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The stuaies of scome oi the nonlinesr effects produced

it pulse rrpy laser were mede snc are reported in this

O
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e
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Cnepter I briefly outlines the hiszher-orccr redigtion

processes produced in e nmediwn when the medivae is illuvminsted

with hich intense wmonochromatic electreomagnetic wave { laser

sriel accounv ol setting vp ol variovs g-switching
devices usec in our laooratory 1s given in Chepter I1X. A
rotating prism aevice used as one ol the y-switches hes been
developec here at 3115, The ziant ruby laser pulses of
power 10-300 wmegawatis 1n 8 pulse auration 2 or 3x10’° sec,

were produced in our laooratory by Q-switching.

Spectroscopic study of fluorescence excited by giant
pulse ruby laser in the case of anthrescene crystals is

reported in Chapter I1I1. The fluorescence spectrum consists
of four broad bands in the visible recion frem blue to
violet. The flucrescence is produvced by two processes;
two-photon absorption process and the process of crestion

of triplet excitons, The two-photon absorption is explained

by 2nd order time-dependent perturbation.

For the first time the sSpectrcscopic study of fluore-
scence resulted from only two-photon absorption in single

crystals of pyrene was carried out and is reported in
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nECccnl SCLdy 0 1 Lorcscence SoEdirun in vaisionlc

] from 3-photon abscrption in th2 case of

]

naontlelene sinzle crystal is reportec in Chapter ¥, fThe

J-chioton ebsorption is explained 7 3rd orcer tire-dependcent

perturustion.,

Cheoter V1 deeals with the theory of harmeonic generations

i cléesszical mechanics originally aevelopeo by Franken

nused on igi

inilities lcr secend harmonic

]

and Wara., Nonlinear suscen

ct

58]

KDP, LiNbC,, 3Zanana

—

cenergtions for impertant crystals quart

ena HiG., are calculeted, Our observations on 3HG of 1st oraer
7

stimvlatea stokes raciations proavced frem Ci

1,2 aichiorvethane are reported in the Chegpter Vi,

Our experiuwental observatious to aetermine the spreac
of 1st oraer stimvulated Stokes radiations are reportea in
Chapter VII. It was found that the intensity of the 1st
oraer Stokes radiation is well spread and thus is responsible
for the high gain observed at 1st order anti-Stokes freguency,

The Chapter VITI also outlines the theory of SRE based on

7

classical arguments as originally developed by Townes and

al
{

his coweorkers,
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CHAPTER 1

INTRODUCT ION

“hen a light wave prepagates throvgh a mediwn, an
interactiorn of the radiation and the matter takes place,
Ordinary light sources produce radiation fields much
smaller than the atomic or molecular fields (~’IO'd V/cm)

inside the medivm, But when the medium is illuminated with
high intense monochromatic light source cobtainable from
lasers, the interaction of the radiation and the matter

via multiple quantum transitions, takes place, In principle,
there is no such thing as a transparent substance ii one

considers higher order radiaticn processes which become

predominant when the radiation fields become comparable to

the atomic or molecular fields.

A hish intensity light beam may be attenuated, for
example, by double-photon absorption if the photon frequency
is half that the separation of the two energy levels with

the same parity. On the other hand, Raman scattering may
occur in which a photon is absorbed with the simultaneous
emission of a photon of different energy. As is well known,
the Raman process does not require that the pumping light be
in resonance with the pump transition. In these radiation

processes, the final state of the atomic system is different

from that of its initial state,



However, transparent substances acting as non-linear
dielectrics may generate light hermonics by absorbing two-
photons and simyultanecusly emitting the sum photon, In this
case, the atomic system is left in its initjali state, the

ground stéte, a type of process which is s characteristic

of parsmetric interactions. A number of the nonlineear

prccesses are schematically illustreted in Figs. 1 and 2.

MULTIPLE PHOTON ABSORFTION

Two-photon excitation has been observed in the
optical region by Kaiser and Garr-et1 using the red light,
69432, of a ruby optical maser to illuminate CanzEuf, The
ooserved fluorescence around A250K was the indicatica that
the ion was indeed pumped into an excited state by the
absorption of two photons from which state it decayed te¢ the
flvorescing level., Subseguently, Abe1182 also using the red
light from a ruby maser, observed the dowble photon excita-

" (J c/] E™ 2 ] *
tion of the 51/2 —> D3/2 transition in cesium vapour.

Similarly, three-photon absorption was observed by
gingh and Bradley3 The quantum mechanical picture of the

o

multiple-photon absorption is represented by the schematic

energy level diagram shown in Figs, 1a and 1b,

Since a change in the parity is required for an
electric dipole transition, double quantum transitions via
the electric dipole must occur with no change of parity,

Thus, a direct double quantum transition to a level accessible
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FIG. 1. (a)TWO-PHOTON ABSORPTION; (b) THREE = PHOTON
ABSORP TION
(C) RAMAN STOKES EMISSION; (d)RAMAN ANTI-STOKES
EMISSION
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by a single quantum transition is forbiaden by the parity

selection rvle for dipole transitions., However, there are

atoms in which these selection ruvles will not be strict and
both single and double guantum tr2nsitions are possible to
the same level by a different component of the dipole

operator. The probability that an atom absorbs two photons

each of energy hyp has been caglculated by Kleinman’" whose

expression for the relevant cross section is

Here, vy, 1is the frequency of an abscrption band at ~u2yp,

-~

SL2y, - 7g)

. 2 :
F is the incident flux in photons/cm™ sec, and n,

is the normalized shape factor of this band,

is the

refractive index at vy,.

RAMAN EMISSIONS

In these processes, the frequency of the scattered
photon is altered, The frequency shift of the scattered

photon is the characteristic of the scattering material,

Raman scattering 1is the inelastic scattering of 1light
by molecules in which the internal energy of the molecule is
altered, The quantum mechanical picture of the Raman effect
is represented by the schematic energy level diagram shown

in Figs, 1c and 1d. The Raman effect is well-known and is

easily obtainable by ordinary light source of moderate

intensity., In this case, the light is scattered



spontaneovsly, However, the field supplied by the ''giant
pulse’ laser is very intense and c&n produce not only spon-
taneous Raman emission but also induced or stimulated Raman

emission (SRE), The details of the SRE are given in

Chapter VII.

OPTICAL HARMONIC GENERAT ION

The process of second harmonic generation is sche-
matically illustrated in Fig, 2a. Here, two photens are
absorbed with simultaneous emission of the sum photon, If
both the photons absorbed have same energy, the emitted
photon will have exact double the energy. If the absorbed
photons have different energies, then the emitted photon
will have exact sum of the energies., This was first

experimentally observed by Frankensfggﬂ,

In the crystals when the second harmonic generation
is forbidden or specially weak (see theory in Chapter VI),
third harmonic generation (THG) is the next allowed process,

This is schematically illustrated in Figz. 2b.



CHAPTER TI1

SETTING UP OF "GIANT PULSZE' RuBY LASER

THT RODUCT 10

The idea of "giant pulse" technique was first given

by Hellwarth6 in 1961, 1t was Suggestedo that materials
which can exhibit normal maser action can also be made to
emit short pulses oi high amplitude by controlling the

regeneration action in the maser cavity., The laser

substzsnce is pumped while the regeneration is kept very

low by putting a shutter inside the cavity thereby storing

a superabundance of ions/atoms in the excited state, At the
time when the pumping 1s just over, the regeneration is then
suvddenly switched on. In this way, a very large power is
released in a short duration, known as "giant" laser pulse,
Since the quality factor Q of the laser cavity is switched
from very low Q {or spoiling of Q) to very high Q, the

process is known as Q-switching or Q-spoiling.

This type of experimental technique was first achieved
by McClung and Hellwarth7 in 1962, using an electro-optical
shutter (Kerr cell) in ruby laser cavity. The ruby laser
pulses of high amplitude were also obtained by Collins and
Kisliuka, using a mechanical shutter (rotating disc) and by
De Maria, Gagosgz and Barnard9 with an ultrascnic-refraction
shutter. In India, the first Q.switching device was

sucecessfully developed by Jaseja1o in the end of 1964 at



Indian Institute of Techknology, Kanpur, by uwsing a high

speed roteting right-angle prism,

At present roteting mirrors and prisms, Pockels or
Kerr cells and saturable absorbers are being utilized for

Q-switching purposes. The duvration of laser pulses procduced

by Q-switching usually lies in the range of 5-50 n sec. The
availapility of these "giant pulses" has made possible the

experimental investigation of various non-linear effects,

for example,

(i) Multiple-photon excitations.
(ii) Harmonic generations and mixing of opticel frequencics,
(iii) Stimulated Raman, Brillouin and Rayleigh-wing
scattering.

(iv) Optical self-trapping and self-induced transparency,

In our laboratory "giant pulse" ruby laser with three

different types of Q-switches was set up., Giant pulses of

peak power 10-300 Mega Watts in a pulse duration 2 or 3x10"8

sec could be produced. The Q-switches employed were rotating

prism device, passive dye and Pockels cell,

(1) ROTATING PRISM DEVICE

The device has been developed and {abricated here in

our laboratory, It is very sturdy and economical and is being

vsually uvsed for all the experiments., The schematic diagram



(o)

of the device is showrn in Fiz, 3. The regeneration in the
laser cavity is very hisgh only during the very short time
when the rotating right-angle prism is totally reflecting
for the path of tne light inside the laser cavity. This

position of the right-angle prism (shown in the Fis., 3) is

synchronized witn the instance the pumpins oif the laser rod

is just over,

The right-angle prism of high optical quality was
used for QR-switching, The prism was mounted on @ high speed
synchronous motor rated for 24,000 r.p.m, A photo cell
(RCA 925) was used as a pick-up for the light signal from
the prism, when it was about 120° of f the laser alignment,
This signal was then passed throuzh a delay circuit providing

varigble delay from 1 m sec To 3 m sec, The delayed signal

was amplified by a pulse amplifier, This amplified signal
was then used as a trigger to the Xenon flash lamp which

provides optical pumping in the laser, By the time the
pumping is over the prism takes tne position of totally

reflecting for the path of light inside the cavity as shown

in the Fig, 3.

