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ABSTRACT 

This work describes an experimental and numerical study 

of the use of stimulated Brillouin scattering (SBS) for laser 

pulse compression and phase conjugation. 

High efficiency compression of single-mode ruby laser 

pulses in a backward wave Brillouin amplifier has been 

demonstrated. Compression ratios greater than 10, efficiencies 

greater than 70% and phase conjugated pulses at one nanosecond 

duration have been produced. Several compressor systems have 

been investigated, including the use of tapered waveguides, 

long focal length geometries and generator-amplifier systems. 

A numerical model of pulse compression in a waveguide with a 

convergent taper has been developed, indicating that close to 

one hundred per cent conversion efficiencies should be possible 

with second Stokes production not being a serious limitation, 

unlike the case in stimulated Raman scattering (SRS). 

Consequently, a Brillouin compressor offers an attractive 

alternative to systems based on SRS. 

A practical consideration of the scaling of a Brillouin 

compressor to high-power laser systems, notably the rare-gas 

halide laser KrF, is presented. Specific compressor con-

figurations for the extraction of laser pulses in the nanosecond 

timescale are described, and a survey of some promising 

compressor media indicate the practical possibility of 

accomplishing Brillouin compression for high-power-laser use in 

laser-plasma interactions and laser fusion studies. 

An investigation of the more general properties of the 

Brillouin process in gases, liquids and solids is also described. 

This includes an experimental comparison of different media; the 

effects of scattering under steady-state and transient regimes 

in collimated, focused and waveguide geometries; the influence 
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of laser intensity, linewidth, mode-beating and polarization; 

and the competition of other scattering processes, self-

focusing, breakdown and damage on the Brillouin process. 

Finally, the uses and properties of laser resonators 

incorporating phase conjugate Brillouin mirrors are 

investigated. Taking advantage of both the phase conjugating 

and pulse compressing mechanisms of the Brillouin mirror, a 

novel type of phase conjugate resonator is produced, based on 

a combination of two Brillouin mirrors. The cavity emits a 

train of intense pulses of subnanosecond duration and high 

beam quality, even with aberrating optics in the cavity. The 

potential applications of such systems are described, 

especially for the production of low divergence, narrowband 

pulses of subnanosecond duration from excimer lasers, which 

is difficult to achieve by conventional techniques. 



TABLE OF CONTENTS 

Pag 

Abstract 

CHAPTER 1 : INTRODUCTION 6 

1.1 The scattering of light and stimulated Brillouin 
scattering 6 

1.2 History of Brillouin scattering 8 

CHAPTER 2 : THEORY AND NUMERICAL MODELLING OF PULSE 

COMPRESSION BY BACKWARD WAVE AMPLIFICATION 12 

2.1 Introduction 1 2 

2.2 Pulse compression techniques 13 

2.3 Backward wave amplification 14 

2.4 Comparison of SRS and SBS 17 

2.5 Compression by stimulated Raman scattering 19 

2.5.1 Equation and dynamics 19 

2.5.2 Limitations of Raman compressor 
performance 21 

2.6 Compression by stimulated Brillouin scattering 24 

2.6.1 Numerical model 24 

2.6.2 Numerical results and discussion 28 

2.7 Applications and scaling to high-power laser 
systems 35 

2.7.1 Brillouin compressor systems 35 

2.7.2 Choice of compressor medium 3 7 

2.7.3 Rare gases 38 

2.7.4 Low Raman gain media 39 

CHAPTER 3 PHASE CONJUGATION BY STIMULATED BRILLOUIN 

SCATTERING 4 0 

3.1 Phase conjugate optics 4 0 

3.2 The characteristics of phase conjugation 41 

3.3 Qualitative discussion of phase conjugation by 
SBS 4 3 



4 

Page 

3.4 Analytical solutions to SBS in a waveguide 44 

3.5 Phase conjugation by focused radiation 51 

3.6 Numerical modelling 53 

3.7 Influence of transiency in SBS 56 

3.8 Influence of other nonlinearities 58 

CHAPTER 4 : PRELIMINARY EXPERIMENTS ON STIMULATED 

BRILLOUIN SCATTERING 6 0 

4.1 Intense, coherent laser sources for SBS 6 0 

4.1.1 General description of the ruby laser 61 

4.1.2 The ruby oscillator 62 

4.1.3 Control of single longitudinal and 

single transverse mode operation 63 

4.2 Introduction to Brillouin scattering studies 67 

4.2.1 Gases 68 

4.2.2 Liquids 72 

4.2.3 Solids 75 

4.2.4 Plasmas 80 

4.3 Miscellaneous factors influencing SBS 81 

CHAPTER 5 : EXPERIMENTAL INVESTIGATION OF PULSE 

COMPRESSION BY SBS 86 

5.1 Introduction 86 

5.2 Pulse compression in tapered waveguides 87 

5.3 Pulse compression by focusing geometries 91 

5.4 Pulse compression in generator-amplifier 

systems 9 2 

5.5 Externally-injected S^^-es pulse 94 

CHAPTER 6 : INVESTIGATIONS ON LASER RESONATORS WITH 

PHASE CONJUGATING BRILLOUIN MIRRORS 98 

6.1 Phase conjugate resonators 98 

6.2 Brillouin resonators 100 



5 

Page 

6.2.1 Cavity Type I. Laser oscillator with 
a Brillouin mirror 100 

6.2.2 Cavity Type II. Laser oscillator with 
an internal Brillouin mirror 101 

6.2.3 Cavity Type III. Externally-injected 
laser resonator with a Brillouin mirror 104 

6.2.4 Cavity Type IV. Laser resonators 
incorporating combinations of Brillouin 
mirrors (the Brillouin cavity) 108 

6.2.5 Cavity Type V. Ring resonator with 
pumped Brillouin mirror 114 

CHAPTER 7 : CONCLUSIONS 116 

Acknowledgements 120 

References 121 

Published papers 127 



6 

CHAPTER 1 

INTRODUCTION 

1.1 The Scattering of Light and Stimulated Brillouin 

Scattering (SBS) 

When light is passed through matter it is found that 

scattered radiation is produced in different directions and 

at different frequencies to the original input beam. In each 

case scattering is produced by excitations in the medium and 

is characterised by the absorption of an input photon of light 

(frequency u)L) and the emission of a scattered photon (C0g ) 

at some angle to the incident radiation. The frequency shift 

( cd u—uig ) corresponds to the frequency of the material 

excitation ( to^). At low light intensities the scattering of 

radiation is small and the input light is only weakly perturbed. 

The mechanism involved in this case is usually called 

'spontaneous' or 'thermal' scattering. 

The thermal scattering of light has been studied for more 

than half a century and the main features of the scattered 

spectra determined [1]. A typical thermal spectrum of scattered 

radiation is shown in Figure 1.1, and depicts some of the main 

types of scattering phenomena that include i) Raman scattering 

due to molecular vibrations, ii) Brillouin scattering due to 

adiabatic density fluctuations (sound waves), iii) Rayleigh-

centre scattering due to fluctuations of entropy, and iv) Rayleigh-

wing scattering due to anisotropy fluctuations. 

In spontaneous (or thermal) Brillouin scattpf-ing it is the 

thermal acoustic phonons (or sound waves) with frequency u)^ due 

to density fluctuations in the medium that induce the scattering 

of an input photon (cOL) into what is referred to as a Stokes 

photon ( £Os = icu ) and anti-Stokes photon ( ̂ ^ - ^ ^ ) . 
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However, at high light fluxes typical of giant-pulse lasers the 

Stokes scattering can become large enough so that 'stimulated' 

emission occurs. This is normally in a single direction and 

such that the laser and Stokes light coherently combine to 

further increase the acoustic field that initiated the scattering. 

The increased acoustic wave further enhances the scattering 

process, and this regime is characterised by the exponential 

growth of the Stokes field with distance. The Stokes field 

readily grows to intensities comparable to the incident field. 

Thus for the case of backward ( Q = 180°) stimulated Brillouin 

scattering, a medium virtually transparent at low light 

intensities can become highly reflecting at high light fluxes. 

A so-called 'Brillouin mirror' with reflectivity approaching 

unity is produced in the interaction. This is one example of 

the branch of physics called nonlinear optics [2] that resulted 

from the birth of the laser and notably its ability to produce 

intense coherent light pulses. * 

Unlike a conventional reflector, the Brillouin mirror can 

be thought of as a four-dimensional (x,y,z,t) mirror: it can 

react to intensity and phase variations across the transverse 

profile (x,y) of the input radiation and produce phase conjugate 

reflections under appropriate conditions [3,4,5,6]; the mirror 

has depth (z) and pulse reshaping [7,8] and pulse compression 

(power gain) can be imparted to the reflected pulse [8,9,10] 

and the interaction is sometimes transient (t), which gives the 

process "inertia" and a memory of previous scattering within 

the storage time of the medium [11,12]. Thus the Brillouin 

mirror is seen to be a highly versatile intensity-dependent 

reflector, capable of responding in real-time to dynamic and 

spatial changes in the laser radiation. It is this property 
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that makes the Brillouin process highly desirable to tailor 

the beam shape and beam quality. Notably in high-power laser 

systems stimulated Brillouin scattering (SBS) can produce 

interstage decoupling of amplifiers and prepulse control [7,8], 

the shortening of pulses [7,8] and the correction of aberrations 

using phase conjugate Brillouin scattering [13]. 

In the present investigations of this work several other 

applications of SBS are studied. These include the use of the 

Brillouin mirror for laser pulse compression using backward 

wave amplification, phase conjugate laser resonators, and the 

use of SBS for spectral and spatial filtering. 

1.2 History of Brillouin scattering 

The phenomenon of Brillouin scattering was first described 

in 19 22 by L. Brillouin [14], who considered the scattering of 

light from thermally excited acoustic waves. Classically, the 

presence of an acoustic wave modulates the optical dielectric 

constant and can cause exchange of energy between electromagnetic 

waves whose frequencies differ by an amount equal to the acoustic 

frequency. The study of thermal Brillouin scattering has been 

extensively pursued, providing useful data on the properties of 

matter. In this respect, Brillouin scattering forms a means of 

measuring photoelastic constants, sound velocities at high 

frequencies [15], viscosity and thermal conductivity at 

different frequencies [16], [17]; sound absorption data provides 

information of the rate of energy exchange between internal and 

external degrees of freedom due to vibrational and rotational 

relaxation [18,19], and provides information about thermodynamic 

properties close to critical points and phase boundaries [20]. 

The process of stimulated Brillouin scattering was first 
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observed in 1964 by Chaio, Townes and Stoicheff [21], in which 

a ruby laser pulse focused into a crystal (sapphire and quartz 

used) produced an intense coherent acoustic wave and a strong 

scattered beam. In this stimulated version of the process the 

acoustic wave grows to high intensities via an electrostrictive 

strain induced by the periodic beating of the laser and scattered 

wave at a beat frequency equal to the sound wave. The electro-

strictive strain drives the acoustic wave, which can then 

provide strong coupling of the laser energy into the scattered 

wave [22]. For phase-matching reasons a single hypersonic 

frequency acoustic wave is produced, and in liquids is typically 

several gigahertz. The effect can occur in all states of matter: 

solids, liquids, gases and plasmas. Much research was undertaken 

in the latter part of the 1960s to display the basic properties 

and find theoretical solutions of the behaviour of Brillouin 

scattering. This work is compiled in a number of review articles 

[23,24,25]. 

A brief summary of some of this work is as follows. 

Theoretical solutions to the Brillouin coupled nonlinear 

equations have been found for the transient case without laser 

depletion [26,27], the steady-state case when depletion occurs 

[28], and when acoustic damping is neglected attempts to solve 

the nonlinear equations by inverse scattering theory [29,30] 

have been undertaken. Experimental investigations have generally 

been undertaken with single-mode ruby and neodymium Q-switched 

lasers typically with powers 1-500 MW and durations 10-30 ns. 

Brillouin scattering has oeen shown to produce backward Stokes 

production, typically 70% of the input and with high phase 

conjugation fidelity. The onset of intense Stokes radiation 

is additionally characterised by an intensity threshold for the 
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input light, and is produced with a very similar frequency to 

the input being shifted by the acoustic frequency which is 

five or six orders of magnitude smaller than the optical 
— 5 —6 

frequencies ( ^^/iO^ ~ 10 - 10 ) . Many experiments used 

focused beams, although waveguides have been shown to be useful 

interaction geometries [31] and to enhance phase conjugation in 

many cases [5,32], Although SBS usually will occur in the back-

ward direction where its highest gain and interaction length 

occurs, it is possible to achieve off-axis scattering by use of 

a resonator whose axis is angled to the input beam axis [33]. 

The resonator allows a much larger effective interaction length 

for the off-axis Stokes beam. 

Compared with most nonlinear processes, the response of 

the Brillouin scattering can be quite long with acoustic life-

times of several nanoseconds. Considering that the pumping 

pulses are of the same duration, transient scattering phenomena 

can often be observed [11,10]. 

A full review of the subject of Brillouin scattering has 

not been given here. The review papers cited present much of 

the available work up to the mid-seventies. Much of the more 

recent work has focused on the use of SBS in high-power laser 

systems to produce phase conjugation, and for pulse shaping 

and as a cheap, high damage threshold laser reflector. Some 

of the more specific details of this study will be expanded 

upon in later chapters of this work. The author also hopes 

that the studies undertaken and described in the following 

chapters usefully adds to this field of knowledge in several 

areas. Chapters 2 and 5 describe the work on laser pulse 

compression, encompassing experimental validation of the 

technique with high compressions and efficiencies, together with 

a description for the scaling of such systems for use with high-
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power laser systems. Notably such a technique would be valuable 

for the efficient production of nanosecond pulses from the rare-

gas halide lasers such as KrF, which lack optical storage. Such 

systems are required for laser-plasma and fusion studies. 

Chapter 6 describes work pursued on phase conjugate resonators 

employing the Brillouin mirror. Chapter 4 describes experimental 

studies of the more general aspects of the Brillouin process. 

The expanse and variety of details of the Brillouin process 

described in Chapter 4 made a more complete review inappropriate 

in this introduction, and the reader is referred to this chpater 

for more general discussions on the mechanisms and characteristics 

of Brillouin scattering. 
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CHAPTER 2 

THEORY AND NUMERICAL MODELLING OF PULSE COMPRESSION BY BACKWARD 

WAVE AMPLIFICATION 

2.1 Introduction 

Since the creation of the laser several techniques have 

been devised to obtain short-pulse emission from laser systems. 

Notably Q-switching [34,35] and mode-locking techniques [36,3 7] 

allow the production of pulses much shorter in duration than the 

pumping supplied to the gain medium. In Q-switching energy is 

stored in the gain medium over a long period by suppressing laser 

build-up. Subsequently the cavity Q is increased, allowing fast 

build-up of cavity flux and the emission of a single giant-pulse 

typically of order 20 nanoseconds for many solid-state laser 

systems. In passive and active mode-locking pulses of picosecond 

and sub-picosecond duration can be produced by phase-locking a 

large number of cavity modes. The shortest pulses of duration 

less than 100 femtoseconds have been produced by the technique 

of colliding pulse mode-locking (CPM) [38]. 

In some circumstances, these techniques for producing pulse 

shortening may be difficult to achieve or energetically 

inefficient for the application required from the laser system. 

An important example of this are the UV excimer lasers, notably 

the KrF system, which has been proposed as a fusion driver and 

more generally for laser-plasma studies. Among the requirements 

of such systems is the need for high pulse energy, good repetition 

rates, high system efficiency, pulse duration of about one nano-

second [39] and preferably a short wavelength for good energy 

coupling into the target [40]. Among these requirements the 

major shortcoming of excimer lasers is their lack of optical 

storage due to their short excited state lifetimes (few nano-
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seconds) and high gain. They must lase throughout their pumping 

duration for efficient extraction, and since it is proposed to 

use pumping durations greater than one hundred nanoseconds a 

pulse compression technique is required external to the laser 

sytem. 

Of notable promise to this end is an optical pulse com-

pression technique using a backward wave amplifier. A theoretical 

and experimental study of this technique using a backward Raman 

amplifier has been carried out at the Lawrence Livermore 

Laboratory (e.g. [41,42,43]). In reference [41] compression 

ratios of 5 with 70% efficiency and compressions of 10 with 50% 

efficiency were achieved with KrF, and the limitations of the 

system described. More recently the feasibility of pulse 

compression by SBS was demonstrated [9] using a Nd:YAG laser. 

The compression figures compared very favourably with those 

using SRS. 

2.2 Pulse compression techniques 

Several possible pulse compression schemes could be 

utilised for the efficient production of short pulses from 

a long pulse laser system such as the rare gas halide system 

KrF, which lacks optical storage. 

a) The efficient long pulse laser is used to pump a 

second laser medium with energy storage which subsequently 

emits the stored energy as a short pulse. A storage medium 

capable of being efficiently pumped and capable of short pulse 

extraction would be required. 

b) A second technique for pulse compression is pulse 

stacking. In the most common pulse stacking scheme a sequential 

train of pulses at slightly different angles extract energy from 

a laser amplifier. By appropriate time delays each of the 
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separate pulses are simultaneously stacked onto the target. 

This is known as angle-multiplexing, and other stacking 

techniques such as polarisation or wavelength encoding could 

be utilised in principle. In simple terms, for a laser 

amplifier that emits a net average power P Q the power gain 

achieved by the stacking of m beams is given as P/P Q = 

where v^ is the extraction efficiency of the pulses, including 

absorption and scattering losses. Pulse stacking can be 

attractive since r^ can be made close to unity. However, it 

also has serious limitations. Prepulse heating of the target 

due to scattering from delay line optics can seriously hinder 

the implosion of the target in laser-plasma studies and to achieve 

high pulse compressions the number of delay lines and high 

quality optics required necessitates an extremely cumbersome 

optical set-up. 

c) A third approach for efficient compression is by back-

ward wave amplification in which Raman scattering and Brillouin 

scattering are the principal candidate .processes. In this 

scheme a short duration Stokes pulse is amplified by a longer 

duration laser pulse in a Raman- or Brillouin-active medium. 

The relative advantages of these two scattering processes will 

be discussed in detail later. It will be mentioned here that 

the Raman process tends to be limited by higher-order scattering 

while SBS is not seriously limited in this respect, allowing 

very high efficiencies to compress pulses down to nanosecond 

and subnanosecond duration. 

2.3 Backward Wave Amplification 

The basic aim of pulse compression by backward wave ampli-

fication involves taking an optical pulse of relatively long 

duration and converting it to a shorter duration without 
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serious loss of energy. As a result, a more powerful pulse 

is created than the original input and the technique is 

therefore quite distinct from merely "chopping out" a short 

duration pulse from a longer one by electro-optic techniques 

or by using a saturable absorber [44], for example. 

The simplest geometrical form of the pulse compression 

scheme is illustrated in Figure 2.1. The long laser pulse 

(frequency o)L ) of duration t enters the front end of a Raman-

active or Brillouin-active medium, whose length is approximately 

half that of the laser pulse (L c t ^ ^ ) • A Stokes pulse 

(frequency u)s ) of short duration is arranged to propagate from 

the back end of the interaction zone just as the leading edge 

of the laser pump pulse arrives. As it travels in the backward 

direction energy is coupled from the laser pulse into the Stokes 

pulse via the material resonance ( = ^v^uJ^ ) . Consequently, 

the backward Stokes is amplified and the pump laser is depleted 

when the Stokes pulse has grown to a saturating fluence. By 

using the optimal interaction length the Stokes pulse emerges 

just as the end of the laser pulse has entered the medium. An 

intense pulse of short duration is created and if the input 

pulse is strongly depleted the pulse will be more powerful than 

the input. Optical pulse compression by backward wave ampli-

fication is achieved. 

The two important parameters of the interaction are the 

compression ratio (k = t_/tc) defined as the ratio of the duration Li o 

of the input laser pulse (tL) to the duration of the output 

Stokes pulse (tg) , and the energy conversion _^iciency 

( • = Ps0"1/U^1 ) ^ e interaction. The enhancement in 

power is also given approximately by the product of these two 

quantities ~ 

The energy conversion efficiency is a well defined quantity 
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that can readily be measured. It is also at times convenient 

to talk in terms of the photon conversion efficiency ( ) 

especially in numerical and analytical modelling of the inter-

action since it is the total number of photons that is normally 

conserved if optical losses are not significant. The two 

quantities of conversion efficiency are simply related as 

y^ •=- (Hs/iOj.)' . In SRS the quantum efficiency ( <Os 

needs to be considered due to an appreciable frequency shift 

( i+liT I 10^8% with KrF in methane) . In Brillouin scattering 
-5 

the frequency shift is so small ( ~ 10 ) that the 

photon conversion efficiency can be taken as identical to 

energy conversion efficiency for all practical purposes. 

Unlike the conversion efficiency the pulse compression 

ratio is not as rigorously well defined. The Stokes pulse 

shape can be totally different from the input pulse shape and 

the usual definition of pulse duration as full-width at half 

maximum height (FWHM) can in some cases be misleading. In 

some cases it also is important to know detailed features of 

the Stokes pulse, such as the rise-time of its leading edge 

(not implicit in the definition of the compression ratio) to 

provide a knowledge of the prepulse heating of a target in 

laser-plasma studies that the wings on the leading edge of 

the pulse can produce. 

The collimated geometry used in the Raman compressor 

systems, although the simplest case and the easiest arrangement 

to model, is not the only interaction geometry. The tapered 

waveguide is in many ways superior to the collimated case for 

large compression ratios. It will maintain a low Stokes 

intensity and prevent detriment nonlinearities that a growing 

Stokes may cause. The tapered geometry is also capable of 

allowing the spontaneous generation of a short duration Stokes 
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pulse by using a tapered waveguide or focusing geometry [8]. 

An experimental investigation of the tapered case is the subject 

of Chapter 5 and a numerical model is developed later in this 

chapter. 

2.4 Comparison of SRS and SBS 

As previously mentioned, stimulated Raman scattering (SRS) 

and stimulated Brillouin scattering (SBS) are well known 

inelastic scattering processes resulting from the interaction 

of light with matter. An input laser wave (pump) at frequency 

excites an internal vibration of the medium with frequency oO^ 

which is simultaneously accompanied by the production of a 

scattered beam, the Stokes wave, at frequency — • 

In SRS the internal resonance is a quantised transition due to 

a molecular vibration often called the optical phonon, while 

SBS results from interaction with an acoustic wave, sometimes 

called the acoustic phonon. 

These two scattering processes are quite analogous in 

many features and in several situations can be described by 

an identical mathematical formalism. Indeed, in the steady-

state Brillouin case the mathematical solutions formulated 

for SRS in section 2.5 can be used for SBS. However, some 

significant physical differences should be noted. 

i) The frequency shift of SRS is typically of the order 

of 1000 cm"1 (e.g. V Q = 2914 cm"1 for CH4 [45]) whereas the 

shift due to SBS is considerably smaller and of the order of 

0.1 cm"1 (e.g. V ^ O.i cm"1 for CH4 with L = 249 nm) . The 

very small frequency shift of the Brillouin process offers the 

potential for the backscattered pulse to undergo reamplification 

in the laser system since the gain bandwidth of all but a few 
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media is very much larger than the Brillouin shift. 

ii) The damping time of SRS is very short and typically 

few ps while for SBS T ^ ns which often produces r a 
transient phenomena into the scattering process of SBS. It is 

due to the long damping time in SBS that a transient analysis 

is performed in this work to form a numerical model. The model 

predicts phenomena not present in the steady state models [41]. 

iii) Forward and backward SRS can occur with maximum gain 

usually in the forward direction. Due to the phase-matching 

in SBS only backward scattering occurs with no scattering in 

the forward direction possible in isotropic media. The pro-

duction of second and higher-order Stokes in the SRS process 

due to the forward scattering mechanism strongly limits the 

operation of the Raman compressor. Brillouin scattering is less 

limited by these higher-order scattering effects. 

iv) The Raman steady-state gain coefficient (g ) usually R 
scales with density of scatterer and pump wavelength as 

g^ oc yO / while for SBS the corresponding gain coefficient 

varies as g^ cxz p3- . The quadratic dependence of density upon 

the SBS gain normally requires the use of moderately high 

pressures in gases to reach the very high gains characteristic 

of the Brillouin process. 

v) The Brillouin process where the Stokes pulse is 

spontaneously generated from noise frequently induces a phase 

conjugated backscattered signal [3]. In Raman scattering the 

relatively large frequency shift of the Stokes beam limits the 

situations under which phase conjugation may occur, and reduces 

the degree of optical compensation that may be achieved by 

double-passing aberrated optical components. 

The effects of these and other differences in respect of 

pulse compression and phase conjugating systems will be discussed 
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in later sections. 

2.5 Compression by Stimulated Raman Scattering 

2.5.1 Equations and Dynamics 

When anti-Stokes and higher-order Stokes waves may be 

neglected, SRS is described by four coupled equations for the 

laser field (ET), the Stokes field (Ec), the vibrational 

amplitude of the material (Q) and the population difference of 

the initial and final vibrational state (N) [46], where E^, 

Eg and Q are the slowly varying envelopes of the waves. As 

is often the case, material saturation can be neglected 

(N = constant) and since the optical phonon lifetime is on 

the picosecond timescale in Raman active media of interest 

(except the interaction can be assumed steady state 

( ) . Then for SRS in a lossless medium the resulting 

equations for backscattering are [41] 

where IT and I a are the laser and Stokes intensities and g^ Ju o K 
(cm/MW) is the Raman gain coefficient. 

This coupled pair of travelling-wave equations is the start 

of the Raman compression analysis. They have been simultaneously 

solved [46,41] by using an extension of the Frantz-Nodvik 

treatment of saturating amplifiers [4 7]. The equations are 

transformed to their travelling frame coordinates 

t = b — for the pump pulse and 

=- t + C / C ) • "iL for the Stokes frame of reference. 

The solutions to the equations (assuming the pulses overlap 

(2.1a) 

(2.1b) 



20 

entirely in the interaction cell) can be expressed in a number 

of forms. One form given in [48] is analogous to the Frantz-

Nodvik solution for a two-level amplifier [4 7] 

L t ^ e ) = I 
LIT. W - t ) / * ) 

(2.2) 

where the energy fluences of the laser and Stokes pulses are 

St 

3 1 ( e ) = j a (2.3a) 

T s ( t ) = j I 5 ( r , e ' ) dB ' 
— c 

and a saturation fluence S has been defined 

(2.3b) 

3 = ^ • 
U), 

n, +• n, 

Two equations for I and I_ can be formed as 
-Li b 

(2.4) 

I t ( r e) = I J t (2.5a) 

^ E J t } 9 ) 

w , ' 5 

(2.5b) 

which indicates that the Stokes intensity at a point Q grows 

exponentially in the total pump energy independent of its pulse 

shape while the pump intensity at a point "C decays exponentially 
-1 

in the total Stokes fluence, falling to e of its original value 

after passage of the saturation fluence S. 
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Details of these solutions and other useful relationships 

can be found in the relevant papers [41] , so it will not be 

pursued further here. However, some qualitative features of 

the solutions will be described. 

The form of the solutions indicates that the Stokes pulse 

will be amplified and its shape will be distorted as it 

propagates through the laser pump. The effect of gain saturation 

in which the leading part of the Stokes pulse sees an undepleted 

gain causes the peak of the Stokes pulse to move forward. If 

the leading edge of the Stokes pulse has an initially reasonably 

sharp rising edge it can develop a much shorter rise-time when 

amplified. Interestingly, the Stokes pulse at the output is 

independent of the detailed shape of the laser input pulse but 

depends only on the total pump energy. 

The efficiency (r^) of the compression is independent of 

the shape of both the laser and the Stokes pulse inputs. 

However, the efficiency increases with pumping intensity (IT) 
X J 

and gain coefficient (gR) and the initial Stokes energy fluence 

which determines how soon it will start to deplete the laser 

pulse. 

2.5.2 Limitations of Raman compressor performance 

The previous analysis of the SRS process considered an 

idealised situation. In practice, intensity and phase 

fluctuations in the laser pulse may be present, and the possible 

occurrence of higher-order scattering and parasitic and optical 

losses must be considered. These phenomena limit the performance 

•~f the compressor and second Stokes production is seen to be 

potentially the worst of the limiting factors for large 

compressions. 

The steady state gain g may be generally expressed as [41] 
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where 
is the lineshape of the Raman transition 

normalised to unit area and — ^ S ^he 

frequency detuning from exact resonance. 

It is found that the forward small-signal gain g^ is K. 
higher than that of the backward case g R for a number of reasons. 

It is important therefore to diminish this directional gain 

asymmetry so that forward superfluorescent Stokes is suppressed 

as much as possible. 

Some linebroadening effects, notably Doppler broadening, 

are larger for the backward scattering, and since the peak of 
the lineshape h(0) is inversely proportional to the linewidth 

f b therefore g ^ O ) > g_(0). This gain asymmetry can be diminished K K 
by operating in a Raman medium where the dominant broadening 

mechanism is direction independent, e.g. collision broadening. 

