requisite Hr, and to achieve a high

average d-c incremental permeability /x*, it is obviously desirable to have

a very low He- To achieve a low Br by Method 1 without introducing

an extremely large gap (which markedly reduces fiog and m) it is also

desirable to have a low He [see Eq. (4)]. The available AB is also

dependent upon Esat, the saturation induction of the core material; thus,

other things being equal, it is desirable to have a core material with as

high a value of Esat as possible in order to obtain a large variation in flux

density.

The average incremental d-c permeability m over the range AB is, in

most cases, a major factor in determining the pulse permeability. It is

therefore desirable to have tii a maximum.
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1

Optimum Gap Length of the Core ,—Most low-power pulse transformers

operate with relatively small values of AB (less than 1000 gauss), and in

many of these transformers no special precautions need be taken to

reduce Br (see Fig. 15*1). With high-power pulse transformers, however,

it is often advisable to use a large AB. In many high-power applications

a gap, rather than reverse current, proves to be the more practical method

of reducing Br

It is possible to calculate approximately the gap length necessary to

produce maximum m over the range AB if the hysteresis loops of Fig.

15-2a and h are assumed to become, through a process of idealization, the

loops of Fig. 15-3.

It is sometimes desirable to increase the induction during the pulse

almost to saturation in order to achieve the maximum AB. Therefore, it

is assumed that the value of AB that is effective during the pulse is

AB = Bsm — Brgy

where Brg as defined in Fig. 15-3 is the remanence of a core containing a

gap.

The magnetomotive force HI may be equated to the flux multiplied

by the sum of the reluctances of the core material and the gap. Thus,

Then

or

-L ^ ^ = i + ??,

flog B flo I

Mo
Mog 1 J

11
1 +MoT

( 1 )

where I is the mean magnetic-path length of the core and is assumed to be

essentially equal to the total magnetic-path length of iron and gap, Ig

is the gap length, and A is the cross-sectional area of the core. From
Fig. 15*3 it is evident that

Br ~ floHcf

^rg ~ t^ogHcj

and

Bsst Brg
I
Bm llogH(\^ ~

t^og

Since a gap is usually chosen in practice so that Brg <$C Bsat, the following

approximation can be written for this last equation:
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( -I
2iIIc

MS,- (2)

It is desired to maximize n with respect to Z,/Z, that is, diiig/diljl)

should be equated to zero. Since

diXia

dlj

_ dnia dnog

dflog

<i)’

and dflogfd{lgfr) vanishes only for fio = 0, and fio is always greater than

zero in practice, the value of gap length for maximum fiig may be obtained

from the relation

dfi - 1 _ ^
dM.,

or

1
L 4Hc

fio = 0 .

From this relationship, the optimum ratio Ig/l for a core that is to be

driven almost to is

(l\ ^ J_
\ I /opt BbbX fio

^ ^
1

Apt fio

The value of fiig for this optimum length of gap is given by

f^ig =
%Hc

(3)

(4)

If, for a given material with no gap in the core, the remanence

B[ = /Bsat, where / is some fraction less than 1,

In most core materials used in pulse, transformers, / « 0.75. Then

_2

fio

Thus, the optimum gap length for a Mo permalloy core {He « 0.04

oersteds, Bs^t « 8500 gauss) is about one-third the optimum gap length

for a Hipersil core {He « 0.25 oersteds, Beat ^ 17,500 gauss^), and the

1 Complete ferric saturation occurs at 5 = 20,250 gauss. For purposes of con-

structing an idealized d-c B-H loop, however, Beat * 17,500 gauss is a more suitable

value for Hipersil.
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Optimum Gap Length of the Core .—Most low-power pulse transformers

operate with relatively small values of AB (less than 1000 gauss), and in

many of these transformers no special precautions need be taken to

reduce Br (see Fig. 15-1). With high-power pulse transformers, however,

it is often advisable to use a large AB. In many high-power applications

a gap, rather than reverse current, proves to be the more practical method

of reducing Br

It is possible to calculate approximately the gap length necessary to

produce maximum m over the range AB if the hysteresis loops of Fig.

15-2a and b are assumed to become, through a process of idealization, the

loops of Fig. 15-3.

It is sometimes desirable to increase the induction during the pulse

almost to saturation in order to achieve the maximum AB. Therefore, it

is assumed that the value of AB that is effective during the pulse is

AB = Bsat - Bray

where Brg as defined in Fig. 15*3 is the remanence of a core containing a

gap.

The magnetomotive force HI may be equated to the flux multiplied

by the sum of the reluctances of the core material and the gap. Thus,

Then

J- = - = i +
fXog B Ho I

or

_ Ho
f^og if

l+Jj
( 1 )

where I is the mean magnetic-path length of the core and is assumed to be

essentially equal to the total magnetic-path length of iron and gap, Ig

is the gap length, and A is the cross-sectional area of the core. From
Fig. 15*3 it is evident that

Br = HoHc,

^rg ~ f^ogHcy

and

= Bsat B)

— + H
i^og

rg / Bsat f^ogHc\

Since a gap is usually chosen in practice so that Brg B^at, the following

approximation can be written for this last equation:
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Mio
2iXo,Hc\ _ 2Hc .

(2)

It is desired to maximize m with respect to Ig/l, that is, dfUg/dilgll)

should be equated to zero. Since

d^-og

and diiog/d{]ig/l) vanishes only for fXo = 0, and fXo is always greater than

zero in practice, the value of gap length for maximum niay be obtained

from the relation

^Mtg 4:Hc

duo, “ 5,.t "r
0

,

or

, ,
Is _ 4Hc _

1 l” flo
1 jy Mo t).

-D«at

From this relationship, the optimum ratio IJl for a core that is to be

driven almost to is

(y) =^ “ (3)
\ t /opi Mo

The value of ^ig for this optimum length of gap is given by

M»g
— (4)

If, for a given material with no gap in the core, the remanence

B[ = /Bsat, where / is some fraction less than 1,

(tL '>-£(^-
7)

In most core materials used in pulse, transformers, / » 0.75. Then

Mo

Thus, the optimum gap length for a Mo permalloy core {He ^ 0.04

oersteds, 5s»t « 8500 gauss) is about one-third the optimum gap length

for a Hipersil core {He « 0.25 oersteds, Bgat « 17,500 gauss^), and the

^ Complete ferric saturation occurs at JB = 20,250 gauss. For purposes of con-

structing an idealized d-c B-H loop, however, .Beat = 17,500 gauss is a more suitable

value for Hipersil.
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1

value of Hig for the optimum gap length is about three times as great for

the Mo permalloy core as for the Hipersil core.

A typical 0.002-in. Hipersil core with Z = 5 in. is manufactured with a

butt joint containing a total gap length of about 0.001 in. Thus

L 0.001 in. = 2 X l0-\

The value of fXo for this material is about 10,000, for which

(h\ « — « 2 X 10-^
\ t /opt Mo

Thus, the gap used is approximately of optimum length if the core is to be

driven almost to £sat.

The value of mg calculated from Eq. (4) in terms of fio for Ig/l =
(Z(

7/Z)opt is

M». -*

If / = 0.75, mg = Mo/6.

The quantity Mmax (see Fig. 15*3) is related to m by the following-

equation:

_ \ 1

^ + He
Mo

\BfiaX + B

Hence, when

la U

I \l}oJ

_ Mma»(l + /)

When / = 0.75,

mg ^ O.SMmax.

It is to be remembered that the foregoing values of I and Mio are

calculated for a core that is driven to Beat. If it is desired to drive the

flux density to some value Bm that is less than Beat, but still much greater

than Brg, Eq. (2) becomes

2Hc 2
fHg = Moa - M^,

(h\
\l /opt Bffi Mo

and Eq. (3) becomes
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Effect of Reverse Magnetic Field,—Fot some applications in which high

values of AB are required, it is not only practical but advantageous to use

a reverse current (usually with an

ungapped core structure). The
following analysis of the effect of

reverse current holds for cores,

whether they have a gap or not,

as long as their d-c hysteresis

loops are approximately repre-

sentable by the idealized loop of

Fig. 154.

The quantity B'" is defined as

the induction that results from

the application of a d-c reverse

field Hr, It is assumed, for sim-

plicity, that the remanent induc-

tion B!/ resulting from the

application of a peak reverse field

Fig. 15-4.—Idealized d-c hysteresis loop

depicting the operation of a core with either

a d-c Hr, or a peak reverse Hr between pulses.

Hr between pulses (which drops to zero just before the beginning of the

pulse) is equal to B'". Thus

B'J' = B'/ = (He - Hr)Ho,

The value of Hx that results from

AB = Bm- Bl',

where Hr is applied as a peak reverse field between pulses and falls to zero

at the beginning of the pulses, is

„ Bm — B” Bm — {He — Hr)Ho
— U ~~ BHe+— He + —

Ho Ho

It is possible, if desired, to express Hi in terms of /Xxnax since

Bafit

Then

and

Mmax

Hc + BsAt

Ho

BaAtHrasOi

- (g. - Hr)
J.

-
-Dsat n. cHraax

YJ ,
{Bnt Hcl>‘mMx)Bm

(5)
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(m) («)

Fig. 15*5.—Diagrams showing various types of pulse transformer cores.

(a) Continuously-wound strip core.

(b) One butt joint sawed in a continuously wound strip core.

(c) Two butt joints sawed in a continuously wound strip core^

(d) Two butt joints sawed in a continuously wound strip core. Coils are wound in ordinary

fashion with half core as a mandrel.

(e) Laced-joint core. Core is continuously wound from strip, annealed, every third leaf
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If Hr is obtained from a constant d-c current in one winding of the
transformer, the resultant incremental permeability n"' over

is

AS = - B'/'

Mi
Br. - (Ha - Hr)Ho

Hr + H,+
M̂o

(6)

It is also possible to express /i,-" in terms of fia»x if Eq. (5) is substituted in

Eq. (6).

For materials such as the permalloys, where a reverse current may be
advantageously used, ti„ is usually very high and a suitable value for the
reverse field Hr, in order to obtain a high /i" or ii[" is H« < Hr < 2Hc.
Values of Hr greater than 2Hc are, of course, advantageous if they can be
obtained. From the idealized loop of Fig. 15-4 it may be seen that, if

Hr ^ Hr +
1^0

the highest possible value of is obtained. This highest value of iu»-"

equals /Xnxax, which is approximately equal to Mo/(1 + /).

Geometrical Core Shapes and Types of Construction That Have Been
Evolved .—A number of methods of constructing cores have been evolved

by various British and American manufacturers. These arrangements of

core material are described and numbered in Fig. 15*5. With cores that

contain no gap (that is, cores of either lap-joint or continuous-strip con-

struction) it is necessary to have a reverse magnetic field Hr if AB is to be

fairly high. Under these conditions, it is desirable that the magnetic

material have a low He in order that the Hr available between pulses or

from a d-c winding may reduce the remanence to a low or negative value.

If the core is an unbreakable closed magnetic circuit, it is necessary to

wind the coils by hand with a bobbin, or on a machine with a circular

shuttle.

cut as it is disassembled. The pieces are then reassembled into the Cu coils. This core

has a poor space factor.

(/) Long strips are laced into completed coils. This method is tedious for thin laminations

and large transformers.

{g) Core is continuously wound with extra window length, annealed, and cut at one end.

The core is inserted into Cu coils and the ends of the magnetic strip are interleaved

to form a lap joint.

(h) Alternate-stacked lap joint.

(i) Same as (h) except that the laminations are all similarly stacked to give a butt joint.

(i) U-U punchings, lap joint.

(k) U-I or L-L punchings with lap joint.

(0 U-I punchings with butt joints.

(m) E-E stacked, butt joints.

(n) Four I’s stacked, lap joint.
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Iron-dust cores for pulse transformers have, in general, proved inferior

to laminated cores because of their large inherent effective gap, and hence

their low effective permeability.

The magnetic materials manufactured in the United States and the

United Kingdom, together with the types of pulse-transformer cores in

which the materials have been used, are listed in Tables 15-1 and 15*2.

Table 151.—Core Materials Manufactured and Used in the U.S.A.

Material
Type of

core

Type of inter-

laminar insulation

Material

manufac-
turer

Core

manufac-

turer

Principal

users of

cores

Pulse-power

range in which

cores are gen-

erally used

78% Ni, 3%
Mo, 19 % Fe.

Permalloy

0.0012 in.
j

(a) Si02 dust deposited

by cataphoresis proc-

ess

Western
Electric

Co.

Western
Electric

Co.

Western
Electric Co.

10-100 kw

45 % Ni, 55 % 1 (o), (6). SiOj dust deposited Western Western Western 100 kw-1 Mw
Fe, Permal-

loy 0.002 in.

(c), (d) by cataphoresis; or

mica dust

Electric

Co.

Electric

Co.

Electric Co.

45% Ni, 55%
Fe, Permal-

loy 0.002 in.

(a), (b),

(c), (d)

Mica dust Carpenter Magnetic
Metals

Co.

Western
Electric Co.

100 kw-1 Mw

45% Ni, 55%
Fe, Permal-

loy 0.002 in.

(e), (/),

(i7), ex-

peri-

mental

Oxide Carpenter Magnetic
Metals

Co.

Radiation

Laboratory

100 kw-1 Mw

45 % Ni, 3 % Si, (e). (J). Chrome silicate, col- Allegheny General General 0.1 kw-1 Mw
52 % Fe, Sili-

con Nicaloi

0.002 in. and
0.004 in.

and (0 loidal silica Ludlum Electric

Co
Electric Co.

45% Ni, 3%
Mo, 52 % Fe,

Monimax
0.002 in,

0.003 in, and
0.004 in.

(e), (t),

0);

type C
in ex-

peri-

mental

quanti-

ty only

Oxide Allegheny

Ludlum
General

Electric

Co.

General

Electric Co.

0.1 kw-1 Mw

3 % Si, 97 % (e)Ai),(j); Oxide and powder Allegheny General General 10 kw-0,5 Mw
Fe, Si Steel

0.003 in.

type

(c) and

(«) in

experi-

mental

quan.

1

(MgO) Ludlum Electric

Co.

Electric Co.

3 % Si, 97 % (e) Carlite coating (iron American Westing- Westing- 1 kw-3 Mw
Fe, Hipersil

.003 in.

Oriented

0.(K)2 in.

0.001 in.

phosphate) Roiling

Mill Co.

house

Electric

Corpora-

tion

house Elec-

tric Cor-

poration,

General

Electric

Co., Ray-
theon,

Utah, and
others

25 kw-10 Mw
0.1 kw-1 Mw
0.1 kw-10 kw
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Table 15-2.—Core Materials Manufactured and Used in Great Britain

Material

Type of Type of inter- Material Core Principal users
core laminar insulation manufacturer manufacturer of cores

Radiometal (h) Oxide; sometimes lac- Magnetic and Magnetic and The General Elec-
0.004 in. quer as well Electric Al- Electric Al- trie Co. Ltd.

Radiometal

loys loys (GEC) British

Thompson Huston
Co. Ltd. (BTH)

(h) Paper interleaved Magnetic and Magnetic and BTH
0.004 in. Electric Al- Electric Al-

loys loys

Radiometal (n) Telegraph

Construction
Metropolitan-Vick-

ers Electric Co.

,

0.004 in.

and Mainte-

nance Co.,

Ltd.

Ltd. (METV)

adiometal (e) Oxide 1 BTH
0.002 in.

Radiometal (a) Lacquer BTH
0.002 in.

Radiometal Varnish GEC
0.005 in

Rhometal (h) Oxide Magnetic and Magnetic and GEC
0.004 in. Electric Al- Electric Al-

loys loys

Rhometal (n) E. C. Cole Ltd.

0.004 in.

Rhometal (n) Oxide Magnetic and Magnetic and GEC
0.004 in. Electric Al- Electric Al-

loys loys

Rhometal (n) or (e) METV
0.004 in.

Rhometal (ff) in); (c)

experimen-

METV
0.003 in.

tal only •

Rhometal (a) Lacquer BTH
0.002 in.

4 % Si, 96 %
Fe, 0.007

in. 0.014 in.

(n)

(n)

METV
METV

Stalloy 0 014 (n) METV
in.

Equation (13-20) shows that, in order to make the value of (a + /3)opt

low (that is, to make the efficiency high), the effective pulse permeability

He should be made a maximum. As is shown later, He depends upon the

pulse duration, the thickness of the laminations, and the values of the

resistivity and the permeability Hi of the material. Other things being

equal, it is of advantage in the design of a transformer to select the core

material and type of core that provide the highest value of Hi- There is,

however, a dependence of (AB)„pt on load impedance, power level, wire

size, and He [see Eq. (1317)]; also, the value of Hi for a given core depends

markedly on AB.
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A workable procedure in the choice of core material and core for a

pulse transformer is to estimate a reasonable value for He, and from this

estimate to determine the approximate value of (AJ5)opt, by the use of

Eq. (13*17), past experience, and extrapolation from previous successful

designs. The core material and structure giving the highest m for this

AB are then selected.

For regenerative-pulse-generator and interstage transformers oper-

ating at pulse powers of the order of magnitude of 0.5 kw, (A5)opt is of

the order of magnitude of 1000 gauss. For pulse transformers operating

at pulse powers of the order of magnitude of 0.001 kw, (AjB)opt is much less

than 1000 gauss. For the transformers that operate at very low values

0 in. 2 4 6

Fig. 15'6.—An assortment of widely used 0.002-in. Hipersil pulse-transformer cores.

of a5, it is advantageous to use core^ without any gaps and with the

steepest incremental B-H loops (see Figs. 15T and 15*2), which are found

in materials of low He and high fXo (that is, the permalloys)

.

For transformers that operate at high power levels (A5)opt is of the

order of magnitude of 8000 gauss. If sufficient reverse current is avail-

able, the highest value of Mi can usually be attained by using a permalloy

core with no gap. If these cores are continuously wound from ribbon, the

winding of the coils for the transformer must be performed with a shuttle.

This departure from the simple normal practice of coil winding and the

fact that the core window cannot be used so economically if shuttle wind-

ing is required may in some cases induce the designer to choose a core

with a gap.

The designer is obliged to choose a structure that contains a gap if

insufficient reverse current is available. The advantage that the mate-

rials with very low He and very high Mo (that is, the permalloys) have over

oriented silicon steel in ungapped structures is largely lost in gapped

structures, and silicon steel gains some advantage in gapped structure

because of its higher Bsat. Efficient transformers can, however, be built
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wth both types of materials with the various gapped structures illustrated
in Fig. 15-5. From the point of view of the ease of construction of the

Fig. 15-7.—Various uncut Ni steel pulse-transformer cores, (a), (6), and (c) 0.001-in,
Mo permalloy cores, (d) and (e) 0.002-in. 45-permalloy cores.

transformer, of a high available AB, a reasonably high value of m, a high
space factor, the availability of light gauge materials in large quantities,

and the uniformity in the com-
pleted product, the type C core

(Fig. 15-5) utilizing 0.002-in.

Hipersil has been an extremely

useful pulse-transformer core. An
assortment of widely used sizes of

0.002-in. Hipersil cores is shown
in Fig. 15*6. Various 0.001-in.

Mo Permalloy and 0.002-in. 45-

Permalloy uncut cores are shown
in Fig. 15-7. Several 0.004-m.

silicon Nicaloi punchings and one

0.003-in. M o n im a X punching

widely used in pulse transformers

are shown in Fig. 15*8.

Standard Tests on Core Mate-

rials and Cores .—There has been
gv 1 X r Fig. 15-8.—Various nickel steel punch-

an enort on the part OI the agen- ings. Light-colored punchings are of 0.004-

cies interested in pulse trans- in. silicon Nicaloi, the dark punching of

t. J .1 X r 0.003-in. Monimax.
formers and on the part oi

industries manufacturing them to formulate a set of standard tests

on pulse-transformer cores and core materials to facilitate the com-

parison of the various cores. This set of standard tests for puise-trans-

former cores is set forth in the Radiation Laboratory Report No. 722.^

1 W. H. Bostick, “Pulse Transformer Committee Standard Test Methods for

Pulse Transformer Cores,'' RL Report No. 722, May 5, 1945.
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1

The measuring techniques given in that report are described in Sec. 15-2.

Results of Tests on Various Core Materials ,—In Table 15-3 are listed

the results of a series of systematic measurements made in 1944 on several

widely used materials for pulse-transformer cores manufactured in the

U. S.^ These results show that Hipersil excels at the high values of AS,
and that the Ni steels are better at the lower values. The pulse per-

formance of Mo Permalloy when a reverse magnetic field is used is

especially notable.

H in oersteds

Fig. 15-9.—Loci of the tips of pulse B~H loops taken on butt-joint cores, with l-/isec pulses.

Curve A is for Monimax 0.003-in., f in. by | in. leg section.

Curve B is for silicon Nicaloi 0.003 in., ^ in. by | in. leg section.

Curve C is for silicon Nicaloi 0.004 in., \ in. by | in. leg section.

Curve D is for Hipersil 0.002 in., ^ in. by | in. leg section.

In Fig. 15*9 are shown the loci of the tips of B-H loops obtained with

l-/isec pulses for several cores constructed of punched laminations with

butt joints and for a type C Hipersil core. Again it may be seen that

Hipersil excels at the high flux densities whereas some of the nickel steels

appear slightly better at lower flux densities.

Actual photographs of pulse B-H loops are shown in Fig 15*10.

The d-c and pulsed B-H loops shown in Fig. 15*11 are representative

of the performance of British pulse-transformer cores, which were made,

for the most part, of nickel steel. The construction of synthesized

pulsed B-H loops shown in Fig. 15*11 will be described in Sec. 15-4.

^ Although more accurate measurements have subsequently been made, the

measiurements listed in Table 15*3 provide a reliable basis for a comparison of the

various core materials.



Core Material V
kv

N
turns

dt
gauss
sec“i

T
fisec.

AB
gauss

AH at
t = T

oersteds

AB

(a) 0.003 unoriented 5.72 200 109 10.25 10,250 19 540
(6) 0.003 8.58 100 3 X 109 3.33 10,000 27. 370
(c) 0.003 14.3 50 1010

1

1.05 10,500 52 200
(d) 0.002 oriented 5.72 200 10* 10.25 10,250 6.4 1600
(e) 0.002 8.58 100 3 X 10» 3.33 10,000 11 900
(/) 0.002 14.3 50 1010 1.05 10,500 31 340
ig) 0.001 unoriented 5.72 200 10* 7.00 7,000 27 260
(A) 0.001 8.58 100 3 X 10*. 1.30 4,000 9 440
(i) 0.001 14.3 50 1010 0.75 7,500 21 350

Space factors 2\- in. window cores

0.001-in. cores 0.85 A — 2.86 cm^
0.002-in. and 0.003 in 0.95 1 — 17 cm

16*2. Pulse Magnetization. Electromagnetic Treatment of the Mag-

netization of the Core .—The theoretical expression for the inductanqe and

magnetic field of a coil of given length and diameter involves Nagaoka^s

constant, which depends upon the ratio of length to diameter of the coil.

However, if the coil is wound in the form of a toroid, its inductance is

^ WT henrys.
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and the magnetic held inside the coil is

H = oersteds, (7)

where I is the mean magnetic-path length of the toroid in centimeters, A
is the cross-sectional area of the toroid in square centimeters, and i is the

g
current in amperes. If a toroida

,
core of effective permeability /x*

^ is inserted in this toroid, the

6 ^ ^ inductance becomes

/ /

//

/ /
.

2
Ly

Observed pulse J

B-H loop
I

4irN^A,Xe

lOH
'

0 2 4 6 8 10 12 14 16 18

H in oersteds

Fig. 15-11.—Experimental and synthe-
sised pulse B~H loops for British Rhometal,
No 8 punchings, oxidized and sprayed with
lacquer; nominal thickness 0.004 in.; core in

the form of two E’s with 0.001 in. butt joint

gap in each leg. AB = 7600 gauss, r = 1.0

/isec.

^ 2 /J-
I I j

and, since no free magnetic poles

/

!

^/^Synthesized pulse are formed, the magnetic field R
^ ~~7

inside the coil is unchanged.

l-j-f—y^ If a coil is wound on the to-

^ I I I I I
roidal core so that only a fraction

^ ^ ^
^ Hin oers?eds^^

^ covered, and a iXe:^ 1, most

Fig. 15-11.—Experimental and synthe- magnetic flux is still COn-
sized pulse B-H loops for British Rhometai, strained to remain in the core.
No 8 punchings, oxidized and sprayed with rpi £ i j rr • x-ii • j. i

lacquer; nominal thickness 0.004 in.; core in InC nela H IS Still approximately
the form of two E’s with 0.001 in. butt joint constant in magnitude and parallel
gap in each leg. AS - 7600 gauss, r = 1.0 ^he Center line of 'the toroid
/isec.

throughout the whole of the core^

as it is when the coil completely encloses the core. Hence, Eqs. (7) and

(8) are good approximations for the inductance and magnetic field of such
a core and coil.

Under pulse conditions the effective permeability /Xe of the magnetic
material is, because of eddy currents, different from /x, the intrinsic

permeability of the material itself. It is, therefore, of importance to

study the relationship between /x« and /x-

Relationship of V to B; Faraday's Law.—At any point within the coil,

or within the toroidal core if there is a core, the following equations (in

mks units) of Maxwell are applicable:

-E+f.O.

V X E • dS + dS = 0,

where A is the area of the coil. By Stokeses theorem, the emf per turn, in

mks units, is
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(9)

where C is the perimeter of A and where the average flux density over the
area ^ is

BdS.

If B is expressed in gauss and A in square centimeters, and if the coil has
N turns, the total voltage impressed across the coil may be written, in

cgs units, as

V NA^
10« dt

Since V is constant throughout the pulse for the idealized pulse,

R r.R 10* lowt^ = jo -NAjo^^'^ ~-NT (10)

that is, B increases linearly With respect to time throughout the pulse if

V remains constant regardless of the

quality of the core material or whether

there is any core at all. The value of B
at the time ^ = r is denoted by the symbol

a5.

Development of the Diffusion Equations.

It is now assumed that a toroidal core

occupies most of the coil area, and that

is sufficiently high to constrain practically

all of the magnetic flux in the core. Then

the area A is, for all practical purposes,

equal to the net area of the core. It is also

assumed that the magnetic field impressed

at the surface of the core does not vaiy

along I and is everywhere parallel to the center line of the core. The

problem is to find the magnetic field (see Fig. 15T2)

which, when applied to the surface of the core material, gives an average

induction throughout the core of

B = —jvT"

Fig. 1512.—Idealization of a lami-
nation in a pulse-transformer core.
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It is apparent at the outset that the core material must be in the form

of thin insulated laminations if eddy currents are to be held to a reason-

ably low value. Figure 15-12 shows such a lamination in which the width

of the lamination in the x direction is practically infinite compared with

the thickness d. The z direction is assumed to be along the center line

of the core, and any current that flows in the coil produces a magnetic

field in the z direction only. It is assumed that this magnetic field

does not vary with the coordinates x or z.

The following Maxwell’s equations in the mks system of units may be

employed:

and

V X E +
dB
dt

= 0,

V xH -
dt

(TlE*

In any known core material ai is large and a/eo = 1, where ei and eo are

respectively the dielectric constants, in mks units, of the material and of

free space. Conduction currents are therefore so much more important

than displacement currents that it is possible to neglect the term dD/dt.

The symbol m is used to denote the permeability of the material in mks.

units. Also, it is assumed that the permeability /x (mi in mks units) of the

core material is constant over the range of induction through which the

core is to be operated. Then

-VxE = m:^-

and

T X H = <7iE,

where

dII11

Since

^ dy ^ dx^

and

V xH =

|i j k|

A 1
dx dy dz\

0 0 H

dx
= 0

,

^ dy
io^iEx,

then
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and

Then

V X E

and since

The two equations

and

upon differentiation and subtraction yield the following diffusion equa-

tions :

dH^ \

dy^ dt ’

f
and V (12)

dE^ \

dy^ dt '

I

Solution of the Diffusion Equations ,—The solution^ of Eq. (12) may be

written as the sum of Ha{y,t), a ^^steady-state'' term or particular integral,

and Hb(yjt)j ^ transient term or complementary function {Ha and Hb are

in the z direction, but the subscripts z have been dropped for brevity of

notation). The average value of Ha{y,t) across the lamination is assumed

equal to {AH/T)ty where AH is the mean impressed field in the core at the

end of the pulse of duration r.

^ This treatment follows that given in the following references:

L. W. Redfearn, “The Effective Permeability and Eddy Current Loss for Mag-
netic Material under Linear Magnetization,” Metropolitan-Vickers Electric Co., Ltd.,

Report No. C.287, Feb., 1942.

C. R. Dunham, C. C. Hall, K. A. MacFadyen, “Calculation of Eddy Currents in

Pulse Transformer Cores,” The General Electric Co., Ltd., Report No. 8350, May 8,

1944.

For other treatments that reach the same solution, see L. A. MacColl, Bell Tele-

phone Laboratories, Inc., and T. D. Holstein, “Skin Effect in Pulse-Transformer

Cores,” Westinghouse Research Laboratories, Report No. SR-170, Feb. 22, 1943.

Ey Ez = 0.

i j k

^ A A
\dx dy dz\

\e^ 0 0

=
^ dz dy’

“-0
dz

. dEx . dHz

dH,

dy

dEj. _
dy dt

= aiE^

dH,
(11 )
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Equation (9) when integrated over the area S (instead of A), as

Fig. 15- 13.—Path of integration for

obtaining the steady-state distribution of

Ex and Hz.

Then

E.

shown in Fig. 15T3, yields for the

steady state

2wE.= f I ^.dS = 2wy^,
S

since

IdB
j

dis

1^1 dt

when the eddy currents have attained

a fixed pattern, that is, when the

steady state has been attained.

dB
yTt

and the steady-state magnetic field associated with this Ex can be obtained

by integrating Eq. (10) directly since the steady state Ex no longer

involves t. Thus, the steady-state magnetic field associated with Ex is

j y dy = constantf?/^ + constant 2 ,

and the complete steady-state term or particular integral may be written

Ha^ — it + Ao + A,y^), (13)
T ^ ^

1 2

H..j _ dB
dHa -

where Term 1 takes care of the constant rate of increase in Ha averaged

throughout the lamination, and Term 2 takes care of the spacial distribu-

tion of magnetic field resulting from the steady-state pattern of eddy

currents.

A substitution of Eq. (13) in Eq. (12) yields

Also,

2 *

d

and hence
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nm AH ( , - T2} (14)

It is apparent that the transient term or complementary function Hi
has its maximum at 1/

= 0 and decays exponentially with time. A solu-

tion that meets these conditions is

Hi = e cos qy.

Substitution in Eq. (12) yields

P
Mio-i

Furthermore, the transient term must make no net contribution to the

mean value of the magnetic field across the lamination because it has

already been assumed that the average value of Ha over the lamination

increases linearly with time. Then

and hence

^~pt
qy --

2nw

T’
where n is any positive integer. Thus

4:nV

and the nth transient term may be written

Hi
4n^irH

cos
2mry

The full transient term may then be written

Hi
n = 1

COS
2mry

and the total solution may be written

„ . .. AHt
,

Hziyd) = — +
T

n = l

HVrid^ COS (15)

For the determination of an, the condition that Hz{yfi) — 0 for all values

of y is applied. Hence,
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2 , V 2rurj/ _
- 12 + 2^

a„ cos— = 0,

2mry ,

cos dy.

Integration by parts yields

d^(-l)”
-^—2 cos rnr = H-t—nV nV

Hence, the complete solution is

yi _

x^Zy dn
n=l

webers/meter (16)

For the value of

the symbol /f is used. Then

or, in cgs units,

e webers/meter^^ (17)

00

H =^ AH
[i _ 1 y

T 3pT L

j

\e~~^ oersteds, (18a)

where p is the resistivity of the magnetic material. The field H may be

expressed as

webers/meter^ or oersteds, (186)

webers/meter2 or oersteds, (19)
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_
12

seconds

or, in cgs units,

T = seconds,
6p

and

^4

The variation of with {T/V) Fig. i5-i4.—Plot of — vs. —
is plotted in Fig. 1514.

^

t t

The average flux density B throughout the lamination is

B = gauss.

2 4 6 810'® 2 4 6 810'®2

Fig. 15- 15.—Relative distribution of

flux density in a lamination for a rectangu-

lar voltage pulse applied at a time < = 0,

where B increases linearly with time, and

p = resistivity of the lamination in

ohm-cm, d = the thickness of lamination

in inches, t = time in seconds, y = dis-

tance from the midplane of the lamination

in inches, and p = average d-c incre-

mental permeabihty over AB,

The relationships expressed by

Eq. (16) are exhibited graphically in

Fig. 15T5^ where B/B is plotted

against pt/pd^ for various distances

from the midplane of the lamination.

The effective permeability

A graphical representation of pe is

also given in Fig. 15*20.

