FrMitltfpiece
Bttmg reflection of m mrgon laser %#sm f§m th* #tMeWW
indnesd in ¢ Mdioa I7 » M»y W #r Ww






niE SCATIMTING OF LIGHT FROM LIGHT
INDUCED STilUCTURES IN LIQUIDS

by
PAUL YENAN KEY

Thesis presented for the

Degree of Doctor of Philosophy
in the University of London

July, 1970

; H H.C. LIBS"Y
CLASS
No. 4 "ey
ACC.No.

DAFE ACQ

Department of Physics,
Royal Holloway College



ProQuest Number: 10096758

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10096758
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



ABSTRACT

ilic development of the study of light scattering, from the early
work of Stokes and Ikiyleigh to tlie modern investigations of non-linear

stimulated scattering processes has been reviewed.

Tiic conventional theory of stimulated scattering has been extended
to describe the scattering of an independent probe laser beam. Ttiis
scattering is the result of the effect on the refractive index of a
medium of the electric field due to two oppositely directed, high inten-
sity light beams. Tlie standing wave of electric field, generated by
these beams, spatially modulates the refractive index of the medium by
électrostriction, the Kerr effect and absorptive heating, all of which
are proportional to the mean square of the local field. When the beams
are of slightly different frequency the standing wave, and the resulting
modulation, travel through the medium with a velocity proportional to
that difference. Under these circumstances the modulation and the
standing wave travel through the medium with the same velocity but with
different phase as a result of the inertia associated with each of
the above mechanisms. Tlie usual stimulated scattering is determined
entirely by the out of phase component of the refractive index modula-
tion while the probe scattering described in this thesis is determined

by the whole amplitude of that modulation.

A Q-switched ruby laser has been used to generate such modulations

in a liquid and these have been detected by the scattering of a frequency
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doubled portion of Ihc ruby laser beam and of an independent argon laser

beam. The relraclive index modulation associated with Lho temperature
modulation induc(ul by absor])tion of tlie ruby laser light has been inves-
tigated in some detail and the lifetimes of such modulations in a number

of media have been measured.

Other related non-linear scattering processes have been investi-
gated using a variety of experimental techniques, particularly interest-
ing results being obtained in the study of non-linear fluorescence from

saturable absorbers.



c ONTENTS

COHIAPT E1
DEn>ILOPMENf OE THE STUDY OE LTEIT SCATTERING
EARLY WORK
IMPLICATIONS OE LIGHT SCATTERINGOBSERVATIONS
THE DE\ELUPMENT OF THE TASER
SPONTANEOUS LIGHT SCATTERINGSTUDIES  USINGLASERS
NON-LINEAR OPTICS

STIMULATED SCATTERING

CHAPTER I1

EIEORETICAL ASPECTS OF EIE INTERACTION OF LIGHT AND MATTER

QUANIUM PROCESSES
SPONTANEOUS SCATTERING
NON-LINEAR OPTICS
STIMULATED SCATTERING

PROBE SCATTERING

CHAPTER ITI

EQUIPMENT USED IN THE SCATTERING EXPERIMENTS

LIGHT OUTPUT MEASUREMENT SYSTEMS

THE RUBY LASER

GAS LASERS

KINEMATICALLY DESIGNED OPTICAL STANDS

THE FABRY-PEROT SYSTEM

Page

11
14
16

20

26
30
35
39

45

48
50
60
61

65



¢c UNTIINTS
(Continued)

CrAPTKR IV

PRErJMINARY EXIHHMMENTIE

4.1 RUBY 1ASER SELE-EOCUSING
4.2 ARGON 1ASER UEEOCUSING
4.3 RESIDUAL RUBY GAIN AND MULTIPLE STIMULATED SCATTERING

4.4 RITNIRECTIONS WITHIN THE Q-SWITCH CELL

CHAPTER v
STUDY OF FLUORESCENCE DUE TO EXCITED STATE ABSORPTION
5.1 EXPEREffiNTAL ARRANGEMENT
5.2 TWO PHOTON ABSORPTION

5.3 INTENSITY DEPENDENCE OF FLUORESCENCEDUE TO
EXCITED STATE ABSORPTION

5.4 SPECTRUM OF FLUORESCENCE FROM EXCITEDSTATE ABSORPTION

CHAPTER VI
SCATTERING OF A FREQUENCY DOUBLED PROBE BEAM
6.1 FREQUENCY DOUBLING

6.2 EXPERIMENTAL ARRANGEMENT FOR THE SCATTERING
OF A FREQUENCY DOUBLED PROBE

6.3 BRAGG REFLECTION OF PROBE LIGHT

-6 -

Page

69

73
76

82

86

8?

91

93

99

101

103



¢c ONI'EF NTS

(Coiiii.iiuod)
Page
CHAP TER VI
SCATTERING OE AN ARGON IASER PROBE BEAM
7.1 IAIXPERIMENTAL ARRANGIMENT 107
7.2 PROBE SCATTERING MECHANISMS 111
7.3 PROBE SCATTERING DU'l TO ABSORPTION 113
7 4 PROBE SCATTERING DUE TO ELECTROSTRICTION 116
7.5 PROBE SCATTERING DUE TO THE KERR EFFECT ' 116
CHAPTER \PII
QUANTITATIVE STUDY OF PROBE SCATTERING DUE TO ABSORPTION

8.1 APPLICATION OF ITIEORETICAL CONCLUSIONS 120

TO THE EXPERIMENTAL SITUATION
8.2 ABSOLUTE VALUE OF THE BRAGG REFLECTIVITY 122
8.3 VARIATION OF REFLECTIVITY WITH THE 122

ANGLE BETWEEN THE BEAMS
8.4 VARIATION OF REFLECTIVITY WITH INCIDENT POWERS 124
8.5 VARIATION 01 REFLECTIVITY WITH ABSORPTIONCOEFFICIENT 128
8.6 VARIATION OF REFLECTIVITY WITH POSITION 128

OF INTERACTION REGION
8.7 DECAY OF THE THERMAL MODULATION INDUCEDIN A LIQUID 132
APPENDIX DEFINITIONS OF SYMBOLS AND MAGNITUDES OF 138

PARAMETERS USED IN m iS THESIS

REFERENCES . 148

ACKNOIHEDGEMENTS 160



CHAP TV R I

DI'FVELOHMI'NT OF THE STUDY ()" LIGHT SCATTERING

1.1 EMILY WORK

The first scientific studies of the scattering of light by material
media were made in the second half of the 19" century, particularly by
Stokes(”) and Hayleigh”™*). Stokes studied tlie frequency shifted
fluorescence which occurs when certain absorbing media are strongly
illuminated. He discovered empirically that this light is always depola-
rized and that its spectrum is a band of comparable width to the absorp-
tion band, but with its maximum always at a lower frequency than the
maximum of the absorption band. Tliesc observations received a satisfac-
tory and simple explanation only on the development of the quantum theory.
Lord Rayleigh considered from a classical theoretical point of view the
scattering of light from very small particles. He was able to show that
the scattering is essentially unshifted in frequency and proportional to
the inverse fourth power of the wavelength of the illuminating light and

thus explained the blue colour of the sky.

The next major development was achieved by Brillouin (3) in 1922
- /1N
who used Debye's' '

method of analysing the random fluctuations of a
medium into its acoustic modes to show that the light scattered from
such a medium will be shifted up or down in frequency by a Doppler shift
due to the velocity of the acoustic waves. This splitting was detected
by GrossA(S) in 1930. The theory was developed in more detail by
Mandelshtam”~(1926) and Landau and Placzek”*'** (1934) who showed that
in addition to the 'Brillouin doublet' there exists scattering, due to

non propagating entropy fluctuations, which is unshifted in frequency.

This is usually known as the 'Rayleigh line' . Scattering from induced

mmn AOV
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. 10
ullrasoiiic waves was also demons Lratcd" »™ and theoretically analysed( ).

In the mean Lime Raman""" » 1928 had discovered an entirely
new type of molecular scattering (ihu.ian scalLtcring). Like the fluore-
scence investigated earlier hy Stokes it was predominantly down-shifted
in frequency but unlike fluorescence it was strongly polarized. Further-
more the spcctrimi of the scattered light consisted of sharp lines reduced
in frequency from the illujiiinating lines by integral multiples of certain
fixed frequencies characteristic of the medium. There were also much
fainter lines of increased frequency. This scattering he correctly
explained in terms of the quantum theory, the frequency shifts being
determined by the difference between energy levels of the molecule.

13)

At the same time Raman and Krishnan considered the problem of
scattering from anistropic molecules and showed that, as distinct from
the case of the Rayleigh line and Brillouin doublet, a depolarization of
the scattered light occurs. Ibirther w o r k ~ ~ ~ showed that the
depolarized light contributes a broad wing to the light scattering

spectrum (the Rayleigh wing) with a frequency spread which is the inverse

of the molecular re-orientation time.

This wing was very difficult to observe, the results obtained

often being contradictory. The first definite observation was prob-

ably that of Gross""").

1.2 IMPLICATIONS OF LIGHT SCATTERING OBSERVATIONS

The Raman scattering was soon well investigated™"" and shown
to be a powerful tool in spectroscopy allowing very precise measurement
of molecular energy levels. Along with infra-red ultra-violet absorp-
tion, and nuclear magnetic resonance spectra it has been used primarily

as a diagnostic tool in physical chemistry.



The cxisloiico of the tine structure of the Rayleigh scattering
(Rayleigh line, Ihiyleigii vjrig and Brillouin doublet) was showii by a number

_ININ
(5,16 20-%) in the thirties and forties , though quantitative

of workers
work was made very difficult by tlie lack of spectroscopic resolution and
the feeble light sources available. The practical work was however

accurate enough to demonstrate the inadequacy of the then current hydro-

(23 )

dynamic theory of liquids which predicted a square law dependence of
somid absorption on frequency. Using this relationship extrapolation
of the ultrasonic data to the frequencies involved in Brillouin scatter-
ing shows such a high sound absorption that the Brillouin lines, whose
widths are determined by absorption, would be much ivlider than their

separation and therefore indistinguishable. Clear Brillouin lines were

however easily observable.

The problem was resolved in 1937 by Mandelshtam and Leontovich(24'25l

who proposed the relaxation theory of liquids. This shows the same
features at low frequencies as the earlier theory but shows that at high
frequencies the static 'constants’ are modified due to their finite

relaxation times.

The relaxation theory however, also implies a dispersion in the
velocity of sound which had not been found at that time. It thus
remained a matter of controversy until such dispersion had been experi-
mentally demonstrated particularly by the Brillouin scattering measure-

ments of Fabelinskii and co-workers""» in the fifties.

One further source of controversy was the non-observance of

Brillouin lines in viscous liquids. This result also was in contradic-

tion with the relaxation theory but was shown by Fabelinskii®*""" to be

—10 —



due only to experimental difficulties when he observed the Brillouin
doublet of glycerino. the relaxation theory then adequately explained
the light scattering phenomena observed at that time”””\ (though later
more detailed investigations of Brillouin spectra have required it to be

modified for high viscosity liquids(31)

1.3 THE DEMCbOBMENT OF ttlE 1ASI'lI
This situation, with the phenomena of light scattering broadly
understood but impossible to investigate in great detail, was to be

dramatically changed by the development of the laser.

The first stimulated emission device was the maser developed by
Townes(32) in 1954. Tliis, employed the fact that the transition
coefficients for a stimulated transition between two energy levels are
equal in each direction. thus if the majority of the atoms in a medium
can be put in an upper state the medium will amplify microwaves (or
light) at a frequency where it normally absorbs them. In a suitable
resonator this amplification can result in oscillations in one or a
number of modes of the oscillator near the peak of the gain (ground

state absorption) curve.

A laser, an identical device except that the emission is in the
. : . : : (7Z)

optical region, was first constructed by Maiman in 1960 . He used
a small ruby rod surrounded by a helical flash tube which produced a
train of 3 kW, 2 (isec pulses lasting about 1 msec. The power available
was soon extended into the megawatt region particularly by the work of
Hellwarth”"”*) wlio developed the technique of Q-switching. In this tech-
nique a large population inversion built up in the laser material in a

lossy cavity which was then switched to higher gain by electro-optic

means. All the stored energy then appeared as a single 'giant pulse'



of liiogawatf ill fensi Ly and some tens of nanoseconds duration.

At the same lime the continuous He] iiim-Ncon laser vas developed

/r)

by Javan * . Ivtiiie the power of this laser was less than a milliwatt
the divergence, spectral width and bccun diameter were much smaller than
those of the ruby laser. In 1962 Kleinman(32) suggested improvement
of the spectral output of all types of laser by using a resonant reflec-
tor in place of the output mirror, to ensure single longitudinal mode
operation, and this was achieved by various workers* " \ The tech-
nique of Q switching was greatly simplified in 1964 by the development
by Sorokin of the passive Q—switch(41 ’42). Tliis employs a highly

absorbent dye inside the resonator which bleaches when the laser pulse

starts to develop. Ibe gain of the resonator thus increases suddenly
and a giant pulse occurs.

Another important development in that year was the achievement of

mode locking by Hargrove et al (43 ,44)

who synchronized the phase of the
longitudinal modes of a gas laser by modulating the cavity losses at the
difference frequency. Tliis converted the output to a train of high
power pulses of picosecond duration separated by the cavity loop time.
Similar results””were obtained in ruby and neodjonium lasers simply
by using a suitable (fast relaxation) bleachable dye (and Brewster
angled surfaces to avoid mode selection). A new technique for measure-
ment of these picosecond pulses was developed by Giordmaine”®**using

the fact that two such pulses overlapping produce more two photon fluores-

cence (see Section 1.5) than two acting separately.

Transverse mode selection has since been developed by Soncini and

(49 ,50)

Svelto and transverse mode locking was recently reported by

Arakelyan (51



A fur Hier udvarico was achi oved iJi 1966 with Lho dovcl opinent of the

(54 ’55), Here a Pockels cell is used in

Pulse TransjiiLssion Mode Laser
conjunction with a Gian Thompson prism to give first a low Q cavity to
build up populaLion inversion, then a very high Q cavity to transfer the
cnerg}” from the inverted popuiation to the photon flux, then back to the
first situation with the light energy switched out of the cavity. This
results in a pulse length of the order of the cavity loop time and can

be used in conjunction with mode locking to give a single picosecond

pulse”””) of very high power.

The 'state of the art' at present is that the powers avail-
able are up to 10" watts continuous (COg laser), 10* watts pulsed (PT M
Neodymium laser) and 107" watts in picosecond pulses. Diffraction
limited divergence has been obtained for both continuous and pulsed
lasers. Longitudinal and transverse mode selection allow line widths
of 10_3 lg for pulsed lasers and a few cycles per second for carefully
stabilized continuous lasers. Pulses of a few nanoseconds can be
obtained from mode selected lasers while mode locked, non-linear optically

(55 1115). A wide variety

shortened, pulses can be less than one picosecond
of materials allow lasing at frequencies throughout the optical spectrum

while the dye laser developed by Sorokin”has the further advantage of

being continuously tunable over a range of frequencies.

The development of these light sources has affected light scatter-
ing studies in two main ways; First, an enormous improvement in the
accuracy and ease of spontaneous light scattering experiments, and

secondly the development of the entirely new field of non-linear optics.



J.h SPONTANEOUS LKIIU’ SCAT BERING S PEDTES USING LASERS
The* ci'udo loalur’’s of the iiglit sciitteriiig spectrum had already

been worked out by 1959 (57 220).

The development of the laser has how-
(*ver increased the accuracy of measurejiient by many orders of magnitude
and led to the discovery of some entirely new features, Tlie spectral
purity of the continuous gas laser has made it the main experimental tool

for spontaneous scattering studies in spite of the higher powers avail-

able from solid state lasers.

Tlie high power argon-ion laser has allowed Raman scattering to be
developed as a very convenient spectroscopic tool. Furthermore it is
. . (58 ,59)
now possible to make absolute measurements of Raman cross-sections

while studies of line-widths and correlation counting has given new

information on intermolecular forces and optical phonon properties""* \

The first studies of the spontanecous Brillouin scattering using
helium/neon lasers were done in 1964 by Benedek et al*""" for the case of
solids and by Chiao and Stoicheff for liquids” These together with
further work™* 70,74) pyoyi“ed accurate knowledge of hypersonic velocity
in a large range of media. Such measurements Awmnere extended to gases by
the work of Eastman et al in 1966(71). With the improved spectral reso-
lution available it was also possible to measure the width of the Brillouin
lines and hence deduce the hypersonic absorption coefficient. This was
first done by Mash et al'(72) in 1965 and a quantity of accurate informa-

tion was soon a v a i 1l a b1l e ™\

In the meanwhile investigations had been carried out on the scatter-
ing in the Rayleigh line and wing. The angular dependence of such
scattering was investigated first by George et al**"”* in 1965 and then

by Leite et al*”*" who found good agreement with theory. The



(I('j)iiarlion of lho different parts of the scattering spectrum vci-e

) ) ) /'7'7 70\

investigated by various workers” . The exact frequency dependence
was studied particularly by Staranov(go_831 from 1963 onward, who was
first to discover a fine structure in the depolarized Rayleigh wing

scattering specti’uin of liquids"** ~**(196?) which he identified as the

result of transverse or shear waves.

The spectral width of the central Rayleigh line was first measured
in 1964 by Cummins ct al*”"" for the case of a solution of macromolecules
The homodyne and Heterodyne light beating techniques developed for this
experiment are capable of a few cycles per second resolution and were
soon applied to determine the width of the central Rayleigh line in pure

gases™””") and liquids*"**” and at the critical point"" """,

In addition to these greatly refined measurements an entirely new
feature of the scattering spectrum originating in the relaxation of the
shear and volume viscosities was predicted by Mountain in

. (97) . .
and discovered by Gornal et al" ' later that year. This consisted of
a broad peak centred on the incident frequency but distinguished from the

Rayleigh wing by being completely polarized.

Further investigations of the central line scattering promise to
reveal the existence of second sound in solids. The conditions for
such an experiment to succeed have been discussed"""'""”" but no success-

ful observations have yet been reported.

Tlie overall spectrum of the spontaneous scattering as knoim at
present is shown in the upper curve of Fig.2.3 A"/ AN, The spectrum
shown is that of the polarized scattering. In the depolarized spectrum
the sharp peaks due to the Rayleigh line, Brillouin doublet and Raman

scattering are absent leaving a broad band centred on o) The



sjxicCriuii can bo analysed as tlic syii of the scatterijig duo to the Rayleigh
line. Rayleigh wing, Brillouin doublet and 1Uuuan line. lliese arc due
to fluctuations in refractive index associated with variations of entropy,
anisotropy, density and molecular polarizability respectively. Each
resulting component of tlie curve represents the solution (in terms of the
frequency dependence of lunpi itude) of the equation of a damped resonant

system. theso components are of the form:

1 MY (2 TAoy*
/ \sf

[Tlirougliout this thesis the variables introduced are defined in the
Appendix at the back.]

The central peaks ovcur BY processes where < > /2 and the double
peaks where Tliis simple picture is in fact complicated by the
fact that relaxation theory shows T and 2 are themselves frequency

dependent.

Tlie various spontaneous scattering processes have been well reviewed

by a nu,aber of authors”*0 .62,69 ,7b,93,94,95.96,100)

1.5 NON-LINEAR OPTICS

Before the laser was invented the possibility of light changing the
refractive index of a medium by the Kerr effect had been suggested by
Buckingham ™\ but this possibility seemed so remote that there was
no further practical or theoretical investigation of the phenomenon.
However the high power and spectral brightness of the laser soon made
this a very active subject. The phenomena observed may be divided into
two categories. Those involving the polarization of the medium under
the influence of a number of waves and those involving only the transi-

tions induced in individual molecules by the light flux. Both types of
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plMiiojiioiia woro first observed in I196I. Wo shall consider the latter
category first as less work has been done in this field.