Restraints are also imposed on the laser linewidth 

that pumps the process. Analysis shows that the forward Stokes 

gain is independent of linewidth [49,41]. This is essentially 

because the forward Stokes travelling with the laser pulse grows 

from spontaneous fluorescence induced by the pump which will 

automatically acquire a phase relation to the local laser phase 

at each point for the highest gain ( (f) (t) — (f> = co^s-t.) 

and such that the gain is independent of linewidth. Conversely, 

the backward Stokes does not travel in the pump frame and phase-

locking cannot occur so the backward Stokes gain is r^^^ced. 

A further restraint is that the laser should have small 

intensity fluctuations. The forward Stokes wave travels along 

with the laser and experiences gain from the local intensity 

X L - -b - ̂ /c-) hence intensity spikes will give high forward 
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gain. Alternatively the backward Stokes averages over the 

laser profile as it propagates through the length of the laser 

pulse and sees an averaged gain proportional to J X ^ L ^ } d 2.. 

These considerations therefore restrained the laser to 

operate with good temporal and frequency quality if forward 

SRS is to be suppressed. However, a laser pulse of poor 

spatial (transverse) quality may efficiently amplify a high 

spatial quality Stokes beam [50,51,41]. 

The most serious limit to the performance of a Raman 

compressor is backward second Stokes superfluorescence, which 

depletes the energy of the backward first Stokes wave. Figure 

2.2 illustrates the principles of the problem. The backward 

travelling Stokes pulse can grow to such a large intensity that 

it can act as a pump to spontaneously generate and amplify a 

second Stokes pulse at frequency co^ ^ ^ ~~ to^ . This second 

Stokes pulse will copropagate with the first Stokes, and, being 

a forward scattering process, has the advantage of high gain, 
\ 

as previously discussed. If the first Stokes is intense enough 

it will be depleted by the growing second Stokes which may 

emerge with energy comparable to the first Stokes. To prevent 

substantial second Stokes production sets a limit on the 

maximum intensity of the first Stokes and the compressor must 

then be run at moderate compressions. 

It is conceivable that the second Stokes could, together 

with the first Stokes, be used but the quality of the compressed 

pulse would generally be too poor for applications such as a 

fusion driver. Tirstly, the second Stokes wave growing from 

noise will have high divergence typical of superfluorescence. 

Secondly, in practice the intense copropagating waves would 

quickly convert to higher-order wave and dispersion would cause 

these to be produced at small angles to the axis of the compressor. 
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Several other parasitic processes must also be considered 

in the Raman analysis. Since the input pulse is intense and 

the compressed Stokes is an order of magnitude more intense 

other nonlinear processes might occur, such as two-photon 

absorption, self-focusing, breakdown and competition from SBS. 

These detrimental nonlinearities do not appear to be too serious 

a limitation but would probably not be entirely negligible. 

The prime Raman candidate for a KrF pulse compressor is 

methane operated at near atmospheric pressure. To prevent 

strong second Stokes production power gains of about five are 

the limit and since this is not adequate for full compression 

to the nanosecond duration, a hybrid Raman compressor and 

pulse stacker system must be utilised in any fusion-based KrF 

system. 

2.6 Compression by stimulated Brillouin scattering 

2.6.1 Numerical Model 

A full derivation of the dynamic equations of SBS is 

presented in a review article by Kaiser and Maier [24]. In 

their analysis the effects of light absorption are included, 

which allows a simultaneous treatment of other scattering 

processes such as stimulated temperature Brillouin scattering 

(STBS) and stimulated Rayleigh scattering (SRLS). For clarity 

temperature and light absorption effects will be ignored in this 

work and the equations of SBS thereby kept in their simplest 

form. 

The material response is described by the Navier-Stokes 

equation which, neglecting absorption and temperature effects, 

may be written 

(2.7) 
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where ^o' is the density fluctuation of the medium from its mean 

value yO , v is the velocity of hypersound, y^ is the viscosity 

of the medium and ^^ — p (J^^/dp)^ i-s electrostrictive 

coupling constant. The total field E' arises from the presence 

of an intense laser field ^ ^ and a Stokes wave counter-

propagating with respect to each other. As can be seen from 

equation 2.7, the RHS term provides the coupling of the light 

to drive the acoustic wave (electrostriction). Similarly, the 

acoustic field couples to the optical fields via the nonlinear 

polarisation P ^ induced by the refractive index change caused 

by density variations p = / 

4tt V / T 

As in most nonlinear problems it is usual to take the inter-

acting waves into the slowly varying envelope approximation with 

the waves represented in the form 

- j E ^ ' f e t ) - L f u ^ - k , * ) + C C - (2.8a) 

E s ( z > b ) = i Es(H,b)exp -i(wit-»-l<sZ:) + C . C . (2.8b) 

yo'(z, t) = j; o M ) « * f <- •- c • c-
(2.8c) 

It can be readily shown [24] that when these terms are 

inserted into the Navier-Stokes equation and Maxwell1s equations 

and assuming resonance ( i/i^ lO^— and phase matching 

( k ̂  •=- k k ^ ) the resulting equations are 
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+ = • E s - / ° - | E l (2.9b, 3 L 3 
c a t / - L ^ 

5 - /L-iuJs E . ^ + o c p (2.9c) 

where I""! is the Brillouin linewidth (FWHM) and oc is the Jo 

optical attenuation coefficient. Spatial derivatives for the 

acoustic field have been neglected since the acoustic wave does 

not significantly propagate on the timescale of the scattering 
-1 

(v << c). In typical transparent Brillouin media ot 0.01 cm 

and can usually be neglected. 

These equations describe the dynamics of SBS for the general 

transient case, provided higher order scattering can be neglected 

For the purposes of forming a numerical model the equations are 

simplified to the following set of equations 

(2.10a) 

i - t i ^ r = E .a4 

dfc r\ dz 5 L 

(2.10b) 

<L + J L \ q = ^ 
3 b 2/t* J 0 

E E E ^ (2.10c) L 2 

where T ^ - l / is the intensity acoustic damping time of 

the medium and | is a coupling constant where 

6 4 1 t n ^ v 

Optical losses are neglected and the second derivative of the 

acoustic field neglected, provided ^ ^ q ^ / V ^ t 
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A numerical scheme has been used to model equations 2.10. 

The LHS of equations 2.10a and b are transformed along the 

characteristics of the field equations: 

laser : £ (fc' ) = £ - C/n (± - fc' ) 

Stokes : i ( t ' ) = 2 + ( t - f c ' ) 

Using this transformation the spatial derivatives are removed 

and the numerical difference scheme involves only time . 

derivatives, making the numerical algorithm stable with respect 

to the stability quantity for the zone size A z and 

time step & t. A simple difference scheme with adequately 

small time step was found to fairly accurately model the inter-

action in the initial stages of the computation or when the 

Stokes field was below depleting levels. For accuracy of the 

code when strong depletion of the laser field occurred, a 

fourth-order Runge-Kutta scheme [5 2] was devised. 

Various checks on the accuracy of the computer code were 

made. Equations 2.10a and b give rise to conservation of 

photons 
oo 

J ( l ^ f + ) dz: = CoasW-fc (2.12a) 
-GO 

Two further conservation conditions of photon and acoustic phonon 

numbers arise if the damping term in 2.12c is removed or t made 

long compared to the interaction time 

J ( | E J a + (2.12b) 
_ oO 

J ( l e s r - | a l a /K )d *= coas ta l (2>12c) 
-Oo 



28 

A constant check was kept on the conservation of these 

quantities to ensure numerical accuracy. In addition, the 

grid size of the time step and spatial zones was reduced until 

convergence of the results was observed. Other tests included 

comparison of the numerical results with steady state solutions 

when T ^ is short. 

The tapered interaction geometry required for pulse com-

pression in a waveguide (or by focusing) could be modelled into 

the code by making the gain term ^ a function of z related to 

the waveguide area A(z) in the form y [ x ) — Yo / A(^) • This 

provides a simple and accurate method for handing arbitrary 

interaction geometry, provided a plane wave or mean-field 

analysis can be evoked. 

Both square input laser pulses Xl_(rt) £ ao) = I ^ for 

O ^ f and Gaussian input pulses t-} £-=o) = 

In, fcxp - ( . V f t O * - f o r t ^ 

are considered. The initial Stokes field is of the form 
= I^e^ ^ where G ^ 30 under many experimental 

conditions and the acoustic fluctuation Q(z,t=0) = 0. The 

physical origin of the Stokes field is spontaneous noise, but 

under the high gain conditions required to produce a large 

Stokes pulse the detailed form of the Stokes source term is 

not important since it soon loses its original (random) character. 

Equally, the Stokes input could be an externally injected pulse, 

in which case its intensity and pulse shape would be well defined 

quantities. 

2.6.2 Numerical Results and Discussion 

Computation considered the Brillouin-active gas methane at 

high pressure (p = 130 atm) as a representative medium exhibiting 

high gain (gna«sr0.09 cm/MW) and long damping time (t RCrr8 ns at 
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= 6943 K) [53]. In Figure 2.3 are illustrated typical 

output Stokes and laser pulses resulting from the compression 

of a 20 ns pulse in a quadratically tapering waveguide of length 

1 = 300 cm (10 ns) to produce an exit laser intensity 1^(1) = 

3 50 MW/cm 2. The pulse outputs contain the basic features of 

compression with a Stokes pulse of shorter duration than the 

input laser pulse which is correspondingly depleted. The output 

Stokes pulse is, however, of a complex nature, exhibiting pulse 

break-up. This feature does not occur in steady state scattering, 

but can occur under transient SBS conditions. The sequence of 

events of the compression process may be summarised as follows. 

As the Stokes pulse propagates through the waveguide (or tapered 

region) it is amplified in a nonlinear fashion. Increasing 

depletion of the laser field occurs, but only becomes significant 

when the Stokes intensity becomes comparable to that of the laser. 

The Stokes pulse at some position in the compressor eventually 

reaches an energy fluence where the laser field just falls to 

zero after passing through it. However, the laser continues 

to feed energy into the Stokes pulse such that its fluence 

becomes greater than this depletion fluence at later times. 

The laser field is then depleted to zero at a position before 

the back of the Stokes pulse. The remaining tail of the Stokes 

pulse can then interact with the acoustic field to regenerate 

the laser field. There follows an interaction in the tail of 

the Stokes pulse that exchanges energy back and forth between 

the laser and Stokes fields, resulting in subsidiary Stokes 

pulsations and the observed break-up of the Stokes pulse. 

The explanation of the process by which the laser field may 

be regenerated under transient SBS conditions is analogous to 

the scheme described in [54], where a gain and loss modulation 

has been experimentally observed in transient forward Raman 



WAVEGUIDE 
Fig 2.3 Typical laser and Stokes output pulses after transient interaction in a 

Brillouin-active medium. The Stokes pulse exhibits pulse breakup. 
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scattering. In SBS the interchange of energy between the Stokes 

and laser fields is a direct consequence of the "inertia" of 

the acoustic wave, in that its amplitude does not immediately 

fall to zero when the laser field is removed. From equation 

2.10c the phase of the acoustic field is equal to the 

difference of the phases of the laser field ( and Stokes 

field ( ) and when the laser pulse is depleted to zero a 

regenerated laser field with phase =• — m is created by 

the source term of equation 2.10a. The major difference between 

the laser regeneration occurring here and that of [54] is that 

in this case the two pulses are counterpropagating. Gain and 

loss modulation of the tail of the Stokes pulse occurs with a 

periodic generation of laser field and conversion back to 

Stokes field, but since this laser field propagates back into 

the medium each time it is regenerated, the exchange of energy 

creates new Stokes pulses downstream from the main Stokes pulse. 

It is worth noting that this process of pulse breakup in 

transient stimulated scattering has some interesting similarities 

to -pulse propagation in a two-level amplifier system. The 

transient SBS amplifier analogy with the two-level amplifier 

has the difference, however, that the stored energy ("upper 

level") is in the laser field in a travelling frame of reference, 

and the process requires a time-dependent growth of the Q-wave 

before gain extraction can occur. Investigations in relation 

to two-level amplifiers and self-induced transparency [55,56] 

describe an area theorem for the electric field envelope with 

particular ntt pulse solutions exhibiting special propagation 

properties. No such rigorous area theorem would appear to exist 

for the SBS amplifier, but the Stokes pulse tends to adjust 

itself towards a " TC-like" pulse which will totally extract 

the stored energy of the pump laser. To accomplish this the 
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leading peak of the pulse grows in amplitude while its pulse 

width decreases and is accompanied by "ringing" in the tail 

of the field envelope under coherent transient conditions in 

a similar manner to the TL-pulse propagation in a two-level 

system. 

The feature of pulse breakup is detrimental to a compressor 

system since energy is lost from the first, main Stokes pulse. 

It should be noticed, however, even under these worst conditions 

of highly transient SBS and unoptimised interaction geometry 

compression still occurs. It will be seen, however, that the 

situation can be improved by a more strongly damped medium, a 

more suitably optimised geometric taper and by phase variations 

in the interacting fields. 

Breakup of the Stokes pulse would be mostly eliminated if 

the Brillouin-active medium is strongly damped since the laser 

field would be regenerated from a rapidly diminishing acoustic 

field. Ideally the damping time should be less than the 

duration of the Stokes pulse. SBS media, especially high-pressure 

gases such as methane (p ̂  100 atm) exhibit long damping times, 

typically ~ 20-30 ns for input pulses with wavelength 

^ 1 Jim. However, with oc- [57] , damping times of 

1-2 ns are expected for the UV excimer lasers such as KrF 

( *XL = 249 nm). Due to the shorter damping times, Stokes pulse 

breakup is much less of a problem. In addition, since the process 

is less transient the gain is greater for the UV lasers than for 

visible or IR lasers. In fact, under transient conditions, the 

ratio (g^/trr,) is the more natural gain parameter than just g_,. a a a 

Operation at lower gas densities would also reduce the damping 

time since 'Vg oc ^O [57] with an added advantage of low 

pressure exerted on the chamber windows, especially important in 

large aperture systems. Brillouin-active liquids could also be 
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considered, due to their shorter acoustic decay times, although 

their transparency, especially in the UV, tend to be worse 

than gases. 

A second method of inhibiting the effect of pulse breakup 

in a controlled fashion arises naturally from the use of a 

tapered waveguide. Although the energy of the Stokes pulse 

may grow as it is amplified, its intensity may be prevented 

from growing by the taper on the waveguide. The variation of 

the waveguide area can be made sufficiently large and the field 

intensities made sufficiently low such that the laser pulse is 

not depleted so quickly before the back of the Stokes pulse to 

cause its tail to undergo substantial feedback to the laser 

field. Figure 2.4 illustrates the output Stokes and laser pulses 

in a waveguide with a larger taper angle than was used in the 

situation of Figure 2.3. The effect of pulse breakup is reduced 

with the first main pulse containing a large proportion of the 

energy compared to the secondary pulses. It thus becomes 

possible to sweep up the energy of the incoming pulse into a 

single short duration Stokes pulse under transient conditions. 

The duration of the Stokes pulse generated, and hence the 

compression ratio, is controlled principally by the taper of 

the interaction geometry (waveguide, for instance). Since the 

laser intensity is highest at the exit of the waveguide, the 

rate of buildup of Stokes radiation is fastest at that point. 

If the taper of the waveguide near the exit is large, a short 

Stokes pulse will be produced, since the Stokes gain is very 

much larger in a small region near the exit. The Stokes pulse 

actually builds up at the exit with a small group velocity such 

that it does not propagate out of this region until it starts to 

strongly deplete the laser pulse, at which time the Stokes gain 

decreases and the Stokes pulse emerges with speed c/n. Even with 



Fig 2.4 Pulse compression in a suitably tapered waveguide geometry to 

reduce Stokes pulse breakup under transient SBS conditions. 
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a constant area geometry under transient conditions when the 

Stokes pulse is below depleting levels, it has a group velocity 

which is smaller than the speed of light [27] . In the tapered 

geometry, its group velocity is even smaller due to the higher 

gain near the tail of the Stokes pulse which holds back its 

peak. 

The limit of compression by this technique appears to be 

reached when the Stokes pulse is reduced to a duration comparable 

to the inverse of the acoustic frequency. This situation can be 

analysed by retaining the second time derivation of the acoustic 

field ^ ^/^(r2" in equation 2.10c. For acoustic waves 
1 0 

£0 Q ̂  10 rad/s typically, and this will tend to limit the 

Stokes pulse duration to the subnanosecond timescale. The slowly 

varying envelope approximation used in the above analysis also 

breaks down at this point. 

The conversion efficiency of this process is controlled 

mainly by the rate of growth of the Stokes pulse from noise. 

During the initial growth the leading edge of the laser pump 

passes out of the interaction region undepleted. Once the Stokes 

pulse has grown to a strongly depleting level it subsequently 

sweeps up the remaining laser pulse energy. For high conversion 

efficiency it is required that the build up time from noise is 

small compared to the laser pulse duration. Figure 2.5 indicates 

the trend of the conversion efficiency with the laser intensity 

at the waveguide exit 1L(1) for square input laser pulses with 

various durations (t^). The waveguide geometries for the graph 

depicted in Figure 2.5 are quadratic area tapers in methane, 

such that an approximately 1 ns pulse is generated in each case 

and Stokes pulse breakup is small. (The possible occurrence of 

gas breakdown, self-focusing or other types of scattering processes 

have not been considered for the present analysis). 
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Conversion efficiency is obviously improved at higher 

laser intensities. The lower threshold intensities required 

at shorter wavelengths (KrF) are due to the shorter damping 

time in the UV and higher transient gain. The low threshold 

intensity in the UV is a useful property since the thresholds 

for other detrimental nonlinearities also tend to be lower at 

shorter wavelengths. 

The conversion efficiency can be increased by generating 

longer Stokes pulse durations since the waveguide is less 

tapered in these cases and the laser intensity is higher (above 

the threshold) over a longer region near the exit. The conversion 

efficiencies of Figure 2.5 were produced by square input pulse 

profiles, but computer runs with Gaussian inputs in general 

produced somewhat higher conversion efficiencies. 

The waveguide does not necessarily need to have a single 

uniform taper, nor is it generally the best geometry. It could 

be constructed with two (smoothly) coupled sections having an 

appropriate area variation near the exit to control the duration 

of the Stokes pulse created and its build up from noise and 

second tapered section to control the effect of pulse breakup 

and detrimental nonlinearities. The above analysis applies 

similarly to focusing geometries, however, the waveguide 

structure in general serves as a more sensitive control of 

intensity variation than by simple focusing. The detailed 

geometry of the guide can act as a pulse shaper of the generated 

Stokes pulse and also provides a convenient means of guiding an 

aberrated beam into well defined regions. The tapered geometry 

has the advantage of maintaining a low Stokes intensity which 

diminishes second Stokes gain and reduces other detrimental 

nonlinearities that a growing intense Stokes pulse might other-

wise create. 
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One important requirement of compression by transient SBS 

is the narrow linewidth operation of the laser. The threshold 

intensity for the Stokes radiation is increased to initiate 

the process, and the gain by SBS is reduced with larger laser 

bandwidth. Numerous papers with theoretical analyses of 

stimulated scattering under broadband pump conditions exist 

(see, for example [58,59,60,61]), but the case of backscattering 

under transient conditions can be rather complex to analyse in 

any detail. To investigate these effects numerically nonband-

width limited input laser pulses were included in the computer 

code. Chirped laser pulses and pulses exhibiting random phase 

fluctuations were considered. In the transient regime the 

acoustic field stores energy over a long period of time and has 

an inertial quality that prevents- its phase ( (f> ̂  locking onto 

the instantaneous phase difference of the laser and Stokes 

fields (^> L~0 S). Maximum gain for the Stokes occurs when 

(pQ = (f>u— and this condition is violated more and more 

strongly as the laser bandwidth, and hence, phase fluctuation, 

increases. In general, for coherent interaction, the 

coherence time of the laser pump during which the laser phase 

does not vary substantially should be longer than the duration 

of the Stokes pulse. Phase fluctuations also tend to reduce 

the effect of Stokes pulse breakup, smearing out the ringing 

structure of the tail of the Stokes phase. It is also noted 

that the transverse divergence (Q ) of the input beam will 

also produce longitudinal phase structure with characteristic 

length L ~ 1 /kbr . 

2.7 Applications and scaling to high-power laser systems 

2.7.1 Brillouin compressor systems 

The Brillouin pulse compression system could be envisaged 



Fig 2.6 Configuration utilising the phase conjugating nature of the Brillouin 

compressor to allow compensation for optical aberrations. 

If /( 
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as operating in one of two possible modes: first, in a con-

figuration in which the laser amplifiers are double-passed 

with the Brillouin compressor reflecting the pulse back 

through the amplifer chain or, second, with the Brillouin 

compressor on the final end of the amplifiers as with the 

existing Raman systems. 

The first system for double-passing the amplifiers is 

depicted in Figure 2.6. The arrangement shown here is common 

to systems (for instance [62,63]) used on the neodymium and 

iodine lasers and in [64] with a KrF system. A low-power 

oscillator illuminates the target and the glint reflection 

double-passes the high-power amplifiers. By utilising a phase 

conjugate (SBS) reflector the second pass back through the 

amplifiers can compensate for aberrations produced on the 

first transit and allow the resulting high-power pulse to be 

efficiency focused onto the target. The same arrangement might 

be used for the excimer lasers with the phase conjugate 

reflector, in this case, simultaneously producing compression 

of the pulses. The degree of optical compensation achievable 

by this means would need to be more fully investigated and would 

depend upon the time dependence of the aberrations in the 

amplifiers. In addition, by using an array of pulse compressors, 

it should be possible for extraction of energy from a single 

amplifier system, using a sequence of angularly separated pulses. 

An alternative arrangement uses a geometry similar to that 

employed in SRS compressor systems [41,42] and is illustrated 

in Figure 2.7. In this system, the phase conjugated nature of 

the backscattered pulse is not required, but a Brillouin pulse 

of high spatial quality and short duration which is externally 

generated (by the techniques of pulse compression and phase 

conjugation already described, for instance) is injected into 



Fig 2.7 Scheme for extracting an externally injected high-quality pulse from 

aF Brillouin compressor. 
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the compressor and amplified by the poorer quality pump beams. 

As demonstrated in [50] for SBS and discussed in [41] for a 

compressor system, the injected pulse can retain its spatial 

coherence if the pump beams provide an adequately uniform 

intensity illumination. The acceptable angles of separation 

of the pump and Stokes beams in SBS will be limited by phase 

matching conditions. The frequency shift of the injected 

pulse can be optimised for the particular angle of scattering 

required. Alternatively, if the Brillouin-shifted pulse is 

optimised for backscattering through 180° (the most likely 

case), a criterion for the angles over which reasonable phase 

matching can still occur is given by [6 5] 

linewidth (FWHM) of the acoustic response. 

It should also be noted that in principle the injected 

pulses can have an arbitrarily high energy fluence, thereby 

ensuring gain saturation over the entire length of the Brillouin 

amplifier and hence an increase in overall conversion efficiency. 

2.7.2 Choice of compressor medium 

The choice of a suitable Brillouin-active medium will depend 

on its lack of detrimental nonlinearities, possessing a low 

forward Raman gain and high transparency. For a KrF system 

low absorption is best achieved in a gas and one requires this 

medium to exhibit a low forward Raman gain (g^) compared to the K. 
Brillouin gain (gB). 

In gases displaying both Brillouin and Raman activity, 

since g_ increases quadratically with density while g^ varies •D K 

linearly, it is usually possible to favour SBS by operating at 

high pressures. Studies of the competition between SBS and SRS 

© < (2.13) 

where tO^ is the acoustic angular frequency and is the 
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in gases at different pressures have been carried out in, for 

instance, [66]. On the basis, however, that excessive pressures 

(^100 atm) are undesirable for large aperture compressors, a 

survey of a few of the Brillouin-active gases with potential 

for lower pressure operation and high (g^/g^) ratios. Table I 
Jd K. 

lists gains and damping times of five compressed gases at the 

KrF wavelength and moderate pressure (all standardised to 10 atm 

for comparison). 

It is pointed out that, although methane was used in [9] 

for Brillouin pulse compression, using a neodymium laser pulse 

and high pressures (130 atm), this gas is unsuitable for com-

pression of KrF laser pulses at lower pressures. Table I shows 

that CH^ has a high Raman gain which would certainly cause SRS 

to predominate over SBS when operated at 10 atm. However, 

several other more promising gases exist for a KrF pulse 

compressor. 

2.7.3 Rare gases 

The rare gases are particularly attractive media for a 

compressor system because vibrational Raman scattering does 

not occur, so low-pressure operation is possible. Choosing 

between the rare gases is, therefore, independent of Raman 

considerations. Table I illustrates the parameters for Xe 

and Ar. At 10 atm xenon has a gain approximately ten times 

that of argon. The major contribution to this gain increment 

arises from the electrostrictive constant which indicates 

the trend to heavy gases for high gains. Thus, the light gases 

He and Ne should exhibit low gains while Kr should probably 

exhibit an intermediate gain to Ar and Xe. 

Breakdown threshold intensities for the rare gases as a 

function of pressure have been obtained recently in [67] with 

KrF pulses of 10 ns duration. In the proximity of the KrF 



gas P(atm) g„(cm/MW) tmins) •^(cmr') g;(cm/MW) 

SF6 

15.5" 

10 

2.5 10'a [18] 

0.91CT2 a) 

1 

0.6 
0.03* 

3 10'* 

2 icr* 

Xe 
39 

10 

4.41CT4 [7] 

1.8 1CT5 a) 

2 

0.4 
0.04 0 

Ar 10 1.5 10"* b) 0.1 0.1 0 

Na 10 1.7 10~*[25] 0.2 0.1 3 10'5" 

CH* 10 8 1(T b) 0.1 0.1 1 10"3 

Table I. Gains , damping times and frequency shifts for some compressed 

Brillouin-active gases. Corresponding forward Raman gains are 

also listed. 

a) extrapolated from experimental values, 

b) calculated from thermodynamic data, 

c) calculated from values quoted in 41 
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laser wavelength, Xe exhibits a two photon resonance and Ar 

a three-photon resonance. To avoid excessive multiphoton 

absorption and breakdown, laser intensities should be 

restricted and the KrF laser wavelength might need to be 

detuned as far as possible from the absorption lines. 

2.7.4 Low Raman Gain Media 

A very promising Brillouin compressor gas is SF^, display-

ing an unusually large Brillouin gain at modest pressures. The 

forward Raman gain is comparatively small, and SRS could there-

fore be prevented from occurring. Quite low operating pressures 

appear possible from this medium. 

Breakdown threshold intensities have been measured with 

KrF pulses 20 ns in duration as a function of the pressure of 

SFg [68]. At 10 atm pressure the breakdown intensity is 8 GW/cm2 

and, although this is not especially high, it is still well 

above thresholds required for SBS at this pressure. 

Nitrogen is also listed in Table I. It could be considered 

as a compressor medium, although it is not as attractive a 

candidate as SFg, since it does not have a particularly high 

gain and g^ is becoming comparable to g g at low pressures. 

However, it is included among the list of gases for completeness 

since it is a particularly well documented medium [57,69]. 

Notably [69] performs a complete analysis of gain and damping 

times in ^ from high pressures down to low pressures (< 1 atm) 

where the assumption of a continuum in the usual hydrodynamic 

SBS equations begin to break down. (The hydrodynamic approxi-

mation assumes that the acoustic period and wavrO "rngth are much 

larger than the collision time and mean free path, respectively, 

of the molecules). It is interesting to note that stimulated 

backscattering is experimentally observed in nitrogen, even at 

atmospheric pressure-[69]. 
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CHAPTER 3 

PHASE CONJUGATION BY STIMULATED BRILLOUIN SCATTERING 

3.1 Phase Conjugate Optics 

The ability to produce phase conjugate waves has recently 

been developed and has attracted much interest. It forms one 

of the most intensive research topics in nonlinear optics and 

is often given the general title of "phase conjugate optics". 

Much of the interest lies in the ability to produce time-

reversal in which aberrated beams can be restored to their 

original, undistorted state. 

The concept of phase conjugation techniques had been 

previously utilised in holography [70] and adaptive optical 

systems [71]. Nonlinear optical mixing forms a new and 

attractive means of phase conjugation in that real-time 

production of phase conjugate replicas can be formed. Several 

publications review this relatively new and expanding field 

[31 ,72,73 ,74] . 