The total length of the optical cavity was ~ 70 cm.
The uncoated froant surface of the ruby rod at ~18°¢ was
found to be sufficiently reflecting for the laser action,
Therefore, no other partially reflecting mirror was used in
the cavity, The optical alignment for the Q-switched laser
was done with an autocollimator (Davidson Optronics Inc,

USA, model D275)., The alignment better than 10" of an arc



ROTATING PRISM

(SYNCHRONIZED 24,000 R p M )
Lsﬁs :j{2¥___‘“1,;;5_ﬂ_ B
\ s i ‘_’-_|__ e RUBY
/, \ j:‘i\x COOLED By
e \%,/ S/ RUNNING WATER
% = (18°C)
POINT
SOURCE
'7,, PHOTO CELL
|
| |
|
| | | =
L i

—— .

PULSE AMPLIFIER DELAY UNIT

FIG.2 SCHEMATIC DIAGRAM FOR ROTATING PRISM

IN THE GIANT PULSE RUBY LASER.

DIAPHARGM

FILTER (CS 2-54¢)

GIANT
PULSE

EXTERNAL TRIGGER QOF
RUBY LASER POWER SUPPLY

DEVICE USED AS A Q-SWITCH

0F



i1

i5 possibles to obtain with this autocollimator,

The pink ruby rod (0.05 concentration of Cr‘j* ions)
of diameter 0,375" ana length 6.75" haa rough ground lateral
syriace, One end ol the roda was cut at Srewster angle, This
end had anti-reflection ceoating, The temperature ol the ruby
rod was maintained at 139¢C by means of a constant flow of
water at the rate of 1-2 gallons per minute, To avoid
tarnishing of the laser cavity and to keep the cavity free
from moisture, dry nitrogen was passed throvzh the cavity,
The ruby was optically pumped by a Xenon flash lamp. The
energy to the flash lamp was supplied through a 290 mfd
capacity bank, chargeable to the maximum voltage 3 KV DC.
The ruby rod, [lash lamp and other accessories were housed

in a laser head, The laser head and power supply were

obtained from Raytheon (USA).

(2) Q-SWITCH PASSIVE DYE

The passive dye (bleachable absorber) is prepared by
dissolving 10-20 milligrams of vanadium phtholocyanine
(imported from USA) in one litre of monochlorobengene., The
cell with two windows at Brewster angie is filled with this

dye and is placed in the laser cavity as shown in Fig. 4.

The dye strongly absorbs light of the ruby frequency
and this absorption prevents net amplification of light from
occurring until 8 much larger proportion of Cr3+ lons in the
ruby material has been pumped to the excited level than is

normal, The pumping energy input increases until the
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amplification in the ruby overcomes the loss duz to the
avsorption in the cell, and the laser ovegins to emit coherent
light weakly. A very small amount of this weak laser light
"bleaches’ the vanadium phthalocyanine solution, which then
becomes almost perfectly transparent to the ruby light, At
this instant, there is suddenly a large nst amplification,
and a giant pulse, containing all the stored energy in the
ruoy, develops rapidly. After the giant pulse, the solution

returns quickly to its aosorbing state, and becomes ready for

the fomnation of the next giant pulse,

With the passive Q-switching single-mode laser pulses
could be prodvuced., For high precision work, the giant pulse
ruby laser with this Q-switching is being uvsed e.g., for the

study of stimulated Brillouin scattering11

(3) POCKELS CELL

When certain kinds of birefringent crystals are
placed in an electric field, their indices of refraction are
altered by the presence of the field, This effect is known
as Pockels effect. This effect is utiligzed to produce light

shutters. The Pockels cell was obtained from Raytheon (USA).
The cell is placed in the laser cavity as shown in Fig, 5,
The polarized light will pass through the Pockels cell (i.e.
regeneration in the cavity) only when the electric field is

applied to the cell, 1In this way, Q-switching is obtained,

All the observations, reported in this thesis, are

made with only one single giant ruby laser pulse,

.....
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FLUOREZSCENCE SPECTRUM OF ANTHRACENT SINGLE
CR7STALS EXCITED BY GIANT PULSE RUBY LASER

IuTRODUCT ION

when a substance is i1lluminated witn the intense
monochrom2tic light obtainable from lasers, an interaction
of the radiation and the matter takes place via multiple
quantum transitions. Such interactions are of two types:
one in which the final quantum state of the atomic/molecular
system is dif'fere.t from thét of its imitial state (the
ground state), and thke other type im which the atomic/

molecular system is left in its initial state, The latter

type is harmonic generation to be dealt in Chapter VI. The

examples of the former are:

(a) Two-photon excitations, in which the light beam
may be attenuated by double photon absorption if the photon
frequency is one-half of that corresponding to the separation
of two energy levels with same parity of the system, is
discussed in this chapter and in the Chapter IV. (b) Ranman
processes, in which a photon is absorbed with simultaneous
emission of a photon of different frequency will be discussed
in Chapter VII, These processes do not require that the
pumping light be in resonance with the pump transition..

The theoretical possibility of two-photon excitation

id

was demonstrated by Goppert-Mayer = in 1931, but experimental



came only with the advent of lasers bacause the

realization
experiments require a monochromatic source of very high
intensity., It was the first experiment of Xaiser and Garret1

who demonstrated double-photon absorption in CaF2 crystals
doped with Eu.

In the molecular crystals, such as antiracene and
pyrene two-photon excitatioas are expected. Due to these
excitations the crystals are expected to fluoresce, It will
be interesting to study such [luorescences spectroscopically

and to compare the results obtained with those reported

earlier, using conventional methods by various earlier

wor‘ker‘sw’mo

Dif ferent workers15”19 have studied the fluorescence

in anthracene photoelectrically, when excited by & conventional

-
mode operated ruby laser. Peticola 93_3;1) have reported

two-photon absorption as the mechanism for exciting the
fluorescence, However, Kepler §§_§l17 explained the fluore-
scence by assuming that the laser photons (1.79 ev) directly
create triplet excitations (1,8 ev) which, in turn, interact

in pairs to form a singlet exciton (3.42 ev) which fluoresces
with a 1life time of 2.6><10“8 sec, Lastly, Hall §§_§;18
suggested that both the mechanisms are capable of producing
the fluorescence in anthracene while again studying the
fluorescence from anthracene photoelectrically. However, we
have actuwally recorded the fluorescence spectrum in anthracene

when excited by giant pulse ruby laser, 1In this chapter, we

are reporting the fluorescence spectrum of anthracene in the



visible region excited by the "giant pulse" ruby laser
. 0
(O943A).

Tn anthracene, the flvorescence spectrum was found to

consist oif four very broad bsnds extending from blue to

violet,

THEQRY
The problem of two-photon abSOrptioHtmay be treated

quantum mechanically, using time-dependent perturbation theory,

We assume a system which, in the absence of a

radiation field, has a Hamiltonian Ho and an eigen function

\f,n , where

-2
Here H h VZ + V(r), En is the energy of the system

o = 2m
and V(r} is the potential energy.
Due to interaction with a radiation field at frequency

w, the system is perturbed so that its Hamiltonian becomes

- it
H = HO + H'{t)

Ho is the unperturbed Hamiltonian whereas H'(t) is the

perturbaticn. The perturbation matrix elements are written20
as
H'k iwt iwt
HY  (8) = —5 (e™Y o o7 (3-2)

We assume that at t = O, the system is in the ground state

m__of the Hamiltonian, The probability, to the second-order

v’ UJKLM. p_gm.s,iolﬂ.'v. ﬁw?, [ W LV L p.L W w.fu.L(I] YR 1 v,cm:,t;nc A‘,x_rn.;,tn,h t

ar €= €,+6€ E?
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perturbation, of finding the system at € 1in the state 1
2 .
where a&z)(t) from the second

is given by aig)(t)

order time-dependent perturbation theory =~ is given as

o : -1y .U
ey ez a MW () e T (3-3)
n

Substituting the value of H*ln(t) in the equetion (3-3), we

get ;

i(w-w_.)t ~i(wew_ )t

é(lzj(t) - 'E%ﬁ = ar(l” 1

According teo the first order time-dependent perturbation

theoryzo, a;1) is given by
A \ it )
(1) H;m1 , elhvwmn)n . 1hﬂmﬁw)t
. = "Eﬁi"“"‘ W -wW ¥ w4+ W T (3-5)
. mn mn |
' J
On substitution of the equation (3-5) into the equation (3-4),
we get
[ i(wmwmn)t' -i(wmn+w)t'
(2) i t t 1 - € 1 - ©
a ('Y = — =2_ H H —ag —p X
uﬁz o nm 1ln ] W, - W W + W |
. J
. , - :
‘ i(w-w )t 1(w+wnl)t ] )
e + € ( (3-6)

1 J

The integration of the equation (3-6) yields numerous

terms. We can limit the number of the terms under consideration

by choosing only those terms in which the denominators may be

small, Since w > 0 and Wy < 0, m being the grouvnd state,

these are the terms involving W in the denominator,

Thus, the term of interest is



t —J(v » '
: - g Hotg gt 8 (e, )e’
ﬁ(Z)(k,) e gt (1 =8 e nl e b
-." u ¥ 'I’lm”ln) v e g W =l
= mn
o}
i(w, -~w)t -1 ( 2w~w )t y
) 1 ll' ']' ? lll -1 . : l]:. - 1[
4ﬁ2 nm ln Uqln—w)(wnwnm) (Zw—wlm)(w'wnm).j
{3-7)
where we used 2wqwnm - wln = Ew”wlm'

Thz resonant absorption results when 2w = LA which
corresponds to the second term of the equation (3-7). The

squared magnitude of this term is
| s
|
|

¢
(2) o |° ‘H“‘“ “in
) ()| = b o
15oh (w-hnm) L—;‘(&vnw]m)]

- I -
sin” 5 (2w-wlm)t

5 (3-8)

a

The energy level scheme pertinzsnt to the above discussion

is shown in the Fig. 6.

We assume that owing to "smearing" of level 1, m or
both, we can talk only about the probability of finding the
difference frequency (2w“wlm)" This probability per unit w

is deseribed by £ (ZWnWlm) 80 that

+00
( @(x) dx = 1 where x = (2w, )

The average probability of finding the system at 1 is thus

2
cofeE P ain® (L
nm 1o ( - :
P(t): ,h, 5 ) Z—P(X) dx
mr>1 16h (w-wnm) M-S (x/2)
2
g' ul
1 nm o 1n -
o e it 2N O (ow - whn) Tt (3-9

pan ) 2
dﬁ (u-.wnm)



which corrésponds to a transition probability rate
!
L2
dP(t) T ’Hnm hln n 1
= Al _ : — @ (;w=\1bb) (3-10)

W = = —_
m—=>1 dt L o 2
sh (1w -awnm)

The equation (3-8) snows that the presence of an
energy level n  mear the mid-point of the ersrgy gap between

m and 1 levels largely enhances the transition m=>1l

(please refer Fiz, 6).