The first experiment of this sort was the detection by Kaiser and

Garrett( 102)

of the effect of non-linear two photon absorption. In this
phenomenon a molecule absorbs two photons of ruby laser light though there
is no real energy level at the photon energy. Quantum mechanically the
process depends on a transition to a virtual level followed rapidly by a
second induced transition which allows energy conservation. lhe absorp-
tion was revealed by the blue fluorescence due to the transition back to
the ground state from the two photon level. Such absorption was directly
measured by Giordmaine and llowe** in 1973« In 1964 Sorokin et al""""
used the reversible bleaching of cyanine dyes to Q-switch a ruby laser.

Il this process the rate of absorption is such that the populations of the
ground and first singlet state become equalized thus reducing the absorp-
tion. This phenomenon has since been extensively investigated experiment-
ally and theoretically”~”~”~”and Mack has demonstrated """ that
under some circumstances it can even result in amplification of a beam

which would usually be absorbed. Gibbs in 196?2"""*" used the fluores-

cence technique of Kaiser and Garrett to demonstrate excited state
absorption. In the Q-switching dyes there is an energy level at the
single photon energy and a second at the two photon level. Molecules

can be successively excited from ground to first and first to second
levels. The real energy level distinguishes this process from two photon
absorption and the power dependence of the fluorescence is also different.
The extension of such fluorescence studies to a number of other dyes and

solvents is reported in this thesis""""",

The first non-linear polarization effect detected was the frequency
doubling of light in a piezoelectric crystal. This was observed by
Franken et al****" in 1961. This, and non-linear effects in general, may

be understood as a result of the fact that the mathematical expression
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i'j* Lho ]J)0larizati on of a iiiodiiuii contains terms in the square, cube, etc,
of Llie applied field, in add! Llon Lo the linear term """\  The coeffi-
cients of Lhese terms are so small that they were negligible for the
optical field strengths attainable before the use of lasers. With the
high fields produced by lasers it is necessary to take into account the
effect of these tenus. When the applied field is sinusoidal the expres-
sion for the polarization is a siun which may contain terms at all integral
multiples of the fundcuiiental frequency. If two or more fields are applied

all the sim and difference frequencies can also occur.

In centrosyimiietric media there can be no asymmetric terms in the
polarizability and therefore the expression for the polarization can con-
tain no terms in even powers of the magnitude of electric field. Thus only
odd multiples of the applied frequency can occur. Third harmonic genera-
tion was detected in such media by Terhume et al*""" 1962.

Tlie production of harmonics in this way is limited by any dispersion
in the medium. This causes the fundamental and second harmonic beams to
get out of phase so that further production of the second harmonic is sub-
tracted from that already produced. This problem was ingeniously overcome
by Maker et al**"** in 1962, who used the fact that for a particular angle
of propagation in some biréfringent media the ordinary refractive index at
the fundamental frequency is equal to the extraordinary refractive index
at the second harmonic. Using this technique conversion efficiencies with
giant pulse lasers of up to 20" were soon obtained """ and even second
harmonic generation induced by a 1 mW continuous He-Ne laser" """ was
detected. Much later it was demonstrated that under certain conditions
third harmonic generation may also be phase matched"""").

The multiple of the frequency by zero of course represents a D.C.
potential. Such a potential (or more precisely a pseudo-D.C. potential as

the total light pulse duration was ~ 10"" secs) was observed by Bass et

al(117) in 1962.



Difference freqiu'ncy gen('ration was observed in 1963 by Niebubr™* ~»
who uscnl a laser oscillating in two modes to generate the two incident
frequencies, hdien such difference frequency generation occurs, energy con-
servation demands tlial one plioton at the higher frequency is destroyed
while one is created at a lower frequency and another at the difference
frequency. Thus if the lower frequency signal is much weaker than the main
'pump* light it can be greatly amplified at the same time as producing the
'idler' difference frequency. Hiis process, known as parametric amplifica-

(lis),

tion, which has long been IcnoAm at lower frequencies was achieved in

the optical region by Peterson and Yariv in 1 9 6 4 ~ With the non-linear
material in a feedback cavity this amplification can result in oscillation
without any signal input and the phase matching conditions allow this to

be used as a tunable source of coherent radiation(lzg'lzl).

It is interesting that the parametric oscillator mentioned was con-
structed three years before study of the underlying parametric fluores-

(199 123)

cence by Akhanov et a 1967. They examined the light emitted

for various directions of the incident and resultant beams when no feed-
back was present.

All these non-linear polarization processes have undergone exhaustive
theoretical examination”~”~"~"particularly in the work of

Bloembergen from 1962 onward, and in conference proceedings”™\

A non-linear polarization phenomenon of a rather different kind,
involving a change in the bulk refractive index of the medium was predicted
by Askaryan in 1962"""1, When an intense light beam propagates in a
medium it increases the refractive index by électrostriction and the Kerr
effect. Tliis increase is greater in the regions of higher field resulting
in a concentration of the light into these regions. When the intensity is
so high that this effect overcomes diffraction, the light self-focuses and
is finally self-trapped into long narrow filaments. The caused by

such filaments in a transparent solid was observed by Hercher in 1964/ 72

and the filaments themselves by Pilipetskii et al in 1965 "AAA,



Tliis tliosis contains some study of sucli filaments undertaken in
order to investigate the interesting scattering process which takes

(2'i5)

place when two such filaments intersect

The precise explanation of such self-trapping has been the subject
of some controversy(*” 1'-) recently renewed after investigation of
the self-trapping of picosecond pulses***"'"*7*)  Tlie opposite phenomenon
of defocusing has also been observed """ 1i8) N result of the decrease
in refractive index with increased temperature when the light beam
passes through an absorbing medium. Similarly self-bending has been

observed with a non-uniform incident bean™"

The bulk change of refractive index causing these phenomena has
been quantitatively determined by Gires et al in 1964""" 153)
measured the rotation i+ induces in the axis of elliptically polarized
light. Longaker and Litvak(154) have recently used one laser to take
Mach-Zender interferometer pictures of the disturbance of refractive
index induced by another. This technique has the advantage of allowing

spatial resolution of the disturbance.

1.6 STIMULATED SCATTERING

Another remarkable consequence of non-linear optics was discovered
accidentally in 1962 by Woodbury and Ng""*" but was soon understood
and investigated by Eckhardt et al*"""** and other workers""*
This phenomenon was stimulated Raman scattering. The very weak wave
produced by Raman scattering beats with the main laser wave at the
difference frequency. This frequency is of course the characteristic
frequency of the atom which gave rise to the Raman scattering in the
first place. A very strong interaction can therefore occur with the

Raman scattered wave and the atomic excitation being amplified at the



ox])iniso of ilu' 'pump’ wave in a variation of the paréunetric amplification
process. Any small aiibistokes shifted signal itself acts as a pump
wave and there is therefore induced absorbtion at these frequencies””
tbough stimulated antistokes generation can occur as a result of more

compTlIcated four phoéon interactions(110,104,166,167)

It is accepted that each of the contributions to the spontaneous
scattering curve " AN'ANMFIAAANY can under appropriate conditions, give rise
to stimulated scattering (though this may be obscured by competition
between the possible processes). Tlie gain contributed by each process
is a function of the difference in frequency between the amplified light

and pump light of the form:

2TA(o
G . 8!
Aco™V  /2rAu)'®
2=/ W

where the constants are the same as those in the appropriate spontaneous
scattering curve. The overall gain curve """ sho™m in Fig.2.3 is a

sura of such terms. Tlie gain curve for a signal polarized perpendicularly
to the pump of course, contains only those terms which exist in the

depolarized scattering spectrum.

When the stimulated scattering builds up from spontaneous noise
usually only the frequency with the highest gain ivlll occur. Under
various conditions this can be due to the different scattering processes.
A complete picture of the gain curve is however more easily obtained by
generating the shifted frequency separately and subjecting it to a
relatively small amplification. (Tliis technique was first developed in

1964 by Bret and Meyer*""" to measure stimulated Raman gain.)

The next stimulated scattering effect observed, discovered in solids

by Chiao et al in 1964 ANAAAMANAN was stimulated Brillouin scattering
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lu this process a hypersoinc wave takes the place of the atomic
excitatLon ami. coaplitig is provided hy électrostriction. Extensive
work”was soon carried out on this process including observa-
tions in liquids*""*") and gases""""*. A major difficulty of this work
was that focused light was necessary to achieve the intensities required,
however Brewer in 1965""""" was able to observe the stimulated Brillouin
scattering in an unfocused beam, allowing much more precise experimental

and theore"[i’cal1 investigation(l62’163’178'189)

In 1965 another stimulated scattering process, that of the Rayleigh
wing was observed by Mash et al”"/~*\ The polarization of this scatter-
ing was perpendicular to that of the laser light allowing separation from
other scattering processes. Tlie depolarized scattering has been further
studied” 189) the special case of stimulated scattering from shear

waves has been observed in solids """,

With the discovery of self-focusing it became necessary to re-
interpret the quantitative significance of most of these experiments.
In particular the use of the stimulated amplifier technique was necessary
as lower powers can be used with this method. Comprehensive results
were obtained on both stimulated Brillouin and stimulated Rayleigh wing
scattering by Bret and Denaricz using this technique?Pohl
et were able to use it to estimate the lifetime of the phonons

involved in the stimulated Brillouin process.

The last stimulated scattering to be discovered was that associated
with the Rayleigh central line. The reason for this was that coupling
of the light wave to the entropy wave is normally provided by the very
weak electrocaloric effect*” 193) resulting in very small gains.

This problem was avoided by Bespalov and Kubarev in 1967**""* who used



a mixi,ii.ro of liquids and obsorv(‘d stiniiilaLod Ilaylcigli scattering from the
coiicoiitrati on fluctuations. In the siune year Zaitsev et observed
stimulated thermal scattering due to the elcctrocaloric effect in a pure
liquid. Both these methods involved experimental difficulties and the
very small Stokes frequency shift of about half the laser line-width was
not measured. The frequency shift in gases is much larger and this

AVis later measured in hydrogen by Mash et al”""A"A\

At the same time Herman and Gray"""" considered the modification
of the scattering process in an absorbing medium. Tliere is in this
case a very strong coupling between the light and temperature waves which
has the unusual feature that the energy transferred to the medium by
absorption results in a gain for the antistokes rather than the Stokes
scattering. Ibis type of scattering and its very small frequency
shift -was immediately detected by Rank et al in liquids” 199) *~d
later in gases T1lie time and frequency dependence of the thermal
Rayleigh gain was investigated by Pohl et al*""""" who also detected a

(202)

change in the stimulated Brillouin gain as predicted by Herman and
Gray.

The use of picosecond pulses to stimulate Rayleigh scattering
offerred interesting possibilities. Earlier experiments by Shapiro
et al(203) had shoivn strong inhibition of stimulated Raman and Brillouin
scattering under these conditions. Tlie stimulated Rayleigh scattering
usually observed depends on the change in refractive index with entropy
at constant pressure. For such short pulses, because of the inertia of
the medium, the change would be at constant density. An experiment of

this type was performed by Mack in 1968""'"* but it has since been

pointed out by P0h1(205) that owing to his use of a pulse train, not a



sin<rl(; picosocoud pvilso, the coudi lions would have to bo much more

strictly controlled to nullify the deiis]ty change effect.

Wiliile these fiindiuiiental scattering processes were under study, more
complicat(‘d interactions involving three and four photons had been dis-
covered"" A In 1975 Maker and Terhune*"** generated a frequency
at a + Ao from input frequencies of ® and w- Aw by three wave
mixing in a medium where Ao was not a characteristic frequency and
Bioembergen et showed that the process could iteratively produce
a very large number ofside bands. Carman et al""""" observed a degene-
rate four photon interaction which scattered light without change of

(211)

frequency and Chaban predicted a breakdown of the Fresnel reflection

laws for a similar reason,

Another form of four photon interaction can be used to overcome a
major inadequacy of all preAdLous stimulated scattering investigations.
Tliis inadequacy lay in the fact that only the tAwo optical waves in the
scattering process were measured while the disturbance of the medium had
to be inferred from thenr. If the medium is appropriately probed Avith
an independent light source this disturbance can be directly measured at
the same time as the incident and scattered beams. The first experiment
of this type was performed by Giordmaine and Kaiser in 1966)(212) Avho
probed the effect of stimulated Raman scattering in calcite using a
frequency doubled portion of the laser beam as the probe light. A
related experiment was performed by Boersch and Eichler"*"""" who used an
argon laser to probe variations of population inversion in a ruby.
Experiments of this type can be viewed simply as Bragg reflection of the
probe light from the periodic refractive index generated in the medium

by the main scattering process. Bragg reflection of the light of an

He-Ne laser by the phase grating generated in the stimulated Brillouin

- 24 -



process was observed in 197 by Walder and Tang""*" and in 1968 by
Winter Iing and lleinick(219) used a delayed probe at the fundamental
frequency to directly measure plionon lifetimes in quartz at very low

tempera tares.

The extension of this technique to study in detail the properties

of the disturbance involved in the various scattering processes is the

main aim of the work reported in this thesis(249).

Comprehensive reviews concerned with stimulated scattering

have be(n writen by Dloembergen””\ Fabelinskii**** and

others 13191329168)2169223)andﬁﬁave also been given in conference

proceedings( 127-129)



COHOAPTEHIN IT

THEORETICAL ASPECTS OF THE INTMHACTION OF LIGHT AMD MATTER

2.1 QUANTUM PROCESSES

Fig.2.1 shows an energy" level diagram indicating schematically the
most important linear and non-linear interactions between electromagnetic
radiation and matter Such a diagram is helpful in visualizing
certain aspects ot these processes, especially the involvement of the
energy states of the medium, but of course contains no information con-

cerning the phases of the waves involved.

In Rayleigh scattering it can be seen that there is no resultant
effect on the medium and the photon frequency is unchanged. Wlien the
direction of the Avave vector is also unchanged, the diagram corresponds

to ordinary propagation.

The case of resonant scattering can be viewed as absorption of the
photon followed by emission at unchanged frequency. The emission has
random direction and phase so there is a loss from the forward beam.

This process is closely related to fluorescence in which absorption, which
excites a molecule to an energy band, is followed by a non-radiative transi-
tion before re-emission. Thus in fluorescence the emitted photon is
lower in frequency than the absorbed one. When there is a long-lived
state of lower energy than the absorption band, population inversion can

build up between this state and the ground state resulting in laser

action(32'33).

The Raman scattering (which may be taken to include Brillouin and
Rayleigh vring scattering A>rhere the excited states correspond to phonons
and molecular rotations respectively) involves, in the Stokes case,

excitation from the ground, state to a virtual level followed by emission

- 26 -
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on ro <Airiii lip; to a real excited st’at’cA(ll”lz”l10”126”164).

Tlie related
antistokcs process can occur only lor those molecules initially in the
excited state and is therelore much weaker. Stimulated Hainan scattering
is represented by the same diagram but in this case the transition from

the virtual to tlie real excited level is stimulated by the presence of

radiation at that frequency in a manner analogous to laser action.

Harmonic and difference frequency generation is seen to be the
result purely of the non-linear polarizability of the medium without
involving its real energy states "~ The same is true of the
degenerate four photon interaction and sideband production represented
in the diagram though in general these processes can involve real levels

as intermediatfe or final 'stages(132’104’208). ’

Two photon absorption is similar to the single photon case except
that the high intensities allow coupling of two photons via a virtual
transition to achieve a real excited state""""'"~~'"AAA) 0 The subsequent
transitions and fluorescence are entirely analogous to linear flourescence,
Excited state absorption on the other hand, proceeds by two successive
excitations between real energy levels or bands"*** 106)* The subsequent
fluorescence is very similar to that from two photon absorption. Excited
state absorption has been observed in bleachable dyes and can be distin-
guished from two photon absorption by the change of the dependence of
fluorescent on incident intensity when the first excited state of the dye

becomes saturated”

The intensity of two photon fluorescence is directly proportional to
the square of the incident intensity for all accessible power level
The intensity of fluorescence due to excited state absorption can be

derived by consideration of Fig.2.2/A"AM\



(:2)

N 1B,

(")

N IB N IB

STIMUL ATED 1TRANS-
— SPONTANEOUS 'e

Fig.2.2
Transiti0110 Occurring in tho Molecules of a Saturable Absorber

- 29 -

Ibvalin Al

m Y

i'i/d!
jJ

li

A:AVN'



N

IB

N,1 B

NIB

STIMULATED TRANS-
SPONTANEOUS o



At equilibrium the number ot transitions per unit time ending in a
particular state must equal tbe number starting from that state. Hence,

considering tbe ground and second state:

No"oil = NJirD +

A2121 A2120
but Hoi ~ H10 and Hj2= ™21 >

and N = No + + Ng  therefore:

N3
N - I38J:(3B0Al + Ao+ A,J + (Agi +A,J(2D, "l + )

In real cases thefirst excitedstate has amuch longerlifetime than

the second so A21 + A20 » , the dyes considered are bleachable so

B

el » B

12 and the Rower levels attainable are much lower than those re-
quired to saturate the second excited state so Bg"+BgQ» A" L.A"*"** 106,221)

The expression thus b e ¢ o.m e s B -

Boi 12 m. 2
M, Mo At Ay
Ni « , 2B~il
A
N,
“ 1.2 f
A
Where 10 = o« —3— is the intensity required to saturate the first
01 11

excited state.

2.2 SPONTANEOUS SCATTERING

It is instructive to consider the same processes from the classical
point of view. The description of the spontaneous scattering is greatly
simplified by the fact that in any fluid the fluctuations of pressure,
entropy, anisotropy and molecular polarizability are statistically inde-
pendentA™'A'AN) The spontaneous scattering can thus be considered as

the sum of the scatterings caused separately by the fluctuations in
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rc (bac Livc inda('x associated with (jach of the above fluetualions. These
will be seen to result in the Brillouin doublet, the Ihiyleigh central

line, the Baylei gb wing and the Bamau scattering respectively.

The process of Brillouin scattering is the most easily understood.
The pressure fluctuations in the medimii may be Fourier analyzed as the
sum of plane adiabatic sound waves propagating in the medium -with all

(341,36,100) We may now consider

possiﬁlé Yirecfions and frequencies
the effect of any one of these sound waves on a light wave traversing the
medium. The plane wavefronts of the sound wave are associated with a
modulation of refractive index, and thus reflect a small fraction of the
light incident upon them. Only when the light reflected from consecutive
wavefront”is in phase is there a significant resultant reflection™”

Tlie condition for this is identical to the Bragg condition for electron

diffraction, i.e.;

Ns 2n sin — >

As the somid wave 'mirror* is moving with a velocity v there will be a

Doppler shift in frequency of:

A(OB/\ =+ %n T sifl-gl

while the frequency of the sound wave involved is :

0) = 4%IT—jsin'26

Thus it is seen that although the liquid contains sound of all frequencies
and directions the light scattered in any direction is affected only by

sound of one particular frequency and direction.