Several nonlinear processes are capable of producing 

optical phase conjugation: 

(1) Four-wave mixing (FWM) [75] 

(i) degenerate case U3( = lO^ — u)^ = u)^ - lP 

(ii) nearly degenerate case 

(2) Three-wave mixing [76] 

(3) Stimulated scattering [3,77] 

(i) stimulated Brillouin scattering (SBS) 

(ii) stimulated Raman scattering (SRS) 

(iii) stimulated temperature scattering (STS) 

The most widely investigated technique is four-wave mixing 

where extensive theoretical and experimental work has been 

performed. One can simply show that two counterpropagating 
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pump pulses E^ and E 2, together with a third weak signal E 3 

can form a nonlinear polarisation 

which radiates a field E^ that is the phase conjugate of E^. 

Many physical phenomena can be used to perform FWM phase 

conjugation. These include the Kerr effect [78], saturable 

optical absorption [79], saturable amplification [80], 

generation of free [81] and localised electrons [82], two-photon 

resonant enhancement [83], photo-refractory effect [84] and 

Brillouin-resonant four-wave mixing [85]. 

Unlike FWM, the three-wave mixing process, occurring in 

crystals lacking inversion symmetry, suffers from severe phase-

matching restrictions that limit its practical usefulness. 

Stimulated scattering was the first of these nonlinear 

mechanisms to demonstrate phase conjugation using SBS in 

methane performed by Zel'dovich et al [3], and its subsequent 

application in correcting laser aberrations [4] in 1972. Since 

then it has been shown that stimulated Raman scattering can be 

used, although its large frequency shift limits the attainment 

of fully phase conjugate reflection [77,86]. Other stimulated 

scattering processes display the phenomenon and the extremely 

small frequency shift in stimulated temperature scattering 

would make it especially attractive for some applications. 

3.2 The Characteristics of Phase Conjugation 

Independent of the precise physical method of production 

the important feature of the phase conjugation process is the 

creation of a wave whose complex wavefront complex 
* 

conjugate of an input field E1(r) times a constant. In terms of 

(3.1) 
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an optical wave of frequency 60> moving in the +z direction 

^ ' " ~ ' (3.2) 

where E^(x,y) is real. The phase conjugate (time-reverse) of 

this beam is 

where A = J A | 

Thus E 2 is travelling in the -z direction with all the 

phase structure of the original beam reversed (<^>(x,y)) to an 

arbitrary constant phase (which is generally unimportant). 
* 

Since in complex notation Re(X) = Re(X ) equation 3.3 can also 

be expressed as 

E 

which is the same form as equation 3.2, except with a sign 

reversal of the time co-ordinate t. This is why the term time-

reversal is often applied to phase conjugate reflection. As 

one example, if the input wave has a spherical wavefront 

diverging from a point P with a radius of curvature R, its 

complex conjugate replica will be a beam travelling back to 

point P with a spherically converging wavefront with radius 

of curvature -R. This phase conjugate reflection is to be 

contrasted with an ordinary mirror in which the reflected 

beam continues to diverge and, following the geometric laws 

of reflection, will not return to point P (except for normal 

incidence light). 
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3.3 Qualitative Discussion of Phase Conjugation in SBS 

The process of wavefront reversal or phase conjugation 

in SBS can be described in a number of ways, but one simple 

physical reasoning for why this effect might occur is as 

follows. Consider a laser beam with a spatially randomised, 

intensity distribution )el (x ,y, z) | 2 , such as might occur in 

a waveguide, and where intensity fluctuations produce spatially 

random hot-spots. Being a nonlinear process, a Stokes scattered 

field EgMx^jZ) will receive maximum gain if it has a transverse 

structure whose hot-spots coincide with those of the laser field. 

But the only way such a coincidence can occur is for the Stokes 

field to be the phase conjugate of the input field, i.e. 
* 

E (x,y,z) = const. E_(x,y,z). Thus the ohase conjugate beam s L 
will be selected out from other 'noise1 (uncorrelated) terms 

because of its enhanced gain. However, if the laser is not 

spatially randomised such as in an unaberrated Gaussian pulse 

(TEMqo) the noise components can reproduce the laser maxima 

(always on axis) and can receive comparable gain to the phase 

conjugate signal. Hence it is common practice to introduce 

an aberrating phase plate to distort and randomise the input 

signal. 

One can alternatively view phase conjugate selection in 

SBS as a balance between nonlinear gain and diffraction. The 

Brillouin gain (g_IT (x ,y, z).z) will tend to distort the Stokes O Li 

field due to nonlinear growth, notably at the intensity maxima. 

Diffraction on the other hand tends to distribute the excessive 

growth of the Stokes as it propagates away from such hot-spots. 

The characteristic length in which there are significant 

diffraction effects for a field of angular divergence 0 is 
A 

and if the Stokes growth small over 

this length compensation for the nonlinear distortion of the 
V 
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Brillouin growth can occur. 

Yet a third conceptual approach is to consider the Brillouin 

process as a combination of four-wave mixing processes between 

angularly displaced sets of laser and Stokes waves present in 

the interacting beams. Apart from normal Brillouin growth (at 

180°) in the average laser intensity the additional four-wave 

mixing terms favour the production of a phase conjugate signal. 

This four-wave mixing behaviour will manifest itself in the 

mathematical analysis of the next section. 

In practice the best means of achieving a relatively low 

intensity and large diffraction mixing is to use a waveguide. 

The highest phase conjugate fidelities can be achieved by this 

regime [3 2]. Sharp focusing [87] and the use of two-lens 

systems [6 2] can also induce good phase conjugation and are . 

normally aided by inserting a phase plate to increase the beam 

aberrations and hence diffraction effects. It has been 

theoretically and experimentally verified, therefore, that 

aberrated beams are generally better conjugated than high 

quality beams. 

3.4 Analytical Solutions to SBS in a Waveguide 

It will not be the purpose of this section to copy the 

main formulation of the analysis piecemeal, but to follow 

its main lines and draw out physical assumptions and conclusions 

for practically achieving phase conjugation. To this end the 

following discussion will consider the analyses of a number of 

papers drawing out the most physically lucid parts of each. 

The waveguide case will be discussed to give general information 

of phase conjugation in SBS and later extended to non-waveguide 

cases which are harder to formulate mathematically. 

In the approximation of a constant (undepleted) pump field 
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the backward stimulated Brillouin scattering is described by 

the parabolic equations for the pump wave ET (r,z) and scattered 
J _ I — 

wave Eg(r,z) [88] 

+ j L A ± E L = O (3 5) 
£ 2 2k, 1 ( ' 

^ E g _ a P = i f l IE. | a r (3.6) 

The pump radiation propagates in the -z direction, and the 

scattered wave along the +z direction; — ^ /Stc? ^ /^y2" 

is the transverse Laplacian operator and allows for diffraction. 

For the plane-wave case equation 3.6 has the standard 

exponential growth solution for the Stokes field 

E s ( * ) = E > ) e x f (3.7, 

But in this present analysis transverse intensity variations 

must be considered with the gain term on the RHS of equation 

3.6 spatially varying $gB|EL(r,z)| 2. Following the mainstream 

of work in formulating this problem, the case of scattering in 

a waveguide (with walls at x,y = ±L/2) will be considered and 

the fields ET and E^ decomposed into a Fourier expansion of 
!_i S 

plane-waves: 

Et(r,a) = Z Am e — 

(3.8) 

- L ^ ~ (3.9) 
KV 

where the projections of the wave vectors k take on the quantised 

values (k) = 2r^q /L, (k) = 2 rc q /L (q = 0, ±1, ±2 ...) due x x y y x, y 
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to the boundary conditions on the waveguide walls. It is also 

assumed that the Brillouin shift is small such that k T ^ k ^ k L s 
and that the angular spread of the input beam is small so that 

the scattering is essentially 180° for all modes, i.e. the z-

comoonent (kT ) kT . L z L 
The substitution of the Fourier decomposed fields into the 

Smokes growth equation 3.6 produces a system of differential 

equations for the plane-wave components which may be expressed 

in the form [89] 

d t y 

where 

Equation 3.10 has been decomposed into three terms which provide 

gain (or loss) for each of the Stokes components a n(z). They 

each involve Brillouin mixing of four-waves (two laser and two 

Stokes components) of which one is the generated Stokes wave a n. 

The cross-coupling of these waves is shown in Figure 3.1. The 

first term on the RHS of equation 3.10 represents the growth of 

the Stokes wave a n in the total (average) intensity of the 

laser field <1 > = J^lA^I* and is composed of mixing terms -L-1 rvt 
such as shown in Figure 3.1b. This is the normal Brillouin 

interaction at 0 180°. 

The second term represents a four-wave mixing between 

counterpropagating laser and Stokes plane wave components 

(A and a ) which add (or subtract) energy to a second counter-

= 9 l A j a + K rw 
J * a : 2, 

Z k 5 n. 
(3.10) 



A) 

Es(r\z=o} 
T 
d 
i 

EL(C) 

z=o z=l 

B) 

L1 

L2 

0 
L1 S1 

Fig 3.1 Brillouin scattering of spatially randomised laser radiation . 

a) waveguide interaction and decomposition of cross-mixing terms 

b) ,c) ,d) . 
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propagating pair (An and a n) angularly displaced from the first 

pair (i.e. n ^ m). This scheme of four-wave mixing has been 

experimentally used by Basov et al [89] for the Brillouin 

scattering of weak probe signals in a stronger (above threshold) 

pump beam in which the weak probe is reflected with the same 

efficiency as the strong beam. 

The third term, unlike the previous two terms, is a non-

phase matched interaction in which the mixing components 

interfere to produce a polarisation wave with a slightly 

different phase velocity to the Stokes wave a n (Figure 3.1d). 

These interactions make contributions such that the function 

Sn(z) oscillates along z. In some circumstances one might 

expect this effective "noise" term to average to zero, and 

indeed it can be shown [5] that this term is small when the 
2 

Stokes growth over the diffraction mixing length (1/k9 ) of 

the field E is small. In its simplified form this condition is Li 

3 6 < l L > / k e 2 « 1 (3.12) 

where 9 is the divergence angle of the pump field. This 

assumption is not always satisfied and the effect of this term 

will be mentioned later. For the moment we will neglect it, 

assuming, for instance, the condition of equation 3.12. 

The system of equations 3.10 can be solved assuming that 

I Ak l 2 " ^ ^ I ArvJ for all k values, which means that 

among the plane components of the exciting wave there is none 

with an unusual"1" large intensity and the radiation is fairly 

well spatially randomised. The solution takes the form 

M * ) = ? ( % < i > V £ A m y o ) A * 
<Iu> * 

(3.13) 
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where the first term gives the normal Brillouin growth in the 

mean laser field and the second term has twice the exponential 

growth rate due to four-wave mixing effects. Since the 

Brillouin growth term in experiments is large G = g_<I_>l >> 1 D JLi 
th (with threshold G ~ 25.4) equation 3.13 becomes 

/ % J. A* 9<J»>a 
— A ^ (3-14) 

This is the central result of the Brillouin analysis and shows 

that the Stokes field is predominantly the phase conjugate of 
* 

the pump field ( a
n
o C A

n ) due to the four-wave mixing of com-

ponents that produce an exponential gain for the phase 

conjugate wave that is twice that of non-phase conjugate 

components. In equation 3.13 the term ^ A^tf^o) 

represents a type of overlap integral (as in quantum mechanics) 

that represents in this case the degree of initial Stokes noise 

field that is in the phase conjugate of the laser field. If 

there are N laser modes, then the initial noise to phase 

conjugate Stokes power will approximately be N:1, assuming 

the effective Stokes field has a similar divergence to the 

laser field. The effective number of laser modes is approxi-

mately equal to [77] 

n % A e v V <3-i5> 

where A is the cross-sectional area of the waveguide and & is 

the divergence angle of the laser pump. Thus the ratio of 
P C 

phase conjugate Stokes output (Is* ") to non-phase conjugate 

signal (j^.P.C.j ^ s 

r r „ _ « . 3 . a - > 1 

--rt.r-c ,. o <i >/ , . (3.16) 
I s N N 
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Thus for a predominantly phase conjugated signal one requires 

N < exp (g_<I_>)l. An input pump field that is very divergent 

( Q large) would tend to diminish the phase conjugate fidelity 

by increasing the noise power (N od. & ). one can express the 

phase conjugate fraction (PCF) of the Stokes field by the 

relation 

I ^ 
Itvl I 
— — (3.17) 

or more generally by replacing the summations by integrals. 

Thus from equation 3.16 the phase conjugate fidelity is 

H ~ | - M e ^ ^ I - Ae-Z p ' V 1 ^ (3-18) 

As a numerical example to achieve a PCF of greater than 90% 
•<L \ -5 

with a typical waveguide ( d ^ 2 mm, A = 0.04 cm , A ^ 6 10 cm, 

and for threshold 2g <I L>1^25) requires the laser divergence 

& £ 100 mrad. This is not a serious limitation except for 

the severest aberrations, although if the waveguide diameter 

was larger by a factor of about 10 (d ĉ i 2 cm) the divergence 

would need to be 10 mrad, which is starting to cause 

problems for phase conjugating highly aberrated beams. 

Equation 3.18 can also be slightly misleading since as 0 - ^ O 

it implies that the PCF increases to unity. The validity 

of the equation is restricted by the neglect of the term 

^ ( z ) which occurs when the diffraction mixing is large, i.e. 

when & 2>g<IL>/k or typically & > 2 mrad. 

It is clearly seen that quite high phase conjugate 

fidelities are possible in a waveguide based on this analytical 

H = 
Z A 
i 
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technique. This is experimentally verified in a number of 

studies [3,13]. Recently a numerical study of Brillouin 

scattering in a waveguide has been undertaken [32] , where it 

is indeed shown that fidelities H £ 98% can be produced. 

Up to this point we have neglected the term s
n ( z ) i n 

equation 3.10 which will certainly be detrimental to phase 

conjugate reproduction and have a strength dependent on the 

size of the gain over the diffraction mixing length (gl J_i 
Zel'dovich and Shkunov [88] have attempted to treat this factor 

using a perturbation analysis. To qualitatively quote their 

results they find that the reproduction fidelity is perturbed 

from unity due to Sn(z) in the form 

|_| ^ I — C< I L (3.19) 

k e * 

where oc is a constant of order unity dependent on the 

detailed angular distribution of thevinput field. In this 

case for a fidelity of H > 90% and typical parameters 
— 1 4 5 1 g g I L ~ 0.2 cm , k = 10 cm one finds & ^ 4 mrad. 

The numerical (computer) analysis [3 2] of this problem 

slightly differs from this case finding 

H ~ | — S 3s, J-U (3.20) 

ke 
and attributes the difference ( G"2"-* & ) due to the analytical 

approach based upon an expansion in plane waves instead of 

the waveguide modes. Interestingly enough, the fidelity which 

is dependent on the divergence angle & is nearly independent 

of whether & is caused by aberrations (e.g. using a phase 

plate before the waveguide) or by focusing with a lens. 
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One further point requiring mention is the form of the 

non-phase conjugate component of the backscattered radiation. 

If the input beam was passed through a distorting phase plate 

the non-phase conjugated component will be doubly aberrated 

by the plate, whereas the PCF will be restored to its original 

low divergence. Thus, in the far field a low divergence phase 

conjugate component appears with a low intensity halo of large 

divergence. Clearly the high divergence component can readily 

be spatially filtered if required. It should be noted, as 

observed in the numerical work of Lehmberg [90], that in the 

near field of the aberrator the conjugated and nonconjugated 

components are spatially mixed, resulting in large and rapid 

spatial inhomogeneity of the intensity. It is only in the 

far-field that the true phase conjugate profile is clearly 

manifest. 

The waveguide case, therefore, offers a good means of 

achieving highly phase conjugated returns 98%) . It has the 

bonus of guiding aberrated beams, allowing uniform illumination 

over long interaction lengths and hence lower threshold 

intensities. This clearly will reduce the problems of self-

focusing and breakdown that can occur in the focused case 

where high intensities are produced at the focal region. 

3.5 Phase Conjugation by Focused Radiation 

Several studies have shown that focusing radiation in a 

Brillouin medium can lead to highly phase conjugated 

reflections [91,92]. 

The focused case is a harder problem to solve since 

there are no boundary conditions, as in the waveguide case, 

to allow a quantised mode expansion. However, Hellwarth [93] 

has proposed artificially considering a free-wave as scattering 
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in a waveguide one diffraction length long. Analytical 

attempts to solve the focused case have been made [94] and 

a numerical model also developed for its solution [90] . The 

important difference is that the focused or free-wave case is 

not generally as spatially mixed as the waveguide case where 

wall reflections mix the transverse features. In the waveguide 

case statistical fluctuations induce randomly located hot-spots, 

in the free-wave hot regions tend to extend over particular 

transverse regions, especially on-axis. A typical focused 

beam will tend to be most intense on-axis with weak wings, such 

as in a Gaussian beam profile. The Stokes signal travelling on 

axis will grow strongly, and unless diffraction is large, will 

be distorted in relative intensity compared to the weak growth 

at the wings. The analytical solutions neglecting pump 

depletion indicate poor phase conjugation. However, experiment-

ally good fidelity has been achieved [9 2], although with 

depletion occuring. In ref. [94] the effects of depletion are 

postulated to improve the degree of reproduction. The higher 

laser intensity on axis, while producing larger Stokes gain, 

will also be depleted quickly and limit the axial distortion 

of the Stokes beam. Indeed, a numerical solution with 

depletion included [90] shows that in all cases pump depletion 

significantly improved the conjugation fidelity. 

An alternative focusing arrangement that produces phase 

conjugation is a two-lens system [6 2], as depicted in Figure 

3.2. It is found that over a certain range of intensities 

the focused beam can be phase conjugated without the spatial 

narrowing into the on-axis maxima. The phase fronts induced 

by such a lens scheme produce a dip in the laser intensity 

distribution on axis in the near-field and image plane of the 

lenses. Thus the laser axial intensity is not maximal over 

the entire interaction length and the Stokes gain is more 



Fig 3.2 Scheme of a two-lens system to enhance phase conjugate SBS. 
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3.6 Numerical Modelling 

To pursue the case of phase conjugation of focused radiation 

a numerical model was devised to consider the Brillouin 

reflection of beams with transverse Gaussian profiles. The 

full equations for the case of laser depletion and including 

transient Brillouin scattering may be written 

i L + ± - V i E = - £ Q (3.21) 

t C r — 7 r r - cr ^ (3.22) 

, Q, p F * <3-23> 

following the notation of equations 3.5, 3.6 and 2.10. 

These equations may be solved by standard numerical 

techniques, but involve a large amount of computer storage 

and computing time. For the required accuracy and stability 

of the algorithms this full problem was beyond the computing 

facilities available, so a simplified set of equations was 

used, assuming steady-state ( = O ) and neglecting 

laser depletion 

+ V - £ = o ( 3 - 2 4 ) _ n 2 > £ l 

dz c. at 'T ""L 

9 s c, S b Zk 7 5 * 
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The Stokes propagation was solved by transforming into 

its travelling frame of reference and using an explicit 

difference scheme to solve the first- and second-order 

derivatives [52] . The laser field was taken as a prescribed 

Gaussian function 

E . ( r . = C X P / - l ^ f ) t X P l / + W l ) (3.26) 

where = . = u>0 J J T l ) = 2. [) 

and where uD^ is the focused beam waist in the scattering cell 

and z^ is the distance from the waist to where the waist size 

— io0 • The scattering situation is shown in 

Figure 3.3a with the case where the laser beam is focused at 

the centre of the Brillouin cell (z = 1/2). 

The laser field is defined throughout the interaction 

region by equation 3.26 and the Stokes growth involves solving 

equation 3.25. The case of fairly sharp focusing was taken by 

considering 100 = 0.01 cm (z^ = 4.52 cm) and the focal laser 

intensity I Q = |el (r=0, 1/2)| 2 = 100 MW/cm2. The cell 

length was taken «§el 1 = 20 cm (approximately four times the 

diffraction mixing length z^) and the gain of the interaction 

could be varied by changing the steady-state gain coefficient 

Figure 3.3b shows the Stokes growth along the scattering 

region depicting the Stokes beam radius ( U3(z)) in the medium 

for various gain factors g_. The Stokes radiation is seen to a 
be narrower in angular spectrum than the laser radiation due to 

the higher axial laser intensity. This behaviour is predicted 

in the theoretical work [87] and has been experimentally 



I =100MW/cm 
1= 20cm 

Fig 3.3 Angular narrowing of SBS of a Gaussian profile input. 

a) the focused interaction geometry and b) the waist size of the 

scattered radiation. 
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observed [62,13]. 

From the computational results the following behaviour 

has been deduced: 

a) Narrowing of the angular spectrum 

i) 10^(2:) «<. . The Stokes beam waist is narrower 

than that of the laser field caused by the pulling due to 

higher on-axis intensity gain. If there was no diffraction 

the exponential growth would rapidly cause the Stokes angular 

spectrum to narrow towards a delta-function on the axis (a type 

of self-focusing). However diffraction spreads this excessive 

axial growth to the wings. One of the most important parameters 

of the previous sections that determines the phase conjugate 

fidelity (PCF) is the gain over the diffraction mixing length 

G^ g I L Qz d. In the cases of Figure 3.3 this parameter 

varies from G^= 9 to 23. For good PCF the theory requires G^<1 

which is certainly not satisfied here and in general (without 

depletion) cannot normally be attained in focused SBS. Thus 

focused radiation in general will not phase conjugate the Brillouin 

signal but the wings of the input will be lost. 

ii) u>soyu> , C i ) ~ constant. It is found that to a fairly 

good constant the ratio of the Stokes waist to laser waist 

remains constant near the Stokes output side of the focal region 

in all cases studied. This behaviour is in fact predicted by 

the theory [87]. 

b) Decrease and distortion of Stokes radius of curvature R„(z) 

compared to laser curvature RL(z) 

i) Rg(r,z) f R^Cr/Z). In general the Stokes wavefront is 

distorted and does not reproduce the laser wavefront which is 

quasi-spherical (Gaussian divergent). 

ii) R (z) < RT (z) and R (r.,z) < R (r0,z) for r1 < r 0. In 
S J-j S ' S £ I z 

general the radius of curvature of the Stokes field on axis is 
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smaller than that of the laser field. This means that once 

the Stokes radiation leaves the interaction cell it will diverge 

faster than the laser field, having a larger divergence 

iii) R (z) — > R_ (z) as z increases (z < 1) . 
S J_i 

The Stokes field acquires a wavefront closer to that of 

the laser field as it moves away from the high intensity focus. 

One can view this in terms of theory as the lower intensity 

gain over a diffraction mixing length further away from the 

focus. One can generally say, therefore, that the longer the 

interaction length away from the focal region (1 >> z^), 

the better the PCF can become. Even in this case however the 

Stokes beam size will still be narrower than that of the laser 

field 

despite their phase fronts being 

conjugated (R (z) Rr (z) ) . S Li 

c) Depletion improves phase conjugate fidelity 

Stokes energy will more rapidly spread to the wings if 

the on-axis laser field is depleted. Thus, with the depletion 

spatial narrowing of Stokes radiation can be further reduced. 

A model incorporating depletion [90] substantiates this 

assertion, and it is seen that phase conjugate fractions 

H £ 88% are produced in the cases considered. This is still 

less than the waveguide case (H £ 98%) but is not unexpected 

due to the poorer spatial mixing of the laser beam intensity 

profile in the focused case. The highest PCFs of ref. [90] 

were achieved by using a phase plate to aberrate the laser 

field and hence increase its diffraction mixing. 

3.7 Influence of Transiency in SBS 

All the theory and numerical modelling have assumed 

steady-state scattering. In pulsed-laser experiments this 
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assumption may not be valid, especially on initiation of 

the Brillouin scattering [95]. In high-pressure gases using 

a neodymium wavelength laser the phonon lifetime ~C „ can be a 
tens of nanoseconds. Thus it is important to ask how will 

the transiency of the Brillouin process upset the phase 

conjugation? 

One of the main problems of transient scattering is the 

excessive intensities sometimes required for threshold if 

short-pulses are to be reflected by SBS. This can lead to 

breakdown or self-focusing, but also might be expected to 

reduce the conjugation fidelity. The intensity regime of 

breakdown and self-focusing may be avoided by using high gain 

Brillouin media and pulses that are not excessively short 

(t^ << t g ) . One might also expect a time varying degree of 

phase conjugacy of the backscattered signal since the gain is 

transient. 

An analysis has been performed by Zel'dovich for this 

transient case [96] following a similar formalism to the 

steady-state analyses. In this analysis it is found that a 

phase conjugate return is expected with higher gain than other 

noise signals, and indeed the amount of noise generated can be 

half that of the steady-state case at threshold scattering 

conditions. The extra gain of the conjugate wave is due to 

its slower effective group velocity compared to uncorrelated 

'noise' waves under transient conditions. 

Thus it appears that Brillouin conjugation can still occur 

strongly in transient conditions, provided detrimental non-

linearities can be prevented by operation at moderate intensities. 
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3.8 Influence of other Nonlinearities 

In general the effect of other nonlinearities will 

diminish the phase conjugacy of SBS since they will tend 

to produce phase or intensity distortions. 

Self-focusing forms intense filamentary structures of 

narrow diameter. The high intensities produced can cause 

large stimulated scattering and, if the input power is high, 

will produce poor phase conjugation. If the self-focusing 

filaments can be induced by a low power beam the intensities 

may not be excessive and good phase conjugation can result 

due to moderate intensity and the large diffraction effects 

that limit the filament size (like a microwaveguide). Even 

in this most favourable case if different parts of an input 

beam (£n) divides into separate filaments that are subsequently 

conjugated they will be uncorrelated in phase since they are 

Brillouin reflected with different arbitrary phase shifts ^ » 
E ^ r * ^ QJ< p ^ i reconstructed beam consists of the 

summation of these filamentary reflections 

which does not establish the conjugate of input E
n(r) unless 

= constant. 

Self-phase modulation will also result in intensity 

dependent phase effects that will aberrate the phase conjugating 

mechanisms of SBS. 

Breakdown can also cause phase distortions as well as strong 

absorption. The effect might not always affect the entire pulse 

because its onset is generally slow, but may distort the tail 

end of the pulse. 

Competition with Raman scattering will also cause problems 
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since the Raman signal may deplete the laser pulse. In this 

case the Brillouin reflection may reproduce the Raman depleted 

input and hence not conjugate the actual laser signal. 



60 

CHAPTER 4 

PRELIMINARY EXPERIMENTS ON STIMULATED BRILLOUIN SCATTERING 

4.1 Intense, coherent laser sources for SBS 

To obtain stimulated scattering imposes two main 

requirements on the exciting light source. Firstly, it must 

be of sufficient intensity to reach a so-called threshold of 

observation, typically described as a Stokes production of 

one percent of the input beam, and this requires intensities 

I L > 1 MW/cm2 for many Brillouin-active media. The second 

requirement is good temporal coherence, or rather a small 

frequency bandwidth, of the exciting radiation, typically 

requiring linewidths < 1 GHz. The good coherence quality 

is required to produce the in-phase beating of the laser and 

scattered field to coherently reinforce the acoustic field. 

Both these requirements have been adequately satisfied 

by giant-pulse solid state lasers operated on a single 

longitudinal and transverse mode. The two common systems 

that are frequently used have been the ruby laser (694 3 K) 

and the neodymium-doped laser system (10600 employing 

Q-switching with pulse durations 10-3 0 ns and for SBS the 
-1 T 23 

laser spectral width usually does not exceed 0.01-0.02 cm 

Brillouin scattering has now also been observed in many other 

laser systems such as the rare-gas halide lasers operated on 

narrow linewidth, e.g. KrF[92]., X e F [ 9 7 ] , ArF '-981 and also 

with the iodine laser (1.315 |im) and visible dye lasers. 

Laser pulses that have an approximately Gaussian temporal 

profile have a Fourier-limited frequency width (AV L ) given by 

the relation 
A V l . « 0 - 4 4 - (4.i) 
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-1 where X is the pulse duration measured from the e point. 

The above relation applied to a typical pulse of duration 

equal to 20 ns (at FWHM) indicates a spectral linewidth 
-4 -1 

A V u = MH z (5 10 cm ) . In practice, however, the 

spectral width is rarely this narrow, which is the transform-

limited case. Usually the laser frequency fluctuates during [99] 
the duration of the light pulse and in the case of ruby 

a frequency drift (chirp) across the pulse has been observed 

[100]^ T k e fluctuating frequency in the slowly varying 

envelope approximation is equivalent to a varying phase ( 0 L ) • 

If the phase fluctuations are faster than the medium can adapt 

destructive interference may occur, and the Brillouin interaction 

prevented from growing. 