* - o 2 ) S d f .
If both the matrix element Hnm and Hln are of

electric dipole type, we have, for an electric field in the

x direction,

- 1 -
~ LA
Mn Xlrl

where E is the amplitude of the electric field, This
according to the equation {3-10) gives a transition rate from

m tc 1 proportional to Eh, i.e. to the second power of

intensity.

It is already shown that for enhancement of two-
photon transition, an energy level near the mid-point of
m->1 transition gap is desirable. The energy level
scheme19 for anthracene single crystal is shown in Fig, 7.
In this case a triplet 3821; state lies at about mid-point

between the two singlet levels 1Ag and 1B?v where two-

photon absorption takes place,
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LEAPERI-ENT AL DETAILS

Giant pulses at or near threshold laser operation

were used in these experiments, The power near the threshold

was about 10-20 MW in a pulse duration ~30x10"7 sec, The

crysteals used were thin ana pure and they werc grown by the

slow crystallization from the saturated solutions in absolute
Yhe erystalls .\_a*cm coat Aepealed fov Rvee ov four Ry,
a1Cohol% A Cornlng glass filter No, Cs 2-58 along with a

diaphregm was placed in front of the sample, kept about one-

meter away from the laser head, to eliminate Xenon lines
0
(from flash lamp) of wavelengths below 6300 A. The graph

showing transmission percentv/s wavelensth for the filter

Cs 2-58 is shown in Fig. &, The crystals under investiga-

tion were placed very close to the slit of the spectrograph.

A Corning glass filter No, Cs 4-76 was placed at the slit

of the spectrograph, The graph showing transmission percent

v/s wavelength for this filter Cs 4-76 is shown in the Fig, 9.

The spectrogreph used was 3-glass prism "Carl Zeiss"

spectrozraph, The details of the experimental arrangement

are given in Fig. 10, Usvelly in our experiments an

unfocus sed laser beam near the threshold was used, However,

the fluorescence spectra obtained with focussed laser beams
were of similar nature as those obtained with unfocussed

laser beams, But the laser beam, focussed by a lens of long

focal length of 25 cm, near the threshold of the laser

operation was cgpable of producing a quite intense fluore-

scence spectrum., In these experiments, the laser was always

operated near the threshold so that the crystals might ngt

be damaged,
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RESULTS AND JISCUS3IVNS

The luminescence spectra of the molecular crystals

excitea oy appreopriate intense atomic lines have bheen of

. . 13,14 .t 21
interest to various workers 77",  Sidman” has reported

the fluvorescence spectrum of anthracene crystals at 49K

which consisted of three major over-all bands with peaks at

o
arcunc 4040, 4250 and 4520 A. However, the sgectrum of

anthracene at room temperature, when excited by giant pulse

o
ruby laser (6943 A) observed by us consists of fowr very

The spectrum is shown in Fiz, 11. Each

broad bands.
spectrogram, shown in the Fiz. 11, was tsken with only one

laser pulse, The peaks of the bands were found at around

o)
L260, L4600, 4730 and 4960 A, and the intensities were strong,

very strong, strong and medium, respectively.

0
We have not observed any band near 4000 A. This may

mean that the transition from the fluvorescence level to the

ground vibrational level at room temperature is not strongly
excited when the anthr‘acene mOleCU.les are pumped up b'y I‘uby

On the contrary, Wwe have clearly observed the bands

laser,
It is, therefore, felt that in owr case, the

0
upto 5000 A.
heated up, and thus the excited

substance may be getting
1ls of the ground electronic state of anthra-

vibrational leve
cene may be sufficiently populated, From these excited
vibrational levels, the moleculeés may be pumped up by the
15-18
laser beam via both the processes
ption and the process of creating of triplet

s the process of twg-

photon absor
Thus. the molecules may efficiently fluoresce to
9

excitons,
these excited vibrational levels ol the ground electronic state,
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CHAPTER IV

1'j0-PHOTON EXCITATION IV PYREUE SINGLE CRYSIALS

INTRODUCT IO

Tn tha case of another molecular crystal, pyrene, the
fluorescence spectrum caused by only two-ohotont absorption

process has bzen investigated by us for the first time,

Ferguson22 and Ganguly and Choudhur'y23 have reported the

. o O .
fluorescence spectra of pyrene crystals at 777K, using

conventional sources of light. Their reported f{luorescence

O o
spectra were continuous extending from 4000 A to 5000 A,

We heve aloc observed a conlinuouvs spuchrum extending from

green to violet at room temperature when excited by giant
1
)

pulse ruby laser (frequency 14,400 cm”

EXPERIMENT AL DETATLS

jant laser pulses at or near the threshold laser

G
operation focussed by & lens of focal length 25 cm were used
in these experiments. The power near the threshold was

about 10-20 Mw in a pulse duration ~ 30><‘l0"9 sec, The

crystals used were thin a
on satuyrated solutions in absolute alcohol,

nd pure and were grown by slow

crystallization fr

The details of the experimental set
Each of the spectra was taken

-up are already given in

the Fig, 10 (Chapter 11I).

with only one single laser pulse.
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CoSERVATIONS AND DISCUSSIONS

Tt is shown in Cheoter IIT that for enhancement of

two-photon absorption between levels m and 1, an energy

level near the mid-point of the transition g8p is desirable,

The energy level scheme for pyrene 4 crystal is shown in

Fie, 12. £+ is seen in the Fig, 1< that in the case of

pyrene also, a triplet level 55 lies between the two
T2y
where the two-photon

3u
Thus, the presence of J, level
2u

may enhance the transition from

singlet levels 1A and 13

11x)

apsorption tékes place.

in between 1, and 1,
hg —'3u
1A to ]B by two-photon absorption.
g Ju
Fic, 13 shows the fluorescence spectrum ol pyrene

when excited by giant pulse ruby laser having frequency
1, 400 cm”° The spectrum Shown in the Figure 13 is conti-

nuous, extending from violet to green, and is similar in

. 22,23 )
nature as observed by other earlier workers ~’ 7, uSing

conventional light sources.

Tn the case of pyrene there mey not he the possibility
of creating directly the triplet excitons having energy

2,04 ev (16,500 cm”
is only 1.79 ev {14,400 cn ).

1), since the ensrgy of the laser photons

The singlet excited level

is sitvated at 26,500 em™ ' and thus the pyrene

1.
931y
molecyles are pumped up bY the laser beam by only two-photon

From this excited level the molecules

absorption process.

decay to fluoresce,
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Figure 13,

Fluorescence spectrum of pyrene
resylted from two-photon absorption



Tn the case of pyrene, the flvorescence 1s caused

onlv two-photon avpsorption process. This is in contrast

anthracene in which two processes (two-photon absorption

orocess and other, the process of creation of triplet

excitons dircectly) were involved.
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CHAPTER V
FLUQKESCENCE SPECTRUM_OF_NAPHTHALENE CAUSED
37 THREE-PHOLON ASSORPTION
TNTRODUCT ION

in the Chanter IIT, it is shown that when a proper
substance is illwrinated wiitit aizhly intense laser oeaa,
two-photon excitation takes place, Similarly, triple-
photon apsorption, the higher process than two-photon

absorption, results in the generation of fluorescence ang

is discussed in this chapter, Three-photon excitation has

been first observed by Singh and Bradley3 in the case of

They observed the fluorescence caused by

naphtha lene,
To the

three-photon absorption in the ultraviolet region,
best of our knowledge, no one has ovserved so far the

naphthalene in the visible region. However
’

luorescence of
lyorescence spectrum of naphthalene

we have studied the £
in the visible region (blue to violet), generated by three-

photon absorpt ion. Crystalline naphthalene is a suitable
material for observing a three-photon excitation because

it has no absorption band system at either ruby laser
(14,400 cm“T) or twice the laser frequency. The

frequency
fluorescence spectrum of naphthalene excited by giant pulse

ruby laser observed by us Shows sharp bands extending from

blue to violet.



THEOEE
The three-nhoton absorption may be explained by third

order time-depend ot .
lme-dependent perturbation., The third order coeffi-

. (3] . 20
cient ‘a; m3y be given” " by the expression

-(3)

iw,.

Y s KRN b i k1l
%t TR Y Bggitilie el (5-1)
.(3) i — (2) ! i{wew, )t ~i(w-w, )t
k == Hkl[e o+ “
(2) *

al iz already derived in Chapter IIT (equation 3-7),

. . : 2 , :
Suostituting ai ) in the above equation, we get

2 3) i <-4 gy oy ei(wln—W)t’- 1 eﬁi(zwqwlm)t' 1
= ~—=s 32 — o e |
k g5 nm 1ln 'kl [TwanWJ(w-wnm) (2w-wlmTTi-wnm) X
-»]'.(W'"wkl)t' i(W+Wkl)t'
(e + € (5-2)

In the equation (5-2}, we are only interested in the Second

term corresponding to absorption term whose denominator Should
Eq1-E
m
.

be small i,e. 2w-wlm:: O or —E ~ 2w, Therefore
gf =i(2w-w, )t! ri(W+Wkl)t' ~i{wew )0
a(3) iogr ooyl (18 =9 {e ‘e k1
£ w o ——gr 1 _ s ey
k gk’ nm iIn 'k g (Qw”wlm)(ﬁ“wnm)
' ¢ | ~i{w-w, )t i(wew, o)t
1 Fon Fan B 1ee M i.e KLUC
Tl Tawewy J(wew ) (W ) (Ve ) *
-i(3w~w, )t ~i(w-w, )t
1-e LW _d=e kl__
+ (BW“wkm) (w‘wkl)

For resonant absorption for three photons i.e. 3w - W)

We consider only the third term in the above €quation, so that



REE

' L ]
al3 M i M g - e ken
K 8‘?13 { %’melm) (w-'r.]nm) (31_1:1?;5"“ (5-3)
The probability of finding the system in the state k 1is
given by
‘ 2
_— H' Hl HialC i \ -
2l 12 ' ~i(3w-w )T » 2
a())l ) 1 nmﬂuln k1l 1-e luﬂ : _ei()h Nkm)q
k - LG n , 2 ' -
' oLk (2w-wy, ) (w-wnm)g L (3w wkm) (Jﬂ_wkm) \
J L
On simplification, the apove equation yields
1 PR T
(3 2 Hnm Hln nkl Sin2 %(3w-w )t
k = o) [‘ . o) 2 2 =
out A ! wnmj} [’%(3W~=W1cm)]