This analysis is for an ideal undamped sound wave. In general we
must consider the variation of refractive index with density, the density

fluctuations being determined by the acoustic wave equation:



vlioro the force term U 1is a random fluctuation containing all frequencies
and waveieugLhs. For that Fourier component of R with frequency O and
wave vecCor k,Ap is a wave with the same frequency and wave vector and

an funplitude:

AP

llie amplitude reflected from each wave is proportional to AP and when
k = 2k sin 0 _wb the amplitudes from each wave add in phase the result-
ing intensity being proportional to |Ap|”". Tlie light reflected from
such a fluctuation is changed in frequency by an amount Q so the spec-

. . (03 ,qq ,990)
trum of the scattered light is given by A

1

Ao)” ( 2rpAi)\ 2

Transverse waves can occur in solids (and also in liquids as can be
seen wiien the relaxation of shear viscosity is taken into account)""”
There is no change of density associated with these shear waves but in
anisotropic media, and liquids with isotropic molecules, there is a
change in polarizability as the principle polarization directions undergo
rotation. There is thus a depolarized scattering with a spectrum similar
to that of the Brillouin scattering but usually with smaller velocity and

greater damping. Thus d¥ is smaller and T~ larger. In contrast to
the sharp Brillouin lines a rather diffuse doublet occurs which is hard

to distinguish from the depolarised Rayleigh wing """ "),

This wing may be sub-divided into two portions. There is a contri-
bution due to rotational Brownian motion and another as a result of their
angular oscillation in the local fields of neighbouring molecules"""".

The fluctuations of anisotropy can be analysed as a randomly driven



rotation or oscillation with viscous (hunping. The solution of the
damped resonance erpiation gives the frequency dependence of the molecular

notion and hence of the resultant depolarized scattering. The resulting

equations : (80)

1 oc———‘———

re for Brownian rotation

1 oc--—-—-mmmmemmom- — for oscillation
8
are of the same form as those for the Brillouin scattering. However,
molecular rotations and oscillations are heavily danped because ~ » 1 a

and the maximum scattering occurs at Ao = 0.

Miile the main scattering processes arise from the fluctuation of
independent parameters the shear wave, molecular rotation and molecular
oscillation scattering all involve variation of the orientation of aniso-
tropic molecules. They are thus not truly independent effects which can
be simply added but they are nevertheless distinguishable by the different
frequency dependence of their contributions to the depolarized wing. The
shear waves give a diffuse doublet of very small frequency shift while the
Brownian rotation gives a broad central peak. The faster molecular
oscillations give even greater frequency shifts and are responsible for

the remotest part of the wing """\

Tlie thermal or entropy fluctuations responsible for the central
Rayleigh line decay but do not propagate " *AM'~AMAANY - (Tliey do in fact
tend to propagate if the second sound correction is introduced into the
heat conductivity e q u a t i o n " ) The half width of the frequency
spread induced in the light scattering is the inverse of the lifetime of

the waves of suitable length to give Bragg reflection and is given by:

- 33 .
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= k"D = 4n "Dk* siji"

li 05
Tlio spoctriun of ilic scattered ligliL is:A(y .09

Aco

The frequency dependence of the Hainan scattering is dependent on the line
shape of the states to be excited. This cannot be derived on a classic
basis but is usually veil represented by a Lorentzian so the scattered

spectrum is represented by:

1
AWV Y ®
a2 J | fco)
I[lam® n Ram

Tlie sum of the light scattered by all these mechanisms gives the spontan-

eous scattering spectrum (upper curve of Fig.2.3).

2.3 NON-LINEAR OPTICS
When very high electric fields are applied to matter the usual
linear polarization lav breaks dovn and has to be replaced by the more

complicated expressioni

P =% + X'E XER . ...
This is veil knovn for D.C. and lov frequency A.C. fields and is the
cause of such phenomena as the Kerr effect. The inclusion of the non-
linear terms in Maxvell's equations makes them incapable of general

analytical solution. Hovever a number of conclusions are easily derived.

We may define:

and consider the properties of . Taking the lovest order term:
PNL = X. EN .

Let us consider the case:

E = Ai cos(ki% - co™t) + A2cos(k X - ot)



Til o
1.2 2
N o(ar +A ) cos(2k x- 2 Wit) + ~ A’cos(2k2X-2W gt)
b I. “

+ A™M\ cosM(k™ kg)x- (o)t % )t” + Xi A*A”cosjfk”- kg)*- (% -%

Tlie non-linear polarization has a D.C. component, components at double
each incident frequency and components at the sum and difference frequen-
cies. In general may be frequency dependent and which term is most

significant depends on the conditions of the experiment.

Each component of polarization of the medium emits light at its
own frequency. The velocity of the light emitted in this way is deter-
mined by the linear refractive index of the medium which is a function of
frequency. In general, for this reason, after a certain distance the
light of new frequency being produced gets out of phase with that produced
earlier in the medium and interferes destructively with it, limiting the

”(110’112”124”218)', When t’%le Velocity at the new

resu}t’ing flux olbtai‘nalue
frequency is the same as that at the original frequency a very much greater
conversion occurs. This situation is known as phase matching and can
sometimes be achieved in anisotropic crystals when the dispersion of

velocity with frequency can be compensated, in a particular direction, by

the velocity variation due to birefrigence.

In centresymmetric media in general and fluids in particular there
can be no term proportional to in the polarization as this would lead
to a different value of polarization according to the direction of the

For such media let us consider the effect of the

next term
/\NL 33 B
when E = A”cos(k”x- co™t) + Agcos (k x_ togt) + AgCos(k x- cii.t). Then

- 36
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Tlio first group of terms in tliis expression are at the original
frequency and correspond to a change in the polarizability and therefore
of tlie refractive ind(?x of the medium. The most important result of
these terms is that at sufficiently high intensities the increase in
refractive index in the more intense parts of the beam acts as a lens
concentrating the light into a number of narrow filaments in which it
remains trapped””*" 1i3)~ if is interesting to note that since the
change in refractive index for the wave of frequency is proportional

to :
+ 2A= + 2A=

and that for Wg to:

As + 24i + 2A®
if » Ag , Ag the change at co® is twice that at . Thus the
weaker wave experiences a greater refractive index change than the

. . . P081
stronger (this is loio®m as weak wave retardatlon)/\( .

The second group of terms simply represents third harmonic genera-

tion*""”*) which occurs for each wave independently of the others.

The third group can be sub-divided into those terms involving sum
frequencies of the type (2Wg+ co”) and those with difference frequencies
like (200-2 Tlie second type are of particular interest as may be
seen by considering the case and oog= coL.+ A. The difference
terms in o0 and d¥ are then ®*+ 2 A and co*- A This shows that
when two slightly different frequencies are present in the medium side-
band frequencies are produced which can of course themselves interact

with (0L to produce a large number of further bands " """'A"1),

The last group of terms consists of those involving <o , g and Og
Tlie sum frequency is produced and also each frequency can be changed by

the difference between the other two so if two are close together side-

38 —
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bands can bn produced in tbe third.

For efficient generation at any of tliese frequencies phase matching
must be achieved. The condition for this is that for the new wave with
frequency and wave vector k* ;

“4 =+ “9 - 5 -7

and

=
Il

- iklikj_ik,k

As we are dealing with centresyrmnetric media this cannot be achieved in
the same way as for the second order non-linear processes. In the side
band prodution however the frequency shifts can be very small and the
dispersion and phase mismatch may therefore be negligible, allowing

efficient generation in fhis case(206’208)

2.4 STIMULATED SCATTERING

Tlie above analysis has throughout considered as exactly deter-
mined by the instantaneous value of the field and as a fixed quantity
independent of time. In real media %" is determined by the variation

of other parameters on which the refractive index depends. In particular
there are changes in density due to électrostriction, changes in tempera-
ture due to absorption, changes in anisotropy due to realignment of mole-
cules and changes of molecular polarizability due to the non-linear
response of the molecules t h e m s e 1 v e s ~ ~ ~ I t will be
shown that the inertia and damping involved in changing these parameters
give rise to stimulated scattering processes associated with each of the

spontaneous scatterings discussed earlier " ""'AANTAANY

Tlie changes in the parameters of the medium mentioned are all, at
equilibrium, proportional to the square of the electric field""""".

Considering the field due to two waves travelling in opposition directions,
E=Aj*cos(k” - (@Ujt) + Ag cos(- k” - cot)

- 39 -



(This expression

of X and t are arbitrary.)

is cpiite general, wi Lliout phase terms since the origins

Then :

1f= A(A%AN )+ jA % cos(2k x-20) ) +2 A%0s(2k2X-2ii02 t)+ A*2Cosf (kA -k2)x-(co #Wg )t

As will be demonstrated when
(o

the

the term cos((kj» + Ieg)x -
quency to significantly affect

governing these parameters will be

response to this wave is a wave of

+ A "Agcosl (k*+kg )x-(w*-Wg )t

specific effects are considered only
- og)t) is of sufficiently low fre-
parmneters of the medium. Tlie equations
shown to imply that the steady state

the same frequency and wave number but

with a phase that may be different.

Tlie resulting dielectric constant change may therefore be expressed

Ae Ae'

= cos™(k™ +kg)x - (oo" )t* + Ae"sin MNkMkMN )x -(uq - Wg)th .

Maxwell's wave equation, including non-linear terms, may be written in

the formhlO.124,139,164)"
a®E m®

A

a®Ae °E

at"

a=E 1

”"” "
at A

"ax

Substituting the above expressions for E and Ae and equating coeffi-

cients of the terms on each side of the equation with the same dependence

on x and t gives the expressions:
5A*  Ae"ki
dx 472 FA2,
dA Ae"k,
Thus A" experiences a gain and AQ a loss or vice versa according to

the value of Ae”, (Negative Ade" implies gain for Ag as it is a

backward going beam.)



We may now consider tho offeci of the electric field on specific
parameters of the medium and find under what circimistances there is a
significant gain in (taking A" as the amplitude of the laser field)
Under these circumstances stimulated scattering due to amplification of

any spontaneous scattering at the frequency o" can take place.

Temperature and density variations within the medium under the

0
influence of the electric field are governed by the equations(%'196 99%)

P ad aAT Y a"E"
a"Ap w fIAP ZL £1A1 4 6P =
"7" m ax" m Po at ax" cp/°v ° ax" g dx
at" P

Tliese are linear differential equations so solutions can be found separ-
ately for each component of EN For any component
= A cos(kx - cot) ,

there are solutions:

Ap = Ap'cos(kx - cot) + Ap"sin(kx - cot)

and
AT

AT'cos(kx - cot) + AT"sin(kx - cot).

Now the change in refractive index due to the effect of temperature on

molecular polarizability is negligible compared to the change due to the
effect of temperature on densityt""G) need only calculate Ap" to
find the value of Ae" resulting from both the absorptive and electro-

strictive mechanisms. Solution of the above equations gives:

and ""1

Apl = Anbe s (83 -0 +o

4] —



Il1 Older to sinplily these oxprossioiis we make use of the fact that

r « Kg « = kv. 1lle expressions above thus have resonant maxima in the
region || and are negligible outside this region. We need there-
fore consider only those components of if in which Aoy, The only

term for which this can be true is the one for which A = A"Ag ,
w=w] - W = Ao), k = k™ + kg ~ 2k". We may now evaluate |Ap |~ and

p" in the regions of their maxima.

When a = 0 the expressions are negligible except at o~ + K*.

Tlien:
"l”l)B"/ A \H7?Yl
and
where
.. TIk?
al = kv and Tg =" ,
But
Ae =" Ap ,
therefore;
J_ . 2z _ M®
A ax 52,,,"v"Po "A itLV

This Stokes (@ > o implies o0 > O) gain in the backward goin wave,
proportional to the intensity of the fonward going one is the cause of

the Stimulated Brillouin Scattering.

When @~ 0 the values of |Ap| and p" are significant in two

regions :



TUF IMUION w ~ i

U
» a pPo Rn.
where : P ~ %k"K
and
n ca PPg\2
w\T AiA:,
K 1 + By
ril
therefore 0
I 772 cgBYkg TR A
W \2°1 »
Aa ax 16 % k"Kn 1 + -

where Pﬁ = ll%%f)

Tliese expressions describe the antistokes shifted stimulated
thermal Rayleigh scattering.
IIIE REGION o K
In this region there is the stimulated Brillouin term which is the same

as in the case for a = 0 plus another term dependent on a. This gives

o 1. Y
Ap" = e ap 03 COg' A4 As
P 4 OkV 9] 2 pg) \2
1.
aoBh
- 2 Pgo) \ 2
1 .

B 0B

and: 0 oot
1 dAs 2
As dx 16 CCp lev n oy 2r g col2 i/

1. =
L)B / \' wg

This describes the stimulated thermal Brillouin scattering or, more strictly

the thermal modification of the stimulated Brillouin scattering.

The parameters responsible for the Rayleigh wing and Raman scatter-

ing are governed by rather different equations from those concerned \n.th
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temperaturc and. density. The molecular rotations oscillations and

vibrations responsible l'or these processes occur more or loss independently
for each molecule and the associated cliange in refractive index is there-

(912)

fore governed by an equation of the form;

-+ YAs —'kE"

at
Hence 2Vud
|Ae|® = K" ; i- — A" A",
22 /2r«\2 A
1 -1 +
2 To) 1
J_ " ; sf "3
N odx 4 n" / coM\N2 /2Pw

A K» ~V
Indicating a Stokes gain for these processes..

For stimulated Raman scattering K and 1 are the frequency and
linewidth of the excited state, while K 1is proportional to that part of
the Kerr coefficient due to the nonlinear polarizability for which the
vibration at frequency 2 1is responsible. The total high frequency Kerr
coefficient at a frequency w” is equal to the sum of those parts

involved in all the Raman transitions for which 2 > {ij® In general K» P

and a sharp maximum in the gain curve is observed”13,156)

For Rayleigh wing scattering:

for the rotational mechanism

for the oscillatory mechanism.



vliile K is proportional to that part of the Kerr coefficient due to mole-
cular reori eniation™"""'188)" por media with highly anisotropic molecules
this is approximately equal tlie toial low frequency Kerr coefficient.

The stimulated Rayleigh wing gain curve, like the spontaneous scattering

is controlled by the rotational mechanism in the region | < and by
the oscillatory mechanism”*“when o] >— . Since in both cases

r » K the two mechanisms lead to two diffuse maxima in the gain curve,

these being at (I)=—6—1—<—F—r and w=E respectively.

Tlie overall curve of gain against frequency shift (the lower curve

of Fig.2.3) represents the sum of the gains discussed in this section"""\

2.5 PROBE SCATTERING

The stimulated scattering described in the previous section is the
result of the action of an induced refractive index wave on the electro-
magnetic waves producing it. This refractive index variation will also
affect any independent light beam traversing the medium(241 246, 249)
The refractive index variation acts as a phase grating in its effect on
the probe light. From each layer of the grating (one wavelength of the
refractive index wave) a small portion of the probe light is reflected.

When the angle of incidence is such that the reflected portions from

adjacent layers add in phase a maximum overall reflectivity is reached.

The condition for this is the Bragg condition:

P -1 \a ~r
®max = P57 "lr- !

where p 1is any integer. We need only consider p = 1 because in
the experimental case where JX. 1is the wavelength of ruby laser light
(6943 A) and Xa is that of argon laser light (4880 A) the only values

of p giving real values of 0 are unity and the trivial solution zero.
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Thui rcriociLvily ol: a lon?Ui L of phase grating for light incident

at any angle O is given hy:
T /2 . An” L\ g/sin(k® n” cos 6 - kK n”.)L\s

h V8co/ 01w [V (ki »a cosO * "r)L

[see Aj)pendix of reference 2A9 enclosed with this thesis]

wliere An” is the difference between the inaxiniimi and minimum refractive

index for the probe light.
When 6 =0 : NN “n

Il/max V2 cos® Om‘ax

where :
A My The number of wavelengths of the refractive index

“ Xp " modulation within the interaction region.

and:

The an iilar width at half reflectivity is:

4 X 1-39
tang8

60 -

Now An” has been defined as the difference between maximum and
minimum refractive index, i.e. twice the amplitude of the refractive

index modulation ivhereas |AS| was defined in the previous section as the

anplitude of the dielectric constant variation. Thus

and

Tlie values of |Ae or |Ap due to various interaction mechanisms
were derived in the last section. These can now be introduced into the

reflectivity equation in order to calculate the proportion of argon laser

light reflected, in terms of the intensities of the forward and backw”ard



going rnby lascr-bomns, Lho freqiKMicy shift between them, the known

Ju-oi)erbies of tlie iiiedliun and the length of the interaction region.

Thus for absorbing media, when @~ 0;
/ % NcipY
/max  \g k% nf cos/‘Gr’;lg)A( KiCa / i / 0
rii
and for non-absorbing media, when
iij\ ( 2 2

Ij/nax 14 p v*n® n’c cos"A J 7/ 2\2  /o-n ..\2 AA

while at (@O~ op in absorbing media there is the additional thermal

Brillouin term:

%Nap Y Y 1 .
\ IlylllaX Vl* Po Cp 4 ‘=«s"emax*r"rV % "Y : ® ’
(€027 \
The anisotropy and nonlinear polarizability of the molecules of the medium

give rise to additional terms of the form

I.1
Al/]llaX kn/\ n”c cos 6/ fl C:i) 4 2/\“/\
--T
IV 1\ 0=

corresponding to Rayleigh wing and Raman scattering.

These formulae show that the probe scattering has the same depen-
dence on frequency shift (of one ruby laser beam from the other) as the
dependence on frequency shift of spontaneously scattered light (see
Fig.2.3). It does not have the same frequency dependence as the stimu-
lated scattering gain because that is a function only of the out of phase

' 1 b

part of the refractive index” ~change whereas probe

scattering depends on the amplitude of the whole change.
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COoHA TKH III

EQUIPMMNT IJSFI) IN illF  S("ATTLUINd I'“XPERIMENTS

3.1 hIGIT OUTPUT MEASimilMI'INT SYSTJ!>1S

Throe oscilloscopes were used in the experiments to be described.
A relatively slow (rise time ~ 13 nsec) Tektronic 551 oscilloscope,
triggered from the ruby laser drive unit was used to measure the long
term (millisecond) characteristics of the ruby laser output. In most of
the experiments the purpose of the oscilloscope was to make sure that a

single giant pulse was being generated by the ruby laser.

A very fast (rise time ~ *3 nsec) Tektronix 519 oscilloscope was
used to give a high time resolution display of the ruby laser-pulses.
Unfortunately the photomultiplier used to detect the Bragg reflected
pulses of argon laser light in the probe scattering experiment
(chapter VII) did not give enough signal to be displayed on this oscillo-
scope, the sensitivity of which was only 10 V cm"!. This signal was
displayed on a fast (rise time 2” nsec) Tektronix 454 oscilloscope which
had a built in amplifier system giving a maximum sensitivity of 5 mV/cm.
This instrument had the added advantage of a two channel input so that
the ruby, and Bragg reflected argon, light pulses could be displayed on
the same trace but with different gain. The pulses were separated in

time simply by using a knoivn length of delay cable.

In the argon probe scattering experiments (Chapter VII,Fig.7.1) the
output of three diodes had to be displayed via Channel 1 of the oscillo-

scope while that of the photomultiplier was displayed via Channel 2.

To do this without introducing electronic distortion, delay cables
of 50 2 characteristic impedance were used. Tlie longest cable was that

to the photomultiplier, causing its pulse to appear last on the trace.
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The tlirc'o photodiodes were connected at intervals directly to a shorter
length of cable. The internal impedance of the diodes was very large so
these connections did not cause mis-match in the cable. Both cables
were terminated with a 50 ~ impedance where they were joined to the
oscilloscope and the cable to which the diodes were connected was
simularly terminated at the other end. The oscillograms obtained

showed no spurious pulses due to mis-match.