The function Hz(y,t) in Eq. (15)

may be written as the sum of AHt/r

the^ value of the magnetic field if

eddy currents were not present, plus

an additional field needed to negate

the effect of the eddy-current mag-

netic field, He{yjt)j where

(21 )

n = l

in Wide Band Telephone and
1 A. G. Ganz, “Applications of Thin Permalloy Tape

Pulse Transformers,” Trans. Amer. Inst. Elect. Ev^rs., 66, 177 (1946).
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Then from Eq. (19) for y = d/2 and y = —d/2,

H =— + He, (22)
T

where

n= 1

Plots of the steady-state values (that is, when T) oi Hz(y,i) and

Ex{y) are given in Fig. 15*16.

Under the assumption that the core is made of perfect magnetic

material, there are no free poles that tend to demagnetize the core. At

the end of the pulse, when t = r, the voltage V that was applied to the

Fig. 15- 16.—Steady-state field distributions in the lamination.

coil is removed, the eddy-current magnetic field decays, and the core

eventually arrives at the state where

H.{y,t) = AH = ^-
M

The decay of the eddy-current ’field may readily be calculated if it is

assumed, as a boundary condition, that at ^ = r the eddy-current field

Ji^e{y,r) = [y^

that is, that the transient term in Eq. (15) is equal to zero. The diffusion

Eq. (12) may now be solved for Hze{yj t — t) with the same substitutions

that were made to obtain the transient term in Eq. (16). Then, in mks
units,
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n=l

< - r) = H.it -

4nV2(<--r)
2

e COS webers/meter^,

^iJLiffid^ AH
12tx“

4n%20-T)

n = 1

AHit -

= AH webers/meter^ or oersteds.

{? '
-

')
AH + HM - t)

= AH 1 + - - —
r r

A typical theoretical plot of H vs. t from Eqs. (19) and (25) is given

in Fig. 15*17. Actually, however, the

field H returns to a value much lower
. jgp-lA^

than AH because of hysteresis effects, I V i
gaps in the core, and reverse fields H

j

between pulses. ^ |
j

It is to be remembered that, during ^
I

the pulse, H is the magnetic field required 0 ^ 1—
at the surface of the laminations when ^ "

.1 * J i * TO • T 1 Fig. 15-17.—Typical theoretical plot
the average induction B increases linearly ^ ^

with respect to time, that is, if a con-

stant voltage V is suddenly applied across the coil. This magnetic field

can be produced only by a magnetizing current im in the coil. Thus,

during the pulse

lO^Z

If the core has a gap, free poles are formed which reduce the effective

magnetic field at the surface of the laminations, and hence reduce in the

core material itself the resultant B produced by a given im-
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After the pulse when B (and hence Hj also) decreases to some rema-

nent value, the magnetic field in the core remains constant and greater

than zero although the impressed magnetic field produced by im decreases

to zero. Thus the values of By ABy By AHy and H defined herein are the

incremental values above remanence, the remanent point being taken as

the origin of the pulse B-H loop.

16-3. Energy Loss and Equivalent Circuits. General Considerations

of Energy Absorption and Storage in the Core .—The electric field Exiyd)

associated with Hziyyt) may be obtained from Eqs. (11) and (15), and, in

mks units, is given by the expression

^x{yyt)
1 dHz

<Ti dy

n = l

4nhrH

sin
2mry

~d^

At the surface of the lamination

Now,

Tji
(d \ Ml AH

iEx X k/y, = ]ExHz

volts. (26)

is the Poynting vector, which represents the power per unit area flowing

across any boundary plane y = constant. The value of this vector at

the surface of the lamination is denoted by

i®- (5’ ‘) "• (r ')

and represents the instantaneous power per unit area flowing into the

lamination. The energy per unit area that flows into a lamination during

the pulse is, by Poynting^s theorem,

d

^ 1

+ joules. (27)

a, b, and c

Term 1 in the right-hand member of Eq. (27) represents the energy

dissipated by eddy currents during the pulse. Term 2 is, for all practical

purposes, equal to zero since displacement currents in the core material
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are negligible. Term 3 represents the energy stored in the magnetic field

mthin the laminations during the pulse. Term 3a, the portion of
Term 3 that represents the additional energy stored in the electromagnetic
field associated with eddy currents, is dissipated in the form of eddy
currents after the pulse during the establishment of an equal distribution
of B throughout the lamination; that is, Term 3a is equal to

dy dt joules.

In the case of the idealized core whose B-H loop is depicted in Fig. 15* 18
the remainder of Term 3 (that is, 36 and 3c) equals iii(AHy/2 joules, a
quantity which is defined as Wm, the

magnetic energy remaining in the

core after the pulse. When
the pulses are repeated, however, the

magnetic field and flux density in

the core must be returned to the

starting point of the first pulse on the

d-c or low-frequency hysteresis loop

at the beginning of the next pulse.

This return is accomplished by
means of the fringing magnetic field

resulting from the magnetic poles

exposed at the faces of the gap, or by
means of a reverse magnetic field ob-

tained from a reverse current in a

coil. Thus, part of this remainder

36 and 3c (defined as 36) is returned

to the circuit, part is dissipated in the

core in the form of hysteresis (microscopic eddy-current) loss, and possibly

a portion is dissipated in the core in the form of macroscopic eddy currents

(these, latter two energies comprise 3c). . However, the energy 36 returned

to the circuit may subsequently be returned wholly or in part to the core

and dissipated there in the form of eddy currents or hysteresis loss. It is

generally impossible to determine in advance how much of the energy 36

will eventually be dissipated in the circuit and how much will be dissipated

in the core.

Calculation of Energy Dissipation in the Core ,—If it is assumed (as it*

has been in the preceding sections) that the d-c incremental permeability

over AB is a constant, and that there are no hysteresis losses, it is possible

to represent the behavior of such a core by the idealized pulse loop of

Fig. 15- 18. Area e represents the energy We dissipated in the core in the

H

— Idealized pulse B-H loop

— Actual pulse B-H loop

Fig. 15-18.—Idealized and actual pulse
B-H loops.
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form of eddy currents, that is, Terms 1 and 3a in*Eq. (27). Area m
represents Wm, the energy returned to the circuit, that is, term 36 in Eq.

(27). Term 3c in this idealized case equals zero. The sum of areas m
and e represents the total energy delivered to the core during the pulse

[that is, the term on the left-hand member of Eq. (27)]. The energy

We represented by the area e in Fig. 15T8 is given in mks units by

TFe = He dB joules/meter^

If the substitutions t — tB/AB and AH = AB/fj, are performed in

Eq. (23),

n

or

n=l

Since
oc

V 1 = ^A n* 90'

We =

We = {aByt r
1 +

MlT' [ ttV

(AByr . 90 ^

Hit [
TT^ 1

ZT
Si);

joules/meter ^

or, in cgs units.

This equation may be written

fi - ^
,

90 ^ 1 _ 1
S -L p ZT \

L* Kv A-/ ^ /J

‘ r \T) (28)

The loss function ^{r/T) has been plotted in Fig. 15*19.

The relationships expressed by Eqs. (21)^ and (28) are exhibited

^ A. G. Ganz, Applications of Thin Permalloy Tape in Wide Band Telephone and
Pulse Transformers,’^ Trans, Amer, Inst. Elect, Engrs.j 66, 177 (1946).
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graphically also in Fig. 15-20 where, if the voltage is zero immediately

after the pulse, the loss resulting from eddy currents [that is, Terms 1

and 3a of Eq. (27), or area TFe of Fig. 15-18] during and after the pulse, is

given by

Loss loWUV" ^

watt seconds/in. pulse

where

G is plotted in Fig. 15*20,

d = thickness of lamination in

inches,

p = resistivity in ohm-centi-

meters,

jjL = average d-c incremental per-

meability over AB,

N = number of turns on core,

A = cross-sectional area of core in

square inches,

Pe = effective permeability,

t = time in seconds, and

V = emf of the pulse in volts.

Also, in mks units.

TT,
2pi

joules/meter ^

Fig. 15*20.—Plot of — and
M

the eddy-current loss during

and after the pulse [that is,

Terms 1 and 3a of Eq. (27)

,

or the energy TF© represented

by area e in Fig. 15*18].

or, in cgs units,

Wm = ergs/cm®. (29)

If a fraction / of Wm is returned to and dis-

sipated in the core, the total energy dissipated

in the core per pulse is

joules/meter

or

TFtotoi

{^by [/ .

47riul0^ L2
ergs/cm^.

Actually, however, m is not constant during the pulse because of the

finite coercive force and the saturation of the magnetic material. Hence,

the initial rising portion of the experimental B-H loop differs somewhat
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from that of the theoretical loop, as shown in Fig. 15* 18. Furthermore,

because of the finite distributed capacitance of the pulse source and the

coil on the core, the voltage pulse never ceases completely at ^ = r. The

energy in this distributed capacitance flows into the core and thereby

produces the dome-shaped top on the pulse loop. A portion of this

energy, at least, is dissipated in the core in the form of hysteresis and

eddy-current losses. Lastly, there are hysteresis losses and perhaps some

eddy-current losses during the demagnetization [that is, term 3c in Eq.

(27)], and hence the energy that actually remains to be returned to the

circuit is less than TFm.

An Approximate Calculation of Energy Dissipated in the Core .—

A

simple approximate calculation of Wm + We is possible because for cases

Fig, 15-21.— (o) Approximate equivalent circuit and (6) magnetizing current for a cpre.

where ty> T during the greater part of the pulse, and thus 0 < T/t < 2,

^(T/t) « T/t (see Fig. 15-14). Then

or

Then

where

and

gauss.

J.
_ 4irixN'‘A

10»i

o _ 12VMp
“ dH

henrys. (30)

ohms. (31)

The core can thus be represented by the approximate equivalent

circuit of Fig. 15-21o, for which the magnetizing current im is plotted in

Fig. 15-216.
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If it is assumed that a fraction / of and, of course, all of TF, are

eventually dissipated in the core,

_ fvv ,vh_ fvnoHT^
,

vhht

or

IT « /If. + IF. = ^ +
SirJVM/i ^ npN'^A

Then

™ TV/ /lOo/r
,

dA .

_ Al{ABYS AW{ABy
SirlOV 12pl0»«r

IF/cmVpulse « ergs/cm’.

It should be remembered that these expressions for IF are valid only

ii Q < T/t < 2 for the greater part of the pulse, that is, if r ^ 7".

Fig. 15*22.—Accurate equivalent circuit for the core, where n is constant.

An Accurate Equivalent Circuit for the Core ,—If /x is assumed to be

constant throughout the pulse (that is, if the pure hysteresis loss is zero

and no saturation of the material occurs), the following expression, in

cgs units, for im may be obtained from Eq. (19)

:

10? aB
AirNti ; + 7(1 -72 2

'

0 ]

or, with the substitution of Eq. (10), may be given by

JOW
47rAiV^M

t +
n = l

This expression for im suggests the equivalent circuit of Fig. 15*22, where

a voltage V suddenly applied at the input terminals produces a current C
given by
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I
__

e ^

_Ri Ri
+ 1 _i_

Hi R2

4. JL _ i
Ri

+

+
-

_1 _ e ^"
1

Rn R. J’

When im = i'„, the circuit of Fig. 15-22 represents the core, if

AirA^m
henrys,

,

1 10»/7' ,

Rn 4ir^iVV

and

or

Lo =

1

ion

= -i- -)- _L + —R Rx^ R 2 Rz^

Ri

1_

R 2

Rz

J_
Rn

lom 6 1

4irAN^fiir^ P
~

1.5 X lO^Tl 1

ttKAN^h
'

4

1.5 X lom 1

T^AN^IJL
’

9

1.5 X lom i_

T^AN^IX

1.5 X lO^r

w^AN^fji

mhos,

mhos,

mhos,

mhos.

Rjn

Ln

n2^2

Ln

ST

STRn _ STtAN^^
nV 1.5 X lO^r^

see"

27rAN^fx

ion
henrys.

The actual value of the instantaneous d-c incremental permeability

(that is, dB/dH) of the material over the range AB is never constant.

The most accurate treatment of the magnetization of the core in the

region below saturation assumes that there is a constant instantaneous

d-c incremental permeability over ABj and that the value of this per-

meability is Ho (see Fig. 15*2). The macroscopic eddy currents that flow

may be accounted for by the foregoing electromagnetic treatment with

the insertion of Ho in the diffusion equations. The finite width of the d-c

incremental loop may then be taken into account by the assumption of

microscopic eddy currents, and additional LT^-branches should be added

in the equivalent circuit for the core in order to account for the effect of

these microscopic eddy currents.^ The effect of the reluctance of a gap

in the magnetic circuit can be taken into account by adding to the field

Hy which is necessary to magnetize a material whose permeability is Ho

^ H. L. Rehkopf, “Equivalent Circuit of a Pulse Transformer Core,” RL Report

No. 666, Mar. 1945.
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and the width of whose d-c B-H loop is a field Hg [= which
is necessary to magnetize the gap.

The effect of the finite width of the d-c B-H loop and also a small

amount of saturation can be^ approximated by inserting in the solution

of the diffusion equations the average incremental permeability jUt of the

material itself over the range LB (see Fig. 15-2) and then adding Hg to

the resulting solution H.

A further approximation that is valid if the gap is small is to insert the

average d-c incremental permeability iHg of the core (including gap) over

the range LB in the solution pf the diffusion equations and to assume that

the resultant H is the entire magnetic field necessary to magnetize the

core.

16-4. Additional Aspects of Pulse Magnetization. Treatment of the

Magnetization of the Core W}\en = Ho = ^ and Saturation Occurs .—If

Fig. 15-23.— (o) Idealized lopp for a material of n = Ho = and He = 0. (6)

Instantaneous distribution of flux density within the lamination for nonlinear magnetization

where = fio
= oo and He = 0.

fjL or fii is not assumed to be constant, an electromagnetic treatment is

almost out of the question—except when the material is assumed to have

infinite permeability but a finite value of J5sat. Under these conditions,^

the lamination is divided at any instant during the pulse into outer surface

sections that are saturated and an inner central section that is devoid of

flux (see Fig. 15-23).

If the steep wavefront of flux density moves inward at a rate da/dty

the eddy current that flows in a lamination of length 1 cm, width 1 cm,

and thickness d is

. dt a

1 A. G. Ganz, '‘Applications of Thip Permalloy Tape in Wide Band Telephone and

Pulse Transformers,” Trans. A.I.E.E.y 66, 177 (1946).
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where AJBsat is the change in B from starting point to (A^Bsat = B^t if

the lamination is unmagnetized at the beginning), and p is the resistivity

of the lamination in ohm-cm.

Since the value of p has been assumed to be infinite, the magnetic

field at the surface is only that required to maintain that is,

H = oersteds.

The change in average flux density at any moment is

o 2aAB3at

whence

5 _ 2aAS„i 10

H d
'

iTT

For a transformer winding

loy ^ loy

Then

NA dS _ 2AB... da NA
10* dt 10* dt d

10 ABs^iNA
~ T ^ Vd^

'

The
d

2/ dt'

time To required to saturate the entire lamination is equal to

Then expressed in terms of To is

_ 10® pTo

The maximum pulse duration that is capable of being passed by the

transformer is equal to To.

Since p has been assumed to be infinite, no magnetic energy is stored

in the core during the pulse. The energy dissipated per cubic centimeter

per pulse by the eddy current during the pulse is given by

energy loss/cmVpulse = ^ ergs/cm^/pulse.
oTT Pg

The foregoing treatment is applicable to the magnetization of various

permalloys under conditions of very high dB/dt.

Theoretical Construction of Pulse Hysteresis Loops .—Under the

assumption that the permeability used in the diffusion equation is con-

stant and is equal to pi (or mg), the average d-c incremental permeability

ov^ AB, it is possible to construct the ascending portion of pulse B-H
loops from Eqs. (10) and (19), as has been done in Fig. 15-18.
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It is possible, however, to construct pulse loops in such a way that
their shape is more sensitive to the d-c properties of the core materials.

If the eddy-current field He is calculated with the use of in the diffusion

equation, and if this He is added to the magnetic field obtained from a d-c

hysteresis loop over AjB, there results a theoretical pulse loop that takes

into account the coercive force and the saturation of the core material (for

example, see Fig. 15- 11).

The top of the loop and the beginning of the descending portion may
be roughly constructed by assuming that H decreases very rapidly

although B remains relatively stationary at the end of the pulse [see Eq.

(25) and Fig. 15T7]. (Actually, B increases somewhat because the

voltage pulse never drops to zero immediately at the end of the pulse.

This increase in 5, as has already been stated, produces the dome on top

of the pulse hysteresis loop.) For the constructed loop the value of H
may thus be assumed to decrease rapidly along a line of roughly constant

B until the magnetic field for this value of B on the descending portion

of the d-c hysteresis loop is attained. Then B and H may be assumed to

decrease along the path of the descending portion of the d-c hysteresis

loop of the core. The rate of decrease along this path depends, of course,

upon the constants of the circuit in which the pulse-transformer core is

being measured.

A synthesized pulse B-H loop for a typical British core material has

been constructed according to the foregoing procedure and is displayed

in Fig. 15T 1, together with the observed pulse B-H loop. In several such

comparisons British observers report good agreement between theoretical

and experimental pulse B-H loops. ^

Experiments at the Radiation Laboratory, however, show the experi-

mental values of /Xe to be substantially lower than the theoretical values

when AH is large compared with He, which is the condition under which

the precision of the experiment for detecting variations in the intrinsic

values of is the greatest. However, in experiments at very high values

of dB/dt where any variations in the intrinsic values of /x that are due to a

lag in the process of magnetization would be the greatest, He, is com-

parable in size to AH, and the precision for detecting variations in /x is

lower. These latter experiments nevertheless show better agreement

between experimental and theoretical values of iig, despite the fact that,

in these experiments, the values of magnetic fields at the surfaces of the

laminations were so high that surface saturation could conceivably have

reduced the effective value of /x for a portion of the core material.

1 C. R. Dunham and C. C. Hall, “Air Gaps in Pulse Transformer Cores,'’ The

General Electric Co., Ltd., Report No. 8401, Feb. 11, 1944; C. R. Dunham, C. C. Hall,

and K. A. MacFadyen, “Pulse Magnetization," The General Electric Co., Ltd.

Report No. 8298, Sept. 24, 1943.
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S. Siegel and H. L. Glick of the Westinghouse Research Laboratories

report experiments in which cores were operated at values of B such that

the permeability at the surfaces of the laminations were not reduced by
any saturation effects. Their observed values of He are also somewhat
below the theoretical values.

Interlaminar eddy currents could, of course, account for the above

discrepancies, except that in all of the fore-

going cases the interlaminar resistance was

adequate. Inadequate knowledge of the

lamination thickness or space factor might

possibly be responsible for some of the

discrepancies.

The discrepancies could also be explained

by assuming that there is an intrinsic lag in the

magnetization process. In view of the con-

tradictory results of the British and American

Fig. 15-24.—Plot of the elec- observers, however, it cannot be stated
trie field E within the core.

definitely that there is, in the process of

magnetization, an intrinsic lag that produces an appreciable reduction in

the observed Me under the pulse conditions of these experiments.

Interlaminar Resistance .—It would be unduly complex to calculate

the interlaminar currents that flow during the buildup time of the intra-

laminar and interlaminar currents inasmuch as it is desired only to set a

lower limit to the value that the interlaminar resistance may have. The
distribution of Haiy^t) vs. y is given by Eq. (14) and is plotted in Fig.

15*16a for a time such that the transient term has become zero. The
steady-state distribution of the electric field E* vs. y may be obtained

from Eq. (26) and is plotted in Fig. 15*166.

If the core is made up of a stack of laminations w cm wide (see Fig.
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15-24), whose interlaminar resistance between two laminations for an
area of 1 cm^ is r„ the stack of laminations may be treated electromag-

netically as is the single lamination. The magnetic and electric fields

cannot penetrate the core very far by traveling in the y direction because

of the shielding effect of the outside laminations. The fields can pene-

trate from the x direction, however, because of the fairly high resistivity

r., and hence the flow of interlaminar currents is analogous in pattern to

the flow of eddy currents within the laminations. The magnetic and

electric fields corresponding to the steady state are then distributed

within the core as shown in Fig. 15-25. The eddy-current field resulting

from interlaminar currents is now given by

m = oersteds,

where r./d, the ^'volume resistivity^^ of the core for interlaminar currents,

takes the place of p in the expression for He in Fig. 15-16. Then

He Tsd

If the resistance wp/d from side to side of a lamination 1 cm long and w cm
wide is denoted by Rp and the interlaminar resistance Vg/w between two

laminations for one cm of their length is denoted by

In a typical Hipersil core

He Re

T? - ^ 2.54 X 50 X 10-«
= 2 X 10-2 ohms.

d 0.0025 X 2.54

Experience has shown that in any well-insulated core

Hê
^ ^ 0.1.

Then

R. ^

R. =

2 X 10-2

10-2
= 0.2 ohms.

If, for example, Z = 10 cm and the number of laminations in the stack is

250, the resistance across the stack should then be greater than

250 X 0.2
5 ohms.

10
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If it is assumed that within the core every point that lies on the y axis

(see Fig, 15-24) remains at zero electrical potential, and that r, is so high

that no interlaminar eddy currents flow, the potential difference between

two laminations at any point Xj according to Fig. 15- 16, is

/ \ o El lO~^iJLAHxd ,,

v(x) = 2xEx
( 2

)
= volts.

The maximum potential difference v(w/2) occurs between two adjacent

laminations at a; = w/2 and x = —w/2^ and

V
10~^iJLAHwd

2t

For a typical pulse-transformer core,

A fi
= 5 X 10® gauss/sec,

T

d = 0.0025 X 2.54 = 0.00635 cm,

= 1 X 2.54 = 2.54 cm,

and

V 10-^ X 5 X 10® X 6.35 X lO-^ X 2.53 = 0.8 volt.

The interlaminar insulation must therefore be capable in this case of

withstanding the small voltage stress of 0.8 volt.

The interlaminar insulation on thin-gauge Hipersil is a complex

phosphate coating applied during the final annealing operation. The
resulting ^^Carlite’’ coating is very thin 10”^ in.) and has excellent

insulating properties. On some core materials (which are usually in the

form of punched laminations) the insulation is an oxide of iron formed by

admitting a small amount of air to the steel at the end of the annealing

process. This oxide coating, if applied skillfully, is exceedingly thin and

is adequate for pulse transformers. The General Electric Company
sometimes uses a chrome-silicate solution, which is baked onto the

laminations by the anneal. The Western Electric Company, on the

other hand, uses catephoresis, a process of depositing silicic acid particles

on the strip steel by drawing the strip through a mixture of acetone and

silicic acid immediately prior to winding the strip into a core and anneal-

ing it. Mica dust (which turns mainly into a complex of silicates upon

being annealed) is sometimes used as a suspension in acetone and deposited

on the strip, which is drawn through the liquid.

Various lacquers and varnishes have been tried on laminations, but

have proved inferior because of the reduction of space factor in the result-

ing core.
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16«6. Techniques for Measuring Core Performance.—^As has already

been shown, the value of /Xc depends upon pulse duration, lamination

thickness, and resistivity, and upon jUi, as it is defined by Figs. 15-2 and
15-3. For a given material the value of jue is affected by a5, the amount
of gap in the core, and the value of the reverse magnetic field between

pulses. Since He depends upon so many parameters, it is necessary that

manufacturers and users of pulse-transformer cores and core materials

agree upon a set of standard methods for measuring and describing the

properties of cores and core materials.^

It is not within the scope of this book to specify these standard test

methods. There are, however, certain experimental techniques involved,

which will now be described.

Fig. 15-26.—Circuit for viewing 60-cycle B-H loops on an oscilloscope.

Presentation of ^0-cycle Hysteresis Loops on an Oscilloscope ,—The

circuit of Fig. 15*26, where e\ = \/2 ErxnB cos o)t and o) = 2m-
•

60, may be

used for the purpose of presenting 60-cycle hysteresis loops on an

oscilloscope.

Since

NiA dB
“ 10* dt’

If R 2 and C2 are large, U = 62/

R

2 ’ Hence

/
^2 dt _ 62 dt

C2 R2C2
V2y

1 W. H. Bostick, “Pulse Transformer Committee Standard Test Methods for

Pulse Transformer Cores,” RL Report No. 722, May 5, 1945.
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and

Then

and

where and Vi are the deflecting voltage measured on a CRT screen,

Ni and N2 are the numbers of turns on the coils, A is the cross-sectional

area of the core in square centimeters, and I is the mean magnetic-path

length in centimeters. The symbols Rni and Rn2 denote the resistance

of the coils.

The resistance R2 must be large enough not to load the circuit and

hence not to increase imRi appreciably. The voltage 62 must be large in

comparison with the voltage V2 in order that ^2 be limited primarily by R2 .

Since it is inexpedient to use a large number of turns, it is necessary to

use amplifiers to drive the vertical and horizontal plates of the oscilloscope

tube. It is difficult, for example, to put a large number of turns on.

a

continuously wound strip core. If the amplifiers built into the oscillo-

scope are not adequate, additional stages may be added externally. Care

must be taken that no amplitude or phase distortion is introduced by the

amplifiers.

If the resistances Rni and Ri are so small that the drop im{Ri + Rni)

is negligible in comparison with eiy the integrating i?2C2-circuit may be

connected across the input circuit and the second winding may be omitted.

Appropriate circuit constants for use vdth a ring test sample having an

interior diameter of 2^ in. and a cross section of ^ in. by i in. may be

estimated in the following manner:

First, the values Ni = N2 = 100 turns No. 20 (which have resistances

Rn = 0.2 ohms), and AB = 10,000 gauss are arbitrarily chosen.

Next, a value of

62 = ABN2A 03 X 10“* = 6 volts,

and a value of V2 ~ 0.001 62 are chosen. Then

R 2C2 = e2/{v203) » 3 sec.

Any values of Rt and C2 that satisfy this relation may be chosen, pro-

vided that (1) Rz is large epough not to load the circuit appreciably, (2) Rz

is also large in comparison with the resistance of the winding, and yet small

in comparison with the leakage resistance of the winding insulation, and

/
62 dt = RzOzVz^

H = AttNiim 4iriV 1V 1

10/ 10/Ri
oersteds,
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(3) C2 is large in comparison with the stray capacitance to ground of Rz
and the oscilloscope input circuit. The following values are satisfactory:

= 1.5 megohms,
C2 = 2 Mf

,

V 2 = ^ 5 X 10~® volts.

The values of may be chosen arbitrarily—for example, the value of

Ri = 0.3 ohms is selected.

Then

ei = 62 (Ri “h Rni)IH/ (0.47riV2) ~ 7 volts,

for H = 10 oersteds, and

Vi = RilH/(OAttN 1) « 0.5 volt,

for H = 10 oersteds. The voltage sensitivities should be such as to give

deflections of about 1-in:

Vertical sensitivity = 5 X 10"^ volt/in. (amplification « 10,000/1).

Horizontal sensitivity = 0.5 volt/in. (amplification « 100/1).

If 500 turns of No. 20 wire are used for Ni, and if ei is correspondingly

increased, an error of less than 2 per cent is introduced by connecting the

integrating circuit across the input circuit and omitting the second winding.

The ring sample may conveniently be wound in the following manner.

Each quadrant is wound with a single layer consisting of 25 turns of

No. 20 wire, two in parallel. For the 60-cycle tests the windings of the

four quadrants are connected in series to give two parallel 100-turn

windings. For the pulse test the two windings in each quadrant may be

connected in parallel; then the paralleled windings of two opposite

quadrants may be connected in series to give a 50-turn winding for

application of the pulse voltage, and the windings of the other two quad-

rants similarly connected for the d-c current that produces Hr (see Figs.

15-27 and 15-28).
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Pulse Hysteresis Loops ,—Pulse hysteresis loops may be taken con-

veniently with either a hard-tube pulser (Fig. 15*27) or a line-type pulser

(Fig. 15*28). In some instances a vacuum diode is used in preference to

a gas-filled tube in order to prevent distortion of the beginning of the

pulse.

(1)

Fig. 15-28.—Circuit for obtaining pulse B-H loops with a line-type pulser.

With the circuits of Figs. 15*27 and 15*28, both the magnetizing cur-

rent im and the magnetizing field H at the surface of the laminations are

proportional to the voltage vi during the pulse as long as vi is small

compared with F, that is,

jj _ AKNim _ 47r.^i;i

~wr -

where I is the mean magnetic-path length, and N is the number of turns

on the test coil. If Vi is applied to the

vertical deflecting plates of a synchro-

scope and the sweep to the horizontal

plates, a curve of the general form indi-

cated in Fig. 15*29 results.

If R 2 and C2 are both large enough to

make V2 very small compared with F, the

flux density averaged throughout the

lamination may be expressed as follows:

Fig. 15-29.—Traces of e, im, and

B vs. t.

10*

B = j
e dt 10* j

i2R2 dt

NA NA
10^R2C2V2

If V2 is applied to the vertical deflecting plates of a synchroscope, B
may be presented as shown in Fig. 15*29.

It is possible to present a pulse loop, as shown in Fig. 15*30, by apply-

ing vi to the horizontal plates and V2 to the vertical plates of an oscilloscope.

The dome-shaped top that often appears on pulse loops corresponds
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to the area under e for the interval h ^ t ^ (see Fig. 15-29) during
which e drops to zero. The integral

/:
e dt

Capacitance currents

for a pulse loop

taken on a completed
transformer

Fig. 15*30.—The appearance of various
pulse B-H loops.

depends upon the characteristics of the pulse-forming network in a line-

type pulser, upon the rate of cutoff of the switch tube in a hard-tube
pulser, upon the stray capacitance to

ground of pulser and test coil, and

upon im at the time ti. This integral

also depends upon the magnitude and
distribution of flux density within the

laminations at the time upon the

eddy currents in the laminations, and

upon any external shunt resistances

across the coil. If the value of the

shunt resistance Ei (Fig. 15-27) is re-

duced, the voltage decreases more

rapidly, the value of the integral is

reduced, and the dome may be removed. If the value of the integral

is very large, the discontinuity in the pulse loop is not marked,

and the oscilloscope trace has the appearance of loop 2, Fig. 15-30.

Nevertheless, it is almost always possible to distinguish the point corre-

sponding to ti on a pulse loop.

Some pulse transformers operate with little or no reverse magnetic

field impressed on the core between

pulses. If this operating condition

is to be simulated in core testing,

Hr must be made equal to zero.

Hence, the circuit of Fig. 15-27

should be operated with switch (1)

opened and switch (2) closed in

order to permit the storage con-

denser to recharge through Ri be-

tween pulses. If the circuit of Fig.

15-28 is used, switch (1) should be

opened and switch (2) should be

closed to permit the recharging of

the pulse-forming network. The

resistance R'l is inserted to effect a

matching of the pulse-forming net-

work during the pulse. A pulse B-H loop taken with Hr = 0 is shown

superimposed on the d-c loop of the core in Fig. 15-31.

jj.-i.bHc, obtained from

a d-c current.

’ Hj.-l.^Hc, obtained from

a peak reverse current be-

tween pulses.

Fig. 15*31.—Pulse B-H loops super-

imposed on a d-c loop to show the difference

between obtaining Hr from a peak reverse

current between pulses and from a d-c

current.
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Some pulse transformers that are operated in the stepdown position

with a hard-tube pulser experience a small reverse field between pulses.

The desired value of peak reverse field may be obtained for tests on cores

by closing switch (1) and opening switch (2) in the circuit of Fig. 15*27,

adjusting the number of turns on the coil, the storage capacitance Cw,

and the charging resistance Rc. Since this process for obtaining Hr is

somewhat tedious, it is sometimes advisable to employ an Hr produced by
a d-c current, usually flowing through a separate winding, when testing

the core.

The substitution of an Hr derived from a d-c current is only an

approximation to the actual conditions experienced by the core in a pulser

where the reverse field comes to a maximum between pulses and drops to

zero at the beginning of the next pulse. These two methods of obtaining

a reverse field produce a different operating point on the d-c loop (see

Fig. 15*31). A value of Hr obtained from a d-c current should be a good

approximation if He is small compared with the peak value of H at the

end 4if the pulse (less than 10 per cent), and if AB^ (see Fig. 15*31) is

small compared with AB (less than 10 per cent).

If AB is large enough to take the material into the region of saturation,

however, the difference in the peak values of H for the two methods of

obtaining Hr may be considerable.

On the oscilloscope presentation of the pulse loop the swing ABx is

usually visible even though the integrating eircuit, because of its short

time constant, may not register accurately the magnitude of ABx>

The core of a pulse transformer operated in a line-type pulser usually

has an appreciable reverse field impressed on it, and in the core test the

desired value of Hr can be obtained by using the circuit of Fig. 15*28 with

switch (1) closed and switch (2) open, and by adjusting L and the number
of turns on the sample core. If this adjustment is inconvenient. Hr may
again be derived from a d-c current through another winding.

Obviously, a butt-joint core should be employed in pulse generators

where the obtainable peak reverse field between pulses is very small or

equal to zero. The gap in the average butt-joint core of oriented silicon

steel is such that a reverse field which is approximately 0,5Hc of the

material used for butt-joint cores is produced. Hence, in order that the

remanence resulting from H be approximately equal to the remanence

for a butt-joint core in pulse tests on uncut samples of these materials, it

is recommended that a value of Hr = 0.5Hc be used. However, the

values of H for the resulting pulse loop on the uncut core are less than

those for a butt-joint core by the field H necessary to magnetize the gap.