Since the levels Kk and m are not precise ones, we can
talk onlyv about the probability of finding the difference
This probability per unit w 1is

frequency (Bw-wkm),

described by £ (BW“wkm) so that
+00
( = - -
) € (y) dy = 1 where Yy = 3W Wy
-0

The average probability of finding the system at k is thus

2
1 Hi Hin Hep goo sin” “; yo 0
P{t) = — 3% — =— U (y) dy
ok 64E° {(2”"‘”“’1 )(W«,wnm)]. o /R
1 Ht ! 2
Hnm in Tkl
e (Bw=w, ) T

or P(t) o i S ,
m=k 0 | (w=w )
BZE 1( ZW-Wlm) W= am
robability rate
2
1 t $
Hnm Hln Hkl

arit) L - s P Ow=w ) (5-5)

W .y = =15
m—=k dt 32h° kamwlm)(WﬂwnmU

which corresponds to & transition p




~

From the equation (5-4) , one would infer that the

presence of level 1 at about two-third of the energy gap
(o=

betwesan Kk and m levels and/or the presence or th level

n at about one-third of the energy gép between k and m

wovld enhance the transition m—>k appreciaoply as shown in

For taree-photon absorption, naphthalene single

crystals were studied, The encrzy level scheme for
15 The Fiz., 15 shows an

!
naphthalene3’1“ is shown in Fig, . 15
energy level BB , lying in between TA and 13, , may

2u 2 Ju
help to enhance tne transition 1, —> 1BQ via threz-photon
3 2u

anserotiniy

EXPERIMENTAL DETATLS

Ruby laser giant pulses of power ~ 50 MW, focussed by

a lens of focal length 25 cm, were vsed to produce the
ce spectra of naphthalene.
n by slow crystallization from

fluorescen The crystals used were

thin and pure, and were grow
ons in absolute alcohol. The crystals under

saturated solutil
ons-meter away from the laser

pt about
All

investigation weres ke
ose to the slit of spectrograph,

head and were very cl
the details of experimental arrargement are a]_ready given in

10 of Chapter IIl.

e

the Fig The unfocussed laser beam of
produce the recordable spectrum.

power o~ 100 MW was unable to
j.glass prisuw “Carl Zeiss" spectro-

The spectrograph used was : °
in the region I, 000A-10,000A,

graph which hos gensitivity
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The fluorescence bands of naphthelene in

the visible region resulted from three-
photon absorption, In the {lrst (top)
spectrogram, the s1it of the Spectrograph
¥as kept 0, 1 mm, In the second {bottom)
spectrogram, the slit was widened to 0.3 wmm,



It nas been reported by other earlier workers % th;t

the fluorescence origin in the case of haphthalene does not

colncide with either of the free exciton avsorption compo-

nents, The fluorescence Specirum is complicated by the

presenceTA of the impurity g-methyl-naphthalene ang much of

the emission from even highly "purified"
14

naphthalene single
crystals originates from 31,062 cm"1 level of the impurity,
The "true" flucrescence origin probably is at 30,950 cm™
and is quite stronz at 4.2% at which temperature the energy
transferTh to the impurity becomes inhibited. Even this true
fluorescence line at 30,950 em™ ! observed Strongly at 4, 2%
is believedM to be a vibronic transition from 0-0 bang
(31,476 cm‘j) involving the simultaneous excitation of a
ground state vibration 520 e (30,950 = 31,476-520),
Therefore, at room temperature, the fluorescence spectrum
of naphthalene observed by uS is explained by assuming that
the transitions are taking place from the level situated at
31,060 Cm“T to the excited vibrational levels of the ground
electronic state. The observed fluorescence bands are

assigned using the vibrational frequencies 518, 1380, 780,

950 and 1020 cw”1. These are listed in the Table 1,

ASs mentioned earlier in the case of anthracene
(Chapter IIT), the naphthalene single crystals may alsg be
heated up due to strong pumping by high intense laser beam,
Thus, the excited vibrational levels of the ground electronic
state of naphthalene may Dbe sufficiently populated, Frop

these excited vibrational levels, the molecules may be Pumped



by the laser beam via three-photon avsorption. Thus, the

molecvles may efficiently fluvoresce to these excited vibra-

tioral levels of the zround electronic state,

2
AL 2OOK, qu_cClur‘e ar.d S(}l"gl’lepp""!5 l"epor‘ted the latitice
-1 . .
modes at 96 and 45 cm , whereas Qbreimov and Shabalda526

L

P -1
reported the modes at 103,46 and 15 ¢cm . In some ot our
we have used the value of

assignments given in the Table 1,

modes as 100 cm

In our experiments ToO record the spectra of naphthalene
. - )
in the visible region, laser beam of power density 50 MW/Cm

ed by a lens of focal length 25 cm was used. This means

2

focuss
A -1 . . )
s€cC is required

photons cm

. 28
that laser photon flux ~ 10
flyorescence 1in naphthalene, which

tc produce a recordable

gher than that required for two-photon

is about 103 times hi

in the cases of pyrene ar
radlev3 observed the flucrescence in naphthalene
o 2'?

n the photon flux ~ 2x10

) ) d anthracene. However,
excitation
Singh and B

in the ultraviolet region wit

-2 -1
photons ¢m sec .

oooooooo
.....
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poservea Possible assjicnuentgs CalCUlate:i_‘_
fluore- (using 0-0 bena, freguencies
scence pznas  y,. = 21,002 cu-1T) ' B
(i cm=1) (in cu~1) (in ¢ =1
T 20 CiTl_T " )
25,190 y, - (2x1360+ 0x518) 25,194
or
Yo - (3x%1380+ 780 + 950) 25,192
24,160 Yo - (5%1380) 245,162
or
Vio = (2x 1350 + Ex518) 24,158
23,655 Yo - (5x1380 + 515) 23,644
or
Y, - (2x 1380 + 9x518) 23,040
- ' X 23 :
23,330 Yo - (3x1380 + 7%518) 3,296
or

_ (3x1380 +5x518+ 1020) 23,312

(Contd,)




Tacle 1 (Contc, )

S0, L:J_?se.rvsci Possivle acgignnents CalC!‘-.Laté—ci-
L_.uor'e-. (Usin{: U=0 banﬂ’ f]_"‘eqr_;-l—lcies
scence pands Vg = 31,002 cu- 1)

(in ca-1) (in cm- 1) (in Cm"1)
+ 20 cm~!
. \ .::.'-;. \ - - 3 [ . RN o ) A
220 Yo (3»1380 + 7x516 + 100) 23,196
or

Voo (3x1380 + 5x516+ 1020+ 100) 23,212

or
y, - (5%1380 « 950) 23,212
£ 22,500 e = (41380 + Lx516 + 950) 22,520
or
YO - (521260 « 3x518 + 100) 22,508
7 22?1_"00 'yo - (1&31380 + 0%3518) 22,1%314»
9_!:
v, _ (4x1380+ 4x518+ 950 + 100) 22,420
3 22 640 v (5x1380 + 3x518 + 950) 2,658
_(_)_1_“'
v, - (41380 + 6x518 + 780) 21,654
or
),O_.(6><1380+2><518+ 100) 21,6L6
___,_,____--—-'——”—__--'—'.-—— T — —




CHAPTER VI

STCOND HARYONIC GENTRATION OF STIMULLATED

STOKTS RADIATTONS

With the advent of lasers it is possible these days

to produce monochromatic light beams of exceedingly high
intensity. For example, the giant pulse ruby laser ( bgggi)
can prgvide an optical flux of many Mw/cm2 in an unfocussed
beam and many thowsands of iw/cm” in the focal planes of

These intensities make the feasibility

simple optical system.
he optical non-linearities of the moterials,

of exploiting b

When a substance is jlluminated with very intemse
an interaction af the radiation end¢ the matter

lager Hean,
1tiple quantum transitions. The multiple

takes place via mu
ted if one considers higher-

transitions are expec

quantum
Harmonic generation is one of

order radiation processes.
The process in which two photons are absorbed

the processes.
us emission of th

e sum photon, is called

with simultaneo
jc generation (SHG) .
orbed with the simultaneous

wever, bl .
second harmon However, the process in

which three photons are abs
£ a photon of triple frequency of the incident

emission o©
1n

is called third harmonic generation (THG),

photons,
these harmonic generations, the atomic/molecular system is

cate (refer Fig, < in Chapter I).

left in ibts jnicial S
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THEORY

A suiteble material for the production of optical
harmonics must be relatively transparent to the fundamental

and the desired harmonics. In addition

ontical Ifreqguency
there are some important crystal-symmetry considerations

which affect the choice of the svitesle materials, particu-

lerly in the production of even harmonics, The dependence

p as a function of applied

of the optical polarization
intense optical field may be given by scalar eXpression5

as
E E2
P=XE(1+ 5 + -7 ¢ cere) (6-01)
1 B
2
Here, X 1is the normal linear optical polarizability and
E, and E, @are the atomic/molecular fields of the order
Of‘ 1Ob ensuu°
In particular, let us consider the second term of the
which gives rise to the second harmonic, If
- =

equation (6-01)
E = By cos{wt-k.r),

jcal electric field 1s

the applied opt
(6-01) provides a

then the guadratic terd i
to the polarization in the crystal

n equation

contribution tpt

—

“(wt ~ kK.T)= 7F

- = X_ 132 (1 + cos(wt EQ-E.?))
p =% 7
E, o 1
(6-02)

orresponds to dc polarization within the

Here, first term C
quadratic non-linearity in

j e
crystal which arises from th
much the same way &S dec currents are produced in the square-

jo-frequency practice. The second term

1aw detectors of rad



in the equation (0-02) is 1

the oscond hermonic from the crystal,

There does exist 8 most important symmetry considera-

tion which prscludies significantly even harmonic production

by the materials wnich are either isotropic (such as glasses)

or posseds a centre of inversion (such as calcite)., When
isotrony or a centre of inversion is present, the polariza-
tion must reverse sign for 2 reversal of applied electric