The Tektronix 454 oscilloscope had, in addition to its two channel
input, a very convenient double trigger system, Tlie *A' trigger was
operated by a signal from the laser trigger unit and, after an adjust-
able delay, prepared the 'B' trigger for operation.. The B trigger
was operated by the input to Channel 1 of the scope and displayed a
trace on the screen. At the same time a synchronization pulse appeared
at another terminal and was displayed on the 551 oscilloscope. This
system greatly reduced spurious triggering of the 454 scope (there is a
large, transit electromagnetic signal when the laser discharge tube is
triggered). It also allowed display of the 454 triggering on one trace
of the 551 oscilloscope (triggered by the laser trigger unit) while the
long term characteristics of the laser output were displayed on the

other to check single pulse output.

An absolute measurement of the energy of the ruby laser beam was
obtained using a calibrated calorimeter (Laser Associates Model 42).
In this calorimeter was a polished copper cone into which the light was
directed. The shape of the cone was such that after multiple reflec-
tions on its surfaces very little of the incident light escaped from it.
The heat produced by absorption of the light was detected by an array of
thermocouples on the outer surface of the cone. These were connected

to a millivoltmeter calibrated in terms of beam energy and allowed



measurements accurate to aljout one tenth of a joule. Tlie results of
tlie caloriiiu'ter measurements were used to calibrate a photoelectric
detection system consisting of an EMI Photodiode Typo 9648B connected
to a Tektronix 519 or 454 oscilloscope. The light input to the photo-
diode was obtained by reflection from a beam splitter and attenuated by
a diffusing screen and filters. Using the 519 oscilloscope this detec-

tion system had a rise time of about two nanoseconds.

The continuous Argon laser output was measured using a calibrated
photodiode and voltmeter (Spectra Physics Type 401B). The pulse of
argon laser light Bragg reflected in the probe scattering experiment
(chapter VII) was recorded using a Mullard 56 AVP photomultiplier and
Tektronix 454 oscilloscope having a combined rise time of about 7 nsec.
This system was calibrated by chopping a continuous beam of known power
and reflecting the chopped pulses into the photomultiplier with a 50"
beam splitter placed in the position of the interaction region of the
Bragg reflection experiment. This calibration was not entirely satis-
factory as it was not possible to ensure that the sensitivity of detec-
tion was the same for the Bragg reflected pulse as for the very much
longer chopped pulse. Red light was excluded from the photomultiplier
by Jena BG 18 green filters and extraneous blue light from the laser
flashlamp minimised by a narrow band (20 A) filter with peak trans-

mission at the argon laser wavelength.

3.2 THE RUBY LASER

The ruby laser used for the experiments described in this thesis,
was a model 351 supplied by G and E Bradley in 1966, It is shown in
the Frontispiece and in Fig.3.1.

The laser head consisted of a 6j" x %" ruby rod and a flash tube

at the two foci of a highly polished elliptical aluminium cavity. The
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rod and flash tube were water cooled allowing fairly reproducible firing
of the laser about once every two minutes. Tlie discharge through the
flash tube had an energy of up to 10,000 J, supplied by a voltage of up
to 3000 V on a 2400 ml? capacitor baidc. The discharge was triggered by

a pulse of about 15 kV lasting a few microseconds applied to the same
terminals as the main voltage. At the same time as the trigger pulse a
small pulse was generated at another terminal to synchronize oscilloscopes

and other apparatus (Fig.3.2).

Feedback in the laser cavity was provided at one end by a dielectric
mirror coated to reflect 100" of light of 6943 A incident upon it and at
the other end by the quartz window of the water jacket, which had a
reflectivity of 10* for the ruby laser-light. Unfortunately the design
was such that the ruby faces were immersed in the cooling water which
caused some beam deterioration and increased the possibility of non-linear
L ) . . (41 42)
effects within the laser cavity. The laser was passively Q-switchedt * 7

by means of a cell containing a solution of cryptocyanine in methanol

inserted in front of the 100™ mirror.

The output of this system was a pulse of plane polarized light of

about 200 MW. power, 20 nsec duration and 8 m.rad. divergence.

The most serious defect of the system as supplied by the manufac-
turers was that it operated in a large number of longitudinal and trans-
verse modes. Single longitudinal mode operation was obtained without
loss of power by including a second Q-switch within the cavity and pro-
viding feedback at the output end of the cavity with a precisely parallel
pair of quartz flats instead of the water jacket window (see Fig.3.1)"""’"%)
The number of transverse modes could be reduced by inserting a small aper-

ture in the feedback cavity """~ However this technique reduced the
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output power to such an extent that it was impracticable to use it and
lack of transverse mode control remained the main source of error in

the experiments to be described.

Tlie laser characteristics were investigated using the arrangement
shown schematically in Fig.3-3%* The signal detected by the photodiode
was displayed simultaneously on two oscilloscopes. The signal on the
Tektronix 551 oscilloscope was first put through an integrating circuit
with a response time of 10*5 secs. Tliis converted the very short laser
pulses into relatively slow pulses visible on one trace of the 551 oscil-
loscope. This had a time base of *2 msec/cm and was triggered by the

laser trigger unit. The Tektronix 519 oscilloscope was triggered by the

input signal which was displayed directly on the scope trace. The time
base of this trace was varied between 20 and 200 nsec. Each time the
519 scope was triggered a syncronization pulse was generated. This was

integrated and displayed on the second trace of the 551. In this way the
whole pulse train was show on the 551 while those pulses which triggered
the 519 were displayed individually, the second trace of the 551 indicat-
ing which pulses these were. At the same time the spectrum of the light
output was analysed with a 1 cm Fabry-Perot interferometer (Section 3.5)

and the energy of the pulse train measured with a calorimeter.

Typical results obtained are shown in Figs.3.4 and 3.5. (The
scales have been changed by the photographic reproduction to those shoifu

with the diagram.)

Fig.3.4 shows the laser output with the flash lamp discharge
chosen to be the threshold value for lasing when amounts of dye in the
Q-switch were as shown. It is seen that at low dye concentrations there
was a large number of feeble pulses of long duration. At greater concen-

tration a single powerful pulse was generated which became still shorter
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and liioro poworl'ul with increasing conccMitration. The spectral output
was broad when there was a large number of pulses but narrow enough
(about ‘002 A) to indicate single longitudinal mode output when there

was only one pulse.

Fig.3.5 shows the output when the flash lamp discharge remained
constant and Uie dye concentration was varied. At low concentrations
the discharge was far above threshold and enormous numbers of pulses
were generated. With increasing concentration the number of pulses
decreased, while they become shorter, more powerful, and of purer
spectral composition. Eventually a single pulse was obtained which
could be of sufficiently high power to cause stimulated Brillouin
scattering in the Q-switch. When this was the case the Fabry-Perot
showed the characteristic frequency shift as in the lowest photograph

of Fig.3.5.

If the mode selecting elements in the cavity were removed and a
Brewster angled ruby rod used, mode locking of the laser system could be
achieved. Fig.3*6 shows partly mode locked and non-mode locked output
from the ruby and a schematic diagram of the passive mode locking
mechanism(227). When the light intensity is slightly modulated due to
the presence of (say) two modes in the cavity the saturable absorber
transmits a greater proportion of the peak intensity than of the minimum
intensity. In this way the intensity becomes more and more sharply

modulated with more side-band frequencies being generated till eventu-

ally a series of sharp pulses may be emitted.

In general the presence of more than one mode in the output will
result in a modulation of the pulse envelope at the mode separation
frequency. This is the frequency of the modulation of the lower pulse

in Fig.3.6 so the smoothness of the pulse is an additional check on the

single mode output.
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3.3 GVS [ASm S

IVo gas lasers wore used in these experiments. One was a simple
helium neon laser (Elliott model 315) giving a one milliwatt continuous
beam at 6528 A. Tliis was used to align the complicated optical arrange-
ments involved in the experiments. The helium-neon laser beam was
directed normally through the back mirror (a /OOfo reflector at 6943 A but
not at 6328A) of the ruby laser and thus traced out directly the path of

the ruby laser beam, greatly facilitating alignment.

Tlie other gas laser was a Spectra-Physics argon-ion laser, model 142
(Frontispiece). In this laser the plasma in a loop of electrodeless
quartz discharge tube acted as the secondary coil of a radio frequency
transformer. Tlie gas pressure and hence the plasma density were kept at
an optimum level by an automatic refilling system which replaced gas lost
into the walls during the discharge. This loss was minimized by magnetic
focusing of the discharge keeping the dense part of the plasma away from
the walls. One side of the loop was a straight tube about one metre long
and 2 mm in diameter with Brewster angled windows at its ends. Feedback
mirrors were provided outside these windows and laser action occurred

along the straight tube.

In an argon ion plasma lasing can occur at a number of frequencies
and the total output in all lines was about 3 Wof light polarized in the
plane perpendicular to that of the Brewster window. For the experiments
to be described a single frequency is required and this was achieved by
inserting a dispersion prism in front of the rear feedback mirror. By
rotating the prism lasing could be achieved at a number of frequencies the
principal outputs being about 1 Wat 4880 A and 5145 A The long
narrow lasing tube ensured single transverse mode operation giving a 1 mm

diameter beam with Gaussian intensity distribution and diffraction limited



cli vergoiicc of about 1 m.rad. Loiigitudiiial modo selection could not be
acliicved without loss of power and was noi used since the lack of ruby

transverse mode control was a source of greater error (Chapter W II).

Tlic laser output was measured with a calibrated photocell and meter
supplied by Spectra Physics and was found to be stable to within a few
percent over several hours after an initial stabilizing period of about

one hour.

3.4 KINimTICALLY DESIGNED OPTICAL STANDS

In the experiments to be described, especially in the probe scatter-
ing experiments, a number of laser beams had to be aligned with an accuracy
of 1 m.rad. or better. The complexity of the system and the frequency of
damage to optical components”™”* by the very high laser powers
made it very desirable that individual mountings should be as mobile and

versatile as possible.

For these reasons a number of kinematically designed optical tables
were constructed. The 'Fabry-Perot* front mirror of the laser (Fig.3,l)
and the A.D.P. crystal (Chapter VI) were supported on kinematic mountings
of standard design”The rear mirror of the laser could be removed
and replaced without re-adjustment, its stand having three grooves in the
base which rested on three steel balls,fixed on the main laser table.
This table, and thus the whole ruby laser set up was fully mobile, having

six thumb screws allowing adjustment in all possible degrees of freedom.

The most important development was however the 'spectrometer table'
supporting the scattering cell (Chapters VI,VII) and the components round
it (Figs.3.7 and 3.8, and FrontispieceThe crucial feature of
this system was the novel arrangement of the ball bearings fixed to the

removable arms« The two balls on the underside of the arm rested in the
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circular fi;roovo of V shaped cross-section in the basc-plate. The

bail on the \i])per surface of the arm rested against a flange on the
centre column which was rigidly fixed to the base-plate. llie five points
contact provided by this arrangement allowed one degree of freedom wliich
was of course rotation around the axis of the table. So long as the
centre of gravity of the arm and supported components lay outside the
circular groove, this arrangement was kept perfectly stable by gravity
though the arm could be easily removed as shown in Fig.3.7. A vernier
attachment showed the angular position to one tenth of a degree while
incremental adjustments of as little as *1 m.rad. could be accurately
made using the micrometer adjustment.

Tlie probe scattering cell was mounted on the carriage on the central
table. Two balls on the underside of this carriage rested in the
straight groove in the central table while a third rested on its plane
surface. Tliis allowed linear movement of the cell along the ruby laser
beam.

Angles between light beams within the liquid in the cell could be
directly measured. This was achieved by mounting a horizontal bar on
a vertical rod supported by one of the moveable arms. The horizontal
bar crossed the axis of the arm’s rotation and at this point an optical
table was mounted on its underside, A one inch square of beam splitter
was stuck by its edge to the surface of the table. This beam splitter
was thus in the vertical plane containing the axis of the system and
could be rotated about that axis. It could be lowered into the liquid
or raised and removed when not in use. The angle between two light
beams was simply the angle by which the arm was rotated to move the beam

splitter between positions normal to each beam.

The base-plate of the system, itself had three grooves on the under-

side which rested on three adjustable thumb screws in the lower base-plate.
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The pleine of rotation ofthe movable arms could thus be made parallel to
the plane containing the argon and ruby laser beams (i.e. the horizontal

plane).

3.5 THF FABhY-FI'hOT SYSTFM

In the early experiments a simple 1 cm Fabry-Perot system was used
to monitor the spectrum of the ruby laser beam. Later when more accu-
rate knowledge of the mode structure of the beam was wanted a new system
was constructed which could take a spacer of up to 5 cms. The use of
this instrument confirmed that a single mode could be obtained but was
inconvenient because when a second mode does occur it is usually shifted
by the frequency of the stimulated Drillouim shift which is very nearly
equal to the free spectral range of a 5 cm Fabry-Perot, For this reason

the spectrum was usually monitored with the 1 cm instrument.

In the experiments of Chapter VIII, it was necessary to monitor
separately the forward and backward travelling ruby laser beams. For
this reason the system shoim in Figs.3.9, 3.10 and Frontispiece were

devcloped”*"*1).

Fig.3.9 shows schematically the principle of the system. The
forward (left to right) and backward going beams were both polarized in
a plane perpendicular to the paper. The backward beam was reflected by
the beam splitter directly into the Fabry-Perot. The forward beam,
reflected in the opposite direction passed through a quarter wave plate,
was reflected from a 100" mirror and passed again through the quarter
wave plate. This beam was thus polarized in the plane of the paper and
most of it passed through the beam splitter into the Fabry-Perot. Cones
of light of each polarization were created by inteference in the usual
way and these were focused by the camera to form rings on the photographic

film, A composite polaroid disc ivas placed just in front of the film
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so that ajaccMit quadrants of the disc transmitted light of perpendicular

polarizations. The disc was adjusted so that the light from the for\vrard
and backward going beams appeared in separate quadrants. The photographs
in Fig.3.9 sliow the pictures obtained for the forward beam alone, backward
beam alone and for the two together. Tlie separation of the two beams is

obviously very effective.

The Fabry-Perot system was attached directly to the end of a 76 cm
telephoto lens in the manner shown in Fig.3.10. At the other end of the
lens were the polaroid quadrants and a camera using polaroid 410 film.
Tlie whole arrangement allowed Fabry-Perot photographs to be taken very
conveniently and the use of polaroid 410 film, while causing a slight loss
of resolution, meant that pictures were immediately available. This was
very important since the main purpose of the Fabry-Perot system was to
check the mode structure of the laser output rather than to take quanti-

tative measurements.



CHAT TFR IV
riUJLIMINAILY  EKPI'IRTMENTS
h.l IMflY LASER SELF-FOCUSING

At tlio time that the experiments described in Chapters 6 and 7 of
this thesis wore being prepared the phenomenon of self-focusing was
widely discussed in the literature”lii)” Advantage was taken of the
usual liold-ups due to experimental and equipment difficulties in the main
progr;uiune to make a brief investigation of self-focusing, with particular

reference to the scattering properties of self-focused beams """

Fig.4.1(i) shows a self-trapped filament produced when a 20 nsec
ruby laser pulse of about 100 MW was focused (from left to right) in a
cell of water. The high light intensity at the focal point increases (by
¢lectrostriction and the Kerr effect) the refractive index in that region
to such an extent that the light is totally internally reflected and

propagates as a thin pencil.

The first unusual feature of self-trapping in water that was
noticed was that the photographs (taken in light scattered normally to
the beam in the plane of its polarization) appeared very different in
different samples of water. This is clearly seen by comparison of
Figs. 4.1(i1) and 4.1(iii). Each of these photographs shows two
crossing self trapped beams generated as shown in Fig.4.2. The condi-
tions under which each was taken were identical except that the water
used when Fig.4.1(ii) was taken was freshly distilled while that used
for Fig.4.1(ii1) had stood in the laboratory for some days. The reason
for the dramatically different scattering in these two cases is probably
that in the freshly distilled water the very high light intensity caused

dissolved air to be released as tiny bubbles Avith consequent intense
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localised scatterinK(”8 . The water which had stood for some days con-
tained less air (the air dissolved in distillation tended to be released
as bubbles on the sides of a vessel containing the water) and gave a

uniform diffuse scattering.

Wien the two diffusely scattering beams of Fig.4.l1(iii) intersected
there was a distinct loss of intensity from the upper, more powerful,
beam. (A similar loss probably occured in Fig.4.1(ii) but is not obvious
because of the non-uniform scattering.) Chaban has shown"*""" that when
two high intensity light beams overlap a phase grating is produced in
such a way that the beams reflect light into each other. The percentage
of light reflected from each beam is the same so there is a nett loss of
power from the more powerful beam. The accompanying increase in power
of the weaker beam is not obvious in the photograph. Tliis is probably
because other losses, such as stimulated scattering and reflection from
the increased refractive index in the intersection region, accentuate the
loss from the more powerful beam while counteracting any power increase

in the weaker-beam.

In the focal region the lower beam split into two parts, (Figs.
4.1(ii1) and 4.1(iv))the weaker of which bends back towards the stronger
(The light streak in Fig.4.1(iv) is due to a damaged plate). The
reason for this is probably the very non-uniform intensity distribution
of the lower beam generated by the apparatus of Fig.4.2. It is
known(""*AA) that such a distribution can cause self bending due to the

generation of a non-uniform refractive index distribution across the beam.

Figs.4.1(v) and 4.1(vi) show reflection and refraction of self
trapped beams. In Fig.4.1(v) the ruby laser beam is focused just before
it is incident on the underside of the water surface. Tlie angle of

incidence is sufficient to give total internal reflection and a distinct



reflected self-trapped filament can be seen. (The splash seen at the
surface is illuminated by the ruby laser flashlamp. It could not move
so far during the 20 nsec ruby laser pulse.) The filament shoivn in
Fig.4.1(vi) passed right through the glass prism, being refracted in

the usual way. Iliere was severe danage to the prism, a series of con-
centric rings on the surface indicating the effect of a powerful shock
wave. Ibis could easily have been caused by électrostriction showing
that this is a powerful effect in self-trapped filaments though the Kerr

effect may be more important as their cause " 142)»

4.2  AIIGON LASER DEFOCUSING
While the électrostriction and Kerr effect due to a laser giant
pulse cause self focusing the decrease in density due to absorption of a

continuous laser beam has the opposite effect of defocusing” 148"

The far field pattern of the argon laser beam, after transmission
through a 5 cm cell of a solution of iodine in nitrobenzine with an

absorption coefficient of about *05 cm_} is sho™m in Figs.4.3 and 4.4.

Tlie photographs in Fig.4.3 show the stable pattern set up after some
time when the argon laser beam had the powers shown in the diagram. At
low powers defocusing was insignificant and good collimation was retained.
As the power was increased the spot became a diffraction pattern of
increasing size and complexity, retaining an almost circular shape in

the lower half and becoming increasingly flattened at the top.

Fig.4.4 shows the time development of the pattern when a «b6 ¥ beam
vas suddenly incident on the cell. As the liquid in the beam path was
heated the transmitted spot spread into an increasing number of circular
fringes until convection of the heated liquid began to occur in the cell.

When this happened the rings no longer increased in size and number but
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became distorted as there was a refractive index gradient in the lower
part of the beam, where cool liquid was dra®vn in, but much less gradient in

the upper part, wbere the heated liquid flowed away.