For applications of pulse transformers where the reverse field is

appreciable, materials that have comparatively loW He and no gaps in the

core may advantageously be used. A transformer of these materials is
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generally designed to have a peak reverse field equal to or greater than
X.bHc between pulses in the pulser generator, and hence it is recom-
mended that a value of Hr = l.SJ^c be used in the tests on these materials

in the uncut-ring form.

For transformers that are normally operated in a pulser with a d-c

current to reverse the field, Hr used in the measurement of the core

should, of course, be derived from a d-c current.

In order to depict correctly the rising portion of the pulse loop it is

desirable to reduce the effect of distributed-

capacitance currents on the oscilloscope trace.

In core tests such currents can be minimized

by a suitable spacing between the test coil and

core, a suggested minimum value being ^ in.

In measurements performed on completed

transformers the circuit of Fig. 15*32 may be

used to negate the effect of these currents.

The capacitance Cd is approximately equal

to the total distributed capacitance of the

transformer referred to the primary, and Ll

is approximately equal to the total leakage

inductance referred to the primary. Some
deviation from the nominal values of these

circuit elements may be necessary for best results.

Numerous precautions must be taken with various elements of the

measuring circuit of Fig. 15*27 in order to be certain that spurious results

are not obtained. These precautions include the selection of a non-

inductive resistor Ri and a resistor R2 that is accurately constant with

voltage. It is necessary that Rzy cable, and oscilloscope have very little

capacitance to ground.

The pulser power required to test a given core at various values of a5
and T may be determined approximately by the following method. The

value of the constant voltage pulse is given by

V =

The value of the magnetizing current is given by

ILH ^ lAB

O.AjtN OAwNlXe

Therefore the peak power drawn by the core at the end of the pulse is

Al(ABy *
10-7

VI = — watts,
47r/ieT

where A is the cross-sectional area of the core in square centimeters, and I

is the magnetic-path length in centimeters. The values of AB and AH

Pulse transformer

P S

Fig. 15-32.—Circuit for

canceling capacitance currents

when pulse B-H loops of com-
pleted transformers are ob-
served. The integrating cir-

cuit may be attached to

either the primary or the

secondary.
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in these relations are those for the time h (Fig. 15*29), and /le is defined

as the value of AB/AH at the time ^i.

This formula for peak power does not include the power dissipated in

Ri (Fig. 15*27) or R[ (Fig. 15*28). The value of Ri should be such that

(1) the voltage does not change more than about 5 per cent from the

beginning to the end of the pulse (during which time the magnetizing

current is gradually increasing), and (2) the tail of the voltage pulse shows

a fairly rapid fall and no long-period oscillations. A resistor of proper

value may dissipate as much as half of the available pulse power of the

pulser. Similar considerations apply in an even greater degree to R[.

The resistor R[ should be chosen to dissipate about 90 per cent of the rated

pulse-power output of the line-type pulser, and the peak power supplied

to the core must not exceed 20 per cent of this value.

The recurrence frequency at which a hard-tube pulser is operated

should not exceed the value specified for the pulse duration at which it is

being operated, and may be lower if convenient. The recurrence fre-

quency at which a line-type pulser is operated should be the value

specified for the particular pulse duration at which the pulser is being

operated; deviation from this value may result in disruption of the net-

work charging cycle.

As an example, it is required to estimate the pulser power and the

appropriate circuit constants for testing a ring sample of 0.003-in. silicon

steel with an internal diameter of 2^ in. and a cross section of i in. by i in.

at 10 kv and 0.5 jusec with a hard-tube pulser. The permeability of such

a sample may be about 100 under these conditions.^ The peak power to

be supplied to the core is

p ^ AljABy •
10-^

liTriJLeT

1.6 * 24 • 10» * 10-^

47r * 100 * 0.5 * 10-«
620 kw.

If another 400 kw is allowed for the dissipation in Ri, it is discovered

that the pulse generator must deliver a peak power of 1 Mw. Hard-tube

pulsers of this power rating usually deliver 40 amp at 25 kv. From these

values the circuit constants may be calculated. Thus if the load resist-

ance is assumed to be 1500 ohms, and V is 25 kv.

N = Vt * 10"

A AB
75 turns.

^ For typical values of the effective permeability of silicon steel cores, see H. L.

Rehkopf, W. H. Bostick, and P. R. Gillette, “Pulse Transformer Core Material Meas-
urements,” RL Report No. 470, Dec. 10, 1943. The effective permeabilities of other

materials may differ greatly from those for silicon steel; for example, continuous cores

of l-mil tape of some of the nickel-iron alloys with Hr > 0 may have much higher

values.
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Since a value of about 100 to 150 volts, or about 0.005F, is desired for V2

in order to give a reasonable deflection,

R2C2 = 200r = 10“^ sec.

Any values of R2 and C2 that satisfy this relation may be chosen, provided

that R2 is large in comparison with the resistance .of the winding insulation

(and yet small in comparison with the leakage resistance of the winding),

and that C2 is large in comparison with the capacitance to ground of R2

and the oscilloscope input circuit. The values R 2 = 10,000 ohms and
C2 = 0.01 /Lif are satisfactory. A value of 100 to 150 volts is also desired

for vi] therefore

Fig. 15-33.—Comparison method for production testing of cores under pulse conditions

with the use of a commutator, (a) Circuit. (6) Oscilloscope presentation of loops

of marginal core and core to be tested, (c) Synchroscope presentation of im vs. t curves.

As a second example, it is required to estimate the pulser power and

the appropriate circuit constants for testing the same sample under the

same conditions with a line-type pulser. In order that the droop on the

pulse not be excessive, the power of the pulse generator should be at least

five times the peak power required by the core, or 3 Mw. A line-type

pulse generator of this power rating and designed to operate at an

impedance level of 50 ohms is rated at 12.2 kv. By a procedure similar

to the foregoing, the following values are obtained:

R'l = 55 ohms,

V = 12.2 kv,

AT » 35 turns,

R2C2 = lOOr = 5 X 10-^ sec,

R2 = 10,000 ohms,

C2 = 0.005 Mf,

and
« 3 ohms.

Lower-power equipment for testing is suitable for longer pulses (that

is, in general, lower values of dB/dt), and for cores with smaller air gaps
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(or no gaps), a reverse magnetic field, thinner material, and higher d-c

permeability. Lower-power equipment can also be used under the above

conditions with samples smaller than the one specified.

Production testing of cores can be performed conveniently by present-

ing simultaneously on an oscilloscope the pulse B-H loops or magnetizing

currents of a core having the minimum acceptable /x^ and a core to be

tested (see Fig. 15*33). For such comparison tests in a production line,

the diodes and the circuit for reverse current may usually be omitted.

COIL MATERIAL

15-6. Insulation. Types of Insulation and Their Characteristics .

—

There are several insulation requirements for pulse transformer coils,

namely:

1. The dielectric constant must be low in order to keep the value of

Cd small.

2. The electric breakdown strength of the material itself must be high.

3. The material must be capable of operating successfully over a tem-

perature range of — 40°C to 100°C or higher.

4. The interfacial dielectric strength of margins, or the creep break-

down strength, must be high.

5. The material must have low water absorption if it is used without a

hermetically sealed case since such absorption decreases the break-

down strength.

6. The power factor of the material must be low.

7. The insulation must be capable of being handled with sufficient

ease to permit production of the transformers in large quantities.

8. Where voltages greater than 2 kv are encountered there must be

no air pockets or voids in which corona can occur.

The Dry Type of Insulation.—For voltages in the range where corona

is not likely to occur, that is, less than 2000 volts, many types of dry

insulation (for example, paper sheet, formvar, cellulose acetate, impreg-

nation with various varnishes) have been successfully used without

special precautions for eliminating voids from the insulation. For

operation at voltages at which corona occurs, the elimination of all voids

is necessary if the transformer is to have long life.

Various solvent-bearing varnishes have been used as impregnants

under vacuum in an effort to remove all voids in the insulation. In the

United States, at least, these efforts have met with little success because

(1) in the curing process the volatile solvent never escapes completely by
diffusion, but boils to a certain extent and hence forms voids, and (2) the

solvent that does escape by diffusion often does s6 after the varnish has

become too rigid to collapse into the voids that are created. The British
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nevertheless report successful operation of trigger pulse transformers at

20 kv with glyptal varnish insulation.^

The difficulties in eliminating voids have been overcome to a great

extent by General Electric Permafil and Westinghouse Fosterite, both of

which are completely polymerizing varnishes that are used without

solvents. These impregnants have the additional desirable properties for

pulse-transformer insulation given in Table 15*4.

Table 15*4.

—

Properties of Solventless Varnish, Dry-type Insulations

Westinghouse Fosterite GE Permafil

Property

Resin
Resin plus

paper pad
Resin

Resin plus

paper pad

Electric strengh (high) 550 volts/mil

at 22°C

400 volts/mil

at 108°C

300 volts/mil 800 volts /mil

(for a total

pulse voltage

of 50 kv

applied at

125°C)

Power factor (low) .... 0.002 at 100

cps

0.01 to 0.02 at

100 cps
j

0.02 to 0.03 at

1 Me /sec for

a sample | in.

thick

Moisture absorption

(low)

0.2% wt in-

crease in 24

hours 0.4%
wt increase

in 48 hours

0.11% wt in-

crease in 24

hours 0.41%
wt increase

in 48 hours

0. 1-0.2% by
weight water

absorption in

24 hours, sat-

uration at-

tained.
1

Adhesiveness good

good

good

goodCohesiveness

The usual method of applying Fosterite is to dip one end of the

coil (which may have insulation pads of Kraft paper, fiberglass, etc.,

depending upon the temperature requirements) into a viscous mixture

of the resin plus inorganic filler (for example, Si02 or mica dust). The

coil is then baked at about 130°C until the viscous mixture has hardened

into a solid bottom (known as a cap)—a procedure which effectively

^L. W. Redfeain,“ Development of Pulse Transformers,” Metropolitan-Vickers

Electric Co., Ltd., Report No. C.334, September 1942.
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transforms the coil into a concentric cup. This cuplike coil is then

placed bottom down in a vacuum tank, the tank is evacuated to a pres-

sure of about 1 cm of mercury, and the pure resin (no filler) is admitted

to the tank under vacuum to such a height that the resin overflows the

brim and fills the cup. The cup is then removed from the vacuum, care

being taken to keep it upright, and placed in an oven and cured at about

130°C for several hours. The coil is then given a vacuum impregnation

of the mixture of resin and filler and given a final baking at 130°C to

150°C for several hours.

The usual procedure for applying Permafil is to construct the coil

in the form of a cup by cementing a bottom on the coil, to give the cup

only one impregnation, and to cure for several hours with a starting

temperature of 65°C and a finishing temperature of 125°C.

Transformers thus constructed of both these materials have passed

successfully the immersion cycle specified in ARL-102A and successfully

resisted humidity and corrosion without being hermetically sealed in a

metal case.

Although Fosterite and Permafil are not fungicidal, they will not sup-

port fungus organisms. A fungicide coating such as Tuf-on 76F, con-

taining penta-chlor-phenol, may be used when necessary.

Fosterite and Permafil and similar solventless varnishes are to be

regarded as superimpregnants definitely superior to existing varnishes.

They should find wide application on airborne equipment and test

equipment. Fosterite and Permafil nevertheless absorb moisture and,

for shipboard applications where prolonged exposure to high humidity

without frequent opportunity for dehydration is probable, it is recom-

mended that the transformers be hermetically sealed in metal cans.

Fosterite and Permafil have been successfully used on pulse trans-

formers that operate at voltages up to 12 kv. It may be possible in the

future to extend the safe operation of these or kindred materials to

higher voltages.

For Fosterite and Permafil suitable limits on puncture stress and

creep stress (here creep stress refers to a surface with air on one side

and pad impregnated with resin on the other) are 200 volts/mil and

10 volts/mil, respectively.

A recently developed insulating material that is proving very useful

in pulse transformers is Dupont Teflon, a polyfluoride material sold in

tape form. Teflon has a dielectric constant of only 2 and a dielectric

strength of about 2000 volts/mil. It can be used successfully with either

011 or varnish impregnation and will withstand temperatures up to 250°C.

Teflon tape is so slippery that it must be either bound or sewn into

place on the transformer. Its use, therefore, has been confined to the
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relatively few applications where its electrical properties are particularly

advantageous.

Oil-impregnated Paper Insulation,—The most suitable transformer
insulation from the point of view of high dielectric strength, ease of

construction, and long life at temperatures usually encountered, is dried

cellulose fiber (usually Kraft paper) that is vacuum impregnated with
refined dehydrated mineral oil in which there are practically no olefinic

unsaturated hydrocarbons and only a small percentage of aromatic

unsaturated hydrocarbons. The process of vacuum impregnation with

oil eliminates all voids in the insulation. Refined dehydrated mineral oil

itself has a high dielectric strength. Mineral oil has the added virtue that

it can transfer heat rapidly by convection. Hence, for pulse transformers

that operate at voltages of 5 kv and over, the use of oil and Kraft paper

insulation has been standard practice in the United States since the first

pulse transformers were made.^

In the design of pulse transformers the stress limits usually observed

with vacuum-impregnated Kraft paper are as follows: puncture, 250 to

500 volts/mil; creep, 25 volts/mil.

A metal bellows or a corrugated diaphragm is usually used to accom-

modate the thermal expansions and contractions of the liquid in oil-filled

transformers. Photographs of transformers with metal bellows are

shown in Figs. 15*35, 15*36, 15*37, and 15*38 and 13*11; those with metal

diaphragm are shown in Fig. 13*12.

Mechanism of Breakdown in Oil-impregnated Insulation.—Not much
is understood in detail about the electrical breakdown of liquids and solids,

but it is fairly certain that both puncture and creep breakdown occur

as the result of the presence of some free electrons that move in the

electric field, dissipate energy in the dielectric, and thereby raise other

electrons to energy levels where they in turn become free electrons that

also move in the electric field, dissipate more heat, and so on catastrophi-

cally. At the boundary of two substances, for example, mineral oil and

mineral-oil-impregnated Kraft paper, there may be a layer of charge

resulting from contact potential. Also, if the configuration of electric

fields is such that there is a component of the electric-displacement

vector normal to this surface, there is a surface charge density equal to the

surface divergence of the electric-displacement vector. Furthermore,

there is probably a discontinuity in moisture content and acidity, and

in the mobility of ions at the surface, all of which may lead to surface

^ Early in the history of pulse transformers the British used wax insulation as

well as oil for voltages up to approximately 10 kv. This wax insulation gave some

difficulty, and a change was made to oil. However, the difficulties with the wax

insulation are reported to have been solved. •
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charges. It is very likely that the existence of these surface charges has

a tendency to extend the total voltage applied across an interwinding pad

along the surface of the margins until this total voltage is applied across a

relatively small surficial distance across which breakdown occurs.

It has been demonstrated in tests made at the General Electric Com-
pany, Pittsfield, Mass . that, under both pulse and d-c conditions, the

puncture breakdown strength of paper plus oil is somewhat greater if the

paper plus oil contains some moisture in solution than if both constituents

have been very thoroughly dehydrated. This effect is probably due to a

more equal distribution of electrical stress throughout the insulating

material—a distribution that is brought about by the few conducting

ions released by the small amount of water. The presence of moisture

in oil and paper, of course, increases the power factor at low frequencies.

Turn-to-turn insulation is never a serious problem since the turn-to-

turn voltage on pulse transformers is almost always

.

2
than 1000 volts and usually less than 300 volts.

I /i Heavy formex or cotton-covered wire is adequate to

/ I withstand these voltages. In rare cases where the
€<aE

turn-to-turn voltage stress becomes very high the coil

/ i may be space-wound.

Ag
I

The winding arrangement, thickness of pads, and

/_ AJ length of creep on the margins must be so chosen that
€<aE ^ transformer withstands the voltage and conforms

Fig. 15-34.— to the general requirements of design set forth in
Vectors showing the 13 .2 ,

relationship of the
. .

displacement cur- Dielectric Constant and Power Factor .—When an
rent to the loss electric field E is applied to a substance, a displace-
current. x i mi • tment current J results. This displacement current

may be treated phenomenologically by the introduction of a dielectric

constant € where

d{eE) dE de

If E = E(,e>“

( j 6e\ dE
, .

. ,

) - W:. + <"»)£,

where e' = e = the dielectric constant of the material and



Sec. 16-61 INSULATION 653

The loss tangent as shown in Fig. 15*34 is defined by

tan b ==
loss current _ e"

~ charging current
~~ 7*

_ 2 _ energy dissipated

VeI energy stored

2

It may be seen from Fig. 15*34 that, for small values of 5, tan 8 « cos 6^

the power factor of the material.

To account for the magnitudes of e' and tan 5 for a given material and
for their variation with frequency, it is necessary to resort to an atomistic

view of the processes of polarization. Such a discussion is beyond the

scope of this volume.^

The fraction of the pulse power lost in the dielectric of the pulse

transformer is very small, and errors in its computation are not serious.

Therefore, a suitable average or upper limit to the loss tangent may be

chosen for the range of dominant frequencies given by the Fourier analysis

of the pulse. For example, for a 1-jusec pulse one might choose the value

of the loss factor of the dielectric at 500 kc/sec in calculating the loss in

the dielectric of the transformer. If the relationship,

Loss tangent = energy dissipated

energy stored

is used, it may be stated that the average power loss in the dielectric of a

pulse transformer for ideal rectangular voltage pulses is

^CdV^ X loss factor.

Actually, there are oscillations on the tail of the voltage pulse with a

magnetron load. These oscillations bring about further dissipation of

energy in the dielectric.

Measurements on Insulating Materials ,—The measurements of punc-

ture and creep breakdown of insulating materials can, of course, be

performed under pulse conditions as well as under 60-cycle or constant-

voltage conditions. The measurements of dielectric constant and loss

factor may be performed at various frequencies with well-known standard

bridge-circuit techniques. Effective dielectric constant and loss factor

could conceivably be measured under pulse conditions, but techniques

for such measurements have not yet been developed.

1 A. von Hippel and R. Breckenridge, “Interaction Between Electromagnetic

Fields and Dielectric Materials,” NDRC 14-122, M.I.T., January 1943.
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Fig. 16-35.—A high-power magnetron plugged into the gasketed melamac well of a 10-Mw
l-fiseo pulse transformer.

Bmhings and Connectors ,—Considerable attention must be paid to

Fig. 16-36.—An airbpme 250-kw 0.5- to

5.0-sec pulse transformer with a filament

transformer enclosed in the high-voltage

porcelain solder-seal bushing.

the proper choice of bushings and

connectors in the casing of a pulse

transformer. An example of a

transformer having a gasketed

melamacplastic socket into which a

magnetron can be plugged is shown

in Figs. 13- 11c and 15-35, and one

having a porcelain solder-seal

socket is shown in Fig. 13*1 la.

This latter figure also illustrates the

use of a connector socket employ-

ing porcelain insulation and solder-

seal technique for a 50-ohm pulse

cable. An airborne 250-kw 0.5- to

5.0-Msec pulse transformer having

a magnetron-filament transformer

that is attached to the high-volt-

age end of the secondary and en-

closed in the high-voltage porcelain

solder-seal bushing is shown in

Fig. 15*36. Further use of porce-
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lain solder-seal bushings is illustrated in the 35-kv trigger transformer
shown in Fig. 15-37, and the use of cast-glass bushings on a 1.5-Mw
2.0-/xsec transformer is illustrated

in Fig. 15*38.

16*7. Wire.—Pulse trans-
formers are wound with copper

wire through which (in the ideal

case) rectangular current pulses of

short duration flow. It is there-

fore desirable to investigate the

dissipation
^
of energy in copper

under these conditions.

Electromagnetic Treatment of a

Rectangular Current Pulse in Cop-

per.— The simplest calculation of

pulse-energy loss in a conductor

involves the current distribution

in a solid semi-infinite in extent

with the volume y <0 occupied

by free space and the volume

^ > 0 occupied by the solid me-
dium, for example, copper. In

copper the displacement currents

are negligible compared with the

conduction currents.^ If the cur-

rent density j = ij^ is in the .r

direction only, the diffusion equa-

tions of (12) may be used, that is,

d^E, dE,

By- dt

and (29)

aw. _ dH,—
A rectangular pulse of current of value h may be represented by the

boundary conditions

1 . ^ < 0)
= 0 .

2. 17,(0, 0 <t <t) = Ho = lo.

3. Hz(0j T < t) = 0.

^ This treatment follows very closely that given in the following reference: L. W.
Redfearn, ^‘Skin Effects in Conductors with Single Rectangular Pulses of Current,”

Metropolitan-Vickers Electric Co., Ltd., Report No. C.530, May 1945.
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The solution of the latter diffusion equation during the interval 0 < t < t

may be made up of the sum of a steady-state solution and a transient

solution Hz^, The general transient solution' of this equation may be

written

where

0 < t < t) = Hoj

Hy = 0
,

^ < 0)
= 0

,

^(y = 0, r < t) = 0.

Fig. 15-38.—Illustration of the use of cast-glass bushings on a 1.5-Mw 2.0-sec pulse
transformer. The seal is accomplished by the adhesion of molten borosilicate glass to
nickel iron.

and jjLi and tri are, respectively, the permeability and conductivity in

mks units. The limits of integration may now be restricted so that, for

the interval of time 0 < ^ < r, the complete solution of Hz may be written

H, = ^ ‘ d^, 0 < < < T. (30)

The complete solution of Eq. (29) for the time interval r <t < oo
^
with

the boundary condition that = 0 at ?/ = 0, is given by

^ R. Frank und R. v. Mises, Die Differential- und Integralgleichungen der Mechanik
und Physikj Vol. 2, F. Vieweg, Braunschweig, 1935, p. 534; W. E. Byerly, Fourier's

Series and Spherical, Cylindrical, and Ellipsoidal Harmonics, Ginn, Boston, 1893,

pp. 84-85.
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2Ho
Hz = ~

V^j'y \//ii<ri

2 ^ T

T < t < 00. (31)

The rate of dissipation of power per unit area of surface is

=
Jo (Ti Jo (Ti dy

V

since jx = dHz/dy. Integration by parts yields

p= - - +- f H.^dy.
O’! Jo oy

Since

l^ix ^ dHz

<ri dy
— Ml

dt

and
HzisOsity =

1

^ ^ 7' [Hzjx\ 0

'“/o

00

dH^,
-dt^y’

or

1

^ ^ ;r
1

o

Ml ^

2 dt /; HI dy.

The energy loss associated with one pulse is

w = f pdt=-f [i/J.lo dt-^ [ HI dy.
Jo (^1 Jo ^ Jo

The latter term is the difference in electromagnetic energy before and

after the pulse and is equal to zero. Furthermore, since

Hz(0
,
0 <t <t) = Ho,

and
Hz(0, r < ^ < oo) = 0,

TT = —" r [iJo dt= -
<^1 Jo

The differentiation of Eq. (30) yields

Hence,

The average rate of dissipation of power during the pulse is
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Hence, the effective depth of penetration of the pulse is

Since = 47r X 10“'^ henrys/meter, and for copper <7i = lOVl-87

ohms"^ meter“^,

X 10-« • w 1.87 1

10« • 4t X 10-
\/r' • 4.675 X 10-«

2.16
\/t' X 10“^ meters ^ \/7' X 10“^ meters

« \/7 X 10~2 cm,

where r' is the pulse duration in jusec.

The effective skin depth A« for a sine wave of angular frequency co = 27r/ is

Ao, V
2

If the effective skin depth for a pulse is compared with that of a sine

wave whose period is 2t, / = l/2r, o) = tt/t, and

A.
2r

MlO’lTT

Thus, the ratio of the loss associated with a pulse current to the loss

associated with a sine wave of the same effective value [/ = l/(2r)] is

equal to

A„ _ 2 a/2
Ap w

0.91. (32)

The losses associated with pulse current are lower than those asso-

ciated with the sinusoidal current because of the predominance of lower

frequencies in the former. With the rounding-off of the corners on the

pulse, the lower frequencies predominate to an even greater extent, and

any loss calculations based on the substitution of a sinusoid (f = l/2r)

for a pulse yield an upper limit to the actual loss, even if the correction

factor of 0.91 is used.

Consideration of the Proximity Effect .—The energy dissipated in

copper wire when the wire is in the form of a transformer coil with single-

layer-primary and single- or dpuble-layer-secondary windings may
readily be calculated from a flux plot, if it is assumed that the pulse

duration is so short that there is practically no penetration of the copper

by the magnetic field. The surface of the copper itself then coincides

^th a line of magnetic flux. The essential portion of such a flux plot for

a typical pulse-transformer winding is given in Fig. 15*39. Some diffi-

culties arise in constructing a flux plot in a region containing substances
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of different dielectric constant. Nevertheless this flux plot is accurate
enough for the purpose of computing the power loss in a winding. From
this plot it can be calculated that the energy dissipated when the wire is

in the form of a coil with the linear winding space factor as shown in Fig.

15-39 and when the magnetic field corresponding to the pulse load current
exists on both the inside and outside surface of the winding is 1.34 times
the energy dissipated when the wire is isolated. When the magnetic
field corresponding to the load pulse current exists on only the inside

or the outside of the winding, this '^proximity factor'^ is 2 X 1.36 = 2.7.

Fig. 15*39.—Flux plot showing lines of E and H for a typical pulse-transformer winding.
No. 25 quadruple formex wire, dia = 0.0219 in., bare Cu dia = 0.0179 in. Spacing between
windings A = 0.040 in.

(

Fo^’mex 3.5 (0 to 10^ cycles/sec.)

Oil impregnated paper 3.5 (0 to 10^ cycles/sec.)

Oil 2.4 (0 to 10^ cycles/sec.)

A consideration of the skin effect and the proximity factor enables one

to calculate the energy dissipated in single-layer or double-layer windings

during the pulse by the following formula:

TFp - PF X HRr X A2
)

- « X HRr ^ joules,

where PF is the proximity factor, lo is the pulse current, R is the d-c

resistance of the winding, d is the diameter of the bare copper wire, and A
is the skin depth (in the same units as d). The effective pulse current is

then given by

It is obviously desirable to select a wire size such that d/A is held to a

reasonably small value (that is, less than 5). Interleaving the primary

between two secondaries takes the factor of 2 out of the proximity factor

for the primary winding. There may be more important winding con-

siderations, however, which make it imdesirable to interleave the primary.

The configuration of electric and magnetic fields for multilayer and

duolateral windings is very difficult to reconstruct, and, in these more

complicated winding structures, the losses, which are usually considerably

higher than those given by a proximity factor of 1.34, can best be ascer-

tained by measuring the Q’s of the coils at the appropriate frequencies.
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In many cases the pulse-transformer secondary carries the filament

current as well as the pulse current, and the effective sum of these two

currents, in general, should be kept so low that the effective current

density in the wire does not exceed 5000 amp/in.^ This limiting value of

current density may be varied somewhat, however, depending upon the

size of the transformer, the amount of copper in the coil, and the type of

cooling used. The effective sum of pulse and filament currents may be

calculated from the following expression:

-fetf. sum a/ pulse -feff. filament

Stored Energy Dissipated in the Windings.—A fraction of the energy

stored in Lp, Ll, and Cd is, of course, dissipated in the winding after the

pulse. It is impractical to attempt to develop any general relations

governing this fraction of energy. However, calculations on one typical

120-kw 0.5- to 2.0-Msec transformer designed at the Radiation Laboratory

show that, in the operation of a transformer on a magnetron load, the

following conditions obtain:

1. The energy absorbed in the winding during the pulse is about 1 per

cent of the input energy per pulse.

2. About 10 per cent of the energy stored in the leakage inductance

during the pulse is dissipated in the winding after the pulse. This

amount of dissipated energy is about 0.3 per cent of the output

energy.

3. About 0.1 per cent of the energy stored in shunt inductance and

distributed capacitance is dissipated in the winding after the pulse.

This amount of dissipated energy is about 0.01 per cent of the

input energy.

6. The total energy dissipation in the core is about 10 per cent of the

input energy. Some of this energy is dissipated during the pulse,

and the remainder is made up of energy stored in shunt inductance,

distributed capacitance, and leakage inductance.

5. The loss in the dielectric may be about 0.1 per cent of the input

energy.

Measurements on Power Loss in Pulse-transformer Windings.—It is

possible to make calorimetric measurements on the power dissipated in

the winding under pulse conditions by sending current pulses through a

pulse-transformer coil (without the core) that is immersed in an oil-filled

calorimeter. The calculated and calorimetrically measured values of the

power dissipated in a pulse-transformer winding under pulse conditions

are in sufficiently close agreement to justify the use of the foregoing

calculations in the choice of wire sizes in the design of pulse transformers

employing single-layer or double-layer windings.



APPENDIX A
MEASURING TECHNIQUES

By O. T. Fundingsland

The purpose of the following discussion is to present a summary of

techniques developed specifically for measurements on power-pulse-

generator circuits. The material is presented from a pragmatic engineer-

ing approach and is not intended as a rigorous and exhaustive treatment

of fundamental principles. Although the techniques described here are

capable of wide application in physics as well as in engineering, the range

of measurements considered and most of the illustrations included are

based chiefly on problems encountered in radar-transmitter development.

Little attempt has been made either to refine these techniques beyond the

immediate requirements, or to investigate the possibilities of other than

the simple and direct methods that have proved capable of yielding

sufficient information and have afforded adequate precision for good

engineering practice.

In general, the peak and average values of voltages or currents can be

measured either with the aid of appropriate circuits and meters of the

moving-coil and moving-vane types, or by the use of a cathode-ray

oscilloscope. The oscilloscopic methods are more suitable for measuring

time intervals, instantaneous amplitudes, and instantaneous rates of

change of voltage or current, for observing the qualitative nature of

waveforms, and for obtaining permanent photographic records. The

waveforms most commonly encountered in power-pulse generators

include

:

1. .Repeating pulses having time durations from less than 0.1 /xsec to

more than 5 Msec, and with recurrence frequencies from less than

100 pps to more than 10,000 pps. The pulses encountered in

practice are not truly rectangular:^ they may have abrupt irreg-

ularities and other anomalous variations which comprise significant

frequencies up to 50 or 100 Mc/sec. Pulse rise times as short as

0.01 Msec have been observed.

2. Sawtooth and repeating sinusoidal voltage waves with periods

ranging from less than 100 mscc to more than 10,000 mscc. Such

waveforms are encountered in the charging circuits of line-type

pulse generators.

^ See Chaps. 2 and 7 for photographs of sample waveforms.

661
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3. Sine waves from 60 cycles/sec to 100 Mc/sec.

4. Sporadic transients, both synchronous and nonsyncfironous, having

durations as short as 0.01 /xsec.

The pulse voltages in radar-transmitter applications range from less

than 1 kv to more than 100 kv, and the pulse currents vary from 1 ma to

1000 amp. The required time resolutions range from lO"^ sec to 10“® sec.

In some cases a time resolution of the order of magnitude of 10~® sec is

desirable for precise measurements of pulse duration or time jitter, or

for checking the relations between the applied voltage and the buildup of

current in a pulser load such as an oscillator.

In addition to time and amplitude measurements on voltage and cur-

rent waves, it is often desirable to measure r-f pulse-voltage envelopes of

microwaves generated by a magnetron or some other type of oscillator

load, and also to observe the output r-f spectrum of a pulsed oscillator.

Details regarding r-f envelope and spectrum measurements^ are beyond

the scope of this appendix and are described elsewhere in the Radiation

Laboratory Series.^ However, since the behavior of the oscillator and

the nature of its r-f output during pulse modulation constitute an impor-

tant criterion of pulser performance in such a transmitting system, both

r-f envelope viewers and spectrum analyzers are often necessary in con-

nection with the design of pulse-generators, and hence are described

briefly in Sec. A-6.

OSCILLOSCOPIC METHODS
A'l. Signal Presentation. Oscilloscopes and Synchroscopes .—The

most common and widely applicable type of indication on the screen of a

cathode-ray tube is a plot of the desired electrical signal against a linear

time base. With an electrostatic tube this plot is obtained by applying

a sawtooth voltage to one pair of deflection plates and the signal to the

^ Model P-4E Synchroscope and R. F. Envelope Indicator,'^ prepared by Group

55, RL Report No. M-124, June 18, 1943.

P. A. Cole, J. B. H. Kuper, and K. R. More, ‘Tighthouse R. F. Envelope Indi-

cator,^^ RL Report No. 542, Apr. 7, 1944.

Instruction Manual, “Spectrum Analyzer (Type 103) for Pulsed Oscillators at

3,000 Mc/sec, “RL Report Np. M-115, Nov. 18, 1942.

R. T. Young, Jr., “Fourier Analysis of Pulses with Frequency Shifts During the

Pulse,^’ RL Report No. 52-5, Jan. 30, 1943.