{ield. In ordger to comply with this restriction, the terms
containing even powers of © in the scalar expressio: (6-01)

must vanish,
A pictorial demonstration of symnetry restriction is
17a, b . In the Fig. 17a the polarization

indjcated in FigS.
erial is sketched which possesses a centre

dependence of & mat

However, the one feature that follows from

of inversion.
is that a power expansion of P about

the symmetry property
If we now consider crystals

n terms,

cannot contain eve
jnversion (such as quartz) then

E =20

ot have centre of

which do n
1arization dependence as shown in

it is possible to have & po

the Fig, 17b.
point symmetry preclndes even harmonic

A crystal, whose
less be forced to produce the effect

can neverthe

productions,
a strong external dc electric field,

upon the application of
jas fiele

;”:h_ are an ex

ng1ides! the origin of the Fig, 17a

This external Db
pansion of P about the new

over into a regiomn,
ome even terms,

T ins S
origin (dotted axes) now contail
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2vi -
Cos Zwt, torresponding to

P-‘ ™ aRtel - . . -
the SHS, in 2 nonlinear mediwn proavced by an optical

’ v ) 1= 1 F‘?; 2] - —_ —
electric ri=1g 3 cos{wb - k.T) may b- Fepresented py
2h equation (6-02) in the tensorial form<? as

2w W oW
(6-03)

p, = ;‘{. & . it
] ijic 7 J Tk

A2re, the sumustion over repested indices will be understood

€vea if the sumnation notation is not employed. Here,

N

Subscripts denote cartesian components and the Superscripts
oW
X 15 a third

Serve to inaicate ths relevant frequencies,
2 .
Fank tensor and whose elements Ain are restricted by the

Symnetry of tne non-linear mediwa.

Consider a particular physicual situvation described
by the equation (6-03). The medium, the applied electric
and

field and the polarization remain fixed in the space
can now be described in @ new coordimte frame, Th: new
axes are related to the old by the transform3tion a which

can be written as a (3x3) matrix representing an arbitrary
The vectors and the

) . ersion,
combination of rotation and 1nversio
7

tensors in the new frame are

p’:/ﬂ = 8. pfw’ (6-0%a)
x
Jb'w a, . Eb:v! (6.,Ol+b)
¢ e J
W .
2w . a X< (6-0he
L - %xi a@J Yi  ijk )



I 2 is now rcstrict=d to be @ sSymuetry transiormation 'A',
i“c of tne material are iaenticaliy

hen all tne prossrt

ct

descrined in ovooh ©..@ coordinace frames. In particular, the

0 . . e .
elements of the tensor ,{UL are the same in both ton2
27

coordiizve fram=s So that

2 RV

ey = A . A), A.._

cEY i B Yk ijk

'2’-’ 2"'J 7
ie. X =X (6-05)

xBY o3

There are thirty-two classes of the crystals, each specified
by a numoer oI point symretry transformations 'A'. For a
particylar class, each symnetry transformation yields an
(6.,05) walcn restricts ths independence

eyuation ol the {orm
2u
A

07 the tensor elzuents o6 .

As an example of a symmeiry rescriction, let A Dbe
g = =3 The equation (6-05)
o e A ; = =0 _. quation
the inversion transio! aan ion Ac;i o1
yields
N )XEW
2w -5 e e ox:
)coc@’l' = (-8 1424 1 vk’ Tijx
< X2w
o .
- -85 Sgy Ovk Mgk
2w
aeX
xfY
20
R SR
xEY
2w 0 (6-06)
- x =



s . W . <W . ~

olnce ﬁv(¢ is zero, pi becomes zero Irow the equation
'

5 = N LRw L e

(0-03). Thic signifies thatl Ayf 1S iagenticelly zero for

ary non-linear meterial showing inversion sSymmetry and the

second hérmonic generatiorn 1is orecluded., This leaves for

consideracion only 21 crystal clesses which lack a centre

Just like piezoelectricians, we cen coweniently

ZW _
replac. j and k of X,,] by m, teking values 1 throvzh
- 21t W 1I% 2w Rw 2w
" a J = k and .X. =i, . o P j}ék.
im 1jk 1kj

& such that 4. = £... 5
im ijk

The relation petween m and jk is

m 1 g

Ya Za Xy

2w
i .scepbibilities fer importa

The non-Jlinear suyscepbibilities K"k portant

vlated and are given below:

crystals have been calc

(I) QUARTZ
o0
calculate Xijk we should know A's, the

In order tO
As it is known, quartz has got D3
2

B, O3 “3 Car Cb

be represented in the matrix forms as shown

symmetry elementse
; 28,29
. and CC elemnents ™77,
symmetry which has
These elements may

in Appendix 1.

cripts from X in both the sides

ing the supers

(6-05), th

Dropp
ijs equation is rewritten as

of the equation
e = . A~- A X..l [6_907)
ﬁng %XI (! Yk T1JK

and ¥ vary from 1 %o 3 so do

Here, we recall that o, B

i, j and k.



e

pe represerted by C
i, n

WeIe
% -1) 9+ (B=1 3+ 7

n=(i=-1) 9+ (J -1) >+ K

tre equetiol {(u-07) Dbecomes

Tnereiore,

C

3
i = = X
By il m,n ~ijk

LA

()

anuation (6-08a) can be reapesented in the matrix form

The e
as jO]—JOMQ
r — - c —_lk |
it Cop  Cpp werreeer 27 12111
....... C X
4'L1 ‘.2 - 7 CQ.F} - o » u @ ?,27 ; 1’}2!
’ 413
*173 ‘ j |
: e
121 : } :
E' [ . .
| A i ; C . . . . 027’27 |13)) lO-OOU)
*433) Cog, 1 "R7,% | (333

:x  the matrix elements can be found by
14,

C's re known by the

From the aoove patr
. ok &
the values ol which

substituting

symmetry of the crystdl.
Ly Operations’ the

¢ symme
after applying O3 nd U, e R
5 matr iX elements O ¢! ik

he Table (Za).

6-08b) yield
crystal which

geted form of the

tabulated int

equation (
AP 55 eiven i
ix kiﬂ\ is g in

are
for quarts

matr
Also, the cont?y

the Table (2b)-



=1

) KCP (PUTisSIum DIHIDRUSEN PHUSPHATE)

(I
D or Ju which

KDP crystel has the synmetry .
2a

contains & elements; four are pure rotations D, two

mirror reflections o 10 Two verticel plares and two
rotstion-reilsction 3, around the principal axis, §  is
civen in the Apperdix 1. After apolying C,, S5, and L

( i denti tTr tI SIJSJ.OI’lI;at_-_OuS We 1’18‘,": CB ICU_a y H lﬂo " hp
J ! l,e! IMt t
2.\\1

the matrix elements of the matrix X
iik
=J

equation (0-0cb)

which are tavulated in the Table (3a). The contractea form

ol the matrix "f%l is tabulated in Table (3b).
ijk

(I1I) LiNo0y (LITHIUM NIOSATE)

LiNbO3 belongs to the group Ljv which consists of
6 elements L, C3’ C3 ana 30y, The elements E§, CB and

in the matrix ferm are spown in the Appendix 1,

o given
v L ' .
the transformatlons Cj and o, the matrix

After applying
obtained from the equation (6-08b) are

W
elements of i
LI duced f e
tebulated in the Table (4a), The reduced formo xijk is
tabulated in the Table {4P).
(I7) Ba,yNalNbs04s (BANANA)
= PV ——
which has elements

1 is of symmetry  Coy

The crysta
S lements in the matrix form are
E, C,, o and G - These €
Applying the transformations C,,
_ . (2

given in the Appendix T
elements of xle

U -4 the matrix
g, , and o;', we calculated
6.06b) and are tabulated in the

from the previous eq
By symmetly 2131

vnation (
- Xyq3 and Fgpy = fago

Table (52).



ijk

5]
ct
M
o
o
—
135]

tea in the

(V) H10; (10DIC &C1D)

lodic acia welones & o : ~
=) to L"he orObp DQ = U ‘Whj_c_h has

-

the Symrnetrv elemne; ~ .
= L lements [ n_ Y
s i 5 sy La and @ These : Viima

~ b* try

elements are given in the Appendix 1, Applying the Symuetry
operaglons C2 and Ca’ we calculated the matrix elements
. LW ] . )

o L f'rom the equation (0-08b) and are given in the

ba). 3y syaretry X123 = X?Bg’ X231 = X973 and

X312 = X321, Thus, the reduced form of the matrix Xf;
k

is tebulated in the Table (6b).

THIRD HARGONIC GENERATION (THG)

: . . . 14
The next polarigation term p3 cos 3wt after
v - i i N . _ :
P cos 2Zwt, produced upon the application of extremely
intense optical electric field in a non-linear medium, can

. . 27
ve expressed in tensorial form = as

W

oo
! (6-09)

3w 3w W
Poo® ik 7
Here, the superscripts represent the relevant frequencies
and the subscripts denote certesian cowponents. Despite the
omission of the summation sign, the summation over the

repeated indices will be understood here and here onwards,

Following exactly the same lines of the treatment for

SHG, we can arrive at the following resulb:

5y i (6-10a
LIa0 heifg M8 1" i) )

4

<y



Droppins the superscripts Irom both the sides of the

0

equetion (6-10z), we have

Il

eAte i

Pale

A3 wWe hzve secl
rank are zerac ior
here it 1s noi true,

jinyersion é@inda

Let ; Ao .
Let A&xi A(ﬁj AYk Lo\l
where
m:(mn1)27+(5-1)9+
n = (i-1) 27 + (3 -1) 9+

Therefore, the equation (6-10b) may

forn

e

= 0,0 “ijkl

J
=
2

oo
Cl(ﬁY‘) ik > I

The equation (¢

- —

- ‘ ro) SUNNEN USRI
£1113 : :

’X1121 : :

41122 : : :

- D e °

£1123] = | S

9431 1 T

Eiize] | P

A - T S
%3333 [[81,]

et Poy fre 81 tigkl

in the case of S8HG, the tensors

6-11a) may be written in th

o odd

be represented by Qﬂ "
g

(vy-1) 3+ 29
(k=-1) 3 + 1

be represented in the

(56—

e matrix form as

o =
[“1111

29112
X1113
X1121
: X122
: £9123

153333

(6-100)

the crystals with centre of symmetry, but
Therefore, the crystals with centre of

isotropy cén exhibit third-harmonic generation.