4.3 RESIDUAL RUBY GAIN AND MULTIPT'E STIMUIATED SCATTMIING

In stimulated scattering processes laser light is reflected from a
disturbance caused by its own wave front. For this reason the scattered
light forms a beam in precisely the reverse direction to the incident
beam. Any divergence in the incident beaiii is replaced by convergence in

the scattered beam which thus enters the laser with the same diameter as

the initial heJ~?! .172,174,178) _

In the experiment illustrated in Fig.4.5 the distance of the cell
(which contained ether) from the laser was such that the light beam scat-

tered from the cell arrived at the ruby after the end of the initial giant

pulse. (As the velocity of light is about one foot per nanosecond and the
pulse duration about 20 nsec the cell had to be at least tenfeet from
the laser.) This light incident on the ruby rod immediatelyafter the end
of the giant pulse served as a measure of the residual gain left in the
rod. The residual gain in the rod is proportional to the residual popu-

lation inversion which can be shown to be given by the equation""""":

This, as shown in Fig.4.6 has the trivial solution n* = n* which holds

so long as lasing has not been initiated and a real solutionwhere n"

is a sharply decreasing function of n”. (n® cannot be greater than
so nf = is the only real solution when nY< n”, i.e. no lasing

can occur. This is of course physically obvious.)
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Fig.4.6
Residual, as a Function of Initial Gain
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Figs.4.7 and 4.8 show the results of an experiment to check this
prediction, (the short trace is that of the Tektronix 551, not shown in
Fig.4.5, which checks that a single giant pulse occurs). Wlien the gain
in the rod was greater tlian the losses in the rest of the system the
scattered pulse was re-amplified and re-scattcrcd with increased power.
Each rc-amplification decreased the inversion left in the rod so that
eventually the power decreased till the Drillouin threshold was reached

and the process ceased.

In Fig.4.7 the results obtained with a very strongly and very weakly
Q-switched giant pulse are show. With the strongly Q-switched pulse

there was very high initial and consequently very low final population

inversion. The gain in theruby rod was thus small while the loss in
the Q-switch was large. Asa result only one stimulated Brillouin pulse
occurred. In the weakly switched case there was enough residual inver-

sion to give a gain between successive pulses of about 2" times even
after all the losses in the system. A large number of pulses occurred
before the gain in the ruby rod was reduced and the pulses faded away.
(The later pulses are obscured by electronic ringing the full number

being about fifteen.)

In Fig.4.8 the resultsat intermediate Q-switching levels are shown.
A steady decrease in gain and number of pulses produced is observed with

increasing initial inversion.

Feedback of this kind can occur in all stimulated scattering
experiments and can be most confusing. It should in principle always
be eliminated but the only reliable way to do this is to use a Faraday
isolator"A~*AANY which is technically difficult and introduces problems
of its own such as beam degradation, damage etc. In the more important

experiments described in this thesis a compromise system was used. A
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cell with an absorb solution transmitting up to 20" of light at 695 A
was placed in front of the laser. This of course wasted much of the

beiuii power but, while not totally excluding feedback, cut it down by a

factor of at least twenty-five.

4.4  REPLKCTIQNS WITHIN THE Q-S\fITCII CELL

In the Q-switch of a ruby laser two beams of light of the same fre-
quency traverse an absorbing medium in opposite directions.More energy
is absorbed at the antinodes of the resulting field than at the nodes
thus creating a temperature modulation in the medium. Tliis in turn
caused a refractive index modulation or phase grating from which the
light can reflect. (Tliis may be regarded as a form of stimulated thermal
Rayleigh scattering”200) external feedback of unshifted frequency

provided by the laser mirror).

It has been suggested that such reflections within the Q-switch cell
can have an important effect on Q-switch dynamics particularly when using

pure, slightly absorbing solvents(214)

Beam splitters were placed in front of and behind the Q-switch cell
of the ruby laser and the incident and transmitted powers were measured in
the forward and backward directions, (Fig.4.10). Unfortunately at this
time only two detectors were available so the measurements could not be
taken simultaneously. However only the ratios of transmitted to incident
beam powers in each direction are important so this should not have caused
much error. Fig,4.9 shows these beam powers with (lower four photos) and
without (upper four photos) dye in the Q-switch. Assuming that no non-
linear processes can occur at the low powers involved in the latter case
these photographs can be used to calibrate the detection systems for find-

ing the reflectivity in the former case.
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The induced reflectivity and absorption of the cell may be con-
sidered as a localised layer between the lossy walls of the cell, which
is itself between two lossy beam splitters, the whole system being in
front of the 100" rear laser mirror (Fig.4.10). We may write for the
light travelling away from the layer in each direction

Ig =1Ijtitsfl _r)(l - a)+ I,t=t=r

ID =IDtI4(i- r)(l - a)+

Hence: Jk.7Jk. . 1
1 2 ylljL 0 12 0
I = e -
y - "t HI

For the photographs in Fig.4.9

)0 = 1-05 R”= 1-90
R%0 = -95 Rg = -80
but ~ '95 , tg ~ '85

thus r ~ '13

0\/ing to the elementary theoretical analysis (wiiich took no
account of interference or the extended region of reflection and absorp-
tion) and the practical difficulties (measuring and Rg for dif-
ferent laser shots when a and r could be different) this can only be
taken as a crude estimate. Repetition of the experiment showed a varia-

tion in the estimate of r of about $0~ .



CHAPTEHI \

STUDY OF FLUOIIESCFNCr: DUE TO EXCITED STATE ABSORPTION

5.1 EXITJIIMFNTAL AIMUNGLMFNT:

During one of the experiments described in Chapter 8, a solution of
cryptocyanino in methanol was used in the probe scattering cell. Under
these conditions the Bragg reflection of the argon laser light was obscured
as an intense blue fluorescence at approximately the same frequency. The
high degree of collimation of the Bragg reflected beam allowed this diffi-
culty to be overcome by placing the detectors at a greater distance from
the cell. The nature of the fluorescence however remained of some inter-

est and was investigated for a variety of dyes and solvents """\

In these investigations the ruby laser was strongly Q-switched to
give a 200 15 nsec pulse which was passed through a cell containing
a solution of copper sulphate of which the concentration was varied in
order to vary the transmitted power. This method of varying the power
vas preferable to that of varying the concentration of dye in the Q-switch
as the beam divergence, pulse duration and spectral composition of the

resulting beam were less affected.

The beam obtained in this way was passed through a cell containing
the solution to be investigated. A dilute solution in a thin cell was
used so that intensity variations within the solution should be minimized.
The use of a thin cell, misaligned with respect to the ruby laser beam
also helped to avoid the occurrence of stimulated effects within the
liquid. The resulting fluorescence was detected with a Mullard 56 AVP
photomultiplier, red light being excluded by Jena BG 18 green filters and
hlue light, from the laser flash tube, by a Wratten 29 filter placed after
the copper sulphate attenuator, (This filter itself produced some blue,

two photon, fluorescence but the effect of this on the detector was



negligible providing the cell was placed at a considerable distance from
the filter.) The incident laser power was monitored with a photodiode
mand, using a delay line, the diode and multiplier signals were displayed

on the same trace of Tektronix 454 oscilloscope.

5.2 WO PHOTON ABSORPTION
In order to check the experimental technique fluorescence was first
investigated using a solution of Rhodaraine 6G in methenol, a well known

1 . ) . .
g‘ 35)\ In this case there is no real intermediate

two photon absorbe
energy level to saturate and the fluorescence should be proportional to

the square of the incident intensity for all accessible power levels """ "AMAAA

The experimental dependence of fluorescence on incident intensity
shown in Fig.5.1, is in excellent agreement with the theoretical line

indicating a square law.

The absorption spectrum of ohloronapthalene, shown in Fig,5.2,
reveals high absorption at twice the ruby laser frequency. Two photon
absorption is therefore possible in this solvent without any added .
solute. The dependence of the fluorescence on the incident intensity
for chloronapthalene is show in Fig,5.3. This dependence is a square
law for fairly low incident intensities but this law breaks dow for
intensities greater than about 3 x 10" w/cm2, At the same power level
the duration of the fluorescent pulse changes from approximately that of
the laser pulse to one considerably longer. The reason for this change
is probably chemical breakdown in the 1iquidA(235) and may be connected
with the fact that chloronapthalene is very difficult to purify and

particularly to keep dry.
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5.3 INTENSITY OF FLUOIESCMCE
DUI: TO STATU AJ]JS(3n.PTION

The blue fluorescence excited in saturable absorbers is due to
excited state absorption”1It has been sholvn that the saturation

of the first excited state leads to a dependence of fluorescent on

incident intensity of the form:

ivi '
fluorescence (chapter 2.1)

1+2 VI,

where
Xe xu”™ijL

and is an intensity characteristic of saturation of the first excited
state. c¢Ii is the absorption cross-section for excitation from the
ground to the first excited state and is the lifetime of that state,

Tlie values of and the relative values of Ig calculated

from them are listed below for various solutionsA(224'237),

) o N N Relative
Solution cr™x 10Mem T*x 10”secs values of
Chloroaluminium Phthalocyanine
in chloronapthalene 3 5 1
Vanadium phthalocyanine in
nitrogen 4-1 2 2
Cryptocyanine in methanol 8-1 el 20

Curves A and B of Fig.5.4 show the dependence of fluorescence on
incident intensity for solutions of CAP in chloronaphalene and methanol
respectively. Both curves indicate a square law dependence at low input
intensities and a linear dependence for high intensities. The value of
Ig characteristic of the transition between these two parts of the curve

is clearly greater for the solution in methanol. While values of o
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and for this solution are not given in the literature it is known
that the absorption spectrum of CAP in methanol has its peak much
further from 6943 A than that of CAP in chloronapthalene. Tills
indicates a lower value of c for the solution in methanol and explains

the higher value of in this case.

The value of , indicated hy curve A, for the CAP in chloro-
napthalene solution is about 10®W/em* while that for vanadium
phthalocyanine' in nitrobenzene (Fig.5.5) is about 3 x 100 w/cm”. (The
non-linear dependence of the fluorescence at very high powers in this
graph is due to chemical breakdown of the solvent.) The ratio between

them is in reasonable agreement with the theoretical estimate above.

The value of for a solution of cryptocyanine in methanol can
be estimated from Fig.5.6. The much shorter lifetime of the excited
state of this dye leads to the very high saturation power 2 X1I0"W/cm

wiiich is also in agreement with the theoretical ratio above.

All these values of are in agreement with those obtained by

other workers using transmission and single photon fluorescence measure-

mentsh«6,224.238)

5.4 SPECTRIII OF FLUORESCENCE FROM EXCITED STATE ABSORPTION

The second excited state causes a weak peak in the absorption spec-
trum of cryptocyanine at about 4000 A (Fig.5.7). The fluorescence
spectrum due to decay of this state would be expected to be a band with
its peak intensity at a slightly longer wavelength than the absorption

peakPoS).

A simple diffraction spectrometer was constructed to observe the
spectrum of the fluorescence from the solution of cryptocyanine in meth-

anol. The observed spectrum, shown in Fig.5*8, had the expected peak

- 03 .



intensity at about 4600A . Tlio resolution of the instrument was not
sufficient to permit detailed analysis of the spectrum hut an asymmetry

of the spectrum, probably due to self absorption is clearly visible.
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cIAPTEIN VI

SCATTICRINd OF A EREQEENCY DOirOLED PROBE BEAM

6.1 EP,EQITENCY DOIinPING
The angle of incidence, for maximum interaction, between a probe
and scattering beam is given by (Section 2.5).

e = cos-1 hzioM
“ruby "probe

For this angle to be real:

probe ruby.
A beam of shorter wavelength may easily be obtained from a ruby laser

beam by frequency doubling””*”*~1In this case “p~obe "~ Vuby

and = 60® neglecting dispersion.

The frequency doubled beam was generated by passing the ruby laser
beam through a crystal of ammonium dihydrogen phosphate (ADP) cut to a
cuboid 1" x Xy ¢ The cuboid was cut with its axis at 42"" to the
optic axis of the crystal and the two square faces were polished flat to
X/10 .

In order to generate a significant amount of frequency doubled light
phase matching must be a c hieved”Fig. 6.1 shows the wave fronts
of an ordinary fundamental and an extraordinary second harmonic wave in
Potassium Dihydrogen Phosphate (KDP). (The situation in ADP, used here
because it is less hygroscopic then KDP, is essentially similar but the
information available is not so detailed.) The angle between the optic
(z) axis and O, the line of intersection of the wavefronts indicates the
direction in which phase matching is achieved. (in A.D.P. this angle(239)
is 42® alleaving phase matching for light incident normally on the crystal

cuboid described.) Any deviation from this direction gives the very

sharp decrease of frequency doubled power indicated in the graph of that

- 99 .
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power as a function of the angle 0. The power also depends on the angle
$ but much less critically. A kinematically designed optical stand
allowed very accurate micrometer adjustment of the angle 6 so phase
matching was easily achieved. (Tliis was made easier hy the fact that when
there is slight mismatch the frequency doubled light appears as a series
of'Giordmaine rings' whose radius and position indicate the amount and

direction of mismatch”" )

It was not necessary to Imow the exact output of frequency doubled
light as only the fraction reflected was of experimental significance
Nevertheless the approximate amount of conversion was of interest and was
measured by allowing the red and blue output from successive laser shots
through the crystal to fall on a photodiode while a time delayed reference
beam of red light fell on the same diode to indicate the incident power

level for each shot.

The oscillograms obtained, shown in Fig.6.1 indicated a typical con-
version of about 3~ for an incident power of about 30 MJf
6.2  EXPERIMENTAL ARRANGEMENT FOR TPIE SCATTERING

OF A FREQUENCY DOUBLED PROBE

The experimental lay-out is shown schematically in Fig.6.2. In
this experiment the usual Q-switch cell was replaced by a hexagonal one
so that the probe scattering could take place within the Q-switch 0611(246)
The probe scattering could in fact be more easily investigated in a sepa-
rate cell but this arrangement was used because it had been suggested that

a phase grating within the Q-switch cell could be responsible for certain

features of Q-switched laser operation*"""".

The Q-switch and pumping levels of the ruby laser were such as to
give a 30 20 nsec, single pulse output. The occurrence of only one

pulse was checked with a Tektronix 551 oscilloscope, not shown in the
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FIG. 6.2,



diagram, while the power of that pulse was monitored using the Tektronix
519 oscilloscope. The spectrum of the output was monitored with a Fabry-
Perot interferometer in order to ensure that the stimulated Brillouin

effect did not occur within the Q-switch cell.

Tlie ruby laser beam, polarized in the plane of the diagram passed
through the ADP crystal at the phase matching angle generating about 1
of light at 3471 A, polarized perpendicular to the diagram. This light
passed round a delay path of variable length and was then reflected into
the Q-switch cell, at 60® to the direction of the ruby laser beam, by a
quartz prism supported on an arm of the *spectrometer table’ described

in Section 3.4.

The ruby laser light formed an intense standing wave of electric
field within the Q-switch cell. Although the Q-switching dye was a satur-
able absorber there was still some absorption in the dye cell which caused
a greater temperature rise at the antinodes of the field than at the nodes.
The temperature rise caused thermal expansion, reducing the density and
refractive index at the antinodes of the field. In this way a phase
grating was set up which could Bragg reflect light incident at the appro-

priate

The light beams transmitted, and reflected, by this grating were
recorded photographically after passing through filters to remove any

red light and to attenuate the blue beam to a suitable intensity.

6.3 BRAGG REFLECTION OF PROBE LIGHT

Fig.6.3 shows the transmitted and reflected beams when the angle
between the frequency doubled probe beam and the ruby laser beam was
slightly varied about 60®. The reflected beams disappeared when:

(a) The angle between the beams in the cell differred
from 60° by more than 10 m.rad.
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(b) A rod filter was pub in front of the camera and the

green ones removed.

(c) The frequency doubling crystal was misaligned from the

phase mabelling angle.

(d) the back mirror of the laser was pub in front of the hexa-

gonal cell and another Q-switch was provided.
Tliese facts imply that the photographs show genuine Bragg Reflection not

an artefact due to spurious light.

Fig.6.3(11) was obtained when the divergence of the probe beam was
cut to 2 m.rad. by the use of two small apertures while in Fig.6.3(1) the
probe had its natural divergence of about 5 m.rad. The width of the
angle between positions at which the scattering had half its maximum value
is seen to correspond approximately to the divergence of the probe beam.
This is to be expected because the width of the Bragg angle (calculated in
Chapters II and VIIlI) is exceedingly small and the reflected light is a
fixed proportion of the incident light falling within this width. (The
divergence of the ruby laser-beam is less significant because the nodes

of the field are parallel to the mirror for any angle of incidence.)

Tlie intensities of the transmitted and Bragg reflected beams imply
a maximum reflectivity of the phase grating of about Vo for the 5 m.rad.

probe beam and 3~ for the 2 m.rad. beam.

An attempt was made to measure the decrease of Bragg reflection When
the length of the delay path of the probe beam was increased. No decrease
was observed for delay paths of up to thirty feet, which was the longest
practicable length with our apparatus, but these measurements were compli-
cated by a number of factors. In the first place thirty feet, which gave
about thirty nanoseconds delay was not long enough to allow much decay of
the phase grating induced by a pulse of 20 nsec duration between the half

intensity points. Also the divergence of the beam was such that only a
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part of it entered the cell after a long delay path. The divergence of
the light actually entering the cell was thus a function of the delay

path and the Bragg reflection depends strongly on the divergence. Tliis
problem was partially solved by the use of apertures and focusing the bean
but it became obvious that much better results could be obtained using a

continuous probe beam from an independent laser.
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CHAP TER

SCATTOHING OF AN ARGON LASER PROBP DFAM

7.1 I"ERTMF.NTAL ARPANCAFMmT
The arrangement for the argon laser probe scattering experiments
is shown schematically in Figs.7.1 and 7.2 and a photograph of the

experiment is sho®m in the Frontispiece"(249)

Fig.7.1 illustrates the electrical detection and display system
while Fig.7.2 is a more complete diagram of the optical arrangement.
The forward and backward going ruby light beams were detected by the
diodes , Dg and Dg and displayed via channel 1 of the 454 oscillo-
scope while the Bragg reflected argon beam was detected by the photo-
multiplier P and displayed with different gain, via channel 2 on the
same trace of the 454. The signal detected by was calibrated
against a calorimeter in the usual way (Chapter 3.2 and Fig.7.3) and
those detected by Dg , Dg were calibrated against D” knowing the

losses in the cell, beam splitters etc.

The output of the ruby laser, as described in Section 3.2 was a
pulse of up to 100 MI"/cm” intensity and about 15 nsec duration, while
that of the argon laser was a continuous beam with a power of about 1 ¥
and wavelength of 4880 A. The output of both lasers was polarized in

a plane perpendicular to the plane of Fig,7.2.

The backward going light beam was generated by reflecting the for-
ward going one either by a plane mirror normal to the beam or else by
generating stimulated scattering by focusing the light into cell 2
(Fig.7.2). Reflection by a mirror gave a beam of. the same frequency as
the fortvrard going one while stimulated scattering gave one of slightly

shifted frequency.
- 107 -
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llic power of the forward and backward going ruby light beams was
controlled by copper sulphate solution attenuation. Tlieshift in fre-
quency of the backward going beam was measured on the Fabry-Perot, which

also checked the single mode output of the ruby laser (Section 3.5)

The forward and backward going beams produced a refractive index
modulation in the cell 1 (Fig.7.4) which could Bragg reflect the argon
laser beam (Section 2.5) when it was incident at the appropriate angle.
Tills angle is 45'5" for Bragg reflection of argon by ruby laser light
and permitted convenient, nearly normal, incidence on thewalls of the
geometrically simple cell 1 (Fig.7.2). Tlie angle between the ruby and
argon laser beams could be measured to *I® and much smaller incremental
adjustments (*1 m.rad) could be accurately made using the *spectrometer

table* described in Section 3.4.

7.2 PROBE SCATTERING MECHANISMS
Two oppositely directed light waves in a medium may, as discussed
in Chapter II, modulate the refractive index of that medium by a number

(191)

of mechanisms The principal mechanisms involved arej-

(a) Absorption, which affects the temperature and hence the

density of the medium.