4.1.1 General description of the ruby laser 

The ruby laser is a three-level system with the ground 

state as the lower lasing level. The disadvantage of such a 

system is that more than half of the atoms in the ground 

state must be raised to the metastable upper laser level to 

achieve population inversion. Despite this relative inefficiency 

compared to four-level systems, the ruby laser possesses an 

unusually favourable combination of a long upper level life-

time ( ms at T = 300 K) , a relatively narrow linewidth, 

a high quantum efficiency, a broad, well-positioned region 

of absorption bands which make efficient use of flashlamp [991 
pumping and high quality crystal growth 

For the stimulated scattering experiments the ruby laser 

was required to be ru n a single longitudinal and single 

transverse TEM q q mode at pulse powers of > 1 MW. One of the 

most reliable means of achieving such a high-quality pulse is 

to employ a relatively low power oscillator producing a beam 

of high spectral purity and to subsequently enhance the power 
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in a laser amplifier. The single mode (TEMQOg) operation of 

a ruby oscillator-amplifier system will be described. 

4.1.2 The Ruby Oscillator 

The ruby oscillator was operated with a cavity configuration 

depicted in Figure 4.1. The ruby rod (4" long x 3/8" diameter, 

c-axis cut at 60° to the geometric axis) had end faces cut at 

Brewster's angle and was placed in a laser head through which 

distilled water was pumped from a temperature controlled bath. 

The ruby crystal was optically pumped by a helical flashlamp 

placed around a water jacket in which the cooling water flowed. 

The discharge capacitors ( c = 3 20 |iF) were charged to voltages 

typically ^ 5 . 5 kV producing a pump energy (i c v 2 ) of kJ. 

An inductor (L = 500 |iH) was placed in series with the capacitor 

bank to produce an electric pump pulse with a discharge time 

r^JhC = 0.4 ms which would be stored efficiently since the 

lifetime of the upper laser level is about 3 ms. The pump 

pulse was monitored on a photodiode using the sidelight 

fluorescence from the ruby rod to determine its duration. 

The details of the electrical system are described in 

reference [101] . 

The laser cavity consisted of a 100% reflectivity multi-

layer dielectric mirror with a radius of curvature of 5 metres 

and a three-plate resonant reflector acting as the output 

coupler with an optical cavity length of approximately 6 5 cm 

(round trip time = 4.3 ns). This formed a stable cavity 

configuration, taking also into account the lensing effect of 
[102] 

the ruby rod under helical pumping conditions . A Pockels 

cell and glan prism polariser were placed in the cavity near [351 
the back mirror to act as a Q-switch for giant pulse formation 

while a circular aperture was used for selecting the single 

transverse TEM mode. oo 



resonant reflector 

Fig 4.1 Ruby oscillator. Single longitudinal and transverse TEM^Q-switched 

operation. 
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The glan prism polariser ensured that only horizontally 

polarised light was able to oscillate in the cavity. For 

Q-switching the Pockels cell (KDP) which had a halfwave 

voltage ^ 5 kV was given a standing voltage C^l 2 kV. Thus 

polarised radiation from the polariser was rotated by close 

to 90° on double passing the Pockels cell and only a small 

fraction of the radiation returned through the polariser. 

In this way a low cavity Q is produced, inhibiting laser 

oscillation, but allowing a high population inversion to be 

stored in the ruby rod over the long pump pulse. The Pockels 

cell voltage was quickly discharged to zero with a Krytron, 

towards the tail of the pumping pulse (after ^ 1.2 ms) so 

that the horizontally polarised light was no longer rotated 

and a rapid build-up of laser radiation was produced. This 

so-called Q-switching leads to the emission of a single 

powerful pulse in comparison to the low power relaxation 

oscillation observed under free-running conditions. 

4.1.3 Control of single longitudinal and single 

transverse mode operation 

Under, normal lasing conditions the ruby lasing bandwidth 
o [991 

is about 0.5 A , which means approximately 150 longitudinal 

modes would be present in a typical cavity. In the present 

cavity arrangement, however, a three-plate resonant reflector 

(RR) was used to limit the number of oscillating longitudinal 

modes. It consisted of three quartz flats of optical thickness 

2.5 mm and separated from each other by 25 mm. The calculated 

frequency response of this device is shown in Figure 4.2 with 

a peak reflectivity of ^ 6 5 % , a bandpass (FWHM) of the maximum 

peak Ci 0.04 A (c^ 2.5 GHz) and a free-spectral r a n g e — 0.67 K. 

Since the free-spectral range is <^0.6 7 A while the lasing 



I— 
FSR<*0t6A 

Fig 4.2 Spectra! response of the three - plate resonant reflector. Reflectivity(%) 

versus wavelength (arbitrary units). 
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bandwidth is only 0.5 R, it is only possible for one main RR 

peak to fall into the gain linewidth. The main peak having 

a FWHM width of 2.5 GHz would contain about ten longitudinal 

modes ( ^ 2 3 0 MHz). However, since the ruby laser is 

operated close to threshold, the possible number of lasing 

modes is greatly reduced, and indeed no more than two modes 

would normally run simultaneously in this regime. However, 

with the RR alone two adjacent modes frequently ran together 

in the output pulse unless the oscillator was run so close to 

threshold that its output energies were unstable. The two 

modes would beat with comparable intensities and in some cases 

with virtually identical intensities shown in Figure 4.3a. 

Here the beat period is approximately 4.3 ns, which is the 

cavity round trip time and a 100% depth of modulation is 

observed. In Figure 4.3b is shown the early part of the pulse 

on a shorter time scale and the theoretically predicted cos2 

(t/Tr^) intensity variation is clearly observed, modulated by 

the Q-switched envelope. The lasing modes were also observed 

using a Fabry-Perot, but in the subsequent experiments the 

degree of mode beating structure on the pulses was a sensitive 

monitor and the most convenient means of determining if the 

pulse was single mode. 

To reduce the laser operation from two modes to single 

mode it was found that aligning the front face of the glan prism 

polariser with the laser mirrors was sufficient to discriminate 

between the gains of the two adjacent modes by setting up a 

further subcavity. Reliable single mode operation was achieved 

by these means (see Figure 4.4a). 

The spectral purity of the emission could be expected to 
-1 -3 -1 be < 0.00 5 cm (note that mode spacing was 7.7 10 cm ), 

which is beyond the resolving limit of the Fabry-Perot. In 



Fig 4 . 3 Beating of longitudinal modes a) two adjacent longitudinal modes,and 

b) ona smaller timescale (cosine*" fringes with Q- swi tched envelope). 

Fig 4 . 4 a) single mode operation of ruby oscillator and b) the beating of two 

transverse modes (TEM and T E M ). ^ V = 5 4 M H z ). 
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principle one can calculate the expected spectral linewidth 

of the longitudinal modes from the mirror reflectivities 

(100% and 65%) and the length of the cavity (65 cm) using 

equation 5.50 from reference [99], p. 207. This gives a 
-4 -1 

laser linewidth 2=^18 MHz or 6 10 cm (the Fourier-limit 

of a 24 ns pulse). It is unlikely that the laser linewidth 

was quite so narrow due to thermal effects and laser induced 

refractive index changes in the ruby rod. These tend to 

produce a frequency drift (chirp) on the pulse that would 

somewhat broaden the laser linewidth. 

Besides the RR, mode selection was aided by the following 

means. The laser cavity was made as short as possible. Since 

the axial mode spacing is inversely proportional to the cavity 

length it is easier to discriminate between adjacent modes. 

Also, since the cavity roundtrip time is reduced, more passes 

can occur and the mode discriminating elements be more 

selective. Cooling the ruby rod by the temperature controlled 

water bath reduces the laser linewidth and increases the peak 

laser gain. In this case the larger laser gain reduced the 

threshold and allowed lower pumping rates and hence less 

thermal problems in the ruby crystal and less flashlamp 

mechanical shock. A long pulse build-up time is also favourable 

for single-mode operation since the frequency selective elements 

produce spectral narrowing on each roundtrip. It is recognised 

that slow Q-switching [35] is a favourable regime for this to 

occur. The relatively low gain of ruby and operation near 

threshold will increase the build-up time. 

Passive dye absorbers tend to act as slow Q-switches [99] 

and single mode operation was observed using this technique 

with a cell of DDCI dissolved in ethanol placed in contact 

with the 100% reflectivity mirror . (The Q-switching Pockels 
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cell was removed from the laser cavity in this case). The 

dye concentration (typically ^ 5 10 ^ Molar) was varied to 

optimise the Q-switching effect, although the region for 

effective Q-switching was found to be quite a broad variation 

in concentration. 

In the Pockels cell Q-switched laser, unless the cavity 

was carefully aligned and operated near threshold, the laser 

ran in a few transverse modes. It was also observed in some 

alignment conditions the ruby oscillator could provide a few 

TEM q q modes lasing at different regions in the rod. To 

achieve a reliable single TEM q q mode a circular pin-hole 

aperture was placed on the laser axis. The mask containing 

the pinhole was black anodised and mounted on a x-y translational 

stage to optimise the most favourable position. For the cavity 

configuration the radius of the beam waist at the output mirror 

was calculated to be LJt = U>0 = 0.63 mm, and using a common 

criterion for the required aperture size (a) a = 3 u>, = 1.9 mm, 

to discriminate higher order modes and cause minimal losses 

for the TEM mode, single mode TEM operation was achieved, oo r s oo 
By misaligning or using an oversize aperture more than one 

transverse mode could be made to oscillate. Since transverse 

modes have slightly different lasing frequencies a modulated 

laser output was produced (see Figure 4.4b). In this case 

the beat time of £53-19 ns implies a frequency separation of two 

modes of 53 MHz, which closely corresponds to the predicted 

transverse mode spacing of the modes TEM and TEM.. with ^ ooq 11q 
frequencies g^'v^n by 

R*, 

(4.2) 

V 
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which gives a spacing of 54 MHz. 

To conclude, the Pockels cell Q-switched ruby oscillator 

emitted single longitudinal and single transverse T E M Q 

pulses with energies up to 10 mJ, pulse durations controllable 

from 25 ns to greater than 50 ns dependent on pump energy, 

linewidth < 0.005 cm and in a full beam divergence angle 

££0.7 mrad at the diffraction limit. 

The long coherence length is required for the Brillouin 

scattering in long interaction cells. For the powers > 1 MW 

required for good pulse compression, a ruby amplifier was 

used to amplify the oscillator pulse. It typically produced 

single pass gains ^ 5 and in double-pass gave gains ~ 20. 

The amplifier did not affect the laser linewidth, but, due to 

the relatively poor optical quality of the amplifier crystal, 

induced some aberration on the beam. Typical output energies 

of ^ 1 0 0 mJ and powers of ^ 2 - 3 MW were obtained when the ruby 

amplifier was double-passed. 

4.2 Introduction to Brillouin scattering studies 

In the following sections of this chapter a general 

investigation of the properties of the Brillouin process will 

be described. These include an experimental study and comparison 

of different Brillouin-active media, gases, liquids and solids; 

the effects of scattering under transient and steady state 

regimes in collimated, focused and waveguide geometries; the 

influence on scattering of various laser parameters (intensity, 

linewidth, phase and intensity fluctuations in mode-beating, 

polarization); and the competition of other scattering processes 

and self-focusing, breakdown and damage. Most of the experimental 

details relevant to the study of Brillouin pulse compression and 

to phase conjugate resonators will be deferred to later chapters. 
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To introduce the difference of SBS in the various 

phases of matter, Table 2 compares typical frequency shifts 

( V D ) / gains (gD) and phonon lifetimes Incomplete a 13 a 
data exists for the high density plasma state, but one would 

expect high gain due to the high plasma density and very short 

damping times due to the large ion-acoustic frequency. 

4.2.1 Gases 

Stimulated Brillouin scattering can be observed in all 

states of matter: solid, liquid, gas and even in plasmas [24]. 

It does not rely on a quantised resonance but only on the bulk 

properties of the medium. Scattering of a wide spectrum of 

electromagnetic radiation is therefore possible. However, one 

of the problems in many liquids and solids is that short wave-

length light, such as in the ultraviolet part of the spectrum, 

is strongly absorbed. The occurrence of self-focusing can also 

be more problematic. Many gases fortunately have more favour-

able properties than liquids being relatively transparent in 

the UV and, in some cases, into the VUV, and also suffering 

less from self-focusing effects. 

Besides these properties, gases can be widely tuned in 

pressure (i.e. density), so that their Brillouin characteristics 

can be continuously controlled. Consider the equations for the 

steady state gain coefficient and damping time 

(4.3) 

(4.4) 

where Iĉ  and k Q are the Stokes and acoustic wavenumbers 



y& (cm-) SB (cm/MW) (ns) 

Gas 
(high P) 

0-04 0-05 10 

Liquid 0-15 0-015 0-5 

Solid 1 0 0 1 3 

1CF plasma 100 ? # ? 

Table I I . Brillouin characteristics of matter in different phases. 
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^ ^ ^o (^G-fep} electrostrictive coupling coefficient 

the viscosity = 4/3^^4- ^ where rj^ is the shear 

viscosity and VĴ  is the bulk viscosity (caused by structural 

relaxation phenomena, which can normally be neglected at hyper-

sonic frequencies); K, C^ and y are respectively the thermal 

conductivity, specific heat capacity at constant pressure and 

the ratio of the principal specific heats. Equation 4.4 is the 

classical acoustic damping equation and neglects damping due 

to vibrational relaxation which may not be entirely negligible 

in some cases [18]. 

One readily finds that the main dependence of gain and 

damping time on the density jO and laser wavelength T ^ i s : 

g B oc p2- and oc p . Due to the quadratic increase in 

Brillouin gain with density most experiments operate at high 

pressures. 

For the experiments on Brillouin scattering the ruby 

oscillator was arranged to run in the single longitudinal and 

single transverse mode (TEM q q) as previously described. In 

this regime the laser can be considered completely monochromatic. 

As depicted in Figure 4.5, the single mode pulse was amplified 

by the ruby amplifier to powers MW, although in the case 

of focusing into liquid cells thresholds for SBS were obtainable 

even directly from the oscillator (P ^ 200 kW). Typical Li 
input pulse durations were approximately 30-50 ns (FWHM) with 

Gaussian temporal profile. 

In Figure 4.6 is shown the input, backscattered and 

transmitted pulses when the ruby pulses were focused into a CH^ 

gas cell at p = 80 atm. Under these conditions, g _ ~ 0.04 cm/MW, J3 
~ 6 nsec and V 0 — 0.04 cm"1 [53] . a a 

Despite the fact that the laser pulse duration is much 



Fig 4.5 Experimental schemes of Brillouin scattering a) with focusing cells and 

b) in glass capillary waveguides. 
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greater than the acoustic decay time (tT ^ 55 ns; ~ 6 ns) , Li a 
the initiation of SBS is completely transient. The abrupt 

onset of the Stokes scattered radiation is characteristic of 

transient scattering [11] and it was observed that the typical 

risetime of this onset was ̂  2-3 nanoseconds. The peak 

reflectivity was ^ 80% while the total energy reflectivity 

was less than this at ^ 6 0 % . 

When saturation of the laser field is negligible the 

Stokes growth is given in the steady state regime by 

M O = I ( o ) e x p 3 I l ( (4.5) 

while in the transient regime it is given by the expression [57] 

' A % U t f _ t 
T , £ T, 

B 
(4.6) 

A comparison between the observed Brillouin scattering 

and the theoretical transient equation 4.6 can be made using 

the results depicted in Fig. 4.6. Under typical conditions 

equation 4.6 gives a threshold for scattering when the onset 
th of the Stokes pulse is observed (G — 25). Thus one expects 

th a threshold laser fluence FT determined by 

V T , B 

25 (4.7) 

where 
F 

fk 
Ije) At' 

- oo 
Since the energy in the pulse was U Cz 50 mJ and about 

20% of this pulse energy was required before the onset of the 



/• O + 

Stokes 
power 

Ps(o) 

[MW] 
0-3.+ 

-SO 

[MW] 

(RMax = 80%) 

I 
transient 
onset 

50 (ns) 
quasi -
steady state 

o so (ns) 

transient threshold energy 

Fig 4.6 Quasisteady-state SBS in methane at p+ 80atm in a waveguide, a) input 

pulse, b) Brillouin pulse with transient onset and c) the transmitted 

laser radiation. 
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Stokes scattering, one calculates experimentally 

Ft ^ 103 MW. nsec/cm2 = 1 J/cm2 and with the effective 
L I 

th 
cell length 1 ^ 4 0 cm equation 4.7 would give G ^ 3 0 . 

This experimentally observed onset of scattering in the 

transient regime is therefore in agreement with the theory 

within the experimental errors of the observations. 

After the transient initiation of SBS the Stokes scattering 

becomes steady state and the reflectivity follows the steady 

state theory with laser depletion where one can show that 

I s « . ) ~ I s ( ° ) e x p (4 .8 ) 

tr 
where I L ' is the transmitted laser intensity. One can see that 

steady state is reached by the transmitted signal (Figure 4.6c) 

where the output reaches a fairly constant level 20% of 
peak input) 20 MW/cm 2. It follows therefore that the depleted 

tr 

gain G D ^b^L 1 ^ 3 2 compared to theory that would predict 

G D ^ 29. The agreement is once again very good and well within 

the experimental errors of the calculation for G D . 

The behaviour in SBS that produces a transient onset 

subsequently followed by a steady state scattering is termed 

"quasi-steady-state" scattering. This phenomenon will be shown 

to occur even in liquids where T „ is less than one nanosecond Jd 

(i.e. t L ~ 1 0 0 T b ) . 

Similar results could also be obtained when the scattering 

occurred within the confines of a hollow, glass waveguide filled 

with h - p r e s s u r e methane. 

Up to now only the scattering of the input pulse has been 

mentioned. However, as has also been noticed elsewhere [103], 

the Stokes pulse will be backscattered into the laser system 

and may subsequently be reflected back from cavity mirrors to 
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reinject the Brillouin cell. This scattering can continue 

for a long time if gain can continue to be supplied by the 

laser amplifier and if breakdown in the Brillouin media does 

not occur. 

The large amount of energy stored in the ruby amplifier 

combined with the high saturation fluence allowed oscillations 

to continue for many round trips. The fact that the Brillouin 

reflection is capable of phase conjugation in both the focused 

case [9 2] and waveguide case [3] means a phase conjugate 

resonator was established. The details of this situation will 

be described in Chapter 6. Only a few main points on this 

oscillation will be mentioned here. When the Brillouin mirror 

was CH^ (p = 80 atm) in a waveguide the Brillouin oscillations 

could continue for much greater than 300 ns and the Brillouin 

mirror could reach reflectivities in excess of 90%. The 

oscillations were determined to preserve the beam quality quite 

well despite the aberrations of the amplifier rod. In addition, 

each subsequent reflection in the Brillouin cell produces a 

down-shift in frequency by the Brillouin shift ( V ^ — 0.04 cm ) a 
which is small enough so that even the multiply-shifted pulses 

at the end of the pulse train were well within the ruby gain 

bandwidth. The small Brillouin shift also ensured that each 

pulse is phase matched to the same acoustic wave, thereby 

subsequent pulses could scatter off the acoustic wave produced 

by the earlier pulses. For a fuller discussion of these 

aspects see Chapter 6. 

4.2.2 Liquids 

Liquids have been the most commonly used substances for 

investigation of Brillouin scattering. At "XT - 6943 & the 
L I 

typical values of the Brillouin parameters in liquids are 
- 2 - 1 g_ ~ 10 cm/MW, T n ~ 0.5 ns, and V ^ 0.15 cm . They have 
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proved useful in Brillouin experiments because of their 

moderately high gain and short decay times that readily give 

high reflectivity (> 70%) and steady state conditions for 

typical Q-switched laser pulses (P > 1 MW, t 20 ns). •L li 
Liquids are cheap, quite simple to use (c.f. gases require 

pressurised cells and gas handling equipment) and are recoverable 

from damage, unlike solids. Some disadvantages of liquids are 

self-focusing that can distort the input beam which may reduce 

the fidelity of phase conjugate reflection, produce unpredict-

able intensities and cause breakdown of the liquid. Liquids 

also tend to be more limited than gases in transmission 

properties, especially in the UV. Even at wavelengths where 

liquids are optically transparent using long scattering cells 

(> 1 metre) can produce pronounced losses by bulk turbulence 

in the liquid. Refractive index fluctuations will produce 

reflection losses at boundaries of fluid turbulence. 

Experimentation on Brillouin liquids was performed in 

geometries similar to the methane gas work, i.e. in scattering 

cells and waveguides. 

In many experiments the scattering cell used was 2.5 cm 

in length and lens of focal length 5 cm was used to form a 

focus of the single-mode ruby pulse at the centre of the cell. 

Focal intensities were as high as 10 GW/cm 2, producing scattering 

well above threshold in all cases. Longer cells were also used 

in some cases, e.g. 15 cm, 30 cm, 150 cm and 200 cm. The 

longest liquid chambers were not usable for self-focusing 

liquids (e.g.CS2) and absorbing liquids ( OC > 0.01 cm ). 

Many common liquids were used for high reflectivity SBS 

and included CS2, ethanol, methanol, acetone, toluene and 

water. Other liquids investigated, that to the author's knowledge 

have not been previously listed in the literature on SBS, are 
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diethyl ether, n-pentane and propan-2-ol. 

In Figure 4.7 is a typical backscattered Stokes pulse 

produced by focusing the amplified ruby pulse (f = 5 cm) into 

a 2.5 cm cell containing C S P e a k reflectivities as high as 

90% were produced in this liquid with focal intensities 

<10 GW/cm2 (small signal gain g„Il ~ 300) . 

For the other solvents (excluding water and toluene) 

reflectivities as high as 70-80% were obtained. In water, 

which had the lowest Brillouin gain, g_ 0.006 cm/MW, the 

reflectivity only reached ~ 3 0 % . Toluene reflectivity was 

only ~ 50% despite its predicted gain being comparable to 

most of the other liquids. It also displayed a decrease in 

reflectivity over even a few shots. The sample of toluene 

was not of ANALAR purity and on observation was somewhat murky 

in appearance. It is possible that absorption in the toluene 

resulted in stimulated temperature scattering (STS). The 

degradation of reflectivity on subsequent shots has been noted 

elsewhere [91] for STS in toluene. (The murky appearance and 

absorption in toluene is believed to have resulted from mixing 

with acetone). 

In the experimentation, evidence of quasi-steady state 

scattering was observed in the liquids characterised by a 

transient onset of the Stokes signal. The abrupt risetime 

was again ^ 2-3 nanoseconds as in the more transient gases 

when the reflectivity was high. For lower input intensities 

the abruptly rising edge was not as prominent, obviously due 

to the slower and hence less transient onset of SBS. For the 

longer pump pulses > 50 ns the transient onset was not evident 

and "true" steady-state scattering occurred. 

It is possible to determine the regime in which transient 

effects will be significant by use of equation 4.6 for transient 



Fig 4.7 Brillouin scattered pulse in a focusing cell (1= 2.5 cm ) of CS^with a 

lens of 5 cm focal length. (Peak reflectivity ~ 90% ). 
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scattering. For transient effects the gain term must be 

greater than the damping term t H e n c e one readily deduces a 
that the transient regime is important for times 

^ ^ (4.9, 

or until significant depletion of the input laser pulse occurs. 

For a typical liquid g g ^ 0.015 cm/MW and with an intensity of 

2 GW/cm2 the transient regime exists for times t << 100Tg. 

This qualitative relationship for transient SBS conditions 

was found to be valid in all cases observed. 

4.2.3 Solids 

SBS has been observed in a few transparent solid dielectrics 

and crystals [21, 104]. The commonly investigated media are 

quartz and various types of glass. Besides the production of 

the Brillouin scattered wave the intense light can often cause 

damage to these substances, and the damage threshold can be 

higher or lower than SBS for the different media. Indeed, the 

first observation of SBS by Chiao, Townes and Stoicheff in 1965 

[21] was in fused silica (quartz) where damage was produced in 

the solid. The exact mechanism for the damage in these media 

is still not completely understood but is the subject of much 

investigation [a.3]. Among the possible damage phenomena is 

the intense hypersonic acoustic wave, electrostriction, self-

focusing, multiphoton processes of light absorption, ionisation 

and the formation of an electron cascade and plasma [23]. 

In Figure 4.8 is shown the experj-mental set-up for a 

frequency-doubling experiment using a second harmonic crystal, 

ammonium dihydrogen phosphate (ADP). This standard set-up for 

second harmonic generation (SHG) resulted in a rich source of 



Fig 4.8 Experimental set-up far observing second harmonic generation ( S H G ) 

and SBS in a S H G crystal (ADP). 
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nonlinear phenomena occurring simultaneously besides the SHG 

when the focused intensities were high. It is illustrative 

of how many competing phenomena can occur at high light 

intensities. 

The ADP crystal was cut so that normal incidence phase-

matching of the SHG could be obtained at the ruby wavelength 

(6943 A). The length of the crystal was 37 mm and was mounted 

in a thermostatically controlled heat jacket and surrounded by 

phase-matching liquid. The input energy of the ruby pulse of 

» 9 mJ in a 50 ns pulse (power P ^ 180 kW) was focused into 

the ADP crystal (f^) and recollimated (f2). The throughput 

beam was monitored on a photodiode (D1) and energy calorimeter 

(El) and a UV transmitting filter could be inserted to block 

the visible fundamental while transmitting (T = 31%) of the 

second harmonic (34 7 nm). 

When the harmonic crystal wa3 aligned a maximal SHG 

(energy) conversion efficiency of 11% was produced at 347 nm 

with focusing lens f = 25 cm, giving a maximum focal intensity 

in the crystal of ^ 1 3 0 MW/cm 2. No Brillouin scattering was 

detected in this configuration. The 25 cm focal length lens 

was replaced by a focusing lens f^ = 5 cm giving a peak focal 

intensity of ^ 4 GW/cm2 (and being the regime of nearly con-

focal focusing [22]) . Instead of the normal Gaussian shaped 

fundamental and SHG pulse shapes, complex pulse forms were 

observed. Figure 4.9b shows the second harmonic signal and 

Figure 4. 9fit shows the total transmitted power through the 

crystal (fundamental + SHG). The ADP crystal was observed 

to be noticably damaged on its front surface and mainly at 

its centre (the focal region) but not on its back surface. 

The oscillatory behaviour of the laser output is 

characteristic of regenerative feedback into the laser system 



— 1 h -

20 ns 

Fig 4 . 9 Transmitted power of S H G and SBS experiment displaying SBS oscil lations , 

a) total power ( fundamental and S H G ) and b) S H G also displaying oscil latory 

behaviour. 
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caused by Brillouin reflection and subsequent reinjection 

into the scattering medium. This type of oscillatory phenomenon 

is described in other sections of this thesis. The loop round-

trip time about the ruby amplifier was only about 20 ns, so 

that the reinjected pulses return before the initial laser 

pulse has completely passed through the system. However, the 

main features of the multiple scatterings by SBS are still 

quite distinct in the figures. 

The pulses display a shortening and sharpening of their 

leading edge characteristic of a transient onset of SBS. To 

the author's knowledge there is no published data on SBS in 

ADP or other second harmonic crystals but assuming its bulk 

properties are not very different from other solids such as 

quartz or glasses, the following gain and acoustic damping 

times can be expected. In most solid media the steady state 
-3 gain is g B > 5 10 cm/MW and the acoustic damping time of 

_ -I 
order > 4 ns [104] with Brillouin shift cm B x B 
Under the experimental conditions a small signal Brillouin 

gain G = g^I^l 75 is to be expected and this corresponds 

to a reflectivity of the Brillouin mirror cs. 60%. The transient 

onset of SBS observation is also to be expected for the laser 

pulse duration and T B > 4 ns [ I I ] . These calculations do not 

include the effects of damage and SHG. 

The SHG signal in Figure 4.9b was observed under these 

conditions and displayed the same pulsations as the fundamental. 

The conversion efficiency (peak intensity) was estimated to be 

about 9% which is less than the more weakly ^ocused case. It is 

quite possible that the crystal angle was not optimised in this 

case, although the onset of SBS and damage might well be expected 

to have been detrimental to the production of the second harmonic 

signal. One unusual feature of the SHG is the degree of 
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shortening of the pulses compared to the fundamental. This 

behaviour can be expected from the intense Brillouin scattering 

of the fundamental. Due to the transient onset of SBS the 

leading edge of the fundamental is undepleted, but subsequently 

followed by a sharp Brillouin reflectivity that will reduce the 

growth of a second harmonic signal. Laser induced damage might 

also be responsible for the shortening of the SHG signal. 