11a)

(6.11b)



T3erix (O=TTg) 5 ul {
| ! 1s Irequently employed to caler
late tn =a 5 ihi B
SRR srscEntibility coefficients for the
the

=try elements P's  ape known in

TH3 was firstly obsepr o1 :
as 1irstly observed 0y Terhune et aljo in 1962

using ruby laser as g puinping
=

i—ll g ',; ot " oy dam ~ .
1 the calcite S1nzle Crystai,

NLAL 0sSERVATIONS OF SHG

33

BAFPERIL.
The generation ol an optical second harmonic was

first observed in the case of quartz single crystal by
al” in 1961, usinz ruby laser as a pumping source.

Freznken et
m . ; ) ) .
Ihe emergent radistion from the crystal was eXamined with a

o

prism spectrogzraph to separate the second harmonic (34704)
o

from the enormous amount of laser radiation at o940A. Tt

wids estimated that »u1o19 incident laser photons produced
in the interval of ~ 1 msec,

1 i
~10"" second harmonic photons,

characteristic of the laser-pulse.
enerations with wmnfocussed ruby

Second-harmonic & 3
laser beams were demonstrated by Giordmaine"lé;f Maker
et a132 in the case of KpP and quartz. They” *7% showed
B or Kop for SHG. The total conver-
were achieved by

the index-mstching scheme
. .'O-"'J
s of the order of
peak powers of few Kw

Sion efficiencié
jaser pulses of
sn index-matching

them” 1272 with ruby
sec wh
in a pulse duratiod of ~ 1/2 m3

technique was employed.



i1l now various worker's33 hzve studied sp3 uSing

S
1"7"

™oy 1laser opr NdY infrared ma or T s

area maser, However, 11 our experi.
AR o N .
#a 0r tne stimulated Raman Stokas radiations
produvced. From the studies of SHG of the

lated 3tokes radiations, the spread of the Stokes ra

was studied., These studies also demonstrated that st

daman euissions

could also b2 used to produce non-linear eflccts Just like

In our experiments, ruby laser giant pulses of power

~30 Ml in a@ pulse duration m/30x13”9

stimulated [irst-order Stokes radiations from CHSOH (Raman

3

Se

These liquids were chosen because of their large Ramen shifts
So that the Stokes radiations could be easily filtered out,
The {first oridier

e 3tokes radiations wers produced with suilfi -

cient powers ~5 Mi.

A Corning glass filter Cs 2-58 was placed before the

Raman-cell to eliminate Xenon lines (from the flash lamp used
in ruby laser as laser pumping source) of wavelenzths below
63002. The laser giant pulse was focussed and passed through
the Raman-cell (25 c¢cm in length) to produce intense 3RE.
These SRE were then focussed by a lens ol focal length & cm
onto the front face of KDP single crystal which was aligned
in a phase-matched direction31 for the ruby laser frequency
i.e, optic axis at 50°t1° from the direction along the

thickness dimension. The KDP crystal of thickness 0.5 cm

wWere

first order Stimu-~

diations

SeC were used to prodiuce

imulated
(SE3) are produced with suf ficient POWEIrS and

11t 2537 cm-j) and 1,2 dichloroethane (Raman shift 2954 Cm‘1)



hichly polished and haa parallel races oi sige 2 cmx 2 oy
- < cu,

=
m
w

-t

Pll @svncrd nombks ] A _
lull eperimnents arrangzement is Shown in Fio 3

et
=
a

1. 19 saows a typical photograph of the focussed

of the stimvlated i d S At g
imvlated first order Stokes radiations generated

For photographing this focussed SHG, two Corning

Llters No. Cs 5-56 with one Cs 2-58 were placed just

0]

fter the Raman-cell in order to allow predominantly only

oo . ) N . / .
Lirst order stimnlated Stokes radiation (8843A4) to pass
throush KDP single crystal. The graph showing trensmission
per cent v/s wezvelenzth for the filter Cs 5-56 is shown in

Further, two filters Cs 5-60 were placed just

Eiz..20.
0
alter the KOP crystal for passing only the SHG (4323A) of the
The

first order Stokes radiation from the Raman liquid.

graph showing transmission per cent v/s wavelength for this

filter Cs 5-60 is shown in the Fiz. 21.

The SH3 of the first order Stokes radiations generated

in CH30H and 1,2 dichloroethane were found to be quite intense,

j ] o e~ i
The power emitted in SHG 1S estimated to be 1K

veh focussed SHG (shown in the

The diameters of S
d found to correspond to éan ancular

Fig, 19) were measured én
This may indicate that in forward

-2
spread 2 or 3x10 rad,
f the stimulated first order Stokes

the intensity o
regarding this

direction,
Further discussion

radiation is well spread.

is given in Chapter VII.
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Figure 19.

Typical photegraph of foecvssed
gHG of the stimulated first order
Stokes radiations

fics



TRANSMISSION PR RCEf\fl

BO

60

o
(]

.20

/ T e - ~—
/ Pl s
'/ s ‘\\
i -
| | \
\ TS
. \ TS
L = /
40 440 540 64 ¢ 740 B&LD S40 1040 N4&Q u

WAVE LENGTH MILLIMICRONS

CRAPH SHOWING TRANSMISSION PERCENT vV/s

WAVE LENGTH FOR THE FILTER (S 5-56

o
10}



160

I3 1] O
o o

<
Q

FNT

(8]
[0

o |
40
30

20

TRANSMISSION PERE

440 540 640

F1G.21

740 840 3490 1040 1140

1240 1340
WAVE LENGTH MILLIMICRONS

GRAPH SHOWING TRANSMISSION PERCENT V/S WAVE LENGTH FOR THE FILTER CS 5-60.




T43LT 2a The matrix B . W
= elemeuts o1 = £
-, r -
il O qguarts

= 432 78 fnd g, - ~X354 = 6 angd

all other elements of ths matrix are 72800,

2w
Contracted form of the matrix X.?

TASLE 2b
for qguartz ijk

i — . —————— et e

m 1 2 3 4 5 &

.
1
Ty T - —— =

1 : d11 *d11 0
2 O 0 0 .-d“+ -h'd'”
0 0 ¢ 0

. — —— i —
_-‘.‘-h_' -

Here m = JK

]

X123 = %1



lwr!
l:\

] .
TA3LE 3(a) The matrix elements of < .,
s of X, for KDP

.j 1 2 3 2 3 1 3 1 5
X 1 2 3 3 1 2 5 5 1
i
1 0 0 0 a O O b 0 0
2 0 0 O 9] b 0 0 a o
3 o 0o 0 o 0o ¢ o o e
Here }&123 = };213 = a,
;&2)‘1 = }L1)2 D, and
4‘)12 = Aj21 = C,

2w
TABLE 3(D contracted form of the matrix xijk
for KDP

_,._‘-—"-—--—- — ""-——'-""'__-—-——-—._
1 2 3 N 5 6
m
i
_..__.>,__..._.--~—---——'———-—---———————-._.._ L
‘ 0 0 0 dp,  © 0
0 d
2 0 0 0 " 0
0
3 0 0 0 0 0




e

DYJ

TAZLE L{a) The matrix elements of XES“ for LilNoO,

: 1 : % < 5 1 3 1 2
i
1 0 0 0 0 a5 A 0 2o 8.
2 -5 a22 0 824 0 0 d15 0 0
5 3 33 o 0 0
2 859 837 233 0O 0 o0

Here Kyqp = %420 7 %10
L9359 = F232 = a5 f211 7 "oz T8
J -" ¢ = a')‘\
K3qq = %322 7 %300 £333 = 33

o845 = By
: o oW .
TABLE 4(D) Reduced form of the matrix xijk for m.l\lbo3
e e ———— = _
- 1 2 3 L 5 6
: m
\
- A Y o B
N
- 0 a
1 [ 0 e 9 15 —822
2 ~d59 22 0 %15 0 0
8, - 0 0 0
3 291 931 33
—-_'_'4_—-———-‘—‘—'_'—"_—-—-—‘ - =



~

PASLE 5(a) latrix elenents of th for Ba y
1] . ey Nan
1jx or B 2N8Lb6015

Y
¢ ‘ ’ ’ ! 2 2 3 1

1

| O O O St O O X3 O

2 0 0 0 X223 O 0 X232 o 5

3 Xyyy 32 4333 00 00 o 0 o
N e

3y symmetry X131 -

' Pt 2w
Contractea form of the matrix o
ijk

TA3LE 5(b) ca i
for BaZN I 5045

- ——— e o e e = - =
s el S -

Iﬁ o .
i
1 [ 0 0 O 0 815 0
2 'v 0 0 0 22y 0 0
3 e3; %32 33 0 0 0
I e = — .
Here X431 = %113 = 515 X323 = X335 = €5,
X - € » and
X331 = ©31° 322 7 732



2y

TASLE o0(a) Matrix elements of Xijk for HTO.
2
\_ - — e T S s S ——————— e e __
J 1 2 3 2 3 1 3 (l 2
i
1 0 0 0 L3 0 0 K30 O 0
3 0 0 0 0 0 X3, 0 P
—_— — —e ==
By symmetry X123 = X132
A231 = *213
i312 = X324
W
TABLE 6(b) Matrix elements of Xijk in reduced form
{for HIOB
T‘-__*_‘_“_m____“___ > S, BT e
\, m 1 £ 2 ? :
i
, f 0 0 0 eTA 0 0
3
5 0 0 0 0 25 0
, 0 0 0 0 Ol g
3
_________.'-—-—‘“’”—_‘.‘- _
r = B
Here %123 14
; e
}»231 25



SPREAD 0 T;MUbATEMWFIRSIAji’ﬁﬁ_fMAM STOKES RADIATIONS

Stimulatec Raman emission (SRE) was diSCovered by
Eckhardt gE_g}jA who found that when a giant pulse ruby
laser beam of sufficient intensity was incident on 4 Raman
cell (filled with nitrobenzene) placed within the laser
Cavity, stimvlated Ramsn Stokes emissions were Smitted, The

Stimulated Raman scattering differs from the ordinary

scattering in the following respects,

(i) it occurs only above a certain intensity threshold of
the exciting laser beam,
(2) the output is highly monochromatic eSpecially when tpe
incident laser beam consists of a Single frequency
- v 32

(3) the efficiency for the generation of SRE is Very large

10-20 per cent,

(4) the stimulated Ramsn radiations are produceq in
particular directions.