(b) Electrostriction which directly affects the density of

the medium.

(¢) The Kerr effect which is a change in the polarizability
of the medium due either to molecular re-orientation or to

the non-linear polarizability of the molecules themselves.
Each of these mechanisms gives rise to an associated stimulated scatter-
ing process, these being:

(a) Stimulated thermal Rayleigh scattering”"”""*, and the

thermal modification of stimulated Brillouin scattering,

(b) Stimulated Brillouin scattering”
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(c) stimulated Ilayloigh wing scattering”and stimulated
Baman scattering”due to molecular re-orientation and

non-linear molecular polarizability respectively.
Tlic refractive index modulation due to each mechanism also results in

a corresponding probe scattering of the argon laser beam.

7.3 HIONI': SCATTEINTNG DUE TO ABSORPTION

The easiest of these mechanisms to identify positively is that of
absorption. The resulting Bragg reflection has a maximum when the
backward going and forward going beams are of the same frequency
(Section 2.5) and, while absent when the beams intersect in a pure non-
absorbing solvent, will appear when a small amount of an absorbing

substance is dissolved in that solvent.

Fig.7,5 shows the signals on the diodes and photomultiplier when
the backward beam was generated by a mirror and pure methanol (upper
trace) or a solution of copper acetate in methanol (lower trace), were
used in the scattering cell. [A solution of copper acetate in methanol
with an absorption coefficient of *15 and an absorption spectrum as in
Fig.7.6 is used in all these experiments unless otherwise stated.] The
signal on the photomultiplier disappeared if either ruby light beam or
the argon laser beam was cut off and was critically dependent on the

angle between the beams.

These facts, and the absence of photomultiplier signal on the
upper trace imply that the signal on the photomultiplier, displayed on
the lower trace of Fig.7.5, was due to Bragg reflection of the argon
laser from a phase grating produced by absorption of the ruby laser

light.
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7.h  PIOHE SCATTraUNG DW, TO ELIICTHOSTIVICTI OM

'rite refractive index modulation induced by électrostriction is
negligible unless the backward going beam contains light of a frequency
shifted from that of the forward going beam by an amount close to the
Brillouin frequency shift (Section 2.5). To obtain the photographs in
Fig.7.7 the light of shifted frequency was generated by stimulated
Brillouin scattering in the laser Q-switch and the baclavard beam was
generated by the use of a mirror normal to the ruby laser beam rather
than by focusing into cell 2. The spectra shown are those of the for-
ward beam and were photographed with a' simple Fabry-Perot interferometer
not using the polaroid quadrant technique (Section 3.5). This system,
used before the development of the more sophisticated arrangement of
Fig.7.2, was adequate to demonstrate probe scattering due to électrostric-

tion in pure methanol.

It can be seen in Fig.7.7 that when the frequency shifted light
component was absent (top photo) there was no Bragg reflected signal on
the photomultiplier. As the intensity of the light of shifted frequency
increased (top to bottom photographs) the intensity of the Bragg reflected
pulse also increased. The duration of the Bragg reflected pulse in this
case is shorter than that in the case of thermal scattering since the
latter was lengthened by the slow relaxation of the thermal grating
wiiereas the former only exists while both the fundamental and Brillouin

shifted beams exist.

7.5 PROBE SCATTERING DUE TO THE KERR EFFECT
The major part of the Kerr effect (that due to re-orientation)
causes the greatest refractive index modulation when there is no shift

in frequency of the backward going beam, (Section 2.5). This effect
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can therefore cause Bra”” reflection in a pure non-absorbing medium
when the baclvward and forward beams have the same frequency. This Bragg
reflection is very weak in methanol and was not detectable under the
experimental conditions of Fig.7.5. It is important to distinguish this
weak Bragg reflection from that due to residual absorption in the medium
or to a light component of shifted frequency too weak to detect on the
Fabry-Perot. This can be done by taking into account their different
polarization properties. Tlie absorptive and electrostrictive mecha-
nisms act on the density of the medium and have no directional properties.
The Kerr effect however causes a refractive index change which has a
value in the direction of the electric field of about twice that in a

direction perpendicular to that field (Havelock's Law)""AM

The upper trace of Fig.7.8 shows the signal due to Bragg reflection
from pure methanol with forward and backward beams of the same frequency.
(A liquid of high Kerr effect, such as nitrobenzene could not be used
because of the low self-trapping (Section 4.1) threshold in these liquids,)
The middle trace was obtained when a disc of fused silica was placed in
the path of the ruby laser beam to simulate the losses introduced in
obtaining the lower trace. This caused no significant change in the
Bragg reflection. To obtain the lower trace a disc of crystal quartz,
with faces perpendicular to its optic axis, was placed in the ruby laser
beam so that the polarization of that beam was rotated through 90®. The
marked reduction of the photomultiplier signal implies that the Kerr
effect was the mechanism responsible for the Bragg reflection indicated

by the traces of Fig.7-8. -
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cITAPTER m i

QUANTITATLVT; STODY QF PHOBE SCATTL:RING due to ABSORPTION

8.1 APPLICATION OF THEO!?I]TrCAL CONCLUSIONS
TO THE I'IXTLIIMENTAL SITUATION

The probe scattering due to absorption vas chosen for further study
for a number of reasons.

First, in probe scattering experiments (in contrast to the situa-
tion in conventional stimulated scattering experiments”,
absorption is the mechanism most easily studied experimentally. It
results in a much stronger Bragg reflection than that due to the Kerr

effect and is more easily induced than électrostriction.

Secondly, the build-up and decay of the thermal grating induced by
absorption is a relatively slow process (I0"® secs) and can be conveniently
studied by probe scattering whereas the density grating induced by électro-
striction and the molecular orientations responsible for the Kerr effect
have much shorter lifetimes (IO"*" and 10“" secs respectively) more easily
studied by the broadening of the Associated spontaneous scattering lines.

Thirdly, this mechanism has previously undergone considerably less
investigation.

Let us consider the equation for absorptive probe scattering derived

in Section 2,"'

TtTNapy 1
CR)max = Wen 4 cos= K A '

In the experiment a mirror was used to generate the backward going beam

so U= 0 and the equation becomes
ANOPY
" —
V II /max Vskrl Zr CoS &m

A Mg
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Now IYI‘)‘] is the reflectivity of the grating for probe light incident
\ 1/ max

at the angle &'%%. Tliis reflectivity falls off sharply with any change

in angle tlie angular width at half reflectivity being:

4 X 1-39
60 -
X N tan

Since N the number of refractive index modulations in the scattering

region was about 10" this angle is much less than A0 the divergence of

the argon laser beam which was about two milliradians. Tlie maximum

reflectivity for the whole argon laser beam was therefore approximately:
A0 1 inax

while the angular dependence of the reflectivity was the same as the

angular distribution of the argon laser beam intensity.

/TR\
Now the values of (j—) and 60 were calculated in Section

X*/max
2.5 for a region of length L (along the ruby beam direction) in which
constructive interference of the increments of light amplitude reflected
from each modulation could occur. In the experimental situation where
the narrow argon laser beamcrosses the much wider ruby laserbeam the
dimensions ofsuch a region wouldbe approximately the diameter of the

argon laser beam The number of such regions, which may be con-

sidered as scattering independently, would be .

The overall reflectivity for the argon laser beam crossing the
phase grating induced by the ruby laser beam at the angle giving maximum

reflection i1s thus R where:

therefore B

~NErog 4 X 1"39 7( "NgPY vV
" % N tan (j*ax \8 4 4 cos* etax Kn" / A
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but: 2 %.,r Xa ) )
7N - - iq. H, ila |
therefore:
7 LtrJ.22 7 ( u P Y L1
T k™ iij, tan 0"%% A0 \8 kp n" cos" ®max”" 4 AN

8.2  ABSOLUTE VALUE OF THE BRAGG REFLECTIVITY

The lower trace of Fig.7.5 was obtained “vhen the intensity of the
forward going beam was 20 MW/ecm" (power 3*7 MW, diameter ~ cm) and that
of the backward going beam was a third of this value. The height of

the photomultiplier pulse indicates a reflectivity of about *15".

The liquid in the scattering cell was a solution of copper acetate
in methanol -with an absorption coefficient of -13 cm"l. The values of
the parameters, appropriate to this solution, appearing in the reflec-
tivity equation are given at the end of the Appendix. Using these
parameters we find, under the experimental conditions:

R~ 10“/

A more accurate calculation of the absolute value is not justified in

view of the unknown intensity distributions of the three beams involved
and the inaccuracy introduced in the calibration of the Bragg reflected
pulse (Section 3.1). For these reasons the variation of reflectivity
with the relevant experimental parameters provides a better test of

theory than its absolute magnitude.

8.3 VARIATION OF REFLECTIVITY WITH THE
ANGLE BETWEEN TBE BEAMS

Fig.8.1 shows the oscilloscope traces obtained when the angle
between the beams was varied in the region of 45%5”"e The results
shown confirm this estimate of “max* 1~ the graph the fact that

R oc 1™ 1j2 oc 1™ has been used to calculate the value of reflectivity
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which would luive been observed had I* been constant. This graph
shows an angular distribution of reflectivity with a width at half
heiglit of six minutes. As expected this is approximately equal to

the 2 m.rad. divergence of the argon laser beam.

8.4 VAIIIATION OF RICFLKCTIVITY WITI INCIDENT PO\ZEHS

In practice it was difficult to keep constant when was
varied as this involved varying the absorption in both attenuators
simultaneously. Instead Fig.8.2 shows the reflectivity for various
values of I”~ when Ig =7 . Clearly the results fit the line showing
R o 1 . This relationship has been used to correct for fluctuations

in the laser output in graphs where the effect of other parameters was

being investigated.

Fig.8.3 shows that R o Ig when 17" is constant. Together

these results confirm the theoretical relationship R oI 12

The absolute magnitudes of reflectivity in these and subsequent
graphs were not rigourously calibrated as were those in Section §.2.
The vertical scale must therefore be regarded as arbitrary but this
does not affect any conclusions as only the relative values are of
importance here. Tlie considerable errors shoim in the graphs were
probably due mainly to the lask of transverse mode control in the ruby
laser. This would have resulted in large and varying differences in

intensity over the area of the beam.

Fig,8.4 shows the variation of reflected mth incident argon
laser power. The linear law indicated shows that the reflectivity of
the grating is independent of the argon laser power, confirming that
the argon laser itself is a passive probe not contributing non-linear

effects of its own. (This is not true in media which absorb at 4880A .
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In such media there is a marked decrease in reflectivity with argon laser

power due to defocusing (Section 4.2).)

Fig.8.5 indicates the reflectivity observed using a solution of
cryptocyanine in methanol with @ . This reflectivity is also
proportional to IA1 for intensities below 10 IM/cra . At higher
intensities the reflectivity is less that that predicted by the square

law because of saturation of the absorption of the dye.

8.5 VARIATION OF REFLECTIVITY WITH ABSORPTION COEFFICIENT
Fig.8.6 shows the variation of reflectivity with the absorption

coefficient of the solution.

To obtain these results a thin cell containing the absorbing
solution was inserted in the main cell in such a position as to contain
the region of intersection of the ruby and argon laser beams. This
arrangement, which did not interfere with the beam alignment, was neces-
sary to avoid too great attenuation of the backward beam. Such attenu-
ation occurs in any case and the points in the graph have been corrected
to show the reflectivity that would have occurred had I~ I ~ been con-

stant. The graphs confirms the theoretical relationship R « cf.

8.6 VARIATION OF REFLECTIVITY WITH POSITION
OF INTERACTION REGION

Fig.8.7 shows the reflectivity observed with the interaction region
at a distance =z from the back face of the scattering cell. Absortion
in the cell results in the relationships I </ , lg « e Thus

I g is constant in the absence of non-linear effects. Any variation
in the reflectivity is therefore due to gain in the backward beam caused

by stimulated thermal Rayleigh scattering.

The gain indicated by the graph is about *2 cm“”. The laser
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linevidth ?_is in fact greater than T., reducing the theoretical
estimate of the gain (Section 2.5) by a factor of about iz—. Ttiis
linewidth also implies that the higher frequency parts of the laser line
will experience gain while the lower parts suffer a loss. The overall
gain is difficult to calculate exactly hut will be about — times the
gain calculated in Section 2.5 provided this gain is sufficient to make
e™M » e . These assumptions imply a gain under the experimental
conditions of about IO_Icm in reasonable agreement with the experimental

estimate.

8.7 DECAY OF THE TITERMAL MODULATION
INDUCED IN A LIQUID

When two oppositely directed light beams of the same frequency
traverse an absorbing medium more energy is absorbed at the antinodes,
than at the nodes, of the resulting standing wave. It is the tempera-
ture modulation caused by such absorption which is responsible for the
modulation in density and refractive index discussed in Sections 2.4

and 2.5.

Such a temperature modulation does not arise or disappear instantly
with the electric field of the light wave but tends exponentially towards
an equilibrium value for any constant field amplitude. In general when
the field amplitude is a function of time the behaviour of the tempera-
ture modulation may be deduced by consideration of the heat continuity

equation:

(Section 2.4)
Since the frequencies of the forward and backward beams are in this case
equal the temperature modulation is stationary and there can be no out

of phase component of AT,
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Ar = IATI and AT" = 0.

Also, providing the fields are varying slowly compared with the time

required for sound to propagate over a wavelength of the modulation

/ 1840 secs };

aAp _aAT
at = Po PJT

Thus

aAT  as AT 1 ., .
Po Sat"" =/DT" 2 kynyX

(contributions to AT with no spatial variation have been ignored)

therefore: \ 2
Thus
PoC
T = ccmommmeeee
4 K14 nr

is the relaxation time of the thermal grating(24zx

In the experiment the light path behind the cell was short so at

any time during the pulse:

I. o1,
and
thus

I“1- 1.
and
If
therefore: .t ,
An @ YA T e dt'
tr =0

(where the origin of time is taken before the beginning of the laser
pulse).

The integral may be replaced by a summation over N intervals
of duration 6t, short compared to either T or the time over which [Ii

changes significantly.
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Tlie diodc-detcctod laser puises in Figs.8.8, 8.9 indicate the values of
to be used in this equation. llie formula allows a numerical calcu-
lation of the time profile of An for the observed pulse I+ and any-
assumed value of T . Now the grating reflectivity is proportional to
(Aii)® so the assumed value of T allows calculation of the time depen-
dence of theresulting Bragg reflected pulse. Tlie value of + giving
the best fitto the observed Bragg reflected pulse is the best estimate

of the relaxation time of the thermal modulation in the liquid.

In fitting the calculated to the observed profile of the Bragg
reflected pulse the finite instrumental relaxation time must also be
taken into account. If the calculated signal at any time t is

then the observed signal, PQ 1is given by the equation:

aPo
atT + 20 = .

The relaxation time of the electrostrictive Bragg reflection process
(causing the top trace of Fig.8.9 and the lower trace of Fig.8.8) is
very short (about 10 secs - the lifetime of the phonons generated in

this process)\ so P~ §(112 in this case.

The equation above thus allows estimation of Ti in a manner
analogous to the estimation of =+ described. A good fit to the falling
part of the lower curve of Fig.8.9 is obtained assuming Ti = 7 nsec.
(NOTE: A fit to the rising part cannot be expected since the time of
initiation of the stimulated Brillouin scattering causing the électro-
striction is unknown.) Significant misfit occurs for Ti < ¢ nsec or

Ti > 8 nsec.

Given I and assuming values for + we may now calculate the
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value of and hence, using Ti = 7 nsec, the value of for the
pulses Bragg reflected from thermal modulations, displayed on the other
traces of Figs.8.8 and 8.9. The points shoim with tlie upper trace of
Fig.8.8 are the results of such a calculation taking T = 16.5 nsec.
ITiese points are in good agreement with the experimental trace
which was obtained using a solution of copper acetate in methanol in the
scattering cell. Significant misfit occurs when it is assumed that
r < 14 nsec or r > 18 nsec.
Similar curve fitting calculations for the other traces of Fig.8.9
indicate the values in the table below which also shows the values calcu-

lated theoretically for each solvent using the equation;

PpCp

(The values of these parameters are given at the end of the Appendix.)

SOLVENT T nsec
theoretical experimental
Methanol 17.0 16.5 £ 2
Water 12.1 12 £ 2
Acetone 17.9 17 = 2

The method described in this section can in principle be used to inves-
tigate the build-up and decay of any non-linear disturbance of the
refractive index of a medium. The measurements here have been confined
to thermal relaxation rates because of the length of the ruby laser
pulses and the rise time of the photodetection. The use of mode locked
pulses and very fast photomultipliers, now becoming available, should
allow direct measurement of the lifetimes of the phonons generated in
stimulated Brillouin scattering (1O - 10 ~ secs) and even of molecu-

lar orientations responsible for stimulated Rayleigh wing scattering

-11 (168)
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CHAPTER

APPENDIX

DEFINITIONS OF SYMBOLS AND MAGNITUDES OF
PARAMETERS USED IN THIS THESIS

DEFINITIONS OF SYMBOLS

Section 1.4

is the intensity at a particular frequency, of spontaneously
scattered light.

is the difference in frequency between the incident and
scattered light.

is a frequency (shift) characteristic of a particular stimulated
scattering process and scattering medium.

is a frequency (width), characteristic of a particular stimulated
scattering process and scattering medium, v

Section 1.6

G is the gain coefficient for a beam of light travelling in the
opposite direction to the laser beam.

Ao) is the difference in frequency between the laser and oppositely
directed beams.

2 and T are the same constants as in Section 1.4,

CHAPTER 11 . o

Section 2.1

\

N is

NO is

N1 1S
is

10 ' 1S
of
excited, to theiground state.

A is the number of such transitions from the second excited, to

the ground state.
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Section 2.1 (continued)

is the number of such transitions from the second tq the first
excited state,

is the number of stimulated transitions, per unit population of
the ground state, per unit time, per unit incident intensity,

from the ground to the first excited state.

is the number of such transitions from the first excited, to
the ground state.

B~ is the number of such transitions from the first to the second
excited state.

B is the number of such transitions from the second to the first
excited state.

a” is the absorption cross-section of the transition from the
ground to the first excited state.

is the lifetime of the first excited state.

Ig - oc © T is an intensity characteristic of saturation of the
AA N4 first excited state.
Section 2.2
Ag is the
is the
n is the
0 is the
a3 is the
of the
WL is the

@ = i)g is the
v is the

c is the
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Section 2.2 (continued)

Ap

A

Cp

0)g"

IPam

is a change of density in the medium,
is time. '

is a constant characteristic of damping in the medium.
is a random fluctuation,

is the frequency of a temporal Fourier component of R,

is the wave vector of a spatial Fourier component of R.

is the intensity at a particular frequency of the spontaneously
scattered light,

is the difference in frequency between the incident and scattered
light.

In the denominators of the equations for depolarized
scattering only.

Is the molecular moment of inertia.
is Boltzmann's constant.

is the temperature of the medium.
is the viscosity of the medium.

is an elastic constant for the oscillation.

is the half width at half intensity of the frequency spread
in Rayleigh line scattering.

is the wave vector of a thermal wave in the medium.
is the thermal diffusivity of the medium, D= mm-m,
is the thermal' conductivity of the medium ,

is the density of the medium when undisturbed,

is the specific heat at constant pressure of the medium.

is the frequency: @ a Raman transition

is the half-width of a Raman line.
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Section 2.3

P is the polarization of the medium.
E~ is the electric field in the medium.
X is the linear polarizability of the medium.
X XN ... are non-linear polarizabilities of the medium,
Pg(E) is the linear polarization of the medium.
P*g(E ,E ...)is the non-linear polarization of the medium,
Ag are the amplitudes of the electric fields of twolight waves

travelling along the x axis. (The analysis is restricted
to one dimension except in Section 2,5.)

k™ kg are the wave vectors of these waves.
are the frequencies of these waves.
X is the distance along the direction ofpropagation ofthe waves,

t is time.

are the amplitude, wave vector and frequency of a third wave
along the x axis.