It is also interesting to consider the possible Brillouin 

scattering of the SHG signal. The fundamental beam is linearly 

polarised in the horizontal plane and forms the ordinary ray 

in the birefringent ADP crystal. To accomplish phase matching, 

the second harmonic wave is orthogonally polarised vertically 

and forms the extraordinary ray. Since the fundamental and 

harmonic beams are orthogonal it is not possible for the SHG 

radiation to couple with the acoustic wave set up by the 

fundamental. Note also that the SHG at 2 co_ is not phase-

matched to the acoustic wave set up by the fundamental 

at (Nonlinearity in the acoustic wave can set up some 

harmonic wave at frequency 2 lO q [23[). The SHG signal can, 

of course, form its own acoustic wave if it is intense enough 

and would account for some diminishing and shortening of the 

transmitted SHG pulses. It is additionally possible for the 

backscattered fundamental (u)g) to generate its own SHG com-

ponent (2 tO _) since the reflectivity of the Brillouin mirror 

b was high (> 60%) and the conversion to 2u) should be comparable s 
to the 2 l jl. The fairly intense counterpropagating second 

har:. ic signals (2u>L and 2 lJ^ ) would be able to set up an 

acoustic wave (2 U Q) which is able to produce Brillouin 

scattering of 2 u) T into 2 uJ~ 
J_l Jb 

Laser-induced damage to window materials etc. has been 

extensively reported in the literature with typical damage 
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thresholds of a few Joules/cm2 quoted for solid window 

materials. The SHG crystal ADP has been shown to exhibit 

damage at ruby laser intensities of 400 MW/cm2 [99]. For 

the weakly focused case with a focal fluence of 6 J/cm2 

in a 50 ns pulse (130 MW/cm2) damage was not produced in 

the ADP crystal. In the strongly focused case (f = 5 cm) 

a focal fluence of ^ 200 J/cm2 is produced (duration 50 ns, 

4 GW/cm 2). Damage was observed at the focus in this case 

and was quite to be expected. Damage was also observed on 

the front crystal surface (50 J/cm 2, 50 ns, 1 GW/cm2) where 

phase-matching fluid was in contact with the surface. No 

damage was observable at the back surface where strong 

reflection (> 50%) due to SBS would diminish the output 

fluence (< 25 J/cm2), < 500 MW/cm2) and actually increase 

the total fluence on the front surface. 

The complex interplay of phenomena that occurred would 

make any Brillouin measurements difficult to analyse quanti-

tatively. The occurrence of laser-induced damage would 

certainly tend to be detrimental to SBS and SHG, although the 

speed at which damage effects occur might be slow, so 

absorption and breaking of phase-matching due to refractive 

index changes might not be strongly affected. It is also 

possible that the intense acoustic wave generated and the 

electrostriction process might be contributory to the actual 

damage process [23]. 

The detailed interplay of these processes is beyond the 

scope of this work and will not be further pursued here. It 

does present a cautionary example of how a relatively 'simple' 

process (SBS) can be complicated by the generation of other 

simultaneous phenomena. It also provides the incentive to 
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actually look for more complex combinations of nonlinear 

processes where simultaneous production of beams with 

favourable characteristics can be achieved. For instance, 

in this present situation a phase conjugate reflector (SBS) 

could potentially be simultaneously created at both the 

fundamental (to,) and at the second harmonic (2oJ>T) 
L I L I 

frequencies. 

4.2.4 Plasmas 

Stimulated Brillouin scattering can also occur in 

plasmas where photons are scattered from ion-sound waves. 

This section is added for completeness to indicate the 

relevance of SBS in laser plasma studies. SBS is of 

significant concern in obtaining efficient absorption of laser 

radiation in fusion-type targets in ICF related work since 

backward SBS reduces the energy deposited in the target. It 

can occur in plasmas below critical plasma density and has 

been seen to backscatter tens of percent of the incident laser 

energy in some cases [105]. 

Unlike normal SBS which is characterised by a very small 

frequency shift, the typical plasma ion sound wave exhibits 

unusually large shifts ( ^ 10's of A) and given by [105] 

where <Z> is the average Z of the plasma, T g and T^ are the 

electron and ion temperatures, A is the atomic number, m n is 

the mass of a neutron, and n and n are the electron density ' e cr 2 

and critical density respectively. The measurements of the 

Brillouin downshift need to be deconvolved with the Doppler 

upshift produced by the expanding plasma. 

(4.10) 
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The plasma-Brillouin scattering is even strong with 

pulses of duration 100 picoseconds due to the high sound 

frequencies and hence shorter damping times [equation 4.4]. 

4.3 Miscellaneous Factors Influencing SBS 

As has been noticed in these studies, transient 

scattering effects are readily produced on initiation of 

the Stokes scattered pulse. One finds from using the transient 

gain formula (eqn. 4.6) that transient effects occur on the 

typical timescale of t < 1 0 t for relatively low intensities 

to t < 1 0 0 f o r higher intensities ( ^ GW/cm 2). Consequently 13 

for the Q-switched pulses used with durations ^ 3 0 ns and with 

high intensity transient onset was to be expected. At low 

intensities or low gain media (e.g. water) the initiation of 

scattering was more steady state. 

Since Brillouin scattering is a coherent, nonlinear 

process it would also be expected to respond to intensity 

and phase fluctuations in the laser pulse. Due to the 

exponential growth of the Stokes pulse with laser intensity 

distortion of intensity fluctuations would be expected. 

Phase fluctuations might also be expected to diminish gain 

due to the partial incoherence of the interaction. 

The most convenient means of introducing controllable 

intensity and phase fluctuations was to allow the ruby laser 

to run on more than one mode. It was possible to run in two 

longitudinal modes whose relative intensities could be controlled 

by the alignment of the ruby oscillator cavity (or by removin. 

the aligned surface (polariser face) in the resonator). Mode 

beating was achieved with depth of modulation observable from 

1% to 100%. Typically the beat-period (oscillator round-trip 

time) was slightly greater than 4 ns, or with beating of two 
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non-adjacent modes the beat period was > 2 ns. 

In Figure 4.10 is shown the backscattered pulse of an 

input pulse with two longitudinal modes beating, focused 

into a 2.5 cm cell of CS2. The beat period was approximately 
1 

4j ns (mode spacing c/2L — 180 MHz). Defining the term 

visibility of the beating structure as [2-2.] 

V = I ™ ( 4 < 1 1 ) 

I ntOLX. 

The input had a fringe visibility ~ 5 0 % while the backscattered 

pulse had a fringe visibility ^ 4 0 % in the centre of the pulse, 

60% at ± 15 nsec from the centre, becoming 100% at the extreme 

wings of the pulse. The peak reflectivity was ^ 7 0 % . 

Firstly, the phase oscillations of the mode beating would 

appear to have little or no effect on the strength of scatter-

ing. As mentioned in [106] and demonstrated in [107], so long 

as the laser coherence length (< 60 cm) is greater than the 

cell length (2.5 cm) phase fluctuations should be unimportant 

to the scattering. In a short cell, the Stokes is continually 

replenished from the back of the cell and can adjust its 

phase to the changing phase of the laser field. 

One might, however, expect the intensity fluctuation to 

be enhanced in the nonlinear scattering process. An increase 

in the intensity fluctuations is observed on the wings of the 

pulse, but at the centre of the backscattered pulse the mode 

beating is actually reduced compared to the input. This 

occurs because of saturation of the process at high reflectivity 

(70%) and changes in laser intensity cause only small changes 

in reflectivity. Hence reflectivity is more stabilised in 

this heavily depleted case and intensity fluctuations can be 

diminished. This intensity stability under high reflectivity 



k 

20ns 

Fig 4 . 1 0 SBS of laser pulse with two strong longitudinal modes. 



83 

is a useful property for Brillouin reflectors, making their 

behaviour relatively insensitive to slight laser fluctuations. 

The beating of different transverse modes (beat periods 

> 10 ns) are too long to affect the coherent interaction of 

SBS. However, they do produce transverse variations on the 

beam that affect its focusability and the phase conjugacy of 

Brillouin reflection (Chapter 3). 

The ability of the Brillouin mirror to produce phase 

conjugation is another factor that was investigated under 

various conditions. The laser was in some cases a Gaussian 

TEM q q mode, or aberrated by the ruby amplifier and/or a phase 

plate. 

In high pressure methane focusing resulted in reasonable 

phase conjugate fidelity (PCF) on the backscattered signal. 

The highest PCF was obtained in the waveguide case which was 

responsible for the highly efficient Brillouin oscillation 

that occurred around the ruby amplifier described in Chapter 6. 

In most of these investigations in CH^ the ruby amplifier was 

double passed and resulted in a fringed beam intensity in one 

transverse dimension. The waveguide would spatially randomise 

these pronounced intensity fluctuations across the beam pro-

file, unlike the focused case, and would explain the improved 

phase conjugacy performance in the waveguide case. 

When the laser beam was focused sharply (f = 5 cm) into 

a liquid cell the reflection was similarly found to be highly 

phase conjugated, both when the beam was Gaussian shaped and 

when aberrated with a phase plate. The high PCF in this case 

is expected from the theory of sharply focused beams [8 7]. 

The sharply focused case is probably responsible for the high 

PCF in other works such as [91] and Gower [92,98]. The 

exception to this was in CS 9, where the high Kerr coefficient 



84 

produced detrimental nonlinearities (self-focusing and self-

phase modulation). 

Although SBS can phase conjugate intensity and phase 

structure on a laser pulse it is, in general, unable to 

correct for polarisation changes. The Brillouin scattering 

process is polarisation dependent, in that the Stokes and 

laser field will not interact if they are orthogonal. To 

investigate the polarisation effect, the horizontally 

polarised laser beam was passed through a glan-prism polariser 

before being injected into the Brillouin cell. It is found 

that all the radiation backscattered returned through the 

polariser and none was rejected, i.e. a linearly polarised 

beam produces a backscattered Stokes of parallel polarisation. 

Similarly, the laser pulse was sent through a combination of 

a polariser and quarter-wave plate, as had been previously 

used for optical isolation [108]. It was found that most of 

the backscattered light was rejected by the polariser, but 

some still managed to re-enter the laser system. Theoretically 

one expects from SBS a left (right) hand circular polarisation 

to be backscattered into a right (left) handed circularly 

polarised Stokes, as in a mirror reflection. The Stokes 

beam on passing back through the /4 plate would be expected 

to be totally rejected. ' The incomplete optical isolation of 

such a scheme has been previously noted and might be caused by 

an incomplete circular polarisation of the input, such that a 

partially elliptical beam was actually being backscattered. 

The Brillouin process would then exagaerate the ellipticity 

of the backscattered signal. 

On the subject of polarisation it is further mentioned 

that although SBS cannot ordinarily produce phase conjugation 

of polarisation, schemes have been devised to produce 
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polarisation correction by SBS [109]. This is of particular 

significance in glass laser systems where inhomogeneous 

birefringence in the rods produces pulses with spatially 

inhomogeneous polarisation. Thus it is now possible to 

compensate for intensity, phase and polarisation distortions 

of radiation by using SBS. 

SBS provides a means of eliminated amplified spontaneous 

emission (ASE) from a narrowband laser system. The suppression 

of ASE was clearly seen in the Brillouin reflection of an XeCl 

pumped dye-laser system depicted in Figure 4.11. The XeCl 

laser pumps a dye oscillator which ran in single-mode, using 

a grazing incidence grating (1200 lines/mm) and pumping close 

to threshold. The oscillator dye and three amplifiers was 

Rhodamine 101, and was measured to lase at 616 nm on a one 

meter spectrograph. The single-mode laser linewidth was 

< 1 GHz, although it occasionally ran in two modes (mode 

spacing c^. 1 GHz). The amplified pulse has energies niJ 

in a 12 nanosecond duration and beam diameter mm. A lower 

intensity halo of ASE accompanied the laser pulse. 

The laser pulse was focused (f = 10 cm) into a cell of 

CS 2 (and also with CH^) and high reflectivity up to 90% was 

observed. No visible trace of ASE was observable on the 

backscattered pulse. One would expect this suppression of 

ASE for two main reasons. Firstly, the focused ASE intensity 

is much less than the narrowband laser component due to the 

lower power and higher divergence of the ASE. The broad band-

width of the ASE also prevents coherent Brillouin interaction 

occurring, either from its own acoustic wave set-up or from 

that produced by the narrowband component. The suppression 

of ASE indicates the significance of SBS as both a spatial 

and spectral filter. This property could find important use 

in laser systems. 



grating 

Fig 4.11 Single-mode XeCl pumped dye laser system. 
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CHAPTER 5 

EXPERIMENTAL INVESTIGATION OF PULSE COMPRESSION BY SBS 

5.1 Introduction 

Over the last few years there has been considerable 

interest in the ability to produce pulse compression by 

backward wave amplification. Extensive studies based on 

SRS have been undertaken [41,4 2,43] and are briefly described 

in Chapter 2. More recently compression by stimulated 

Brillouin scattering (SBS) has been shown to offer potential 

as an attractive alternative to systems based on SRS (Hon [9] 

and in the present work [10,8]). Some of the advantages of a 

Brillouin compressor system over compressor systems based on 

Raman scattering are described in Chapter 2 and reference [10]. 

The production of second Stokes radiation which limits the 

efficiency of compression by SRS is not a serious problem 

because SBS will normally only occur in the backward direction. 

Since the first Stokes pulse is of short duration the gain 

length for the backward second Stokes field is small and occurs 

in the transient regime where the gain is reduced. In addition, 

the fact that the Stokes pulse can be made to propagate into an 

increasing area of a tapered geometry keeps the intensity of 

the first Stokes low and maintains a small second Stokes gain. 

The quantum efficiency of the SBS process is almost one hundred 

percent since the Stokes and laser frequencies are nearly equal. 

The small frequency shift enables the Stokes pulse to be 

further amplified in a laser amplifier. Moreover, under a wide 

variety of situations one can phase conjugate the laser pulse 

and compensate for optical aberrations [3]. It is also possible 

to amplify a Stokes beam of high spatial quality in aberrated 

pump beams and maintain the transverse quality of the Stokes 
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[50]. This technique is useful for increasing the spectral 

brightness of the laser pulse. Beams of low divergence are 

an important asset for focusibility, for instance onto small 

targets such as those used in laser-plasma and ICF studies. 

This chapter describes the experimental results on pulse 

compression by SBS in liquids and gases. Compression of ruby 

laser pulses is produced with compression ratios ~ 1 0 and 

typical energy conversion efficiencies of 70%. Pulse 

compression was accomplished primarily in tapered hollow 

glass tubes filled with a Brillouin liquid or gas, and also 

by simple focusing with long focal length arrangements and 

in generator-amplifier geometries (see Figure 5.1). Each of 

these compressional schemes shares the common features of 

spontaneously generating a short pulse which is subsequently 

amplified by the pump pulse, although each has its own 

distinctive characteristics and advantages. Finally, comments 

on the use of injecting an externally generated Stokes pulse 

will be made. This technique has several advantages that 

give it significant importance in considerations in Brillouin 

pulse compressor systems. 

5.2 Pulse Compression in Tapered Waveguides 

The pulses to be compressed were produced by the narrow-

band ruby oscillator-amplifier laser system. The ruby 

oscillator operated reliably on a single-longitudinal mode 

and single transverse TEM q q mode producing an output energy 

up to 10 mJ in a 30 ns pulse. The oscillator pulse was 

amplified in the ruby amplifier which was run in a single-pass 

configuration when CS^ was placed in the waveguides and double-

passed for high-pressure methane experiments. 

The compression work utilised a glass chamber for the 



a) 

b) 
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BRILLOUIN 
AMPLIFIER 

BRILLOUIN 
GENERATOR 

Fig 5.1 ' Interaction geometries used for laser - pulse compression, a) tapered waveguide, 

b) focusing with long-focal-length geometry, and c) generator-amplifier arrangements. 
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liquid Brillouin media (e.g. CS2) and a stainless-steel 

chamber for the high pressure gas CH^ (designed and tested 

for working pressures up to 130 atm). Typical chamber lengths 

of 150 cm and 200 cm were used with end windows offset at ^ 10° 

angles to eliminate spurious reflections. The waveguides 

consisted of tapered, hollow glass tubes, either with a single 

taper or a straight section smoothly coupled to a tapered 

segment with total length of tubing approximately equal to the 

length of the Brillouin chamber in which it was placed. The 

tapered tubes were produced by heating a straight glass tube 

and carefully pulling to achieve a uniformly tapering diameter. 

The experimental arrangement used is shown schematically 

in Figure 5.1a. The laser pulse was launched into the wave-

guide, sometimes using a lens arrangement to uniformly fill 

the entrance aperture. A phase plate could be inserted in 

the beam just before the entrance to the guide to study phase 

conjugation effects on the backscattered beam. 

The two principal media investigated were the liquid CS2/ 

with high gain ( g _ ~ 0 . 1 4 cm/MW [I04J) and high pressure gas a 
CH^ (p > 80 atm). CS2 possessed a refractive index higher 

than glass (n = 1.62) so that total internal reflection occurs 

at the glass walls, providing relatively low-loss waveguide 

action with a large input acceptance angle. Methane, on the 

other hand, relies on grazing incidence reflection restricting 

the useful input angles. 

Typical compression results from CS2 are shown in Figures 

5.2a and 5.2b. For this case the input laser pulse was a 

Gaussian shaped pulse with duration ^ 27 ns, and, for Figure 

5.2a, with power~1 MW. The waveguide was 150 cm long, made 

of a straight section 75 cm smoothly coupled to a tapered 

section of length 75 cm tapering from 5 mm in diameter down 



B) 

Fig 5.2 Compressed pulses using tapered waveguide filled with CS2 . a) with^low pump 

power ( rMW ) and b) at higher pumping power ,compression of 

front part of pump pulse (5nsec/div.). 
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to 0.7 mm. The round-trip time of the interaction region 

(t = 2nl/c) was approximately 16 ns. 

Figure 5.2a shows the production of a Stokes pulse of 

^ 4 nsec duration, which corresponds to a compression ratio 

of ^ 7 and the energy efficiency was ^ 7 0 % . When the input 

laser power was increased, the onset of SBS was more rapid. 

As seen in Figure 5.2b, a compressed pulse emerges at the front 

of the backscattered radiation with a duration of » 1 . 5 nsec, 

followed by a smoother tail following the shape of the input 

pulse. The incomplete compression of the pump pulse is caused 

by the higher input power of the pump that caused the Stokes 

pulse to be initiated earlier in the Gaussian pump and to 

receive amplification only in the front of the pump pulse. 

The round-trip length of the compressor waveguide in this 

case was much shorter than the length of the pump pulse, as 

required for complete compression, so the compressed pulse 

emerges before all the pump pulse has entered the waveguide. 

As is mentioned in [9], the compressed pulse leaves an intense 

acoustic wave near the front of the waveguide that acts as a 

high reflectivity mirror that reflects the remainder of the 

laser pulse without compression. The slight bump in the back-

scattered signal following the compressed component is probably 

caused by the excessive acoustic intensity left in the medium 

just as the compressed pulse has emerged. This extra intensity 

persists for a time that is of order of the acoustic decay time 

[in C S 2 , t B ^ 2 . 2 ns [I04-] ] . The total energy efficiency of 

bac'- • attering was approximately 75%. This result indicates 

that, if the length of the waveguide was long enough to sweep 

up the entire pump pulse into the 1.5 ns pulse, the compression 

ratio would be ^ 18. 

It has been shown that SBS in a waveguide can produce a 
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phase conjugate Stokes beam of high fidelity. By placing a 

phase-distorting plate at the entrance of the waveguide, it 

was confirmed that the compressed Stokes pulse was strongly 

phase conjugated when CH^ was used as the Brillouin-active 

medium. However, CS 2 was much less efficient in producing 

phase conjugation because of the relatively high Kerr 

coefficient that gives rise to self-focusing and self-phase 

modulation. Self-focusing was observed in CS 2. 

In these compression experiments the SBS pulse compressor, 

acting as a phase conjugate mirror, provides feedback into the 

laser system, and, unless optical isolation was employed, 

oscillation occurred between the SBS system and the output 

mirror of the ruby oscillator, gain being provided by the laser 

amplifier. A compressed backscattered pulse could be reamplified 

in the ruby amplifier and subsequently reinjected into the com-

pressor. By these means, oscillations could be continued for 

hundreds of nanoseconds (using CH^) and until the gain of the 

ruby amplifier was totally depleted. It provided a highly 

efficient means of extracting the stored ruby energy and 

vividly displayed the phase conjugacy of the backscattered 

Brillouin reflections in allowing such highly efficient 

oscillation about a ruby amplifier rod, which in this case 

was of poor optical quality. 

It was previously mentioned that CS 2 in a waveguide should 

have a large input acceptance angle. It was found that Brillouin 

interaction was unimpaired if the input was incident at 6° 

(^105 mrad) to the axis of the waveguide. Total internal 

reflection would mean reflection losses should not be impaired 

although increased absorption and scattering losses due to 

more bounces will occur. Also, the angular distribution in 

the waveguide (26) produces an effective frequency broadening 
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of the k-vector along the waveguide axis. One criterion for 

the angles over which phase matching may be maintained is [93] 

, . l/z e 
m o 

For CS 2, r 6 = 4.5 108 s~1 , U ^ = 3.66 10 1 0 s~1 , giving 

6 = 1 1 0 mrad ^ 6.3 °. max 
In methane, only operation close to axis (few mrad) 

allowed loss-loss propagation in the waveguide. Even the 

taper angles ( ^ 7 mrad) on the waveguide would tend to reduce 

the transmission. Experiments using liquids such as acetone 

and ethanol resulted in poor compression efficiencies due to 

the highly lossy waveguide action caused by the small refractive 

index difference between the glass tubing and liquid. For 

gases and, especially, the common solvents, a metallic wave-

guide would offer the best transmission if the surfaces were 

highly polished and provided the internal diameters required 

did not need to be too small (£ 1 mm). 

5.3 Pulse Compression by Focusing Geometries 

Pulse compression has also been demonstrated by focusing 

with long-focal-length lenses [Fig. 5.1(b)]. Previously it 

was shown [7] that Brillouin scattering can be used for pulse 

shortening and peaking of the leading edges of pulses. Figure 

5.3 shows the backscattered pulses when a beam of 2 mm in 

diameter was focused into a 2-m-length cell of methanol with 

a lens of 70-cm foc=1 length (effective focal position in 

liquid, ^ 1 0 0 cm) . Pronounced peaking of the leading edge 

of the laser pulse was achieved. (The multiple pulsing was 

again due to the feedback to the laser system and reinjection 

into the SBS cell). 



Fig 5.3 Strong peaking of leading edge of laser pulse by focusing in long-interact ion 

region (5nsec/div.). 
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The focused beam formed by a long-focal-length system has 

similar characteristics to the long-tapered-interaction geometry 

provided by the tapered waveguide and is qualitatively quite 

similar to the geometry of the tapered waveguide of the previous 

section. In order to pursue this correspondence more directly 

and to achieve more controllable compressions by focusing, the 

lens system shown in Fig. 5.1(b) was used to produce a tapered-

interaction region similar to the waveguide system. The beam 

was expanded up to about 5 mm and focused down with an effective 

focal-length arrangement of 150 cm to the back of a 155-cm-long 

CH^ cell (p = 80 atm). Figure 5.4 shows the pulse compression 

of the leading edge of the input to a duration of ^ 1 nsec. 

The round-trip time of the chamber (10 nsec) was insufficient 

to compress the whole of the laser input. 

5.4 Pulse Compression in Generator-Amplifier Systems 

Pulse compressions have also been produced in the 

generator-amplifier arrangement depicted in Fig. 5.1(c). 

The laser pump was passed through a 2-m chamber (amplifier) 

filled with a Brillouin-active liquid with the beam expanded 

to an area such that the laser intensity was just below 

threshold for SBS in the amplifier alone. The output from 

the chamber was then sharply focused into an external SBS 

cell (generator), which could be placed at various distances 

from the amplifier chamber. By this arrangement a Brillouin-

shifted pulse generated in the external cell was subsequently 

amplified in the amplifier chamber. Pulses as short as 1 nsec 

were obtained with methanol in the generator and amplifier 

cells. Relaxation oscillation was also observed to occur, as 

predicted in Ref. 110 and the mechanism may be briefly 

described as follows. The Stokes pulse that is being amplified 



Fig 5.4 Compression of laser pulse by using a tapering geometry formed by a lens 

arrangement (5nsec/div.). 
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depletes the laser pump such that any Stokes field following 

the compressed Stokes pulse sees little gain. Once the Stokes 

pulse has emerged from the amplifier chamber, an undepleted 

laser pump (if it is of sufficient duration) may enter the 

Brillouin generator and restart the pulse-compressing process. 

In this way a train of compressed pulses, at the round trip 

of the generator-amplifier, may be produced over a period 

determined by the length of the pump pulse. 

One of the problems of using such a long amplifier cell 

was absorption and scattering from the Brillouin liquids, 

which, together with the reflection losses from the surfaces 

of the uncoated optics (cell windows and lens) used in the 

present arrangement, made this setup somewhat lossy. The 

efficiency of this arrangement could be improved by using 

gases as the Brillouin medium and by antireflection coating 

the optics. Also, only liquids with a relatively low Kerr 

coefficient could be used if the beam quality in SBS was to 

be preserved. 

It was also found that, when the Brillouin liquid in the 

generator cell was different from that in the amplifier 

chamber (e.g. ethanol and acetone), amplification occurred 

only if their Brillouin shifts were similar. This could be 

explained because the high Brillouin gain produces phaselocking 

that compensates for a small frequency mismatch but is unable 

to do so if the mismatch is too large. 

It is interesting also to note that in some cases when 

the ruby amplifier was allowed to go into oscillation with 

this compressor in the way previously described, the back-

scattered pulses from the Brillouin amplifier exhibited very 

complicated structures. It is believed that this was caused 

by the amplified Stokes pulse being itself backscattered. In 
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this way radiation oscillated between the generator and 

amplifier cells. Setting up a cavity of this type is described 

in Chapter 6 on phase conjugate resonators. 

In this case, therefore, it is seen that second Stokes 

production can be produced in a poorly designed pulse com-

pression. The main problem to be overcome is that the Stokes 

pulse must not reach the threshold to produce higher order 

scatterings. The collimated geometry of the amplifier in 

this case allowed the growth of a high intensity Stokes pulse, 

unlike the tapered geometry of the waveguide and focusing 

systems. It shows the point that a tapered regime is the most 

preferable interaction geometry for a Brillouin compressor to 

suppress higher order Stokes production and the suppression of 

other nonlinearities. 

5.5 Externally-Injected Stokes Pulse 

The experimentally investigated geometries for pulse 

compression each essentially involved the spontaneous 

generation of a Stokes pulse from noise. The same laser pulse 

both created and subsequently amplified the pulse. An 

alternative method for pulse compression is to inject an 

externally generated Stokes pulse into the backward-wave 

amplifier [41]. The injected pulse of short duration is 

amplified by the pumping laser via the Brillouin acoustic 

resonance. 

The amplification process for pulse compression is similar 

for both types of methods but the injected case offers an 

important additional freedom that can make it the most useful 

compression technique if phase conjugation is not an important 

requirement. 

Firstly, because the Stokes pulse is externally generated 
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it can be tailored in pulse shape, energy and beam quality 

before injection into the compressor system. A short Stokes 

pulse could be produced by a low power Brillouin compressor 

prior to a higher energy compression. Alternatively electro-

optic shutters can be used to cut out a Stokes pulse of the 

required shape and duration. The Stokes energy fluence can 

be prescribed before injection. If it is injected with a 

sufficiently high fluence it can immediately begin to deplete 

the laser pulse and the highest efficiencies may be achieved. 

It is possible to extract one hundred percent of the laser 

energy. The Stokes pulse can also be formed as a high quality, 

low divergence beam. The high-gain laser drivers for fusion 

and laser-plasma studies tend to produce aberrated beams, but 

the Stokes pulse can be produced by a low-power high quality 

oscillator. It has been experimentally shown that using the 

phase conjugating properties of SBS, a laser pulse with a 

Gaussian transverse beam shape can produce a Gaussian shaped 

Stokes pulse [13] of almost equal divergence. The low 

divergence Stokes pulse can be amplified in the high divergence 

laser pumping pulse. It is possible to maintain the Stokes 

beam quality during amplification if the laser pulse is 

spatial mixed in the transverse dimensions. The ability to 

maintain the Stokes divergence has been shown experimentally 

for SBS [50] and discussed, regarding use in Raman compressors 

[41]. It provides a very useful property for increasing the 

spectral brightness of a beam in backward wave amplifiers 

using stimulated scattering and in Raman laser systems [49]. 

The Stokes pulse, when injected, can be angularly offset 

from the input pulse and extraction of the amplified pulse 

may be readily facilitated. In contrast, compression systems 

employing the spontaneous generation of the Stokes pulse 
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produce phase conjugated 180° backscattering, which means 

polarization switches must be used if the beam was to be 

extracted. The angular separation of the laser and Stokes 

beams are limited by phase matching conditions. The Stokes 

pulse can be injected at a frequency ( matched for a 

given scattering angle. Alternatively, if the beams are 

phase-matched for scattering through 180° (the most likely 

case) a criterion for the angular spread of the beams where 

phase matching may still occur is given by (93) 

For a reasonably damped acoustic wave in Brillouin 

scattering this should allow angular separations of up to a 

few degrees. 