R. T. Young, Jr., “Frequency and Spectrum Characteristics of Standard Mag-
netrons and the Effect of Change of Shape of Current Pulse,” RL Report No. 52-6,

Mar. 12, 1943.

G. N. Glasoe, “Pulse Shapes and RF Spectra for Combinations of Stromberg-

Carlson Mark I and Mark II Modulators with 2J22, 2J21, and 725A Magnetrons,”

RL Report No. 518, Mar. 17, 1944.

* Volume 23, Chap. 7.
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other pair of plates. If the signal is a rectangular pulse of about l-^sec

duration it is desirable to have a sweep speed of about 1 in.//xsec in order

to present the pulse on the cathode-ray-tube screen in a manner satis-

factory for pulse-shape analysis. For shorter and longer pulses the sweep
speed should be correspondingly faster or slower. The measurements
of the pulses common to microwave-radar applications require the use of

sweep speeds ranging from a tenth of an inch or less to several inches per

microsecond. The high sweep speeds used in the observation of pulse

characteristics have necessitated the use of cathode-ray tubes with

electrostatic deflection in preference to tubes of the magnetic-deflection

type.

Ordinary oscilloscopes may be used to observe short pulses if certain

modifications are made and the proper precautions are observed. In

particular, the stray capacitance and inductance associated with long

connecting leads must be minimized, and the problem of shielding becomes

important. When pulses that have a rise time of 0.1 )usec or less are to be

observed, it is desirable to apply the signal directly to the deflection

plates without any intermediate amplifier, in order to minimize distortion

of the pulse shape as presented on the screen of the cathode-ray tube.

Also, because of the high sweep speeds required, the intensification of the

electron beam must be grea^^er than is customary with ordinary oscillo-

scopes, In order to prevent the burning of the material of the cathode-

ray-tube screen, the intensification should be applied for a time not much
longer than that required for the beam to sweep across the face of the

tube. One of the most important features of an oscilloscope that is

satisfactory for the observation of recurrent pulses is that the sweep

should be started at some definite time before the signal is applied to the

deflection plates. For pulsers that require an input triggering impulse,

this feature can easily be obtained by initiating the trigger pulse and

the sawtooth voltage from the same source. When the interpulse interval

is constant, it is necessary only to have an oscillator of the proper fre-

quency arranged so as to initiate a sawtooth wave shortly before it

initiates the trigger pulse for the pulser.* This type of oscilloscope opera-

tion is referred to as “synchronous.'' When the interpulse interval is

determined by the construction of the pulser, such as with a rotary-gap

switch, it is necessary to start the oscilloscope sweep bymeans of the signal

to be observed. This latter arrangement is called “self-synchronous"

operation and, because of the inherent delay in the start of the sweep, the

first part of the signal does not appear as a deflection of the moving electron

beam. The way in which this difficulty may be partially overcome by

the use of a delay line in series with the connection to the signal plates

of the cathode-ray tube is pointed out later in this discussion. When

there is appreciable time jitter in the pulses under observation, as in the
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operation of a pulser with certain series-gap switches, the self-synchronous

operation is employed in order to obtain a superposition of th6 successive

pulses on the cathode-ray-tube (CRT) screen.

An oscilloscope constructed to provide the features mentioned above

has been called a synchroscope.^ It differs from conventional oscillo-

scopes principally in that it is particularly designed for the observation

of short pulses, and hence utilizes fast sweeps that are synchronous with

the signal to be observed. Several adjustments are incorporated for

convenience, such as a means of varying the phase of the sweep and the

signal, the amplitude and recurrence frequency of the output trigger

pulses, and the electron-beam intensity.

Most conventional cathode-ray tubes used in synchroscopes have

appreciable astigmatism and some nonuniformity in the deflection

sensitivity over the face of the tube. When the focus is good, however,

it is usually possible to measure the amplitude of 50- to 100-volt signals

(1- to 2-in. deflection on a 5-in. tube) with a precision of ± 1 per cent by

applying a compensating d-c potential to

the cathode-ray-tube plates to give null

indication. This calibrating potential is

usually applied between ground and the

same plate to which the signal voltage is

applied. The centering potential for the

cathode-ray tube is applied to the opposite

plate, which is maintained at r-f ground

with a bypass capacitance Cb as shown
in Fig. AT. The input-coupling capacitance Ci, usually « 0.01 /if,

provides mutual d-c isolation between the deflection plates and the source

of signal voltage. The 1-megohm resistance to ground prevents the

accumulation of charge on the plates of the cathode-ray tube, and Cs

represents the undesirable stray capacitance, including that of the deflec-

tion plates.

A high-speed oscilloscope that has linear sweeps up to 100 in.//isec and

single-trace writing speeds up to 300 in.//isec has been designed and built

at the Radiation Laboratory.^ With this instrument, it is possible to

measure, within ±10 per cent, time differences of 10~® sec on a given

transient, and to photograph nonrepeating individual transients of short

duration. These accomplishments are due in part to an improved high-

voltage sealed-off cathode-ray tube (K1017), designed and built by the

DuMont Laboratories, which has the following characteristics:

Fig. A*1.—Equivalent input circuit

for a typical synchroscope.

1 A more complete discussion of the various types of synchroscopes is given in

Chap. 7 of Vol. 22 of the Radiation Laboratory Series.

* Chapter 7, Vol. 22.
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1. Electron transit time between deflecting plates « 3 X 10"^® sec.

2. Deflection sensitivity « 180 volts/in.

3. Blue-sulphide screen (Pll) that has low persistence and high
photographic efficiency.

4. Sufficient trace intensity on the screen to record photographically
a single-trace writing speed up to 300 in./jitsec.

5. Negligible coupling between the deflecting plate systems at 1000
Mc/sec.

The high sweep speeds and excellent intensity control are obtained from
special circuits using techniques derived from experience with radar
pulsers.

This oscilloscope makes it possible to study the pulse-to-pulse varia-

tions caused by abnormal or anomalous load behavior such as magnetron
sparking and mode-changing, and it is even possible to view directly the

r-f envelopes of 3000-Mc/sec waves during the buildup of oscillations in an
oscillator. Photographs of pulse traces obtained with this oscilloscope

are reproduced in Fig. 10T8.

Sweep Calibrators ,—One of the earliest methods of calibrating a linear

sweep triggered at different recurrence frequencies was to shock-excite a

fixed LC-circuit, which was coupled directly to the CRT plates, by means

of the synchroscope trigger voltage. The early portion of the resulting

sine wave (frequencies of 100 kc/sec to 1 Mc/sec) was distorted by the

trigger voltage and, since the oscillations damped out quickly, it was

difficult to obtain precise calibrations by this method. A calibrator

whose output frequency depends upon high-Q LC-circuits has been

devised that will produce several cycles with nearly constant amplitude.

This circuit can be excited with a synchroscope trigger, and is designed to

generate pulses of about 30 volts amplitude at recurrence frequencies of

200 kc/sec, 1 Mc/sec, or 5 Mc/sec. A calibrator of this type^ should be

checked occasionally against a crystal-controlled type J oscilloscope.

Another type of fast-sweep calibrator generates 30-volt range marks

of 0.02-/zsec duration at the base and with rise and fall times of about

0.003 Msec each that repeat at 0.1-Msec intervals. This calibrating unit

also supplies a trigger voltage, synchronized with the range marks, which

initiates the synchroscope sweep. Since this device is not designed for

use with an external trigger, it cannot be synchronized and phased rela-

tive to another signal appearing simultaneously on the screen of the

cathode-ray tube. However, these range marks can be superimposed

with another signal on the screen by the method shown in Fig. A*2

although some caution is necessary to avoid interference. For example,

if the sweep is triggered too soon by the calibrator, after or before it is

1 Chap. 16, Vol. 21.
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triggered by the internal circuit of the synchroscope, the sweep circuit

may not have time to recover from the first excitation, and the calibration

may be unreliable. The scheme is generally successful because the duty

ratio of the pip generator is low and its recurrence frequency is usually

incommensurate with that of the synchroscope trigger.

Voltage Divideis and. Current-viewing Resistors .—For the observation

or measurement of the pulse output from a pulser it is necessary to pro-

vide a means by which a voltage or current pulse may be applied as a

signal to the deflecting plates of a cathode-ray tube. With a 5-in. tube

a 1- to 1.5-in. deflection of the electron beam from the center of the

circular screen can usually be used without serious distortion resulting

from astigmatism. The maximum signal voltage applied to the deflect-

pip calibrator

Fig. A-2.—Scheme for simultaneously pre.senting range marks and another signal on a
synchroscope.

ing plates should therefore be about 50 to 100 volts for pulse observation.

Since the pulse voltages of interest in connection with pulser measure-

ments are generally many times greater than 100 volts, it is necessary to

introduce some type of voltage divider between the pulser and the

cathode-ray tube. A number of possible combinations of resistances and
capacitances may be used as voltage dividers. Several of these are

discussed in detail in Sec. A-2 with particular reference to their applica-

bility to specific problems and to their inherent limitations.

The oscilloscopic presentation of a current pulse is obtained by intro-

ducing a resistor in series with the circuit and applying the voltage

developed across this resistance by the pulse current to the deflection

plates of the cathode-ray tube. Since such a resistor is usually intro-

duced for the specific purpose of obtaining the amplitude-time trace of

the pulse current on the screen of a cathode-ray tube for visual or photo-

graphic observation, it is commonly referred to as a ^^current-viewing''

resistor. The value of the resistance used for this purpose depends
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on the maximum current-pulse amplitude and, for most pulser measure-
ments, is generally less than 20 ohms. The problems associated with the

use of current-viewing resistors are also discussed in Sec. A*2.

In order to obtain an oscilloscopic presentation of a voltage or a

current pulse that is a true picture of the amplitude-time variation, the

stray inductances and capacitances introduced by the connecting leads

should be negligibly small. The ideal arrangement, therefore, would be

to connect the deflecting plates directly to the voltage divider or to the

current-viewing resistor with leads of negligible length. In practical

cases, however, this is generally not possible, and it is necessary to intro-

duce a cable between the signal source and the deflecting plates of the

cathode-ray tube. The problems associated with the use of such a cable

are discussed in Sec. A-2.

A voltage divider or current-viewing resistor must meet certain

general requirements in order to be satisfactory for the observation and

measurement of pulser characteristics. These requirements may be

stated as follows:

1 . The input impedance of a voltage divider must be so high and the

resistance of a current-viewing resistor must be so low that no

appreciable disturbance is introduced in the circuit on which

measurements are being made.

2. The circuit must have a uniform transient response over a wide

band of frequencies, that is, it must not cause appreciable distortion

of the waveforms under investigation.

3. The output impedance must be low compared with the input

impedance of the cathode-ray-tube deflecting plates, and should be

equal to or less than the cable surge impedance for all applications

where impedance-matching is important.

4. The electrical characteristics of the voltage divider or current-

viewing resistor must not var}^ with voltage, temperature, and time

beyond the limits of the accuracy desired in the measurements.

5. The divider or resistor should, preferably, be capable of precise

calibration with standard laboratory methods and apparatus.

Although no practical unit has yet been designed that fulfills all of these

requirements and is adaptable for a wide range of measurements, several

types have been designed to meet satisfactorily the needs of specific

applications.

A-2. Pulse Measurements. The Parallel RC-divider.—High-irnped-

ance voltage dividers designed for parallel connection to a pulser are

generally comprised of noninductive resistors and high-quality con-

densers. When the connecting leads are kept short and the ground
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connections are made directly to the chassis of the pulser, the inductance

can be neglected for practical analyses. A voltage divider consisting of a

pair of parallel RC-combinations is shown

diagramatically in Fig. A-S.

An analysis of the response of this circuit

to an applied step-voltage V indicates the

effects of the parameters on the signal voltage

that is applied to the deflecting plates of the

cathode-ray tube. The differential equation

for the voltage V2 after the switch S is closed

can be set up by Kirchhoff^s laws, and the general solution is found

to be

i: F ^

T f- 1

t

hf

To cable

and CRT

Fig. A-3.—Parallel RC-
divider circuit for pulse-volt-

age measurements with a

synchroscope.

V
R2

Ri -|- R<

where

+ ,^ VCi + c, Rr + rJ

t

RnCn

Rii ~~
R1R2

and

If RiCi = R2C2,

and

Ri + 7^2

Cn = Cl -f C2,

R2 Cl

Ri + R2

=
Ri + R2

C1 + C2

Ci+ C2^

giving a perfect voltage divider whose ratio is the same at all frequencies,

that is, for all values of t. If T^iCi < R2C2J

Ri . Cl

Ri + R2 Cl -|- C2

and V2 builds up exponentially with a time constant = T^nCn (see Fig.

A'4ct). If T^iCi !> 7^2C2,

R2 . Cl

7^1 R 2 Cl T C2

and V2 decreases exponentially (see Fig. A-46). Resistance dividers and

capacitance dividers are special cases of this general T^C-divider.

The Resistance Divider .—Two noninductive resistors connected in

series form a voltage divider that is simple and convenient for pulse-

voltage observations. If care is exercised in the construction of such a

divider, the stray capacitance can be kept small and the time constants

for the response curves shown in Fig. A-4 will be small. The ratio of
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voltage division for a resistance divider can be determined with high
precision by ordinary Wheatstone-bridge measurements. Wire-wound
resistors with a resistance of about 1000 ohms that are capable of with-

standing 10,000-volt pulses of l-jusec duration at recurrence frequencies

of 1000 pps are commercially available. These resistors have L/R
time constants of less than 0.003 /xsec and negligible distributed capaci-

tance, that is, they have reactance that is small and essentially propor-

tional to frequency up to more than 10 Mc/sec. Since wire-wound
resistors of less than 100 ohms with time con-

stants equal to or less than 0.003 /xsec are

difficult to obtain commercially, it is better

to use a coaxial carbon-on-ceramic resistor

(see the discussion on current-viewing resistors

at the end of Sec. A-2) in the low-voltage sec-

tion. For a voltage division of about 100 to

1, a 1000-ohm resistance is commonly used

in series with a 10-ohm resistance. Such

dividers generally do not have the high input

impedance desirable for circuit measurements

and hence are retained only as standards

against which capacitance dividers, .ffiich

have a wider application, can be calibrated

by direct comparison under pulse conditions.

This calibration is accomplished by substituting the standard resist-

ance divider for the load in a pulse-generator circuit and connecting

the capacitance divider of unknown ratio in parallel with it. Using

null indication, the signal amplitudes of the two dividers can be

compared with a probable error of less than ±1 per cent. For best

results, the ratio of the resistance divider should be adjusted to give

nearly the same signal amplitude as the capacitance divider to be cali-

brated. Also, it is advisable to use a pulser that delivers a pulse with a

flat top in order to minimize errors caused by the limited frequency

response of the viewing system and b}" the observer. When considered

with the cable and the oscilloscope input circuit, a resistance divider is

really a parallel 7?(7-divider for which Ci is considered negligible; thus, a

resistance divider does not give a true picture of the leading portion of

fast-rising or short pulses if the CRT input capacitance is appreciable.

Transmission Cable and Impedance-ynatching.—Usually, the physical

arrangement of an experimental setup makes it very inconvenient, if not

impossible, to employ a voltage divider or a current-viewing resistor that

is built into a synchroscope with negligibly short connecting leads to the

CRT plates. In practice, therefore, a short length of shielded coaxial

transmission cable is commonly used. A typical sample of such a cable

Ri

r,

C
1
+ C 2

c,

Time-

—

(d)

Cl +C2

R2

/ei+i?2i

Time—

-

(6)

Fig. A-4.—RC-divider re-

sponse curves, (a) RiCi <
R2C2, (5) RiCi > R2C2.
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has a characteristic impedance of 70 to 100 ohms, a capacitance of 12 to

14 /zjuf per foot, and a velocity of electromagnetic-wave propagation of

700 to 800 ft//xsec. Low-impedance cables are preferred in order to

minimize the effect of the input capacitance of the CRT deflecting plates.

To avoid undesirable reflections that tend to confuse the true signal

appearing on the CRT screen, the cable impedance must be matched

into the viewing system either at the CRT or at the divider. This

matching imposes certain restrictions on the design of a divider, and the

method used depends upon the particular type. In principle, however,

the matching problem can be demonstrated by considering a simple

voltage divider consisting of two pure resistances Ri and R<2.
connected in

series, where the value R 2 is less than the cable surge impedance Zo, and

R\ R 2 . To simplify the discussion, further idealizing assumptions are

made as follows:

1. The voltage wave impressed upon the divider is a perfectly

rectangular pulse.

2. The synchroscope input impedance is infinite. In particular, the

distributed capacitance, including that of the CRT plates, is

negligible.

3. The characteristic or surge impedance of the cable is a pure resist-

ance, constant throughout the range of significant frequencies in

the pulse. In other words, the cable is distortionless.

4. Losses in the cable are negligible.

5. The ratio of the divider is so high that the impedance of the high-

voltage section can be considered infinite compared with the

impedance of the low-voltage section. The pulse-generator circuit

is thus undisturbed by the effects of mismatch between the divider

and the cable; hence, the low-voltage section and the cable are fed

by a constant-current source during the pulse

Figures A o and A-6 show two methods of obtaining a satisfactory

matched condition.

If there is exact shunt termination at the synchroscope, that is, if

Ro = Zo, no reflection occurs and the signal on the cathode-ray tube is at

all times a true reproduction of the pulse voltage. However, the effective

ratio of the divider is increased because the resistance of the low-voltage

section is now the parallel value of R 2 and Zo, or of R 2 and Ro.

With series matching by Rm = Zo — R 2 as shown in Fig. A*6, the

wave initiated at the cable input is

Z0R2I

R2 + Rm + Zo

where / is the total current flowing through Ri during the pulse.
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The wave Vc traverses the cable toward the cathode-ray tube, where
it is reflected without change in polarity from an essentially open circuit.

When the reflected wave returns to the divider, it sees a matched load,

Rm + Ri — Zo, and no further reflection occurs. The cable is now fully

Fig. Ao.— Ideal high-ratio
resistance divider and cable
matched with a shunt resistor

Ro = Zq at the CRT input, Vs =
^2^0 y

R 1R 2 “h R 2R 0 "b RqRi

Fig. A- 6.—Ideal high-ratio re-

sistance divider and cable matched
with a series resistor R,n = Zo — Rn

R‘2
at the divider, Vs = ~— V.

Ri + R 2

charged and the total current / flows through i? 2 . While the cable is

becoming charged, the current flow is divided and the voltage V 2 across

R 2 is

,
— ~b Zo)R2

i^2 + Rm + Zo

After the cable becomes fully charged, the voltage across R 2 is = R 2R
During the entire pulse, the voltage at the

cathode-ray tube, although delayed by the

one-way transit time, has the constant value

Vs = 2vc =
2IR2Z0

+ Rm +

or exact matching, Rm + R 2 = Z^,

Either of these methods for matching the

cable impedance is satisfactory for any length

of cable. It should be noted that, for low

divider ratios where the value of /?i is not large

compared with i? 2
,

the matching problem

becomes more complicated and the values of

/?!, the internal impedance of the pulse-

generator circuit, and the load impedance

must also be considered in order to determine

the correct value of Rm- In most applications

(a) R 2 < Zo, Rn. = 0, /?o = X

Time
—

^

(6) R 2 > Zo,Rm = 0, Eo -

F"ig. A- 7.—Voltage pulses

with cable improperly
matched; cable transit time

short compared wdth the pulse

duration.

Ri ^ 10^2, and these considerations are of secondary importance.

When the cable is improperly matched and the transit time of the

cable is short compared with the pulse duration, the pulse signal viewed

on the CRT screen may appear as the waveforms sketched in Fig. A-7,
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depending upon the relative values of 7^2, and the matching resistor.

If the cable is long, successive reflections occur after the pulse.

As a numerical example, consider a length of cable that has a two-way

transit time of 0.01 /isec and a surge impedance of 100 ohms. Let

/?2 = 50 ohms and assume a constant current of 1 amp flowing through

Ri. Omit both matching resistors. At the initial instant.

_ 100 • 50 • 1

50 -h 100
33.3 volts.

This wave traverses the cable toward the cathode-ray tube and 0.005

/xsec later arrives at the deflecting plates, where it is reflected without

change in polarity. Hence, the initial value of Vs is 66.6 volts. When
the reflected wave returns to the divider, it sees a mismatched receiver

and a second wave,

(33-3) = -ll.l volts,

is reflected into the cable. When the wave arrives at the cathode-ray

tube, 0.01 Msec after the arrival of the initial wavefront, another reflection

occurs, and the deflecting voltage drops to

= 66.6 - 22.2 = 44.4 volts.

After another interval of 0.01 Msec, a wave reflected from the divider,

arrives at the CRT; = +3.7 volts and

v'' = 2(33.3 - 11.1 + 3.7) = 51.8 volts.

After one more reflection, the voltage at the cathode-ray tube is so near

to the steady-state value of 50 volts that no more reflections are dis-

tinguishable. Since these reflections recur at intervals of 0.01 Msec, they

appear as high-frequency fuzz on the leading portion of the pulse unless a

very fast sweep is used on the synchroscope. On a 0.1-Msec pulse viewed

with a fast sweep, they appear more nearly like the idealized waveform
sketched in Fig. A- 7. In practice, the pulses often rise so slowly that

when the mismatch is not great most of the reflections are dissipated

during the rise. If i?

2

is much smaller or if the cable is longer, however,

the time required to dissipate these reflections may be an appreciable

fraction of the pulse duration, and it is difficult to measure the true

amplitude of the pulse. In this example, if a series matching resistor

Rm = 50 ohms is used, the deflecting voltage during the entire pulse is

50 volts, but when a shunt matching resistor Rq = 100 ohms is used, the

deflecting voltage at all times is

50 • 100 • 1
33.3 volts.

50 + 100
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When it is necessary to use a value of 7^2 larger than Zo, it is not possible
to match the cable by ordinary means because the use of a shunt match-
ing resistor Ro reduces the voltage at the CRT, and thus nullifies the
advantage gained by increasing R 2 .

Capacitance Divider.—The most widely used pulse-voltage divider

consists of a pair of condensers in series, the one of smaller capacitance Ci
having a high voltage rating, and being preferably of the vacuum type
for the best quality and the least

corona trouble. The photograph in

Fig. A-8 shows the type of shielded

construction used at the Radiation

LalJbratory with an Eimac VC12-32

vacuum condenser, rated at 32 kv,

r-f voltage. Such a capacitance

divider can usually be made to satisfy

the requirement for high input im-

pedance, where the pulse-generator

load is of the order of magnitude of

1000 ohms or less, by using a high-

voltage capacitance of the order of Jr

magnitude of 15 g/xf or less. Since a n
capacitance divider is inherently a W
pure reactance, however, it tends to « |

F
form a resonant circuit with the in- M^
ductance of the connecting leads, and ^

may introduce undesirable high-

frequency oscillations on the leading Capacitance divider,

portion of the voltage pulse. These oscillations place a serious limitation

on the measurement of extremely short pulses (of durations less than

0.1 Msec) and on the observation of the starting behavio” of an oscillator

load such as a magnetron.

With a capacitance divider, shunt termination of the cable cannot be

used because it has the effect of producing an unbalanced RC-divider,

differentiating the pulse and giving a signal similar to that sketched in

Fig. A-9. For the same reason, a capacitance divider can be used only

with an unterminated cable whose transit time is very short compared

with the pulse duration. If the cable is just a little too long, the differ-

entiating effect may not be so pronounced, but the droop during the pulse

may cause appreciable error in measurements of pulse amplitude, as

shown in Fig. ATO.

While the cable is becoming charged, the loading effect on (72 is the

same as if a resistor Zo were connected directly across C2 ,
and the voltage

V 2 falls with a time constant equal to Zo{Ci + C2). For a 100-ohm cable
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and typical values of Ci = 12 iijii and C2 = 1200 this time constant

is about 0.12 /usec. With a 12-ft length of cable having a two-way

transit time of the order of magnitude of 0.03 /isec, V 2 falls to about 0.7 of

its initial value while the cable is becoming charged. Furthermore, with

mismatch at both ends of the cable, an open circuit at the cathode-ray

tube, and pure reactance at the divider, a series of undesirable reflections

appear on the pulse.

Fig. A-9.- -Differentiated rectangular

pulse as seen on the CRT screen of a syn-

chroscope when a capacitance divider is used
with a cable terminated in Ro = Zo.

Fig. ATO.—^Drooping pulse resulting

from the use of a cable with a transit time
comparable to the pulse duration.

It is also evident that a divider containing reactance cannot be

matched perfectly to a cable for all frequencies. Some form of com-

pensating circuit might be used, but for most practical purposes fairly

good results have been obtained with capacitance dividers by inserting a

resistor, Rm ~ Zo, in series with the cable input, as shown in Fig. Adi.

This resistor serves a three-fold purpose. It introduces a voltage drop

in the initial wave entering the cable, so that Vc = V 2/2 . Hence, when Vc

is reflected from the open-circuited end of

the cable and returns to the divider, the

cable is charged to a potential nearly equal

to the voltage on C2 at that instant.

Secondly, the current flowing out of C 2 to

charge the cable is reduced by a factor of

two, and this reduction correspondingly

lessens the droop in V 2 > Finally, the re-

sistor Rm effectively matches the cable

impedance for the initial wavefront

reflection from the cathode-ray tube.

This statement is approximately true only because the reactance

of C 2 is negligible compared with Zq for the higher frequencies in the

Fourier spectrum of the pulse, that is, for those frequencies whose periods

are comparable to the transit time of short lengths of cable. For a

divider ratio of 100/1 or higher, the value of C2 is about 1000 /x/zf, corre-

sponding to a reactance of less than 1.5 ohms at 100 Mc/sec. For lower

frequencies where the reactance is higher the mismatch is greater, but

Rm helps to dissipate the reflections quickly. Fcr frequencies of a few

megacycles per second, which contribute significantly to the main portion

n
4=c,

Fn.

CA
rrC:-Fi:

-To CRT

Fig. ATI.—Capacitance divider

approximately matched to a cable

by a series resistor Rm = Zo;

Cl
“ Cl + C2 + c. + c,'
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of the pulse, the effect of Rm in the circuit is negligible, and the short

lengths of cable must be considered essentially as a lumped capacitance,

which is included with the CRT input capacitance Cs as part of C2 in

calibrating the divider. A capacitance divider should therefore be

calibrated with the particular cable and cathode-ray tube with which it is

to be used for measurements.

When very long pulses are observed with a low-ratio divider, the value

of the low-voltage capacitance required may be so small that the charge

leaking off during the pulse through the 1-megohm resistor to ground in

the synchroscope causes an apparent droop in the voltage pulse that

appears on the CRT screen. The magnitude of this droop can be

estimated by again considering the relation between the pulse duration

and the time constant of an equivalent unbalanced jRC-divider. In this

case, Ri = ^ and R 2 = I megohm. If Ci = 12 jujuf and C2 = 240 ju/xf;

the time constant is 240 /xsec for a divider ratio of 20/1. For a 10-/xsec

pulse duration, this time constant would cause a droop of the order of

magnitude of 5 per cent. In some cases, this droop can be minimized by

increasing the resistance in the synchroscope to 10 megohms, but this

increase is not always feasible. Also, if both the low-voltage and the

high-voltage capacitance are increased, the condition for negligible

circuit loading may not be met adequately.

To avoid the last-mentioned limitation of capacitance dividers for

measurements on long pulses and other low fre-

quency waveforms where the bleeding-off time

constant is not sufficiently great to prevent distor-

tion, the ^‘balanced” parallel RC-divider may be

used. It is demonstrated at the beginning of this

section that, when RiCi = 7?2C2, this divider

theoretically has a uniform frequency response over

an infinite band. In practice, the distributed

capacitance of a high-voltage wire-wound resistor

is appreciable but difficult to evaluate, and, in order

to obtain a satisfactory balance, it is often necessary

to use lower values of resistance, or higher values of capacitance, than

the circuit-loading requirement permits.

Series RC-divider ,—Figure AT2 shows a fourth type of T^C-divider for

pulse-voltage measurements that has the same limitations as a pure

capacitance divider for long pulse durations and with respect to the

impedance-matching of the cable. For short pulse durations and for the

study of the leading edge, however, this series Z^C-divider has a con-

siderable advantage over the capacitance divider because it is not a pure

reactance and therefore does not introduce oscillations into the load

circuit of the pulse generator. An analysis of the circuit shows that the

Fig. A-12.—Series

i?c7-divider circuit for

pulse-voltage measure-
ments with a synchro-

scope.
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condition under which the divider ratio is independent of frequency is

again RiCi = R 2C2 .

Current-pulse-viewing Resistors .—Pulse currents in magnetron oscil-

lators and in pulse-generator switch tubes that range from less than ten

amperes to several hundred amperes have been observed to rise to full

value in less than 0.01 /xsec. Precise measurements of such rapidly rising

high currents are especially difficult to accomplish. The first require-

Fig. a- 13.—Coaxial current-viewing resistor.

ment is that the viewing resistor itself must have negligible inductance.

Even a carbon resistor 1 in. long has enough self-inductance to produce

an L dl/dt voltage comparable to its IR drop, and thus, in some applica-

tions, causes a spurious spike to appear on the pulse. Early experiments

at the Radiation Laboratory indicated that a considerable improvement

j

in the quality of the response could

I
^2-

^ ^center^
obtained with a coaxial resistor,

^
j j

conductor which was simply a coaxial cylin-

der filled with lampblack and clay.

SAAr-'^-vVNH However, these hastily made units

To cable were unstable with changes in tem-

-—

r

shield perature and voltage. The prob-

J- lem was presented to engineers of

Fig. A- 14.-Schematic diagram showing the Bell Telephone Laboratories,

the directions of current flow in BTL coaxial who then designed a Unit Consisting
iioninductive resistors. r • r • v j

01 a pair 01 ceramic cylinders,

carbon coated on the inside surface, and mounted in a convenient

metallic assembly with corrugated spring contacts and cable connectors

on either end.

Fig. A- 14.—Schematic diagram showing
the directions of current flow in BTL coaxial

Iioninductive resistors.

Another mounting for these carbon-on-ceramic cylinders is provided

by a telephone plug on one end and a cable connector on the other (see

Fig. AT3). When so mounted, these resistors are found to have an

inductance of less than 0.01 )uh, and usually show a change of resistance

with temperature and voltage of less than 2 per cent when the average-

power rating of 15 watts is not exceeded and when the maximum pulse
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voltage is less than 150 volts. The two cyUndrical elements in a single

unit have nearly equal resistance values. The pulse current enters

through the phone plug and divides equally; one half flows along the inner

surface of the first cylinder toward the midpoint of the metal housing, and
the other half flows in the center conductor toward the remote end of

the unit and returns along the inner surface of the second cylinder

toward the midpoint of the metal housing. The ground return is made
through the outer metal cylinder from the midpoint of its length to the

phone-jack, which is mounted directly on the chassis of the pulse gener-

ator. Thus the two cylinders are effectively connected in parallel, and
the current flow is such that a high degree of flux cancellation is accom-
plished (see Fig. AT4). These units are available in resistance values

from less than 0.5 ohm to more than 100 ohms. The series of pulse

current photographs in Fig. AT5 shows the relative qualities of several

types of noninductive resistors for oscilloscopic presentation of current

pulses. When ordinary resistors were used, the connecting leads were

made as short as possible in order to minimize the inductance. Figure

AT5a through/ show a 0.5-jLtsec pulse generated by a hard-tube pulser on

a resistance load. The voltage pulse viewed with a capacitance divider

is included for comparison. For this relatively slow-rising current

pulse the small (i-in.) ordinary carbon-ceramic resistor appears almost

as noninductive as the BTL coaxial unit. The three noninductive

wirewound samples were selected at random from three different manu-

facturers and are not necessarily the best obtainable. The pulse photo-

graphs in Fig. AT5/i through I show the same resistors used to view a

magnetron current pulse that rises and falls more rapidly. The difference

in quality between the BTL coaxial unit and the ordinary carbon-ceramic

resistor becomes apparent in this comparison.

The problem of cable-matching with a current-viewing resistor is

essentially the same as with a resistance divider. When the internal

impedance of the pulser is low and the value of resistance used for viewing

the current is comparable to the dynamic impedance of the load, the best

results can be obtained only with shunt termination of the cable at the

synchroscope. If series matching is used in this case, the sudden increase

in the voltage across the viewing resistor that occurs when the initial

wavefront returns from the open end of the cable at the synchroscope may

effect an appreciable change in load current. A detailed analysis of this

case cannot be based on the assumption that Ri ^ R 2 ,
but must include

an equivalent circuit for the load and the pulser.

F-Z Plots ,—For some applications it is convenient to disconnect the

d-c centering potential and the time-base sweep circuit of the synchro-

scope, and to present another signal on the second pair of CRT plates.

In this way a systematic plot of the resultant signal on the screen is
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Magnetron current pulses.

Fig. a* 15.—Comparison of inductive effects in various current-viewing resistors.
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obtained. This type of indication is useful for obtaining the pulse

voltage-current characteristics of nonlinear-impedance devices such as

surge-limiting diodes, pulse-generator switch tubes, and magnetrons.