0" are the wave vector and frequency of the light wave produced
by the non-linear interaction,

i,j,k are integers each of which may take the value 1, 2 or 3.
Section 2.4
X,t,n,c are as defined for Sections 2.2 and 2.3.

E~k*0)"Eg kg ,00c are as, defined for Section 2.3 except that the suffix 2
now refers to a backward going wave.

Ae is the change in dielectric constant of the medium.
' 1'd
Aeg' is the amplitude pf the part of the wave of dielectric constant

on phase with the“component of E* producing it,

ae” is the amplitude pf the part of the wave of dielectric constant
out of phase with"the component of E* producing it,
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Section 2.4 (continued)

Ap is the change in density of the medium,
AT is the change in temperature of the medium.
Cp,Cv are the specific heats of the medium at constant pressure and

constant volume respectively.
v is the velocity of sound in the medium.
is the viscosity of the medium.
m is its density.
P is its volume coefficient of thermal expansion.

is the electrostrictive constant

"Y = Po dp « (n: -1 ) 1
or - (" - 1) nt + 2 according to the local field
correction used” "M\
or = (n= -
@=-D 5w+
A is the amplitudeof a component of E |
k is the wave vector of that component,
U is the frequencyof that component.
Ap' is the amplitude of the part ofthe density change which is
in phase with the component of E* producing it.
Ap" is the amplitude of the part ofthe density change which is
out of phase with the componentof ER producing it.
AT is the amplitudeof the in phase partof the temperature wave
AT" is the amplitudeof the out of phase part of thetemperature
@ wave.
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Section 2.4 (continua?’)

r-iill.

Po Cp
= vk
a
'3
oog = kv
T]k"
re = 2p
Kk’
AR =
Po',

is a frequency characteristic of damping of the oscillations
responsible for Ae.

is a frequency characteristic of the oscillations responsible
for Ae .

is that part of the Kerr coefficient due to the process
responsible for the oscillation with frequency & .

'

In the Rayleigh Wing Scatterubf Formulae for fi and T,
I, k, t, C and /X are as defined for depolarized scatter-

ing in Section 2,2.
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Section

2.3

The symbols in this section are those defined in Section 2.4

plus the following:

p ia any integer. '
max is the angle between the probe and scattering beams when the
scattering of the probe is a maximum.
~“aAr the wavelengths of the probe and scattering beams
respectively.
RIS are the refractive indices of the medium, when undisturbed, for
light of wavelengths and respectively.
k™ kA are the magnitudes of the wave vectors of the probe and scatter-
ing beams respectively.
6 is the angle between the probe and scatteringbeams.
Ij is the intensity of the ipcident probe beam.
Ig is the intensity of the reflected probe beam.
An is the difference between the maximum and minimum refractive
index for probe light.
" e~ is the number of wavelengths of the refractive index modulation
within thé interaction regions.
60 is the angle between the directions for which the reflectivity
has half its maximum value.
CHAPTER IV
Section 4.3
n” is the initial population inversion (before Q-switch operation),
n” is the final population inversion (after Q-switch operation),
n is that popul”Upn inversion which gives a loop gain of exactly
" unity for lighten the cavity.
Na- Ni
Population inversion is defined as !
is the number of chromium ions in the ruby rod in the ground
state. <»
Ng is the number of chromium ions in the ruby rod in the excited

state.
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Section 4,4

R,

~10 >730

CHAPTER

CHAPTER

max

~probe
~ruby

~Crobe,
AFUhy

6 and o

is the light flux travelling away from the layer in a backward
direction.

is the light flux travelling away from the layer in a forward
direction.

is the light flux from the ruby rod incident.on the first i
beam splitter.

is the transmission of a beam splitter.
is the transmission of a cell wall.

is the reflectivity of the layer.

is the absorptivity of the layer.

is the ratio of the signals from the beam splitters in front of
and behind the cell for light travelling in a backward direction,

is the same ratio for ligiit travelling in a forward direction.

are the values of ,Rg respectively when r = a = 0.

\Y%

The symbols are as defined for Section 2,1.

VI

is the angle between the probe and scattering light which gives
maximum scattering. T

is the wavelength of the probe light.

is the wavelength of the scattering (ruby laser) light.

are the refractive indices of the medium for the probe and
ruby laser light respectively.

are the angles defining the beam direction in the A.D.P,
crystal as shown in Fig.6.1.
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CHAPTER VIII

The symbols used are those defined for sections 2.4 and 2.5

and also:-
Soction 8.1
A6 is the divergence of the argon-laser beam.

is the diameter of the argon laser beam,

~r is the diameter of the ruby laser beam.

R is the overall reflectivity of the phase gratingfor the argon
laser beam incident at the angle giving maximum reflectivity.

Section 8.6

V4 is the distance of the interaction region fromthe back face
of the cell.

Section 8.7

T s the relaxation time of the thermal grating,

t' s any time less that t. i

N s the number of intervals into which the time t 1is split,

6t s the duration of one such interval.

P.. is the photomultiplier signal calculated to occur in the
absence of electronic distortion.

ro is the photomultiplier signal actually observed,

Ti is the instrumental relaxation time.
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MAGNITUDES OP PARAMEIERS(236)

(HAPIER VIII
Section 8.2
Properties of the light beams Properties of the medium
~ *5 cm rij. = Ua = 1*33
Xj. = 6943A a = *I13 cm "
kj, =~ = 9%*0 X 10~ cm"l
Xa = 4880 A p =119 X10-3
0 _ -1 Xa Xr 45 50
max _ °08 %7@)* : Y =(@®- 1) = -77
60 ~ 2 m.rad K=2*05x 1OAergs.sec71‘crr1_1 0'12_1
1A= 313 = 20 MW cm 2
Section 8.7
— A .
kr = 9"0 x 10 cm-1.
T nsec
o X107 K X 10-4 0 .
Solvent Po -3 n 1 ¢ 0,1 «r ' ‘'heo- . cxperi
gm cm erg gm erg sec cm ® retical mental
Methanol +794 2-52 2.05 1733 17-0 16*%5+2
Water 998 m 4'18 5.97 133 12-1 12 +2
Acetone *791 2-[1J9 ' 1-60 1*35 17-9 17 + 2
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(Reprinted from Nature® Vol. 216, No. 5112, pp. 257-258,
October 21, 1967)

Interaction of Self-trapped
Light Beams

Preliminary oxporimouts luive boon carried out on the
interaction of two self-trapped light beams in water. The
200 MW, 20 nsec output from a Q-switched ruby laser*
was split by prisms and focused into a glass coll containing
water to form two self-trapped beams (Fig. 1). Photo-
graphs wore taken wusing the light scattered sideways
from these beams.

Two typos of scattering from self-trapped beams were
observed; type A occurred when high purity water was
used; tjrpe B was only produced in water which had been
allowed to stand in an uncovered cell. When type A
scattering was observed, the bpams were characterized
by fineness, short length, sharp cut-off and a tendency to
scatter from a large number of discrete centres along the
beam (Fig. 2). When type B scattering was observed, the
beams were much longer than those associated with type
A and the scattered light was much more diffuse, so that
it was not always clear whether self-trapping had occurred

(Mg. 3).

WATER CELL
FOCUSING LENS

I BEAM

PRISM
PR ISM

Fig 1, Optical system used to produce two crossing self-trapped light beams.

*liuby laser Bradley type LTI 351, delivering 200 MW in 20 nsec dis-
tributed among a number of transverse modes (between I and 8). Beam
divergence, 8 iiillliradians.



Fig. 2. Interaction of two crossing “type A" self-trapped beams. (x 1.)

The apparatus used introduced distortion into the lower
focused beam. The higher and lower edges of this beam
were more intense than the centre, particularly the lower
edge where self-trapping appeared to occur before the
focal point was reached. Beyond the focal point two self-
trapped beams were observed. The stronger beam
travelled straight out fi*om the end of the cone while the
weaker appeared to be a continuation of the self-trapped
lower edge of the cone. The weaker beam, after splitting
from the stronger at the fqcus, bent and continued parallel
with it.

Using the optical system shown in Fig. 1, the interaction
of the two crossing light beams was observed. In the case
of type A scattering, interaction was shown as an intense
spot at the cross-over point (Fig. 2), but no significant
effect on the beams could be observed because their scat-
tering was not uniform. In the case of type B scattering,
however, a considerable reduction in the intensity of the

Fig. 3. Interaction of two crossing “type B" self-trapped beams. (x].)



upper beam was always observed (Fig. 3), It is possible
that this upper beam was not self-trapped, in which case
'interaction was between a high intensity light beam and
self-trapped light. A considerable amount of energy was
lost by the upper beam. This could have been reflected
into the liquid or back along the pipe by the reflexion
coefficient of the cross-over point, or could have been
converted into shock energy. Whatever the mechanism,
it is notable that the loss occurred only from the upper

beam.
V.I. LitTLE

P. Y. KEY
H. G. Harrison

Department of Physics,
Royal Holloway College,
University of London.
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BRAGG REFLECTION OF LASER LIGHT FROM A PHASE GRATING IN A

Q-SWITCHING LIQUID

R. G. Harrison, P. Key, V. L. Little, and G Magyar
Royal Holloway College, Englefield Green, Surrey, England

J. Katzenstein

U.K.A.E.A. Culham Laboratories, Abingdon, Berkshire, England
(Received 9 August 1968)

It is postulated that in a saturable dye absorber used for giant pulse laser switching a phase grating
is formed. To prove this experimentally a frequency doubled part of the laser beam was reflected

from this “Lippman plate” at the Bragg angle.

Inthe last few years many experimental and theo-
retical papers have been published on the phenome-
non of laser Q-switching by saturable absorbers.

Its principal features, like the relatively low power
needed for saturation, mode-locking, etc., have
been explained in terms of “spectral hole burning,”
i.e., the saturation of only a portion of the homo-
geneously broadened absorption line (see, e.g.,
Schwartz and Tan”). In this letter we propose an al-
ternative explanation based upon the idea of a phase
grating in the liquid, what we have called the Lipp-
man plate mechanism” or what can also be described
as spatial hole burning in the dye that forms the
saturable absorber. Experimental evidence is cited
to support this hypothesis: we report the first ob-
servation of Bragg reflected light from a phase
grating created by the laser light in a Q-switching
liquid.

The Lippman plate mechanism may be described
as follows. The phenomenon of saturable absorption
must be accompanied by an intensity-dependent va-
riation of refractive index since these effects arise
from the imaginary and real terms respectively of
the nonlinear susceptibility.” If laser action com-
mences in a single cavity mode, the resulting stand-
ing wave produces a periodic distribution of high
and low electric fields, with a corresponding peri-
odicity in the refractive index. The spatial period
is half the wavelength of the mode. The situation
can be described in the Mathieu-Hill equation:

d\i
&"

where  represents the intensity-dependent part of
the refractive index and the cosine term stands for
its spatial modulation. A medium with a periodically
varying refractive index, a so-called Lippman

plate, has a strong selective reflectivity for light

of the same periodicity. Starting from the above
equation, the reflectivity has been computed for va-
rious numbers of layers and depths of modulation.”
It can be shown® that in a typical dye cell, for a few
percent reflectivity the variation of refractive in-
dex required is bn ~ 10“® This value can be realized
by the postulated nonlinear mechanism. Also, during
the giant pulse there can be sufficient thermal en-
ergy deposited in the liquid to produce a similar

+-p(«*-2SK' €OS 7kz)u =0

variation of the refractive index.® The formation of
such a Lippman plate effectively removes the ab-
sorption of the dye cell for those modes of the cav-
ity whose periodicity closely matches that of the
spatially varying refractive index. Thus, provided
there is no mode-selective element present and the
cell is sufficiently short in comparison with the to-
tal length of the resonator, this spatial hole burn-
ing facilitates mode-locking of the laser. The spa-
tially selective bleaching also explains the relatively
low power required for saturation.

The experimental arrangement is shown sche-
matically in Fig. 1. The ruby laser was Q-switched
using cryptocyanine in isopropyl alcohol. The Q-
switch cell was in the shape of a regular hexagon
having one inch square sides of Spectrosil-B glass,
flat to a/10. The fundamental light (typical power
30 MW) was frequency doubled with an efficiency of
3%in an ADP crystal, delayed around an adjust-
able optical path, and passed again through the cell
at approximely 60° to the cavity radiation. The
unique angle for Bragg reflection in this case is
given by 2d cos 0 = A, where 24 is the fundamental
wavelength and A is the second harmonic wavelength
in the liquid. After adequate filtering of the red light,
the transmitted and reflected frequency doubled
beams were photographed using two cameras fo-
cused on infinity. The pulse shape and the spectral

QUARTZ PRISMS

DYE CEL!
R-100% RUBY

~  FILTERS
FABRY

PEROT

CAMERAS 519
CscC.
Fig, 1. Experimental arrangement for the ob-
servation of the Bragg-reflected second har-
monic beam from the “Lippman plate” in a
Q-switching dye.
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@
Fig. 2. (a) Comparison of the transmitted and reflected beams. Exposures represent 6' angular
intervals. Transmitted beam is attenuated by ~ 200. Beam divergence :~ 5 mrad. (b) Same with
beam divergence reduced to ~ 2 mrad. Angular intervals of 2%

composition were separately monitored.

Typical results are shown in Fig. 2. Figure 2(a)
represents successive exposures of the transmitted
and reflected beams taken at angular intervals of
6', covering the angle for Bragg reflection. The
transmitted light (left) is attenuated two-hundred-
fold. The reflected light exhibits a critical depend-
ence on angle of incidence, the intensity falling to
half-value for a deviation of +10'. Figure 2(a) cor-
responds to an incident beam divergence of 5 mrad,
and about 7% of the beam is reflected. The amount
of light reflected will be related to a number of
factors, e.g., the amplitude of the induced periodic
structure, filamentary processes, beam divergence,
etc. Figure 2(b) shows the effect of restricting the
incident beam by means of stops in the central por-
tion to a divergence of 2 mrad. The exposures now

represent increments of 2' in the angle of incidence.

3% of the light is now reflected, and the intensity
falls to half-value at £ 4'.

To eliminate the possibility that the phenomenon
results from a spurious reflection, the ADP crystal
was removed, and a photograph was taken under

identical conditions but without the ultraviolet filter.

The resulting plate showed a diffuse fogging due to
scattered light, but no evidence of a well-defined
reflected beam.

The effect of introducing delays of up to 30 nsec
into the probing beam was also investigated. It was
found that the relative intensity of the reflected
light was not diminished, even for maximum delay

254

(for which the overlap of the probing pulse and the
fundamental pulse was less than 20%). The impli-
cation of this result was that the processes govern-
ing the decay of the ordered structure in the liquid
were probably thermal. There was also an indica-
tion that the reflected intensity had a maximum for
a delay time of 15 nsec. This could be explained by
an integration of the thermal contribution to the
amplitude of the structures in the liquid during the
giant pulse.

Analysis of the spectral composition of the light
showed that Bragg reflection took place for power
levels well below the threshold for the stimulated
Brillouin effect, as well as above it. We conclude
from this that an ordered structure analogous to a
Lippman plate was formed in the liquid in the Q-
switching cell of the giant pulse laser.

This technique should prove valuable in the meas
urement of relaxation times and associated phe-
nomena in liquids. Further experiments are in
progress involving longer delay times and differing
liquid temperatures. A further experiment is
planned in which the dye cell will be probed con-
tinuously with a beam from a high power gas laser,
the Bragg reflection being detected photoelectrically.
Such an experiment would give more detailed in-
formation of the evolution of the processes taking
place.

Three of us. Little, Harrison, and Key, wish to
acknowledge the assistance of the Science Research
Council in financing this experiment.
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A high precision spectrometer table

P Key, G Hayward, R G Harrison and V I Little
Department of Physics, Royal Holloway College
(University of London), Egham, Surrey

Mms received 3 January 1969

Abstract In this note a novel form of spectrometer table
is described. It has easily demountable arms and an
incremental accuracy to 10“” radian.



Notes on experimental technique and apparatus

A versatile spectrometer table with removable arms has been
designed by using kinematic principles. Such design allows
various optical systems to be set up and positioned with
considerable accuracy and with the minimum of effort. A
table of this kind has been used successfully by the authors
(Harrison ez al. 1968) in an experiment in which laser light
was Bragg-reflected from a laser-induced structure in a
liquid.

The design is shown in figure 1. The movable arm has two
ball bearings rigidly fixed to its underside. These rest in a

Column support to
central table or component

Movable arriK*
Vernier attachment

Baseplate

Figure 1

circular groove of V-shaped cross section, cut in the base-
plate. A third ball bearing fixed to the upper face of the arm
and positioned at its end makes contact with the underside
of a flange machined parallel to the baseplate. Thus five
points of contact are made between the arm and the fixed
part of the instrument leaving one degree of freedom, i.e.
rotation about a central axis. When the balls are correctly
located, as shown in the diagram, the system is in neutral
equilibrium provided the centre of mass of the arm lies
outside the V-groove circlee A number of arms may be
positioned simultaneously, and arms may easily be inter-
changed.

Angular displacements of an arm may be estimated with
the help of a vernier scale attached to the arm and a circular
scale engraved on the baseplate, A micrometer screw may
be adapted to the system and used to achieve more precise
adjustments.

The accuracy with which the groove and the flange have
been machined sets an upper limit to the precision with which
changes in the angular position of an arm may be made.
For the system described, machining tolerances of the order
1 in 10" imply that a displacement of the order 10"” radian
will be subject to angular errors no greater than 10~5 radian,
assuming of course that the machining errors are distributed
and not localized over a narrow angular range.

References
Harrison R G Key P Y Little V I Magyar G and
Katzenstein J 1968 Appl. Phys. Lett. 13 253-5
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Fluorescence due to excited state absorption
in saturable absorbers

R. G. HARRISON, P. Y. KEY and V. L. LITTLE

Royal Holloway College, University of London
MS. received 5th November 1969, in revised form 26th January 1970

Abstract. Blue lluorescence has been observed from saturable absorbers excited by
ruby laser light. The intensity dependence of this fluorescence showed that it was a
result of excited-state absorption to the second singlet state. This intensity dependence
also indicated the power density required to saturate the first excited singlet state for
each dye, A similar lluorescence due to two photon absorption was observed in
certain solvents.

1. Introduction

The use of an organic dye solution for the "-switching of a laser depends on the intensity
dependent reduction of the absorption coefficient of the dye at the laser frequency (Szabo
and Stein 1965). In those dyes found suitable for *-switching it is the transition from the
groundstate (0) to the first excited singlet state (1) which is responsible for this adsorption.
The absorption coefficient is reduced when the laser intensity is such that the population of
state (1) approaches that of state (0). There is, however, a residual absorption due to the
transition from (1) to the second excited singlet state (2) (Guiliano and Hess 1967,
Hercher ef al. 1968). The subsequent spontaneous transition (2) to (0) results in the blue
fluorescence (Gibbs 1967) studied in this experiment.