Terhun635 observed the stimuleted Raman emission by
focussing the giant pulse laser beam into a Raman«cell kept
outside the laser cavity. 1In this set-up stimylategq Raman
anti-Stokes as well as Stokes radiations are produced, The

issions from liquids =4k . 45
stimujated Raman emissions 1 : » Zases™’ gp.



PR T o
Solids™ have peen Studied by several Horkers

It is ousServed that tghe Ramar: shif'ts in the Stimulateg
Raman emissien usua lly pelong tg totally Symnietric Hode, The
fre”rehck Snit'ts in the s€londg and hizner order Hawan Clissions
Were ovserved to be exact multiples or tha Tundamentgeal Aaman
Shif't frequency and not the Overtones of the molecular

nJ

viorations™ ., It was shown eXperimentzlly that tpe stimulateg
anti-Stokes and Stokes emission

5 should be considered ag g

Single process rather thar two independent processes-C

The basic theory of Raman Masers wgs originally Ziven
oy Javanﬁv. The theory for the géneration of the Stimulateg
Raman emission hac been further developed by severa] authopst8-51
The Iirst order Stokes wave is produced in the form or
dif'Zvsed radiation when the threshgpld is reached, The intep_
action of the intense pump field with the Stokes fielq causes

o . . Lo
a variation in the refréctive-index*® 4% at the fundamentay

Ramanu-shift frequency w.. The coherent excitatiop of the

molecy les responsiole for the change in the refractive-ingey

may be treated &8s modulation present in the medium, This

modulation will produce side-bands in the wave Scattered by

the medium Thus, the anti-Stokes emissipn MY te produceg
ithout further threshold when the incident radiation fielg
wi ) ]

and the first order Stokes field are present, The Stimulated
1} ~

ti-Stokes waves generated by the modulatign process, wijl
anci - £ ? 3 1

b stted in @ direction determined by the following phase.
e emi ‘

st r the wave vectors:
i ndition fo
matching CO



-
bes

_— s -
L~ K = K <K .
> -1 n n-1 (7-01)
where X = i ) )
waere: X, L_4 and Ly @re th: waye Vectors

@8societeg with

the incident (laser) wEAVE, Tirst order Stokes wave ap,

= the nth
O'Cer anti-Stokes waye Fespactively,

The szcond ang higher order Stokes emis sions My alse

_ o o o Tat L8 L
DS generated oy this modulation proces 3+5,49 and would be

emitted in a directign determined by the followine phasse
ing a_

watenin s condition:
— - — —n
K r{ - e f/ L
o + i -1 An-—‘] + \-i] ( v]_.l]-‘,
. IR i } € vect as szpciati it ‘ :
where K, is tlie wave v O' aSsociated with the nti order

Stoikes wave of frequency (wO - ).

The second and higher order Stokes wave may also be
produced by the process mentiomed earlier, with 3 thresho 14
condition. Such Stokes waves will ba in the forn of' dif iused

radiations,

The stimulated anti-Stokes emission cannot be observeq
when the Raman-cell is placed inside the lasep Cavity, becapse
~y
the phase-matching condition, given by the equation (7-01),

could not be satisfied due to dispersion in the meaium,

THEORY

stimuleted Raman emiSsion or Raman maser tYPically
involves large number ol molecules and photons, Bxeept fop
1

. 1 1' a ~1abd 3 N 1 Y g $ .
the details of molecular characleristics or initiagiyy by



Sponténeous emissior :
3 ; sion, thnese processec v o :
3 ProcessSes may ve dis .
13Cusseq
ravher savisfactorily fror ical
i ~ ¥ Irom a classical poi Ty
i OLNt ' view A
W. S
T e ) ot 3 1 =7 = 1 h p 2
he hisch intensz laser peaum pPasses through the Raman acts
: 1~ ive

mediuvm, spontaneons Ramnan enmission takes place inside t
€ the

—_—

net There ) Nie - —
nedivm, Therefore, we can consider B the electric field
oi initisl coherent radistion (laser) at fFequenCy . and
=1 ©

%2 at freguvency w' = wot‘wr; W, beinz the resonant

vibrational freguency of the molecule in the medium

The total electric fie I 2114
i icld for the travelling waves

&

__':? — :\‘ 4‘—}
+T)+ B cos(w't-x'.r.g'y (7-03)

—_—
)
o

ta b

— 5
whcre r is the position vector for the molecule K and
- 9
0

—
Ko are tne propagation vectors Corresponding to the radiation

a —
o S : .- .
respectively, @' is the phase with which
-_—

fields Eo and B

C—
the electric field E' difiers from E,.
Let us now consider the vibrating molscyle und er this
— —
electric field E (r,t ), given by the equation (7-03).
The average potential energy of the molecyle under the

electric field is given by
2

o —15(?, t) (7-04)

|
1
Mol

where o< 1is the polarizability.

The pOlarizability may be expressed upto the first

order as
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clstence durin: viorats Cg
n; iworation, o«  is the stat« .
0 “vic polarlzaoiiity
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{ 15 Cre c-‘_mplluui.'e 0i the Ci‘ial’lf"e in pO']“l . b

: < ~@lizability

Auring vioretiot T} o oY
¢ viorétion. The Ireéquency dependence ana t

T i M3eorjal

PUCRETTIes of &« may be neglected

T3 fnd £ . = d - .y
I'ne force Ariving such vViorations is given b
A 1 'y

QW .

Ry e
e = d;(_

o

¢y

=

Nl

Substituting the value of [ here Trom equation (7.03
) ion 7-0 }. F

is written as

(s ~
F:"F K a S E - K '2 2 —) —_
2% By €O (mot for Tl ETT cos(ure K. + @)
Lran | e —_ -
' — -
2 R . ;
+ 2B 5 Cos(wot'“Ko“ r) cos{w't -K'.r + g’#
ince we are interested only ij 3 i
si W i Y 1n the terms having W., the

natural frequency of the molecule, the interesteg part of
Q.

the driving force F, . 1s given by

~

e t —_

1. T : .7
Fing = 3% & E co {( o~ Wht (£{O~ K'), r,gf} (7-06)

Now under this driving force, the dif ferentia]

equation for the vibrating sSystem cen be given ag

I . 1 _"-: “.Af o ( ! t T —*' ~
mx + Rx+ fx=5 &, by & C&‘{L%‘w) - (K~ E7), r*ﬁ} (7-07)

The solution for Xx &t the frequencies Ve€ry near
Fal -
to the resonance frequency w, = VE/m is



10 the plares defined b I I
- Y Wy ~E")re consg the vi, .
ot * ¢ Viorations

@ll the molecules arc in phase

. e e.. er - N
l 1 (1] C 8] LJ NS l du.

L L e
cy tne field L is P = E

L

;nis . 5 0y e - =

- osciliating dipole momentg

Lay 1nteréct with the electric fielq E' cos{wit . g
1 -85 r o4 @y

b o i/

Lo increase or decrecase 5 ¢
1 I 5€¢ 1its amplitude t
S bl Corlthtall.
) .Y) as lon:z

- )

clig phase @' is approximately constang

-

The time

aver’a::ed rate f nerov Tar .
< <o energy flow per uynit volume to the field

—, of | — S

2] lc i\l { 57 E . e '., 3 I i 3

o s < 3E > Here, N is the effective number of

.OleCUleS p@l unit V()lil]ile which tek 1
n ! 1 728 part n the ;5
p 1 1€ 1ntera cti
igon

roof = vhere N is the d ity AF
o) My ; o 1 the density of the molecules in the
zround state involved and My, The density in the upper

. —
stete. Hence, the power delivered to R’ PEr unit voly
+ me is

P = EI_C("W = =kE! (-b oty 2
STER Wy -w et B (7-09)

The phase @' 1is arbitrary as long as it does not vary much

curing the molecular relaxation time E£_°
g

—_

since the power transferred to L' per unit lenvth
<D
—
is quadrstic in o', there will be a threshold intensity
—
required for E, before the instability takes place,
— .
allowing g' to build up. For build-up of the travelling

wave E', the frectional gain per unit length say rgr 4

given a8s



For amplification, ¢ ;81 I
o) tion, the gain 'a' must be equal to

or creater than tne Iractiona & it ler
ional losg per unit length, say

1 ~0] hercoy 10 v 1
' and thereoy 1¢ leads to the requirement a > b 1i.e

~

= o - BERCA
2 DCH Yo "
J] - 2 - 3
© [N W
i
n - - -4 N - "
Zor the Stokes raciation W1h = Wy =W, so that the comdition

f'or Stckes radiation {or amplification will be

Ir

2 _  DbcR R
E, 27 7 72 w_ -w,
0 o f o~ Ve (7-10)

1

once tnis threshold condition on intensity of the
”pump” field Eo is met, tle coherent Stokes radiation will
increase fron the sponteneous Raman emission with the

GXponential puild-up.

—
viorstions .
The coherent molecular vioratlol set up by E, and
= ot ot i e refractive-inaex at freque
g' cause variations 1 th quency w,.
s a0l jjati at frequency w +Ww i -
Thus, bthe anti-Stokes radiation q y worw, will
b enerated in agcition O another type of Stokes wave,
e g a 3 -
a frequency WO-Wr-
o pe able O understand in detail the generation of
To De
es radiat10m,

stokes and anti

consider the case where electro-

the anti—StOK
-Stokes frequencies

tpen the total electric field will be

EI s ‘-i.l.it_;,a...ly pfesellt’
- 1 } . .,) t‘ s K r ¢)
‘ J o ! 1.- + l

.O 0
— —
=> { B T ¢,)) (7-11)



48 calculated 8rlier, gj.- averaze power produces

PEr unit volume at Stokes frequency is
Eogg Wo-W 1_4 -
1t T [(BE PR B R
= = B Y-S0 555 0 Tw1'V5y “1)
—-; — — —_1 .
ces {(21(0-:‘-'-L- ’) T+ P 535-1} \’7-1.’:‘}

Similarly, the average powerAunit Volume at the

A%

"

cCos {(21{0—'1-4‘._?).1” 4 V’.] v (6_7}

From the equation (7-12), it is evident that the
SJtokes wsves will be awplified evan in the absence of anti.
Stoxes wave, However, there is no poSeibility of achieving

power at anti-Stox«es wave unless the Stokes radiation jis

I

present (refer the equation (7-13)), Ii E_, is gero

(Stokes wave absent) the power at the anti-Stokes wave is

given as h
=
T )2 Nocl- W W,
P,y = =By By)” g5 W (7-14)

The equation (7-14) shows that P . is negative, meaning

gain at anti-Stokes wave, From the equétion
-

(7-13), it 1is expected that when E_1 > Ei’ and if
- 2

by no power

3 - K ,+K, andphase fy+f 4 =7, the maximum poyer
\ =
O -

11 be emitted at anti-Stokes freqguency,
Wi e em
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-.-r. i .] h = N 1 t i f

1o will be easily seen that the gain at the antq

Ll-—
Stokes wave is not quaaratic in i
is n vadratic , 1 Tl i

q in L? ana thus there is no

@aaivionsdl thireshold needed for its generation oeyond tl
4 & i e

En

Tequired presence of & T

%)

ince there is no condition on the wave vectors fr
S om

<t

Iy

®
U

gain term for the first order Stokes radiation’ it will
be redisted into all directions, but generally it will build
vp in the direction of maximum ga8in, which is paralle] to the
pump bez2m, On the other hand, for the gain in the anti-

Stokes wave, the wave vector relation
1 (7-15)

is requirea. This relation (7-15) cunfines the anti-Stokes

ragigdtion to a cone in the forward direction, with half

angle &,, arounu the initial beam., For small angies the

1
above wave vector relation yields

and ﬁnET‘zn(Wo) - n(

These ancles are typically of the order of few degrees,
o) = 4

i ~ e5 ]‘-‘ i - .