Figure AT 6 shows schematically the relative point-by-point correlation

of an idealized voltage-current plot of a pulsed magnetron with the

corresponding voltage and current pulses as they would appear on a

linear time base. The current flowing between the times U and U is due

to charging the capacitance associated with the magnetron input circuit

during the rise of voltage, the current maximum at h corresponding to

Fig. a- 16.—Schematic diagram showing the correlation of an idealize ^ voltage-current plot

of a pulsed magnetron with the corresponding voltage and current pulses.

the maximum value of dv/dt. The magnetron conduction current rises

between h and k during the buildup of the oscillations, and remains

nearly constant from k to k while the magnetron oscillates steadily.

The current between ti and k corresponds to the initial part of the voltage

fall that occurs while the oscillations in the magnetron are dying out.

With a line-type pulser, the initial rate of fall of voltage (<4 — <5) is slow,

and the voltage-current relations are the same as those that would be

obtained from a steady-state point-by-point plot of the voltage and

current. However, with a hard-tube pulser that has low internal

impedance, the initial rate of fall of voltage may be high enough to

produce an appreciable capacitive current of opposite sign, and the slope

of the V-I plot during the fall, corresponding to the time interval from
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ti to hy may not be a true indication of the dynamic impedance of the

magnetron. The magnitude of the discharging capacitive current from

Ib to Iq is considerably less than the charging capacitive current because

the rate of fall of the voltage is much slower than its rate of rise.

Photographs of typical 7-7 traces of a pulsed magnetron are included

in Chap. 7 and in Vol. 6, Chap. 16.^ By conducting two signals from the

same voltage divider through different cables to the two sets of deflection

plates of the cathode-ray tube,

the two identical signals can be

plotted against one another, and

the two samples of cable can be

adjusted in length until the differ-

e*nce between their delay times is

the same as the transit time of the

electron beam between the two

sets of deflecting plates in the

cathode-ray tube. When this condition is obtained, the resultant

trace is a straight line oriented at an angle determined by relative deflec-

tion sensitivities of the two sets of CRT deflecting plates. Other useful

information regarding magnetron starting can be obtained by plotting

the current or the voltage against dv/dt.

Voltage Differentiator .—Precise measurements of the rate of rise and

rate of fall of high-voltage pulses can be accomplished with the aid of the

differentiating RC-circuit, shown schematically in Fig. ATT, and a

synchroscope. This circuit converts measurements of the rate of change

of voltage into measurements of a voltage amplitude. The differentiating

circuit is connected across the load and the voltage vr is transmitted to

CRT deflecting plates through a convenient length of cable. The values

of R and C are selected so that

—

1. The voltage Vr <^Vc for the highest rates of change to be meas-

ured, that is, for the highest significant frequencies in the Fourier

spectrum of the applied pulse.

2. The loading effect on the pulse-generator circuit is small.

3. The reactance of distributed capacitance across R and of the CRT
input capacitance is high compared with for all significant

frequencies in the derivative.

When these conditions are fulfilled,

Vn = Ri = RC^ « RC^^,

1 For a more detailed discussion of this method of indication, see R. C. Fletcher

and F. F. Rieke, ‘^Mode Selection in Magnetrons,'' RL Report No, 809, Sept. 28,

1945.
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(a), (6). Voltage pulses and corresponding time derivatives superimposed on the screen

of a cathode-ray tube by the use of a mechanical commutator.

(e) Time derivative of (c) observed with (/) Time derivative of (c) observed with

short leads and mismatched cable. long leads and mismatched cable.

Fig. A' 18.—Voltage pulses and time derivatives.
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SO

dvi ^
It ^ RC ^ ^

where Vr is in volts, R in ohms, C in farads, and dvi/dt in volts/sec.

Photographs of the oscilloscope traces for negative voltage pulses and

the corresponding derivatives are shown in Fig. A* 18. These pulses were

generated by a hard-tube pulser with a 1000-ohm resistance load. Figures

AT8a and h show the voltage pulse and the derivative observed simul-

taneously with a synchroscope by means of a mechanical commutator.

With reasonable precautions, measurements of the rate-of-rise of voltage

by the differentiating method are capable of much higher precision and

.accuracy than measurements of Ar^/A/, where Nvi is the voltage change

Fig. A- 19.—7?r-differentiator.

in a corresponding increment of time At. The differentiating circuit also

provides a method of distinguishing between real and spurious oscillations

(or cable reflections) in a pulse-viewing system comprised of an RC-divider,

a cable, and a synchroscope.

Certain precautions are necessary in the construction and the use of a

differentiating RC-circuit. The inductance of R and the connecting-

leads must be as low as possible to insure a true i^C-response to the

impressed voltage. The BTL coaxial current-viewing resistors, having

inductance ^ 0.01 juh, are satisfactory. The effect of long connecting

leads is observable in the photograph of Fig. AT 8/.

The cable impedance should be matched with a shunt resistor, Po,

at the synchroscope in preference to a series resistor at the cable input.
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In this case R [Eq. (1)] should be replaced by R' = -
p
-

, p • If the cableK + Ho
impedance is matched with a series resistor Rm at the cable input, an
appreciable distortion that results from the time constant for the
charging of the synchroscope input capacitance may be introduced.

Figures A- 18c and / show the effect of improper cable-matching.

To eliminate high-frequency pickup by the low-voltage section, a
shielded type of construction should

be used. A differentiator using an
|

A /[N

Eimac VC 12-32 vacuum condenser o /
1 / \

\

and a BTL coaxial noninductive ^ / \ / \
\

resistor is shown in Fig. AT9. For > / » / !
1

qualitative observations in which —4-

^

some inaccuracy can be tolerated for

the sake of convenience, several ordi-

nary carbon resistors ranging in ['y l ]"7 I

value from 25 ohms to 100 ohms
j 'J \

ij jl

be incorporated with a convenient ',1

switching arrangement as in the ^
|

ll !
'1

model made by Sylvania. J '\r7^~
The input capacitance v 's of the ""^"ooiAisec

'\f

synchroscope is effectively lumped ^ ^

across R. and must be below the Actual derivative

limits specified in the following
circuit, Fig- A 17) C= 15

analysis (see Fig. ATT). This ca- =50 ohms, 0^=75 A«/<f

pacitance tends to bypass the higher Fig. a- 20.—Hypothetical voltage pulses

frequencies of the derivative and corresponding time derivatives.

1 11 1 j 11 (^) Trapezoidal voltage wave front,
therefore Cs should, be made as small Trapezoidal voltage wave front with a

as possible. The effect of Cg on ve spike.

. . 1- , 1 1 • X* r xu (^) Time derivative of (a).

IS indicated by an examination ot the Time derivative of (6).

response to the leading portion of a

trapezoidal voltage pulse applied to Ri. It is assumed that the voltage

impressed on the differentiating circuit is of the form

Actual derivative

(response of differentiating

circuit, Fig. A 17) C =15 MMf,

/2=50 ohms, 0^=75 MMf

Fig. A-20.—Hypothetical voltage pulses

and corresponding time derivatives.

(a) Trapezoidal voltage wave front.

(b) Trapezoidal voltage wave front with a

spike.

(c) Time derivative of (a).

(d) Time derivative of (6).

Vl{t)t^tr = Vl,

where tr is the time of rise of the voltage pulse.

For the time interval 0 ^ ^ ^
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where Cn = C + and for t ^ U

CRV,\^“ ttL’
~ RCi7ii

^

(t-tr)

RCu .

Figure A -20 shows a graph of the applied trapezoidal voltage wave
front, its actual time derivative, and the

response vr of a differentiating circuit

with typical parameters. Also plotted

are a trapezoidal wave front with a spike,

its corresponding derivative, and vr.

These hypothetical pulses and deriva-

tives are plotted to demonstrate the type

of distortion that is caused by Cs shunting

R. The time constant RCu should be

held to a minimum for the best response of

the differentiating circuit to sudden

changes in the impressed voltage.

From Eq. (2 ) a simple quantitative

expression can be derived for determining

the maximum permissible value of Cn for

any desired hdelity of response to a linearly

0 10 20 30 40 50 60 70 80 90 100

C„ in fxni

Fig, A-21.—Graph for estimat-
ing the maximum permissible value
of Cii for k equal to one per cent.

rising voltage,

of dvi/dt,

For example, in order for vr/(RC) to be within 1 per cent

t

~ RC ii ^ 0 .01 .

This relation requires that

and

t ^ RCu In 100

t ^ 4 .6EC 11 .

Figure A -21 is a graph of t versus Cn for various values of R. This

graph shows the time that is required after closing the switch for vr to

approach within one per cent of the true derivative, for any combination

of R and Cn- If greater tolerance in the accuracy of vr is permitted, for

example, K per cent, the values of f are given by the product of

_ {InK)'

4.6

and the corresponding values of t for K = 1 per cent in Fig, A*21.

The photographs of Fig. A-22 show 0 . 1-gsec voltage pulses and the

derivatives obtained with a resistance load and a magnetron load on a

hard-tube pulser. The response of the differentiator to the spikes and

to the small oscillations on the voltage pulses is observable in these

photographs.



Sec. A’2] PULSE MEASUREMENTS 685

From the photographs of Fig. A*18a and 5, where the differentiator

response and the traces of the applied voltage pulse are superimposed,

it might be inferred that the output voltage from the differentiator rises

more rapidly than does the input voltage. This illusion appears because

a voltage divider was used to obtain the voltage-pulse trace; in this case

the divider ratio was about 150/1. Actually, the rate of change of the

„jHMaMmaaraMBMMBnaMMH
ill

mmmmmmmumnui«»«Ia iBMria i/.ri«aHa«aaaa«nH|

iiaai

SSSSviBMHi rSSMSSSS88aa»««
««««««

MjaaBa ...aiiujiiaaaaaaHaaaaBM
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.jaaaaaaaaaaaaaaa
II aaai aaaajaaaBaaaaaaaaaaaaf

(c) Time derivative of (a) (d) Time derivative of (6).

Fig. A-22.—Oscilloscope traces of short pulses and their time derivatives. Sweep speed: 10

div = 0.2 /zsec.

voltage, vr, is less than that of the applied voltage, as is evident from the

differentiation of Eq. (2). Since C, is never zero, the value of dvR/dt

is less than Vi/tr by the factor C/{C + Cs).

The calibration of an i?C-differentiator may be accomplished by one

of the following three methods:

1. By the direct measurement of R and C. For many applications

the value of C is about 15 or less. Accurate measurements of

such small capacitances are possible with a high-precision bridge,

for example, the General Radio Twin-T, but elaborate precautions
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must be observed and corrections must be made for lead inductance

and stray capacitance to ground resulting from the large physical

size of the high-voltage condenser.

2. By the measurement of Avi and At on a linearly rising portion of a

pulse, using an accurately calibrated high-speed sweep. The

values of Avij At, and the corresponding vr may be substituted

into Eq. (1), to give

RC =
Avi

Some modifications may be necessary in the pulse-generator circuit

in order to obtain a linearly rising pulse that is suitable for calibra-

tion purposes.

3. By the removal of the resistor R and the substitution of a capac-

itance Cx. The unit can then be calibrated as a capacitance

divider against a standard resistance divider under pulse con-

ditions. The divider ratio thus determined is equal to

C + Cx + + Cc

c

where can be chosen large so that Cs and Cc, the CRT input

capacitance and cable capacitance respectively, constitute less

than 10 per cent of the numerator. Then Cx can be removed and

measured easily on a bridge, and the values of Cs and Cc either

measured or estimated. The value of C can then be calculated

with a probable error no greater than the algebraic sum of the

errors in measurement of the divider ratio and of C^ + Cs + Cc.

This method of calibration is the most reliable.

Figure AT86 shows a linearly rising pulse on which an excellent

calibration check was obtained. The capacitance C of the differentiator

was measured on a General Radio 821-A Twin-T precision bridge, with

necessary corrections for leads, capacitance to ground, etc. The average

of several readings was 13.3 ± 0.2 /xjuf. A Wheatstone-bridge measure-

ment of R' gave 19.97 ohms as the parallel value of R and R^. The verti-

cal-deflection sensitivity on the CRT screen was 5.50 ± 0.05 volts per small

division. The voltage pulse was obtained from a capacitance divider with

a ratio of 163/1, determined by comparison with a standard noninductive-

resistance divider under pulse conditions. The estimated maximum error

of this calibration was ± 1 per cent. The CRT sweep calibration indi-

cated by a 10-Mc/sec sine wave (crystal-controlled oscillator) was

0.0208 ± 0.004 Msec
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per small division. To determine an enlarged photograph was
made of the oscilloscope trace, and a straightedge was laid along the linear

portion of the leading edge of the voltage pulse. The slope of this line

in divisions (the average of several readings) was 3.6. Hence,

Arz _ o ^
5.5 X 163

M
~

[0.0208 X
155 kv/^sec.

The maximum amplitude of Vr was observed to be 7.4 divisions,

substituting into Eq. (1) there is obtained

dvi _ 7.4 X 5.5

m ~
20 X 13.3 X 10-12 153 kv/Vsec.

By

A-3. Practical Considerations in Making Pulse Measurements.
Pulse Slmpe .—The number of pulse shapes actually encountered in

practical circuit work is legion and the irregularities in the shape of the

pulses to be measured complicate the interpretation and specification of

measurements of both amplitude and

duration. A good oscilloscopic viewing

system provides flexibilit}^ for instan-

taneous or average amplitude measure-

ments and qualitative information

regarding the shape of a pulse. The
relatively slow rise and fall and the

rounded corners of most pulses observed

in practice are reproduced faithfully with pulse-viewing systems in which

the design features of an ideal viewing system may only partially be

fulfilled. The problem of verifying the relation

Time-

Fic. A- 23.— Sketch of an irregularly

shaped current pulse.

7av = rfriu

expressing conservation of charge, may be taken as an example of the

importance of pulse shape in the interpretation of the quantities involved.

In this relation 7av is the average d-c current read by a meter in series

with a rectifying load, h is the pulse current amplitude, r is the pulse

duration, and Jr is the number of pulses per second. In a circuit where

the current pulse is of an irregular shape similar to that sketched in Fig.

A -23 the fundamental question is how to measure r and Ii in order most

truly to represent an equivalent rectangular pulse. In this particular

case such an equivalent pulse is any rectangular pulse Avhose area is equal

to that of the irregularly shaped pulse. Although this definition of the

equivalent pulse permits several values of Ii and r, a commonly accepted

procedure is to measure the amplitude of the average height of the pulse,

corresponding to an imaginary line drawn through the top, and to take

the pulse duration at one half of this amplitude. This procedure satisfies
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the law of conservation of charge, but when the peak instantaneous or

pulse power, the total energy per pulse, and the r-f spectrum must all

be considered in determining an equivalent rectangular pulse, the problem

becomes much more complicated (see Appendix B).

The irregularities in pulse shapes that are encountered make it appar-

ent that the usefulness of metering circuits for determining pulse voltage

or pulse current is limited to special applications where the shape is

known and the nature of the metering-circuit response to the particular

pulse shape being measured is known. Measurements by metering

circuits that are sensitive to pulse shape can properly be interpreted only

with the aid of auxiliary oscilloscopic measurements, as discussed in

Sec. A-3.

Shielding .—The importance of the shielding of all components of a

viewing system cannot be overemphasized. Voltage dividers should be

constructed with the high-voltage section shielded from the low-voltage

section wherever feasible. In a capacitance divider or a differentiator

employing an Eimac vacuum condenser, it is preferable to connect the

outer sleeve rather than the inner cylinder of the condenser to the high-

voltage terminal, in order that the corona path from this terminal will

be direct to ground and the inner cylinder will be shielded at low potential.

Often the r-f radiation produced by a sudden surge of current in one

part of a pulser circuit, such as when a magnetron starts to conduct,

causes pickup on the deflecting plates of the cathode-ray tube, which

may appear as high-frequency fuzz on the signal trace. It is sometimes

very difficult to distinguish between spurious oscillations or reflections

in the viewing system, r-f pickup from a source of interference, and oscil-

lations that really are present in the circuit being measured. In a syn-

chroscope it is extremely important to shield the sweep circuit and all

connections to one set of deflecting plates from the other set of deflecting

plates; otherwise coupling between the circuits can cause crosstalk’^,

to appear on the signal. This crosstalk may appear as a steady backward

motion of the sweep during the rise of the pulse, or it may appear as a

to-and-fro oscillation of the sweep as the pulse rises or falls. Sometimes,

even with the best shielding, it is necessary to add resistance suppressors

directly at the deflecting plates. The distributed capacitance is usually

adequate for filtering if lOOO-ohm noninductive resistors are inserted in

series with the plates.

Amplifiers .—In high-level work it is nearly always possible to obtain

sufficient voltage amplitude for presentation of the signal directly on

a CRT screen, and amplifiers are unnecessary. This is fortunate,

because it is much easier to design and construct dividers with wide-

band-transfer characteristics than to construct video amplifiers with

adequate bandwidth.
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Cable Properties and Delay Lines .—It is sometimes desirable to insert

a fixed delay time in the signal presentation, for example, when the CRT
sweep is initiated or triggered by the same pulse that is to be viewed as a
signal, that is, when self-synchronous operation is required. When
using a nonsynchronous pulser switch, such as a rotary spark gap, the
signal cannot be synchronized on the cathode-ray tube except by this

method. Unless the signal can be delayed by a few tenths of a micro-

second after the sweep is triggered and the intensifier pulse initiated,

however, the leading edge of the pulse is lost to view. The photographs
in Fig. A*24a and b show a typical pulse on a resistance load as it would
appear in ordinary synchronous operation with two different lengths of

in self-synchronous operation, and the effect of a long 100-ohin cable on the observed pulse

shape.

cable. The traces shown in Fig. A*24c and d are for self-synchronous

operation. It may be observed that the cable attenuation is not constant

wiyi frequency and that there is some distortion of the pulse. This

distortion is particularly noticeable in the rounding of the leading top

corner of the pulse and the slowing down of the rate of rise. There is also

a slight decrease in the amplitude of the main part of the pulse that can

be corrected by measuring the attenuation factor for a particular sample

of cable, which is determined by the pulse amplitude at a point near the

center of the top of the pulse. Usually, the attenuation factor for a

O.l-jusec pulse, when compared with the corresponding factor for longer

pulses, shows greater losses for the shorter pulses. Lumped-parameter

delay networks that produce less rounding of the leading edge of a given

pulse, and that show less attenuation than a length of cable giving a

corresponding delay time, have been designed and built, but the lumped-
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parameter networks usually introduce ripples and other irregularities

because of the mismatch between sections. Unless the condensers are

all carefully selected, the coils wound to very close tolerances, and the

network constructed with a relatively large number of sections, it is

usually preferable to have the greater, but smoother, distortion and

attenuation produced by a cable, since there are fewer irregularities.

A-4. Voltage and Current Measurements in the Charging Circuit of a

Line-type Pulser. Forward Charging Voltage .—In general, two types of

measurements are made on the charging-voltage waves in a line-type

pulse-generator circuit. With a relatively slow CRT sweep and a high-

impedance balanced parallel RC-divider, one or more complete cycles of

the charging voltage may be observed for waveform and amplitude

measurements. With an expanded sweep the voltage across the switch

immediately after the pulse discharge is observed to determine the magni-

tude of post-pulse inverse voltage across the switch or the pulse-forming

network, and the nature of its removal from the network during the early

portion of the recharging period. These latter data are especially sig-

nificant in the study of the circuit behavior of a line-type pulser using

d-c resonant charging and a unidirectional switch when the load imped-

ance changes during a pulse or from pulse to pulse.

In measurements of charging voltage or inverse voltage, the time

resolution required is nearly always large compared with the transit time

of the short cables used with the dividers. The impedance-matching

problem, therefore, becomes one of producing a balanced RC-divider

when the cable is treated as a lumped capacitance in the circuit. Con-

sider, for example, a d-c resonant-charging circuit in which the maximum
forward voltage on the pulse-forming network is 8 kv and the average

d-c charging current is about 40 ma. These values correspond to a pulse

recurrence frequency of 500 pps with a l-/isec 50-ohm network. To keep

the average current through the divider less than 1 per cent of the

charging current, its total d-c impedance must be at least 10 megohms.
For a maximum signal of 80 volts at the CRT deflecting plates, the divider

ratio should be about 100/1; therefore, the resistance of the low-voltage

section of the divider must be about 100,000 ohms. Let R 2 = 10^ ohms
and assume that Cc -V Cs ~ 75 unf. The time constant R 2C2 (Fig.

A-3) is then equal to 7.5 /xsec. In order to form a balanced parallel

72C-divider, the distributed capacitance across the high-voltage resistor,

Ri = 10 megohms, must be about 0.75 Since it is difficult to evalu-

ate the distributed capacitance, it is better, in practice, to add a lumped
capacitance of about 12 to 25 /u^f, such as a high-voltage vacuum con-

denser, in parallel with Ri and then to increase C2 correspondingly.

During the charging period the loading effect on the pulser circuit

produced by this added capacitance (the sum of Ci and C2 in series) is
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usually negligible, but during the pulse this capacitance discharges

through the pulser switch and, if Ci is comparable to the storage capac-

itance of the pulse-forming netAvork, the pulse current through the

switch at the beginning of the pulse is appreciably increased.

By using a string of carbon resistors in the ‘'stove-pipe’’ shielded

arrangement shown in Fig. A-25, it is possible, without adding any
additional capacitance and by using less than

three feet of cable, to keep the effective time

constant RuCn less than 5 /isec. In this Avay an

oscilloscopic presentation of the d-c resonant-

charging voltage wave that is satisfactory for the

observation of the character of the general Avave-

form and for the measurement of the maximum
forAvard-A^oltage amplitude is obtained, but the

voltage across the SAvitch for a period of about 25

;asec after the pulse is not accurately reproduced.

Immediate Post-pulse Voltage,—To make
precise measurements of the post-pulse voltage

across the pulser sAAutch (or pulse-forming net-

AA^ork) on an expanded time base, the folloAAung

tAA’o devices are used: a diode in series Avith a

resistance diAuder, and an unbalanced i^C-divider.

For measurements of inverse post-pulse voltage

only, a diode is connected in series Avith a resist-

ance diAuder as shoAAm in Fig. A-26. The diode

prevents the current from floAving through the

shunt path during the major portion of the

charging interval AA^hile forAvard voltage exists

across the pulser sAvitch. The total resistance

can therefore be much less than is required for

a balanced SC-divider aa ith no diode. HoAA^ever,

the resistance must be high enough to prevent

excessive post-pulse inverse currents from Aoaa^-

ing through the pulse-transformer primary

AAunding. Such inverse currents may influence A-25.—Resistance di-

fiux reset in the pulse-transformer core or cause

the inverse voltage on the pulse-forming network to discharge too

rapidly. In a thyratron pulser employing a 50-ohm pulse-forming

netAvork and a pulse transformer with a butt-joint core, a total

resistance of 20,000 ohms or higher is usually satisfactory. Inverse

voltage in a typical thyratron-pulser circuit may vary from a few hundred

volts during normal operation to nearly the same magnitude as the peak

forward voltage during abnormal load conditions, such as magnetron
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sparking. Hence, the desired divider ratios may vary from about

10/1 to 100/1 or more. As an example, assume a divider ratio of 11/1.

With Ri = 20,000 ohms (including effective diode resistance), R2 should

be about 2000 ohms. If the total capacitance of the cable and CRT input

is 75 /4Atf, the effective time constant, neglecting distributed capacitance

Cl across Ri^ is

R2C2 — 0.15 /4sec.

This value is tolerable for most measurements of post-pulse voltage.

For precise measurements of post-pulse voltage of either polarity, an

unbalanced RC-divider circuit, shown in Fig. A-27, is used with a syn-

chroscope. These measurements, however, are only reliable for a few

microseconds after the pulse. The time constant R 2{Ci + C2 ) is made

Fig. A-26.—Resistance di-

vider used with diode for

measurements of post-pulse

inverse voltage across the

pulser switch.

c,i

Fig. A-27.— Unbal-
anced i?C-divider foi-

measurements of post-

pulse voltages of either

polarity across the pulser

switch.

long compared with the post-pUlse interval of immediate interest, but

short compared with the entire interpulse charging interval. Hence,

the waveform of the forward charging voltage is distorted considerably,

and, at the instant before the switch breaks down, the voltage appearing

across R 2 (and at the cathode-ray tube) is zero. The divider responds

as a capacitance divider that is reliable for a time short compared with

the time constant R 2(Ci -f €2)- The reference potential for determining

whether the post-pulse voltage is positive or negative is not the actual

zero voltage on the CRT deflecting plates, but rather it is the flat por-

tion of the signal occurring during the pulse. This voltage is not a true

zero reference because it is in error by the 100- to 200-volt drop that

exists across the pulser switch during the pulse when it is in steady-state

conduction.

METERING TECHNIQUES

A‘6. Pulse Voltmeters.—Several types of pulse-voltmeter circuits

have been designed in various laboratories both in this country and

abroad. Included among the pulse-voltage indicators that have been
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reported 1 are balanced bridge circuits or feedback triode amplifiers used
in conjunction with high-voltage-input diodes or with resistance or
capacitance dividers, and at least one circuit based on an inverted-

vacuum-tube principle. The discussion here, however, is confined to a
relatively simple pulse-voltmeter circuit

that has proved reliable and widely adapt-

able in pulse-generator work at the Radi-

ation Laboratory and elsewhere, and that

can be calibrated directly on d-c voltage.

The type of pulse voltmeter described here

is adaptable for measurements of approxi-

mately rectangular high-voltage pulses

having amplitudes ranging up to 30 kv, durations greater than 0.1 jusec,

and recurrence frequencies greater than about 100 pps.

The basic circuit of the pulse voltmeter used at the Radiation Labora-

tory is shown in Fig. A-28. The voltage of peak amplitude Vi to be

measured is impressed between point P and ground. When the voltage

at P is greater than the voltage Fc at P', the capacitance C charges up

through the diode and Vc rises. However, C discharges continuously

through R 2 ,
so Vc falls during the interval when the voltage at

P is less than V c. With uniform regularly repeating pulses, Vc
approaches an equilibrium state in which the rise produced by the charg-

ing through the diode is equal to the fall caused by the discharging

through R 2 . When the parameters are suitably chosen, the average

potential Va of C can be made very close to F/, with the result that Vi is

given approximately by the product of R 2 and the current indicated by

the microammeter.

The following analysis of the circuit leads to an expression for the

intrinsic error of the pulse-voltmeter indication in terms of the circuit

parameters and the duty ratio of the voltage pulses to be measured.

With the aid of this error equation, meters can be designed to give the

least error for a particular operating condition. For example, when the

^ The following references are typical but not all-inclusive

;

R. O. McIntosh and J. W. Coltman, “Negative Peak Voltmeter/’ Westinghouse

Research Laboratories, Research Report No. SR-108, Nov. 12, 1941.

“A Standard Voltmeter for Positive and Negative Pulses” U.S. Signal Corps

Technical Memorandum No. SPSGS-TRB-3, Mar. 23, 1944.

E. C. S. Megaw, “Recording Pulse Peak Voltmeter for Magnetron Flashing

Studies,” General Pilectric Co., Ltd., Report No. 8492, June 4, 1944.

L. U. Hibbard, “Pulse Peak Kilovoltmeter,” R.P. 213, Commonwealth of Aus-

tralia, Council for Scientific and Industrial Research, Division of Radiophysics,

Nov. 28, 1944.

R. Rudin, “Development in Peak Voltmeters and Ammeters for Use with Pulsed

Magnetrons,” BTL Report MM-44-140-68, Sept. 23, 1944.

Phu. A-28 .—Basic pulse-voltmeter
circuit.
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duty ratio is 0.0002 or higher, parameters can be chosen such that

the intrinsic error of the meter indication is less than two per cent.

Practical design and operation problems are discussed, and a technique for

viewing pulse-voltmeter operation is described.

The term intrinsic error’’ is used throughout this discussion to mean
the inherently negative error resulting from the impossibility of charging

the condenser completely to the voltage of the applied pulses. This

error is thus inherent in the circuit design, and is thus distinguished

from practical errors produced by the change of

components and the like. For example, errors of

2 to 10 per cent have been observed that were

due to changes in the high resistance caused by
heating from the nearby filament of the diode,

and/or to inverse leakage current through the

diode during the interval between pulses. A pulse

voltmeter of this type, like most metering circuits,

is sensitive to waveform, and measurements of

irregularly shaped pulses can be interpreted prop-

erly only if the pulse voltmeter is used in conjunc-

tion with auxiliary filtering circuits and with

adequate means for viewing both the applied voltage pulses and .the

pulse-voltmeter operation.

Analysis of Intrinsic Error .—^An analysis of the pulse-voltmeter cir-

cuit can be made from the equivalent circuit shown in Fig. A *29. In

this circuit the diode is represented as a perfect rectifier in series with a

resistance

where Vp is the tube drop corresponding to the plate current Ip. The
capacitance (7^, introduced to represent

the diode capacitance, is first assumed

negligible, and its effect on the pulse-

voltmeter response is treated separately.

It is further assumed that the voltage

waveform impressed on the pulse volt-

meter consists of regularly spaced rectang-

ular pulses as shown in Fig. A-30, with

Tr T. Also, the effect of the discharge

of the capacitance C through R2 is neglected in writing the equation for

V

c

during the pulse.

The waveform of the current through the diode during the pulse is

closely approximated by a portion of an exponential charging curve as

Fig. A-30.—Idealized rectangular
voltage waveform.

P

Fig. A*29.—Equiva-
lent circuit for the pulse

voltmeter of Fig. A-28.
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indicated in Fig. A-31. When the time constant RiC is large compared
with the pulse duration, the current at the beginning and at the end of

the pulse does not differ greatly from the average pulse current Ip, and

Ri is very nearly constant. For long pulses where Vc approaches very

near to Fz at the end of the pulse, the diode current and Ri both vary

appreciably during the pulse, but a precise knowledge of the magnitude

of intrinsic error is of no value because, in this case, the error is less than

the other errors inherent in practical design.

Actual diode

Fig. A-81.—Approxi-

mate shape of the cur-

rent pulse in the diode

of Fig. A-28.

Fig. A-32.—Impressed voltage pulses

and resulting voltage on the capacitance C
of Fig. A-29 (distorted time scale).

The general shape of the waveform Vc at P' is that shown by the

dotted line in Fig. A-32, and the equations describing the charging of C

through Ri during each pulse and the discharging of C through R 2

during each interpulse interval are

where

and

where

(Fz - F2) = (Fz - V^)e-^

^ R^’

Vi = Vie-\

R2C

(3)

(4)

The notation is that of Fig. A'32. Solving Eqs. (3) and (4), Fi and F 2

are given by

Fz(l - er^)

e/ — e~^
(5)

F2 =
F,(l - e-^)

(1 - e-^-n

and

(6)
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These equations may be written

Vi = Vie-2

rp sinh
^

sinh

and

T + A
2

A
sinh

^
Fa = Fie+2^- ---

sinh
T + A

(7 )

(8 )

Thus, if T is small (R 2C Tr), both Vi and V 2 are nearly equal to Vi,

and the average value of Vc is ver\^ close to i(Fi + V 2).

The fractional intrinsic error, in the meter reading is then given

to a good approximation by

i (F, - = *

y I Vi
Vi-^{V2 + V 1) . (9)

If Eqs, (7) and (8) are substituted into this expression, the following

equation for e* in Jerms of the circuit parameters and the duty ratio is

obtained:

sinh
^

cosh ^

sinh
(T + A)'

which may be simplified to

tanh

1 +
2RiC

tanh
2R 2C

(10 )

(11 )

When plotted as a function of C, c,. varies in the manner indicated in

Fig. A *33. The minimum value of is

e, . (12)

Evidently, best results at any given duty ratio can be obtained with the

maximum values of C and of R2/R 1 . It is usually possible to choose R 2

greater than RiTr/r. Examination of the expression for e* reveals that

c, is then less than or approximately equal to 1 . ] eso if G is greater than

r/Ri, Therefore, a simpler expression can be used for practical design
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and correction calculations, namely,

697

where

/, ,
V* _ TrR,

V TrRl) ~ tR^’

C > r— and ri? 2» TrRi.
rC\

(13)

The difference between the value given by the right-hand member of

Eq. (13) and the value given by Eq. (11) is less than or approximately

equal to 0.1 (e^ — e^).

It has been assumed in the above analysis that the capacitance of

the diode has a negligible effect on pulse-voltmeter operation, which is

equivalent to assuming that Ca/C is small

compared with the fractional error in the

meter reading. In some cases this is not true.

As a result of capacitance-divider action be-

tween C and Cdy there are sudden approxi-

mately equal and opposite changes in Vc at

the beginning and at the end of the period of

diode conduction. The true waveform of Vc

is therefore not that shown by the dotted line

in Fig. A*32, but that shown by the solid line.

The magnitude of the voltage change pro-

duced by the capacitance-divider effect is CdVi/C, and for low duty ratios

the fractional error in the voltmeter reading is increased to

Fig. A-33.—The intrinsic

error, €«, in the meter reading
as a function of the capaci-

tance (?.