The equilibrium population of state (2) for the three-level system described, may be
easily shown to follow the equation

TV2= /2criCT2A {/0-2(3/(7i -f T i-i + Tzo-i) + (2/ai 4- I7")

where cti, g2 are cross sections for transitions (0)->(1) and (1)->(2) respectively. Ti, 72
are the total lifetimes of levels (1) and (2) respectively. Tz0 is the lifetime characterizing
the transition (2) ->(0).
When / is very small
N»—I"0iG*"TiT"N
thus the response is square law.
When / is very large

and there are equal populations of the three states.

Now the lifetime ofstate (2) for the dyes used was about 1Q-i*g (Kasha 1950 and Gibbs 1967)
whilst that of state (1) is greater than or approximately equal to IQ-i* s (Gires 1966 and
Selden 1967).

Also the low excited-state absorption of these dyes indicates 024 ai (Gibbs 1967,
Guiliano and Hess 1967). Thus the transition (0)->(1) saturates at a very much lower
power than (1) ->(2) and

A2= 2(T1C72AQ32a1 72+ 2/(7T1
Now for 7(724"2'~ i.e., for powers insufficient to saturate the transition (1) ->(2).
A I"GIG"N
' (2/(714-Tri) 72-1'
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Let (jr*Ti-* = Jc then
/2]t 2

Since the number of lluorescent transitions (2) ~>(0) is proportional to N:

fluorescencecc | .
14-1ljlc

2. Experimental details

A g-switched ruby laser with an output of up to 200 MW and a pulse duration of about
15 nanoseconds was used to excite a dye solution. This solution was contained in a short
cell which was misaligned with respect to the ruby beam. The light intensity incident on
this cell was controlled by varying the concentration of a solution of copper sulphate placed
in the path of the ruby laser light. This intensity was monitored using a calibrated beam
splitter and photodiode connected to a Tektronix 454 oscilloscope. The blue fluorescence
was detected by a Milliard 56 A VP photomultiplier connected to the same oscilloscope via a
delay line. Scattered ruby laser light and red fluoresence was eliminated by use of Jena
BG 18 green filters. Noise due to the flashlight from the ruby cavity was minimized by
use of a Wratten 29 filter placed after the copper sulphate attenuator. Two-photon
absorption (Garrett and Kaiser 1961, Bloembergen 1967) in this filter caused a small amount
of blue lluorescence. This gave a negligible signal on the photomultiplier providing the
distance of the dye cell from the filter was sufficiently long.

It was necessary to use dilute dye solutions contained in a narrow cell in order to minimize
intensity variations due to absorption of the ruby beam. The thin misaligned cell also
eliminated the possibility of stimulated non-linear effects (Bloembergen 1967, Minck et al
1966).

(%)

1 i
,4 5 6 ,7

Input intensity (W cm-2)

Figure 1. Dependence of fluorescence on input intensity. Curve A, cap in chloronaphthalene ;
curve B, cap in methanol. (In each figure /c is the value of input intensity at the intersection of
the theoretical lines representing fluorescence cci* and fluorescence cc/.)
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3. Results

The intensity of the blue fluorescence was measured as a function of the incident intensity,
for the dyes chloroaluminiumphthalocyanine (cap) (Gibbs 1967), cryptocyanine and
vanadium-phthalocyanine (VnOPc).

Curves A and B of figure 1 show the dependence of fluorescence on incident intensity for
solutions of cap in chloronaphthalene and in methanol respectively.

At low inputs the fluorescence of both solutions follows the expected square law depend-
ence on input intensity. With an increase of intensity this dependence changes and tends

10«

Z3
(1)

LL.

10« 10

Input intensity CW cm-*)

Figure 2. Dependence of fluorescence on input intensity for cryptocyanine in methanol.

towards a linear law as predicted by the theoretical law. (The non-linear breakdown of this
law at still higher powers is attributed to chemical decomposition of the solution.) This
corresponds to saturation of the first excited singlet state of the dye. The characteristic
intensity 2 at which this occurs is about 10 W cm"2 in the case of the chloronaphthalene
solution and about 3 x 10 W cm~2 for the methanol solution. The different powers /c,
for the two solutions are due to the different positions of the peaks of their absorption
spectra. The peak of the spectrum of the solution in chloronaphthalene is much closer
to the ruby wavelength (6943 A) than that of the solution in methanol. Consequently the
absorption cross section cri is much greater and K much smaller in this case.

The dependence of fluorescence on input intensity for a solution of cryptocyanine in
methanol (figure 2) has the same features as that for cap in chloronaphthalene. However,
although the absorption cross section for cryptocyanine in methanol (cri= 8-1 x 10'i® cm*)
is greater than that for cap in chloronaphthalene (ai= 3 x IQ-i® cm”) (Gires 1966, Selden
1967), /c is greater for the cryptocyanine solution by over an order of magnitude
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(/e'~2-5 X 10 W cm"2). This is a result of the very much shorter lifetimes of the first

excited state of cryptocyanine s). For cap, Ti~5 x 1Q-0 s (Gires 1966, Selden
1967).
Thus theoretically
/e(cryptocyanine)
. /[ a e

This is confirmed experimentally.

The dependence of fluorescence on input intensity for the VnOPc in nitrobenzene (figure 3)
is similar to that of the other solutions. In this case saturation occurs at about
2-5X 10 W cm"” as expected from the values cri= 4%l x 10“®em” and Ti*2 x 10'* s
(Gires 1966). These values of F confirm the results obtained by other workers using
transmission and single-photon fluorescence measurements (Armstrong 1965, Gires 1966
and Giuliano and Hess 1967).

10.

10®

Input intensity (W cm-2)

Figure 3. Dependence of fluorescence on input intensity for VnOPc in nitrobenzene.

The spectrum of the blue fluorescence was in all cases a fairly broad band (width about
800 A). The peak of this emission was at about 4000 A for cap (Gibbs 1967) and at a
somewhat longer wavelength about 4700 A in the case of cryptocyanine. The true spectrum
for VnOPc could not be determined because of absorption of wavelengths less than 4400 A
by the nitrobenzene solvent.

A small amount of blue fluorescence was observed from the solvents chloronaphthalene
and nitrobenzene. This followed a square-law dependence on input power. These
solvents have no absorption at the ruby frequency, but have a considerable absorption at
twice this frequency. We therefore attribute this fluorescence to two-photon absorption
(Giordmaine and Howe 1963). At very high intensities chemical breakdown of the solvents
occurred. This was accompanied by a marked increase in fluorescence as seen on the
graphs. A change in the fluorescence mechanism at these intensities was also suggested
by the marked increase of the relaxation time of the fluorescence. This reached about
50 ns whereas at low intensities it was considerably shorter than the laser pulse duration
('* 15 ns).
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1. INTRODUCTION

The strong electric field of the light output of a ruby laser
affects the refractive index of a medium through which it passes in

a number of ways. The most significant of these are:-

1« Electrostriction
2¢ Kerr effect

3. Thermal effects - in absorbing media.

When the light is reflected back along its own path, large oscil-
lating fields exist at the antinodes of the resulting standing wave.
As the above effects are dependent on the square of the field a
spatially periodic variation of refractive index 1is setup propor-
tional to the mean square of the local field (Fig.l). If the fre-
quency of the back-reflected light is slightly shifted, the nodes and
antinodes will propagate through the medium. The distortion associ-
ated with each ofthe above effects also has a characteristic velocity
of propagation. (Electrostriction gives acoustic phonons - the Kerr
effect gives optical phonons - the thermal fluctuations decay but do
not propagate.) When the velocity of propagation of the nodes of the
field matches that ofthe distortion of the medium, the effect on the
medium has a resonant maximum. (It is this situation which, at suf-
ficiently high laser powers, can give rise to the stimulated scatter-
ing associated with each of the interactions, i.e. électrostriction

(1,2)

gives stimulated Brillouin scattering , the Kerr effect gives

stimulated Rayleigh Wing"'*" and stimulated Raman scattering”™"",
6,7)
( )

Thus by choosing the appropriate feedback frequency we can select the

the thermal effect gives stimulated thermal Rayleigh scattering

form of interaction we wish to investigate.



The refractive index variation set up in this way, by the ruby
laser light, acts as a phase grating upon a probing argon
laser beam traversing the medium. Each layer of high and low index
reflects a small portion of the incident argon light. When these
portions add in phase, a maximum overall reflectivity is reached.
The condition for this is the Bragg condition:

—4 "A “r 0
80 = cos Xp e 45-5

where 87 is the angle between the two beams, and suffices a and
r refer to the argon and ruby wavelengths respectively. At this

angle, providing the reflectivity is small

reflectivity = f — 1 (see Appendix)
2cos"8
where N = number of modulations crossed
Ana
6
2nao
Ana = difference between maximum and minimum refractive

index (for argon light) induced by the standing

wave.

nao » refractive index of the undisturbed medium for

argon light.

-6
When An~ 2 x 10 and length of interaction region ~ 1 cm
reflectivity ~

The angular width at half reflectivity is

For 1 cm interaction length

-5
angular width ~ 5 x 10 radians ~ 10 seconds.



2. EXPERIMENTAL

Fig.2 shows the experimental arrangement. Single longitudinal
mode output of the ruby laser was achieved by the use of two narrow
dye cells for Q-switching and a resonant reflector as the output mirror.
An aperture was used to cut down the divergence of the beam, and power
densities of up to 100 MW/cnf were transmitted. The pulse duration
way of the order of 15 nsec.

The argon laser gave 1 Woutput at 4880 A with a beam divergence
of 1 mrad. Accurate adjustment of the Bragg angle between the argon
light and ruby induced structure was achieved by sensitive control of
mirror . A Fabry-Perot interferometer was used to check the single
mode output of the ruby laser and to measure the frequency shift of
the backward-going beam. These beams were distinguished by the use of
the X/4 plate and Polaroid quadrant**”, as shown in the diagram.
The reflected beam could either be shifted or unshifted in frequency.
An unshifted frequency was obtained simply by the use of a mirror
normal to the ruby beam. A shifted frequency was generated by stimu-
lated back-scattering of light focussed into cell (2), as shown in the
diagram. The frequency shift was determined by the liquid contained

in cell (2).

An advantage of this set up was that the detectors mea-
sured the incident ruby beam in each direction while P and
simultaneously measured the amplitude of the refractive index modula-
tion in the cell and the amplification which it caused in the backward
beam.  This was achieved by the use of cable delay lines allowing
simultaneous display of four pulses on a single trace of a Tectronix

454 oscilloscope.



The intensities of the beams were controlled (and feed-back into
the laser minimised) by the use of CuSO" attenuators. The Bragg
angle of 45*5° between the ruby and argon laser beams permits the very
simple geometry of cell (1) and normal incidence of the argon beam as
shown. Spatial resolution could be directly achieved by longitudinal

movement of the cell along the ruby beam.

3. RESULTS

The experimental investigations were carried out mainly in absorb-
ing media using unshifted frequency feedback. The thermal effect was

therefore dominant.

(a) Angular Dependence

Using a solution of copper acetate in methanol with absorption
coefficient a= 0*15 crn_1 the anglegiving maximum Bragg reflection
was measured to be 45»5+0%1”, and was equal to the theoretical

value given by cos = 7-
Ar

Ar

- .While the angle could only be mea-

a
sured absolutely to =+ 0*1”, small incremental adjustments could be

made much more accurately”””\  The angular width at half reflectivity
was found to be ~ 5 minutes corresponding to the divergence of the

argon laser beam.

(b) Magnitude of Reflectivity

The refractive index modulation due to thermal effects is given

Aan

Y P
2&%(nrkr)2 A

where y is a numerical factor such that 0*5 <y <1 and P is
the power per unit area absorbed in the medium of length 6 and

thermal conductivity y.



Hence with the same solution as in (a), with an intensity of
23 MWemt and &~ 4 cm

-6
An~ 4 X 10
2

Now reflectivity ~ 4% for argon light incident at

B ( 2_cos"Q J
the Bragg angle. However, the theoretical angular width at half re-
flectivity of the Bragg is of the order of 10 seconds for a non-diver-
gent beam (see Introduction), whereas the divergence of the argon
laser beam was about 5°. Hence only about of the argon beam was
available for reflection, and thus resultant reflectivity ~ 0-1%,
This estimate was experimentally confirmed.
(c) Dependence of Reflectivity on Ruby Laser Power

The change in refractive index at any point is proportional to

the mean square of the local field. Let and FEg be the electric

vectors of the forward- and backward- going beams respectively.

Now
Er = sin(kz-cot)
Fg = Ag sin(-kz-o0)t).
The local field E= E* + E*

A*sin(kz-0)t) + Ag sin(-kz-cot)

AA

Er = YA + YA + — cos 2kz

therefore the difference between maxima and minima of the mean square
of the local field = AIA2 .
Hence the difference between the maxima and minima of the refrac-
tive index 6n o AMA*.
Now reflectivity of grating oc(6n)® (see Introduction)
o 1"Ig where 17,lg are the inten-

sities of the forward- and backward- going beams respectively. Fig.3



shows the dependence of reflectivity of a solution of copper acetate
in methanol (a = 0»15 cm *) on when Ig = 0%33 1%, In this case
reflectivity o 1* as is confirmed by the graph. We ascribe the

errors mainly to variation of the divergence of the ruby light due to

lack of transverse mode control.

Fig.4 shows that the reflectivity is proportional to Ig when 1*
is kept constant. These two results confirm the theoretical relation-
ship.

Further power dependence investigations were made in the case of
a saturable absorber (cryptocynanine in methanol). As was expected,
the l’i dependence breaks down at about 10 MW/cnf owing to the bleach-

ing of the (Fig,5).
(d) Dependence of Reflected Power on Incident Argon Laser Power

To ensure that the argon light was acting solely as a probe and
not contributing significantly to the non-linear effects, the depend-
ence of reflected power on the incident argon power was investigated.
For solutions not absorbing at the argon wavelength, e.g. copper ace-
tate in methanol, the expected linear dependence was observed (Fig.6),
However, for solutions having even a slight absorption at the argon
wavelength, e.g. nitrobenzene, thermal de-focusing(l6) of the argon

beam greatly reduced the Bragg reflection.
(e) Dependence of the Reflectivity on Concentration

The reflectivity of the grating was also investigated as a func-
tion of the absorption coefficient. As expected, different solutes
in the same solvent gave equal reflectivities when the absorption

coefficients of the solutions were equal.



The measurement of the reflection as a function of the absorption
coefficient a was complicated by the fact that variation of a
affects the values of and E#. This can only be corrected for
as long as the non-linear effect in the cell has a negligible effect
on the ruby beam, a condition that requires a much shorter cell than

that used in this experiment.

(f) Time Resolution

Each of the non-linear effects mentioned earlier has a character-

istic relaxation time™ These have the following orders of magni-
tude:
-9 1o
Electrostriction - 10 to 10 sec
-11 -12
Kerr effect -10 to10 sec
7 8
Thermal effect - 107 to 10 sec.

The length of the ruby pulse (~ 15 nsec) and the resolution of
the instruments (~ 7 nsec) only allowed investigation of the thermal
relaxation.

Fig.7 shows the time profile of the ruby laser pulse and the
resulting Bragg reflected pulse in the thermal and the electrostric-
tive cases. The relaxation time of the effect of électrostriction is
very fast (compared with the pulse profile and instrument resolution).
Hence the profile of this pulse provides a measure of the resolution
of the instruments, (7 nsec). The relaxation time of a thermal grat-
ing is calculated from the bulk properties of the medium by the
f ormula”

cp
X(2k*np2
where ¢ = specific heat at constant pressure and p = density. This

gives a value of 16*S nsec for methanol. The points marked on Fig.7



are the theoretical points given this relaxation time and the resolu-
tion time of the instruments. There is good agreement for this value
of relaxation time and significant misfit if it is varied by more than
2 nsec.

Similar agreement was obtained in the case of a number of other
liquids.

This technique can be used more generally for investigation of
any non-linear optical effect dependent on . In particular short
pulses and better detector resolution will allow direct measurement
of the lifetimes of the phonons generated by the stimulated Brillouin

effect.
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APPENDIX

Let 0 = angle of incidence at a refractive index boundary
0' = angle of refraction at a refractive index boundary
A" = amplitude of wave incident on boundary
6A” = amplitude of wave reflected from boundary

on = very small change of refractive index at boundary

then -sin(0-0") -0n A A A
T~ =iin(et+te') ~ 2n""cos”e Parallel polarisation
) 1 dA 1
in limit -f- A
on"0O \ 2naocos”™0
Now let
n =undisturbed refractive index for argonlight
n*" =undisturbed refractive index for rubylight
An = difference between max and min refractive index for
argon light
X =wavelength of argon light in vacuo
XN =wavelength of ruby light in vacuo
2%
Ma - X
27t
r
= distance along ruby beam direction
A
then n =n + Ana sin 2k n_ z
a ao 2 r ro

dn An
"dT ="F 2krnroCos(2kyn*Qz)

J , IV -A"a'kr"roC°s(2kr'"ro=)
2n"Q*cos"0



Now light reflected from boundary at z has phase lag of
2n__k z coso at z =0
ao a
dA 12n k z coso
R ro rfV.vvo cosk n_z) ' & ?°%
A dz 2nao-cos2( r ro
where Aro is the amplitude at z =0 of the wave reflected from a
depth z of grating. Then total amplitude, A", of wave at 1z
reflected from grating of depth L is given by
-An_k n 12n_ k_z cos0
ro _ ar ro a0 a -dz
dz = cos(2k n_ z)!
dz 2cos 0 n*o r ro
assuming A" ~ const = A* i.e. total reflectivity « 1 where
L = total length of modulations probed.
Now let 2k n,. =k
r ro
2k n__ coso = k'
a ao
[13
k An k" z
. cos kz ¢ dz
];KJ }’ 4 cos™ On
[13
kAn rsin (k' +k)L sin(k'-k)L
A
8 cos™ Ony, k/+k k
1 1-cos(k'+tk)L * 1- cos(k' k)L
k'+k
for k' ~ k terms with k'-k denominator » terms with k'+k
denominator
2 kA, sijr (k' -K)L+( 1-cos(k' -k)L)¢
8cos”*0n, (k'-k)2
L
8 cos™ Ong,, k' -k L]

0



This has maximum when k' =k
A " 3
i.e. when cos 6 = 2. .19
llao

kAn L \2
then R _

8 cos” OnaQ
where Ij are the reflected and incident intensities
reflectivity =

"It V20
2nroL
where N = Kr
An,
0" 2
ao
.. 1
At half reflectivity K-k £

now k'-k =2k n cos 0 - 2k n
a ao r ro

k
. —1 “/'po
let 0 =0Q+ O where 0" = cos —
a ao
k' - k=-00 k" - k“nP
a ao rro
60
1
42
* 60 - kM eL=+1*39 radians
2 . a ao r ro
_ 2 X 1-39
60 =+ kn \2
a ao |
kr'"r

_ﬂ*l\ 1e

angular width at half reflectivity Q

13 -
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COPPER ACETATE IN METHANOL

10 10

I, M.Wcm-2
Fig.3
Reflectivity (R) of the phase grating as a function of the
intensity (I*) of the forward-going beam with . The

line shows the theoretical square law.

CRYPTOCYANINE METHANOL
X=G-36c»"
1-0 10 100
I, M.Wcm-2
Fig.5
Reflectivity of phase grating as a function of for a

saturable absorber.

COPPER ACETATE IN METHANOL

« =0 15c»'
I, MWcm-2
Fig.4
Reflectivity (R) of the phase grating as a function of the
intensity (Ig) of the backward-going beam with constant

at 71 MWem“*. The line shows the theoretical linear law.
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Fig.6
Reflected power as a function of incident argon laser power.
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Fig.7 Time profile of the ruby laser pulse and the resulting Bragg
reflected pulse in the thermal and electrostrictive cases.

The points marked are those calculated given the theoretical

relaxation time. cLm-P224
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