As was stated above, the presence of By 1s necessary

for the generation of anti-Stokes wave, Thus, it is interes.

ting to study the spread of the first order Stokes radiatiogn
g to 3 )L /

"~l
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ordaer Stokes is

tne angular spread oi the first order anti
£ AL L=

sean in the theory, the first order anti-Stokes

produced in a specific direction determined by

the wave vector relation
_75- — —
K - K-T = K1 - K
And its generation also requires the presence of first order
stokes radiation. Thus, it is expected the first order
Stokes radiacion will pe produced in a well spread region
{for tne generation ol intense first order anti-Stokes raagia-
tion. To coniirm this, an experiment descrived in this
cnapter is set UP. Qur experiment shows that the first order
o5 radiation 18 well spread to give sufiicient power for

Sto:
order anti-Stokes raaiation.

building up of the first
To demonstrate the spread of the stimulated first
order Stokes radiation, it 18 necessary to filter oub the

first order stokes radiations from a1l SRE and laser radia-
Thus, [or this study methyl alcohol (Raman shift
1oroethane (Raman shift 2956 cm ')

and 1,2 dich
Many orders

their large Ramal shifts.

3 because€ ol

were craose
ell as anti-Stokes radiations are

of Stokes radiations &8s v
readilyv prodvced gince all the Stokes radiations fall in
s not possible to filter out

A . ir W
the infrared region, v W
fipst order gpokes radiation alone from other

completely the



izher order Stokes lines as well as from strons Xenon
rong )

lh"_'_’l 25 fr‘ M :)] a5 1 Qe Yoy =L S ey E Vs . 2 .
e ( om 113510 ,'_3._':1_,) A0 %ae inirared "eziciy with the

“veilavle filters in our laboratory., The second anc higher
B o

oraer Stokes lines are also produced as cones of radgiations
Inerefore, it could not be possible to study the soread of

st oraer Stokes radidtion by directly photographing

the f
it, Thuz, the 5H3 of the first order Stokes raGiations wes
Studied, The smreaa observed in the SHG may be less than

the actval spreaa of the first order Stokes radiation but
Would not be much different from the actual spread when the

non-linear maverial (KD2 crystal) vsed for the SHG is employead

51 The details of the

in the phase-mstched direction
experimental set-up are already given in Chapter VI (see

18) for photographing of the SHG of first order Stokes

radiations menersted from methyl alcohol and 1,2 dichloro-

ethane,

Howsver, to record the stimulated Raman spectra,
~ ’
vcarl Zeiss” spectrograph was uvsed which is

)
ezion L,000-10,0004, The schewatic

arrancement for recording the

3 -z1lass pr‘iSm
sensitive in the T
diagram for the experimental

spectra is Showh in Fig. <.

RESULTS AND DISCU. 53
an spectra of CH30H and 1,2 dichloro-
okes radiations are shown in

gtimulated Raud

ethane showing first order SU

e g

the Figures__iﬂ
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Ryuby Line (69L0A) —
\ Xe Lines {in ir)

First Qrder o X u
Stokes Line (864OA)

The stimulated Raman spectrum
showing first order Stokes line
in the case of CHBOH

Figure 23.
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A tyoicel focussed SHG of the first order Stokes
radistion from Cl;0H is Shown in the Fiz, 19 (Chapter VI).
1in: the SHZ ¢f tuc Ilirst craer 3Stokss radia-
svitéole Corninz glass Lilters were usea just after
to eliminate tne laser raaiation

tions,

the Raman cell in orasr
anc all the anti-Stokes emissions before KDP crystal,
Further, proper filters for passing only the SHG of the first

order Stokes radiations, were also placed just after Ko7

crystel, These details are already given in Chaoter VI.

The diameters of the focussed SHG of the first order

Stokes radiations (shown in the Fig, 19, Cheoter VI) were
d to correspond to an angular soread o

measvred and foun P
2 rad, This indicates that in the forward direction,

L 3x107
v of the first order Stokes radiation is well

the intensit
The emission angle of the first order anti-Stokes
ained from the linear phase-matched (equaticr

-2 , ‘
oximately 4x10 — radq, Therefore, the

(7-15)) 1is appr
h an intense [irst order Stokes radiation in

presence oi suc

s poviss is resprisible for the high gain
this well=spI'S=s 5 |
39,5¢ 4t first-oraer anti-Stokes frequency. Thus,

3
observed
‘rm this édspect ol the theory.
o . ents confirm
our exper A0
The SHG of tpe first order Stokes radiations were found
jpe intense (power emitted > 1 KwW). This demorstrates
qu !
ecs radiabtions are produced with very large

DAERE]
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Let vs consider t
wo rectangylar a v
=1 Xes ¥y and Y
and

th'r.‘ Qw3 3 e
1rd z2-8Xis 3t right angles to bot) v i =
O X and v ayeq ang
’ 4

perpendicvlar to the plane oz Paper. 1In this th
o L -ree_

dim&ns iona’l SUESLS tiMe SR ) -
o s s PO . 1s labe.l__lc(i as w
{I.’y’::)' and

When x and y axes ap-
@ ¥y &xes ars rotated about 2-3Xis

(x5, ¥y,
throv:=h an angle B,

From the Fizure 25, we can write

! - .
X7 CO8 B - y' 5in g + 2',0

~r

A =
Y = X" 8in € 4+ y' cos €+ 2!'.0 (
. 1)
2 =x%x"04+ y'.0 4 z!. 1
The equition can be given in & yag,2. fory o
. [ = y
Ix | '|CO$ g -5in € O | xt
‘I | | y |
ly | = sin @ cos B o | ' A
30 K R (2)
l'-' " " O
| S L =A%

In the group theory the first matrix on the rioht hangd sjqg
-t g 1de

is known as matrix for a rotétion of ansle g about z.axis
N ] - ’l )

Similerly, the mdtrices for rotation about X and 4 g
(e

can be written.

According to group theory ir a body is rough ")

coincidence with itself' after a rotatjop throysh ap angle
Such axis jg

y = 27 (n invegral) avout & certain avis,
If n= 2 / i
I, We have Colncidence

called n-fold rotation axis,
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FIG.25 SHOWS cARTESIAN COORDINATE SYSTEM AFTER A

ROTATION ANGLE © ABOUT Z- AXIS.

THROUGH



aiter rotation threugh 2m, which is identity transtormation

and is denoted by & havins its matrix as

u oy

1 0 4]

|

E = 0 1 0

10 0 1

) 277
The rotation operstion throuvgh 7% angle is denoted by the

If n=Z, the angle through which the bodv is

symbol
and the operation will be 02. Similarly,

rotated is 5 =T
the operatisn is represented as C,, The matrix

and 03 operations can be obtained from the

. <17 <Y
- ;1? and e:=T; TGSpeC_

cr n=J

L]

forms for 02
n (2) after syostituting

equatio
tively as follows: .
’COS m -sin w (ﬂ
Cr = sin cosS T OI
5 =
(rotation avout z-8%is) ( 0 o 1
- K
= 0 -1 0
0 0 i
[ Py . R =
cos 3 - 8in 3 0
Cq = s:i.n-%r-r cos %F 0
5t 1 bout g-ax1is)
(rotation @ . , U
-1/2 -13/2 ﬂ
13/2 -1/2 0

]

O
O
[
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C, 15 the I
15 the operat whi '
p vlon whnich gives g retation of
0L T ahont

S 4 arid . a 3

- - M -i : ( ]
—CAlo is the l"otc.r.lon OJ.‘ i abort b aX'T.S S l—
-8 C |1 il X uch

that C.C. = ¢ The rotaty
2%a = Ly. The rotation operetions ¢ a
a nd Cb are

shown in Ficure 25

C ang C Can i
b S8 D€ representeq in the matrix

m

hus
a
f'orm as
B & il
| } -1 0 0 |I
C, & [0 -1 of , Gy, &
- | Cp = | 0 i 0
0 0 =1 |
[ 0 0 -1_}‘
r 8
| 0] 0 'ol
c.=|0 -1 o]
|

where o ref'lection in a Erpendicular plap
e

5, = Céo',
is the operation in which

%
i ade about an axis, T 2 . .
will be m ou herefore, S, is calleq

a@ rotation through angie iy
L

rotation-reflection operation and can be represented in
matrix form as
0 =1 O]
Dhs 1 0 0
J 0 0 -1

he reflection in X-z plane and its matrix form is

o, 1is
given by ]
1 0 0

- 1
o:;_'o

[oo

O

-—

a2
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(3] ORIGINAL POS.TION OF AXES  (b) AFTER THE APPLICATION ¢

o

OPERATION C, OVER (a)

D

b

(¢} APPLICATION OF Cp OPERATION; THIS IS
EXACTLY IKE APPLYING CbTO (a)

F16.26 SHOWS

Co AND Cy ROTATION OPERATIONS.

= ]
<o



1

similarly, o' end o, being the reflections in the y-z

plane and x-y plane respectively, have the metrix forms as

1 o EJ [‘ o ]|
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