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1.1 ANIEGNAS IN PLASHA

The study of the behaviour of electromagnetic
sources in plasna medium has been of immense interost among
the resegrch workers for the last two degades, Thie is
nainly due to ite relevance to space communication, re-
entry problems, ionospheric physicd and plaema diggnostics,
The theory of sources in plasma and wave propagation
through the pleema 18 now considered as a major branch of
alectromggneticas, Extensive reviews and bibliographies
on antennas in plasma have been given by Felsen (1£64),
Wait ot al (1S64), Bachyneki (1967), Balmain (1972) and
Preispetal (1975),

The behgviour of antennas in plgsma is a very
conplicatod phenomenon, It is characterised not only by
the geometry and the current distribution of the antonna
but also by the properties of the sheath region and the
plasma surrounding the antenna, 4 plasna medium, unlike
the free space, is dispersive, lossy, inhomogeneous and
compressible. It is gnisotropie in the preseonece of an
extornal nggnetic field, Moreover, a nom=-uniform region
or sheath is aleo genergted around an antemna when it is
immersed in the plasma, Various effects like, the modifi-
cation of antenna current distribution and radistion pettern,
ionization enhanced voltsge breaskdown and transsisaion

effects such as, roflection, attenuation and phase shift



drastically degrade the performance of the antenna surrounded
by & plasma, The near flelds of the antenna also subject the
anbient plgema to very strong nonlinegr slectromagnetio
fielde which cause plasms heating, resonances and other
conplicgted effeots.

It can be reallised that a rigorous analyels of the
chgracteristics of an antenna in a plasma, taking into account
all the pertinent effecte and properties of the plaema is a
fornidable task, The gnalytical diffieulties prompted the
research workers to use various simple plasma models and
various simplifying assumptionsy to gain some insight into
tae varlous aspects of gntenna behagviour in 5 plaswa mediunm,
The verious gpproaches to the study of antenne charascteristics
in a plaosma hyve been claessifiod by Bachyneki (1967) in the
following categories. '

1) theoretical analyees using highly idegli sed

siuple models,

41) semi~rigorous theoretical analyses, and

141) an intermediate approach to the theoretical
analysls with aes nuch experimental verificg~
tion as ia possible,

The first spproach con be used to analyse almost an
infinite nunber of idesllzed problems gnd s oonsidersble in-
sight can be gained about the various aspects of antenna

behaviour in plasma, However, the resulte may not be directly
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applicagble to any physical situation, eince the validity of
the approximations is not known.

The semi-rigorous analysis involves coneiderable
difficulties in phyesics and mathematicss And more often
the obtgined results are not in a usable form snd require
further simplifications, However, this appromeh provides
a better understanding of the physics of the problem,

The last approach provides a grsdual and better
understanding of the physics of the situation, But the
oxperiments on gntenngs in plasma are quite sophisticated,
time coneuning and have wany limitations,

The studies on sources in plasma ocan de broadly
divided intoc two groups, (i) study of sourges in unbounded
piracmas; concerning with the gntennas aboard the satellites
and space~vehicles moving through an unbounded media such
as the ionogphere, and (ii) study of sources im bounded
Plaoemas concerning with the sources abogrd the space~vehiclas
surrounded by the re-entry plasmz layer or the ioniged rockast
oxhaust and the gources in laboratory plgomas,

Several simple geometries of unbounded plasmas sugh
a8, grounded or ungrounded plasma 8labs, plasma oylinder,
conical platna layer and plasma sphere ete, have been consi-
dered for theoretioal analyses. In the carly thecretical
studies of sourges on space~vehicles the curved surfaces of

the space vehiocle end the surrounding plasma layer ware



approximated by an infinite plene grounded plasma slab, for
vavelengths which are small as compared to the size of the
vehicle, In some cgetcs ac ungrounded plasms slab has also
been ccnsidered by introducing a free space or dieleciric
layer between the plasma and the grcund plgno which accounts
for the sheath region in the immediate viclnity of the space-
vehicle, When the wavelength is comparable to the size of

the spaco-vehicle, the curvature of the vehicle surface and
the surrounding plaona lgyer nust be tsken into account, 4
plasma clad cylinder is generelly considered as a Rathematical
rodel of the space~vehicle since 1% represente the aft-portion
of nany re-entry vehicles, The cylindrical geomebtry is also
ccngidered for most of the thooriss related to the lgboratory
plesmae. The conical and spherical plssnag goometries have
alec bean stucdled in some casas.

Various simple models of the plasma have been uged
in the theoretical analyses, The complexity of the analysis
increases when g more repglistic plasma model is considered,
The simplest plasma model used in most of the theoretical
work is the hydrodyaszic or the continuous fluid model, In
this model the properties of %he plasmg are given by the
averpgge behaviour of the particlee cenptituting the plasma,

A plasua Ray congist of three types of parvicles; tbe elec-
trens, the ions and the neutrals, Consequently, thres hydro-
dynsnic models are pospible nanely, the single-fluid model

(electrons), the double=fluid model {eleotrons and ions), and



the triple-fluid model (electrons, ions and meutrals), In
most of the analyses concerning with the gntennae in plasma,
the single~fluid model is gdopted,

A further classificgtion of the plesma models can
be mgde on the basis of whether the plasma is considered to
be ipotropiec or grigotropic, homogeneous or inhomogeneous,
logsless {collisionless) or losey (collisional) usnd compres=
gible (warn) oy incompressible (evld)s A plasmea, when
subjected to s magnetic field, becomes anisotropie and it is
charpcteriged by a tensor peruittivity, It can support tvo
types of elaciromagueiic wgve nodes knoun as the ordinary
weve and the extreg-ordinery wave. The isotropic plasma is
chgracteriged by g scaler pernittivity and supports only one
glectrongguetic wave mode, Alucet gil iho real plesmee hgve
o spatial ¥erigtion or inhomogeneity of plasma density, in
exact soluticn of the problem for u reglistic plasma density
profile raraly existe and one usually resorts to the approxi-
ngte solutions, The collieions among the cherged particles
and the neutrals make the permittivity of the plesrca a complex
quantity. The complex peruittivity further complicates the
anglyesis of a given problem and S50 the mssumption of a colli-
gionless pPlrsma 1s genersglly made, A placme iz termed as
comprassibla, 4if the thormsl volocitisa of the particles are
sufficiently high and a pressure gradient exists, In a com~
preswible placma the longitudinal gcoustic wave modes nre

also possible in addition to the eleatromagnetiq wave nodes,
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The number of the longitudinal wsve modes is egual to the
nunber of species of the particles constituting the plasma,
A coupling between various acouctical wave modes snd between
the eleotromagnetic and the acousticsl wave modes may further
increase the complexity of the problem,

The chgracteristice of a variety of antennas in
plasma have been studied in the literature, The uajority
of the work on antennas in plaema is devoted to Hhe theoretis-
cal analysis and the experimental studies have boen compare
tively very few, <he various simpie tyves of gntennas which
have been extensively studied in the literature ares the
short electric and magnetio dipcles, cylindrical dipoles,
line eources, electric and magnetic ring sourcea, biconical
antennas; slote, open-wasvegulde gperturesy horns, axial and
clroumferuntial siote on the conducting cylinders and slotted
ephere etc, The major emphasis of those gtudies hasa bheen
on the redietion pptterne and impedance charaseteristies with

a Vvinv to understgnd the re-entry problems,

1,2 STUDIES Gl DY A0Wge AWTBNEAS

it bus emerged from the otudiee on antennas in Plasng
that a Plaska layer cen support tho complex waves of the
surface and ths logky-wave types (Iguir eua Oliver 1262, 1€63) ,
Thooe gulhors have ghiven o dotelled discuspion of the various
types of complex waves which can be pupported by au isotropieg

plosma layer and their influsuce on the pedistion frum the



source excited plasma layer. The surface waves are shown

to exist for frequencies that are smaller than the plasma
frequency wkereas the legky~waves are found to be dominant
when the scurce frequeancy is bigner than the plasua frequency.
The rgdistioa from a surface wave occurc when it emcountera
a digcontinuity along the guiding structure, on the other
band, e leaky wave continuously radiates energy ecs it pro-
pagates along the guiding structure, The detailed treatments
of the surface wave gntennas hove been given by zucker (1961,
1¢69), The laaky wave antennas have besn disocussed by
zueker {1£61), Tauir (1968) and others,

Ine loaky waves on & plasma 3lgb gre found to radigte
at an oblique angle negr vhe critiesl optical angle (Igmr
i%62)s Since tvhe oritical opticesl aungle depends upon the
permittivity of vhe plasua relgtive to thet of the surround-
ing mediumy the direction of the radiation peak can be changed
by changing the permittivity of the plesmay, Similer cbserve
tions were fDade by Gupte {(ID7?0) for the case of an isotropic
plasma coluvnn excited by a magnotie ring scurce snd it was
proposed ithat the pigona column Lveslf can be used as an
sntennad.

Several other authore ha¥e slso suggested that a
plasea ocoluman cgnm be used me an pntenna, Sgmaddar (1963 —
1964) studied the septtering of chliquely incicdent plane waves
from an anisotropic plesma column gnd predisted the feasibility

of uveing the pnisotropioc plasra column as an elegtronically



scanning antenna.

Kaufmgn and Steder (2€63) experimentally studied the
radiagtion characteriotics of a plasma column gntenna. A gas
discharge oolumn was used as a tubsble antcnne at Se~band. The
plasna solunn wae oxeited in the dipolar resonance (w = mp/fz 3
© = pource frequency, @ = Plasma freguency) by means of @
parallel wire tragnsmission line, The radiation charaecteristiocs
were those 0f a line of pgrellel dipolaes orientod perpendicular
to the plasve coiunn, The plyens-entsnna coull be slectroni-
cally tuned by changing the discherge curront, Conitrary to
the commnn bellef thet sueh a plastha anicnna would be greatly
lossy dua to %the presence of collieionme in plasme, the radis-
tionp with negligible plesma losses  were obtapined, The
radiastioms from the plasma column were also found at pleama
denpities other than thet for the dipolur resonarce. At the
plaese d6na3diioes higher thun that for the dipolar resonance,
enhanced radiation pepgks were cbesrved at an oblique angle,
Thess radiatlona at the obligqwe angle were consideres to be
due to Yhe oxcitation of aurface wavea on the plaema columen,
In a rather 3ifier int aituadion; Ghose (1£67) has prorosed
the use 0f a plasma column as a receiving aatenna in a nuclegr

environment,

Becontly, Levitoldy end Burykin (1973, 1974) have
npde a remerkable theorvtical end experinental study of radig-
tion due to surface waves on narrow plesms columns containegd

in straigh% and bent tuben, ZTine bent tube offered s promiment
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discontinuity to the surface waves and hence g bigher radig
tion efficiency was obtained, Burykin et al (1¢76) have
also presentcd the theocrcticagl 2nd experimental results of
the radiation due to surface wavee on a plasmeg column having
non=uniform radiug,

Now we rezturn to the studies on radiation from lesky
vavee on the plasma surfaces and confine our attention to ths
evYinédricel plinzme gsometrisa, The infinitely long oylindri.
ca) geometry is proferred over the infinite slab geometry
becnuse the former hap cnly one of its dirensions, i,e, the
length unbounded whereas the lster hes toth of ite pides
vnbounded, horsover, a cylindrical Plesma column is most
readily produced in the laborastory.

Herrde (1863) bes ctvdied tbe rgdiction from a mage
netie iinc soursce aniplly oricnted en g condueting cylinder
surrounded by a rultiple layercd plasms. Large narrox radia-
tion peaks were obtgined in the radlation pettern, which
were attributad to the preperce of lesky waves. Samaddar end
Yildig (1964) studied thc coupled slsetrogeoustisal waves
on a conprassible plasna cylirder excited by a maggnetice ring
sourco end discurged the poesibility of excitstion of leaky
weves, Cheng  and Chen (1870) kave obtained the radiation

Datterns of a mpgnetie ring ccurce outedde a ccmpregsible

FPlremp coluan,
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Gupta (1€70) snd Gupta and Garg (1€71) carried out
extenasive ptudies on the radiption characteristies of infini-
tely long plasma columns excited by eleoctric and magnetic
ring sources and open-ended waveguidess The plssma wvas con~
sidered to be cold, isotropic, homogeneous and collisionless,
Hultiple narrow rodieticn pegks were obtained near and before
the criticul opticael sngle, 8ome empirical relgtions of the
direetion of tihue raedistion pesks with the source radius,
plasna coluun radiue and plasma density were esteblished.
Alibough ke iaaky wgve poles ware not cbtained but the
radistion peaks were expected to be due to the presence of
leaky waves., It was proposed that the plasms column cgn be
uped as a multiple nerrow beam anienna,

Fam (1672) studlied the radiation patterns for various
Plesme goomeiries llke ¢ & »lasma column with g central con-
ductor, annular plasma column with an alr core and g central
conductor snd mulitiple-layered plasma column,and glso propesed
that a Dlasna column ogn be used a3 an electronically scan-
ning entenn2. Three diffuren’ typoes of sources of excitation,
the electric and magnetic ring source, open-ended coaxial
cable aud open~ended cireular waveguide supporting the cirgu-
larly eymmedric modes wers considered, Thne plasma model
aenwiderod was8 the sawe as used by Guptg \1870). Lhke surface
wave and tle radigtion fields of a compresgible plaswa column
with an axial conductor excited by a magnetic fing source were

also analyged {sian 1672), dJoshi and Verma (1874, 1575a) have



also analysed similar problems as analyzed by iem (1£72) for
the case of an anisotrppiec plasmg column, Sharna (1£77) has
solved a number of idecalised problems on radiation from
source excited plagsca columns consisting of varicus combina~
tion of the multiple layers of air, gaseous and senigconductor
PlasmeB.
The major conclugisns of the ahove studias gre that
a Dlagma column suitably excited by en eleetromagnetic source
glves en=hnnced multiple narrow radiation peaks, the direc-
tion of which can be controlied by chsnzing the plssua frequen-
oy, the eyclotron frequeney or the source frequenayj the
nunber of radiaticn pesks, the pesk arplitude gnd the half
power beamwidth eto. cgn be controlled by 5 proper sholce
of the geomeotrical peremeters of the plarzg antenna systen,
in order to decide upon the practicgl feseibility
of such 8 plusmg=gutenns system, ore would require to examine
the velidity of tue vgriovus assumptions useé in the above
theoreticel analyses, in s preclicul lagborgtory situstion,
in the following parggrsphs we discuss the vilidity of these
apsumptione,
i) The first aspumption cormon to all the above analyeen
4s that of an infinite length of the plasms column. The

infinite geowetries are gamerally aprproximeted in practice

": by taking a etruecture much longer e conpered $0 a4 wavelength,

net
In the hborntory, it 18/9&.3’ to ffenergte g very ]mg plﬂﬂmg



column, Moreover, a long plasma column ie not homogeneous
along ite length, One may suggest the use of gome sort of

a hatched termination pt the end of the plasma column, But
the impedance matching will not be very easy since the
paraneters will have to vary for achieving the scanning.
An intereeting solution is obtained if one looks into the
mechanism of radiation from the pleama column, It has been
mentioned agbove that a leaky wave continuously radiates
energy a&s it propagates glong the plaema column, Thus one
nay caloulate the anount of power rsdisted by the wave per
unit length and find out the length of the plgsma column
after which the wave ig left with & negligidble power. Even
if thie pover ig reflected, it will not cause any serious
effect. Thus an infinitely long plasma column assumed in
the theory can be conveniently approxlmated byafinitely long
lgborgtory plasma column of a suitable length,

i1) Another gssumption is that of a homogeneous plaama
column, The laboratory plasmas, in general, have a spatial
inhomogeneity of plasma demsity, The positive column of a5
discharge 18 considered to be sufficiently homogeneous along
its length but it has a redial inhomogeneity of plesma density,
The density profile in a positive columm is generally approxi-
magted by a parabolic function, Thus it is essential to know
the influence of the density profile of the plasma on the

radiation chgracteristics.



111) The plasma has been assumed to be cold in most of

the above theoreticel enalyses., lhis assumption soundo
reascnable, since for most of the plasmas the electron ther-
mal velocity is much smaller than the phase velocity of the
wave and it can be saslily neglected.

iv) It has 2150 been gssumed that the plasmza is colli-~
sionless. But in practice the plasmas are collieional. The
effect of the losses is to attenugte the wave which results
into a lose of radiated power, Therefore, it ie ossential

to make a gquantitative ostimate of the influence of collisione
on the rediated power agnd other antemna characterietics.

v) The assumption of faotropic plesma is perfectly

valid 4f no external magnetic field is applied to the plasma.
But it ie rather difficult to generete gn anisotropic plasma
column sssumed in the theory by Joshi et al (op.cit.), Bince
it is difficult to generpte a homogeneous axial magnetic field
vithout covering a larger portion of the plasmg column with
the magnotic ¢oils which will obstruct the radiation,

vi) All the anglyses mentioned above are based upon the
aosumption that the plgsma coluun is bounded by the free space
around it, &xcept for the easesof a flame plesma and charged
particle beams etc, mopt of the laborgtory plasmas are created
in ¢ container made of a dielectric which is usually the glass,
Thus a knowledge of the radiation pattern distortion gnd other

effecta due to the presence of the dieleetric tube is essential,
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We may conclude that the theoretical studies on the
influence of plasme collision frequency, inhomogeneity of
plasma density and the dielectric tube surrounding the plasma
are very much egsentiagl for choosing the proper plgsma~antenna
paragmeters and for comparison with the experimental resgults,

The method of solution of the problem of radiation
from an inhomogeneous anisotropic plesma column excited by
a magnetic ring sourcey; hes been disocussed by Joshi and
Verma (1875b), However, they did not obtain the solution
in an explicit form, Recently Wong and Cheng (1877) hgve
also studied the radigtion from an electric currentloop in
;n inhomogeneous plasmg column, but their final reaults gre

not avel lable,

1,3 OUILINE OF THE PHisaeni WORK

The gbove 1duitgtione of the theoretical analyses
of the plaame-antonnqg motivated the author to pursue a
detaliled study of th; effects of the oolliaion fregquency,
the~inhomoganaityrot Plapma density and,t 2~dzolectrio tube
eontaining the plasmg on some of the major aﬂtenna character~
istice. The theoretical predictions of the fegeibility of
e leaky-vave plasmp-gantenna eleo encourgged the guthor to
tgke up an experimentel atudy of the plasma-antenna systen,
A simple nodel consisting of a long cylindrigel plasma column

generated by g d.c. discharge in g glass tube and g suitasdble

electromagnetic eource was ohosen for the theoretical and
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exporimental study, The electromagnetic sources were

chosen to be the circularly synmetric and electric and mnp-
netic ring sources and open~endedcircular waveguide support-
ing the 1“0i or Tsoi-mode. The major antenna characteristics
which have been theoretically studied are: the rgediation
pPattern, lhe radistion resistance and the directivity, The
chgpter-wise organisation of the present work is given in

the following peragraphs.