A practical scheme for extracting a compressed pulse 

by this technique is depicted in Figure 2.7 and is conceptually 

similar to the Raman compressor systems envisaged. The 

technique is to take an externally generated pulse of short 

duration and high spatial quality and amplify it in one or 

several high divergence pump pulses using a tapered Brillouin 

compressor. A tapered waveguide, probably, with a polished 

metallic internal surface can be used to spatiallymix the pump 

beams by the guiding process. The resultant pump should be 

sufficiently spatially mixed in intensity to provide the 

regime to maintain the Stokes beam quality under amplification. 

The taper on +*he guide is to control the Stokes intensity 

growth when being amplified to high powers. The compressed 

Stokes pulse emerges from the waveguide and is sufficiently 

separated from the paths of the input pump pulses to be 

extracted. 

9 < 
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Thus rk. is seen that the injected Brillouin compressor 

offers a means of producing a high quality compressed pulse 

with high efficiency and readily extractable for use. It 

provides the most flexible method of pulse compression. 

The non-injected Brillouin compressor systems, however, 

also have qualities in their favour. Firstly, the 

spontaneously generated Stokes can be a strongly phase 

conjugated replica of the input pulse and, using a double-pass 

through the laser amplifiers, can compensate for aberrations 

while being further amplified. If a glint reflection of a 

target is used as the input to the laser system, automatic 

and.complete refocusing of the double-passed compressed pulse 

may be achieved, producing highly efficient coupling and 

autotracking to a small target. One drawback of this 

attractively simple and efficient scheme is that if the pulse 

is of high energy it must pass back through all the optics 

and damage of components might be a serious problem. This 

compression case is still inherently the most simple scheme 

with easy alignment, minimal timing problems for the laser 

and Stokes overlap. Pulse shaping can also be achieved by 

suitable use of the tapered geometry in the region of the 

spontaneous generation of the Stokes pulse. 
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CHAPTER 6 

INVESTIGATIONS ON LASER RESONATORS WITH PHASE CONJUGATING 

BRILLOUIN MIRRORS 

6 .1 Phase Conjugate Resonators 

The ability of a phase conjugate reflector to reverse 

the wavefront of an input beam has attracted much attention 

over the years. One such area that recently has evoked much 

interest is the use of a phase conjugate mirror (PCM) .a&d one 

of the reflectors of a laser cavity. Clearly the ability of 

the PCM to correct for intracavity aberrations and produce 

high quality beams is one immediate advantage. Several other 

characteristics of a phase conjugate resonator (PCR) also 

depend on the nonlinear phenomenon inducing the phase con-

jugation, notably degenerate four-wave mixing (DFWM) and 

stimulated Brillouin scattering (SBS) . 

When the output of the PCR is from the conventional 

mirror the transverse phase fronts of the wave will exactly 

reproduce the curvature of the mirror. The phase will not 

depend on any other surfaces or distortions within the 

cavity. This allows the production of diffraction limited 

waves and would also provide the means of tailoring the out-

put phase front to any shape by the detailed surface curvature 

of the output coupler which need not be spherical. 

Another attractive characteristic of a PCR is that it is 

always stable, even if the ordinary mirror is convex. This 

property gives PCRs the ability to extract energy efficiently 

in situations where conventional resonators require an unstable 

resonator configuration. 

Normal laser cavities are characterised by discrete 
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longitudinal modes spaced in frequency by the reciprocal of 

the cavity round-trip time c/2L. In the PCR with a DFWM-

mirror the phase that the wave accumulates in one pass of the 

cavity is cancelled by the same amount on reflection back to 

the ordinary mirror. Consequently, regardless of oscillating 

frequency the net round-trip phase is zero. The attractiveness 

of this regime is that the cavity can be made to lase at any 

frequency, which for DFWM is dictated by the pump frequencies. 

This frequency will be maintained independently of variations 

in the cavity length. Mode-hopping and frequency drift caused 

by the cavity length changes are eliminated. 

Additionally, if the phase conjugator is a FWM mirror 

there can be transverse modes but in contrast to a conventional 

resonator these modes are spaced by c/4L symmetrically positioned 

around the central lasing frequency. The double round-trip mode 

spacing is due to the alternate downshift and upshift on each 

reflection by the FWM process [111]. 

The FWM normally involves three input beams (two pumps 

and a probe) which mix to create a fourth wave (signal) , the 

phase conjugate of the probe wave. Several schemes exist for 

a PCR with FWM mirrors and fall into three main groups: 

(1) pumped by an external laser; (2) self-pumped, and (3) self-

started and self-pumped. Mode-locked picosecond systems [112], 

longer pulsed systems [111] and c.w. systems [113] have been 

suggested and experimentally investigated. 

As previously mentioned, the PCR can also have a SBS 

mirror as a phase conjugate reflector and will display several 

differences to the FWM mirror. SBS has an intensity threshold, 

whereas DFWM does not, and a c.w. Brillouin conjugator is not 

readily producible. However, DFWM requires strong pump beams 

whereas SBS involves just the single input wave. This makes 
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SBS inherently simpler, requiring no critical alignment or 

need for good quality pump beams. In SBS each scattering 

is accompanied by a frequency downshift. This shift is 

normally very small (in gases ~ 1 GHz) but does produce 

some limitations in the operation of the laser resonator. 

Schemes to fully or partially remove the continual down-

shifting of the pulses on each cavity round-trip will be 

described later. DFWM can occur with conjugate reflectivities 

exceeding unity, whereas SBS can normally only approach unity. 

It should be pointed out, however, that the DFWM is limited 

in reflected intensity by the intensities of the pump beams, 

but SBS readily occurs with reflectivity of order 70% and 

hence a much higher overall systems efficiency. In addition, 

with pulse compression techniques (chapters 2 and 5) power 

reflectivity greater than unity is actually possible in SBS. 

In the next sections will be described a variety of 

laser resonators incorporating one or more Brillouin mirrors. 

For completeness the list of cavity types will not be limited 

only to those experimentally investigated in this work, but 

also to those used in other studies and more conceptually 

envisaged designs. In the cases of the experimentally 

investigated laser resonators, the results and discussion 

of their performance will be described with a listing of 

their potential usefulness and basic limitations. 

6.2 Brillouin Resonators 

6.2.1 Cavity Type I. Laser oscillat <j±th a Brillouin 

mirror 

Perhaps the most conceptually simple phase conjugate 

laser resonator involves replacing one of the conventional 

mirrors of a laser oscillator with a Brillouin mirror. This 
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design is shown schematically in Figure 6.1. The laser output 

would preferably be from the conventional mirror side since in 

a phase conjugate resonator (PCR) the output beam will have a 

beam quality determined by this mirror and hence may be 

diffraction-limited if this mirror is plane or spherical, 

regardless of intracavity distortions. In practice, however, 

such a cavity type would be attainable in only a very few 

cases and even then might be undesirable. The primary problem 

of this cavity configuration is that the threshold for SBS 

must be obtained on only a double-pass of the radiation in the 

cavity since the Brillouin mirror initially has zero reflectivity. 

Such high gains are attainable in existing excimer systems but 

a further problem is the need for the Brillouin interaction to 

be coherent. One needs to include spectral filters in the 

cavity to reduce the lasing linewidth, but this also reduces 

the cavity energy and makes the achievement of threshold 

inherently problematic. Indeed, even if the laser were 

energetic enough to achieve high power in a narrowband once 

the reflectivity of the Brillouin mirror switched on, it 

would probably be subsequently damaged by an ensuing high 

cavity flux. 

Based on the impracticality of such a "brute-force" 

system a more flexible cavity configuration for a self-started 

oscillator with a Brillouin mirror will be discussed. 

6.2.2 Cavity Type II. Laser oscillator with an internal 

Brillouin mirror 

When one seriously considers constructing a laser 

resonator incorporating a Brillouin mirror, it is realised 

that it is preferable for several cavity round-trips to occur 

to build up enough cavity flux to reach the Brillouin threshold 
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Fig 6.1 Cavity Type I . Laser oscillator with a Brillouin mirror. / 
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and allow any intracavity spectral filters to narrow the lasing 

linewidth. Such a system is shown schematically in Figure 6.2. 

Incorporated inside a conventional laser cavity is a Brillouin 

cell. Oscillation initially occurs between the two conventional 

mirrors until a point when the cavity flux reaches the Brillouin 

threshold. Subsequently the Brillouin mirror becomes reflective 

and the back mirror is progressively uncoupled from the cavity 

since little radiation can penetrate beyond the Brillouin cell. 

The Brillouin reflector can be formed either by focusing 

in a small cell, or by using a long Brillouin cell [114], or in 

a waveguide [3]. Sharp focusing of the beam reduces the power 

requirement on the Brillouin threshold, although if the cavity 

flux increases beyond a limit the Brillouin medium may 

experience self-focusing or breakdown. The use of a long 

Brillouin cell allows lower threshold intensities to be used. 

The longer cell places more of a constraint on the laser line-

width for coherent interaction over the cell length. A wave-

guide filled with a Brillouin-active medium might also be 

used, but could be detrimental to the initial build-up of the 

radiation by causing beam distortions prior to reaching 

Brillouin threshold. 

Additionally the cavity can incorporate a Q-switch such 

as a Pockel's cell or saturable dye cell. This would be 

essential in low gain lasers where the free-running output 

power is low and giant-pulse operation required. On the 

subject of Q-switching, the Brillouin cell itself can act 

as a Q-switcher since its reflectivity rapidly turns from 

zero reflectivity to high reflectivity upon reaching threshold. 

This factor has been responsible for the Q-switching of ruby 

laser systems for giant-pulse formation [115,114]. 
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When the Brillouin mirror forms the cavity reflector 

the resonator radiation will experience a down-shift in 

frequency on each reflection caused by the Brillouin shift. 

In many gases this shift is approximately 1 GHz. The Brillouin 

shift is small enough in most laser systems that frequency 

walk-off from the laser gain linewidth allows hundreds of down-

shifts (e.g. ruby, Nd: glass, dyes and excimers). Other systems 

such as the iodine laser will not sustain such frequency walk-

off. Methods to try to counteract the frequency downshift 

will be described later in this chapter. 

One important point is the degree of phase conjugate 

fidelity that the Brillouin mirror produces. Some of the 

regimes and criteria for establishing phase conjugate Brillouin 

reflection are described in Chapter 3. In general the phase 

conjugate fraction (PCF) of the reflected beam will depend on 

the intensity and beam quality of the incident wave. In general 

the best performance lies in an intensity range just above the 

threshold with the PCF decreasing at excessive intensities [62, 

116]. It is also generally found that the PCF is increased if 

the transverse features of the beam are spatially randomised 

or diffraction effects are large. This may be most suitably 

achieved by introducing a phase plate just before the Brillouin 

cell, although this would aberrate the initial cavity 

oscillations. Alternatively, sharp focusing [87,92] and a 

two-lens combination [6 2] have been found to enhance the 

degree of phase conjugate reflectivity. 

Therefore, it i « seen that this laser oscillator is 

initiated as a conventional resonator and converts into a 

PCR on reaching Brillouin threshold. Its operation must be 

pulsed and can only lase for a time until frequency walk-off 

due to successive Brillouin-shifts takes the cavity radiation 
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outside the laser gain linewidth. The laser should operate 

efficiently as a PCR within a range of intracavity powers, 

but the Brillouin mirror will tend to decrease in phase 

conjugate fidelity at excessive laser intensities. 

6.2.3 Cavity Type III. Externally-injected laser 

resonator with a Brillouin mirror 

One of the main problems of the Brillouin PCR just 

described is the difficulty of initiating the Brillouin 

threshold while maintaining a narrowband, high beam quality 

prior to phase conjugate oscillation. An alternative method 

is to externally inject the Brillouin resonator with a narrow-

band high quality pulse of intensity sufficient to initiate 

the Brillouin threshold immediately, or after a single pass 

gain through the gain medium of the PCR. Such a system was 

experimentally devised and is shown schematically in Figure 6.3. 

It incorporates the single mode (TEMqo^) ruby oscillator to 

inject a pulse through the ruby amplifier and into the Brillouin 

cell which could be a lens focusing into a cell or into a wave-

guide or a pulse compressor. 

The principle of operation is that once the oscillator 

injects its pulse (£,^50 nanosceconds, 5 mJ) , oscillation 

occurs between the Brillouin mirror and the output coupler 

of the ruby oscillator. A PCR is formed by phase conjugate 

reflection at the Brillouin mirror and gain is supplied by 

the ruby amplifier. On the first arrival of the pulse at 

the Brillouin cell the energy is sufficient for high 

reflectivity SBS. 

To illustrate the type of laser oscillation produced 

by this system the case when the Brillouin mirror was methane 

(80 atm) in a waveguide will be described. The experimental 
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Fig 6.3 Cavity Type III . Externally-injected laser resonator with a Brillouin mirror. 
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situation is shown in Figure 6.4a. The ruby amplifier was 

double-passed and the pulse (50 mJ, FWHM ^ 5 5 ns) was injected 

into a hollow glass waveguide with a 50 cm focal length lens. 

(The waveguide was tapered from 2.5 mm down to 1 mm at the 

far end, but in this multiple pass situation compression was 

not significant. Most of the reflection occurred near the 

front of the waveguide). Oscillation about the ruby amplifier 

was observed and the cavity flux monitored with beamsplitters 

either side of the ruby amplifier. Figure 6.4b shows the pulse 

oscillations monitored on a photodiode from a beamsplitter 

near the ruby oscillator side of the cavity. The cavity 

round trip about the front of the Brillouin waveguide and 

oscillator output coupler was approximately 25 ns, which is 

seen in the pulse repetition of the oscilloscope trace. 

The Brillouin oscillations continued for much greater 

than 300 ns and the Brillouin mirror could reach reflectivities 

of about 90%. Also shown in Figure 6.4c are the burn marks on 

polaroid of the cavity beams, a) the TEMqq mode of the ruby 

oscillator that injected the system, b) the amplified pulse, 

c) the waveguide output and d) the backscattered pulse from 

the beamsplitter just before the oscillator output. The ruby 

amplifier aberrates the diffraction-limited oscillator beam 

and the waveguide clearly randomises the intensity of the 

laser wave. The backscattered radiation is maintained in a 

low divergence when it returns to the oscillator after double-

passing the ruby amplifier. The sustaining of a low divergence 

is maintained certainly throughout tne main part of the back-

scattering . 

The laser oscillations continue for >300 nanoseconds 

and until the laser amplifier is completely depleted of energy. 
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The ruby saturation is becoming evident by the decreasing 

amplitude of the cavity power. The backscattered pulses 

from the Brillouin mirror are slightly greater than the 

cavity round-trip (25 ns) so that the acoustic intensity 

is continuously sustained. However, the pulsations are 

slowly shortening and when they reach a duration < 25 nsec 

they are becoming discrete pulses and the acoustic field is 

not continuously sustained. The pulse can then propagate to 

the back of the tapered waveguide and compression occurs. 

This is observed in the tail of the signal on Figure 6 

The increasing pulse amplitude is indicative of the power 

gain in the reflections (these compressions continue but are 

not shown on this oscilloscope trace). 

The Brillouin shift in CH4 is c=: 0.04 cm at 6943 K r 

which is small enough so that even the multiply shifted pulses 

at the end of the pulse train were well within the ruby gain 

bandwidth. The small Brillouin shift also ensures that each 

pulse is close enough in frequency to be phase-matched to the 

same acoustic wave. Thereby subsequent pulses coherently 

scatter off the acoustic wave produced by the earlier pulses. 

Similar oscillations in this cavity type have been 

produced when the" Brillouin' cell was a short cell of length 

2.5 cm, using a short focal length lens (f = 5 cm) to produce 

intense Brillouin scattering in liquids such as CS 2, ethanol, 

methanol and acetone. In the case of CS 2 the beam divergence 

was greatly impaired, however, and it is believed that self-

focusing and breakdown was occurring. Brillouin oscillation 

was also produced in a solid second harmonic crystal ADP (length 

3.7 cm, focal length lens f = 5 cm). In this situation, described 

in Chapter 4.3, oscillatory second harmonic signal was produced 

and damage was inflicted on the crystal. The degree of phase 
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conjugation in this case is not known, but the large number 

of oscillations occurring would imply that the oscillations 

maintained a reasonably low divergence beam. 

It is seen, therefore, that this type of cavity with 

a Brillouin reflector that is initiated by a seed pulse is 

quite effective as a PCR. Once injected the cavity radiation 

continues to oscillate without any need to align the cavity 

optical components. This is somewhat in contrast to the 

cavity type II oscillator, where alignment is necessary to 

maintain the initial build-up prior to Brillouin threshold. 

The injected case allows the system to immediately (or quickly) 

reach threshold and is inherently more stable. It is experi-

mentally shown that multiple Brillouin shifts are sustained 

since the ruby gain has a large linewidth. It is also 

important to notice that the consecutively shifted pulses can 

readily reflect from the same acoustic wave initially set up. 

Considering the ability of the Brillouin interaction to 

produce pulse compression it is noticed that when the compressor 

was a tapered waveguide little compression occurred when the 

cavity flux was continuous. Continuous (c.w.) in this case 

refers to the situation when the injected pulse is longer than 

the cavity round-trip and backscattered radiation is returning 

to the Brillouin compressor while the initial radiation is still 

being backscattered. A continuous highly reflective acoustic 

intensity is maintained at the entrance to the waveguide and 

short Stokes pulse formation at the waveguide exit is not 

realised. It is only when the cavity pulse becomes shorter 

than the cavity roundtrip that compression in the tapered 

guide abruptly "switches on". This occurred and is seen 

clearly in the tail of the cavity flux in Figure 6.4 when 

rapid pulse shortening occurs once the pulses are less than 
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the cavity round-trip time (c^.25 ns) . 

It is also possible to use cavity oscillator type II 

to produce compression of cavity radiation and quasi-mode 

locking. This would be most readily achieved with a long 

tapered Brillouin interaction cell (Chapter 5) placed inside 

the cavity. The most favourable cavity length to enhance 

pulse compression is a trade-off between two main factors. 

Firstly, the shorter the cavity length, the greater the number 

of Brillouin reflections and pulse shortening. However, for 

best compression the cavity radiation needs to become a 

distinct pulse, shorter in duration than the cavity round-trip 

and which favours longer cavities. The optimum cavity length 

will depend on the number of round-trips that are sustainable 

within the pumping time of the laser gain medium and also the 

number of Brillouin shifts that are tolerable and within the 

bandwidth of the gain time. 

Further elucidation on the issue of intracavity pulse 

compression by SBS will be given by the next cavity type that 

was experimentally investigated. 

6.2.4 Cavity Type IV. Laser resonators incorporating 

combinations of Brillouin mirrors (the Brillouin 

cavity) 

Up to now only a single Brillouin mirror has been used 

in the interaction geometries. One might well consider what 

happens when more than one PCM are present. Such a cavity 

has been produced, formed by a pair of Brillouin mirrors which 

takes advantage of both the phase conjugating and pulse com-

pressing mechanisms of the SBS process. By these means a phase 

conjugate resonator (PCR) is produced that emits a train of 

intense pulses of subnanosecond duration. 

The experimental arrangement used is shown in Figure 6.5. 
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The output pulse of the Q-switched ruby laser with a pulse 

duration of 4 0 ns, operated on a single longitudinal and 

transverse (TEMqo) mode, was amplified up to pulse energies 

of ~ 1 0 0 mJ. 

The radiation was focused (focus 1) by a 15 cm focal 

length lens into a chamber (1 = 157 cm) containing methane 

at a pressure of 80 atm. A second short focal length lens 

(f = 5 cm) was positioned near the exit of the methane chamber 

to form a second focus (focus 2). The windows of the chamber 

were off-set at approximately 10° in order to minimise spurious 

reflections. By the formation of two focal regions at either 

end of the methane chamber, which act as phase conjugating 

Brillouin mirrors, a cavity was produced which was capable of 

oscillation. This will be referred to as a "Brillouin cavity". 

The radiation reflected from the Brillouin cavity was 

monitored as shown in Figure 6.5. Figures 6.6 and 6.7 show 

the temporal evolution of the reflected radiation for an input 

laser pulse of ^ 4 0 ns duration and depict some of the typical 

features exhibited by this arrangement. For example, Figure 

6.6 shows a broad pulse structure for approximately 50 ns 

duration transforming into a periodic train of short pulses 

with a repetition time of ^ 12 ns (similar to the round trip 

time of the Brillouin cavity). The pulse train persists for 

times > 100 ns. 

The experimental arrangement is shown schematically in 

figure 6.8a, and figure 6.8b is a simplified equivalent cavity 

configuration. The purpose of the ruby oscillator in the 

system is simply to inject the input narrow linewidth pulse 

into the arrangement to reach the threshold for SBS and 

initiate the oscillations. Its output mirror subsequently 

serves as a resonator mirror for the ruby amplifier. 
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Fig 6 . 6 Photograph showing backscattered pulses from Bril louin cav i ty . 

Fig 6 . 7 Photograph displaying train of intense pulses produced by Brillouin cavity 

at slightly higher input energy. 
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The amplified pulse travelling from left to right, when 

focused near the front of the Brillouin cavity forms, by the 

Brillouin process, an acoustic wave also travelling from 

left to right with an acoustic intensity profile in the 

focal region forming a Brillouin mirror. This can backscatter 

the laser pump pulse with high reflectivity and the reflected 

pulse may also be highly phase conjugated by tight focusing 

[87]. We shall for simplicity call the reflectivity of the 

pump pulse from the front focus, R , although it should be P 
noted that the reflectivity is a function of various parameters 

such as pump intensity, pulse shape, focal distribution, etc. 

Radiation reflected back from the Brillouin cavity will be 

reamplified in the ruby amplifier rod and be reflected by 

the oscillator mirror (Rq) to return to the Brillouin cavity 

after a round-trip time "Cp- A fraction of the pump pulse 

will also be transmitted through the front focal region 

(focus 1) and may then be reflected by focus 2 with reflectivity 

R 2. This backscattered radiation will be refocused at focus 1 

and reflected again with reflectivity R^. Two coupled cavities 

are thereby formed; a Brillouin cavity between mirrors R^ and 

R2/ and a pump cavity between mirrors R^ and R q. 

In the normal backward phase-matched SBS process, the 

pump wave will only interact with a copropagating acoustic 

wave and not with a counterpropagating one. It is therefore 

emphasized that R^ and R^, although occupying the same focal 

region, are independent reflectors under the normal Brillouin 

process since they are formed by oppositely travelling acoustic 

waves. However, the situation may be more complex than this 

simple model would indicate, since stimulated anti-Stokes 

scattering can occur between counterpropagating optical and 
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acoustic waves. In this case an acoustic phonon (60D) and a a 
photon (L0Q) are annihilated and a frequency up-shifted photon 

is created, resulting in backscattering at frequency 

By this means a laser pulse travelling in one direction may 

couple to the acoustic wave deposited by a counterpropagating 

pulse and providing a coupling mechanism between the two 

resonators. Coupling may also occur in the region of focus 1 

by Brillouin-resonance-enhanced four-wave mixing, whereby, for 

example, two counterpropagating waves of frequency U3 can 

couple energy into a Stokes shifted wave (CO-CJ-.) and an anti-a 
Stokes wave ( 60 + CJ ) . a 

When a laser pulse is focused into a Brillouin-active 

medium, pulse shortening of the reflected pulse can occur in 

several ways. Firstly, the existence of a threshold for SBS 

effectively removes the low intensity wings of the input pulse. 

Furthermore, in the transient regime, the reflectivity increases 

abruptly with increasing amplitude of the acoustic wave [11] 

and causes further pulse shortening. The mechanism of the 

Brillouin mirror for pulse shortening can be thought of as a 

"saturable transmitter" in a similar manner as a saturable 

absorber is used in a Q-switched or mode-locked laser system. 

Each time the pulse inside the Brillouin cavity is reflected 

from the Brillouin mirrors the front of the pulse will leak 

out as the acoustic intensity is building up while the latter 

part of the pulse will be strongly reflected. Thus the 

transient Brillouin mirrors behave in an analogous manner to 

a mode-locking dye absorber producing a nonlinear shutter. 

A second mechanism for pulse shortening is provided by 

the process of backward wave amplification in a tapered 

interaction geometry [6,8] formed by a focused beam. Since 

the laser intensity is highest in the centre of the focal 
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region a Stokes scattered pulse can originate at this point 

and be amplified as it propagates back through the incoming 

pump pulse. By this means a power-reflectivity greater than 

unity can be produced and pronounced pulse compression 

achieved if the interaction length is sufficiently long [8]. 

This process will be most effective on reflection at focal 

region 1 (R^) of a pulse incoming from the right in Figure 6.2 

due to the long interaction region over which compression may 

occur. It is likely that this mechanism is responsible for 

the very rapid development of the train of the short pulses 

observed. The pulses become progressively shorter in duration 

along the pulse train with subnanosecond pulses being produced 

under optimal conditions. 

Questions arise as to the detailed mechanism whereby 

radiation is coupled from the regenerative ruby amplifier 

system into the Brillouin cavity. At the powers used in the 

experiment, the reflectivities of the Brillouin mirrors are 

known to be close to unity and a pulse of radiation may be 

trapped within the Brillouin cavity, experiencing compression 

and consequent increase in power at each reflection. However, 

it is also possible to continue to supply energy from the 

external laser system through focus 1. The pump radiation 

reflected from focus 1 may be reamplified, reflected from 

the output mirror of the oscillator and again be focused 

at focus 1. This will have the effect of sustaining the 

acoustic wave at focus 1 which is travelling in the same 

direction as the pump wave and which will provide anti-Stokes 

reflection for radiation within the Brillouin cavity. This 

means that the radiation reflected at focus 2 and of frequency 

lO —LO^ will experience anti-Stokes scattering with a resultant 

frequency ( " ^ t J • Thus the reflectivity at focus 1 
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can be externally enhanced and an alternative down-shift and 

up-shift in frequency may be achieved for some fraction of 

the cavity radiation. 
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6.2.5 Cavity Type V. Ring resonator with pumped Brillouin 

In the previous cavity systems there is a progressive 

down-shift in frequency produced by each Brillouin reflection. 

The ability in cavity type IV to produce anti-Stokes scattering 

would allow some of the cavity radiation to be up-shifted again, 

but this is only for a fraction of the energy. 

An approach to producing Brillouin oscillation without 

continuous frequency downshifts has been suggested [111] using 

a ring resonator with a pumped Brillouin mirror. A more 

sophisticated version incorporating self-pumping (proposed by 

the author) is depicted in Figure 6.9. 

The Brillouin mirror is pumped by a laser pulse whose 

intensity exceeds the threshold for SBS. The pump beam (<^L) 

and backscattered beam (to = - form a pair of phase s L Q 
conjugate pumps which can reflect an input beam circulating 

in the ring resonator at frequency O and produce a counter-

circulating beam of frequency oJT - S u c c e s s i v e downshifting Jj y 

is removed, and the cavity radiation is alternately upshifted 

and downshifted in frequency. 

The coupled equations for the Brillouin interaction shown 

in Figure 6.10 can be solved [116] where E^(u)^) and E 2 ( 0 - /J^) 

are the strongpump and Stokes beams and E ^ ( ^ ) and E^ ( tJ- u)Q) 

are weak beams being reflected via a four-wave mixing process 

which is Brillouin-enhanced. It can be shown including the 

effects of depletion and even with linear absorption in the 

Brillouin cell [116] that 

mirror 

( 6 . 1 ) 



Gain 
medium 

Fig 6.9 Ring resonator with a pumped Brillouin mirror. 
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One can take E 2(L) = 0 because it is initiated from noise at 

the point z = L and, in the case without recycling the Stokes 

wave, E.(L) = 0. Hence equation 6 gives 

The weak probe beam is backscattered with an equal 

reflection coefficient as the strong pump beam. This was 

theoretically predicted and experimentally verified in [89]. 

Another important result is that if the strong pump experiences 

phase conjugate reflection, which is the case in SBS, the weak 

probe will also be phase conjugated. One can understand this 

process as a special case of four-wave mixing using a Brillouin-

resonance-enhancement. In FWM it is generally true that if the 

counterpropagating pumps are phase conjugates, then the signal 

wave is also phase conjugated. It should be noted, therefore, 

that high-quality pump beams are not required in this process, 

unlike the usual case of normal FWM schemes. In a similar 

manner, in the ring resonator, the cavity Stokes E^( lO-cOq) 

will be anti-Stokes phase conjugate reflected into the wave 

In this cavity arrangement the Brillouin mirror operates 

for a length of time depending on the duration of the pump 

pulse but can continue further if the cavity flux 

becomes strong enough to achieve its own Brillouin threshold. 

At this stage the alternate up-and down-shifting will stop. 

With a reasonably large output coupling it would be possible 

to prevent this occurring. A fraction of this output could 

also be used to sustain the pumping of the Brillouin mirror. 

( 6 . 2 ) 

E 3 ( U ) . 



Fig 6.10 Schematic of the strong reflection ( E^J of a weak probe (E^) due to a 

strong pump ( Ej ) and counterpropagating Stokes pump ( E, ). 
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CHAPTER 7 

CONCLUSION 

In conclusion, it is seen that stimulated Brillouin 

scattering forms a highly versatile reflector, displaying 

many useful properties. 