TrR,
,
Ci

rW, + T’ (14)

where

C >
Ri

and R 2r'^ TrRi.

If the voltage wave impressed on the pulse voltmeter has a backswing

that is appreciable in magnitude and duration, the error contribution of

the capacitance-divider effect is increased slightly.

The procedure for evaluating e for a particular pulse-voltmeter read-

ing, Vay is shown by the following calculation of the error in a typical

pulse voltmeter using a GL-8020 diode. If Va = 10^ volts,* R 2 = 500

megohms, Cd = ^ (including estimated circuit capacitance),

Tr = 2 X 10“^ sec, r = 0.5 X 10“® sec, and C = 1000 g/^f, the pulse

current through the diode is

« 0.080 amp.
H 2T
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The diode resistance Ri corresponding to this current is found from the

diode-plate characteristic (Fig. A*34) to be 2120 ohms. Since the condi-

tions C > r/Ri and 7^2^ » TrRi are satisfied, e is given by Eq. (14).

c
(2) (10-3) (2120) 6(10-'2)

(5)(103)(0.5)(10-«) 10-®
= 0.023 = 2.3 per cent.

Vi«-7kv

The calculated and measured errors in typical pulse-voltmeter meas-

urements are plotted in Fig. A-35 for various operating conditions. The

measured error was obtained by subtracting the pulse-voltmeter read-

ings from those obtained with a synchro-

scope and a capacitance divider. The
capacitance divider was calibrated (with

an estimated maximum error of ± 1 per

cent) against a standard resistance divider.

The pulse-voltmeter was calibrated by a

d-c voltage measured with a precision 0- to

eoor

GL8020

1J2»508 M

0-25 ma

q.500
E
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00
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5 vol
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uls^/b-c
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1

!

]

1

L ! _
1
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(a)

Calculated error

/ Measured error

0 100 200 300 400 500 600 700
Plate voltage in volts

Fig. A-34.—Plate-current—plate-
voltage characteristic of type GL-8020
diode.

1000 2p00 3000 4000

Recurrence frequency in pps

(6)

Fig. a '35.—Pulse-voltmeter er-

ror curves, (a) pulse duration:

0.11 Msec, C = 0.00115 Mh (b)

pulse duration: 0.19 Msec, C —
0.05 Mf.

1.0-ma meter and a standard 25-megohm multiplier. The high-voltage

source was connected to the point P' of the pulse voltmeter in order to

avoid any errors caused by the power-supply ripple and the rectifying

action of the diode.

Design and Operation .—Practical design considerations dictate that

R 2 be made as large as possible, consistent with the current meters avail-

able. For measuring voltages up to 12,500 volts, it is convenient to

use a 0- to 25-Ma meter with R^ = 500 megohms. For pulses from 0.1

Msec to 2.0 Msecs and duty ratios as low as 0.0002, the intrinsic error is

less than 2 per cent for all values of C greater than 1000 MAtf, provided

that the values of Ri and Cd for the diode are comparable to those for

the GL-8020. To extend the range up to 25,000 volts, a 0- to 50-Ma
meter may be used, or R2 may be made equal to 1000 megohms.
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Because of its high inverse-voltage rating (40 kv), the CtL-8020 diode
is preferred to other diodes that may have a lower tube drop. The
WE-719A gave excellent results below 8 kv, but larger errors occurred at

10 kv or higher because of inverse leakage currents. This tube also has a
larger value of Cd than the GL-8020.

Useful qualitative information concerning

pulse-voltmeter operation can be obtained from

a simple scheme for viewing the incremental

voltage on C during the pulse. The single

capacitance C is replaced by two capacitances

in series, Ci and C2 (see Fig. A-36), the latter

being shunted by a resistance of such value

that the time constant 7?3C2 is short compared

with 7V, but very long compared with r.

The synchroscope is connected across C2 ,
and the voltage divider thus

created presents a signal voltage

C
^

^

I

{Vc

which is a reasonably accurate representation of the incremental voltage

waveform on Ci when the diode is conducting. During the rise and fall

of the applied voltage pulse, when the diode is not conducting, the signal

is influenced by the capacitance Cd of the diode which, together with C\

and C 2 ,
acts as another voltage divider. In practice, the applied pulse is

usually more nearly trapezoidal than rectangular in form, and typical

signals appear as shown in the photographs in Fig. A'37. The curvature

of the signal is a qualitative indication of the degree to which V2 approaches

Vi during the pulse, and the amplitude is an indication of the loss of

voltage on Ci during the interval between pulses. The incremental

voltage signal becomes nearly flat on top if F 2 approaches very near to

Fi.

For example, in Fig. A-37 trace a is the 0.25-/xsec pulse (measured at

the top) that was impressed on the pulse voltmeter. Traces 6, c, and d

indicate the effect of successively increasing recurrence frequencies,

showing correspondingly decreasing errors. Traces 6, /, and j show a

comparison of the incremental voltages for a recurrence frequency of

500 pps with pulse durations increasing from 0.25 to 1.0 /xsec. As the

pulse duration increases, the signal becomes successively flatter, which

shows a decreasing error in the meter indication.

An undesirable spike or, in some cases, high-frequency oscillations

may be present on the leading edge of the voltage pulse that is to be

measured. Such transients tend to cause the pulse-voltmeter reading

to be too high, unless some form of filtering is employed. A simple

Fig. a- 36.—Pulse-volt-

meter with circuit for view-
ing the voltage on the
capacitance C.
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remedy is to insert an extra resistance in series with the lead between the

diode and the source of pulse voltage. The i^(7-filter comprised of this

‘^despiking^' resistor and the total capacitance to ground (capacitance

Cs of the high-voltage-lead and the diode-plate connector added to the

series value of Cdj Ci, and C2 ) is very effective. However, great care

(i) 1 jjLsec voltage pulse. (j) 525 pps. (k) 1000 pps.

Incremental condenser voltage.

Fig. A-37.—Negative voltage pulses impressed on a pulse voltmeter and the correspond-

ing incremental voltages at various pulse durations and recurrence frequencies. The

incremental voltage is shown by the trace between points (A) and (B)

.

must be taken to insert only the minimum additional resistance required

for filtering, because any increase in Ri raises the intrinsic error of the

pulse voltmeter. It is helpful to employ the previously mentioned view-

ing scheme to insure that Ri is not increased too much by the addition of

the series despiking resistor. To ascertain whether or not the filtered

pulse is ^^clean,^^ a capacitance divider may be connected across the pulse

voltmeter, as indicated in Fig. A'38, and the signal viewed on the screen
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of a cathode-ray tube. Figure A-39 shows a representative pulse before
and after filtering.

It must be noted that this divider actually becomes a part of the
filter and, if it is removed after serving its viewing purpose, it should be

Fig. A-38.—Complete schematic dia-

gram of diode pulse-voltmeter circuit,

including despiking filter.

replaced by an equivalent capaci-

tance. In some cases, it may prove

more expedient to add a small amount
of capacitance to ground in order to

increase the filtering rather than to

Fig. A-39.—Representa-
tive pulse before and after

filtering.

add more resistance. This practice also requires caution against loading

the circuit whose voltage is being measured. When the diode is reversed

for reading negative pulses, the capacitance of the filament transformer

becomes a part of the filter.
^

A-6. The Average -current Meter.—The

obvious simple expedient for measuring aver-

age current in a pulse circuit is to connect a

conventional current meter of suitable range

in parallel with a large capacitance. The

magnitude of the capacitance required is

determined by the internal impedance of the

pulse generator, the pulse duration, the volt-

age-current characteristic of the load through

which the pulse current flows, and certain

physical properties of the meter. To guard

against disturbance of the pulse-generator

circuit by an average-current-metering circuit

that is connected in series with a nonlinear

load, either the static or the dynamic imped-

ance of the load (whichever is smaller) must be
4 .n a u j

considered. In practice, it is sometimes ad- gram of pulse-discharging cir-

visable to insert additional resistance and/or cuit including the equivalent

r 4.U circuit for a magnetron and an
inductance in series with the meter as a turtner average-current meter.

R.

protection against surges of current that may

injure it. A resistor is usually connected in shunt with the meter to

ground the load in case of meter burnout.
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As a typical problem, consider the circuit shown in Fig. A-40. The
diode, the battery 7*, and the resistor ri form the conventional equivalent

circuit for a magnetron input. The value Vs is the voltage intercept of a

line tangent to the load voltage-current characteristic at the operating

point (see Fig. A'41). The dynamic imped-

ance ri = AVi/Ali is assumed to be constant

over a small operating range. Let Ri = Vi/Ii

be the static impedance of the magnetron, and

assume that the applied voltage pulse Vi of

duration r is supplied by a pulse generator of

internal impedance Ro. From Fig. A-41 it is

evident that n < Ri, and hence it is necessary

to determine a value of C that will make the

impedance of the current-metering circuit

small compared with ri -f- Rg for the duration

of the pulse.

Most hard-tube pulsers used in radar applications have relatively low

internal impedances (Rg « r^), and line-type pulsers have internal imped-

ances of the same order of magnitude as the magnetron static impedance

Ri. For small changes in load impedance, therefore, hard-tube and line-

type pulsers can be considered essentially as constant-voltage sources and

constant-power sources, respectively. Few, if any, pulse generators have

so high an internal impedance that they are effectively constant-current

sources. Hence, with a load that has a low dynamic impedance, it is

convenient to choose the ratio Ali/Ii, the fractional change (droop) in

current caused by the increase in voltage on C during the pulse, as the

criterion for the maximum tolerable disturbance of circuit behavior.

When the dynamic impedance of the load is high, perhaps even greater

than the static impedance, and the internal impedance of the pulse

generator is also high, the fractional change in load voltage may be a

more sensitive measure of circuit disturbance caused by the metering

unit.

Let L = 0, and assume that the charge flowing through the meter

during the pulse is small compared with the charge stored in the capac-

itance. Then the voltage increment on C is given approximately by

Awc = (15)

where h is the average magnitude of pulse current.

Actually, the voltage rise on C is appreciably less than the value

indicated in Eq. (15), unless the time constant is very large compared
with the pulse duration r. However, Eq. (15) leads to a safe value for all

cases, regardless of the value of Vm.

Fig, A-41.—Magnetron
voltage-current characteristic

under pulse conditions.
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If a constant pulser voltage Vi is assumed, the decrease in load cur-
rent caused by the voltage increment Ai?c is

Ml =
Ti -f- Rg

and, combining Eqs. (15) and (16),

C = r h
(Xi + Rg) All

(16)

(17)

If the metering circuit is permitted to cause a 1 per cent change (droop)
in the current, the minimum value of C is given by

IQQr

'f'l “h Rg (18)

As an example, let r = 10“® sec, ri = 100 ohms, and Rg = 150 ohms.
Then C must be at least 0.4 /if in order to insure that the ratio Ah/Ii is

less than 0.01. The value of Rs is not critical, but should be very large

compared with unless the meter and shunt are calibrated together

on direct current.

Although a value of C determined by Eq. (16) satisfies the criterion for

the disturbance of the circrlt behavior, it is also necessary to consider

whether a capacitance of this value is sufficient to protect the meter

adequately. The peak surge current through the meter during normal

operation of pulser and load is

T

Im ^ Ii{\ - (19)

whereas the average value of direct current indicated by the meter is

/av = Iirfr, (20 )

where /r is the pulse recurrence frequency. The ratio sim/hv is a measure

o*t the overload imposed on the meter, where s is the fraction of the full-

scale deflection indicated by the meter when it reads hv, and is given by

_ sIm __
g(l — e ^"^)

lav t/t
(21 )

For example, if Vm = 10 ohms, C = 0.4 /if, r = 1.0 /isec, fr = 1000 pps,

and the meter indicates a half-scale deflection, the calculated value of S is

about 110. Although manufacturers' ratings generally do not include

specifications of this surge ratio, experience has shown that it is advisable

to keep the ratio considerably lower than 100. The magnitude of S

may be lowered either by choosing a capacitance that is several times

larger than the minimum value given by Eq. (18), or by adding a resist-

ance in series with the meter to increase the effective value of r„i. Several
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current meters in common use with scales up to 15 ma, 25 ma, or 50 ma
gave measured values of ranging from 25 ohms to 2 ohms. The
thermal inertia” of the winding and the mechanical inertia of the move-

ment of most conventional milliameters are appreciable, and surge ratios

up to about 50 seem to be reasonably safe at short pulse durations of the

order of magnitude of a microsecond or less. However, for long pulses or

delicate meters, a surge ratio of 50 may be too high.

The quality of paper or electrolytic condensers used for high capac-

itances may be somewhat questionable. Consequently, to insure good

high-frequency response to pulses with steep wavefronts, a second small

capacitance of high quality, usually mica or silver ceramic, is sometimes

connected in parallel with the larger condenser.

The use of an inductance in series with the meter should not be neces-

sary during normal operation of a pulse generator with a stable load.

In certain cases, however, instability of the load, for example, magnetron

sparking, may result in abnormally large unpredictable surges of current.

With a hard-tube pulser, the current during a magnetron spark is limited

only by the emission of the pulser switch tube; occasionally the switch

tube sparks also, allowing the current to become many times the normal

value. In such cases an inductance is inserted in the metering circuit as

shown in Fig. A-40 to provide added protection for the meter. To be

effective, the time constant L 'r,n should be large compared with the pulse

duration. The values of and Rs also should be chosen properly in

order to prevent post-pulse oscillations in the meter circuit. To satisfy

these conditions it may not be possible to make Rs ^ Vm. Hence, the

entire unit should be calibrated on direct current.

A magnetron or an equivalent rectifying load does not conduct

appreciably in either direction Avhen the voltage across it is less than a

threshold value Vs (see Fig. A-41). Therefore, since the voltage rc on C
is always small compared with Vs, the metering circuit may be isolated

for an analysis to determine the conditions which must be fulfilled to

prevent post-pulse oscillations.

The part of the circuit comprising C, Vm, L, and Rs of Fig. A*40 may
be analyzed in the same manner as that used for the circuit of Fig. 2-22.

In the latter case the Laplace-transform equation for the voltage across

the shunt condenser was shown to be given by Eq. (2*36) and from this

equation the condition for oscillation is determined. In the present case

it is of interest to determine the value of Rs associated with the meter in

Fig. A-40 which will make the circuit critically damped. This value of

Rg must satisfy Condition 2 of Eq. (2-43), namely,

b = (2-43)

where a and b are given by Eqs. (2-38) and (2-39) and in the notation of
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Fig. A-40 these become,

and

1

RsC

1
I

705

(22)

(23)

From Eqs. (22), (23), and Condition (2*43) there is obtained,

(24)

There are now two cases of interest depending on the value of Vm relative

to 2 y/L/C,

Case 1 . . . < 2 \/L/C

Under this condition oscillations in the loop containing C, Vm, and L
are possible for Rs = <», a familiar circumstance. Equation (24) gives

one positive value and one negative value for Rs. The negative value

has no significance in this problem for obvious reasons, and the positive

value determines the only condition for critical damping. Any value of

Rs less than this positive value will insure overdamping in this case.

Case 2 . . . rtn > 2 y/LjC

When this condition is satisfied the circuit is aperiodic with Rs — ^

.

However, Eq. (24) reveals the interesting fact that Rs has two positive

values when > 2 \/L/C, and hence that the circuit is critically

damped for two values of Rs. Oscillation is possible for any Rs between

the two critical values. When the time constants Llvm = RsC, the

circuit oscillates with its minimum period T = 27r y/hC.

In designing a meter protective circuit where the values of C, Vm, and L
have been chosen in accordance with Case 2, it is advisable to make Rs

larger than the greater value determined by Eq. (24). In fact, Rs can

be chosen large enough to obviate the necessity of calibrating the circuit

as a whole.

To illustrate the above considerations two numerical examples are

given

:

1. Let L = 1 mh, C = 2 juf, and r,n = 15 ohms. Substituting these

values into Eq. (24), the values of Rs are found to be,

Rs = 500/(15 + 10 y/l)

= 13.4 or —67.8 ohms.

This example comes under Case 1 and the circuit is aperiodic for any

value of Rs less than 13.4 ohms. The negative value is disregarded.
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2. Using the same values of L and C, let Vm = 25 ohms. Then the

two values of Rg are

Rg = 500/(25 ± 10 \/5)

= 10.6 or 189 ohms.

This example is representative of Case 2. Any value of Rg greater

than 189 ohms or less than 10.6 ohms mil insure adequate damping,

but the practical matter of calibration suggests a preferred value of

Rg^25 ohms. Note that L/vm = 40 /xsec, which indicates that the

meter-current surge ratio is now reduced to less than 3 per cent of the

ratio that exists when L is negligible in the circuit.

The principles outlined in this section have been written for a meter

circuit connected directly in series with a pulse-generator load that acts

as a rectifier. In some applications, it may be more convenient to con-

nect the metering unit in some other position, for example, in series with a

pulse transformer. When this is done, there is one further precaution

that should be observed. There must be a proper rectifying element in

series with the meter to eliminate the errors caused by interpulse currents

that recharge either the stray capacitance or the pulse-generator storage

condenser, and that have a net flow in the direction opposite to the pulse

current. Another alternative is to connect the average-current meter

into the pulse-generator circuit in such a way that only the charging cur-

rent is measured. When the meter is thus isolated from the pulse cur-

rent, the problem of meter protection is simplified, but the meter reading

may not be a reliable indication of the actual load current because of

shunt losses produced by the stray capacitance in the pulse-generator

discharging circuit.

A-7. Auxiliary Measuring Techniques.—R-f Envelope Viewer and

Spectrum Analyzer .—There are two methods that are most commonly
used for examining the r-f pulse-voltage envelope. One method is to

connect an r-f probe through a voltage divider to a square-law detector,

and to feed the rectified voltage through a suitable video amplifier to the

plates of the cathode-ray tube in a synchroscope.

The other method is to feed a relatively large portion of the r-f power

into a lighthouse cavity detector^ and to present the output rectified

voltage directly on the plates of the cathode-ray tube of a synchroscope.

This method is superior for precision laboratory measurements because

no video amplifier is required, and because the response can be made
reasonably good for frequencies up to about 50 Mc/sec as the bandwidth

is determined chiefly by the resonant Q of the cavity and the distributed

capacitance.

1 P. A. Cole, J. B. H. Kuper, and K. R. More, “Lighthouse R.P. Envelope Indi-

cator,*' RL Report No. 542, Apr. 7, 1944.
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The type of spectrum analyzer developed at the Radiation Laboratory
consists essentially of a narrow-band receiver with a square-law detector,

an audio-frequency sawtooth-voltage source that frequency modulates
the local oscillator and supplies the CRT sweep, and an oscilloscope.

The local oscillator is of the cavity reflector type (usually a Klystron, a
McNally tube, or a Shepherd tube) and has an approximately linear

frequency response as a function of reflector voltage. The r-f power is

supplied from a directional coupler or probe in the waveguide output of

a magnetron (or other oscillator) through a suitable voltage divider. As
the local-oscillator frequency varies, the CRT spot moves across the

screen, and the power received during successive pulses causes the spot to

trace a line-amplitude spectrum. Actually, this spectrum is very nearly

the absolute value of the power spectrum. For pulses of duration shorter

than 2 jusec, an r-f bandwidth of 10 kc/sec in the receiver of the spectrum

analyzer is satisfactory. To obtain the best results with 5-jusec pulses, a

considerably narrower band is required.^

A spectrum analyzer is used to determine whether or not pulses that

droop, or are otherwise irregular in shape, cause serious frequency modula-

tion of a pulsed oscillator. It is also used to measure the effective pulse

duration, since the r-f bandwidth measured between pairs of minima on

the spectrum is inversely proportional to the pulse duration of the cur-

rent and the r-f envelope (see Appendix B) . This application is especially

important when very short pulse durations of less than 0.1 Msec are used,

where it is difficult to produce good pulse shapes and to obtain reliable

measurements of pulse duration with a linear time base, but where the

width of the significant part of the r-f spectrum is greater than 10 Mc/sec.

Impulse Counting .—When abnormal load behavior, such as magnetron

sparking, causes random pulse currents of abnormally high amplitude in a

pulse-generator circuit, it is sometimes desirable to count the recurrences

of all pulses having amplitudes exceeding a predetermined value. Con-

ventional scaling circuits with minor circuit modifications and special

' For a detailed description of such a spectrum analyzer and operating instructions,

see the instruction manual, '‘Spectrum Analyzer (Type 103) for Pulsed Oscillators at

3,000 Mc/sec,” RL Report No. M-115, Nov. 18, 1942.

Criteria for evaluating pulse spectra for magnetrons are discussed in the following

reports

:

R. T. Young, Jr., “Fourier Analysis of Pulses with Frequency Shifts During the

Pulse,” RL Report No. 52-5, Jan. 30, 1943.

R. T. Young, Jr., “Frequency and Spectrum Characteristics of Standard Magne-

trons and the Effect of Change of Shape of Current Pulse,” RL Report No. 52-6, Mar.

12, 1943.

G. N. Glasoe, “Pulse Shapes and RP Spectra for Combinations of Stromberg-

Carlson Mark I and Mark II Modulators with 2J22, 2J21, and 725A Magnetrons,”RL

Report No. 518, Mar. 17, 1944.
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shielding have been adapted for recording pulses of durations up to 5 jusec

at recurrence frequencies of less than 1000 pps.

Fig. A-42.—Schematic diagram of a spark counter showing the input and the first stage.

Fig. A'43.—Records of average magnetron current showing sparking as a function of time.

For counting magnetron sparks, it was found advisable to provide a

bias threshold adjustment on the input stage. A ^^pulse-stretching''

circuit was introduced at the output of the first diode to inshre uniform

sensitivity of the counter for pulse derations from about 0.1 /xsec to 5 jusec.

It was also necessary to insert a pulse-amplitude limiter at the input of the
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first scaling stage in order to prevent the second stage from being tripped

directly by pulses of high amplitude at the first stage. The input cir-

cuits and one stage of a typical scaling circuit are shown in Fig. A-42.

The output of the last stage is usually connected to an electromechanical

counter.

For indicating bursts of sparking recorded over longer periods of time

a recording milliameter is useful. Two sample records are shown on

Fig. A-43. On the upper strip the tape was run at high speed, and the

approximate numbers of individual sparks per indicated burst are printed

near the current peaks on the record. The tape was moving from right

to left and the current amplitude increased downward. On the lower

record, the tape was running much more slowly, as indicated, and the

rate of sparking became excessive as the magnetron approached the end

of life. The bursts of sparking usually cause increases in current (down-

ward), but there is evidence of magnetron mode-changing with occasional

decreases in current (upward peaks), especially during the last hour of

life. The marks along the lower border of the tape were produced by

connecting a second recording pen to the output of the electromechanical

counter on a scale-of-lb pulse counter to indicate every 1600 sparks of

the magnetron.



APPENDIX B

PULSE DURATION AND AMPLITUDE

By W. H. Bostick and J. V. Lebacqz

Among the most important parameters in the rating of pulse genera-

tors are pulse amplitude and pulse duration. In Chap. 1 it is stated that

a pulse is the departure of some electrical quantity—voltage, current or

power—from zero or from some equilibrium value. In general, the pulse

is repeated at regular intervals, and for all practical considerations, the

pulse duration is very short compared with the interpulse interval.

There are a few exceptions, such as the coded pulses, in which a series

of short pulses have a short time interval between them, but the code is

repeated at relatively long time intervals.

(a) Ideal step-function (6) Actual pulse and equiv-
pulse. alent ideal pulse; departure

areas are shaded.

Fig. B-1.—Pulse shapes.

The concepts of pulse duration and pulse amplitude are very straight-

forward in the case of an ideal step-function pulse (Fig. BTa); there can

be no ambiguity in the definition of either, since the variable changes

instantaneously from zero to a constant value that is the pulse amplitude

and, after a time r (the pulse duration) returns instantaneously to a value

of zero. In practice, unfortunately, an ideal step-function pulse cannot

be realized, and the value of pulse duration becomes indeterminate with-

out an adequate definition. Since most pulsers have been designed to

produce a pulse that approximates as closely as possible a step-function or

rectangular pulse shape, it is only natural that, in the consideration of

practical pulses, most of the definitions of pulse duration and pulse

amplitude are in terms of an equivalent rectangular pulse.

There have been many attempts at definitions, and the problem is

complicated by the fact that pulser loads can be either pure resistances or

oscillators whose characteristics approximate those of a biased diode.

710
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For instance, the pulse duration on a magnetron load has been variously
defined as the duration of the voltage pulse at 90 per cent of the average
maximum voltage amplitude, or as the duration of the current pulse at

50 per cent of the average maximum current amplitude. These defini-

tions may be satisfactory in some cases, but the average maximum cur-

rent amplitude of a current pulse that is in the general form of a half sine

wave, for example, is meaningless.

The purpose of this appendix is to discuss several methods for deter-

mining average pulse amplitude and pulse duration that are based on
equivalence of some quantities of the actual pulse and those of an assumed
rectangular pulse. From the point of view of pulser output alone, the

most important quantities are charge and energy; hence, an equivalent

rectangular pulse constructed on the basis of equal charge—or average

current—and equal energy per pulse can be used to define the pulse

amplitude and duration.

In radar applications, however, one criterion of satisfactory operation

of the transmitter is generally the width of the r-f spectrum. Since, for

a rectangular pulse, there is a definite relationship between the pulse

duration and the spectrum width at one-half power, the duration of a

rectangular pulse equivalent to any actual pulse shape can be determined

by r-f spectrum considerations. The '.econd section of this appendix

considers the possibility of the use of spectrum equivalence in determining

pulse duration.

The equivalent rectangular pulses determined for a given pulse shape

by different types of equivalence are not the same; the more nearly the

actual pulse shape approximates a rectangular pulse, the more nearly

equal are the values of pulse duration and amplitude obtained by the

different methods of equivalence. If the difference in the results obtained

by the different methods is appreciable, the choice of the definition is

determined by considering the particular purpose for which the definition

is being used.

B-1. Equivalent Rectangular Pulse by Conservation of Charge and

Energy.—The general case of a load that can be represented by a biased

diode is represented in Fig. B'2. If a current ii{t) flows in the load, the

instantaneous power absorbed by the load is given by

Viit) = [Vs + riii{t)]ii{t), (1)

If only one pulse is assumed to be applied to this load, the equivalent

rectangular pulse of current Jz, power Pz, and duration r, is defined by an

equation, for the conservation of energy,

P,T = j_
plit) dt (2)
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and an equation for conservation of charge,

IiT = j
ii(t) dt, (3)

and by the load relation in Eq. (1), which is assumed to be valid for any

k y,
' i-'-

(a) Equivalent circuit. (b) Voltage-current characteristics.

Fig. B-2.—Biased-diode load for pulser.

value of current. The equivalent pulse voltage is then

F,
=
9-

If the instantaneous power can be written

Pi(t) == Pifit)

and •is zero at any time except when 0 < / < Ta, Eq. (2) becomes

T= f'fiOdt. (4)

Of course, Pi and Ii are not yet known, but they can be obtained by
solving Eqs. (1), (2), and (3). Also, as it is assumed that Eq. (1) is

valid for any value of current.

Pi = (F. + rili)li,

or

V
Pi + - h _ Pi

or

n ri

V
h = - ^ 'J(P

Similarly,

2ri
~ V \2r,

) + —
1/ ri

ii{t) = -
J6,)' + ^/(0.

If these values are introduced in Eq. (3),

{k - = /o (I; ± ^/(l) +^f(t) dt, (5)
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or

± + ^') ^ = /o
(l ± (6)

Equations (6) and (4) each separately determine the pulse duration r as a

function of the assumed equivalent pulse power Pi] hence, after the

integrations have been performed, values for r and Pi can be obtained

algebraically by solving Eqs. (4) and (6) simultaneously. For a pure-

resistance load Vs = 0, and Eq. (5) becomes

r =
(7)

The above method of uniquely determining r and Pi breaks down if

the load resistance ri becomes zero, for then Eqs. (2) and (3) are identical,

and any pulse duration can satisfy the conditions of equivalence of energy

and charge. This lack of uniqueness when = 0 is a disadvantage of

the foregoing method because most magnetrons have a small value of ri,

and the resulting power pulse is not very different from the current pulse.

As a result, great care must be taken to obtain satisfactory accuracy in

the determination of r.

Three examples of the use of the above method are now given; the

pulse duration and amplitude of a triangular and of a sinusoidal power

pulse are given first, and a practical application to the determination of

equivalent rectangular pulses of actual magnetron load pulse shapes

follows.

Triangular Power Pulse on a Pure-resistance Load .—The instantaneous

power during the first half of the pulse of Fig. B-3 is given by

2Pm
Vlif) = —

-

hence,

If f{i) is introduced in Eq. (4)

tdt =

and Eq. (7) gives

= f’
PIT„ 7 0

^ 2 iPm

If the two expressions for pulse duration are equated,
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2Pi syjPi'
or

and
Pi =

T = %Ta‘

Sinusoidal Power Pulse on a Pure-resistance Load.—The expression for

instantaneous power for the pulse of Fig. B-4 is

Hence

piit) = Pm sin —

•

Tn

/(<) = -^sin -•
-t Z a

Fig. B-3.—Triangular power
pulse. pulse.

The relations between the duration and amplitude of the equivalent

rectangular pulse on a resistance load can again be obtained from Fqs.

(4) and (7)

. Trt Pm 2Ta
Sin — dt = y: ;

Ta Pi TT

^

By equating these expressions for pulse duration, the relationship

Pi'

is obtained. Then

p ^ ^ A 7p
‘

(1.194)2
”

T = (1.194)2 -r„ = ^T„.
TT 11

Pulses on Magnetron and Resistance Loads.—The above method per-

mits the determination of the equivalent rectangular pulse for any pulse

produced by an actual pulse-forming network. As typical examples,

consider the voltage and current pulse shape, and the power pulse shape
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Fig. B-5.—Voltage, current, and com-

puted power pulses in an HK7 magnetron,

(a) with a 1 -section pulse-forming network,

(b) with a 2-section pulse-forming network,

(c) with a 3-section pulse-forming net-

work, (cf) with a 4-section pulse-forming

network, (e) with a 5-section pulse-forming

network.

Fig. B-6.—Current and computed

power pulses on resistance load, (a) with a

1-section pulse-forming network, (b) with

a 2-section pulse-forming network, (c)

with a 3-section pulse-forming network,

({/), with a 4-section pulse-forming network,

and (e) with a 5-section pulse-forming

network.
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obtained by calculation of the product of instantaneous observed pulse

voltage and instantaneous observed pulse current shown in Fig. B-5 for

one-, two-, three-, four-, and five-section networks operating into a

magnetron load. The values of r, h and Pi have been calculated for

each case as follows, the only assumption being that the current is a

single-valued function of voltage. First, the integrations indicated in

Eqs. (2) and (3) are performed graphically. Then the ratio

is calculated. The value of h corresponding to this value of Vi may be

obtained by finding a point on the voltage pulse at which the instantane-

ous voltage is equal to this value, and determining the value of instantane-

ous current at that instant from the corresponding current pulse. With

the values of Vi and h known, the values of r and Pi may be calculated

readily. The equivalent rectangles thus determined are indicated in

the Fig. B-5. All equivalent rectangles are so placed on the diagrams

that a vertical line bisecting the rectangles will also bisect the area of

the actual pulse shape.

Similar calculations have been carried through for the pulses produced

on a pure-resistance load by the same networks. Instantaneous current ,

and power pulse shapes, the latter obtained by squaring the instantaneous

current, and the resulting equivalent rectangles, are shown in Fig. B-6.

B-2. Equivalent Rectangular Pulse by Minimum Departure Areas.

—

The method of minimum departure area is an attempt to predetermine an

equivalent rectangular pulse that has the same energy

as the actual pulse and produces a spectrum distribu-

tion equal to that of the actual pulse over the most

significant part of the spectrum, that is, down to at

least the half-power point.

For simple pulse shapes, it can be shown that the

spectrum distribution satisfies the above requirement

if the rectangular pulse chosen is that for which the

sum of the departure areas’’ (see Fig. B-15) is a min-

imum. The assumption is then made that, for an}^

pulse shape obtained in practice, the rectangular pulse

giving equality of energy and leading to the minimum total departure area

also gives a frequency spectrum equal to that of the actual pulse over the

most significant portion of the spectrum.

If one half of a symmetrical triangular power pulse (Fig. B-7) of

maximum amplitude a and duration 2b at the base, and the equivalent

rectangular pulse of amplitude h and duration 2c are considered, the

condition of equal energy provides the relation

Fig. b-7.—De-
termination of min-
imum departure
areas for a triangu-

lar pulse.
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2
= ch.

The sum of the departure areas is given by

A
1

2
i(a-hr + ^(b- cr +

(ac — ab + bhy
ah

(9)

If the value c = {ab)/{2h) is introduced in Eq. (9) and the terms are

rearranged,

A
ab

T
By differentiating with respect to h and equating to zero, the values of h

for which the area is a minimum are obtained. Thus

dA
dh 2

which can be rewritten

and the solutions are

and

= 0
,

h

a

h _ I ± V-l
a
“ 2

Obviously, only the real positive root is of interest in the discussion, or

- = 0.707.