The second chgptor deauls with the theoretical study
of the radigtion charecteristics of a plasnma=-antenna system
congigting of an infinitely long column of isotropic, homo-
geneous, agiliuion.l and 1npompresaible plasma contdtned in
a dlelectrioc tube, The electric and magnetie ring sources
and the open-ended circular waveguide carrying the ecircularly
eymmetric THy =or TEgy~mode are used as the source of execlta-
tion, The effectp of collision frequency and the dielectrig
tube on the antenna characteristics mentioned above have
been studied. The plasma column bas been gssumed to be homo-
geneous for the sake of mathematical simpligity. The assump-
tion of isotropic placma ie valid since we have not considered
any external magnetic field in the laboratory model deseribed
sbove, The infinite length of the plasma column assumed in
the theoretical anelyses can be approximated in the laboratory
by a sufficliently long plasma column ge explained in the
preceding soction, The assumption of incompressible plasmg is

generally vslid for low density laboratory Plasmas,



In the toird chapter we take into account the ine
homogeneity of tne plasua density, <he plasma column is
assuned to be infinitely long, isotropic, inhomogeneous,
collisionless incompressible and contained in a dielectric
tube, The electric and magnetic ring sources have been conpi~-
dered for the excitation of the plasmg cclumn, A parabolie
density profile which resembles with the actual plasma density
profile in a discharge tube is considered for theoretical
anglysis, The electrom ceollision frequency has been neglected
for the sake of mathematical simplicity, The other gssumpe
tions heve been shown to be valid for the laboratory model,
in the above paregreph, %<he influence of tha shape of the
pPlasma densgity profile on the anlenna characteristics bas been
discussed,

The fourth chgpter describes the experimental plan
for the study of plasma-antenna system, The experimental
facility conaists of the following major partss(4) discharge
tubes with cold or hot cathodes for genersting the plasma
column, {(i1) the Langmuir probe and microweve interforometer
get-up for plasma diagnostics, (413) electronagnetia scurces
for the excitetion of the plasme column, (iv) set-up for
megouring the redigtion pattern and input i{mpedance of the
antenna eystem,

The fifth chapter deals with a rgther different

provlemy coneorning with the rediaption from an opean—-ended

\_}



radial waveguide in an anisotropic plaema medium, It is
proposed that a radial wavegulde can be uszed as a apace=~
eraft antenna, since it has suitable radistion characteris-

tice and can be eapily flushe-mounted on the spacecraft,

The last chapter summarises the significant find-

ings of the present work, A brief account of the scope

for future work in this direction is slso included,

> 5
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2,1 1NTRODUCTION
The sxcitation of leaky waves on plasma structures

has been inveestigated by several guthors, It was first
sestablished by Tami¥ and Oliner (1962), using an infinitely
long maggnetic line source, that leaky waves are strongly
excited on a plasma slad when the eignal frequency is higher
than the plasma frequency. Under different conditions these
leaky waves Day produce either a relatively sharp radiation
peak near the critical optical angle alongwith some ninor
peakny, or a single broad peak at the broadside, Samaddar
and Y1144z (19264) analysed the excitation of coupled electro~
acounstical waves by a magnetic ring source on a compressible
pPlasna cylinder and discussed the poseibility of excitation

of legky waves, However, they did not obtain any radiation
pattern, Seshadri (18656) investigated the exeltation of
surface waves snd space waves on a sirple isotropie plasma
cylinder by means of an exially oriented dipols, He eveluated
the radiation fields for /oy = 1,06 (vhore o = signal

frequency and @, = electron plasma frequency) and cbtained

a brosd Pesk at the broadside for thim plassa colusm ana
sherp pesks together with some 4Anor pesks near drosdside for

thioker plasma colums, Samaddar L1¢66) studied the radis=
tion fields of a dieldectric coated cylindrical core loop
antenna surrounded by a lossy Plaoma shegth, Hoe plotted

the gnplituds gnd phase patterns for various values of

wp/w and V/o (V= gollicicon frequency). He obtained sharp

rediction peaks and observed that the direction and amplitude
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of the radiation peaks depend upon the mb/h and V/w . The
change in direction with V/o, of couree, is very szall, The
last two authors, however, did uot gppreciate the existence
of leaky waves, Hore regently, a detalled study of radiation
fron varhkous configurgtions of coldy, isotropic and homogenecus
plasma columng oxcited by a variety of circularly synmetric
sources, Such as electric end magnetic ring sources, open-
ended waveguides and open-onded coaxial cable, has been made
by Gupta {1£70), Gupts and Garg (1971) and Ram and Verms
(1072, 1973 ay, 1873 b and 1674), These authors carried out
an oxtensive study of the effects of plasma density, plaema
colunn radiue and source dimonsions etc, on the radiation
Patterns, and propoaed that a plasma-antenna system may be

usod a8 an electronically scanning antenna systen,

It has been felt that the feasibility of the above
proposal cgnnot be ascertsined unless a thorough theoretical
etudy is uade, in order to understand the influence of the
plasna collisions, the glass tube which will be used to con-
toin a leboratory plagsma and the inhonogeneity of the lagbore=
tory plasma on the importasnt gnteana chargeteristics, 1In
the present chapter, we attenmpt to study the effeocts of ¢olli-
sions end the dieleetric tube on the radiation patterneg,
directivity and redipgtion resictance of plasmg-gnteang systons,
Isotropic, homogenooua, incompressible and logey plasmg
cylinders contained in e &ielectrie tube and excitad by electric

and mggnetiec ring sources and open-ended cirgular waveguide

are considered for gnalysis.
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2,2 [EXCITATION BY RING SCURCES

In thig section we study the excitation of plasma

columne by idegliged ring sources carrying uniform mggnetie
or electric current, Only the lowest order circular symme-
tric wodes of excitation are considered, A loop carries

a uniform current when its circumference iz gmgller than

the wavelength, In a situation where the circumference of
the ring becomes several wave.sngths, the bigher order modes
will aleso be excited, but tne preaent gnalysis will represgent
only the Jowest order mode, Further; it is worthwhile to
note that an electric dipole oriented sglong the Z axis will
excite the sane types of node as oxcited by the maggnetic

ring souree, And similarly, the modes excited by an electric
ring source will be the same as those excited by an axially
oriented magnotic dipole.

To study the radiagtion characteristics of the plasma~
antenng Bystem the ring source is placed inside an infinitely
long cylindeyr of isotropic, homogeneocus, incompressible and

loasy plasma, The relative permittivit (ep) of the lossy

plesma, in the abaonge of gny wagnotic field and neglecting

the motion of dons, is given by

€= 1-uwlooeiv) < ¥ (2,1)

where

wp ®= eloctron plasna frequengy (radians)
W = gignal frequency’
by

= gollision frequeney
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ibe radiagtion field is obtgined by settiing up the
souroe fovnm of the laxwell's oquations and solving the wave
equaticn by Fourier trensform tochnigue and the zmethod of
steepest doscents, IThe technique is fairly standerd and a
dotgiled description is given by Duncan (1858) eand Iyras
(1¢6®). The rediation pattorns, radiation resistaence and
directivity are numerically evaluated for typical values
of collision frequency and dielectric tube thicknees end
their effect on the gbove characteristice is discussed.

The results are alsc conpared with the lossless case and

the no dieleetrie tube case,

2.3 EXCITATION BY A MNaGN:TIC RING SOURGE

2,3.1 Iptrodugticn

In this soction we analyze the radiation character~
istics of 2 system coneiating of a magnetic ring source
placed inside 5 plasma column filled in g dielectric tube
and baving propertices described in the prece-ding section,
4 magnetie cwrrent rimy source carfrying a uniform current
excites the lowest order circularly symmetric u~type mode,
having field components 5’, By and !id » Due to the circu~
lar synmetry of the source; the compcnent Ep will be sero
at £ = O, Thug, in the plane of the source the tangential
eleoctric field vanishes and & condueting soreen may be placed

at the location of the source without disturbing the fields,



dow the magnetic ring source cen be sizmulated by a very
parrov amnular slot in a large eonducting asheet at = = Q,
The annular aslot will be a good approximation of the nage
netic ring source if the slot widtbh is amall compared to
the u.velength,and the electric fleld in the slot is radiagl

and uniform,

As mentioned in the introduction, similar problems
have been gnalyzed by several authors using different
plasma modala or plasma geometries ( Sameddar and ¥ildis,
i¢64, Guptae, 1970, Gupka and Garg, 1971, Ram and Verma,
1¢72). In tho present analysis, we will smphgasisze upon
the influence of collision frequency and the dielectriec
tube wused to contain g laboratory plasma, upon the
radiation pattern, directivity and the radigtion resistance
of the plasna-gntenna system, 3Ihe results will be useful
to choose the proper plasma pararetcers and geometrical
configuration for experimental realization of the plasma~

antenna system,

2.3.2 Eeormulation of the FPreblem

Consider an infinitely long cylindrical plasma columm
of raedius b and relative permittivity Cp surrounded by g

dielectric tube of imner radius b, outer radius ¢ and relative

permittivity ed. The entire region outside the dieleectric

tube is free space, A magnetiec ring source of ragdius ay

cefrying a unifore ciroumferential magnetic current M, is
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placed coaxial to the plasma oolumn (Fig, 2,1). Since the

geometry has a ciroular oylinder symmetry, the cirocular
cylindrical coordinate eystem ( p, ¥, s) is uweed, For the

sake of convenience the ring source is placed at the
origin { ¢ = 0} and it is represented in terms of Dirac

delta functions as followss

Hos ML G - a) 32 (22)

vhere 3 i a unit vector in the P=direction and K is the
strength of the ring source having the dimensions of volts
paer squere meter(

dssuning a hgrrmoniec time~dependence of the form
o 3% £or tue source and all the field componenis, ths

Maxwell's equatione for the elostromagnstioc fields can be

written ao
Vzﬁ = ju! “o E.- ; (2.3)
UxH s-me eG) B+ (2.4)
wheoroe
elp) = ¢ 0&p <D
= cd bAp < ¢
= 1 g 2 c (2:,5)

L
and the time~dependence exp(~jwt) has been suppressed thro-

ughout, 0On eliwinating B from thoe gbove Maxwell's squations,

we got



VxVx & - o®u € 6(p) H = joc el p) N (2, 6)
Since the source of excitation is axislly symmetrie

and the media involved agre homogeneous in the lar angle
#, all the field quantities will also be independent of @,
i, e, a/bﬁ'E O, Moreover, the magnetic ring source excites
only the hb, E_ and H¢ field components, Thus the gbove
eqn.(2.6) gives the following nonhomogeneous partial diffe-

rential equation for Hﬁ‘

k!
(( p)-2/Dny + —F
d =

&
.
&

-3 Boe( pIM &{ g=3) &(z) (2.7
where,
kz(P) - o Mo € elp) (2.8)
Ibe other non=zero field components Ep and E’ can

be obtagined in terms of Hﬂ using equation (2,4).

In order to solve equation (2,7) we take its Fourjer
traneform with respect to z,which reduces it to an ordinary
differentiel equgtion, The Eourier trgnsform of Bﬂ is
defined as

oo

H( p %) = I ig G, z) exp (~jyz) ag (2,9)

and the inverse tragneform is given by

Hy (p,2) = 1/25 | H (5,0) exp(42) an  (2,10)
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How, after operating the Fourier transform the following

ordinary differential equation is obtained,

d 92 p dp g

2.3.3 Solutjion of the Probplem

it 48 easily recognigzad that except for p = g the
equation (2,11) is of the forum of Dessel cquation., The
approprigte solutions to this equation in the various
regions of space, denoted I~1lV in Fig,(2,1), wust satisfy
the conditions that the fieldes be finite gt p = C and gt
p @ = they must be regular and satisfy the radiationm

erndition, The solutions in variouws regions satisfying

those conditions are Jound to te

ﬁl(p"l;) = 4g3,(vep) 0% < a (2,12 a)
ﬁntp,u) - ‘231('19)’5211('1") a p &b (2,12 b)
ﬁln(p,u)- ‘3.!1('#,)083!1('?) bl p o (%12 ¢)
ﬁlv(p,n) = A4 H;n(vcp) # 20 (2.12 @)

wvhors, ‘Vo . (kf - 112) 1/2 '-1 x (k% ep - 1,2)1/2,

'2 = (k§ ed -, “2)1/2 ‘2-13)

and ‘Tr. and In and B:I) ar¢ the nth order Bessel function,

Newmgnn function snd Hankel function of the first kind
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respectively, 4, Ay 82.—---7“ are the arbitrary coeffi~-
cients to be determined by applying the boundary conditions

on K  pyf)e

The delts function b (p~a) inmplies a boundary
condition on H(pyW) at p = a which can be obtained by
integrating equation (2,11) with respect to ¢ over an
intevval 24, from a- A to a+A, resulting inte

" d H
S| - S22 e
g T3 :meoepu (2.14)
T atd a=o

A—>0
The other boundary conditions on H(p,%) are furni-

shed by the continuity of the tangential components of
electric and magnetic fields, E. and ll' at the boundaries

¢ =aandp = ¢ and by the continuityotn‘.tp - g,

Thus we have six unknowns "1’ 12. 'g .._..A‘ and six boundary
conditions, The applicpiion of these boundery conditions
on H (pyT) will give a set of six algebraic equations,
which can be solved by matrix methods to obtain the coeffie
cients Ay ceoey 44. Since we are interested in the
redigtion fields ( p > ¢) we take the inverse Fourier
transform of H (%) to obtain the field component
ngi;_.,z} for p > oy

POS
By (992) = 3/2n §_ 2 BID(p) explyus) an
o+ (2, 15)
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This intsgral is evalugted by considering it as a
contour integral in the couplex Y=plane, To give effact
to the contour integration the pole and branch point
pingularities of the intogrand are obtained, A4 suitable
contour 48 then ohoneny, the contribution at the poles is
chtained by the Cauchy residue theorem and gives the sur-

face wave fields and the line integral along the branch
cut at the branch points % = & k  gives the radiation
field, Since the integrand involves complicated expres=
eions of Begsel functions etcsywe d0 not attempt to find
out the location of the legky wave poles, To obtain the
asymptotic value of the radiation fields we ovaluate the
integral along the brgnch cut by the nethod of steepest-
descents, Since the procedure of asymptotic evgluastion
of the integral for k°p>> 1 ip fairly standerd, we omit
the details end write down the resulting expression for
*‘W the far-gone radigtion field, Jince the radigtion
fielde aro megsured in spherical poler coordingte system,
before integration, we nake a transformation of coordinates
from oylindricael to spherical polar coordinate system
(p = r Cosd, s = r 3in®)., The fur-zone radistion field

in spberical polar coordinate asystem is then written gg

( i
o« s g v IO
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where F(6) is the pattern function, given by

F(@) = 26 € 4k o™ 34Cvyb) /(PR + Q,8) (2.17)

where
P =g, lv,b) J o{vyb) Jl(vzb) > ep(vzb)ll(vlb).'f o(v2b)
(2, 18a)
Q = ~€ 4(v;B)J (v;B) Y (v b) + Cp(vab)-!l(vlh)!o(vzb)
(2,18b)
R = (vao)xoivzc)ﬂil)(voc) - Bd(voc)Yl(vac)Hgl)(voe)
(2. 109)
s -(vao)Jo(vzo)Hil’(voe) - edﬁvoc)al(v2p)ugl){voo)
(2, 16b)
ders v , v, and Vo are the 2ane a3 defined by equation

(2, 13) but with % = k_Sind,

The above expression for the pattera funetion
reduces to equation (2) of Gupta (1870) for €~ 1 and

i

¢ =) and to the expression for ring source in frees

!
spaee for Cd_- Bp = ],

At this stage we realige that the complex permitti-
vity of the plasma also appesrs in the grguments of the
Besgel functioms through Vqe it means that we are doaling
with Beasel funetions with complex arguments, To obtain
the value of acmplex argument Beageld functions, a Fortran

subroutine subprogrem was wrilten which eepgrates the regl

and imgglnary parts of the serles expansion of the Beseel




function and gives the reanl and imasginary values separately.
The program vae tested for purely realy, purely imaginary and

conplex arguments and found to work sgtisfactorily,

We now procecd to separate out real and imaginary

parts of F(6) and write it in a form suitsble for numerical

computation,
. 2 g .,
. {_“r__ 5
Since ap { g %% ) 25 . m(m20 v 8
ory €, = €.+ €, (2.20)
Therefore, .- Vir * vi4
'h.r.’
i 1 1/2 1 /2
= 2 2 - 29 ( [
Vie = K H(e - 31,.29) * € f +(e__~51n°8) | 2
oE e Br (2, 20a)
1/2 1/2
'11- kﬂ H(Gprﬁﬁnze)z"egi? '(G’r"ﬁlae)( A’z
- ‘ : (2,20p)
and J_(v; p) » R_(vy p) ¢ § JT (vyp) (2,21)

Making the atove substitutionsin equations (2,17) and
(2.18) yields

X, * 35 (2, 22)
F(g) = '!':7‘1
Hhﬂra’
X, = m‘(k‘g) {epr.‘lal(vla) - °p1‘"1"1" } (2. 239)

X = wd(kc‘) {%1’”"1"1‘) » cmll(vll)g (2. 23b)
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I, = % (PR, = pgRy + S, = Q;84) (2,24 a)
I, = = (PR +PR, +QF, *+ Qs (2, 241)
P, = =(vyb) J (vyb) X; ¢ €91 7o) Xy (2. 25a)
P’_ - —(vzb) J o(vab) X, + € ‘J]_(rzb) X (2.26®)
QG = (v b) Y (v,b) X, - € a¥1{¥oP) Xy (2, 26a)
Q = (vb) T lv,d) %, = edxlﬁvzbb (2. 26W)
R, = (v,0) Y, (v 0) Iylv o) - Gd(voo)ll(vaoblo(veo) (2. 279)
R, = (vao)to(vzc) l’l(voo) - B‘(Too)!l(vzo)l.(?oo) (2, 27v)
S, = (vy0)J (vy0)d (v o0) = €(v e}d (v,0)T (v 0) (2,28a)
Sy = (vye)d (vpy0) T (v o) - ed(voc)Jlﬁvac)IO(voe) (2. 28v)
- epr‘ml('lb) - eun 1(v1‘b) (2. 20a)
Xp = €Tk (vib) + €, J1,(v,b) (2, 26b)
e (v, B3R _(v;0) = (v,B)JI (v, b) (2:,30a)
I, = (vyb)R (v b) + (v, b)IT (wy]) (2,30b)
2.3.4 Aatenpa_ Syotem Charactorisslsm

are the radiation patternm, gain ,

resistance, impedance,

The important characteriotics of an anteana system

dircotivity, radigtion
bandwidth and polarisation ete,

In the present study, we bBave oonsidered omly the first

few

characteristica,
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The Rediation Pattera 3

The radiation pattern of an antennag system is the
most basie requirement since it specifies the spatial dise
tributicn of the energy radiated by the antenna system,
The radigtion patterns are generpglly described im spheriocal
polar coordinate system in two principal planes ¢ the
horisontal plane or P=plane and the vertical plane or 6=
plans, In the present case, due to the circular symmetry
of the source, the fields are independent of @ and we have
an isotropic radistion pattera ( a circle) in the @plane,
Iz 8~plana 4 |F(8)| 18 evaluated for various values of
parapaters, for G=vglues at O.5° interval, C(nly half of
the radiation pattern is cbtained since symmeilry eximts
about © = O, Eaoh pagttorn is then normelised to its maximunm
value to facilitgte the comparison of relgtive pattern
shapes for differcnt parameters. The amplitudes of the
maximuz of tho patterns are separstely tabulated for

comparison,

Rediation Resiatance &

The radiastion resistance of an antenng is aqual to
the total radiated power by the antenng,carrying & unit
ourrent, To evaluate the total radiated powsr, we assume
that tho antema impedancs remains constant, The radigted
power is then calculated by integrating the radigl Poynting

vZeotor over a sphericel surface gentered gt the center of
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the antenna system, The total radiasted pover is then

given by
2 %/2
wy = VTG 17(6)| 2 con 0 @  (2.31)

Now, assuning that a unit current flows through the rinmg

source, i.e, N = 1, the radiation resistance is given by

Bead ® " (2.32)

The intcgrgl in equation (2.31) has been numeriocally

evaluated on a computer uwaing the Simpaon's method,

The Directivity $

Tho direclivitly of an antonns signifiee itas gbility
to concentragte the radigted powsr 4n g given direction or
to absord effectively the incident power from that direction,
It is defined g8 the ratio of pover per unit solid angle
radiated in the direction of maxinum radiation to the average
radiagted power,

The power radigted per unit solid angle, known as

the radiation intensity, ies defined by

2
5_5(9. #) = Lzm LICY) 2 vatts/sterradian
» (2,33)

and the everage power per unit s0lid angle i qllﬁl. The
directivity, D, expressed in dB, ig given by

D= 10 log,, (éx g /v.) aB (2.34)



vhore, @, 4o the maximun redistion intensity, One may

write

— 2
2| Fey)] olp (2,36)

D= 10 log e
101 %2 2¢o)R comoaw

vhere 9- 418 the direction of maximun radigtion,

The directivity is thue readily obtained using the
equation (2,35) and the velue of the integrel as obtained

above,

2,3.5 Lffect of Geguetrigal and Plaemg Pergmgters on
e rje

The expressions for the pattern tunction (2,17) and
(2,18) involver the geovmetrical parameters like, the radius
of the ring source a, the radius of plasma column, b, the
radius of dielectric tube, ¢, the relative peruittivity of
the dielectric, €y and the placma parametsrs @, and V
whigh entoer through ep. All these parameters hgve been
kept in the dimensionless form euch as k ay k by ke, m’/b
apd V/o» in order to make the analysis of numericel results
more gonerals The influmnce of many of these parameters
like the ring sourge radius, plasma column thickness snd
plasng deneity, on the radigtion pgttern has been studied
by several authors and tneir genorgl results are gumnard zed

velow, In the prossnt soction we study the inafluence of



dielectric tube thickness and the collision frequensy on
some more phyeical and quantifiable gntenna characteristics
like radiation resistance, directivity, half pover bean=
vidth (HPBW) etc,, in addition to the shape of radiation
patterns, The numerical resultis of antenna characteriatics
for mp/oa 2 0.6y €4 = 5.0y k@ = 5,0y kb= 10,0 and

verious values of V/o and k ¢ are proascntod below.

(@) Uffesct of Ring Source Kadius 3

The effoot ¢f ring source rediuvs on the radiagtica
from ¢ plasma column haa beeun studied by Gupta and Garg
(1€71) and Rax and Vermg (iS72)« 1The ring socurce radius
appears cnly ia the numergt-or of the pattern function,
1t was noted by Gupta et al that for low plasma density
cgse a null appears in the radietion pattera gt an angle
given by the first scru of J,{v,8) or vja = 3,8318. Ve
have also observed similar nulls nesr 6= 24° for cnp/w = 0,5,
They further noticed that a pesk oOccurs negr the mpxima of
Jl(vla) for the low plasmn donsity cass, A sirilar obser=
vgtion can be madae in the patterns cobtained for the present
case for 'oP/cn = 0,5, For higher plasua densities, howsver,
the radiation pattern is not governed by the ring source
radius and it influences the peck amplitude only (Gupta
st al 15715 Ram, ot a1 1972).

11



(b) Bffeot of Plasma Column Radius i

1t was predicted by Tamir ot al (1862) for « plasna
slab geometry that the direction of the major peak shiftes
only slightly with increaeing plasma slab thickness. A
mpber of minor pegks also gppear for thick plasma Blabs
and their nusber increasss with the slsb thickness due to
the excitation of higher order lesky waves, Similgr obser-
vatione hgve been made by Seshadri (1P6E) for the electric
dipole in a oylindrical plasma column and by Gupta (1870)
and Ram and Verma (1572) for megnetic ring sources in
cylindrical plasba columns, Ram et al (1972) gnd Cupta
(1670) also reported gn enhancement of radistion peaks

with plasma columnn thieckness,

(¢) Effect of Plasma Frequency :

It bas been esteblished by several guthors (Tamir
ot al, 1962 ) Guptay, 170} dam ot al, 1972 eotc,) that the
radistion pegk appears nesr the critical optical angle and
g0 the direction of pajor poak 8bifi®s a8 one changes the
plasma froquency, Iihe direction of the major peak shifts
tovards the broadside gs the plasua frequenoy is increased
for g fixed eigoal fraqusnoyy 1. e the pernittivity is
decrogsed, Tho opposite effect will be observed by increg
sing the signal frequency, while kseping the plasma frequ~
ency constant. The ghove authors also obearved that for

thick plasme columns some minor Desks also appear at anglas
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sngller than that for the major peak and their number is
R0re Lof the sualler values of mp/m than for the largor

values of mp/m.