In this work it is shown that the 'Brillouin mirror' 

can be used for efficient compression of optical pulses. 

The compression of ruby laser pulses was achieved with 

compression ratios ~ 1 0 , energy conversion efficiencies 

> 70% and pulses as short as one nanosecond were achieved 

in the Brillouin-active liquid CS 2 and high pressure gas 

CH^. The compression ratios and efficiencies were limited 

by the length of the interaction cells which needed to be 

half that of the laser pulses, but usually were shorter. 

In principle, and numerically validated, close to one . 

hundred percent conversion efficiency should be possible 

without appreciable second Stokes occurring if a tapered 

interaction chamber is used. In the present experiments 

in tapered waveguides and focused regimes the growth of the 

Stokes intensity was controlled by the increasing area of 

the interaction and hence the production of second Stokes, 

and other detrimental nonlinearities, were eliminated. 

The compressed pulse duration is in general limited to 

a duration of the order of the acoustic frequency if coherent 

amplification is to occur. Since a gas represents the most 

optically transparent medium for a long interaction length 

and would certainly need to be used in the UV for an excimer 

compressor, the hypersonic gas frequencies will limit visible 

pulses to a duration of about one nanosecond and UV pulses to 

a few hundred picoseconds. Since one of the main applications 
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of a compressor system is for the excimers and in laser-

plasma studies this is quite an adequate duration. 

The Brillouin frequency shift is also sufficiently small 

that the back-reflected beam can be further amplified in the 

laser system and since the beam can be a phase conjugate of 

the input under a wide variety of circumstances optical 

aberrations can be removed by double-passing the distorting 

optics. In this regime it would be possible to double-pass 

the amplifiers of a laser system for laser-plasma studies 

and produce high quality beams to focus onto small targets 

and even allow autotracking if the original input to the 

laser was a glint reflection from the target. 

A practical consideration of the scaling of the Brillouin 

compressor to high-power laser systems, notably KrF, has been 

produced. Specific compressor configurations for the extraction 

of laser pulses in the nanosecond timescale have been presented 

and a survey of some promising compressor media indicates the 

practical possibility of accomplishing compression by SBS of 

high-power laser systems. The capability of high energy 

efficiency (~100%) makes the Brillouin compressor a highly 

attractive alternative to systems based on SRS. 

The reflected pulse in SBS is known to be a phase conjugate 

replica of the input under a variety of circumstances. This 

behaviour was observed in the experimental situations. In 

agreement with theory, the highest conjugate fidelities were 

obtained in a waveguide interaction, although good wavefront 

reversal was also produced in tightlv focused beams (f = 5 cm) 

and even in longer focusing regimes under strong laser depletion. 

In general it is found that the more the transverse beam 

intensity is spatially randomised, the better the degree of 

phase conjugation. In this regime diffraction mixing compensates 
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the nonlinear gain and gives a gain to the phase conjugate 

that is approximately twice that of an uncorrelated Stokes 

wave. Thus the phase conjugate is strongly selected in this 

situation. Spatial randomisation is best accomplished in a 

waveguide due to the wall reflections and produces the best 

conjugation, although tight focusing also results in large 

diffraction effects and good conjugation. The addition of 

a phase distorting plate will enhance the spatial randomising 

and further increase wavefront reversal in Brillouin 

reflections. It is also found that strong depletion of the 

laser field tends to increase the conjugate fidelity. In 

this case the nonlinear distortion is diminished since 

depletion occurs and restricts excessive Stokes growth and 

enhances the diffraction spreading to weaker parts of the 

pulse. 

Since the Brillouin process will only occur with narrow-

band radiation it can be used as a spectral filter. This 

behaviour would be extremely useful for the elimination of 

broadband ASE which will be parasitic on a narrowband pulse, 

especially occurring in high gain amplifier chains. It was 

experimentally observed that ASE was eliminated on Brillouin 

reflection, while very high reflectivity (^90%) occurred for 

the narrowband component. A Brillouin reflector could there-

fore form a useful optical isolator in an amplifier chain, 

for instance with the excimer, neodymium or dye lasers. The 

filtering effect could also be utilised in laser oscillators, 

especially a system injection-locked by a narrowband pulse. 

In this way the narrowband pulse will be strongly reflected 

while the cavity Q for ASE will be zero if one cavity mirror 

is a Brillouin reflector. 

An examination of SBS phase conjugate resonators (PCR) was 

produced in this work in which a Brillouin mirror either 
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replaced or enhanced a normal laser mirror. The phase 

conjugate oscillations allow efficient extraction of stored 

laser energy in a high quality beam despite cavity distortions. 

Several cavity schemes have been proposed, and some experimentally 

produced. The pulse shortening and compressing mechanisms of 

SBS were also utilised to produce short pulses from an 

injected pulse of long duration. In one such scheme, utilising 

a pair of Brillouin mirrors, a train of intense, subnanosecond 

pulses was produced at the round-trip of the Brillouin cavity. 

The ability to produce spectral filtering, although not needed 

in the ruby laser experiments, would be another useful 

property for higher gain systems in suppressing ASE in laser 

oscillators. 

Thus, the Brillouin mirror is seen to be a cheap, highly 

versatile reflector capable of phase conjugation, high energy 

reflection, efficient pulse compression and pulse reshaping, 

and spectral and spatial filtering. It has already found 

useful applications in high-power laser systems utilising 

many of these properties. 

The SBS PCR will also, no doubt, find applications using 

these useful reflecting properties. Probably the major step 

in these systems will be to make better use of the spectral 

filtering to suppress ASE and to better utilise the pulse 

shortening mechanisms of the Brillouin mirror. For instance, 

a quasi-mode-locked excimer laser could be produced with high 

quality beams of short duration and no problems from ASE if 

a Brillouin mirror was used. 

V 
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distributed feedback laser [12] or filtering at the laser output 
may be more effective. 4) The dominant frequency of emis-
sion from a high-power D 2 0 laser oscillator is at the Raman 
frequency expected for small signal pump and FIR emission 
fields. No ac Stark shifting or strong FIR field pulling has 
been observed. 
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Laser Pulse Compression by Stimulated Brillouin 
Scattering in Tapered Waveguides 

M. J. D A M Z E N a n d H E N R Y HUTCHINSON 

Abrtruct-Thc use of stimulated Brillouin scattering (SBS) for laser 
pulse compression by backward wave amplification in a tapered wave-
guide offers an attractive alternative to systems based on SRS for use 
with narrowband laser pulses. Almost one hundred percent conversion 
efficiencies may be achieved since it is not seriously limited by second 
Stokes production and with the added advantage that the Stokes pulse 
is a phase conjugate of the input pulse, under appropriate conditions. 

Due to the characteristically long damping times of Brillouin-active 
media, the SBS process is transient In this regime, the tail of the Stokes 
pulse may experience a gain and loss modulation with the laser field re-

Manuscript received December 1, 1981; revised August 5, 1982. This work was supported by the Science and Engineering Research CountiL The work of M. J. Damzen was supported by an SERC studentship. The authors are with the Optics Section, Blackett Laboratory, Im-perial College, London, England. 

suiting in a breakup of the Stokes pulse. This effect can be controlled 
by the geometric taper on the waveguide. 

A practical consideration of the scaling of a Brillouin compressor to 
high-power laser systems, notably KrF, is presented. Specific compres-
sor configurations for the extraction of laser pulses in the nanosecond 
time scale are presented, and a survey of some promising compressor 
media indicate the practical possibility of accomplishing compression 
by SBS. 

In t roduct ion 

ST I M U L A T E D Raman scattering (SRS) has been shown to 
be an effective method of compressing laser pulses, and 

compression of pulses from a KrF laser in methane has been 
extensively studied, for instance [1 ] - [3]. However, it has re-

• 0018-9197/83/0100-0007S01.00 © 1983 IEEE 
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centiy been demonstrated [4] that stimulated Brillouin scat-
tering (SBS) can produce compression when a laser pulse is in-
jected into a convergently tapering waveguide which is filled 
with a Brillouin-active medium and whose length is approxi-
mately half that of the laser pulse. A backward-traveling 
Stokes pulse is generated spontaneously near the exit of the 
waveguide where- the- laser intensity is greatest and is subse-
quently amplified by interaction with the incident laser pulse. 
The use of SBS offers several potential advantages over com-

pressor systems based upon SRS. The production of second 
Stokes radiation which limits the efficiency of compression by 
SRS is not a serious problem because SBS is only in the back-
ward direction. Since the first Stokes pulse is of short dura-
tion, the gain length for the backward second Stokes field is 
small and occurs in the transient regime where the gain is re-
duced. In addition, the fact that the Stokes pulse propagates 
into an increasing area of the waveguide keeps the intensity of 
the first Stokes, low and maintains a small second Stokes gain. 
The quantum efficiency of the SBS process is almost, one hun-
dred percent since theStokes frequency (ojs) is approximately 
equal to the laser frequency (w^). The small frequency shift 
would therefore enable the Stokes pulse to be further ampli-
fied in. a laser amplifier. The fact that the Brillouin process is 
initiated spontaneously in the medium removes the need for 
as injected Stokes pulse as required in an SRS compressor and 
therefore reduces the- complexity of the system. Moreover, 
since the'Stokes wave in SBS under appropriate conditions^ a 
phase conjugate of the input wave [5], compensation for opti-
cal inhomogeneities in laser amplifiers can be made [6]. 

We have numerically modeled compression in a waveguide 
with a convergent taper. The dynamics of the process are in-
vestigated in this geometry, and particular attention is paid to 
the parameters which control the degree of compression and 
the conversion efficiency of the process. 
Finally, a practical consideration.of the scaling of a Brillouin 

compressor to high-power laser systems is presented with par-
ticular emphasis on the KrF excimer laser whose lack of stor-
age necessitates an external compression system to efficiently 
extract pulses in the nanosecond timescale. Specific compres-
sor arrangements and a survey of some compressor media are 
presented. 

Basic Dynamics o f Compression Using SBS 
The basic scheme of compression by SBS involves the use of 

a tapered geometry which may be achieved most controllably 
in a convergently tapering waveguide. As with SRS, the inter-
action length should be approximately half that of the laser 
pulse. The Stokes pulse is spontaneously generated in the me-
dium by the SBS process. As the laser propagates along the 
waveguide- into decreasing area, its intensity increases. The 
gain is greatest near the exit of the waveguide, and by suitable 
choice of input laser intensity and waveguide taper, a Stokes 
pulse of short duration originates from a region near the exit. 
Once generated, it propagates backwards down the waveguide 
receiving amplification by the incoming laser pulse. An intense 
Stokes pulse of short duration is produced, and the laser pulse 
is correspondingly depleted. 

The two important parameters in this pulse compression pro-
cess are the compression ratio (r£/ts) defined as the ratio of 
the input laser pulse duration (tL) to the output Stokes pulse 
duration (ts) and the energy conversion efficiency (t^/tff 1) 
of the interaction. In the tapered waveguide, the compression-
ratio is controlled first by the degree of taper which determines 
the duration of the Stokes pulse created locally at the wave-
guide exit and second by gain saturation that tends to sharpen 
the leading edge of the pulse as it is amplified. The conversion 
efficiency is controlled by the ability of the Stokes pulse to 
deplete the laser field, which may alternatively be viewed as 
the reflectivity of the "Brillouin mirror" produced in the inter-
action. The conversion efficiency of the laser pulse into the 
Stokes pulse will generally be somewhat less than one hundred:. 
percent, principally due to the initial buildup of the Stokes-
pulse from noise during which time the laser passes out of the-
guide with negligible depletion. Once the Stokes has. built-up. 
to a. sufficient intensity, it will subsequently sweep up. the re-
maining laser pulse as it propagates down the guide length-. 

Numerical Investigation 
The basic equations describing SBS are derived from Max-

well's equations for the electric fields and from the Navier-
Stokes equations for the material, response with laser field(e^), . 
backscattered Stokes field (es) and the acoustic fluctuation (?)• 
represented in the form 

€£, (z, 0 = 0 exp - kL?) + c.c. (la> 

es(zt t) = £ Es(z, t) exp i(ojst.+k5z) +* c.c. (lb): 
<?(*; ~ h Q& t) exp /( t-k q z ) + c.c. (l:c) 

Using this slowly varying envelope approximation, the-result-
ing coupled wave equations are taken into the following formv. 

,df n dz] 

- l - i - L U = ,3f n hzj 5 
EL-Q' 

jELEf 

(2a) 

(2b) 

(2c) 

where rB is the damping time of the acoustic wave in the Bril-
louin-active medium and y is a coupling constant which is pro-
portional to gB/rB wheregB is the steady state gain coefficient. 
Equations (2a)-(2c) are appropriate to the transient regime 

with second derivatives, higher order scattering and optical 
losses neglected. A spatial, derivative- is also omitted from (2c) 
since the acoustic wave, does not significantly propagate 
(y « c) during the interaction. 
A numerical scheme has been used to model (2a)-(2c). 

The LHS of (2a) and (2b) are transformed along their char-
acteristics. By this method, the spatial derivatives are removed 
and the numerical difference scheme involves only time de-
rivatives. A simple difference scheme with adequately small 
time step was found to fairly accurately model the interaction 
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n the initial stages of the computation or when the Stokes 
field was below depleting levels. For accuracy of the code 
when strong depletion of the laser field occurs, a fourth-order 
Runge-Kutta scheme was devised. 
i Various checks on the accuracy of the computer code were 
made. Equations (2a) and (2b) give rise to conservation of 
photons. 

J ~ (\El I2 + l ^ l 2 ) ^ * constant. (3a) 

Two further conservation conditions of photon and acoustic 
phonon numbers arise if the damping term in (2c) is removed 
or made very long compared to the interaction time 

J (\Zl I 2 + |fl|a/7) = constant (3b) 

J (|*,| a - \Q\ 2lj)dz = constant. (3c) 

A constant check was kept on the conservation of these 
quantities to ensure numerical accuracy. In addition, the grid 
size of the time step and spatial zones was reduced until con-
vergence of the results was observed. Other tests included 
comparison of the numerical results with steady state solutions 
when t b is short. 
The tapered geometry required for pulse compression is 

modelled in the code by making, the gain term y a function of 
zrelated to the waveguide area.4 (z) in the form y(z) = y0/A(z). 
This provides a simple and accurate method for handling arbi-
trary interaction geometries provided a plane wave or mean-field 
analysis can be evoked. 
Both square input laser pulses I i (r, z = o) = l L o for 0 < r < tL 

and Gaussian input pulses IL (r, z = o)= ILo exp - (r/r0)2 for 
- 2t0 < r < 2 t 0 are considered. The initial Stokes field is of 
the form Is - I ^ e 0 where G ~ 30 under many experimental 
conditions, and the acoustic fluctuation Q (z, t = o) = 0. The 
physical origin of the Stokes field is spontaneous noise, but 
under the high gain conditions required to produce a large 
Stokes pulse, the. detailed fonn of the Stokes source term is 
not important since it soon loses its original (random) character. 
Computation considered the Brillouin-active gas methane-at 

high pressure as a representative medium exhibiting high gain 
(Sb) and long damping time (rB). Several Brillouin-active 
media might be considered for a compressor system and the 
particular choice would be dependent on factors such as gain 
coefficients, damping times, and threshold levels for detrimental 
processes such as breakdown, self-focusing, and forward Raman 
scattering. 

Numerical Results and Discussion 
In Fig. 1 are illustrated typical output Stokes and laser pulses 

from the compression process in a tapered geometry under 
transient SBS conditions. The particular medium parameters 
chosen are for methane at p - 130 atm for a 20 ns square input 
laser pulse (gB ^ 0.09 cm/MW, tb ^ 8 ns at \ L = 6943A [7]) 
în a quadratically tapering waveguide of length 1 = 300 cm 
(10 ns) to produce an exit laser intensity I (1) = 350 MW/cm. 
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WAVEGUIDE 
Fig. 1. Typical laser and Stokes output pulses after interaction in a tapered waveguide filled with a Brillouin-active medium with a long acoustic decay time. The Stokes pulse exhibits pulse breakup. 

The pulse outputs contain the .basic features of compression 
with a Stokes pulse of shorter duration than the input laser 
pulse and a correspondingly depleted output laser pulse. The 
output Stokes pulse is, however, of a complex nature exhibit-
ing pulse breakup. This feature does not occur in steady state 
scattering but can occur under transient SBS conditions when 
the laser field is depleted to zero after which time energy may 
subsequently be exchanged back and forth between the laser 
and Stokes pulses. The sequence of events of the compression 
process may be summarized as follows. As the Stokes pulse 
propagates through the waveguide, its total energy content 
grows in a nonlinear fashion. Increasing depletion of the laser 
occurs but only becomes significant when the Stokes intensity 
becomes comparable to that of the laser. The Stokes pulse at 
some position in the guide eventuaUy reaches an energy fluence 
where the laser field just falls to zero after passing through it. 
However, the laser continues to feed energy into the Stokes 
pulse such that the Stokes fluence becomes greater than this 
depletion fluence at later times. The laser field is then de-
pleted to zero at a position before the back of the Stokes pulse 
"and the tail of the Stokes pulse can then interact with the 
acoustic field to regenerate the laser field. As a result, the 
leading edge of the Stokes pulse increases in intensity but its 
tail can continually lose energy back to the laser pulse. The 
laser field created has a 7r-phase change compared to the orig-
inal input laser field. The recreated laser field subsequently 
propagates out of the Stokes tail and then interacts with the 
acoustic field to be reconverted into another Stokes field 
downstream and with a reversed phase (4>s - it) from the main 
Stokes pulse. This Stokes field propagates upstream and can 
itself interact with the acoustic field to again produce a laser 
field. In this way, a gain and loss modulation of the tail of the 
Stokes pulse with the laser field may occur and a series of 
short Stokes pulses may be produced. 
The explanation of the process by which the laser field may 

be regenerated under transient SBS conditions is analogous to 
the scheme described in [8] where a gain and loss modulation 
has been experimentally observed in transient forward Raman 
scattering. In SBS the interexchange of energy between the 
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Stokes and laser fields is a direct consequence of the "inertia" 
of the acoustic field, in that its amplitude does not immediately 
fall to zero when the laser field is removed. From (2c) the 
phase of the acoustic field (<f>Q) is equal to the difference 
of the phases of the laser field (<pL) and. Stokes field (<ps) 

~ 0j)> and when the laser pulse is depleted to zero a 
regenerated laser field with phase tf>lL = <f>L - Tris created by the 
source term of (2a). The major difference between the laser 
regeneration occurring here and that of [8], is that in this 
case, the two pulses are counterpropagating. Gain and loss 
modulation of the tail of the Stokes pulse occurs with a periodic 
generation of laser field and conversion back to Stokes field, 
but since the laser field propagates back into the medium each 
time it is regenerated, the exchange of energy between the two 
fields creates new Stokes pulses downstream from the main 
Stokes pulse. 

It is worth noting that this process of pulse breakup in tran-
sient stimulated scattering has some interesting similarities to 
7r-pulse propagation in a two-level amplifier system. We will 
briefly mention some of these features but will not pursue any 
detailed study in this paper. The transient SBS amplifier is 
analogous to such two-level amplifier systems but with some 
differences,. The stored energy ("upper level") is in the laser 
field in a travelling frame of reference, and the process requires 
a time-dependent growth of the Q-wave before gain extraction 
can occur. Investigations in relation to-two-level amplifiers 
and self-induced transparency [9], [10] describe an area the-
orem for the electric field envelope with particular n i r pulse 
solutions exhibiting special propagation properties. No such 
rigorous area theorem would appear to exist for the SBS am-
plifier, but the Stokes pulse tends to- adjust itself towards a 
u7r-like" pulise which will totally extract the stored energy of 
the pump laser. To accomplish this the leading peak of the 
pulse grows, in amplitude while its pulse width decreases and is 
accompanied by "ringing" in the tail of the field envelope 
under coherent transient conditions in a similar manner to the 
7r-puise propagation in a two-level system. 

The feature of pulse breakup is detrimental to a compressor 
system since energy is lost from the first, main Stokes pulse. 
It should be noticed, however, that the duration of the Stokes 
pulse is still less than the original laser pulse, and most of the 
Stokes energy is contained in the leading part of the Stokes 
structure. Compression therefore can occur even under the 
worst conditions of highly transient SBS and with an unsuit-
able interaction geometry. It will be seen, however, that the 
situation can be improved by the use of a more strongly 
damped medium and with a more suitably optimized geometric 
taper than was used in, for instance, the situation of Fig. 1. 

Breakup of the Stokes pulse would be mostly eliminated if 
the Brillouin-active medium is strongly damped since the laser 
field would be regenerated from a rapidly diminishing acoustic 
field. Ideally, the damping time should be less than the dura-
tion of the Stokes pulse. SBS in most media exhibits long 
acoustic damping times. This is especially true of high-pressure 
gases, such as methane, which exhibit damping times typically 
,with r B — 20-30 ns for input laser pulses with wavelength 
\l ~ 1 /im. However, with r B « [11], damping times of 
1-2 ns are expected for the U V excimer lasers such as KrF 

= 249 nm). Due to the shorter damping times, Stokes 
pulse breakup i s less of a problem. In addition, since the pro-
cess is less transient the gain is greater for the U V lasers, than: 
for visible or IR lasers. In fact, under transient conditions, the; 
ratio gBlrB ^ the more natural gain parameter than just gg. 
Brillouin-active liquids might also be worth consideration for 
compressors, due to their shorter acoustic decay times. 
A second method of inhibiting the effect of Stokes, pulse: 

breakup in a controlled fashion arises naturally from the use of 
a tapered waveguide. Although the energy of the Stokes pulse 
may grow as it is amplified, its intensity may be prevented 
from growing by the taper on the waveguide. The variation of 
the waveguide area can be made sufficiently large and the field 
intensities maintained sufficiently low such that the laser p u ^ 
is not depleted so quickly before the back of the Stokes pulse 
to cause the Stokes tail to undergo substantial feedback to the: 
laser field. Fig. 2 illustrates the output Stokes and laser pulses 
in a waveguide with a larger taper angle than was used inr the. 
situation of Fig. 1. The effect of pulse breakup is reduced: 
with the first main pulse containing a large proportion of ther 
energy compared to the secondary pulses. It thus becomes 
possible to sweep up the energy of the incoming laser pulse into 
a single short duration Stokes pulse under transient conditions;.. 
The duration of the Stokes pulse generated, and hence, the-

compression ratio, is controlled principally by the taper of the: 
waveguide geometry. Since the laser intensity is highest at the 
exit, of the waveguide, the rate of buildup of Stokes radiation: 
is fastest at that point. If the taper of the waveguide near the* 
exit is large, a short Stokes pulse will be produced, since1 the 
Stokes gain is very much larger in a small region near the exit. 
The Stokes pulse actually builds up at the exit with a; small 
group velocity such that it does not propagate out of therexit 
region until it starts to strongly deplete the liaser puisev at. 
which time the Stokes gain near the exit decreases and the-
Stokes pulse emerges with speed c j n . Even with a constant 
area geometry under transient conditions when the Stokes, 
pulse is below depleting levels, it has a group velocity which is 
smaller than the speed of light [12]. In the tapered geometry, 
its group velocity is even smaller due to the higher gain near 
the tail of the Stokes pulse which holds back the peak, of the 
Stokes pulse. 
The limit of compression by this technique appears to b e 
reached when the Stokes pulse is reduced to a duration com-
parable to the inverse of the acoustic frequency. This situation 
can be analyzed by retaining the second time derivative of the 
acoustic field b 2Q/dt 2 in (2c). For acoustic waves ojq ~ LO10 

rad/s typically, and this will tend to limit the Stokes pulse 
duration to the subnanosecond timescale. 
The conversion efficiency of the process is controlled mainly 

by the rate of growth of the Stokes pulse from noise. During-
the initial growth, the leading edge of the laser pump passes 
out of the interaction region undepleted. Once the Stokes 
pulse has grown to a strongly depleting level, it subsequently 
sweeps up the remaining laser energy. For high conversion ef-
ficiency, it is required that the buildup time from noise is 
small compared to the laser pulse duration. Fig. 3 indicates 
the trend of the conversion efficiency with the laser intensity 
at the waveguide exit I L (L) for square input laser pulses with 
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ig.3. Computationally determined conversion efficiency against laser intensity at waveguide exit for various laser pulse durations (f£ in ns), <and in a tapered geometry such that a Stokes pulse duration of ap-proximately 1 ns is generated in each case (f£ therefore also repre--aents the compression ratio in each case). 
arious durations (f̂ ). The waveguide geometries for the 
Taph depicted in Fig. 3 are quadratic area tapers in methane 
uch that an approximately 1 ns pulse is generated in each case 
nd Stokes pulse breakup is small. (The possible occurrence of 
as breakdown, self-focusing, or other types of scattering pro-
esses have not been considered for the present analysis.) 
Conversion efficiency is obviously improved at higher laser 
atensities. The lower intensities required at shorter wave-
jngths, such as for KrF, are due to the shorter damping time 
nd higher transient gain. The low-threshold intensity in the 
JV is a useful property since the threshold for other detri-
nental nonlinearities also tends to be lower at shorter wave-
sngths. 
The conversion efficiency can be increased by generating 
onger Stokes pulse durations since the waveguide is less tapered 
n these cases and the laser intensity is higher (above threshold) 
)ver a longer region near the exit. The conversion efficiencies 
)f Fig. 3 were produced by square input laser pulses, but com-
)uter runs with Gaussian inputs in general show that a Gaus-
ian pulse with the same energy content as a square pulse pro-
luces-somewhat higher conversion efficiencies. 
The waveguide does not necessarily need to have a single 
miforrn taper nor is it generally the best geometry. It could 
je constructed with two (smoothly) coupled sections having 
m appropriate area variation near the exit to control the dura-
ion of the Stokes pulse created and its buildup from noise and 

a second tapered section to control the effect of Stokes pulse 
breakup. The waveguide structure in general serves as a more 
sensitive control of intensity variation than by simple focusing. 
The detailed geometry of the guide can act as a pulse shaper of 
the generated Stokes pulse and also provides a convenient 
means of guiding an aberrated beam into well-defined regions. 
The tapered geometry has the advantage of maintaining a low 
Stokes intensity which diminishes second Stokes gain and re-
duces other detrimental nonlinearities that a growing intense 
Stokes pulse might otherwise create. 
One important requirement of compression by transient SBS 

is the narrow linewidth operation of the laser. The threshold 
intensity for the Stokes radiation is increased to initiate the 
process, and the gain by SBS is reduced with larger laser band-
width. Numerous papers with theoretical analyses of stimu-
lated scattering under broadband laser pump conditions exist 
(see, for example, [13]-[16]), but the case of backscattering 
under transient conditions can be rather complex to analyze in 
any detail. We have undertaken some numerical investigation 
of bandwidth effects by using nonbandwidth limited input 
laser pulses in the computer code. Chirped laser pulses and 
laser pulses exhibiting random phase fluctuations were con-
sidered. In the transient regime the acoustic field stores 
energy over a long duration of time and has a inertia! quality 
that prevents its phase (4>q) locking onto the instantaneous 
phase difference of the laser and Stokes field - <f>s). Maxi-
m u m gain for the Stokes occurs when -<t>L~ Qs* tb*8 

condition is violated more and more strongly as the laser band-
width and hence, phase fluctuation, increases. In general, for 
coherent interaction of the laser and Stokes pulses, the coher-
ence time of the laser pump during which the laser phase does 
not vary substantially should be longer than the duration of 
the Stokes pulse. Phase fluctuations also tend to reduce the 
effect of Stokes pulse breakup, smearing out the ringing struc-
ture in the tail of the Stokes pulse. 