Figure B-8 shows the calculated frequency spectrum for a symmetrical

triangular pulse, and the theoretical spectra for several rectangular pulses

of equal total energy, but of different ratios of amplitude to duration.

It can readily be seen that the spectrum for the triangular pulse is super-

imposed on that of the rectangular pulse that has an amplitude 0.707

times that of the triangle from the maximum down to about 30 per cent

of maximum power.

Similarly, it can be shown that the rectangular pulse for which the

sum of the departure areas from a sinusoidal pulse is a minimum has an

amplitude equal to 0.86 of the peak of the sine wave. Referring to Fig.

B-9, it is seen that again the equivalent rectangular pulse having an
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amplitude equal to 0.86 of the sine wave and the sinusoidal pulse have

spectra that coincide down to about 25 per cent of the maximum.

Since the equivalent rectangles corresponding to a minimum total

departure area for the hypothetical pulse shapes just discussed lead to a

Fig. B*8.—Frequency spectrum distribution of a triangular pulse and rectangular pulses of

equal area but varying height.

Fig. B-9.—Frequency spectrum distribution of a sinusoidal pulse and rectangular pulses of

equal area but varying height.

spectrum distribution that is the same as that of the actual pulse over the

most significant part of the spectrum, it seems reasonable to assume that

the same will be true for any pulse shape encountered in practice because

most actual pulses are more nearly rectangular or trapezoidal than those

just considered.
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The rectangular pulse equivalent in energy to any power pulse shape

and giving the minimum departure area may be determined graphically

by successive approximations. First, the area of the rectangle is deter-

mined by integration of the actual power pulse (conservation of energy),

and several likely equivalent pulses are dra^vn, until one is found for which

i

\Lti

[

5-Sectic11work II o1.91

Fig. B-10.—Current pulses in an HK7 magnetron, the average current drawn through

the oscillations, and the equivalent rectangular pulse from the method of minimum de-

parture areas (a) with a 1-section pulse-forming network, (6) with a 2-section pulse-forming

network, (c) with a 3-section pulse-forming network, (d) with a 4-section pulse-forming net-

work, (e) with a 5-section pulse-forming network.

the sum of the departure areas is a minimum. The process is tedious,

but has been carried through for the five actual pulses already considered,

and the resulting rectangular pulses are given in Fig. B-IO. It must

be noted that the computations were based on current rather than on

power pulse shapes, that is, on the assumption of conservation of charge,

rather than conservation of energy. This procedure is convenient

because the current is easily measurable, and it can be justified on the

basis that, for a magnetron, the variation of voltage is very small during
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the time of current flow; hence, the pulses of instantaneous current and

power are very nearly proportional.

The ratio of the difference between the area of the pulse and the

minimum sum of the departure areas to the area of the pulse may be

defined as the form factor of the pulse. For a rectangular pulse, its value

is, of course, one. For the triangular pulse discussed previously, it is

0.656. The value of the form factor can thus be used to indicate how

closely a given pulse approximates a true rectangular pulse.

B-3. A Comparison of the Methods.—Appendix B has thus presented

two fundamental methods of defining pulse duration and pulse amplitude.

In the first method, the definition is based on the principle of conserva-

tion of energy and charge. Although unassailable from a theoretical

standpoint, this method may not always give the best practical results.

Two of its disadvantages have already been mentioned: the possibility

of inaccuracy resulting from the near proportionality of the time func-

tions for current and power on a magnetron load, and the fact that the

pulse so determined does not lead to an r-f spectrum that is a good

approximation of that of the actual pulse. In the rating of magnetron,

the maximum pulse current of the oscillator is usually specified, and the

above method of determining pulse amplitude and duration usually

yields a rectangular current-pulse amplitude that is smaller than the

instantaneous current of the actual pulse for a large fraction of the pulse

duration. If the three-section network of Fig. B-5c is considered, for

instance, it is seen that the equivalent rectangular current-pulse ampli-

tude obtained is at least 10 per cent smaller than the actual current for

about 60 per cent of the pulse duration. Since the maximum operating

point of magnetrons is generally a function of both pulse current and pulse

duration, there remains the question of whether or not the equivalent

rectangular pulse is a sufficiently good approximation of the actual cur-

rent pulse to be usea in conjunction with the specification of the maximum
operation point.

The method of the minimum departure areas, on the other hand, does

not suffer from any of these drawbacks. For a magnetron load, it can

be used with the assumption of either conservation of charge or conserva-

tion of energy, the two being very nearly equivalent for all practical pur-

poses. The principal disadvantage is the time consumed in determining

the pulse duration of any arbitrary pulse. The minimum departure

area method should, nevertheless, be considered the most reliable and
most accurate method of determining pulse duration. It may prove

expedient, however, to use short-cut methods in many practical deter-

minations of pulse duration and pulse amplitude. One such short-cut

method has been used with good results that agree reasonably well with

those obtained by the method of minimum departure areas. In this
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short-cut method, the current-pulse amplitude h is defined arbitrarily

as the maximum value of an average curve drawn through the oscilla-

tions of the actual current pulse (see Fig. B IO). By the principle of

conservation of charge, the pulse duration is found immediately as

This method is essentially equivalent to that mentioned earlier in

the Appendix in which the duration of the current pulse is measured at

50 per cent of the average maximum amplitude. The new definition,

however, specifies the amplitude more accurately and gives a value of

pulse duration that is more independent of the actual current-pulse

shape; it can readily be seen that the measurement at 50 per cent of the

maximum amplitude corresponds exactly to conservation of charge in

the case of a trapezoidal pulse shape, but not necessarily for any other

pulse shape.

Table B1.—Pulse Durations

Method of

computation

Rated pulse

duration

Conservation of

c. large and

energy

Conservation of energy,

minimum departure areas

Conservation of

charge, average

maximum current

Resist- Mag- Re.^ist-

Pulse shapes
ance

load

r/ra

netron

load

t/to

ance

load

r/ra

Mag-
netron

load

Form
factor

Resist-

ance

load

Mag-
netron

load

Triangular power

pulse

Sine-wave power

pulse

No. of network sec- ’’.v

tions

8

9
0 707 0.656

= 2CsZn Ti,

Msec

10

11
0.74

Msec T,. MS<?C T], Msec Tj, Msec Ti, Msec

1

2

3

4

5

2.

1

2.1

2.15

2 11

2 03

3.17

3.02

3.02

3.00

2.60

2.90

2.45

2.65

2.38

2.20

2.48

2.28

2 32

2.28

2.05

0.79

0.84

0.89

0.91

0.91

1 79

1 94

2 11

2.08

2.00

2.23

2.06

2.14

2.10

2.02

Table B-1 gives the results obtained for pulse duration by the three

methods outlined above—conservation of charge and energy; conserva-

tion of energy (or charge, if the current pulse is essentially proportional

to the power pulse) and minimum departure area; average maximum
current and conservation of charge; and the rated pulse duration,

r jv = 2CnZn)
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of the pulse-forming networks- It may be noted that, on magnetron load,

the pulse durations determined by the last two methods do not differ by
more than 10 per cent, and that the pulse durations obtained by the

short-cut method are the nearest to the rated values of the networks.

One great advantage of the short-cut method is its simplicity compared

with either of the other two. Although it leads to values of pulse dura-

tion that are slightly small, it does, on the other hand, give values for

pulse currents that are too large in the same proportion. Since a small

increase in current may be more detrimental to the oscillator than a

similar increase in pulse duration, it is probably better, from a practical

standpoint, to rate the pulser output on the basis of the third definition

:

less damage is likely to result to the magnetron from exceeding rated

current, and, except for very nonrectangular pulses, the short-cut method
provides a satisfactory definition of pulse amplitude and duration.
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In the table that follows are listed the more important and extensively used sym-
bols appearing in this book. Many symbols used in particular developments have

not been included in the list when their use is restricted to relatively few pages of

the text.

English Letter Symbols

Symbol Description Defined or First Used

Page

A Cross-sectional area of PT core 510

a Thickness of layer of PT winding 513

B Average magnetic induction 617

aB Increment of average flux density above remanent value of B 537

Be Flux density in charging reactor 368

Bm Some value of flux density less than Bsat 604

Br Remanent flux density 600

Bro Remanent flux density ir PT core with gap 602

Bsat Saturation flux density 600

Cc Distributed capacitance of PT primary winding 70, 508

Cl) Same as Cc for PT secondary winding 70, 508

Cd Capacitance of despiking network 437

Cffp Plate-to-grid capacitance of a vacuum tube 576

Cl Shunt capacitance due to a load 70

Cn Energy storage capacitance of a PFN 127, 176

Co Capacitance between primary and secondary of PT 507

Cr Capacitance of rth section of a PFN 187

Cs Shunt capacitance 26

Cs Energy storage capacitance in trigger generator 307

Css Stray capacitance of a PFN 236

Cw Energy storage capacitance 22

Co Capacitance of lossless transmission line 228

Cv Capacitance of section v of a. PFN (Guillemin theory) 192

d Lamination thickness 637

Eb A-c power supply voltage 382

Ebb D-c power supply voltage 22

Ec Grid bias voltage 25

Eco Grid cut-off voltage 676

Egj Control-grid voltage (vacuum tube) 91

Eg2
Screen-grid voltage (vacuum tube) 91

eg Applied grid voltage 676

< \e,-E4 576

723
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Symbol Description Defined or First Used

Page

ei Voltage across load 563

E Electric field 618

/ B'/5sat ^ 603

/ r/ropt 635

/c Cut-off frequency for low-pass filter 184

/r Pulse recurrence frequency 23

/o Resonant frequency of charging circuit of a line-type pulser 360

/i Factor depending on voltage distribution between primary and secondar}^

of a PT 522

/2 Factor relating Ll to PT winding arrangement 541

/a , /4 Proportionality factors 541

Gi Load conductance 208

Qd Shunt-diode conductance 44

gi Load conductance 28

Qp Switch-tube conductance. .... 28

Qs Shunt conductance 34

H Magnetizing force in PT 513

He Coercive force 601

He Magnetizing force in charging reactor. 368

He Eddy-current magnetic field 623

Hr Reverse magnetic field 601

fav Average current .... 3

Ic Pulse current in charging element 109

1 1 Pulse current in load 22

Im Magnetizing current 536

/max Maximum current during a pulse 51

Ip Current in PT primary 71

Ip Plate current in switch tube 22

Ip Current in PT primary. .. 513

/pulse Pulse current 3

/rms Effective current 61

Is Current in PT secondary 71

Is Current source replacing voltage source Vs 34

Is Pulse current in shunt impedance 109

Is Current in PT secondary 513

Iw Current source replacing charged storage condenser 27

ic Instantaneous current in charging element 60

ie Eddy current 633

iL Instantaneous current in inductance 23

ii Instantaneous load current 23

im Magnetizing current 625

ip Instantaneous plate current in switch tube 60

ir Current in rth section of PFN 180

is Instantaneous current in shunt path 40

io Initial current 62

ip Current in mesh v of PFN (Guillemin theory) 192
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Symbol Description Defined or First Used
Page

./ Displacement current 652

k Coupling coefficient 506

L Average peripheral spacing of moving electrodes of rotary spark gap 284

Lc ‘‘Charging inductance’’ in series with distributed capacitance in PT 79, 508

Lc Inductance of isolating element 62

Lc Charging inductance in line-type pulser 357

Ld Same as Lc for the other PT winding 79, 508

Lfi Effective shunt inductance in PT 79, 508

Ll Leakage inductance in PT 79,512

Ln Inductance of a PEN 127

Lp Primary inductance of PT 510

Lr Inductance of rth section of PFN 187

Lr Value of inductance for resonant charging 360

Lg Shunt Inductance 39

Lxd Energy storage inductance 22

Lo Total distributed inductance of lossless transmission line 209

Lr Inductance of section p of PFN" (Guillemin theory) 192

/ Mean magnetic path length 510

Ifj Length of gap in PT core 602

cC Length of PT winding 513

.1/ Mutual inductance 505

.V Number of turns of PT coil 510

Nc Number of turns on charging reactor 364

y

f

Number of fixed electrodes of rotary gap 282

Xp Number of turns on PT primary 513

Vr Number of moving electrodes of rotary gap 282

Ns Number of turns on PT secondary 513

n Voltage transformation ratio of a transformer 71

n Number of meshes in a PFN 180

Pav Average power 3

Fl Overhead power loss in line-type pulser 249

F/ Pulse power in a load 70

P„, Maximum power during a pulse 714

Fm Power input to PFN 392

Fp Pulse power dissipated in switch tube 72

Fr Power dissipated in isolating resistance 61

PFN Pulse forming network 8

PRF Pulse recurrence frequency 3

PT Pulse transformer

p Laplace transform parameter 28

Q Quality factor of a circuit 12, 360

Qm Charge on a PFN 176

Instantaneous charge on a PFN 356
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Symbol Description Defined or First Used

Page

Rc Resistance of isolating element in charging circuit of a pulser 26, 357

Rd Resistance of despiking network 437

Re Shunt resistance in PT 236, 508

Ro Internal resistance of voltage source 501

Rg Isolating resistance in grid circuit of a vacuum tube 25

Ri Load resistance 22

Rp Switch resistance plus series losses in PFN and PT 236

Rs Resistance in parallel with pulser output 33

Rs rs/w 637

Rw Resistance of PT winding 508

Rp wp/d 637

Vg Grid-tO“Cathode resistance of vacuum tube 575

n Dynamic resistance of a load (magnetron or biased diode) 33

Tp Internal resistance of switch tube 22

Vs Resistance between two laminations of PT core 637

Sd Hypothetical switch in series with shunt diode 44

Si Hypothetical switch in series with diode load 33

Sm Hypothetical switch in series with magnetron 46

St Switch tube 27

T

n'
X

Tk

Tr

tr

at

Symbol for a tube

pi(Tid^

12

, . 10 . .

using inks units or using cgs units

.

op

Deionizing time

Pulse recurrence interval (l//r)

Rise time of a pulse

Average circumference of layer of PT winding

74

623

487

3

537

513

Voait) Voltage across output of hard-tube pulser 27

Vc{t) Time function of voltage across a capacitance 53

Vg Source or generator voltage 532

Vg Pulse grid v^oltage 25

Vji PFN voltage at end of a pulse due to impedance mismatch = Vn~i. . 419

V

I

Pulse voltage across a load 22

Vin Voltage of nth reflected pulse at the load 418

Vm Observed value of Umax 297

Umax Maximum voltage across a series gap switch for which prefiring is negligi-

ble 297

Vjnm Minimum voltage across a series gap switch for which misfiring is negligi-

ble 298

Vn Initial voltage on a PFN 176

Vn^ PFN voltage at end of nth charging period 419

Vn-h PFN voltage at end of nth reflection 418

V

p

primary voltage 71

Vp Voltage drop across switch tube 22

V(p) Laplace transform of V(t) 28

Vs PT secondary voltage 71
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Symbol Description Defined or First Used
Page

Vs Theoretical maximum value of Umax 297

Vs Voltage at which conduction starts in an ideal diode
;
starting voltage of a

magnetron 32

Vstart Minimum power supply voltage at which firing occurs for series gaps . . . 298

Vu> Voltage source equivalent to charged energy storage condenser 27

Vw Equilibrium value of storage condenser voltage 53

Energy storage condenser voltage at the start of a particular pulse 53

Vo Initial voltage on lossless transmission line 177

Vt Equilibrium value of storage condenser voltage at the end of a pulse 53

V'r Energy storage condenser voltage at the end of a particular pulse 53

vi Instantaneous voltage across a load 237

Vp Instantaneous-voltage drop across switch tube 60

W Energy in magnetic field 513

IF Energy in a charged capacitance 519

We Energy dissipated in PT core due to edd}^ currents 627

IFi Energy dissipated in a load 226

lF,n Energy returned to the circuit from PT core . . 628

Wn Energy stored in PFN 250

w Width of core lamination 637

Y Admittance = 1/Z 185

Yn Admittance of a PFN 208

Zi Load impedance 84

Zn Impedance of a PFN 129, 176

Zp Internal impedance of a pulser 85

Zs Impedance in parallel with pulser load 33

Zt Characteristic impedance of PT winding 523

Zq Characteristic impedance of a transmission line 84

Greek Letter Symbols

a Shunt loss coefficient = 1 + ^ 238
He

a PT parameter 533

13 Series loss coefficient = 1 ~ 238

PT parameter 533

7 Ratio of total load distributed capacitance to PFN capacitance 252

7 419

Tp 1/Lp 591

Yl I/Ll 591

A Distance between layers of PT winding 513

Ap Skin depth .* 548

d One way transmission time for lossless transmission line 177, 524

5 Loss tangent = tan d 653
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Symbol Description Defined or First Used
Page

e Dielectric constant 519

c Small positive voltage 576

eo Dielectric constant of free space 618

ei Dielectric constant of core material in mks units 618

77 Efficiency of a PT 71

r]h Efficiency of power supply 249

77c Efficiency of charging circuit 249

r)d Efficiency of discharging circuit 249

r)p Efficiency of pulser circuit 249

77 ( Efficiency of a PT 236

770 Overall efficiency of a pulser . 249

Reflection coefficient 85,419

n Amplification factor .91, 576

Permeability 523

/ie Effective pulse permeabilit}^ 510

/xi D-c incremental permeability 601

/xig D-c incremental permeability for core with gap .... 601

Mmax Maximum permeability 603

Mo Average permeability .... 601

Moa Average permeability for core with gap . 601

Ml Permeability in mks units ... 618

p Resistivity . 511

<r PT circuit parameter 564

<ri Conductivity of core material in mks units. .
.* 618

T Pulse duration 3

Ta Duration of power pulse 714

Ti Pulse duration at the load 250
Tmax Maximum pulse duration obtainable with a regenerative pulse generator 587

TN Pulse duration produced by a PFN on a matched resistance load 250
To Time required to saturate a core lamination 634

CO Circuit parameter 42

CO Angular frequency of a-c voltage 177

CO co2 = coo - a2 357
coa Applied a-c angular frequency . 367

2
1

" L,C}f
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A

A-c charging diode, 414-416

general analysis of, 380-386

nonresonant, 381, 385, 393-400

resonant, 381, 385, 386-393

average-current component in, 389

charging-circuit efficiency in, 392

circuit utilization factor in, 392

A-c charging transformers, linearity

requirements for, 401

practical, 400-407

A-c impedance, 177

Airborne radar systems, light-weight

medium power pulser for, 140-152

Aluminum-cathode gap {see Fixed gap)

Amplitude jitter, 290, 331

Anger circuit, 468-471

Anode buildup, 320

Anode circuit, 344-349

of hydrogen thyratrons, 344

Anode current, rate of rise of, 348

Anode voltage, forward, 346

inverse, 346-348

Arnott, E. G. F., 32172., 324n.

Autotransformer, 512

Average current, 361, 467, 470‘, 483

Average-current component in a-c reso-

nant charging, 389

Average-current measurements, 146

Average-current meter, 701-706

Average values of the transformer cur-

rents, 396

B

Backswing voltage, 43, 45, 50, 79, 88,

146, 154, 261, 509, 551, 569

Bell Telephone Laboratories, 104, 281,

295, 317, 321, 322, 328, 472-476

729

Bettler, P. C., 451n.

B-H loop, d-c, 612

idealized, 633

idealized and actual pulse, 627

pulse, 612, 643

circuit for, 641

B-H oscillograms, for a-c charging trans-

formers, 403, 405, 406

for d-c charging reactor, 369, 370

Bias, cutoff, for tetrode, 100

for triode, 100

negative, 92

BL s voltage, cutoff, 99

Biased diode, current-voltage character-

istic of, 32, 231

Biased-diode load, 527

Blocking-oscillator driver, 124-132

Blocking-oscillator transformer, design

of, 543-547

Blumlein circuit, 465-468

Bootstrap driver, 120-124, 138

Bostick, W. H., 61172., 63972.

Breakdown field of rotary gap, 291

Breakdown time of notary gap, 275

Breakdown voltage, dynamic, of single

fixed gap, 296

static, of single fixed gap, 296

Bushings for pulse transformers, 654

Butt joint in core, 601, 644

Byerly, W. E., 656n.

C

Cable, matched, with a series resistor, 671

with a shunt resistor, 671

for pulse-forming network, 164

Cable impedance matching, 671

Cable-matching, 677

Cable properties and delay lines, 689

Capacitance divider, 673-675
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Carslaw. H. S., 27n.

Cathode and anode erosion of fixed gap,
’ 9-321

Cat!iv> e current, 148

Cathode erosion, 317, 320

Cathode follower^ ’^J., 125

Cathode fatigue, 97

Cauer’s extension of Foster’s theorem,

194

Chaffee, E. L., 98n.

Characteristic current-voltage of a non-

linear load, 110

Characteristic curves for triodes and

tetrodes, 98-108

Characteristic impedance (see Imped-

ance, characteristic)

Characteristics, grid-current-plate-volt-

age, 101-108

idealized current-voltage, of a tetrode,

no
plate-current-grid-voltage

,
99-10

1

plate-current-plate voltage, 101-108

Charging, of storage condenser, 51-69

(See also A-c charging; D-c charging;

Full-cycle charging; Half-cycle

charging; Inductance charging;

Linear charging; Recharging; Res-

onant charging

Charging-circuit efficiency in a-c resonant

charging, 392

Charging-circuit losses, 429

Charging circuits, of line-type pulser,

355-416

miscellaneous, 414-416

Charging cycle, 358

Charging diode, 138, 361

(See also Hold-off diode)

Charging efficiency, 392, 421

Charging element, inductance, 355

resistance, 355

Charging inductance, 361, 455, 467,

483

of a pulse transformer, 526-530

Charging period, 384

Charging reactor, 356

coil design for, 372

core design for, 372

linearity of, 366

sample design for, 376

saturation of core, 364, 370

Charging transformer losses, 413

Charging transformers, a-c, (see A-c

charging transformers)

Charging voltage, forward, measurement

of, 690-692

Circuit (see type of circuit)

Circuit complexity, 16

Circuit utilization factor in a-c resonant

charging, 392

Coding, pulse-, 131, 486

Coil design for d-c charging reactor, 372

Coil material for pulse transformers, 648-

660

Cole, P. A., 662n., 706n.

Condenser, as energy reservoir, 21-23

discharging of, 25-51

storage, charging of, 51-69

effect of inductance of isolating ele-

ment on, 67

voltage on, 77

Condenser voltage equilibrium, 53, 55

Connectors, for pulse transformers, 654

Conservation of charge, definition of

equivalent rectangular pulse, 711-

716

Conservation of energy, definition of
*

equivalent rectangular pulse, 711-

716

Core, accurate equivalent circuit for, 631

with butt joints, 601, 644

without butt joints, 600

magnetization of, 633

Core design for d-c charging reactor, 372

Core material for pulse transformers,

599-648

d-c data for, 614-615

d-c properties of, 599-601

pulse data for, 614-615

standard tests on, 611

thickness of, 599

Core performance, techniques for measur-

ing, 639-648

Core saturation, 603n.

Core size, 538, 545

Coupling coefficient, 506

Craggs, J. D., 274n., 332

Crout, P. D., 528

Current, average (see Average current)

effective (see Effective current)

Current-fed network (see Network)
Current modes in pulse transformer,

528
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Current pulse, 175, 176, 666

amplitude for, 69

Current pulse droop, 80, 88, 169, 568, 702

(See also Pulse droop)

Current pulse rectangular in copper, 655—

658

Current-pulse shapes, 186

Current-pulse-viewing resistors, 676

Current spike (see Spike, current)

Current-viewing resistors, 666

Current-voltage characteristics of a bi-

ased diode, 32, 231

CV85 trigatron, 332

CV125 trigatron, 332

D

Darlington circuit, 464

D-c charging, 356-380

general analysis of, 356-363

D-c charging current from nonlinear

charging reactor, 365

D-c charging reactors, design of, 372—380

linearity requirements for, 36^^ -366

practical, 364-372

D-c charging voltage from nonlinear

charging reactor, 365

D-c hysteresis loop, 605

of a core, 600

(See also B-H loop)

D-c incremental permeability, 601, 632,

634

D-c permeability, 510

D-c resonant charging, 360, 418

Deionization, 279

Deionization time, 336, 353

Delay line, 133, 158

Delay lines and cable properties, 689

Delay time, 351

Despiking circuit, 453

Despiking i^C-network, 436

Diaplex, 215

Dielectric, dissipation factor of, 216

Dielectric constant and power factor, 652

Dielectric strength, 651

Dielectrics, 215

Diffusion equations, 656

development of, 617-619

solution of, 619-626

Dillinger, J. R., 312n., 320n., S24n., 327n.,

335n.

Diode, biased (see Biased diode)

Discharging of storage condenser, 25-51

Discharging circuit, effect of, c^-^ julse

shape, 255-261

efficiency of, 449

general propertit 225-233

of line-type pulser, 225-272

Discharging efficiency, 466, 483
Discharging (pulse) interval, 54

Dissipation factor of dielectric, 216
Distributed capacitance, 516-522, 537

effective, of pulse-transformer coils,

measurement of, 521

for a transformer, 507

Divider (see specific tj^pe of divider)

Donovan, A C., 367n.

Double-switch single-network circuit,

488-492

Drewell, P., 336n.

Driver, 119

blocking-oscillator, 124-132

bootstrap, 120-124, 138

multivibrator, 132-139

pulse-forming-network, 132-1 39

regenerative, 124-134, 150

Driver circuits, 119-139, 157, 168

Dry type of insulation, 648-651

solventless varnish for, 649

Dunham, C. R., 619n., 635n.

Duolaterally wound coil, 554

Dupont, 650

Duration (see Pulse duration)

Duty, 4

Duty cycle, 4

Duty ratio, 4

Dynamic resistance, 231

of load, 3, 33, 78, 110

E

Eddy current, 620, 624, 636

energy dissipated by, 626

Eddy current loss, 629

Effective current, 361

in a-c resonant charging circuit, 390

in transformer winding, 547

Effective current density, in transformer

winding, 548

Effective values of the transformer cur-

rents, 396
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Efficiency, 13, 534

of hard-type pulser, 16

of line-type pulser, 13, 16

pulser, 244, 249-255, 462

of line-type pulser, 249

over-all, 249

of rectifier circuit, 249

total, 249

829 tetrode, 105, 123, 126, 132

884 tube, 123

8020 shunt diode, 154

Electrode material, for fixed gap, choice

of, 317

for rotary gaps, 280

Electrodes, fixed, 276

moving, 276

for rotary gaps, number of, 282

Energy, dissipated, in the core, calcula-

tion, 627

approximate, 630

by eddy currents, 626

in pulse-transformer windings, 660

stored in magnetic field, 627

Energy density, average, in coil, J41

in core, 541

Energy loss, 626-633

Energy reservoir, comparison of a con-

denser and an inductance as, 23-25

(See also Condenser; Inductance)

Energy transfer, maximum, 533

Equivalent circuit, for pulse-transformer

core, 626-633

(See also component for which equiv-

alent circuit is given)

Erosion of electrodes of fixed gap, 319-

321

Evans Signal Laboratory, 342w.

F

Fe-I gap, 328

5C22 thyratron, 138, 341, 455

5D21 tetrode, 100, 104, 132, 472

527 triode, 106

Fixed gap, aluminum-cathode, 298

designs of, 321—323

cathode and anode erosion of, 319-321

cylindrical electrode, 295

cylindrical-electrode aluminum-cath-

ode, 318-327

enclosed^ 294-335

Fixed gap, iron-sponge mercury-cathode,

327-332

designs of, 328

mercury-cathode, 295, 303

(See also Series gap)

static- and dynamic-breakdown volt-

ages of a single, 296

three-electrode, 332-335

hydrogen-filled, 335

t3^pes (see listing under O)

Fixed gap design, general considerations

for, 316-318

Fixed gap dissipation, 324-326, 331

Fixed spark gap (see Fixed gap)

Fletcher, R. C., 680n.

Fluharty, R. G., 274n., 326n.

Flux densitv", 538

distribution of, 623

incremental, 537

Fluxplot, for topical pulse-transforming

winding, 659

Fosterite, 557, 649, 650

Foster’s reactance theorem, 193

Foster’s theorem, Cauer’s extension of,

194

4C35 thyratron, 138, 341, 479

Fourier-series, 187

Frank, R., 656n.

Frequency response, of pulse transformer,

591-598

of transformer, oscilloscope presenta-

tion of, 595

Full-cycle charging, 394-397, 449

Fundingsland, O. T., 443n.

G

Ganz, A. G., 623n., 628n., 633n.

Gap in the core, 601

(See also Fixed gap; Rotary gap;

Series gap)

Gap length of the core, optimum, 602-604

Gap restriking, 279

Gap spacing, 320

Gaps, number of, vs. voltage range, 300-

302

Gardner, M. F., 27n.

Gas, for fixed gap, choice of, 316

for rotary gaps, 280

Gas cleanup, 336

Gas pressure, 320

Gaseous-discharge switch, 10, 14, 175
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GE 68G627 pulse transformer, 129, 150

General Electric Company, 355n., 373,

400-402, 408, 557, 559, 614-615, 638,

649

Geometry of fixed gap, determination of,

318

Germeshausen, K. J., 312n., 335n.

Gibbs phenomenon, 187

Gillette, P. R., 522n.

Glasoe, G. N., 662n., 707n.

Glick, H. L., 327n.

Goucher, F- S., 274n., 295n., 316n., 318n.,

327n., 331w.

Grid, power dissipation in, 97

Grid circuit of hydrogen thyratron, 349-

354

Grid current, 97

Grid drive, positive, 91

Grid-driving power, 157

Grid swing, 92, 119

Guillemin, E. A., 189n., 193n.

Guillem in networks, 200-203

current-fed, 211-213

type A, 212

type B, 212

type C, 212

type F, 212

voltage-fed, type A, 201

type B, 201

type C, 201

type D, 201

type E, 201

Guillemin’s theory, 189-207

H
Half-cycle charging, 397-400

Half-wave single-phase charging, 476-478

Hanna, C. R., 377n.

Hard-tube pulser, 5, 6-8, 19-172

application of pulse-shaping networks

to, 165-172

comparison of, with line-type pulser,

13-17

high-power short-pulse, 160-165

lightweight medium power, 140-152

IMw, 152-160

output circuit of, 21—89

required switch characteristics of, 90-

98

two arrangements of use of pulse

transformer with, 74

Haynes, J. R., 295n., 303n.

Heat dissipation, 151, 459

Hibbard, L. U., 693n.

High-reactance transformers, design of,

407-414

Hipersil pulse-transformer cores, 610
Hold-off diode, 163, 381, 414-416, 456

{See also Charging diode)

Hull, A. W., 274n.

Hydrogen thyratron, 335-354

anode circuit of, 344

control-grid characteristic in, 338
grid circuit of, 349-354

life of, 341

operating characteristics of, 336-344

operation of, 339

series and parallel, 342

tube characteristics of, 339

Hysteresis loop on an oscilloscope, 639-

641

{See also B-H loop)

Hysteresis loss, 627

I

/p-Fp curve, 111-118

Ionization, residual, 297

Ionization time, 345

Impedance, a-c, 177

characteristic, 176

of pulse-forming network, 9, 129

instantaneous, 437

internal, of pulser, 4

mismatch, 417

of a network, measurement of, 221

Impedance characteristic, of a cable, 670

of a pulse transformer, 522—526

Impedance-matching, 4, 9, 13, 16, 227

cable, 671, 677

to load, 70-76

and transmission cable, 669-673

Impedance mismatch with long cable,

reflection effects of, 84-89

Impedance transformation ratio, of trans-

former, 10

Inductance, as the energy reservoir, 23

Inductance charging, from an a-c source,

380-386

{See also A-c charging)

from d-c power supply, 356-380

efficiency of, 363

Inductance measurements, 366—372
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Inductive kicker, 305-307

Ingram, S. B., 295n.

Input capacitance of load, 536

Insulating materials, measurements on,

653

Insulation for pulse transformers, 648-655

Interlaminar insulation, 638

Interlaminar resistance, 636-638

Interpulse interval 16, 54, 119

Iron-sponge mercury-cathode gap (see

Fixed gap)

Isolating element, 6, 12, 52

average power dissipated in, 59

effect of inductance of, on charging of

storage condenser, 67

high resistance as, 52—61

inductance, 61-69, 145

inductive resistor as, 61-69

principal advantages of inductance as,

68

resistance, 153

J

Jitter, time (see Time jitter)

Joos, G., 501n.

K

Keyers, 1

Kicker, inductive, 305-307

Kraft paper, 551

Krulikoski, S. J., 344n., 347n.

I

Laplace-transform method, 27, 175

Leading edge of pulse (see Pulse)

Leakage core, 400

separate, 409

Leakage inductance, 506, 511-516

calculation of, 512

measurement of, 515

of transformer, 400

Leakage-reactance-core gap, 411

Lebacqz, J. V., 274n., 468n.