(d) Lffeet of Collision Freoguency 3

4 typical vet of values of the colilsion fraguency
Vie » 0,0 (lossless case)y 0.0y Qo1 and 1,0 uas been
chosen to catimatc the dnfluancs of collisions on the
anienna characteristics. IlLc dialectric tube haa been
chosen to be mnade of glaseg with dielectric constant
€q = 5.0 aad normaligei outer radius koc a 11,5, The
other paraneters gre k. a = 5,0, kb = 10,0 gnd »:aP/m = 0, 5,
The normaliged radiation patterne for these values are
shown in 1ig.(%2) iar couwparison, Tho numerical resulis
toy ruCiation resistence, direclivity, tao pegk position,
HPBW end pegk suplitudes are piven in the tebis (5,1}, For
szall value of V/u = 0,01 there in a negliyible change
in the pattornu shape, 7The poak auplitude., radigtiom
rasiatance end directivity are, of oourss, slightly desree-
sod, 42 Yfw iws incregseq upbo LUy ihe wajor peak Legoues
Lyoades and woaker, She minoy iobo 44 Lhe brosuside rises
relativa wo Las agos lobey LuE s actual azplitnde
decreagses wilh incroasing V/o, the raiigticn resiztance
end wirectivity continuously fall with incrosaing /i,
Thie behuviecnr i in agreenent with tho resulits of Hyrris

ot al {1066), A doep murl appuars ab Vw2’ for a13 veluaes
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TABLE 2,1 KFFECT OF COLLISICN FREQUENCY ON THE RADIATICN
CHARACTERISTIICS OF HOMOGENEOUS PLASMA COLUMN
EXCITED BY MAGNzIXC RING SOURCE

Peak Poak Radiation
Ve Fosition HPBW Amplitude [Resistance Directivity
e® (rel.units) (reld, units) (dB)
0,00 51.5 11,0 7.03564 8.4060 10, 7101
(Collisione
lees)
0,01 51,6 11.0 6e 7433 7.9483 10,5840
0,310 51,0 12,5 4,8333 S.BC3 8, 6350

ke = 5.0, kb= 10,0, koo = 11,5, €; = 5,0 and mp/aa = 0,6

TABLE 2,2 EFFECT OF DIELECTRIC TUBE ON THE RADIATION
CHARACTERISTICS OF HOMOGENEOUS PLASMA COLUMN
EXCITED BY MAGNETIC RING SOURCE

Feagk Peak Radiation
koe Position HPBW Amplitude [Resistance Directivity
69 (rel,units) (rel,units) (dB)
10, O 51,0 14,6 4,8316 b. 0807 8. 6243
(no dielectric
tube)
10.6 53.5 18,7 4,4480 85,0050 8. 8816
41,0 e 4,3181
11,0 49,6 16,6 4.87P1 5. 3333 £.5071
11,5 51.0 14,5 4,8333 5,803 E. 6360
13,1416 62,90 17.80 4,7880 B+ 0706 8.5628
14,7123 52,6 17,5 44,7366 5.1738 . 3813

ko = B0y ko b = 10,0, €= 640y & /0 » 06 and V/n = 0,1



of V/w., This value of © corresponde to a value of
v,8~ 3,83, the first sero of Ji(!).
(e) BEffect of Dielectric Tube Thickness 3

To represent an actual laboratory situgtionm, the
diolectric tube is coneidered to he made of lass, The
dielectric constant €, 1s taken to be 6,0,t0 represent
the dielectric constgnt of the borcailicste glasses at
mderowave froquencies. The typical set of values of the
glass tube thickness perameter, chosen for calculation
is ko(c-b) ® 0,0y 0.5, 1la0y 1.6y 3,1425 aod 4,7123, The
last three vzlues correspond to g thickness equal to‘l/&,
A/2 end 304, The normaliged rodiastion patterns are eshown
in Figoe{2,3) ond (2,4)., The numerical results for peek
amplitudey HPBW, radlation resistgnce and directivity are
susmarized in tablo (2,8), A very interesting fegturs of
these results is that for the glace tube thickness (c=b) ™2/
the radiption papttern elmost overlaps the one for the no
glese tube case fig,(2.3), The pattern for the thicknesa
equal to the other multiples of /4, i.e. A/2 and 3M/¢,
differs only 8llphtly negr the pesgk from that of no glass
tube case. The peak amplitude, radiation reaistonce and
directivity are more or less of the same order fa these
easee, For other thicknesses, i,e., for ko(c.b) a2 0,6 and
1.0y the direction of the peak end the shape of the pattern

near the peak significantly differ from those of the no glass
tudbe case,
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2.4 BXCIT Al BLECLH iN LunCH

Iin thig eection we analyze the problem of radigtion
from a cylindrical plesma column excited by an electric ring
source, The plasma is assumed to be isotropie, homogeneocus
and lossy, and is conteined in a dieleciric tube, We assume
that o uniform, harmonic eloctric current flows through the
ring eource which excites the lowest arder circularly symne~
trie H-type mode. The H-type mode has the field components
ﬁo’ B¢ and H . The electric ring source is complementary
to the maggnetic ring source which has been conasidered in the
previous section, The rediation fields for the electric
ring source can be directly obtained from the field coupo-
nents of the mggnetic ring source by using the Babinet's
prianciple, But for the sske of coupleteness ve would profer
to write down the importgnt steps in the analysis of the

electric ring source problem,

The radiation pattern is cbtained by numerically
evaluating the pattern function for various typical values
of the relative coliision frequency and glass tube thigke
ness, The radlation resistance and directivity are then
calculated by using the equations (2,32) and (2,35).

Similer problems of radiations from Plasma columns
excited by electri¢ ring scurce hgve bean analyzod by
Semaddar (1666)) Gupte and Ourg (1971), Rem end Ver na
(167G ) and others,



2¢%e1 [Forrulstiopn oif the FProhlewm

The geonetry of the problem to be analysed is
similar to the one discussed in the preceding section and
sbown in £ig.(2.1), In the present case the ring source
in fig,(2,1) is a ring of olectric current expressed in

tormg of the Dirac delta functions as 3

T = §108(p = a) alm (2.36)
wvhere 1 is the strength of the current source expregsed
in Amperess '

The Maxwell's equations for the electromagnetice

fielda in the preasence of source are

Ux B = 1m°ﬁ' (2,37)

and VxH == Jog £(,) B+T (2,38)
where 6(9) is the relative permittivity 4in different
regions of space and defined by eqn. (2,8), 1n the
gbove equationg a hermonic time dependence of the form
exp (=jwt) is assumed for all the source and field quanti~
ties. and suppressed throughout,

On eliminating H from the above equations we
obtgin a vector-wave equation. 7The f-conponent of this

equation is written in the cylindrical coordinate system

as s
2,
0 ‘, - OB B .3
o * v —i * (kz(p) - 1/92) [ * o—.&
[ 9 p o a2

== Jou, I dp=a) b(s) (2,39)



vhers k2(p) = wbuoeoe(m

2:4,2 Solutjon of the Problgm

To obtein the solution of equation (2,39}, it is
first reduced to en ordinary differential equation by
taking its Fourier transform with respect to 3, The resule
ting equation takes a form of the Bessel equation except
at y @ a, We now proceed to obtain the appropriate solu-
tions for E (pyh) the Fourier trausform of EBylp,s)y in
the regions of space I « 1V (£ig.2,1)s 1lhe solutions nrusy
satisfy the conditions that the fields should be finite
at § * O, should be regular at p = = and satiafy the radia-
tion oondition, fIhe golutions & to Eiv are the same as
given by equationp (2,12) and (2,13) except that H is re-
placed by E

The unknown coefficicnts in the solutions are
obtained by applying boundary conditions on the field
componente, The source at § = a impoces the boundary

condition $

aE 4E
dj;-l - a—‘:' o - J(D uol (2. 40)
a+a a~o

where 4o 0,

To obtgin the rediation fields +the inverse Fourier

transform of Bijy is teken, The resulting integral is sclved

by contour integration using the Cauchy residue theorem and



the method of steepest descents, The resulting esynptotic

solution for the radiation field :‘ﬁ in spherical polar

coordinate system is given by

.J(kJ'-‘n/ﬁl
by ® J%U T F(e) r (2.41)
vhere
F(e) = (x  + 3:;1)/ur + 31,) (2, 42a)
X, = 2(k°l)JBl‘.71t) (2.420)
x = 2(k_a)JX,(v,a) (2.42¢)
andy Y. and X, are ths saze as Gefined by eqin.(2,24) with
P -(vzb)Jo(vzb)Jﬁl(?lb) + 30w b) x4 (2.430)
P, = -(vzb).'fo(vzb)nl(vlb) + Jl(vzb) xq (2.,43b)
Ql' = (vzb)to(vzb)ml(vlb) - !1"2b) :a (2.44..)
q = (vzb)! e(vz‘b) JIl(vlb) - ‘!1(v2h) Xy (2,44b)
R, = (vzc)Io(vzc)Jl(voc) - (voc)!:l(vac).!o(voe)
(2,45 4)
By = (vzo)IO(vac)Il(voc) *(voc)l'llvzc)Io(voc)(z.gsm
S, = tvzc).!o(vzo)b'l(too) .“odalhzﬂJo“b"i.d.‘w.)
s, » (v, 0)3 (v_0)Y.{v_ o) =\v _e;J (v o) (v o)
i 2772777170 91200‘2&6‘)

and 2y and x, are given by eqne (2,30) and VsV and v

2

are given by oqns,(2,13) and (2.20) with 7 = k, Sia @,



-
~ -
-t

2,4.3 MNuperical svapluption of Apkepna System
Chnracteristicsg

Soue of the umgjor radiation characteristics of
the antenna systems the radiation pattern, radiation
reglstance gnd directivity are nunmerically evaluated for
various velues of the dielectric tube thickness and
the relative collision frequency., A# menticned in the
previous section, the dielectric tube ie chosen to be
made of glass with cd a 5,0, The influsnce c¢f plpnewa
frequency,~p188na column thickness and ring souree radius
on the rediation petterm has already been discuesed by
Gupta et al (1871) and Hau ot al (1672 ), for similar
Plasms goomutries, Inus; we keep these pargueters cons-
tant at mp/m = 0.5y k a = 6.0 and k b = 10,0, The
nunmerical results for typical values of the glass tube

thickness and collision frequency sre discussed below,

(a) Bffect of Colliesion Freguengys

%o study the influence of collision frequency
on antenna system chgracteristics, a typiecpl set of values
of V/w = 0,0 (collisionless caste)y 0,01, 0,1 and 1,0
is chosen, These values correspond to cold laborstory
Plesmas and microwagve signal frequencies, The glass tube
outer radius is kept conctant at koc = 11,5 which corres-

ponds to appraximstely a guarter wavelength tube thickness,

The nornaliged radiation pattsrne are illustrated in fig, (o 5)
W B
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T ABLE 2,3 EFFECYT OF COLLISION FREQUENCY ON THE RADIATION
CH ARACTERISTICS OF HOMOGENEOUS PLASMA COLUMN

BEXCITED BY ELECTRIC RING SOURCE

Peak Peak Radiation
Y feo Position HPBW Amplitude Resistance Directivity
e° (rel,units) (relsunits) (dB)
0, 00 51,0 7.0 %, 2710 10, 6260 12, 0606
(Collision~
less)
0, 01 51,0 7.6  8,7963 10, 0677 11,8716
0, 10 50,6 10,6  6,9268 6. 2712 10,4976
1,00 53.5 21,0 2, 1138 2, 2638 5, €823

kol = 5.0, kob - 10103 koc = 11,5, B‘ 2 5,0 and mp/m = 0,8

P ABLE 244 BFFECT OF DIELSECTRIC TUBE ON THE RADIATION
CH ARACTERISTICS OF HOMOGENEOQOUS PLASMA COLUMN
EXCITED BY BLECTRIGC RING SOURCE

P eak P eak Radiation
% & Fosition HPBW 4Aumplitude Reeistance Directivity
° © (rel,unite) (rel,units) (dB)
10,0 6046 10,6 5.0194 64155 10,3836
(no dielegtric
tube)
10.0 50.6 3¢5 5, (B62 23124 13,4276
11, 0 61.6 3.6 4,6133 2, 3698 12,5440
11,6 60.5 0.6 b,82%8 6, 2712 10,4876

ka = 5.0, kb * 10,0, 3‘ » 5,0y DY/ - 0.6 and Vo= 0,1
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and the mumericel results for other charactoristics are
presented in table(2,3), Just a glance at fig, (2,5)
roveals that the radiastion pattern for low collision fre=
quenoy (V/o = 0,01) almost overlape the pattern for tho
jossless case ( V/o = 0). The radiation peak becoues
brogder for the higher values of V/w, MHoreover, the level
of broadside rgdiation risges relative to the major peak

and the direcotien of the major peak changes elightly with
jncreasing collision frequency. & study of table (2.3)

es that the peak amplitude, radiation resistence and

indicat

the directivity, all decrease with the increasing collision

f£rogquencye Thie behaviour is in agreement with the theore-
tical predictions. The above results gre found to be in
ggreenent with the results of Samaddar (1U66). We may
conclude that s relative collision frequency of the order

of 1072 or less does not cauee a Very large loss of power
and may be tolerated.
(b) gffect of Glass Tube Thicknesas
A8 the digmeter of the plasama column is inecreased
e thicker aend stronger container is required, and 20 typi cal
values of the glaca tube thickness equal to 52; 10 /and
15 /of the plaoma ¢olumn radius are chogen, The results
are also obteined for tho no glass tube case, The co0llie
sion frequency is fixed at Y/® = 0,1, 7The norsaliged

rediation patterns are shown in fig,(2,6 ) and the numericgl
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rosults for other characteristics aere given in table

(:.4)s It is clear from the fig. (2,6) that the

dircetion of the major peak does not cbange significantly
with the increasing glass tube thickness, which is in
agreeucnd with the geomotrical opticsj the uapjor peak

becones ABrrow and new sidolobes appear in the radiation

pattern, Sipilar to the case of mggnetic ring source,

in this case also we find thet the radiation pattern for

ko(c-b) s 1.5, 1ee (c=b) = M4, overlaps the pattern for
the no glass tube case. Furthermore, the pesk anplitude,

radiation resistance and the directivity are more or less

of the Bmr'® order for both tbe no glass tube agnd 3/4 ~thi ok

glass tube cmees. It was shown in ths proceding section

that the radlation characteristics for the glass tube

thicknees equal to integral nmultiples of M4 also does

not differ aignificnntly from those for tue no glnss tube

cage. 1The sauve rosults are expected for the prosent case,

being & complomentary of the preceding case. Thus &

quarter vavelongth thick glass tube will not diatort the

pattera ©

205 BXCXLATION BY OP - LUDED CIRCULAR MAVEGUIDR
2ebe 2 m&.m

iIn the present section we explore the radietion

f the plasma—antenna systen,

characteristica of a plesine-antenna system consisting of

e losey plmome colunn surrounded by a dielectric tube and



excited by an open-onded circular waveguide, 7The plasma
is acsuned to be homogeneousy isoiropic, collisional and

inconpressible,

?he open-ended waveguide and siot radiators have
been widely used oOm space=vehicles esince they can be easily
¢lushemounted on the gpnce-vehicle body., Conseguently,
there has been a great deal of intercst in radiation pro-
perties of open waveguldes radiating into plasma mgdium,
the aduittancc of the open vaveguide radiating through
plasta iayeroc naé becn atudisd by vilaenuve (1Ewd),
crosswell et al (1067} Unlejs and liontzoni (1867) and more
recontly oY Ll=kaauy et ad \i4¢70se JTheoreticad aml experie~

wental siudies of Tediation from open waveguides covered
Jitn plaska laysrs have bued -.a.- by Cloutier end Bachyaski
\ibadsp ¢ acavauco \irUasg Kussp (ib6d) and others, HNore
recentiyy uupla ane Garg (iv71) end Ran and Vernmg (1£74)

have jnvestigated the mdinuion patierns of plasme cylinders

excited bY opon~ended circular waveguiasn, 1lhey studied

the aeffect cf plasma densitys plasma column thickness

and woveguide radine on the radiation ppttern, In the
epllowing perefraphs, we procacdé to etudy the influence of

plaftna ~ol1lioion frequency en® dieleoctria tuba thickness on

tne radiation patterny radiation resistasce and directivity,
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The circularly symmetriec modes of the circuler
waveguide, the TMOl - agnd TEOl- 0odas are coneldered, The
fields at the excitation aperture are assumed to bs the

sare a8 they would be if the waveguide did not terminate

there, Wo furthor assuue that the curremts on the outer

wall of the open- ended waveguide have a negligible effect

on the radiation. Now the field dietribution at the

open aperture 12 replaced by an equivalent sur.ace curreant

dengity, ZThis surface current can be divided intoc a large

puuber of filamentary current ringe with differenat radii

repging from zeroc to the inn-—er radius of the wavegulde,

The radiation fielde due to such filamentary current rings

in & plasma colunn have already been obtained in the preced-

ing sections. The radiption field due to the surface

current dgietribution at thae asperture can now be odteined

b
the filamentary current rings having their radii between

y taking e veetor sum of the radiation fields dus to all

goro and the waveguide radiue.
94002 £ orm +) h ) :

The geonetry of the problen to be anplyzed 4is
shown 3o £1g.(27)e It consiste of an infinitely long
plasna colunn of radius b contained in a dielsctric tube

having inpe¥r radius by, outer radius ¢. The rolative pere

uittivity of the plesmay €y 10 @lven by eqne(2.1) and

thet of the dielectric iz denoted by ed' The source of
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excitation is an open~ended circular waveguide bhaving inner
rpadius a and placed at z = 0. The cirecularly synmetric
podes of excitation, the TH01 and TEOI modea are considered.
ihe solution of the problem for the two modes are obtained
below,

CeDe3 Solution of the Problem for Tuoi-ugg!

For the THOlfmode the strength of g filamentary
eurrent ring of radius p < Jlﬁh'ﬁ), the field at its loca~
tion, Thus by dropping the constant of proportionality we

can write the current distribution for an slementary magnetic

current ring of radius p as i

Ho= pdlng)d G)o(a) (2.47)

where b is given by the first root of the Besgel funciion

:ou:u).
The radigtion field for the magnetio ring source

of redius gy a® obtained in gection (2.3) can be written aas

(k r = ¢
Hy = g Ve u, k/% f(e)_-TJ of = B/8) (2.48a)
yhere fl8) = £,(e). £5(6) (2,481)
£1(0) = 20 € /(PR ¢ Q08) (2,480)
ma  £g00) = Mp I(vp) (2,484)

- p Jl(h 9)31(119 )

Now to obtain the pattern function for the wavee

guide excitation ve integrate £(0) over y from O to g,



Thﬂn’ a
P(6) = £,(0) [ J,(w)J (viplap (2,40)

Now using the following Lommel integrals

(@2-p2) [z I (60T (px)ax = 3 (ax)3 (px)-ad’ )
a =p 4 x J lex)J (fx)dx = x {ﬁ - n‘bx -m.‘ln(n.v;.:).rn‘(ﬁ,‘)-.'r
(for a=p ) (2.50a)

2.2

b & 2
ana § w2 (exdax = 328 1a B 02 (ax) i 2@x)  (2.50)
o B a“x o

ve got the pattern function for V37 h

J
pgy = S‘_’.l‘_)_"g.‘.'_'li_l_'-‘) . £,00) (2.61a)
TR
and for V3 = b
2 32 (na)
F(g) = - 24 £,(8) (2,561p)

Now for a collisional plasma ep ies a oomplex
quantity and hence V4 is glso s oomplex quantity. As
mentioned in section (2,3,3) the Bessel functions invol-
ving complex quantity v, in their argulments are evglugteg
by a subroutine programne, which gives the repl gnd inagi~
nery parts of the value of Bessel function separately,
[ioreover, to facilitate the numerical evaluation of the
pattern function on a computer which caunot handle complex
pumbers, the real and imaginary parts of the pattern functe
ton arc separated gnd it is written ae

F(O) = (X +3x V5 +3% ) (2,52)



6

vhere, for h#‘""{
X, = md(kog) Jl(ha) {(eprulr-epiuli)'m o(vla)- (epruli’
epiulr) J1 o(Vll) } (2.534)

I = md(koa)Jl(bI) {(eprun’epiulr)mo(vl‘) +(epru1r -

€,1934)9% (V00 ] (2.53b)

z, = Ir{h‘?.kf (cpr - s:ane)}*f kg €rg Iy (2,64a)

z, = 3, {b%i2 (), - sanf0)]- 2 ey X, (2, 54b)

u = vk and oy, o Vi3 %, (2,55)
and for h = '1

X, = andgprJl(h-) (2,56a)

X = .‘Zedepia,_(w (2.56b)

zZ, = Y. (2,57a)

z, = Y (2.67b)

and T, and Y, are the same as for the mamgnetic ring source
Aven by eque. (2,2¢) to (2.30).