Linear charging, 12, 361

Linearity requirements for a-c charging

transformers, 401

Line-simulating network, 124, 180

(See also Network)

Line-type pulse generator with a magne-
tron load, 573

Line-type pulser, 5, 8-12, 173-496 ,'

characteristics of, 233-244

charging circuit of, 355-416

measurement in, 690

comparison of, with hard-tube pulser,

13-17

discharging circuit of, 225-272

efficiency of, 13, 16, 249

equivalent circuit, 236-238

performance of, 417-447

switches for, 234, 273-354

Line-type pulser characteristics, 233-244
Line-voltage variation, 117

Load, coupling to, 70-76

direct-connected, 73

duration of pulse at, 226

dynamic resistance of, 3, 33, 78, 110

energy dissipated in, 226

linear, 3

nonlinear, 3

open circuit in (see Open circuit)

pulse power in, 226

resistance, 177

short circuit in (see Short circuit)

static resistance of, 3, 110

transformer-coupled, 73

Load characteristics, effect of on pulser

regulation, 108-118

Load current, change in, during a pulse,

58

reducing the change in, 166

Load current variation, 117

Load dynamic resistance, 78

Load effect on pulser operation, 418-423
Load impedance, effects of change in,

417

Load line, 238-244

Load voltage, 469

Loss, series, 237, 238

shunt, 238

M

MacColl, L. A., 619n.

MacFayden, K. A., 635n.

McIntosh, R. 0., 693n.

Magnetic-path length, mean, 599
Magnetic shunt, 400

Magnetizing current, 522
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Current alse, 175, 176, 666

ampl ude for, 69

Curren pulse droop, 80, 88, 169, 568, 702

(S e also Pulse droop)

Curre it pulse rectangular in copper, 655-

^ j8

Current-pulse shapes, 186

Current-pulse-viewing resistors, 676

Current spike {see Spike, current)

Current-viewing resistors, 666

Current-voltage characteristics of a bi-

ased diode, 32, 231

CV85 trigatron, 332

CV125 trigatron, 332

D

Darlington circuit, 464

D-c charging, 356-380

general analysis of, 35b-363

D-c charging current from nonlinear

charging reactor, 365

D-c charging reactors, design of, 372-380

linearity requirements for, 364-366

practical, 364-372

D-c charging voltage from nonlinear

charging reactor, 365

Ji)-c hysteresis loop, 605

of a core, 600

{See also B-H loop)

D-c incremental permeability, 601, 632,

634

D-c permeability, 510

D-c resonant charging, 360, 418

Deionization, 279

Deionization time, 336, 353

Delay line, 133, 158

Delay lines and cable properties, 689

Delay time, 351

Desr iking circuit, 453

ing PC-network, 436

:, 215

ctric, dissipation factor of, 216

dielectric constant and power factor, 652

Dielectric strength, 651

Dielectrics, 215

Diffusion equations, 656

development of, 617-619

solution of, 619-626

Dillinger, J. R., 312n,, 320/i., 324n., 327n.,

335n.

Diode, biased {see Biased diode)

Discharging of storage condenser, 25-51

Discharging circuit, effect of, on pulse

shape, 255-261

efficiency of, 449

general properties of, 22.5-233

of line-type pulser, 225-272

Discharging efficiency, 466, 483

Discharging (pulse) interval, 54

Dissipation factor of dielectric, 216

Distributed capacitance, 516-522, 537

effective, of pulse-transformer coils,

measurement of, 521

for a transformer, 507

Divider {see specific type of divider)

Donovan, A C., 367n.

Double-switch single-network circuit,

488-492

Drewell, P., 336?2.

Driver, 119

blocking-oscillator, 124-132

bootstrap, 120-124, 138

multivibrator, 132-139

pulse-forming-network, 132-139

regenerative, 124-134, 150

Driver circuits, 119-139, 157, 168

Dry type of insulation, 648-651

solventless varnish for, 649

Dunham, C. R., 61971., 635n.

Duolaterally wound coil, 554

Dupont, 650

Duration {see Pulse duration)

Duty, 4

Duty cycle, 4

Duty ratio, 4

Dynamic resistance, 231

of load, 3, 33, 78, 110

E

Eddy current, 620, 624, 636

energy dissipated by, 626

Eddy current loss, 629

Effective current, 361

in a-c resonant charging circuit, 390

in transformer windings 547

Effective current density, in transformer

winding, 548

Effective values of the transformer cur-

rents, 396
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Efficiency, 13; 534

of hard-type pulser, 16

of line-type pulser, 13, 16

pulser, 244, 249-255, 462

of line-type pulser, 249

over-all, 249

of rectifier circuit, 249

total, 249

829 tetrode, 105, 123, 126, 132

884 tube, 123

8020 shunt diode, 154

Electrode material, for fixed gap, choice

of, 317

for rotary gaps, 280

Electrodes, fixed, 276

moving, 276

for rotary gaps, number of, 282

Energy, dissipated, in the core, calcula-

tion, 627

approximate, 630

by eddy currents, 626

in pulse-transformer windings, 660

stored in magnetic field, 627

Energy density, average, in coil, 541

in core, 541

Energy loss, 626-633

Energy reservoir, comparison of a con-

denser and an inductance as, 23-25

{See also Condenser ; Inductance)

Energy transfer, maximum, 533

Equivalent circuit, for pulse-transformer

core, 626-633

{See also component for which equiv-

alent circuit is given)

Erosion of electrodes of fixed gap, 319—

321

Evans Signal Laboratory, 342n.

F

Fe-I gap, 328

5C22 thyratron, 138, 341, 455

5D21 tetrode, 100, 104, 132, 472

527 triode, 106

Fixed gap, aluminum-cathode, 298

designs of, 321-323

cathode and anode erosion of, 319-321

cylindrical electrode, 295

cylindrical-electrode aluminum-cath-

ode, 318-327

enclosed, 294r-335

Fixed gap, iron-sponge mercury-cathode,

327-332

designs of, 328

mercury-cathode, 295, 303

{See also Series gap)

static- and dynamic-breakdown volt-

ages of a single, 296

three-electrode, 332—335

hydrogen-filled, 335

types {see listing under O)

Fixed gap design, general considerations

for, 31fi-318

Fixed gap dissipation, 324-326, 331

Fixed spark gap {see Fixed gap)

Fletcher, R. C., 680n.

Fluharty, R. G., 274n., 326n.

Flux density, 538

distribution of, 623

incremental, 537

Fluxplot, for typical pulse-transforming

winding, 659

Fosterite, 557, 649, 650

Foster^s reactance theorem, 193

Foster’s theorem, Cauer’s extension of,

194

4C35 thyratron, 138, 341, 479

Fourier-series, 187

Frank, R., 656n.

Frequency response, of pulse transformer,

591-598

of transformer, oscilloscope presenta-

tion of, 595

Full-cycle charging, 394-397, 449

Fundingsland, O. T., 443n.

G

Ganz, A. G., 623n., 628n., 633n.

Gap in the core, 601

{See also Fixed gap; Rotary gap;

Series gap)

Gap length of the core, optimum, 602—604

Gap restriking, 279

Gap spacing, 320

Gaps, number of, vs. voltage range, 300-

302

Gardner, M. F., 27n.

Gas, for fixed gap, choice of, 316

for rotary gaps, 280

Gas cleanup, 336

Gas pressure, 320

Gaseous-discharge switch, 10, 14, 175
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GE 68G627 pulse transformer, 129, 150

General Electric Company, 355n., 373,

400-402, 408, 557, 559, 614-615, 638,

649

Geometry of fixed gap, determination of,

318

Germeshausen, K. J., 312n., 335n.

Gibbs phenomenon, 187

Gillette, P. R., 522n.

Glasoe, G. N., 662n., 707n.

Glick, H. L., 327n.

Goucher, F- S., 274n., 295n., 316n., 318n.,

327n., 331n.

Grid, power dissipation in, 97

Grid circuit of hydrogen thyratron, 349-

354

Grid current, 97

Grid drive, positive, 91

Grid-driving power, 157

Grid swing, 92, 119

Guillemin, E. A., 189n., 193n.

Guillemin networks, 200-203

current-fed, 211-213

type A, 212

type B, 212

type C, 212

type F, 212

voltage-fed, type A, 201

type B, 201

type C, 201

type D, 201

type E, 201

Guillemin’s theory, 189-207

H
Half-cycle charging, 397-400

Half-wave single-phase charging, 476-478

Hanna, C. R., 377n.

Hard-tube pulser, 5, 6-8, 19-172

application of pulse-shaping networks

to, 165-172

comparison of, wdth line-type pulser,

13-17

high-power short-pulse, 160-165

lightweight medium power, 140-152

IMw, 152-160

output circuit of, 21—89

required switch characteristics of, 90-

98

two arrangements of use of pulse

transformer with, 74

Haynes, J. R., 295n., 303n.

Heat dissipation, 151, 459

Hibbard, L. U., 693n.

High-reactance transformers, design of,

407-414

Hipersil pulse-transformer cores, 610
Hold-off diode, 163, 381, 414-416, 456

{See also Charging diode)

Hull, A. W., 274n.

Hydrogen thyratron, 335-354

anode circuit of, 344

control-grid characteristic in, 338
grid circuit of, 349-354

life of, 341

operating characteristics of, 336-344
operation of, 339

series and parallel, 342

tube characteristics of, 339

Hysteresis loop on an oscilloscope, 639-
641

(See also B~H loop)

Hysteresis loss, 627

I

Ip-] p curve, 111-118

Ionization, residual, 297

Ionization time, 345

Impedance, a-c, 177

characteristic, 176

of pulse-forming network, 9, 129

instantaneous, 437

internal, of pulser, 4

mismatch, 417

of a network, measurement of, 221

Impedance characteristic, of a cable, 670

of a pulse transformer, 522-526

Impedance-matching, 4, 9, 13, 16, 227

cable, 671, 677

to load, 70-76

and transmission cable, 669-673

Impedance mismatch with long cable,

reflection effects of, 84-89

Impedance transformation ratio, of trans-

former, 10

Inductance, as the energy reservoir, 23

Inductance charging, from an a-c source,

380-386

(See also A-c charging)

from d-c power supply, 356-380

efficiency of, 363

Inductance measurements, 366-372
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Inductive kicker, 305-307

Ingram, S. B., 295n.

Input capacitance of load, 536

Insulating materials, measurements on,

653

Insulation for pulse transformers, 64&-655

Interlaminar insulation, 638

Interlaminar resistance, 636-638

Interpulse interval 16, 54, 119

Iron-sponge mercury-cathode gap (see

Fixed gap)

Isolating element, 6, 12, 52

average power dissipated in, 59

effect of inductance of, on charging of

storage condenser, 67

high resistance as, 52—61

inductance, 61-69, 145

inductive resistor as, 61-69

principal advantages of inductance as,

68

resistance, 153

J

Jitter, time {see Time jitter)

Joos, G., 501 n.

K

Keyers, 1

Kicker, inductive, 305-307

Kraft paper, 551

Krulikoski, S. J., 344/1., 347n.

I

Laplace-transform method, 27, 175

Leading edge of pulse (see Pulse)

Leakage core, 400

separate, 409

Leakage inductance, 506, 511-516

calculation of, 512

measurement of, 515

of transformer, 400

Leakage-reactance-core gap, 411

Lebacqz, J. V., 274n., 468ri.

Linear charging, 12, 361

Linearity requirements for a-c charging

transformers, 401

Line-simulating network, 124, 180

(See also Network)

Line-type pulse generator with a magne-
tron load, 573

Line-type pulser, 5, 8-12, 173--496

characteristics of, 233-244

charging circuit of, 355—416

measurement in, 690

comparison of, with hard-tube pulser,

13-17

discharging circuit of, 225-272

efficiency of, 13, 16, 249

equivalent circuit, 236-238

performance of, 417-447

switches for, 234, 273^354

Line-type pulser characteristics, 233-244

Line-voltage variation, 117

Load, coupling to, 70-76

direct-connected, 73

duration of pulse at, 226

dynamic resistance of, 3, 33, 78, 110

energy dissipated in, 226

linear, 3

nonlinear, 3

open circuit in (see Open circuit)

pulse power in, 226

resistance, 177

short circuit in (see Short circuit)

static resistance of, 3, 110

transformer-coupled, 73

Ix)ad characteristics, effect of on pulser

regulation, 108-118

Load current, change in, during a pulse,

58

reducing the change in, 166

Load current variation, 117

Load dynamic resistance, 78

Load effect on pulser operation, 418-423

Load impedance, effects of change in,

417

Load line, 238-244

Load voltage, 469

Loss, series, 237, 238

shunt, 238

M

MacColl, L. A., 619n.

MacFayden, K. A., 635//.

McIntosh, R. 0., 693n.

Magnetic-path length, mean, 599
Magnetic shunt, 400

Magnetizing current, 522
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Magnetron, current voltage character-

istic of, 32, 702

mode-changing of, 206, 417, 438-441

mode-skipping, 439

normal operation of, 435-438

pushing figure of, 118

sparking of, 425, 441-447, 707

Magnetron current, average, 146, 155,

253

Magnetron-input characteristics, 435

Magnetron load, 527

pulser performance with, 435-447, 707

Marx circuit, 494

Maxwell’s equations, 618

Measurement {see quantity measured)

Measuring techniques, 661—709

Mechanical-design considerations for ro-

tary gaps, 283-289

Megaw, E. C. S., 693n.

Metering techniques in pulse measure-

ments, 692-709

Mica, 215

Minimum departure areas, equivalent

rectangular pulse by, 716-720

Mode changing of magnetrons, 206, 417,

438-441

Mode skipping, 438

Mode-skipping magnetron, V-I charac-

teristics of, 439

Modulators, 1

Moody, F. N., 500n.

Motor, 285

Multiple-switch circuit for voltage mul-

tiplication, 494—496

Multiple-switch multiple-network cir-

cuit, 485-488

Multivibrator, biased, 132

Multivibrator driver, 132-139

N

Naval Research Laboratory, Anacostia,

D.C., 171

Network, average power supplied by, 253

current-fed, 8, 25, 135, 175, 207-213

of equal capacitance per section, 196-

200, 203-207

Guillemin, 200-203, 211-213

initial charge on, 176

inverse voltage on, 427

line-simulating, 124, 180

Network, mutual inductance, 199

pulse-forming, 8, 175, 224, 225, 234, 356
cable as, 164

characteristic impedance of, 9, 129
current-fed, 25

voltage on, 454

type A, 201, 212

type B, 201, 212

type C, 201, 212

type D, 201, 205

type E, 205, 213, 219

type F, 201, 212

voltage-fed, 8, 175, 189-207

Network attenuation, 222

Network capacitance, 454

Network-charging circuit, 12

Network coils, 213-215

construction of, 221

Network condensers, 215-221

Network impedance, 176, 181

Network impedance function, 181

Network phase shift, 222

Network storage capacitance, 176

Network voltage, 358, 388, 395, 398, 424,

455

Networks, derived from a transmission

line, 179-189

Nickel-steel pulse-transformer cores, 61

1

Nickel-steel punchings for pulse trans-

former cores, 611 '

Nonlinear circuits, 429-431

Nonlinear-inductance circuit, 471—476

O

Oil-impregnated paper, 215

Oil-impregnated paper insulation, 651

1B22 gap, 321, 322

1B29 gap, 321, 322

1B31 gap, 321, 322

1B34 gap, 322

1B41 gap, 322

operating range for, 324

1B42 gap, 328

1B45 gap, 322

1B49 gap, 322

1-Mw hard-tube pulser, 152-160

Open-circuited lossless transmission line,

176

Open circuits, 431—435

in load, 417
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Operating characteristics, of aluminum-

cathode gap, 323

of hydrogen thyratron, 336-344

of iron-sponge mercury-cathode gap,

329

Opposing-pin rotary gap, 287

Oscillations on top of the current pulse,

265

Oscilloscope, 662—665

high-speed, 664

use of in pulser measurements, 662-692

Oscilloscope presentation frequency re-

sponse of transformer, 595

Output circuit of hard-tube pulser, 21-89,

141, 153, 160

basic, 21-25

with biased-diode load, 32-51

with high resistance as isolating ele-

ment, 52-61

with inductance or inductive resistor

as isolating element, 61-69

with a resistance load, 26-31

Output power regulation, 77

Overload relay, 433

Overshoots, 179, 187

P

Parabolic fall of pulse, 191

Parabolic rise of p’ulse, 191

Parallel-pin rotary gap, 287

Peak current, 470

Peak power, 69

of pulse, 3

Peek, F. W., 294/1.

Performance, of high-power airborne

pulser, 461-463

of high-power rotary gap pulser, 451

of line-type pulsers, 417-447

Permafil, 557, 649, 650

Permeability, d-c, 510

d-c incremental, 601, 632, 634

effective, of the core, 537

PFN {see Pulse-forming network)

Philco Corporation, 140

Plate-current—grid-voltage characteris-

tics, 99-101

Post-pulse voltage, 691

Power, average, 466, 483

dissipated in shunt elements, 69

Power dissipation, 104

Power factor and dielectric constant,

652

Power input, average, 470

to pulser, 151

Power loss in pulse-transformer windings,

660

Power output, average, 470

of pulsers, 3

Power supply, 14, 455

average current, 149

voltage-doubler, 148

Power-supply voltage, 73, 77

Power transfer, 227, 232, 238-244

maximum, 500-503

Power transfer to the load, 69-89

Pre-fire, 297

PRF, 3, 123

Protection, of circuit elements, 433-435,

457

Protective measures, 151, 160, 431

Proximity effect, 547, 658-660

Pulse, })ackswing on tail, 569-571

change in load current during, 58

current, 3, 320

{See also Current pulse)

equivalent rectangular, by conserva-

tion of energy, 711-716

by minimum departure areas, 716-

720

leading edge of, 2, 255-257

{See also Pulse, rise of)

parabolic fall of, 191

parabolic rise of, 191

peak power of, 3

rectangular, 177, 711-720

rise of, 2

on a magnetron load, 565-568

on a resistance load, 563-565

(See also Pulse, leading edge of)

sinusoidal power, 714

sinusoidal spectrum distribution, 718
top of, 2, 257

trailing edge of, 2, 258-261

[See also Pulse tail)

triangular power, 713

triangular spectrum distribution, 718
Pulse amplitude, 710-722

average, 69

definition of, 710

Pulse cable, 255, 231

between pulser and load, effect of, 271
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Pulse characteristics, 98

{See also Characteristics)

of tubes of receiver type, 102

Pulse-coding {see Coding, pulse-)

Pulse current, 3, 320, 447

change in, 165

Pulse droop, 509, 568, 569, 674

{See also Current pulse droop)

Pulse duration, 2, 15, 119, 123, 136,

226, 236, 320, 447, 456, 534, 544, 710-

722

change of, 16

continuously variable, from 0.5 /nsec

to 5 /Lisec, 158

definition of, 710

equivalent, 251, 710—722

maximum, 587, 634

range of, 127

from 0.1—0.5 /usec, 160

from 0.3 /usec to 0.15 /nsec, 160

Pulse energy, 184

Pulse-forming network {See Network)

cable as, 164

Pulse-forming-network driver, 1^2—ISt;

Pulse generator, basic circuit of, 5

regenerative, 124

Pulse generator output transformer, 500

Pulse hysteresis loop, 641—648

theoretical construction of, 634-636

{See also B-H loop)

Pulse magnetization, 613-626, 633—638

Pulse measurements, 667-687

Pulse plate current, 95

Pulse power, 3, 69, 238-244

Pulse-power output, of the driver, 119

vs. transmission-line voltage, 229

Pulse recurrence frequency {see PRF)
Pulse shape, 2, 13, 16, 179, 188, 190,

207, 220, 534, 687

computed and actual, 261-272

effect of discharging circuit on, 255-261

optimum, 552

on a resistance load, 573

{See also Wave shape)

Pulse shapes obtained from hard-tube

pulser, calculations of, with

biased-diode load, 33-51

with resistance load, 26-32

effect of measuring circuit on, 678

effect of pulse transformer and cable

on, 81-84, 88

Pulse shapes obtaiped from hard-tube
pulser, effect of |hunt capacitance
and load resistance, 31

examples of, magnetron (biased-diode)

load, 38, 46-49

sloping top or droop, 51, 56-58
Pulse shapes obtained from line-type

pulser, effect of cable on, 271, 272
effect of circuit parameters on, 262, 266-

268, 440

effect of magnetron sparking on, 442
magnetron load, 271, 272, 715, 719
multiple pulses, 491, 493
with non-linear inductance switch, 472
with various types of PFN, resistance

load, five-section, 183, 205, 715
one section, 203, 715

six-section, 188, 189

three-section, 204, 715

two-section, 204, 715

type E, 207, 220

Pulse shapes obtained from regenerative

driver, 126, 128, 130

very short pulse duration, 165

Pulse shapes obtained from regenerative

pulse generator, 590

Pulse-shaping circuit, 177, 473

Pulse tail, 2, 183, 189, 569

oscillations on, 571-573

{See also Pulse, trailing edge of)

Pulse top, on magnetron load, 569

on resistance load, 568

Pulse transformer, 9, 225, 235, 497-660

advantages of, 78

bushings for, 654

charging inductance of, 526-530

coil material for, 648—660

connectors for, 654

core materials for, 609

current modes in, 528

design, 532-562

methods for, 536-555

elementary theory of, 499-531

equivalent circuit, 508—510

values of elements, 510

frequency response of, 591-598

GE 68G627, 150

with hard-tube pulse generator, 566

insulation for, 648-655

iron-core, 124

with line-type pulse generator, 567
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Pulse transformer, operating data for, 558

power output, Jll

design of, 547—554

power-transfer efficiency of, 71

primary inductance, 510

for regenerative pulse generator, 511

design of, 543-547

time delay in, 85, 272

two arrangements for use with hard-

tube pulser, 74

typical design specifications for, 561

typical designs, 555-562

for very high resistance load, 554

for very high voltages, 555

winding schemes for, 517, 518

wire for, 655-660

Pulse transformer cores, equivalent cir-

cuit for, 626-633

various types of, 606

Pulse transformer coupling to load, 70-76

effects of, 78-89

Pulse-transformer effect on pulse shapes,

563-575

Pulse transformer materials, 599-660

Pulse transformer parameters, effect on

circuit behavior, 563-598

effect on regenerative pulse generators,

575-591

Pulse voltage, 3, 537

change in, 165

rate of rise of, 77

Pulse voltmeters, 692-701

intrinsic error of, 694—698

Pulsed bridge circuit, 222

Pulser circuit, direct connection, 70

Pulser-circuit efficiency, 470

Pulser design, switch-tube characteristics

affecting, 93-98

Pulser efficiency {see Efficiency, pulser)

Pulser load line, 243

Pulser performance, with magnetron

load, 435-447

Pulser power output, effect of stray

capacitance on, 76

Pulser regulation {see Regulation, pulser)

Pulser switch {see Switch, pulser)

Pulser, coded, 486

comparison of hard-tube and line-type,

13-17

hard-tube {see Hard-tube pulsers)

high-power airborne, 454-463

Pulser, high-power rotary-gap, 448-454

performance of, 451

light-weight, medium power, for air-

borne radar systems, 140-152

line-type {see Line-type pulsers)

Model 9, 152-160

multiple-load, 480-483

multiple-network, 463-468

multiple-pulse line type, 484-494

thyratron bridge, operating data for, 480

vest-pocket, 140

Pulses, formation of, 175-179

shaping of, 175-179

Pushing figure of magnetron, 118

Q

Q of charging circuit, 359

R

Radial-pin rotary gap, 287

Rate of rise, 689

of trigger pulse, 350

of voltage, 447

Rational-fraction expansions, 185

Rayleigh's principle, 179-183

/?C-differentiator, calibration of, 685

RC divider, parallel, 667

i?C-divider, series, 675

Recharging current, average, 154

Recharging path, inductance for, 39-51,

144

resistance for, 33-39, 144, 163

Rectifying rotary gap, 476

Recurrence period, 358

frequency, 123

Redfearn, L. W., 619n., 649n, 655n.

Reflection effects caused by impedance
mismatch with long cable, 84-89

Reflections, 178, 670

Regenerative driver, 124-132, 150

Regenerative pulse generator, 575-591

{See also Pulse transformer)

Regulation, 16, 77

pulser, 244-249

effect of switch-tube and load char-

acteristics on, 108-118

transient, 244

against variations in load charac-

teristics, 247-249

against variations in network volt-

age, 245-247
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Rehkopf, H. L., 446n., 632n., 646n.

Reignition voltage, 346

Relay {see type of relay)

Resistance charging, 487

Resistance divider, 668

Resonant charging, 12, 360, 381, 386-393,

418

Reverse current, 511

effects of, 331

Reverse magnetic field, 605-607, 644

R-f envelope viewer, 706

Rieke, F. F., 165n.

Rise of pulse {see Pulse)

Rms current in a-c resonant charging

circuit, 390

in the transformer, 483

Roberts, D. T., 334n.

Rotary-gap efficiency, 289

Rotary-gap geometry, 276-280

Rotary-gap performance, 289-294

Rotary gaps, 273, 275-294

breakdown field of, 291

breakdown time of, 275

electrical considerations in design of,

276-283

mechanical design considerations, 283-

289

motor and housing, 285

with holes in insulating disk, 287

opposing-pin, 287

parallel-pin, 287

performance of, for d-c resonant charg-

ing, 291

for a-c resonant charging, 291

radial-pin, 287

rotor, size of, 283

types of, 286-289

Rotary spark gap {see Rotary gap)

Rudin, R., 693n.

S

Saturation, of reactor core, 364, 370

Screen-grid voltage, 108

Self-synchronous, 663

Series gap, 274

division of voltage across, 312-315

general operating characteristics of,

296-304

two and three gap operation, 302—303

{See also Fixed gap)

Series spark gap {see Series gap)

715 B tetrode, 104, 115, 126, 147
715 B tube, 115

Shielding, 688

Short circuit in the load, 248, 417, 423-
431, 457

Shunt capacitance, 26, 30, 161, 251
Shunt diode, 44, 146, 154, 348, 426-429,

433, 443, 455

8020, 154

Shunt inductance, 251

Shunt losses, 69

Siegel, S., 454n.

Signal presentation, 662-667

Single-switch multiple-network circuit,

492

6AG7 tube, 135

6C21 triode, 100, 106, 132, 157

6D21 tetrode, 100, 106, 163

6SN7 triode, 106

Skin depth, 659

Skin effect, 547

Slack, C. N., 274n., 316n.

Slater, J. C., 523n.

Spark gap, 175

{See also Fixed gap; Rotary gap;

Series gap)

Sparking, of magnetrons, 417, 425, 441-

447, 707

Spectrum analyzer, 706

Spectrum distribution of pulses, 718

Spike, current, 188

current pulse, 436, 567

on top of the pulse, 102

Squirted flux, 530

Static resistance of lo:.d, 3, 110

Steady-state theory, 183-185

Storage condenser {see Condenser, stor-

age)

Stray capacitance, 508

Stromberg-Carlson Company, 140, 141

Sullivan, H. J., 312n.

Sweep calibrator, 665

Sweep speeds, 663

Switch, average powder dissipated in, 92

bidirectional, 418, 424

effective resistance of, 23

gaseous-discharge, 10, 14, 175

for line-type pulsers, 273-354

requirements for, 273

pulser, 5, 356

unidirectional, 342, 418
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Switch unidirectional, circuit using, 423

vacuum tube, 6

vacuum tubes as, 90-118

resistance of, 7

voltage drop in, 22

Switch characteristics required for hard-

tube pulsers, 90-98

Switch operation, typical, 298-300

Switch resistance, effect of, 269

Switch tube, 225

average power dissipated in, 22, 92

characteristic curves for triode and

tetrode, 98—108

power dissipation in, 73

Switch-tube characteristics, affecting pul-

ser design, 93-98

effect of on pulser regulation, 108-118

Switch-tube current, 92

Switch-tube operation, above knee of

/p-Fp curve, 111-114

below knee of Ip-Vp curve, 114-115

Switch-tube resistance, 78

Switch tubes, enclosed-gap types, 321,

322, 328, 333

hard-tube types, 95, 96

hydrogen-thyratron types, 340, 341

oxide-coated cathode, 93, 95

sparking in, 93, 95

thoriated tungsten cathode, 93, 95

Synchronous, 663

Synchroscope, 662—665

Synchroscope input impedance, 670

T

Tail-biting circuit, 133

Teflon, 650

Terman, F. E., 91/1.

Tetrode, 92

characteristic curves for, 98-108, 110

3D21, 105, 115

3E29, 135, 157

5D21, 100, 104, 132, 472

6D21, 100, 106, 163

715 B, 104, 115, 126, 147

829, 105, 123, 126, 132

Thermal relay, 434

Three-gap operation, 302

possible circuits for, 303

Thyratron bridge, 478-480

Thyratrons, 175, 274

hydrogen {see Hydrogen thyratron)

Thyratrons, 3C45, 138, 341

4C35, 138, 341, 479

5C22, 138, 341, 455

mercury, 335

Thyrite, 429

Time jitter, 15, 16, 120, 129, 278, 284,

295, 299, 326, 330, 334, 351, 471

Time lag, 275

Time of rise, 206

of ripple, 206

for the voltage pulse, 80, 683

Tonks, L., 274/1.

Top of pulse {see Pulsp)

Trailing edge of pulse {see Pulse)

Transformer, distributed capacitance for,

507

current, 574

high-reactance (see High-reactance

transformers)

impedance-transformation ratio of, 10

isolation, 512

noninverting, 535

pulse {see Pulse transformers)

for regenerative pulse generator, 500

stepdown, 510

stepup, 510

transmission delay of, 525

voltage-transformation ratio of, 10

Transformer dissipation of energy in core,

508

Transformer equivalent circuit, 503-508

Transformer theory, general, 499-510

Transformer voltage, 483

Transmission cable and impedance
matching, 669-673

Transmission delay of a transformer, 525

Transmission line, 177

lossless, 176, 226

short-circuited, 209

Transmission-line admittance functions,

185

Transmission-line capacitance, 228

Transmission-line impedance function,

181

Transmission-line voltage vs, pulse-power

output, 229

Transmission time, 177

Trapezoidal wave, 190

Trigatron, 295, 332

CV85, 332

CV125, 332
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Trigger circuit, condenser-discharge, 307—

311

using a saturable-core transformer, 31

1

Trigger-coupling condensers, 297, 312,

314

Trigger generator, 304—312

Trigger pulse, 119

rate of rise of, 350

Trigger voltage, 302, 330, 334

Triggering, parallel, 124

series, 124

Triode, 92

characteristic curves for, 98-108

6C21, 100, 106, 132, 157

6SN7, 106

304TH, 100, 104, 123

527, 106

Tube dissipation, 345

Tube drop, 345

of hydrogen thyratrons, variation with

time, 344

Tubes, of receiver type, pulse character-

istics of, 102

{See also specific type of tube)

Turns, number of, 538

2050 tube, 123

Two-gap operation, 302

Type A Guillemin network, 201, 212

Type B Guillemin network, 201, 212

Type C Guillemin network, 201, 212

Type D Guillemin network, 201, 205

Type E network, 205, 213, 219

Type F Guillemin network, 201, 212

U

Undercurrent relay, 433

U.S. Signal Corps, 693?i.

V

Umax, definition of, 297

Fmin, definition of, 297

Fstart, definition of, 297

y-/ plots, 675-680

Vacuum-tube switch (see Switch, vacuum-

tube)

Varela, A. A., 171

Vershbow, A. E., 459n.

Voltage current characteristics of mag-
netron, 32, 702

Voltage differentiator, 680-687

Voltage distribution along the windings

of transformer, 519

Voltage dividers, 666

for series gaps, 312-315

Voltage-dividing resistors, 297, 312, 314

Voltage drop across three fixed spark

gaps, 325

Voltage-doubler power supply, 148

Voltage-fed network, {see Network)
Voltage pulse, average amplitude for, 69

Voltage pulses, and time derivatives, 681

short, and time derivatives, oscillo-

scope traces of, 685

Voltage range, of CV125, 334

vs. number of gaps, 300-302

Voltage rate of rise, 447

Voltage stepup ratios, 396, 398, 420

Voltage supply, 16

{See also Power supply)

Voltage-transformation ratio of trans-

former, 10

von Hippel, A., 653n.

W
Wave shape, charging current, for d-c

charging, 362

charging voltage, for d-c charging, 362

in a-c charging, 408

current, for a-c nonresonant charging,

399

for a-c resonant charging, 389

voltage, for a-c nonresonant charging,

399

for a-c resonant charging, 389

{See also Pulse shape)

Webster, A. G., 179n.

Western Electric Company, 560, 614, 615

Westinghouse Research Laboratories,

458-461, 463, 557, 559, 614, 615, 649

Whittaker, E. T., 18571.

Winding schemes for pulse transformers,

517, 518

Wire for pulse transformers, 655—660

Woodbury, R. B., 74n., 102n.

WX3226 gaps, 299, 320-322

WX3240 gap, 320-322

Y

Young, R. T., Jr., 662n., 707n.

Z

Zeidler, H. M., 589n.
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