Now since the radigtion field ia symmetric gbout
6 = o°. 4t is suffieient to caloulate the pattorn function
(e} | from 6 = 0° 0 90° only » . using eqne.(2.52) to
(2.567). The radistion rosistance can be obtained by evalugting
the integral in eqn.(2.31). The directivity is suloulgted
using the oqu. (2,35), The nuierical results for sone

by

typical values of dielaotrie tube thickness and collisjon
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fraquency are discussed below,

o,5.4 Numerical Evaluation of Antennp Systenm
Chargeterist £ TNOI- Med e
The pattern function (eqn 2.52) depends upon the
waveguide radius a which appearsonly in its numerator,
plaosma column radius b and dieslectric tube radius c, both
pear in the denominator only, MHoreover, it

of which ap

aleo depends upon the relative permittivity of tho dieleco-

trio e‘ and the relative permittivity of plaam._ep.

gimilar problems have beon analyzed by Gupta et al (1£71)

and Bam ot al (1974) for the case Of a lossless plasma

wvithout any dielectric tube. Ram et al included an addie

tional central conductor in the geometry, These aguthors

have roported the influence of plasnma density, plasma

column thickness and waveguide radius on the ragdiation

pattorne. Here we will study the influonce of collision

frogquency and dielectric tube thickness on the radiation

patterny radiation reaistance and directivity, A typical

of values of the parameters wp/b = 0,5, ed = 5,0 and

set
ks " kob = 2,406 is chosen for ocomputgtions.
(1) Effect of Collision Freguency

To estimate the influence of plasma collision

frequenocy °B the antenna oharacteristics we choose a typi-

got of values of the relative collision frequency

cal

Vo = 0,0 (collisionless), 0,01y, 0.1 and 1.0, The outer
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rpdius of the dielectric tube is fixed by k.c = 2, 765,

The normalized rediation patterns are shown in fig, (2.8)

and the other sntenna cheracteristics are sum._agrized in
table (Ze5)s ke motice thet tie inclusiwn of collisiom
frequency drasticaelly influences the antenna characteristics,
ihe radlation at the brosdside direction is suppressed and
the radiation at the end-fire direction is enbanced by the
inclusion of losges, & similar effect hpa been uvserved

by Harris et ol (1£€5) for a magnetic dipole on g plasma
enclogsed conducting eylinder, The BFBW decregses with inere-
asing collision freguency, Tais rosult 4= also in

agrecment 4ith the rzoulte of Hodera 2t o1 (19€2). The
dgirectivity first increases with V/o but then siightly
dacreases o8 V tends to m. The rnfiation resisvance or the
total radlated power jp drastically rcduced duwe to the

collision freguencye. Thue ths anteuns 8ystam becomes more

girective gt the exgpapse of totel radiated power,

(11)Bffect of pielectric Tuvse

In order to ostimate the influcnce of the dielectiic

tube wpico conteins the plasma we choose the dielectric to

be glase tC correspond to en actual labcratory situation, The

dielectric conatant of the glaas ia takern to be gd = 5,0, which

rapresente tbe velue for the borosilicate glasses at microwave
¢raguencies, The nurericel recuite are obtained for the normali-

zed gle®s tube thickness il
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TABLE 2,5 EFFECT OF COLLISION FREQUENCY ON THE RADIATION
CH ARACTERI STICS OF HOMOGENEOUS PLASMA COLUMN
EXCITED BY CIRCULAR WAVEGUIDE (THOI-MODE)

Peuk Poak Radiagtion
Yoo Position HPBW Amplitude Resistance Directivity
e° (rel,units) (rel,units) (dB)
0, 00 0,0 62,0 15,4313 136. 6430 5.4320
(Colricion-
less)
0,01 71.B 58,0 6. 7321 25,8783 5.4560
0, 10 73. 0 33.5 1,0191 0, 3808 842605
1,00 7445 34¢5 0, 2044 0. 0168 7. 2580
kO‘ = kob - 2.4%. koc = 2,76, Ed- 5,0 and mp/m = 0,6
FECT OF DIBLECT RIC TUBE ON THE RADIATION
TABLE 26 %Smhacwm STICS OF HOMOGENECUS PLASMA COLUMN
EXCITED BY CIRCULAR WAVEGUIDE (TMOI-MODE)
P eak Poak f{“di'“"m
it4on HPBW Axplitude ¢8igt ance Directivity
koo ng * (rel,units) (rol,units) (aB)
(no d%olcotriC
tube

o, 595 58,0 48,0 0, 9227 0.4692 5.3830
0,765 T30 33,6 1.0101 0.3509 8., 2606
3. 906 51,6 46.6b 0.9518 0,480 5. 6010

koc-k

'b o 2.405’ Gd' 5.0’ mP/m - 005 and V/m - 0.1
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ko(c-b) a 0,0y CGe12y 0,24, 0436 and 1,5 which correspond
to no glass tube 5/, 10;; 157 of the plasma column thicke-
ness,and approximately a querter wavelength thickness
reepectively, The normalized radiation patterns are shown
in fig.(2.8) end the numerical results for other character-
istics are given in table (2,6). It is found that as the
glass tube thickneas is increased, the radiation peak first
shifts towards the end=fire direction and then retreats
for a thickness approximately equal to /4 to lie very
close to the no glass tube case, Similarly all the other
parameters, the HPBHW, pesk amplitude, radiation resistance
and directivity also shov an oscillagtory behaviour. as
for the maognetic ring source, in this case glso the radig-
tion pattera nearly rotraces itself for the quarter wave-
length increments in glass tube thickness,
0.6,5 Selution of tho Problem for I8j)=lode

For the TEyy mode also the strength of the elemen~
tary ourrent ring source of radius § will be proportiocnal
to Jl(w), but,with h given by J;(h p) = .31{1, p) = 0,
thus by dropping the comstant of proportionality we cam

yrite the elementary electric ocurrent distribution as ;3

T= g3, np) b )b (s (2,58)
The radiation £ield due to the Tsoi-u!v.gujdg are

now obtained by integrating the pattern function for the



71

electric ring source which hes been obtained in ssction
(2.8), over p from O to e The source strength I is
gubstituted by J (h p), Then using the Lommel integrals
(egns 2.60) ve can obtain the pattern function for the
wavegulde excitation, The pattern function for 1501 dode
may also be obtained directly from the pattern function

for the T"i.-\l gode by applying the Babinst 'ps prineciple,
v

after geparating ¢he real and imeginary Parts of the

attern function we § et

p(e) = (X, * § XM/, *3%) (2.58)

whers for '1¢ h

= 2(k _a)J,(ha) (uy IR _(via)-u,,JI (v,a) )
X o* "1 Ir e 1 10 1 (5 60m)

P

- 2(k 8) 3, (ha) (uy 3T (vya)-uy IR (v, a) )

& (2, 60V)

and for Vq © h
x, = g2 Jl(ha) (2, 61a)
a O (2.61v)

.
and %, end % ere given by the 0que.(2,54) for v,#h and

.qn1(2057) for ¥q=
(2,64) snd (2,67) are given by ( ogns.(2.24) end

h, But 4n this case Ir and Ii used in

e qn Be

eqﬂﬂ. (2.43) to ‘-2.46).

4,6 6 Mﬂmﬂﬁmm
gharscteriatige for I5,,~Tode
Ao mentioned in thie case of TM ,-mode the influence

of plasks donoity, Pplasma column thicknesse and waveguide



radius has already been studied (Gupta et al, 1871, Ran
ot al, 1674) for somewhat gimilar geometries, Here we
prescnt the rosults for typical sets of values of V/w and
kg e for the fixed values of mp/m = 0s5; €4= 6.0 and

kon = kob = 3,83,

4) Effoct of cellieion frequency
To estimate the influence of losses on the radig-

tion pattern etc. we kept the dielectric tube thieckneas

Oonﬂtant at koc = 4.021 and evaluﬁted the a,ntenna, Qharaete-

risties for V/m = 0.0 (collisionless)y 0,01, 0,10 end 1,0,

The results are {1lustrated in £1g.(2,20) and table (2,7),

We find that contrury to the THy,-mode the major pesk appears

at the broadside for all values of V/w, The s2all value.

of V/o = 0,01 has a negligible effect on the characteristics,

The radigtion pattern for this value of V/w overlaps the

patterno for the collisionlese cese. For higher vgzlues of

V/w the radiation at the end-fire is suppressed. The HPBW

undergoes a vory oumall change with increasing collision

frequencye
11) gefect of Dielectric tube
As mentioned earlier, the dielectric tube is

asgumed to be a glasgs tube having dielectric constant

G‘“ 5,0, Ihe collipion frequency 1s fixed at V/w = 0,1

e,nd the glaﬂﬂtubﬁ thickness is teken %o be 0 . 52, my and 157
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T ABLE 2.7 EBPFECT OF COLLISION FREQUENCY ON THE RADIATION

CH ARACTERISTICS OF HOMOGENEOUS PLASMA COLUMN
EXCITED BY CIRCOULAR WAVEGUIDE (TEOI- MODR)

Peak Peak Radiation
o Popition HPBW Amplitude HResistance Directivity
e° (rel,unite) (rel,units) (aB)
0, 00 0.0 2546 0, 2674 0, 1812 8. 72
(co0lliaion~
less)
0,01 0.0 2546 0,26566 0.1786 8. 9873
O, 10 0.0 26,0 0. 2551 0, 1662 8. 839
1, Q0 0,0 23,0 0O.b¢68 0, 7319 £.436

(no dielestric

tube)

k _wek b=3:83) k¢ = 4,021, 8% 5,0 and wp/m = 0,6

EFPECT OF DIELECIRIC TUBE ON THE RADI ATIORN

TABLE 208 O CTERISTICS OF HOMOGENEOUS PLASHA COLUMN
£XCITED BY CIRCULAR WAVEGUIDE (TB,,~MODE)
P eak P eak Radiation
k e Position HPBW Amplitude Resistance Dirsctivity
o e° {rel,units) (Hel,umits) (aB)
3,83 0.0 26.6 0.3120 0, 2616 9,807
4,021 . 0 25,6 0,2061 0. 1662 8. 838
4. 213 000 24. 0 0. %06 0. 1209 904‘2
4. qm O. O 23:0 Ot 2372 0. 1211 9.681

ke = kob = 3,

83, €4~ 6.0 m’/m = 0,6 and Vo = 0,1
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of the plasma column thickness. The results are shown in
£ige (2, 11) and teble (2,8) The major peak appears at the
bropdside for all values. The pesk anplitude , radfation

resistence snd dirsetivity first decrease with increasing

thickness and then increass. Similarly the side lobe

lovel near the end-fire dirsection oscillates with increasing

dielectrie tube thickness, 8imilar to the case of TMOI'

mode wo expect thal the rediation patterm for a quarter

wavelength thieck glass plate will cocincide with that for

the no glase tube case.

2,6 CUNCILUSIONS

in this chapter the 8
e dieloctric tube thickneas on the rediation

ffact of plasma collieion

frequency and th

acteristics of = plasma antenna syoten has been studied,

al plasma columns exclted by circularly symme-

cbhalt

The cylindric

c pources such ad eleo—tric and magnetic ring sources

anded ciroular waveguide supporting the TR, ~gnd

tri

and open~

TﬁoimedBS, heve been congi derod.

The most importa
the effects of dielectric tube thickness on the

at feature which has emerged from

a study of
1ation pattern 4a that the radiation pattern for a guarter

gth ghick glass

rad
wavelen tube admost overlaps the pattern for

s tube oase. This result is consistant for both

the no g12°

ring 80Urce® and the open-ended circular waveguide, A

the
be thickness egual to the integrgl multiples of N4

iglass tv
radietion pattern which differs very 8lightly

he absence of a glass tube, The pesk gmpli
p -
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‘tude, radiation resistance and directivity are very slightly
affected by the quarter-wave ¢F cultiple querter-wave thick
glasc tubes es compared to no glass tube case,

The rediation patterns for the electric and magnetio
sources are very much sinilar but not exactly the same as
they would have been for the ring sources in free space,

For the typical values of the parauetere used for compute-

direction of the major peak differs by about 0.6°

tions the
only. The beanwidth is sonewhat larger for the magnetic
ring oxcitation than for the electrie ring excitation

The directivity for the electric ring mource is higher as

pomppred %o the magnetic ring case, The radigtion patterns

for the TKOlf and TEOlfmode circular waveguide excitation

aro markedly differcnt fron pach other, 1The radiaticn pegk

appears on the broadside for the Tﬂoi-modu whareas for the

T 1O4S jt gppears negr tbe end-fire direction except in

the lossless case where it appears on toe brosdeide for the

Tnoirmade aleo. It can be noticed that the HPBW is smaller

and the directivity is larger for the T8,,~mode as compared

to the xnoifmode. Thia is because the excitatlon aperture

is largefr in the former cagfe

vhoe guneral jafluence of increusing the colidgio
n
graquency ja a decreage io the rodiated power. For the

cape of TinE gources the rediation pesks become brosder gnd
an

wesker with the increeaing collision frequeney, The di
rec~
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tion of the radiaetion pesks is shifted by a vory suall angle
at high colidnion frequencies, For the waveguide excitation
4n the TM-node the broadside radiation is suppressed and the
redintion towards the end=fire is enhanced, But, for the
TE-mode this effect is not observed rather the end=fire radia-
tion is suppreseed at a sufficiently bhigh relative colliszion

frequency. 'O both the Tﬁel— and TEolmmodea the radiastion

peak becoxed narrower as the cuvllision frequency is incregsed

Por a sufficiantly suall relative collision {requency
(V/o = 0.C1) the radlstion cheracteristics are very slightly

affected exccpt for the case of lhH, j-unode waveguide excita-

tion whore +the changeg are rather dreastic.

We nay thus conclude that either a very thin or a

qharter—ugvalength thick glase tube causes a very little
‘ disiort:l.on of the entenua radtation pattern and very

y affocts the otber antenna characteristico, 4 rela=

23141
2

tive collisl hes 8 little

on frequency of the order of 10

effoct on the gntenna systen chgracterigtics except for
vha TMOl.mOde ugveguide excitation., Thus, in gsneral, g

palative celliision frequency of thig order nmay be tolergted

out very seriously affecting the antemna system

with

characteriatiua.
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3,1 INIRGPUCIION

it is well known that alnoot all the forms of regl

1ife plasma naoely the lgboratory plasna, the ionosphere

and the plasna sheath genorated around a spacewvehicle etc

exhibit a spatial inhomogeneity of plasma density. in

.nest of the early theoretical atudieas on rgdiation from

plgaaa—enclosod aleotromagnetic sources the plasma was

assuzed to be homogensous, to simplify the mathematical

analysis (refz. given in Ch,2). Then 1t was realirzed that
the rpdiation properties of a source enclosed by an inhomo-
geneous plasns 02y bo narkedly different thaen those when it
ig gurrounded by a homogeneous plasma, Severgl studies were
n conducted ueing some idegliged a® well as realistice

the
Various methods are used %o solve

asity profiles.

plasma de
on in an inhomoge neous medium, (1) the squa=

the wave equati

exactly golved for idealiged density profiles

ticn can be
(Strgtton 1841, Barrar 1855,

ar and exponential

guch ac limpe
) for yhick the closed form solution

Casey 31271 etce

and
oxisty (11} o8 oxpct solution for more general ogses can be
obtained 4p the form of an infinite power series oxpansion

( Samaddar 1063, Kusch 1063, Teh and Huech, 1667 and Joshi

o 1676 etc.)y
unber of thin honogenoug plasma layers of

nd Vers (444) the medium acan be stratified
snto a 1arée
plasua density.
o wave equation in each layer and using the maptry
x

The fields
varying ape Then obyuised By

golving ¥

node ( Berrie 1063 ete.)s (1v) the vave oquation can be

met



directly integrated by using the numerical methods (Swift
1964, Fante 1871 etc), (v) for the cases where the plasma
density gradient is small the WEB methcd can be used to
obtain an approximete solution (Ung 167, Tyrae 1962) and
(vi) at high frequencies in the geometrical optical limit,
a geometrical optical analysis can give an approximate
solution (Eyrase 1¢69, Woo and Ishimaru 1971),

Most of the guthors referred above (Rusch 1964,
Svift 1£64, Iyras 1967, Yeh and Rusch 1967, Harris 1263
and Fante 1971) heve studied the problem of a slotted
cylinder covered with an inhonogensous plasma layer using
different plasma denpity profiles and techniques of solution
o understand the re-entry problem, Woo and Ishimaru (1971)
studied an arbitrarily oriented dipole in g cylindrical
jnhomogeneous Plasmi. Daniele and Zich (1673) studied .
the radiation from arbitrary sources in an isotropic strg-
4ified plasma, Joehi and Verma (1875) discussed the nethod
of polution of radigtion fields of a nmagnetic ring sourcs
in a magoetized jphomogeneous plasma column, El=Khanmy et.
a1 (1076) studied the adnittance of a waveguide radiating
ijnto an inhomogensous plasma layer, lMore recently, Wong and
Cheng (1977) studied the radiation from a circular loop
in an inhomogenecus plasma column, In the present chapter,

4o make an attempt to study the effects of inkomogeneity

of plasma density on the radlation chargcteristica of 4

83
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systen consisting of g ring source in an infinite column
of inhomogeneous plesma contained in a homogeneous dielec~
tric tube, Both the electric and magnotic ring sources
carrying a uwniform beprmonic current are considered, These
gources excite the lowest order circularly symmetric He
and E-type modes respectively, 4 plasma density profile
representing the positive colummn of a discharge tube is
congidered for analysis, The plasma density profile in the
positive column is theooretically reprepsnted by a seroth
ordor Bessel function of firet kind, For the sake of mathe-
nrtical ginplicity the Begsel function profile is approxi-
mated by a parsbolic function profile. The wave equgtion
the inhomogeneous plasmg region 18 solved by the infinite

in

power seriee method (Whitteker and Watson 1062), The rsdia

tion field is obtained by the asymptatlc evaluation of the

{nverse Fourier transform integral by the method of steepest

desgentBe This study will be belpful to understgnd the

behgviour of a laboratory pleoemsrantenna system using the

pooitive column of an eleotrical discharge as the plasma

columnie
3.2 Tis IHBD_HQ_GE’WUS PLASKA DENSIT ROP

The plasza column ig assumed to be isotropic, |

10881088 incompressible and inbomogeneocus, For the case

of popitive column the plasma denaity ig generally taken

as & parabolic function of the radlial distance which ig
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most probably assumed on the basis of experimental evidence,
For the case of a positive colunn of a glow discharge
Cobine (1268) has described the work of Engel and Steenbeck
(1£32-34), for gae pressures such that the mean free path
of the electrons is very short in comperison with the dia-
neter of the tube containing the discharge, In their

analysis the plasta electron density is shown to have the

following radiel dependences

alp) = nd ( p¥2/D) (3,1)

n w the plasma density at the axis (p = 0)
zZ = frequeney of the ionizing collisicne,

= +the ambipolar diffusion coefficient,

Since the electron density can not be negative,

pf27p. ecannot exceed a value 2,406 which is the first

goro of the Bessel function Jo o Furthermoro, the value

of ‘,ﬁﬁ: will be maxioum at p = b, the radius of the

plasne columa, 7Thie implies that

wz/D & 2406 (3.2)

1¢ the production of dons and the diffusion
coefficieont at any pressure aro such that gt the inner
wall of the dlelectric tube containing the plasma (i,e,

at p ™ b) the elestron density is gero, then b Z/D‘ 2, 405 .

Hence eqne (3.1) can be written as :

n‘p) = noJc(2.405 ‘i/b) (3.3)



Now if we define the plasma frequency
o, = V) e2/ek | (3.4)

where o 18 the electronic charge and m is the mass of the

electron then the relative permittivity is given by

€, =1- m?/m‘?

2
@
el (3.5)
mE @
o
The relative perpittivity of the Plasma.ep and

hence nig) will appesr in the #exwell's equations and

then in the wave equation, To simplify the mathematical

difficulty fnvolved in solving the second order differecn-

gial equation containing the function n(p) (eqni3.1) we

megke the following lPProximation- We approximete tho Bessel

jon in the interval 0£p < 2.405fD./z by a parsbolie

funct
punction of the following form,

2
Jo(p\('z/ﬂ') ~ 1 - Yp /) OLpghd (3.6)

yphere Y i8 a (constant) such that 0 < T <1,

Then alp) = ng ¢ 1 - I(p/b)ai (3.7)

ihe curves for the fvnction l-I(x/g,gQﬁ)a and

(s uere = = (24405 p/8) ere plotted dn £15,(3.1) cor
o
do0De

comp &f :
¥ combining the oqpa.(a.S)and‘S.?) the relative

B
£ the plasma can be written as

Pormi‘tiVit’ o
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©? w”
i 2
€p = 1~ -52 + -%2 Y (p/b) (3.8)
© @
vhere ®,, * ¥ nbog/leo is the plasma {requency at the

axis of the Plasna column,

3,3 EACITATION BY HAGNuTIC RING SOURCE
3.3.1 Iatroducidon

In this section we study the radiaption character-
jsties of & plasme-antenna system consisting of a magnetic

current ring source placed inside an infinitely long cyline

drical column of plasna surr cunded by g dielesctric tube,
Phe plasma je assumed to be isotrppic, inhomogeneous, lose-

1ess and incompressible. The equivalent relative permit-

tivity of the plasne is given in the preceding secction by

eqn.(a,e). The dielectric tube may represent a glass tube

jn an actual laborgtory experiuwent, 4 magnetic current

ring source carrying a uniform current will excite the

ept order oircvlarly symnetrio s~type mode having the

ponents E‘" E- and Hﬂi‘ As mentiocned in the

low

field com

hepter 2 (asce263)y the pegnetic ourrent ring source may
¢

aulgted By & VALY parrow annwlar slot 4n a larges cone

The requirement for the annular slot to

bo o6l

ducting 8cTeels

: gocd approxima
» should be gnall compared to the wave=length

tion of the ring soures is that the
be 8

alot wid?t

4 the electric field in the 8lot should be radial and
an

It is also jmportant to note that an slectrie
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dipole oriented along tho axias of the system will also
axcite the same types of modes a2 excited by the magnstic
current ring source being considered here,
3,3,2 Forpulation of the Pr oblem

The geometry of the problem to be aenalysed is the

as congidered in the previous chapter and shown in

Bane
£35.(201). 4n infinitely long inhomogeneous plasma column
heving & radius b is enclosed by a coaxial dielectric

cylinder having an inner radius b end an outer radius ¢,

The relative pernittivity of the plasma denoted by ep is

given by agn, (3,8) and toat of the dielectric is denoted
by ed. Yhe relative permeabilities of the dielectriec and
the plasma are taken to bo equal to unity. The region
outside the aielsctric tube . 18 free space, Uue to the
circular cylindricnl symnctry of the problerz the cylindriw
osl coordinate pystem (py #, w) %o uscd, The axis of the
plasma cylinder i8 aligned with the Zeaxis of the coordinate
aystom. 4 nognetic current ring source of radius a and
carryiﬂs g uniforn hagroonic megnotic current M is plpced gt

gin in the z = 0 plano., The source current distrie

the orl
pution is reprosented By the Dirac delta function in the
gol1owing For®

Tagno (paa) o (s (3. 9)

here B 40 a unit yector in the f~dircction end M is the
v
strength of ¥h¢ magnetic ring souree expressed in volte/sq,

mator.



Assuping a harmonic time dependence of the form
exp{~jot) and suppreassing it throughout, the source form

of the ligxwell's eguations are written aa

vxi:jm“oﬁ'i (3, 20)
Vx § « ~jE ) B (3.11)
2 2
vhere w [
- - ] - 22 28 g
E(p) =€, =1-"3*" 2 Y (p/b)€ 0 p<o
= ed b<p <Ke
@ 1 v :) ¢ (3.12) p

Now on eliminating ¥ from the agbove Maxwell's

equations we get a vector waveé squation for fi', the £ -

component of this equation is writton ae

(xVx By - o RSEWig " WG S G0 bl
«1d

The magnetic ring source vroduces a field having

the components B E_. end Hy end 8ll the other components

due to the circular symmetry of the asource

ygnirh, Further,

the fact that the medis 4nvolved are homogeneous in the

and
polar angle g, sld the field gquantities will also be inde-
pendent ©of § end a/af = 0. Now on expanding the sbove
jon in cylindricgl coordinates we got the Ffollowing

equat
pnrtigl diffarential oquatian for Hﬁ'
1 aelp) \ an
2111 1
a_t‘% : ’{ = T etp) ~*
de 0 pz P Eip b

; - aee) - () I
'{:'2"96(9) 29 & }’
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= ~Jof E(p) M D (p=a) & (3) (3.14)

wvhere k§ = mghopo

The other field components can be obtained in

terms of Hd by using the Maxwell’s equations,

The above partial difforential equation is reduced

to an ordinary differential equation by taking its Fourler

transform with respect to z. Yhe resulting squation takes

the form 3

- S Rl G R )

ey) dy
d p

_ﬁ%l} = =jok £) ¥ o(p=a) (3.15)

Fourier transform of H’ by the Kernel
2) in chapter 2, The

vhere H is the

oxp (=Jjiis) as defined by oqhe (2.

In the various regions of epace denoted I-IV the
n

bove oquation tokos the formel
a

- (3o PR PET R,

- - 3£ LM 8(p-a) OKp <D (3.16)

2 B
caZe - p2) B0 bp <o (3

¢(k§—ﬂ2",‘}2’“'° b >e  (3,18)

+

P
+
o
o &R

©p
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3393 Solutiopn of Froble

We now proceed to solve the present problem to
obtain the far zone radiation field, First of all we
proceed to solve the eqns, (3.16) to (3.18) in the regions

of space denoted as I~ IV in figel2:1)e It can be easily

recognized that the aqpa.(3.17) and (3,18) are of the form
of the Bessel equation and will hgve the Besgel functions
.6 their solutions, The equation (3.16) 15 found to have
no cloaed form solution pnd it is solved by a series solu-

tion method., The appropriate solutions to these equations

muat satisfy the conditions that the field be finite at

P " 0, the fi0lde satisfy the electromaggnetiec dboundary

conditions at the boundaries p = 8 p = b and @ = ¢y the

fie1d be regular at ¢ = o and that it eatisfies the radia-

43 on condition. The unknown coefficients in the solutions

aro obtained by the application of these boundary conditions,

Then the inverse Fourier transform of the solution in

region IV is taken. Ihe resulting integral is solved by

considering it as a contowr integral in the complex Y=plane

gnd using the nethod of steepest descents (Iyras 1%68) to

obtain the asymptotic value of the radigtion field.

in the following paragfaphs we proceed to &q%ux.

the procodurt outlined above.

pafore we proceed to obtain the solutions of the

wave equation v nake the following substitutions ¢



33

2
ep = Qe+ (kop) (3.18)
with
2,2
C = 1-mp°/tn (3.20a)
R
¢ = g/ (3.20¢)
H(p 1) -é- a(x,n) (3,21)
x = (kop) (3. 22.)
2,2
and t = &= 5i%/k] (3. 22b)

Op making these substitutions in the egn,(3,16), it takes

the following forami

4x(1+0x) g - 40x *Cl + ox){eox+*t)h
--Jaﬂeub(p-a) OLp <> (3, 23)

For all values of p(04<b) except ¢ = 4, the gbove
equation reduces to a homogeneous differential equation,

The resulting bomegenaous equation has regular singulari-

ties at x = O and x ==1/d, If we assume that €, does not

yonish on Og<b then x =< 1/6 vill not be a singular point

of the squation.
Now we proceed to obtain the solutions of the

£ol11 owing homogeneous ai fferential equation which ia .

in the reglon DLp £V

4c(1 * °=’£§’ sux §8 + (1+0x)(@ 0x+ 4) b = 0 (3.2¢)
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We oxpgnd the function h(x) (tha arguement % is dr opped

for the seke of brevity) as an infinite power series of the

form?

P
h(x) I ax (3.25)

= n

The substitution of this solution in eqn. (3.24) yields the

following indiclal equations

aon(n-l) = 0 (3.26)

The roots of this indicial equation agre m = O and 1,

Since the two roots differ by an integer, the larger of the

twoy 3+ D = 1 givee a solution and the root n = O does not

gve any solution, Thus the first solution to eqn, (3,24)

pay be written ad 8

; 511
l. (30 27)

hl(x) =

n=0
The coefficients a's are evaluated by substituting

the series (3,27) into the aqn.(3.24) and equasting the cos-

fficients of various powers of X to sero, This gives

8, ° 1 (arbitrery) (5, 55

sy - (4o - ¢t)/8 —

g = Cuayrian) O 82/2 (3. 286)
and for n2 3 8, - -{‘46&(.-2)*@) g._l+(a+t)c .‘.2

2

+ O %-3} /‘.(.’n (30 284)

s second independent series soultion can de writte
n

in the form (whitteker and Watson 1$52)3



hz(x) = by(x) n(x) » Jfo be‘ (3. 29)
with the coefficients
bo - - go/t (3.30a)
ba = -{12.]+(¢+t)0’ bO}/B (3.30 C)

and for §»3
b’ » -\_4(21-1).,_1*8(3-2)0 84ep +

{a0(3-2)(5-3) +¢] b, ; +
(@+t)0b,_,%a070 s | /23(3-2) (3,304)

The circle of convergence of the above series
gsolutions (eqnse. 3,27 and 3, 20) for 8,‘«»" Oy in the region
oLy < Db 4g defined by 0x <K 1 or ¥ “ma-mfe’/mfgl

(Wbitteker end Watson 1652), It can be shown that for
Y = 0, 1.0 the homogeneous gaée, the meries hl(x) is
related to the Besgel function Ji{vs) where v, s defined
by eqbs (2,13) in chapter 2.

Now, the appropriate solutions in all the regions
of 8pace (I~-1V) can be written as 3

i = Sm+l
HI(P,'” - ‘J‘EO .-(kop) O<p <a (3.31a)

& . 2n+l oy
g = dp Ty &PV Bpl B a e py

- -
(1a(xp) % Ebykp)HE o p @ (3,30
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(bo") = Ay Jy(vp) *+ B X 1{vp) p e (3.316)

Biyg
(1)
Bryea®) = 4 T (vp) p > e (3.314)
wmore, v, =V k5 - wnd vy = Y Eq - W7 (3.32)

Where 31'!1 and Hil) ere the first ofder Bessel

function, Neumann function and Hankel function of the

firet kind. 11, ‘2’ 32 - A% are the unknown coefficients
to be doteruined by applying the boundary conditions., The

eource at p = @ introduces a diacontinnitypn the tgngetial

conponent of the slectric field E’, equal to the mggnetic

current denaity ot p = & The other boundery conditions

are provided by the continuwlty of the tangential components

of electric end nagnetic fields E, and H, across the

poundaries. The coefficients Ay t.aa, 32, ...Aq are obtained

by spplying these boundary conditions and solving the

resulting set of cquetions by matrix methods. The express-

40ons for the coefficients gre simplified by using thae

reourrence relations betveen the Begsel functiona and the

go11owing Wronsklan relation betveen hl(x.q) and ha‘*'“)
J : .

By By = Bp By T 7 -t (3,33)

sinee we are interested in the radiation fiela

G > ¢c)s ¥@ calculate Ay epd teke the inverss Fourler

gransfor® of 'HI?‘F;'I) to obtain the field component

H (?’.) oo .
¢ wen § o oa SO us
ﬂ"(p..) = A A‘ 1 V.p) e & ( 3,34)
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This integral is evaluated by contour integration
god using the uwethod of stecpest descents, as ocutlined in
the 88cCe (2¢3.3). The for zone rgdiation field in the
spherical coordinate system is found to be 3

Jlk r~x/4)
Hylr,0) = EVem, Flo), =% (3,35)

Where F(@), called the pattern function is given by

2 & @€(b), (k a) z:.&.)z"l

Flo) =
2 { P.R * Q3S) (3.36)

with

p = £(b) (vdb) Jo(vdb}za-(kob) 2nme+l

-2 J 1(' ‘b) 5 a.(mbl)
(k b) 2P1 (3.37a)
Q = (b)) (v L) T (v )T e (kP 2:”1*8‘11("5)
‘Yo (m42) (ke p) 222 (3,37b)
1D (v j0)- (v o) T Lvg )8 (v o)
(30370)

S = Gdﬂvoc)Jl(vde)Hgn (v o)- (vge)d (v 0) H;J') (voc)
(3.374)

R = ea(voc) !1(vdc)

wherey Vs ¥4 and .ﬂ'. are the samo as defined by equagtion

(3.32) and (3,28) but with i = kg SinB, which i8 the saddle
point, The sunsation runs over m = O to e,
For thoe special case of homogeneous plasma (Y¥=0)

it can be found thgt the sories involved in eqna, (3,37) are

ralated to the Besse
£ = . o Jolvwod
i(:) ‘.(k,') '{e;b) b ket | ) (3.38)

1 functions by the following equations,
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e I e laed) (k)2 = 3 (vp) (3.39)

where vy = ko v Cp"Sin% (3.40)

Uping these relations the above pattoern function
can be reduced to that for the homogenoous column sbtained

in the previoue chepter (oqne, 2, 17 and 2,18).

3.,3.4 Numeri Evaluat of t te Syate

ngrggteristicu

A brief general discussion of some important

antenna systen ch gracterietico has been made in chapter 2,

In this section we discuss the regults of numerical evalug~

tion of the radiation patiern, radiption resistance and

directivity of the inhomoganeous plasme-antenus systen,

The effects of the shape of the plasas density profile for

g tixed sxial ple
ity on the above antenna system chgracteristios are

sme denpity and for a {ixea average plasma

dens

discugsed-
The aximutial plane (feplane) rediation pattern

3¢ iootropie due to tae oircular symuetiy of the aource,

The verticsl plene (g-plane) radiation pattern 1s evalugted
by computing the pattern functior (eqns, 3,36 and 3.37) for

)
values of 6 at 0.5 interval. 3Since symmetry exists sbout

the O = O planse only half of the pattern from 0 = 0° to

900 is sufﬁ.oient. Each pa‘l’-tam is normaliged to its

—r valus to facilitate the eomparison of relative

patters ghapes for di fferent plsama density profilas
a L]
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The radiation resistance and directivity are calculeted
by using the eqns.(2.31), (2,32) and (2,35),

The expression for the pattern function involves
sum of the infinite gories so wo first discuss the conver-
gence gnd evaluation of the infinite series, Next, we

di scuss the effect of the shape of the density profile

on the antenna nysten characteristics,

i) Comvorgence of Lhe Series Solutions
The oriterion for convergence of the sories

solution hast pirea

gence of the seriee hl(x) was nunerically tested for the

valuos of ¥ = O and 1 and for & =0 to 90° ot 6° intervals,

For the case Y = 0 the repgults were sompared with the

responding Bespel function (0gn.3.38), The sunmation

d to agree upto seventh decimal place for tha

cor

was foun

argucoments k p ¢ 8,0 for m £ 14, For argucrents k <10,

the resultse agreed at
ping the number oi terms in the sunnationfiid not

least upto the fourth decimal placse,

greeument. For X = 1, the derivatives of

alculeted and substituted into the

improve tho a

hylx) wore elso ©
34 gferential equation (3,28). The vglue wgs less than
10-7 for .11 gngles and kol‘ -\48’ for .S 16. for k;'aoo

-6 - 950 .
reﬂ'lllt was 10 for @ = 0O 26" but again converged

the
*¢ gor higher values of 8, For argugments

ky wpto ¥ the squation was satisfied at loast upto the



fourth decimal place, Taking the sum VOr a Very large
nucber of terns also did not nake any imp rovement in tho

results,

1i) Effeet of Inbompogenaous Density Profile

The influencs of the shape of the lnhomogeneousg
density profile or the antemna cheracteriasticg 4, studieg
in two wayst (a) by keeping the on-axis Plasmg density
constant and chanzing the shape of the density profile by
varying the profile index I/ (b) by keeping the average
plasma denseity constaat as the profile index Y ig Varied,
All the other parameters asre Lept constgnt at kog ~ 5,0,
kb = 75y ke = 1,26 k b end €3 = 5.0, Thg nuzerieal

results for the above two ce8e8 are gdiscussed below,

a) Antenna System Chgracteristice fop
Constant Axiel Plosma Density:

The axial plasme deunsity is fixeg by keeping the
relative axial plesaa frequency constant st 0o/ = 0,85,
A1l othor perameters aro flxed at the vylygg given above,
A met of Values of the profile index ¥ = g, (homogeneous
casa)y Osdy 06y 0.8 and 1.0 15 nhosen fop numerical pgi.
culations, The shape of the density Profile for these
velues of Y &8 shown in £1g,(3,1), 1714, results for the
gntenna systom characterinstics ere iNluetratod in fig.(a'z)
gnd table (3.1). The radiation pattery ote. far Y = ¢

wyore compared with thcae cblaived fop the inhomOgeneou,
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TABLE 3,1 EFFECY OF INHOMOGENEITY PROFILE ON THE RADIAY ION
CH ARACL ERISTICS FOR CONSTANT AXIAL PLASMA DENSITY
(MAGNBTIC RING SOURCE)

-

A

P eak Peai Radiation
Y Posif-ion HPBW Amplitudﬂ Hesist ance Dil‘ec'bivity

ey (rel,units) (rel.,units) (dB)

Q. &) 53,0 10.5 s 1360 Te (04 10, 82

(homogeneous
plasml)

Ced 55.5 13,5 65.8635 7.52D7 $.510

0.6 57.0 16.0 5.7663 7. 7783 80960

0.8 68.5 27.0 5'6845 8,0419 8. 960

ks = 5.0y kb = 7.6, ko = 84625y € 4% 5.0 and wp/m = Q.5

B

' ; 3,2 BFF
T4BLE 3.2 CH ARACT ER15T1CS E®R Cui

T OF INHOMOGERELITY PROFILE OH THZ RADIATIORN
ST ANT AVERAGE PLASHA

pENSITY (MAGN:TIC RING SGURCE)
s Peak Radiation
0. o/w EoaK ypBW  Amplitude Resistance Dirsctiv:

vy P P o;%ti on (rel.units) {rel, units) ?3B§Vi‘ty
C.4 0.58 5440 13,0 5.65684 7.3507 ©.202

* L J
0.6 0.66 5446 1645 5.3880 7.6664 8.8580
0.8  0.59 £6, 0 30.6 5.0813 7.8621 8,174
B +6265 €= 65,0 .

k a= 6.0y kP 7eby Koo © . ' 7d s (mp/m).' 0.8

o
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case of chapter 2 and were found to be exactly identigel,
The fig, (3,2) shows that the major peak shifts towards the
end~fire direction by & snall gngle with the increasing Y,
This i8 in agreement with the geometrical optics, Since
the raye will bend towardthe exis as they traverse through

toe inbomogenecous plaswa, Siuilar effeot has been obsarved

by Tyrag {1¢67) for the case of a alotted cylinder in in-

homogene ous Plashas The HFBW increases sigoificantly with

the increasing Y and tho pock auplitude shows a very slight

decreasc with the incregsing 1. Congequently, the directi~-

vity docreasesd with the incroasing Y. The knee in the

atbern around o= 356% is enhanced and the broadside radia-

P
tiop aleo increases vory elightly with the incressing profim
1e¢ index Y.

b) Antenna Systen Characteristios for Constant

ge Plasma Density:
ge plasme denaity'(mb/h)a' is kept fixed

Avers

The avele

at 0,5 and the numerical results are obtained for the profile

jpdex T = Oeby 0,6 and 0.8, The radiation patterns for

theso prOfiloa along with that for the homogeneous case gre

0 Fi e (335 The other asuntenna characteristics gnd

1 relative plasne frequencies for various values of

gh oW

the axia

o sumnarised in teble (3.2). It ie noticed that the

ok sbifts by a VY small angle vith the increesing

Y a

palor pe

proghle: 3K (Y) es compered o thne previous case. Further-

oF i tpe kreo in the radiation pattern ground 6 = 35° ig
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more prowingat in this casse thgn in the previous one ,

In the present case the peak anplitude, rgdiation resistence
ond the directivity are plightly lower than the previous
cage, Contrary to thc precoding cafc the bropdside rodia-

tion shows & decromc? witk the increzsing Y,

3% BECITATION BY ELE I R

3.,4,1 Introduption

4 situation complenentary to the one discuesed
in the previous sootion is that of & plasma column excited

v~ an electric ring sourcs, A sirdlar problem for the case

of a honogeneous plaera cclurm hes been solved ir che2 and

py Gupta and Garg (2571)s A similar problem without tnse

dielectric tube nas been recently sclved by Wong and Cheng

(1677)s Ihe radiation field of an wlectric current loop
in ap jphomogencous pladma column were obtgined. They
obtapined the closzd form solution of the wave equation in

the 1phomogeneous region, having a pargbolic permittivity

profiley 4n terze of tie wbittcker's functions, The fingl

sgion for tbe yedigtion field end the nuserical result

ated in & gymposiuk end could not be received

exi re

. the puthorse flowevery since the arguement of the

funetion ie complex in thelir solution, the

fro

whitteker's

numeriﬁal sopputation i8 difficult, So, we have adopted
gnothef gimpler approach to obtain the solution, We have

aolvﬂ‘ the vave cquation in the inhomogeneous Plasmg region
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by the series solution method (Whitteker's and Watso
atson

1¢62) ueed in the previous saction.

3.,4,2 E ulatio the Problems

The geometry of the problen is the same &8s illus-
trated in fig. (2,1) and analyzed in the section (2.4) with
the difference that the plaema ecolumn is inhomogeneous in

the present caS®. A wave equation similar to egn.(2,39)
L 4

is obtained by combining the two Maxwell's equations, but
?

with €(p) as® defined by egqms(3.12)s Un taking the Fourier

trgneforn of this equation with respect to gz we get the

following differential equation.

2: &

o1 4 2 2. &) E

o R R LT R R it
{3.43)

7, 48 the tranafornation variable and E is the Fouri
er

by the Eernel oxp (=% s) definied by an

where

transform of Eg

eguation sipilar to eqh. (2.2).

3,443 M

Here we proceed to solve the egn, (3,43) in the

various ragions of space denoted by I=-IV, according to

rocedure used in 3eCs (3.3.3).

the p
1n the homogeneous dielectric regioen (b < p ¢ @)
o

and in f¥e° space & > ¢) the above wave equation takes
a

¢ the Besgel egquation. The aclutiona are obtained

form ©
bingtion of Bes 1l and Neunm
ar ©OF ins esgel a sungnn functionas in

ag & line

. diqloetri
ons 10 the froe EPa0®,

i a
o o region and a8 a linear coubination of Hankel

functi



In the plasma region { O L ¢ < b) the above non-
homo_eneous difforential equation becomes homogensous for

all p excepl at §y = & Inus, the regiom is divided into

two regions O L p < & and a <p € b To solve the homoge-

neous wave eguation in these regions we make the following

substitution,
E (p) = elx) (3.44)

where x is given by aqn. (3.22a), The resulting equation

ie then wuritten as $
x ﬂE! des ,
x2 * dx ' & (t +8x=1/x) o =0 (3.45)
Jhere § is defined by eqm. (3,20b) and t is defined by
eqn,(3.22b).
This equation has & regular singularity at x = Q,
solution can De obtained by expanding the

Thus the aeries

function a(x) &8 a power gerios in x arcund x = O 4n the

following form,

e n+n
ﬁ(x) e ;’o‘. x (3.46)

Op subetituting this solution in egn, (3.45) tha

s of the indicial equation are obtained to be

two root
5w g 1f8: 3he root B = = 1/2 does not give any solution
one root B = * 1/2 gives the following solution,

n*1/2
* (3.47)

..,(Z) =% _.'-
> peV
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vith
o = 1 (arbitrary) (3.489)

a, = - te /8 (3.48b)

and for n 2 2
a, = - W, Pageg)/in(ned) (3.48¢)

The second series gsolution ia obtgined in the

following form (Whittker gnd Wptson 1262).

. 3 3-1/2
op(x) = (0 1n(®) ¢ I byx (3.49)
th ,
¥ b, = = sat (3,4€a)
b, = 0 (3.46b)
b, = =-(12a; ° v,/ /6 (3.480)
and for § 238

b‘ - - {“21"1) lrl’tb‘-l’ﬁ bj..a E /43(3=1) (3.424)

The second gojution will diverge at the origin

(x = Q) because of the presecnce of the logarithmic factor,

For this reason, 4t ims not a valid solution in the region

L(op ¢ o), The first golution el(x) converges at the
is @ valid solution in tbe region I, 1In

origiﬂ and hence

rogion 1T (@< < b) a general solution caz be writtemn

the

as 8 1i
The solution of the wave oquation;egulnr at p=0

atisfying the radiation condition gre written
ol

.1onzﬂith tbeir domain definition,
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(po01) = A em+l
By vy 1 mfo a ke p) <p<a (3.504a)
) o w 2241
Bry pati) A 2-0 ‘n(ké‘) * Ba{i oau(kop)zmrl
1nk §)2 + 2 bjlkop)aj-l
§=0 a<p <b (3,50Db)
"IIIL""') - ‘3" (vdy) * (vdp) PLyp < e (3.00¢c)
gl
By Gomd = 4 H (vyp) p > ¢ (3.609)

wheres v, and \f are the same as dofined by eqn, (3.32) in

the precoding gection, 4y Ax By eos Ay are the unknown

coefficients to be determined by applying the boundary

conditions on B'e, The boundary condition on E's follow

grom the usual boundary conditions for the tangential field

components giscussed earlior, Since wo are interepted in

the radiation gie1d ( p >> o) we obtaln the expression for

ags ybich is then sipplified using the recurrence relation

petwoen B

following Wronski

esgel functions and Neumgnn functione and the

an relption between ol(x) and ea(x)

o @,= 0, ¢ " .'.T_i.z :

3% "8 B (3.51)
]

The rediatica fiold i8 now given by the inverse

Fouri eF gransfors of Et.wﬂp,ﬂ) 3
(1)
By Wo® " 5 " (vg)e"® ay (3.62)

This integral is evaluated by contour integrati
on

and usiné the method of steepsst descents to give the
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asymptotic value of the radistion field, %The procedure of
integrution has been discussed in the preceding chapter,
ihe details of the nethod of stecepest descents are availagble
elsevhere (Tyras 1£68).

The final expression for the radigtion field, in

ppherical poler coordinste system 1s found to be

ik r=n/a)
By (r,0) = Lyufe, rte) 2 (3.53)

where, the pattern function F(6) is given by

F(g) = 2(k 58) 29 .n(ko‘>2m+1
n ( PRy ¢ Q. S) (3054)

with

P = le"d )2&*1

el ( 2n+l by
b -
b) £ a (=2) (K ) (v p)J (v ‘b)mfo._(kob

ne0
- - - (3.564a)
- g (k b
Q 211(vdb)-to a (m+d) (K, ) o(v‘b)Iotvdb)nfo.‘gkob)2m+l
(3.55b)

3
R e ("a,")zohdo) n; )(voa) -kvoo)llkvdc)ngn (voo) (3.65¢)

(1)
s - (3,0 3,0vg®) B3 (v o) = (7 0)dy(v OV (v o) (3.550)

iy .mls are defined bY aqns, (3,62), with % = k Sinb,

waich is B
It ¢

o saddle point,
an be egsily shown that for the special cane

1 omog ene ous plasma { ¥ = 0) the series invelved in th
®

of
e equation‘ are related with the Bessel functions gccord
orde-
the relations (3.38) to (3,39),Using these relati
avions

ing to
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the above patiern function reduces 1o that fur the homogeneous

cace obtsined in the preceding chapter,

3ebed ﬁnpgzisnl_gzalgniiga_s&.Anxnnnn_hxaisn
cherooboriatics

The influence of the shepe of inhonogeneous plasna

density profile on the antenna chapracteristics is studied

for the two cases (a) when the axial plasma density is kept

conrtant and the shape of the density profile is changed by

varying the profile index Y, and (b) when the aversge plasma

density ds xept coaustant and the profile index Y is varied,
The noroalized radietion pettern, radlation resistance and

‘he directivity ere evaluated as per the precedure outlined

in eecCs ‘3.3-4)0

Tue couvergence of tbe series o,(x) bas been tested

for various argu-snents, verious velues of the aagle 8 and

rI=0 gnd 1 in the sane uanner as used for hlxx) in

The series hae a BOre or less similar conver-

s for the series hlﬂx).

The numericel resulte for the entenna cherasteris-

4he above tuwo casesd are evnluated for the fixed

tics for
emeters k. a = 540y k b = 7,5, k o = 8,628

an\lﬂﬂ of the pa.l'

_ p, W cefiibE 355 DERNAARL Lo the Sollawiug

and €4
Pa rasr aphﬂo



a) Antenng Systen Characteristics for

Constant Axial Plasma Deneity 3
The axial Plasma dengity 1s kept constant by keep-

tive axial pl r
ing the rele ax plasma frequengy consiant at mpo/""o-s-

The radiation characteristics ere evalusted for various

shapes of plasma density profiles corregponding to the

foliowving values of the profile index, ¥ = 0,0 {homogeneoup

oase)y Osky Os6y 0.8 end 1,0, The corresponding shapes

of the density profile are given in £1g.(3.1)s The radie-

tion patterns for Y = 0,0, 0,6 and 1.0 are shown in fig, (3.4),

The pabterns for ¥ = 0.4, and 0,8 have not been ineluded

to avold overcrowding of radiation peaks, The other radis-

tion chax.cteristics are given in table (3,3). A comparison

of the pormaliged radigtion patterns indicates thgt ths

htly shifts towards the end-

gire direction with each increment in ¥, It is also evident
d the table (3.3) that the HPBW doss

from the £ig. (3.4) an

ge vith the shape of
the directivity are found teo decrease as the

not chand the density profile, The pegk

amplitude end

o density falle =
i, 0. as Y inoreases, The radigtion resistgnce

tee wvith th -
plasm ora steeply e radius of the

plasma ©COLUEM

1g found to decrease with the increasing value of Y,

112
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TABLE 3,2

SFFECT OF INHOMDGENSBITY PROFILE ON THE RADIAT ION
CH ARACTERISTICS FUR CUNSTANT AXIAL PLASMA DENSITY
(ELECTRIC RING SOURCE)

114

P ocak 3 aaklitud I;adi ation
Posjtion HFB Amp e lesistance Direct
$ g ¥ {rel.units) (rel,unite) ?33§Vity
0,0 46,0 2,6 17,3940 12,7627 16,7588
{honogeneous
pPlasma)
0.4 48,0 2,6  16.867B 13, 8630 16, 0822
0.6 48,0 0,6 16,4143 14,3946 15,7327
0.8 50,5 2,6 16,2217 14,5613 15,5802
1,0 51.5 2,6 16,1638 14,5204 15,6587
ke = 6. Oy kab-?.-ﬁ, koc-8.625, €," 560 aund mpo/m = 0,5
. i G INHGMIGENEITY PROFILE ON THE RADIATION
1 43LE 3.4 351%2%133151105 s OR CONSTANT AVERAGE PLAZMA DENSITY
(ELECIRIC R1NG 30URCK)
- Peak P"kl.i.tuﬂ ﬁadiation
tion HFBW  AUP-— o enistance Directiv
> 4 apﬁ Po;t {rel.unite) (rei,units) (aB) ity
c——
0.8 0.59 4649 8.0 I8 32, 2805 15, 6121
[} . . o
1,0 0,63 464D 3.6  13.9%7 12, 1847 15,0423
kob- 7'5’ ko. * 8.6%' e‘- 5.0 and (mp/m) .v' 0.0

a He O
kog He Vs



115

b) Antenna System Cheracteristiocs zor

Constent Average Plasma Density:

Here we ctudy the effect of the shepe of plasma

density profile on ibe rediation characteristice of the

plasua columns having the same average plastia density
corresponding to (wp/b)" = 0.5, Tbhe radiation cheracteris-

ticp are evaluated for Y = 0,4, 0.6y 0u8 and 1,0, The

normaligod radiation patterns for Y = 0,4, 0.8 and 1,0 are

ahown in fig.(3.5). The other petterns for ¥ = 0,0 and

Le.6 have not been ineluded to avoid overcrowding of radigtion

The table (3.4) summariges the other radiation chaore-

ols] nkn B
d the relative axial plasma frequency correapond-

ctoristics an

all the above values of the profile index Y. We find

ing to

that as ¥ 18 jncroased from O to 1 the radiation pegk shifts
by only 0.,56° end the HPBW increases by only 2°, The peak
gmplituds, radiption resigtance and directivity all decregse

a sumall a.ount with the incrsaeing Y. In this case the

by
nange iB vR€ radigtion resistance with the incremsing Y is
cha
opite to the cas® (a) where it increases with ¥,
opp
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3,6 CONCLUSIONS

In the precent chspter we heve studied the influence
of the inhomogeneity of the plgsma density on the radiation
cheracteristics of the plasmawantenna system, & pPerabolic

plasma donsity profile has been assunmed, Only the eleciric

and magnctic ring sources of excitation have been considered,

The ciroular vaveguide excitation requires the field components

n inhomogeneous 2lgsma filled waveguide, Theese have beon

given % aliie ot al (10463) for the circularly symmetric

of 8

TEemode and the parabolic plazma density profiley in terms of

the confluent hypargeometric functions, Now to evaluate the

pattern funciicp for the waveguide excitation the evaluation

of &n integral 4nvolving the confluent hypergeomeiric funetion

15 raguired, since the evaoluation of thie integral is a very

gifricult tack, the waveguide excitation hes not been comsi.

dernd in %the presont en=lyrin,

The influsase of changing the thape of the plasma

—e protili on bLhe radiation characteriatica bas been
by keeping the axigl plnsma'bo 1%ant,

gtudied in two way Bl

" xesping the avorage placma density constant, When

s watel plasnbe deppity ie fixed and the profile Zndex is
I plaowa deneity decreases and consequentl;

th girection of the radiation pesk is found to shift towards
e

" ond-£370 direction, Bub for the case of constant averpsge
e
qanoity the directiop of the radiation peak remains

gnt showing & meximum shift of 0,50 with
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increasin, tbe profile index, Y, from 0 to 1, For the

1 agnetic ring source the HPBW significantly increases

as the plasrca density falls off nore steeply with the

radius of the plgemg column, But for the elogtrie ring

aource, it repains constant for the fixed gxial plasma

density case and increases by a raximun of 1° fer the

other caee as Y increeses fron

directivity are found to decrease with the

O to h 1 The pe.k mpn_

vude and the

incroeading velue of I for all the cases.

Thupy W& Bay conclude that as far as the direction

~tion pesk ip coB

oximated by a bomogeneous plasma column baving

of the readi cerned, an iohomogeneous plasma

can ba aPPr

asma denslty equael
ous solumn, But the directivity and the radistiom

. il to the average plasma denslity of the

inhomogensd
1 still depend upon the shape of the

rooistance o¥Ces wil

aensity profile.
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4,1 I!!RQEUQ@IO&

2h v
are is a vast amount of literature available, deal
sy Qdealing

wi
th the theoretical anelysie of a veriety of antenn {
as ir plasmp
L ]

But the experimental studies on antennas in plasma b
a bave been

comparatively very few, <This h
28 been partly due ¢
o the diffi
cul=-

ty ia generatins a well-behaved plasma in sultable geometr
ie8 gnd

partly due to the highly jdealized models used in the th
ey
which could be hardly realized in practice, The devalopment
at of

artificial dieleotrice using ustallic rods in sinple geomet
geonetries,
tric proparties corroeponding to the c¢old homo
ge=

having dislce
62y CGolden 1c6b, Gupta 1871, Gupta etal

neous pl:snad (Rotnan 18

1¢74) and wyire grids
gheaths (Suith a
jralsting the plasma in the lgboratory.

3 [ ]

paving the conductivity property of the %
e thix

overdenﬂe plawa nd GOldﬂn w&a, wabb) prmd
ad

a convenient neans of 8
ful idea for aimulating fa plaama sheath with
a8

eps thar upity wae veed by Tyras etal (2£65)

¢ric conptant 2

dielec
Jtelectric of high dielectric econstant

slated the air BV &
g low die]ectric
t of the plasna simulation to that

a

- ™

They £i7
i the plafbe by
s ol gieloctri

constant materisl, so that

en
o ¢ ﬂﬂstﬂz‘.

the rati
pned less than unity,

imulation reunal

gechuique W&°
for the s tudy of nonplanar geometries of
o

of the air ©
The ab cye

rodified by Karas and Antonueci

it oan be easily reglized that the sai
N Ve

casteid jimitavions, end 11 the phenomen
a

lated plasmaﬁ
roal plasma can not be deronstrated wi
with

E;p.rimantal studies on radiation fr
om

P plasmaé have also been sonduct
aducted



b
y several authors, Flock and Elliott (1862) and Clouti
outier

end Bachynski (1¢63) observed th
e radiation from ho
rn &ntennag

covered by cylindrical plasma tubes, Jacavence and Helt
elts

(1¢64) end Jacavanco (1665) generated the plasma in a rect
2ol an-

gular glass container to gtudy the radiation from a pl
asmg

covered horn antenna. This geometry represented significant
can

improvements over the previous investigetione, There h
L ave
nental studies on radiation patterns

neny other oxp eri
antennas uging dirferent

~tal.
plas 1067, Krista1/1°67, Suift/iggg and

Mgny other experimental studiecs

been
plasma geometries (e, g.

of various
Moaaiaa1and Vanden
Meyer ot al 1974, otocs)e

n devoted to the impeden
ptly a few experimental investigations on

bgve bee ce properties of the antenn
as

4n plasmBe Kece

enco ©of the anten
73) and Nakatani
arimontal aspects of
al (1976),

atal investigations referred

nas in plasma have besn mgde by Bhat

imped
and Kuehl (1976} A good disocua~

and oaf (1%
antennaa in plasma hase

n by Preis ot

si

boen &+VE
t of the experine

Mose
a to under st and the re-entry problemes

re perforlﬁo

But ther® hav® also beed
itself Ba® been

& gOlumn

o steler (39 1063) rirst used a gas diascharge column
tenna at 5-b
excited by a parallel wire transmission

above ve
a few experimental studies where
" e coneidered aa gn antemna,
Kgufman
and frequencies, The plasma

onances 1he observed radiation
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characteristics corresponded t
¢ thogse of a line o
f parsllel

dipolea oriented perpendicular to the column, The pl
. A/A8Ma

antenna could be electronically tuned by varying the disch
Bchgrge

current through the plagsma, In another experiment (Aldd
ay

1962), an joniged gas plasma column was used in a slotted
wvavew

guide for electronically sweeping the beam lean angle of radi
acia—

tion from the slottod weveguide by changing the plasma densit
Y

67) hase proposed the use of a plasma column as a

Gpose (1Y
in a nuclear environrzent., Guptal(lt7l) end

receiving espntenns
and Bahl (1¢74) have proposed that a plaska slad sinu=

grtificial dielsotric ¢
a. Recently Levitekiy and Burykin (1973
?

Gupta
an be used as a narrow

lated by anl
an Eaa,nning ant‘enn

4 Burykin ot al (1578)
how ithat 2 plasna column cen Be used ap an

be

174) oo
oxpgrinentu to 8
ent radiator of ¢

g on the pooit170
pent tubes and showed that the rasdietion

performed some renarkable

loetromagnetio vaves, They excited

effici
surface weve columm of the discharge in thin,
pt as well as

stroig
10‘ of tha pln‘am

characté"i°t

s waveguide can be controlled by

chargo onrr,gt, Iin the present work ve gre

changing the
h the excitatiom of leaky waves on the

nainly concernad wit
cylindrical plasie golumnée.

8 gner 33
oontr ast

oply &b th

o theoretical
onrs near the oritical optical angle
PP gi@,

A leaky wvave continnously
o it prop885te' glong the guiding etructure

radiate
Jich the regdiation from surface wavos

This is 38
o giscontinuities along the guiding

which radiat®
analysee have predicted that o

atructure.

jatic® ghak
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y

varying the plasnm
a density or the
gignal fre
quency. ZThe

number
and level of the side lobes and beamwidth
etc. can

be contr
olled by suitebly choosing the geometrical
al paramnetera

of the sntenna syeaten,
A simple model of the plasma sntenna systen
con sl g~

ting of a long cylindrie
al colunma of plasm
a oxcited by ci
r-

cularly eymnetric gources such
g source oF an open—ended circular v
aveguide oarr
ying a

ymmetric mode bas been chosen for experiment
ental

as an electrie or magnetice

rin

circularly @
¥-band has been chosen as tho workin
g

1nvoatigationﬂ. The

ange since the requir
{ons ere more oasily manageable for
a

frequency ¥ ed plasma density and ih
e

afma colunmn dimens

pl
n this frequency range. More cveyr
»

a —antonns system 1

the cet~up is compact and bhas 2 lo
: agischerges in & gas at low pressur
)

plssm
vor cost, The cold as

be plasma column, A cylindri
4 cal

an X=band mlicrowave interferometer hav
ave

probe abd
The experiments for

Laagouir
.3postioa.

P Jasma di
and radiation pattern have

been used £oF
peasuring the input impedance
The detaila of various GaitBi O VLG 60 e

ent al

n sed Upe
e di scusd®

following sections,

bee
d in the

petup of

4,2 W
ry out 8

rder to ca
¢ is necesgary to produce a suitad
able

ome useful investigations o
n

1
= plaaml'ant’nn‘ pysto®
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pPlasma column, Tha plasma column should be sufficiently lon
g

to gpproximate an infinite length considered in the theore

tical snalysis. A plasma column more than a few wavelengths

long will be sufficient to approximate an infinite length,
Thig i8 because a leaky wave continuously rediates energy as
it propagetes and an ineignificont amount of power will be

laft by the time the wave reaches at the ond of the plasma

iven if reflected, this small amount of power will

(o] olumn,
y serious effect, Ihe plosma density is degired

pot cpuas an
he range 1.09 - 10 8

aspa permittivity, The plasma

em y to obtain a

to be variable in t

nignificant change in the pi

should preferab
are various method

oh as tbe clectricel discbarge, thermal

Etable
g of producing a plasma

There

in the 1gboratoryy 8¢
4 oni sati oD end shock wave jonigation etc, Out of these
- alectrical dischorge 48 a convenient source of

plasne yhich gives & sufficient plesma density, An electri-
opl discheré?® nay be of a d-c W TR B
e

s produced by applying a high d.c, potential

odes in a B8 et low pressure, The more

soros
1 type °f the deCe gischorgey the glow discharge, hase
us us
b diacuased in 8 groet detail by Francis (1966), If the
een
sscherge is inoreased beyond the abnormal

erec discherg® tekes place. The are discharges



are characterized by low operating voltages coupled with
W

the high current doncities, The arc discherges may be of
: o

the field emiassion type or of the thermionic type For

thormionic arcs the cathode is made of a refractory material
aly

for exaupley Uy W or io,

The most important region of a dece discharge for

generation is the poaitive coluun, JTbuieg rogion ocou~

plasnma
e volume in a discharge extending from the

pies most of th

anode upto very near to the cathodes, It is a fairly and Bs s
columan of plasma hgving & very small electric field and
t equal denpities of oclootrons and ione,

‘lEIOD
ol technique for creating a quiet, well

A nov

pnd high donsity plasma wvas deronstrated by

behavedy
Using a brush shaped cathode; the caothode

der of megnitude larger than for the

£q11 of about an &

corroBPOnd
cctbOde Kener‘g

pm¢mgnwﬁi
ma@it“d.

ing normal coid oepthode was obtained, The brush

op a unifors high energy eleotron boam and

vo glow with a longitudinal dimension

& corrﬂﬂ
—. 1arger than that for the normal
The diacharg@

e abnormal glow region without making

upto two oFd
tube with a brush eethode can

The slectron densiiy in the He
-3

cm were achisved.

roduced by a capacitive or an

¢, plaems 32 P

AR Fe
¢ enaFiy to the gas stoma without the

go@u“‘ "

v gnser-el eleetrodes, The poyer required fo
r
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the breakdown and maintenance of the discharge is aignify

cagatly lower becasuse the electron gnd ion dossoes from th
e

discharge are minimised., Its major disadvantage is the high
ig

noise level which is uneuitable for the antenng applicatd
ationsg,
The three types of d.c. dischargee namely the gold

cathode discharge, the hot cathode discharge and the brush

cathodo diecherge bave been considered sultable for the

plasma antennas studies., Althoughy, the brush cathode diecharg
°

48 best among the above, it could not be set up due to the

lack of facilities. The other two types of discharge were
eregted in the laborgtory awd their densities were reasured

gouir probe end the ricrowave interferometer, Thyrg
. e

with a Lan
The firgt one ip

tubes weére comstructed,

difforent plasca
gntile demountable tube suitgble for the study of dig.

a ver
chzrge undev jifferent conditions with a Langmuir probe and
ajcrovave interferometsr, The second tube is s cold gathode

r the study of plasme-antenna system, The

discharge tube 0
e is usad 10 crecate a bol catiiode discharge for the

third on
antenna systet.

study of plasne”

cpe first plasma tube i8 BO enm long Pyrex glass
- having on j,d. = 7.5 om and open at both the enda
¢y

It has W
srall hoynankennse for plasme diagnostige
’

o big slde arms apposite to egch othey

(fig. é.l‘J.

camOdﬂ.te tba

and a small gide tube
The ends ©
p held bY the annuler flanges worn op the

to ac
near one end for connecting it o the

£ the tube gre closed by £1,¢ cir

Vacuum pyol@De



124

ta 3}

4 3
. \ CATHODE
'[ Jpaoee
T Mo CYLINDER

t THORIATED TUNGSTEN
pROBE
CATHODE

(¢ )

ypes FOR PLASMA GENERATION
T
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glass tube, These aluminium discs are also used as th
S

elagtrodes for the electriczl discharge., Aluninium has b
een
chosen a3 the cathOdB material dus to its lowv work funetio
B,

low sputtering and good ngchineability. A cylindrical Langmui
angmuir

probe coaxial to the tub
The tube is connected to e high vacuum

e is introduced through a vacuum segl

in one of the discs,

systen through the side tube and evacuated to a pressure ol

torre.
.———F!"l_

1ess then 3G
is intraduced through another vacuun sepl in the aluminiun

disce +b@ £iow of the gus je finely controlled by means of
alve to paintain the tube pressure at the desired

u necedle ¥
e in the tube ie wonitored with a Pirani

level. The p;aaaur
ected ghrough a T=arm in the side tube, The plasma

3&“88 conn
oting toe eleotrodes to a high voltage

oreated by oonne

st abi lizmed powor BUpD
urrent oan be controlled by changing the

is
( 1 EV)

ply through a ¥verisble resistance

The aischerge ¢
e resistancsd,

e gec-nd dioschaTg
glase tube having 5,0 em 1.4, and 5.5 am

'ariﬂbl
s tube is a 50 em long straight

Th
ndrical ?yrex

‘01‘)'

ston wire sesle
The other and of the glaseiube ia

(fige A f£lat sluminium dise supported by a 1 mm
ﬂ.tar I“n‘

& ad the ca

d through the end of the glasoa

thode.
rinotes jn a grounded flsage, The exciting
noupied OB 8 netallic end-plate which covers

_ ond ©f the glass tubos It is held in proper
®
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Position by clemping with a perspex annulgr flange worn
on

the glass tube, Two thin side tubes are provided negr o b
ac

of the ends for comnecting the tube with the vacuum system

and the gas line. A cylindrical Langmuir probe je intro=

duced perpendicular to the tube axip through a grounded

‘1889 conical .1011115 in another side tUbB. The plnsm‘ was

created by evacunting ths tubo and epplying a bigh voltage

( 1 KV) acrops the calhode and the metallic end-plate whieh

was grounded,
The third discharge tube (£fig.4.1e) is siuilar to

the pecond one excapt for the cothods whick is directly heatoq

thorigted Tungsten filament, The cathode is mgds in the
a belix and arc-welded with thick Tungsten leads

shape of
It ie surrounded by a

s tube.

running out of the glas®
pum cylinder paintained at & alightly negetive poten-

molybde
tials

around t
of the cathode.
the secend tube deacribed in the

be are gimilar to
To generute the plasma the tube igs oVacuateg

ihe glaso tube ie mado in tue shape of g big bulb

he cgthode

+o protecet i from the high temperature
The dinmensions end reet of the dotaile of

thie tY
pove paragraple
ond then {41led with UBP argon at a pressure

torr.’
in the rangot.a’},l tc LO
rent at 12 Velts ead applying o hign

a
i P
to JO = tork

The filsment is heagted by

g 4 B9 A=p BRE
@ tho grounded end-plate,

gupplyir
¥ he cathode &7

voltage ac¥ 08F ¥



is
found to be suitable, The microwsve interferomet
eter

density and collision frequency ove
r

range

gives an averaged plasmea

the entire cross-~section of the plasra column

A detailed mccount of Langmuir probe theories hgas
a

been given by Swift and SchwdF (3£70) and a dotailed desorip-

£ nicrowave diagnostica has b
£ these nethods, of coursey have some ianherent

een given by Heald and Wharton

tion ©

(1c65), Botb ©
es of error in the probe method have

ingcourscies. The sourc

been discussed BY Medious and Wehner (1£62), Niooll and Basu

(1862), end others. 1Ibe inacouracies in microwave method ariase
gction and other effscts from the

5 reflectiony diffr

becpuso ©
and due to the limitgtions of

jcal podels (w

51399 tube,
arder ot al 1062). Both of these methods

theorct
ed to otudy a glow discherge at

,th.uooullr ue

have been od
r) and different discharge

- (0,1~ 3,0 tor
in the dischar
previous geetion, The mierowave

44 rrerent pressws
ge tube shown in fig,

(100 - 400
pscribed in the

surrenis mA)s
(4.1s) and ¢

sor ometer
cs the on-axis

givee an gverage plasma density wheroas the

plasma dens The probe resulte gre

inter
ity.
radiue gosuning a parabolic density

° 1ntor£erometar repults., The

or the on—sxis plasmia density are also
gt voloctty 4
for comperison with the

ata from Brown (1£67)

Jumns in th -
r the plasa o e other
paultoe °
} the dismeter i 9y
1 by s small compareq

tyo aisobers®
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The high vacuum system consisis of a large three st
age

o4l diffusion pump backed by an oil rotary pump, The system

is ritted with moisture trap, cold trap, and alr admittance=-
cum*-

1so0lation solenoid valve, Two pirani end a penning gauges gr
e

also fitted at proper loentions to read the pressure in the

system and the backing-1ine, The same rotary pump is uged fo
r

roughing the system through a roughing-line, The aystem i

capable of giving an ultinste vacuun of the order of 10-5 ——
e

without the liquid '2
1076 gorr. with tne liguid Ny

4.3 xLAé!AhELAﬂlﬂﬁllﬂi

The plasia d4 agnostics,

of plasna density and colligion froguenay, are very nmuch esgepe-

araoteriﬁns a pl
¢ is decided by the range of the plasma density

trap and a vacuul of the order of

trap.

particularly the measurements

i, Fod 6B aflBes 1Ihe technique to be used for

plasma diagnostl
gimplicity of ©

and & microw

perations We decided to use a simple

and the
ave interferometer for this purpos
Q.

Langnuir probe
probe offers the adv
t and alnost an unlinited range of megp

| LS o

The LangnWirs entages of simple Barduare,

gad neasurensn

a locall
e niorowave interferometer can be

a donaitiﬂsa Th
Btﬂldy as wall

plasme denpity and colllision frequang
T

able plas®
as trensient plasmas and
Eives 4

uged to proboy

nauremont of

direct me
densities is, however, 1i
! mited by the

¢ peasurabl®s
y and the B¢

The range °
neitivity of the detect
N oroquend evor. For the

plasueé de our dutereld ShY I"Rand frequess
4.8 ¥y

range of
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to the incident wavelength and the interferometer can not be

used. A novel nmethod for the measurement of phase shift by
Plasme columns with e diameter comparable to the wavelength,

bas recently been presented by Kuwabara et a1 (1974) but it
requires the measurements at the cutoff plasma density, Since

we do not attain the cutoff plasma density for the X-band free
and for the lower frequencies the plaems column dig-

meter may be smaller than the wavelength, this method 1a not
Hence, vwo uged the Langmuir probe for the

quencies

useful in our ocaB®.
8rngll diameter plasna columns.

al probe immersed in a low

1) Theory
Coneider & small electric
: 1ibrium, HMexwellisn plasma, snd having a radius
pPregssure equl
than the Debye length and much smaller than the
el larger
o free patbe The electron current drawn by the
¢lectron nean
;chwar 1£70)
probe 18 given BY (suift end 5¢
E -(.V/kaf.)
I [ ‘ n ¢ -.; e (4' 1)
o 4

e
A= surface area of the pPre
disturbed aleotron density
s the 12
raff® rgnd@

potouti

Where
n
1 ve
c.- a
VvV = V’ (Pr"b.

n electrot speed
)=V, (applied potential)



Thna, the elootroa ton

8lope of the In(I o’ VS

d by the
?. curve, 4 einilg, °Xpresgiop far
the 1ion current ggn pe Witten o3 (Svige and Sohy,p 1870);
I, = 0.6 Ang (l:T/m)I/2
Iﬂ [+ ] i (4.2)
vhereo

1 is the ionig Gags,

It hes boen shown in gpe Pre

ceding chaptep (eq, 3, 7)
that the oleotropn density inp tpe posi

tive column of o d, o,
discharge n(y), at 4 radial distange bV 18 uritig, as ;

alp) = n, {2 -Uem)2]

(4.3)
where R 1s the radius of the Plasne colump and n, 1s

the
electron density at the gxis of the tube ( g¢ b= 0), It

1o related to the discherge curreztiby the fol1oyyn, Folation;
- )

n = I/(L36 ev Y (d,4)
0

IOCityo
lectron drift ve
wvhere v,  is the elec

I microwgve interfercmeter the phgas Shift gy, to
n a

aring the transmitieqy olgnal
. sasured by comp
the plasms is m

fa ence Signﬂll Ehe ;ha : ;Etb int: ‘ﬁucad by a
re I
with &

plaoma elab of thickness 4 in 4 der owvave trang-
less
couiﬁim

der the adiabatic approximation,
un

is relateq
mission patb

plasma deneity B by (iieald ang Wharton, 1265)
ge
to the avera

-3 (4,5
- {2, OB fﬂﬂ/dJ or )
n = incidant nd crovave rrequency‘ in H.’ A’ is
the
where £ is

fa @

d;is in on,
pift in degrees and]
the phase 8
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4i) Experimental Set=up
The experimental setup for the simultaneous Reasuy
O

ment of plasma density by Langmuir probe and microwgve intep.
feromoter 1is schematicelly shown in fig.(4.2) and phot ographi-
cally in fig.(4.,3). The Ranguuir probe consists of o 0,5 nm
di ameter tungsten wire segled in a glass capillary tube such

that about 5 mm length of the wire is exposed. The probe ig

positioned at the axis of the tube as described in the previoy
8

The probe is connected to a stebiliged pover suppily

section,
capable of giviag a variabie voltage from = 250 V to + 250 v

with respect to the anode which is gounded. 4an X¥-Y recordep

4g connected as shown in the £48.{4.2). The probe voltage ig
nanually swept from the extreme negative to plightly Positive

value and the I~

Vv characterigtics is obtained on the X=y recardep
jtive bias voltages the plasma is greatly disturbed by tne

At pos

probe and 8°

v chgractorintico.
4 25D rollex klystron is uged as a microwave 8Qurce

we omit the electron curreat sgiuration part of the

I
al is amplitude modulated by a 1 Kig sQuare~

The ferowave sign

gn..l'
directional oowpler. A direet

wave oi
. 10 dB pultibole

and a cryatal detector are comnnegted to the

The output of the

taa through

ng "avo-ll‘tor
otional coupler,

readi
uxiliary PY 22 of the dire
, deteoct® AN Bo i B osclilloscope., The E-prm of the
tal 8@
it aeted DY 8 matched tormination, A pain of

in
hybrid tee 3° s
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colunmn,

the ground, 7The impedenco of the antenngs ig Bgtehed to the 24
ne

by using tuners, The output signals from the reference Path

and the transmission path are combined in , hybrig tee ang i)
e

resultant signal is deteoted in the E-arm, the Hegry boing teppng

nated by a matched termination. The electrical lengths of the
two paths are kept equal to avoid a phase differsnce i¢ the
klystron frequency driftes. The interferometer 1s rirast adjugteq
for g null in the abeonce of plasma. The presence of the Plasma
introduces a phase shift in the transmlssion path and 4 not

resultant signal appears in the detector arm, This phage shifg
8

in the transuission path La malILEL SRy Swke nduogig: o5 ®qual

phage ohift o 48 %h
The phase shift is Moeasurod at the two difreren,

e roference pathk by means of a direet -“ﬂnding

vhother it is Af or A Peony
cios to make sure .
signal frequed

t tho two frequencieg vh
Aff renains the 8870 4 on
duog ‘ re

ihe pro

m"o.
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iii) Bxperimental Results
The on=gxi 1
exis plasma dendi sty B is obtained by two

methodsy; an experimental gnd 4 theoretical, The S Sl uent. a0
a

values of n, are obtained by first evaluating the eleotron

terperature ¥
pera o from the slope of In(I ) ve V. curve and then

using this velue of T  in expression (4,2). The jon saturae

tion current is noted at a fairly noegative potentia) (eV/iT >
r e >1)
wvhere the eleetron current contribution is glmont negligible
.
values of B, are obtained from ths relation

The theoretical
{4,4) using tho vglues of drift velocity at various B/P values

(E = electric field, P = pressure) takon from Brown (1867),
The average plasma densities are now obtained by integrating
oqn, (4,3) and ueing the B, values cbtained by the gbove two

pethods, The rdcrowave interferometer directly gives the zvere
age plasma denity through egquation (4,5). The typlcal resultas

for gverage plasma densities obtained by the above three methods,

for various discharge currents at O.1 torr are plotted in fig,

The results gre found to be in a geod agreement, The

(4.4,
deviation of the Langmuir probe results from the theoretical
ibuted ¢to the

low dischrage currents mey be attr

ones at
very small ion current,

ingeccuracy in the measurement of the
or for ometer results with the

The disagreement of microwvave int
reflection

theoretical results is considered tc be due to the
and interference effects since the plasma diameter is only a

few wavelengths thick



Tq2

oimilar density measurenents were performed

usi
the Leongmuir probe only, ] ng

on the plasma in the other diacharg
e

tubes described in the Previous section, IThe d1soharge tup
8

shown in fig, (4, 1b) gave a meximum plgsma density of the a
order

10 -3
of 4 x 107 cm © at 200 34 current at a Pressure of 0,2 torr

At the higher current or pressure the discharge T —
@,

The discharge tube with hot catbode (fig.4.1a) was operated

around O,1 torr upto €00 mA discharge current. The Tunggte
n

cathode was heated with 23 amp current at 12 V g,0, 4 A
Plaspa density of the order of 101:'\:"'51 was obtained, The
tube could be operated only for short intervals due to the

problex of overheating,

4,4 EXPERINEZNTAL SETUP FOR RADIATION PiTENRN AND
INPUT IMPEDRNCE MEASUREIENT

The complete experimontal setup for the radiation
pattern and input impedance neasuroment of a plasma—-gntonna
gystem is schematically shown in fig.(4w6). The discharge
tube shown in f£ig, (4,1le) and desoribed in section (4,2) is
uged for pleosme generation, The tube is conneoted to a high
vgouun system snd a gas-line supplying UHP Argon ges at a
controlied rate, The vgouum punps and the gas supply are

continuously run to maintein a minipum impurity level, Zhe

pressure in the tube is pgintained at a constant level around

0.1 torr, and mogsured withb a Pirgni gauge. The plassia ie

vieated by heating the Tungeten eathode and applying a high

voltage across the cathode and the grounded end-plate. The
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Plasusa density is measured with a cylimdrical Langmuir
probe

method &iscusacd in the preceding section

The plasna column ig excited by means of a magnotdl
etic

ring source. It has bean showa in Chapter 2 that a magneti
¢

ring source can be approximagted Ly a narrov annular elot in

ge conducting soreen placed at the locgtion of the ring

required that the slot width should be small

a lar

source, 1t is
compared to a uavelength and the electric field in the slot

annular slot to be a good approxi-

be radial and uniform for the

e magnetic ring source, ZThe annular slot may be

mgtion of ib
s of a circular waveguide carrying the cire

41iuminated BY meen

lfm°d° or by & coaxial line excited in the

A coaxial line i»

bo used a8 gupport for the

cular symmctric Thg
preferrad, because its

domi nant T EM=mode,
circular disc 4

tral conductor can
art of tae ground

cen
plsne within the annular slot,

whioh 18 a P
uocted, The first one

ular slots wero constr

Tvwo different ann
and a slot wvidth 1 mm, The other

an radius 1.02 om

adius l.&2 oF and
k°. - 2,0 and th

has & W8
g slot wvidth 1.5 mm, The

one has a mean r
¢ sscond one correspionds

gt slot corrcupcnd to

fir
5 Gig, A narrov amnulsr

to k.8 = 3,83 at &
monsionse gives &

sce an annulal nlo
an impedsne

slot impedence v
wore eonetructad

{requency around £.

aingle narrov pesk in free,

slot with .],;mdi
ce ¢ Blasszﬂel).51n t of such a narrow

a Very small inped

spa
e matohing trand=-

width babt

Bne.'
o the D0 ohmn

ary teo natch the
to match

former 18 neooBs

The gontinuous tapers

coaxial line,



145

'S WYTINANNY GNV 3NIT 1VIXVOD Q3d¥3dvl 9°bv "91d

IONY T4

LOTS YOLIO3INNQD 3dAL - N

"V ANNV




146

the 1
mpedence, The length of the tapered section was tok
aken

t
© be equal to ona wavelength for the smaller alot and th
ree

wavelengthe for the larger slot, The coaxinl tapered saoti
on

was brazed to the circular flange which is to be used as the

end plate for che discharge tube (figs, 4.6 and 4,7), The

whole thing 1s vacuum tight and the coaxial taper terninates

into an N-type connector. 4 large square conducting screen

was aeparagtely esttached to the circular dise by means of an

overlapping anmnular ring, The tepered line is conneoted to the

microwave line (f4g,4,5). The microwave line congists of a

signal generator, an isolater and & slotted line, The microwave

signal 1a amplitude modulated by a 1 EHs equare wave signal,
A travelling voltage probe ie inserted into the slotted lime

and conrtected to the erystal detector whish is connocted to o

VYSWR meter.
To measure the €-plane radiation pattern a stsndard

gain ( 17dB) pyramidal horn antenna is rotated in a horigontal

plane containing the axis of the plasms column, around a verti-
tre of the gnnul,r

cal axis passing diametericslly through the cen
and the receiving

The distence between the annuler slot

alot,
horn aperture is about 2.5 m. 4 pointer attached with the rotg-

ting arm rotates on a greducted cirouler arc of 6
The receiving horn

O on radius

and givea the engular position of the hornm,
whick in turn is gsonnected to

i connected to a erystal detector
The VSWR meter gives the received signal directly

a VSWR meter.

in 4B,
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Tom
easure the input impedance of the antenng-gyst
en

h

diffri
cult to measure the inpedance gt the annular apertur
0 itm

the V
e VSWR and the shift of zinimue froa the short circuit

self,
of the tapered

to tne loaded condition gre Roasured at 2he input

coaxial section, Iheee two parameters ars uced to caloulste

the slot impedance by using a Suzith chart or the transmisaion
line equation (Rubia itol), The caleulated value of the inpe
dance at the input of the tppered seotion could be transferrad

to any other pert on the tgpered section if the verigtion of the
characteristics impedance with length was knoun, In our case

of the lnegr taper thds varlation is nct known and hence the
actual slot impedance cannot be measured, ilowever, asince the

tapered pection hae small losses the functional depemdance of

slot impedance with the plasma properties will be epproxinmstely

glven by that et the imput of the tapered sectionm,

Some preliminary messursments of raediation pattern
presence

of the magnetic ring source in the absenmce end in the
But due to sovere rsflections from

of plasma were pexiorued,

flooxr gnd teble ete,

the radiation pattern dieplayed
Dug to the preseuce of these varia-

the walls,
sherp amplitude variaticna,
negsuronents, 4

tiong it was not possibie to make any reliuﬁlo
oa for the indoor neasure-~

-

md erowave enochoic chazber is essential
The wicrowgve sbsorbiang

the radiation palteras.

mentas of
choic chasbers was ast availables S0

At e

nateriale used for the ane
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an atteupt was also made to make a microwave absorbing
material by improgmnoting the polyurethane foam with the
colloidal graphite, But due to many practical diffioul-

tics a good sbsorbing material ocould not be obteined.
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6.1 IHTRODUCTION

The study of radiation from sources in ani
plasma mediun has received a great deal of attonti oo
jts relevance to space communication through ieno on due to
re-entry plasma sheaths, The A o:P:ere and
n anisotropic medis have been 8ivan.bya::::;:n

(1§67), Kogelmik (1560, 1563), Arbel and Felsen(1€63)
 J

from Bsources i

Clennow (1063) and others, Walt (1964) has given
a good

review of gources in .nisotf)io media,

and Zich (1973), Akindinov et al (1974) und others h
ave

aloo analy.od the probles of radiation from locali ged
sources

plasme nediey, IBe antennas 10 be used fo
)

in ani sotropic
a roquired to be suitghle for flush

re~entry vehicles ar

The externally mounted type of antennas bhave b
esn

nountinge

¢t due to the heating cagused by the external

conaidered, bu
protrusionby hpve found J4mited usage Moreover, an omni-

radiation pat 18 required for the

gern coveragd

directianll
4nimige the fading or loss

s Lo pravznt or n

gntema syate
or rolling of the re-sntry

n-stabilizﬂd voehicles the antenna radige

o be omnidireetional
axis or & despun type of

For the spi

voehicles
at least in

tion pattern is required t

the plane orthogonal ¥° the epin

antenna i usede
apter we proposo that an open-ended

In the preaent ch
a suitable space or

aft sntenma,

redial waveguide cant DO used as



A radial waveguide consists of two parallel circul
cular discse
soparated by & szall distance and excited by & circgul
roularly

symzetrie gource at or near the axis (Harrington 1961)
e ZThe

geometry of the radial waveguide easily lends itasolf
£ to

flugh-nounting in the nope-portion of the space-vehi
cle,

The central poet 18 used to hold the twvo halves togekh
er,

The far ficld radiation patterne of an open-ended radial
adia

wgveguido {n free space bave recently been obtained by Hol
olst

(1273, The asimutbal plane pattern for the TEK (TM_ )
Co

node wag gound to be 1sotropic and the axial plane patt
e erns

on the vaveguide radius, Morsover
’

yore found 1o dopond W
attern shape? can also be obtained, using th
2

the desired P
in both the axial and the azimuthal

Flane this ie achieved by constructing
along the axis, The desired
uthal Plan® can b® cbtained by combining

pattern in the azi®
adial wav cguide

wvith proper relative

modes B the T
Thus fro® the View point of the rediation

en padial weveguide posnaesses favourable

the 0P

charaateristioa.
ocd to evaluate

ctions w° proo
less and .ni.sotroptc

gollowing 8o

In the
nna excited

an op.n-onded W

roange of
ounded' loss

ode in e unb

the pﬂl"f‘-’
o obtained at high

4n the T ~ B
plasoa pedivum. The radiation patterns as
frequenciou, upder the qugai-longitudinnl (q.l) approxime-

tion (R.tcliffo 166€) .



5,2 FPORMULATION OF THE PROBLEM

Consider a redisl wavegulde (£ig.5.1) consisti
of two parallel eircular discs of radius a, Beparat f
distnnce b, and excited in the TM=mode by a aourc: ::tby i
at 4ts gxis (E-uxis).. The waveguide is surr ounded by ::toa

unbounded, lossless and ani
’ anisotropio plasma medi
un character-

j4sed by the tensor permittivilty

€, -6, O |
(>
- | €, €,y 0
' 0 0 ea- (5.1)
with
€, = 1 - ;/u-r’) (5¢ 2a)
62 = llﬂ- !2) (50 Zb)

s& K= mﬁlma and T = mc/m; @y and @ have their usual

ond ©, 18 the
cterised by th

whe
The anisotr opie

oyolotron frequency.

meanings
e 0qDe (6.1) is generally used as

plasma charsa
n the magnotic field along the

a model af the 4 onoepher® wit

2~ axibe.

For the TM mode, the field copponents in a radial
yaveoguide in the oyundrical coordinat® systes , ere
given by

) 8in ® [ ] l:g)ubp) (5.3a)

sy - 3‘25 :lg-su(u-/\'
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b=
{

GUIDE .
FIG.S5.! THE GEOMETRY OF THE RADIAL WAVE



2
n-" . i Cos(nxs/b) Cos m g H(a)
e a5 p) (5.3b)
H., -
dJ -Cos(nxa/b) Cos m J'] u'2) '(k
a lkp) (6.30)

where the prime denotes the derivgtive with respect
8ct togp .
)

m and n gre integers and k
o is the radigl Propagstion

constant given by

kf - k% = (ax/b)2 B
o4

with k o the propagetion constent in the mediup of th
=}

rpdiel waveguide, for #ree s [ =
’ pace k=k, = ofi € , vhere

“o and 60 have their usual megningas,
Boy we restrict ourselves to the cgsa in which

there is no Z-veriation of the waveguide fields. Thji, i
8

accomplished by putting n = O in eqne,(5.3) and making th
-]

plate sepgration b less than half-wavelength to rendeyr all

the modes with Z=dependence below cut-off, The fields

at the wavegulde gperture are now replaced by the equiv,.

lont fictitious electric and magnetie surface current

distributions given by

?-ﬁxﬁ'uﬁ'ﬁno%suﬁ (5.50)
HaExA2 -Gisnocosmﬁ (54 5b)

end
o the curved surface

where A is the unit vector normal ¢

and aﬁ arg the unit veetcrs,
(50 6.)

S and a,
(2),,
- B. ('\pél)

H
mno



2
k
EIO = Jé_ H‘(a) (kle

o
(5.6p)
Aasuring g harronie timg dependence of th
o ) e form
P \=jwt), which is suppressed throughout, the ,
” Ouree
of the iaxwell'e o h
* 8quations for the ele
ctrio and g
agnetig

fielde are written aa

TxE a Jw poﬁ-- M
(5o7l)

and Txl =-yg€Ee+T
(S5, 7p)

65,3 SOLUTION OF TH: PROBLEM
A formal solution of the problem of radiatqon £r om
sources in anisotropioc media has been given by Bunkin (2957,
Kuehl (1962) obtained the complete solution for radiation
from a dipole in an anisotropic plasma medium for vard ous
spocial cases, Marini (1963) considered a more genergl Eaps
and obtained the solution for radiation fields in gn anisotpo.
Pioc plasma under the assumption that the signal frﬂquency is
much higher than the oyclotron freguency (o >> m.) but only
groator than the plasma frequency (m > a!p)- The method of
golution involves the standard technique of taking the Fourdepr
transform of the Maxwell's eqns, (6,7)y solving the resulting
system of algebraic equations by matrix methods and evalugting
ge Fourier tranaforn integral by the method of

the inver

residues and the method of ateoput-duconts. The steepest-

equation, which

doscente evaluation givens a transcendental



161)

can be solved only for some speciel cases, Marini
eolved this oquation under the ansum;tion of hig: - "
and using the Quasi=longitudingl (q. 1) am»roxin.u:roquoncie'
oxi - |
approximation 48 used in the Appleton-Hartee Bquation(R::alq.l
cliffe

1€69) t
) to obtain the indicesaf refraction for the ordi
Rary ang

the extra-
re=ordinary wavee, The q,1 approximation holq
8 for

mos r
t of the raegion surrounding the source e@xcept in th
® viecinig
¥

of 6 = £0°,

Ihe far field radiation pattern are expresssq §
n

terms of the eolectric and magnetic radiation vecters giv
en by

Vg = 4 83 exp (g kiptoos 23k, N b2t d st (5,6,
and
-/ o - Y
M 1,2 % J’sj Mexp (§ k, ' Cos 2k  lbz')ads, *(5.8b)
where
48 & 1e X (54 8a)
a = ¥/ (5, vp)
Cos = Cos 6 Cos ©f ¢ S5in & sin ©'Cos (g=F 1) {5¢ 9e)
and ds' = adz' 4 @' (5, £q)
The primed quantities*denote the source coordinates,
o denote the fer field coordinstes,

while the unprimed quantitic
ed vith the index 1!

in eqn.{5.,8) the up.er eign in p8s80ciat
The radiation veectors

and the lower aign with the index 27,
11! gorrespond tO the ordinary wave

asvociated with the index

» (Efej ¢, 2t auanl 87
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wvhen © < 90% and to the extra-ordinary wave when & 3 gooO

vice=versg for the index '2°?, S

If ve assume the sépgration b to be Very am

can take 6'= 80° and then the

all, e

radigtion Vectors take the

following forms

-— N 2“
V = a abd i Cos nf' exp §ja Cos(g - £ ag (5.204q)

i n 2%
Mm ay ab 5 i Cos mff’ exp {Ja Coa(g'~ g)} agr (5. 10b)

with @ = k la Sin €, The indices 'l' Iot
° ° ces ‘1% and '2' have been droppeg

since both the indices give the same radigtion Yectors, Th
°

radiagtion vector His evaluated by substituting
~ Y o . ~
ay = - sin ¢ a_+ Cos # . (5.11)

Since we are interested in the circulalrly aymmetps o
TEN (TMOO) mode, the radiation veoctor components for m = (,

in spherical coordinagtes are written as

Vo = 2% ab H_ Sin 0 J (a) (5,129)
My = 23% &b B, 3, (a) (5.121)

Following the analysis given by Marini (1263) and

using the above radistion vector components, the radigtion

field compoment for the TEM=mode i8 given by

IENT £(r,0) (6,13)

---J'.h
o AT

16
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with F(r.,8) =P + 39
(5.14)
P = Coa(kor'lh Coe®)Sin eJO(a) +h s:l.n(kor'i'h Cos6)
s10%0J_(e) /X coe g (6. 154)

¢ = an(koﬂih GOBG)JI““) A sin(ko“"l'h Cong) {Coae-Sinae/X Coss /

The other field componentis for the T&.mod.a’ }V -

59 = 0 and
field expression reducwes to that for the case of arf gotrops e

nediur for h = 0 (Holst, egn, 10). For the smgll Values of b,

H‘ ¢an be oblained in a gimilar manner, The gbhove

if we neglect the terme containing the factor hy the only

effect of agnisotropy would be the Fargday rotetion of fields

whiochis manifested by the presence of the €Cosine factor, The

value of h will be very 8mall for the casv o >> @y and od>d>q
}

This case has been analyzed by Kuehl (1862} for an electrie

dipole, He has also predicted that the field amplitude wilj
be the sgme as that for the isotropic cass but the slectric

field will suffer g Faraday rotation,

6,4 NUMERICsL EVALUATION OF ERK RADIATION FATY:RNS

The expression for the radiagtion field for the YErk

unde is independent of ¢ and ao tbe pzimuthal Plans pattern

The far field axial pleno patterns are obtained

is isotropic,
rically evaluating the pattern function ¥(ry6) givon

by numes
Befors going for the numerical

by egns, (5.,314) and (6,15).
evaluation the velidity of the ge 1 approximation was varifiad
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for 6 & 856° and for v
ar'ious values of w
p/w and mo/m’ used for

the computations,
The cutoff wavelength for the radial waveguide i1
8

given by the condition ka = = (Harrington 1961) i o 8
or

the TEM mode (m = 0) thers is no cutoff wavelength and it yij3
.

be

supported by a radial waveguide of any radius, Ths axial

plane radiation patterns have been obtained for the vaveguid
e

radius a = O, 5N and 1,57y at a distance sufficlontly far from

the source at r = 100 N, A typical set of values of the norme

14 ged cyclotron frequency wc/m = 0,01, 0,05 gnd 1,0 £8 used

to pcniculste the radiption pattiesns for fixed velues of normg]

iged plasma frequenocy wp/m = 0,3 and 0.5. The radiation

patterns for top/m = 0,3 are found to be identicael for all the

above
The radiation patter

vaglues of co‘/m and so those patterns asre not given here,
ns are also obtained for the case of iso-

tropic plasna (me/cn = 0) gnd for the no plaema case (wp/m -

w /o = 0), Each radigtion pattern is normalized with respect

to ites maximum, for the sske of couperison of various pattern
ation patterns in the isotropie

The nornaliged redi
naliged plasma freguen-

shapes.
plasma (wc = 0), for a typical set of nor
S Rnd 0-9’ are shown in

0 (free spacely 0«3y Oe
6 gnd in £ig.(6.3) for a/\ = 1,6. The
om the waevegulde

cles mp/oo = O

£ige. (6.2) for a/d = O
alkke are found to ehift away fr

plosma frequency (mp/m).
1itudes (Table 5,1) tend to

radiation po
Nﬂ'.”‘r’

axic with the inereasing
the begmwidth end the peak amp
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T sBLE 5.1  BFFECT OF PLAS
. ‘ MA FREQUENCY ON THE
pATTERN OF RADIAL WAVLGUIDE (TE;Mggg)I% ON

1SOTROPIC PLASHA

a= 0.5 A
a= 15 M
PQ“ Pe‘k P
a:p_/m Poa%tion Anplitude Pg::t:lon Peak
el (relounits) 09 fmpl‘ltudo
I 5 rel,units)
0.0 32.5 6, 1662
(no plasma) * 21,0 5.,8511
34,0 3, 4883
0,3 33.0 6, 2067 1.6 5.8541
365 3,4524
3¢5 3,5031
0, 9 8b. 0 79212 25,0 6. 0030
© c/m a0 ond F°* 100
' EFFECT OF GIGLOTRON FREQUENGI (.&NI_SOTROPI)
TABLE BeZ (" g ApI ATION p ATTERN OF RADIAL WAVEGUIDE
(TEH~ DB
T a = 0.6 A e 16 2
’/—"'- =
Peak Peak
P ek Poak
An 14 tude position Anplitude
mc/" Poléziou (rfl.uﬂi“) ee (rel,mits)
n
€ 3000 o »
0. 01 37.0 . 468 3, 6030
0,06  37:° . 30,6 3.442;
0 3071
4, 9003 13.
0. 10 47.0 L “—‘:j:f——’/jLGGQ
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increase with the increasing plsspa frequency. %The beanmwidth
becomes very largs for the sufficiently high value of plasma
frequency (m’/m = 0,9)s A comparison of fige,(6.,2) and (56,3)
indicates that & swaller waveguide radius gives a broader
redintion peak. The effect of anisotropy of the plasma on the
redigtion pettern is. showm in rigs, {(6,4) and (5.,6), The
rediation pettern suffers only a negligidble chpenge for the
smaller values of ocyclotron frequency, This is because the

quentity b ijs small for thaese velues of maﬁﬁ and only the

Farsday rotation 18 present which iz resulting in a slight

docroase in the peask amplitude (table 5.2)c The radiation

pattera shape snd the pesk amplitude arc significantly affected

gor the higher cyslotron frequencies.

5.5 EQ!ELE&IQ!&

Jo have found that tho radigtion pattern of the open~

pnded radi el waveguide gntenna does not suffor significant
e

1 D G80 ror the noderate values of the normalised plasma fre-
cna

y snd the normaliged eyclotron frequency, We have also

quﬂnc

call that & padial wevegulde can be egpily used as a flushe
no

cunted antennse Moreover, 1%t gives an isotrepie radiation
i

geern in ¢he asimuthal plane for the TEM-mode, A desired radie
pe

axial plane can be obtained by a proper choice

4 on patter® in

¢ the wavoguide yadius and by using en array of radial vave-
o

A ais The rasulbant rediation pattern of the array can bdbe
&

ed bY gping the principle of pattern multiplication for
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an array of scurces in an anisotropic plasma given by Marini
(1£63), Tobuas, a radial wavegulde seenms to be g promising

apacecraft antenna.
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Sevoral gutucrs have ~Tedioted the fo.bibil.‘t;;
°f using an elootromugnetio touree-expitod Plasmg calumn
&6 an cloctronieally fcanning antenng, in most of the
theoretical studien on the plasaa-antannas, the Plasmg
colunn has been aseumed to be infinitely dong, isotrOpic,
homogensous, collisionless sng 1n:honpreggible. This
apisotropy and the incompressibility ©f the plagmg has
also boen included in the analysis of gone authors, Ip
the present study, a simple laboratory hodel of ¢ he Plasmg=
antenna aystem has been chosen for the thaoretieal and
experimental studies, It congists of a long Plasmg ¢olunn
generated by a de discharge in @ g8y filled ip a glass
tube at a low pressurey, and g Buitgble electroﬁ~gnetic
source for excitation of the column, Sych a laboratory
Plasmay in the ebsence of an externagl Bagnetie fionlg is
isotropic, inhomogeneous, collisiongl and incompreasible.
The circulerly symmetric electric ang Tegnetic ring 8ources
and open-ended circular waveguide carrying g IHOI'°’ TEOI'
mode hpve been considered fopr excitation of the Plasmg
column, Sinmilar models have already been 8tudied by Severaj
guthors neglecting the collision frequency, the inhomogoney..
ty of the plaema and the glass tubs, Some of the authorg
—— jneluded tho effect of the inhomogenaity also, bug
their enalysie is either incomplete or the complete resyu~
1ts bave not been published, Furthormore only the rady g=
g4on patterne vere obtained sng tpe other antopn, char go-

geristics such 88 the radigtio, Fewistance, tha dMroctivyyy
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and the input impedance were not evaluated, ihe present study
has taken into account the collis%on froquency, the inhomoge=~
neity of the Plasma and the dieleotric tube containing the Plasma
to make a more realistic analyesis of the plasma-antenna systen,

4 parabolic plasms density profile which represents the actual
density profile in a dischargoe tube has been conasidered, The
numerical rosults bave been obtained for the rediation pattern,

the radiation reeistance snd the diroctivity, %he mathematical

approach uped for the theoretical anglysis is fairly standgrd,

It involves the use of Fourier traensform technlque and contour

integration using the method of steepest desgonts to solve the

Maxwell's equations to cbtain the radiation field, To obtgin

the radlinstion fieldd
svelont fietitiono surfgce current diastribution due to the

for the waveguide excitation, first an

oqu

undint“rbed fields at the waveguide gperture is obtained.

It io dividea into & lgrge number of elementary current rings

naviné differont radil ranging from gero to the waveguide

£ g8LuSs A vector sun of the radigtion fields due to gll these

ola:..ontory cursre

v oglﬂ- de axcitation.

at rings then gives the radigtion field for

the V-
o study the influence of the collision frequency

o d;oleot‘i° tube thoe plasma has been gssumed to be

boma¢°“°°u' to pimplify the nathematics, 7To obtain the

y and the dielectriec tube thickness the fixed para-

t
puBd gults for the various values of the collision

groquent

S keptin the dimensionless form and are
ne
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and the input impedance wers not evaluated, .- The Present stugy
has taken into agcecount the collision frequency, the inhomoge-
neity of the plasma and the dielectric tube containing the plaema
to make a more realistic analysis of the Plesma=antenna systen,
A parasbolic plasma density profile which Tepreseonts the actugl
density profile in a dlsoharge tube has been congidered. The
nunerical rosults have been obtained for the radiagtion Pattern,
the radiation resistance and the directivity, ®he mathemgtical
approach used for the theoretical analysis is felrly standarg,
It involves the use of Fourier traansform technique gng cont oup
integration using the method of asteopest desgonta to solve the
Maxwell's equations to obtain the radiation fislg, To obtgin
the radiption field for the waveguide excitgtion, first gn
equivalent fictitions surface current diatribution due to the
undigturbed fields at the weveguide gperture ig cbtained,

It i8 divided into & laerge number of elementary current ringg

neving differont radii rangng from zero to the waveguige

gius. 4 vooctor sum of tho radigtion fields due to all these
ra

Jenentory current rings then gives the radiation field for
(2]
avegul.de excitation.

the ¥
¢o study the influence of the collision frequeney

© stine gielectric tube tho plasma has been gesumed to be
an

ogeneous to eimplify the mathematics, 7o obtain the
noemn

mericsl ¥
y and the dielectric tube thicknegs the fixed Pars~

sults for the Various values or the collision
au

grequend
— kopt#ﬂ the dimencionless forp and gre

neteres



sed codel at X=bgnd frequencies, The dieloctrie io chosen

result is consistent for sll the cases considered, A zlgss
tube thickness equal to the integrgl Dultiples op the quare
ter wavelongtih also shows g 8imilyp effact, The Peak ampjji.
tude, the radiation resistance and'thenwreotivit; for the
quarter- vave thick glass tube, gl11 differ very 8lightly fron
those in the absence of the glgss tube, ihyg a qQuarter
wave thick glass tube behaves gg if it yeore not Present
there, This result may be used in choosing Proper gige,
tube thickness for the Plasma=antenng System, The major
influence of the collisions in 537 the opses considereg

iz a decrease in the radisted bower, 1% bas beon foung
that e relative collision frequency of the orger of 0,01

does not bavVe a Very serious effegt on ¢y, Tadlation ohpp g

cteristics, The dircction of the Tadigtion Poak ipn very
s1igitly affected by the inclusion of t he collisjon fra
quenay) oxcept in the lrblonodo Wave guide CXcitatiopn wWhere

the change 18 rather drestie,
o



lho fafluence of the 1nhom0geneity of the Pluen,
hes been studied by beglecting the coliied £To uoncy

for the Sake of mathenatical sipi)licity. Tho Bolution

cbtained by the series solution method, Only the electrig
and :ngnetio ring vourgrs have been considered for the
excitrticn, The anelynis Of the w-voguide xcitation yp

highly complicated eince it involves the Svaluation of ,p
integral having the confluent hypergoeometng o funetion ¢p

its integrand, The influence of the 8hape of the inh omow
geneity profile bas been snalyseq fop 8 constant gyj,y Ple=

oma density end for a constant avorgge Plasma densyty,

It is found that for the cpse °f & fixed gxij) Plasm,
density the radiation peak shifts Ltowards ghe And-firg
direction, The direction of the radlation Poak for the
inhomogeneous plasma is found to be almost tha Same gg
thet of the radigtion peak for the homcgeneoug Plosmg com
lumn baving s uniform plasua density ®qual to the avergge
plasna donsity of the inhomogeneous Plasmg column, Byt
the sbape of the radiation pattern, thg Tadiation regjg.

ce and the directivity are different for these cases,
t:nu the assumption of a homogeneous Plaamg with o Plasmy
:e:;;ty equal to the average density of tne inbomo geng oug

may be valid a® far as the Girsection 0f the raiip-
pla sma

4{on peak is concerned,
tio



An sttempt hes been mpde to pursue agn experimental
study on the plagspe= antenna model descridbed above, 4n experi-
nental plen and the facilitice used for the plasma generagtion,
plesna diasgnostice; and megsurement of the rpdiastionr pattern
and the input impedance hagve been discussed. Since the experi-
mental setup 4e very bulky the indoor rediation pattern measure-

nents were tried. But due to the lack of gvailabllity of 4

dcorowave anechoic chember,the radiation patterns have shown

very sharP ¢luatuations due to reflections from the surround-
inge end ;t could not be poessible to meke any useful inferenced.

The radiatioqpatterna of g redial waveguide antenna

in an .pbounded anisotropic plesua have been studied at high

¢requencio® under the quasi-longitudinal approximations. It
pae beer found to have suitable radigtion pattern chgracterise
a

tics for a gpace~vehicle entenna, It has been proposed thgt

e op en—ended redial waveguide may be used as a flush-mounted

th
apaco-vehicle antenna.
In the present work only the oircularly sycmetrie
of the ring sources and the circular waveguide have been
mode

put in practice it 48 very diffteult to excite

conaidﬁr°d’

ches® modes vithout sxciting the higher order modes, For
only

go of TiDE sources unless the circumference of the
the ©8

55 pualler than tbe wavelongth the hipgher order modes are
ring

4, For the case of a oiroculser waveguide when we excite
excit8ve

.podo thbe Tﬁnx-moda 1s also excited and similarly wvhen

thg TMol =
\poilt® the TEg;fmodo both the ‘HOI- and the TEIJ'modea are
we -
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excited, The multimodo exeitation may be desirable if a
dirsctional pattern is required in the agimuthal Plane.
Furtbernore, a carcful design of the source may elimingte
these unwagnted modes by using the mode~filters or the mode

suppressers, In our analysis the glass has been considered

to be loseless but in reality the glass is quite lossy at

high frequenciea. These losses uay also be included in the

theoretical analysis. I1he oxcltation of an inhomogenecus

plasua column by & circular waveguide should also be analyzed

sor the circularly symmetric modes as well se for the multimode

excitation.
gysten should be thoroughly carried out asnd the results

The experimental study on the plasma-antenng

hould be gompared with the theoretical prodictiong,
8
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