Scaling of a B r i l l o u i n Compressor t o High-Power 
Laser Systems 

The process of SBS is being exploited in the development of 
high-power laser systems, mostly for fusion facilities. The 
properties of SBS that include high-efficiency scattering, small-
frequency shift, and phase conjugation have been utilized 
mainly in high-power neodymium and iodine lasers. The appli-
cations investigated include interstage decoupling and prepulse 
control of laser systems [17], the shortening of pulses [17], 
and the correction of aberrations produced in amplifiers [18]. 
We present some practical considerations for the scaling of a 

Brillouin compressor to high-power laser systems. To this end, 
we will specifically focus on the U V excimer laser whose lack 
of storage necessitates an external system for optical compres-
sion for efficient extraction of pulses in the nanosecond re-
gime, although compression of pulses at other pump wave-
lengths might also find applications. 
The Brillouin compressor offers an attractive alternative to 

the existing Raman compressor systems. Higher compression 
ratios are feasible at higher extraction efficiency since parasitic 
processes can be mostly eliminated. Forward SBS does not oc-
cur, and backward second Stokes generation is not serious. 
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Higher compressions from backward wave amplifiers would re-
duce the complexity of hybrid stacker-compressor systems, 
requiring fewer beams and, consequently, less optical delay 
lines and U V components. 
The SBS pulse compression system could be envisaged as op-

erating in one of two possible modes: first , in a configuration 
in which the. laser amplifiers are double-passed with the Bril-
louin compressor reflecting the pulse back, through the ampli-
fier chain or, second, with the Brillouin compressor on the-
finai end of the amplifiers as with the existing Raman systems. 
The first system for double-passing the amplifiers is depicted 

in Fig. 4. The arrangement shown here is common to systems 
(for instance, [18], [19]) used on the neodymium and iodine 
lasers. A low-power oscillator illuminates the target, and the 
glint reflection double:passes the high-power amplifiers. By 
utilizing a phase conjugate (SBS) reflector, the second-pass 
back through the amplifiers can compensate for aberrations 
produced on the first transit and allow the resulting high-power 
pulse, to efficiently focus onto the target. The same arrange-
ment might be used for. the excimer lasers with the phase con-
jugate reflector, in this case, simultaneously producing com-
pression of the pulses. The degree of optical compensation 
achievable by this means would need to be more fully investi-
gated. and. would depend upon the- time dependence of the 
aberrations in the amplifiers. In addition,, by using an array of 
pulse compressors,, it should be possible for extraction of energy 
from a single amplifier system using a sequence of angularly 
separated pulses.. 
An: alternative arrangement uses a geometry similar to that 

employed in. S R S compressor systems [1], [2] and is illus-
trated in Fig. 5; In.this system,, the phase conjugated nature of 
the backscattered pulse is not required, but a Brillouin pulse of 
high spatial quality and short duration which is externally gen-
erated (by the techniques of pulse compression and phase con-
jugation already described, for instance) is, injected into the 
compressor and amplified by the poorer quality pump beams. 
As demonstrated, in [20] for SBS and discussed in [1], for a 
compressor and amplified by the poorer quality pump beams, 
herence if the pump beams provide an adequately uniform in-
tensity illumination. The acceptable angles of separation of 
the pump and Stokes beams in SBS. will be limited by phase 
matching conditions. The frequency shift of the injected pulse 
can be optimized for the particular angle of scattering required. 
Alternatively, if the Brillouin-shifted pulse is optimized for 
backscattering through 180° (the most likely case), a criterion 
for the angles over which reasonable phase matching can still 
occur is given by © < (r/cjg)1/2 [21] where <jq is the acous-
tic angular frequency and f is the linewidth (FWHM) of the 
acoustic response. 
It should also be noted that in principle the injected pulses 

can have an arbitrarily high-energy fluence, thereby ensuring 
gain saturation over the entire length of the Brillouin amplifier 
and hence an increase in overall conversion efficiency. 

Steady Sta te Gain (gb) and Damping Time-
T (TB) o f Dense Gases 

In this section we summarize the basic information required 
to calculate some of the important parameters of the Brillouin 
process. Notably, the gaingg and transiency TB of the process 

Fig. 4. Configuration, utilizing the phase conjugating nature of the Bril-
louin compressor to allow compensation for optical aberrations^ 

Fig. 5. Scheme for extracting an externally injected high-quality pulss-from a Brillouin compressor. 
are vital for a detailed knowledge of the laser intensities needed: 
(which must be below, gas breakdown thresholds) and. of: the 
degree of competition from other scattering processes, notably 
forward Raman scattering. 
In the SBS "process, the laser light is backscattered; by air 

acoustic wave of frequency vq and wavenumber kq which for 
energy and momentum conservation are given by 

vq =2nt>Li>/c (4> 

£<L=ri(kL +ks)-2nkL (5) 
where subscripts L, S, and Q are for the laser, backscattered' 
Stokes and acoustic wave respectively, n is the refractive in-
dex, and o is the velocity of sound in the medium: At \ L =-
249 iim, the acoustic frequency shift vq ~ 0.1 cm~L' iir many^ 
gases. The steady state gain gB and damping time are giveir: 
by 

gB rB rtcvp 

p 
4 k 
- T 7 + V + — (7- 0 
.3 cp 

(6) 

(j) 

where ye - p(8e/8p)r is the eiectrostrictive coupling constant, 
p is the density, 77 and 17' are the shear and. bulk viscosity, 
the thermal conductivity, and 7 = cp/c„ is the ratio of the spe-
cific heats. Equation (7) is the classical acoustic damping 
equation with a damping term due to bulk viscosity included. 
In addition, the eiectrostrictive.constant can often be-approxi-
mated by 

7 e~\(n 2- Din 1+2) (8) 

and the damping time TB is related to the acoustic linewidth T 
(FWHM) as 

r = rsl. (9) 

From (6) and (7), and since y e 55 p2, thereby g B ac p2- and 
TB a P , although the thermodynamic properties of the medium 
are in general somewhat density dependent. As for wavelength 
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:aiing, tb « Xj, while gB is almost independent of wavelength 
xcept through the refractive index change. 

Choice o f Compressor Medium 

The choice of Brillouin-active medium parallels that of refer-
nce [1] for Raman compressor media. Regimes where detri-
lentai nonlinearities occur must be avoided and attention to 
orward SRS must be made. The primary criterion we shall 
se for selection is that the medium exhibit a low forward 
Lam an gain (g^) compared to the Brillouin gain (gB). 

First, in gases displaying both Brillouin and Raman activity, 
ince gB increases quadratically with density while varies 
nearly, it is usually possible to favor SBS by operating at high 
ressures. Studies of the competition between SBS and SRS 
1 gases at different pressures have been carried out in, for in-
tance, [22]. On the basis, however, that excessive pressures 
~ 100 atm) are undesirable for large aperture compressors, we 
ill survey a few of the Brillouin-active gases with potential 
)r lower pressure operation and high (gBlgk) ratios. Table I 
sts gains and damping times of five compressed gases at the 
iF wavelength and moderate pressure (all standardized to 
0 atm for comparison). 
W e point out that, although methane was used in [4], for 
rillouin pulse compression using a neodymium laser pulse and 
igh pressures 130 atm, this gas is unsuitable for compression 
f KrF laser pulses at lower pressures. Table I shows that CH* 
as a high Raman gain which would certainly cause SRS to 
redominate over SBS when operating at 10 atm. However, 
sveral other more promising gases exist for a KrF pulse com-
ressor. 

R a r e Gases 
The rare gases are particularly attractive media for a com-
ressor system because vibrational Raman scattering does not 
ccur, so low-pressure operation is possible. Choosing between 
le rare gases, in this case, is therefore independent of Raman 
ansiderations. Table I illustrates the parameters for Xe and 
i. At 10 atm xenon has a gain approximately ten times that 
f argon. The major contribution to this gain increment arises 
om the eiectrostrictive constant, ye, which indicates the 
end to heavy gases for higher gains. Thus, the light gases He 
id Ne should exhibit low gains while Kr should probably ex-
ibit an intermediate gain to Ar and Xe. 
Breakdown threshold intensities for the rare gases as a func-
on of pressure have been obtained recently in [23] with KrF 
ulses of 10 ns duration. In the proximity of the KrF laser 
avelength, Xe exhibits a two-photon resonance and Ar a 
iree-photon resonance. To avoid excessive multiphoton ab-
)rption and breakdown, laser intensities should be restricted 
ad the KrF laser wavelength might need to be detuned as far 
5 possible from the absorption lines. 

Low Raman Gain Media 

A very promising Brillouin compressor gas is SF6, displaying 
1 unusually large Brillouin gain at modest pressures. The for-
ard Raman gain is comparatively small, and SRS could there-
fore be prevented from occurring. Quite low operating pres-
ires appear possible from this medium. 
Fig. 6 shows the computer simulation of the compression of 

T A B L E I 
GAINS, DAMPING TIMES, AND FREQUENCY SHIFTS FOR SOME COMPRESSED 

BRILLOUIN-ACTIVE GASES. CORRESPONDING FORWARD RAMAN 
GAINS A R E ALSO LISTED. 

" EXTRAPOLATION FROM EXPERIMENTAL VALUES, 
B | CALCULATED FROM THERMODYNAMIC D A T A , 
" CALCULATED FROM VALUES QUOTED IN ( 1 ) . 

gas p(atm) g,(cm/MW) T,(ns) ^Q(cnr') gj (cm/MWT 

SF, 
15.5 

10 

2.5 10"J [181 

0.9 10-1 a) 

1 

0.6 
0.03 

3 1 (T 

2 10-4 

Xe 
39 

10 

4.410"1 [71 

1.8 10"3 ^ 

2 

0.4 
0.04 0 

Ar 10 1.5 10"4 b) 0.1 0.1 0 

N, 10 1.7 10"* [25] 0.2 0.1 3 1GT* 

ch4 10 a 10-4 b) 0.1 0.1 1 10'3 

a KrF pulse in SF6 at 10 atm. The laser intensity at the exit 
of the tapered geometry was 350 M W / c m 2 in this case. As 
shown, the compression is large with high efficiency (70 per-
cent). The conversion efficiency could be further increased if 
the Stokes input was an externally injected pulse with a suffi-
cient intensity to quickly start depleting the laser pulse, as op-
posed to the case in Fig. 6 where the Stokes pulse needed to 
grow?-from noise intensity. It is additionally mentioned that 
when phase fluctuations (i.e., bandwidth effects) were included 
in the laser pulse computation, the slight pulse breakup that 
occurred in Fig. 6 was eliminated and the compressed pulse 
was slightly broader than in this case. 

Breakdown threshold intensities have been measured with 
KrF pulses 20 ns in duration as a function of the pressure of 
SF6 [24]. At 10 atm pressure the breakdown intensity is 
8GW/cm 2, and although this is not especially high, it is still 
well above thresholds required for SBS at this pressure. 
Nitrogen is also listed in Table I. It could be considered as a 

compressor medium, although it is not as attractive a candidate 
as, for instance, SF6, since it does not have a particularly high 
gain and gk is becoming comparable to gB at low pressures. 
However, it is included among the gases in Table I for com-
pleteness since it is a particularly well documented medium 
[25], [26]. Notably, [26] performs a complete analysis of 
gain and damping times in Nz from high pressures down to low 
pressures (< 1 atm) where the assumption of a continuum in 
the usual hydrodynamic SBS equation begins to break down 
(the hydrodynamic equations assume that the acoustic period 
and wavelength are much larger than the collision time and 
mean free path, respectively, of the molecules). It is interest-
ing to note that stimulated backscattering is experimentally 
observed in nitrogen even at atmospheric pressure [26]. 

Conclusion 

SBS presents itself as a technique for the compression of laser 
pulses. It is an attractive alternative to SRS, in that second 
Stokes production can be sufficiently small not to limit its per-
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-OUTPUT STOKES PULSE 

COMPRESSION RATIO;33 

CONVERSION EFFICIENCY:70% 

20 ns 

Fig. 6. Computer simulation of the compression of a 20 ns KrF laser pulse in SFg (at 10 atm) in a tapered interaction geometry. 

formance, and nearly one hundred percent conversion effi-
ciencies are possible. The compression ratio of the process can 
be controlled by suitable taper on the waveguide. 
The main disadvantages of SBS as a compressor technique lie 

in its transient nature. The laser p u m p must have narrow line-
width for coherent interaction of the laser and Stokes fields. 
The effects of Stokes pulse breakup must be accounted for 
under transient conditions and. can be controlled by a suffi-
ciently large taper on the waveguide. 
The compression of KrF laser pulses to the 1 ns time scale 

with high efficiency is particularly attractive to applications in 
laser-plasma interactions. The shorter wavelength lasers have 
the additional advantages of shorter damping times and lower 
threshold intensities for the SBS process. 
We have suggested practical configurations for achieving 

compression by SBS and surveyed some suitable compressor 
media, with particular emphasis on the KrF excimer laser, j 

With the advent, of narrowband excimer radiation, we feel 
that greater consideration for SBS can be made with regard to 
compression and phase conjugation of excimer laser pulses. 
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Highly efficient compression of laser pulses down to 1 nsec in duration by stimulated Brillouin scattering has been 
demonstrated. Compression ratios of ~10 and energy-conversion efficiencies >70% have been produced. Several 
compressor systems have been investigated, including the use of tapered waveguides, long-focal-length geometries, 
and generator-amplifier systems. 

Over the last few years there has been considerable in-
terest in the ability to produce pulse compression by 
backward-wave amplification. Extensive studies based 
on stimulated Raman scattering (SRS) have been un-
dertaken.1-3 More recently, compression by stimulated 
Brillouin scattering (SBS) has been shown to offer po-
tential as an attractive alternative to systems based on 
SRS.4-6 Some of the advantages of a Brillouin com-
pressor system over the Raman compressor system are 
presented in Ref. 5 and include the feature that the 
Brillouin system is not seriously limited by second 
Stokes production, therefore permitting higher ef-
ficiencies at higher compression ratios. 

In this Letter we present some recent results on pulse 
compression by SBS. Compression of ruby-laser pulses 
has been produced with compression ratios of 10 and 
typical energy-conversion efficiencies of 70%. Pulse 
compression was accomplished primarily in tapered 
hollow glass tubes filled with a Brillouin liquid or gas 
and also by simple focusing with long-focal-length ar-
rangements and in generator-amplifier geometries (see 
Fig. 1). Each of these compression schemes shared the 
common features of spontaneously generating a. short 
pulse that is subsequently amplified by the pump pulse, 
although each has its own distinctive characteristics and 
advantages. 

The pulses to be compressed were produced by a 
narrow-bandwidth ruby oscillator-amplifier laser sys-
tem. The ruby oscillator operated reliably on a sin-
gle-longitudinal-mode and single-transverse-mode 
TEMoo, producing a typical output of 10 m J of energy 
in a 30-nsec pulse and a linewidth of <0.01 cm-1. The 
oscillator pulse was amplified in the ruby amplifier, 
which was run in either a single-pass or a double-pass 
configuration, providing pulse energies up to 100 mJ. 

The compressional schemes utilized a glass chamber 
for the liquid Brillouin media (e.g., CS2) and a stain-
less-steel chamber for the high-pressure gases (e.g., C H 4 

at p 80 atm). Typically, chamber lengths of 150 and 
200 cm were used with end windows offset at 5-10° 
angles to eliminate spurious reflections. The waveguide 
consisted of tapered, hollow glass tubes with either a 
single taper or a straight section smoothly coupled to 

a tapered section with the total length of tubing ap-
proximately equal to the length of the Brillouin cham-
ber in which it was placed. 

The experimental arrangement used for producing 
pulse compression in a tapered waveguide is shown 
schematically in Fig. 1(a). The laser pulse was launched 
into the waveguide by using a lens arrangement to fill 
the aperture of the guide uniformly. A phase plate 
could be inserted in the beam in the position shown to 
observe phase-conjugation effects on the backscattered 
beam. 

The two principal media investigated in this scheme 
were the liquid CS2 and the high-pressure gas C H 4 (p 
« 80 atm). C S 2 is particularly attractive for its high 
Brillouin gain [gB » 0.14 c m / M W (Ref. 7)], and, with its 
high refractive index (n = 1.62), total internal reflection 
occurs at the glass walls of the tubing, providing rela-
tively low-loss waveguide action with a large input ac-
ceptance angle. Methane, on the other hand, relies on 

(a) 

lb) 

BRILLOUIN BRILLOUIN 
AMPLIFIER GENERATOR 

Fig. 1. Interaction geometries used for laser-pulse com-
pression. (a) Tapered waveguide, (b) focusing with long-
focal-length geometry, and (c) generator-amplifier arrange-
ments. 

0146-9592/83/060313-03$1.00/0 © 1983, Optical Society of America 
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Fig. 2. Compressed pulses using tapered waveguide filled 
with CS2. (a) With low pump power (Pl ~ 1 MW) and (b) at 
higher pumping power, compression of front part of pump 
pulse. (5 nsec/div.) 

grazing-incidence reflection off the glass tubing wall, 
restricting the input angles for low-loss propagation. 

Typical compression results from CS2 are shown in 
Figs. 2(a) and 2(b). For this case the input-laser pulse 
was a Gaussian-shaped pulse ~27 nsec in duration and, 
for the case of Fig. 2(a), with power P/, ~ 1 M W . The 
waveguide was 150 cm long and was made of a straight 
75-cm-long section smoothly coupled to a tapered sec-
tion 75 cm long tapering from 5 m m in diameter down 
to 0.7 m m . The round-trip time of the interaction re-
gion (tc = 2nl/c) was approximately 16 nsec. 

Figure 2(a) shows the production of a Stokes pulse of 
«4-nsec duration, which corresponds to a compression 
ratio of «7 and an energy efficiency of —70%. W h e n the 
input-laser power was increased, the onset of the S B S 
pulse was more rapid. As is seen in Fig. 2(b), a com-
pressed pulse emerges near the front of the backscat-
tered pulse with a duration of «1.5 nsec, followed by a 
smoother tail following the shape of the input pulse. 
The incomplete compression of the p u m p pulse is 
caused by the higher input power of the p u m p that 
causes the Stokes pulse to be initiated rapidly earlier in 
the Gaussian p u m p and to receive amplification only 
in the front of the p u m p pulse. The length of the 
compressor waveguide in this case is much shorter than 
the length of the p u m p pulse, as required for optimal 
compression, so the compressed pulse emerges before 
all the p u m p pulse has entered the waveguide. As is 
indicated in Ref. 4, the compressed pulse has, however, 
left an intense acoustic wave in the medium, which acts 
as a high-reflectivity Brillouin mirror that reflects the 
remainder of the laser pulse without compression. The 
slight b u m p in the backscattered signal following the 
compressed pulse is probably caused by the excessive 
acoustic intensity left in the medium after the com-
pressed pulse has emerged. This intensity persists for 
a time that is of order of the acoustic decay time tb [in 
CS2> TB ~ 2.2 nsec (Ref. 7)]. The total energy efficiency 
of backscattering was approximately 75%. This result 
indicates that, if the length of the waveguide were to be 
increased so as to sweep up the entire p u m p pulse into 
the 1.5-nsec compressed pulse, the compression ratio 
would be «18. 

Pulse compression in C H 4 (p 80 atm) was also 
achieved, but this was generally less efficient than in 
CS2 at the input powers used because of the lower gain 
(gs ~ 0.04 c m / M W ) and higher transiency (tb ~ 6 nsec) 
of C H 4 at this pressure. 

It has been shown that S B S in a waveguide can pro-
duce a phase-conjugate Stokes beam of high fidelity.8 
By placing a phase-distorting plate at the entrance to 
the waveguide, it was confirmed that the compressed 
Stokes pulse was strongly phase conjugated when C H 4 

was used as the Brillouin-active medium. However, 
CS2 was much less efficient in producing phase conju-
gation because of the relatively high Kerr coefficient 
that gives rise to self-focusing and self-phase modula-
tion. Self-focusing in the waveguide containing CS2 
was observed. 

In these compression experiments the S B S pulse 
compressor, acting as a phase-conjugate mirror, pro-
vided feedback into the laser system, and, unless optical 
isolation was employed, oscillation occurred between 
the S B S system and the output mirror of the ruby os-
cillator, gain being provided by the laser amplifier. A 
compressed backscattered pulse could be reamplified 
in the ruby amplifier and subsequently be reinjected 
into the compressor. By these means the oscillations 
could be continued for several hundreds of nanoseconds 
(using C H 4 ) and until the gain of the ruby amplifier was 
totally depleted. It provided a highly efficient means 
of extracting the stored ruby energy and vividly dis-
played the phase conjugacy of the backscattered Bril-
louin reflections in allowing such highly efficient oscil-
lation about a ruby amplifier rod, which in this case was 
of poor optical quality. 

Pulse compression has also been demonstrated by 
focusing with long-focal-length lenses [Fig. 1(b)]. 
Previously it was shown9 that Brillouin scattering can 
be used for pulse shortening and peaking of the leading 
edges of pulses. Figure 3 shows the backscattered 
pulses when a beam of «2 m m in diameter was focused 
into a 2-m-length cell of methanol with a lens of 70-cm 
focal length (effective focal position in liquid, «100 cm). 
Pronounced peaking of the leading edge of the laser 
pulse was achieved. (The multiple pulsing was again 
due to the feedback to the laser system and reinjection 
into the S B S cell.) 

The focused beam formed by a long-focal-length 
system has similar characteristics to the long-tapered-

long-interaction region. (5 nsec/div.) 

Fig. 4. Compression of laser pulse by using a tapered ge-
ometry formed by a lens arrangement. (5 nsec/div.) 
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interaction geometry provided by the tapered wave-
guide and is qualitatively quite similar to the geometry 
of the tapered waveguide of the previous section. In 
order to pursue this correspondence more directly and 
to achieve more-controllable compressions by focusing, 
the lens system shown in Fig. 1(b) was used to produce 
a tapered-interaction region similar to the waveguide 
system. The beam was expanded up to about 5 m m and 
focused down with an effective focal-length arrange-
ment of 150 cm to the back of a 155-cm-long CH4 cell (p 
= 80 atm). Figure 4 shows the pulse compression of the 
leading edge of the input to a duration of nsec. The 
round-trip time of the chamber (10 nsec) was insuffi-
cient to compress the whole of the laser input. 

Pulse compressions have also been produced in the 
generator-amplifier arrangement depicted in Fig. 1(c). 
The laser p u m p was passed through a 2-m chamber 
(amplifier) filled with a Brillouin-active liquid with the 
beam expanded to an area such that the laser intensity 
was just below threshold for S B S in the amplifier alone. 
The output from the chamber was then sharply focused 
into an external S B S cell (generator), which could be 
placed at various distances from the amplifier chamber. 
By this arrangement a Brillouin-shifted pulse generated 
in the external cell was subsequently amplified in the 
amplifier chamber. Pulses as short as 1 nsec were ob-
tained with methanol in the generator and amplifier 
cells. Relaxation oscillation was also observed to occur, 
as predicted in Ref. 10, and the mechanism may be 
briefly described as follows. The Stokes pulse that is 
being amplified depletes the laser p u m p such that any 
Stokes field following the compressed Stokes pulse sees 
little gain. Once the Stokes pulse has emerged from the 
amplifier chamber, an undepleted laser p u m p (if it is 
of sufficient duration) may enter the Brillouin generator 
and restart the pulse-compressing process. In this way 
a train of compressed pulses, at the round trip of the 
generator-amplifier, may be produced over a period 
determined by the length of the p u m p pulse. 

One of the problems of using such a long amplifier cell 
was absorption and scattering from the Brillouin liq-
uids, which, together with the reflection losses from the 
surfaces of the uncoated optics (cell windows and lens) 
used in the present arrangement, made this setup 
somewhat lossy. The efficiency of this arrangement 
could be improved by using gases as the Brillouin me-
dium and by antireflection coating the optics. Also, 
only liquids with a relatively low Kerr coefficient could 
be used if the beam quality in S B S was to be pre-
served. 

It was also found that, when the Brillouin liquid in the 
generator cell was different from that in the amplifier 
chamber (e.g., ethanol and acetone), amplification oc-
curred only if their Brillouin shifts were similar. This 
could be explained because the high Brillouin gain 
produces phaselocking that compensates for a small 
frequency mismatch but is unable to do so if the mis-
match is too large. 

It is interesting also to note that, in some cases when 
the ruby amplifier was allowed to go into oscillation with 

this Brillouin compressor in the way previously de-
scribed, the backscattered pulses from the Brillouin 
amplifier exhibited complicated structures. It is pos-
sible that this behavior might have been caused by the 
interaction of multiple Stokes components, with four-
wave mixing coupling energy between the various 
Brillouin components in a complex manner. 

In conclusion, highly efficient pulse compression by 
S B S has been demonstrated in a variety of interaction 
geometries. In the case of the tapered waveguide, 
compression ratios of about 10 with energy-conversion 
efficiencies of 70% have been produced. Compressed 
Stokes pulses with a duration of about 1 nsec have also 
been produced in all the geometries investigated, i.e., 
tapered waveguides, focusing geometries, and genera-
tor-amplifier arrangements. 

Of the arrangements, the most versatile appears to 
be the tapered waveguide (provided that it is not too 
lossy). The tapered waveguide offers the property of 
guiding an aberrated beam into well-defined regions of 
space. More importantly, the waveguiding action 
provides good spatial mixing of the transverse variations 
of the pump, favoring both the regime for phase con-
jugation when the Stokes beam originates sponta-
neously from noise in the waveguide8 and the regime for 
preserving the spatial quality of an externally generated 
Stokes pulse that is injected into a waveguide amplifi-
er.11 Further important advantages of the tapered 
system are that the intensity of the backward-traveling 
compressed pulse is controlled and that losses that are 
due to self-focusing, gas breakdown, and secondary 
scattering can be avoided by the appropriate choice of 
taper. 

It has been demonstrated that a Brillouin compressor 
can be operated with high efficiency and should be an 
attractive alternative to Raman compressor systems for 
compressing narrow-band U V laser pulses. 
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A Study of Laser Pulse Compression 
and Phase Conjugation by SBS 
M. J. Damzen and M. H. R. Hutchinson 
Blackett Laboratory, Imperial College, London SW7. England 
PACS: 42.65 
An experimental and numerical study of the compression of laser 
pulses by stimulated Brillouin scattering (SBS) is undertaken. The 
interaction geometry utilised to produce compression by 
backward-wave amplification involves the use of a convergently 
tapering waveguide [1] which contains a Brillouin-active me-
dium. A backward-travelling Stokes pulse of short duration is 
spontaneously generated from a region near the exit of the 
waveguide where the laser intensity is greatest. Once generated it 
propagates down the waveguide receiving amplification by the 
incoming laser pulse which is correspondingly depleted. 
Furthermore, the Stokes pulse is a phase conjugate of the iiiput 
laser pulse. 
We demonstrate the compression of ruby and dye laser pulses in 
high-pressure gases, such as methane, which exhibit long damping 
times producing scattering in the transient regime, and in 
Brillouin-active liquids such as CS 2 with shorter acoustic 
lifetimes. 
The interaction has been modelled by solving the coupled travel-
ling wave equations for the laser and Stokes electric fields and the 
amplitude of the acoustic wave. Figure 1 shows the depleted laser 
pulse and compressed Stokes pulse when a 20 ns pulse of ruby 
laser radiation is passed into a tapered waveguide filled with 
methane at a pressure of 130 bar. The laser intensity at the exit of 
the waveguide is 350 MW/cm 2 . It is notable that pulses of 
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durations substantially less than the acoustic phonon decay time. 
( t B 2;8ns in this case [2]) can be produced. This has been 
confirmed experimentally by the production of Stokes pulses as 
short as 1 ns in duration. The important parameters of the 
process, the compression ratio and conversion efficiency, are 
determined as a function of laser intensity, pulse shape and 
waveguide geometry. The efficiency of Stokes wave generation is 
predicted to be £70% under favourable circumstances and 
backscattering efficiencies of ~70% have been measured. The 
experimental results are compared to the numerical code de-
veloped to model the backward SBS interaction in tapered 
geometries. 
Finally, the experimental evidence for phase conjugation will be 
presented and the implications for the development of higher 
power lasers will be discussed. 
1. D.T.Hon: Opt. Lett. 5, 516 (1980) 
2. V.I.Kovalev et al.: Sov. J. Quant. Electron 2, 69 (1972) 

Degenerate Four-Wave Mixing 
in a XeCl Amplifier 
B. L. Wexler, L. J. Palumbo, J. Reintjes, and N. Djeu 
Laser Physics Branch, Code 6540, Naval Research Laboratory, 
Washington, DC 20375, USA 

PACS: 42.65 
Degenerate four wave mixing in saturable amplifiers for the 
purpose of generating phase-conjugated waves has the attractive 
feature that extremely high conjugate reflectivity can be obtained. 
The high reflectivity results from amplification in both the 
interaction region [1] and the gain length before the probe 
overlaps with the pump. DFWM in amplifiers has been demon-
strated in N d : Y A G 2 and C O | laser amplifiers with conjugate 
reflectivities of 0.1°'. and 250% respectively. We have recently 
succeeded in obtaining conjugate reflection from a XeCl amplifier 
with reflectivity in the range of 10* %. 
In our experiment, the laser source was a small, narrow band 
XeCl oscillator. The output was amplified, collimated and 
spatially filtered. One percent of the beam was split off to be used as 
the probe wave, while the remaining pump wave was directed into 
the amplifier-conjugator cell and reflected back on itself with a flat 
total reflector. The probe beam was directed into the cell at a 
small angle so that the beams crossed very near the far end of the 
conjugator. The laser line width was 0.1 c m - 1 , the \/e beam 
diameter 0.16 cm, and the peak power of the pump 5-10 kW. The 

interaction length is calculated to be 7 cm, slightly less than the 
10 cm coherence length of the laser. The amplifier-conjugator was 
an x-ray preionized discharge laser cell with a 3.5 x 3.5 cm aper-
ture, 80 cm gain length and 60 ns pulse length [4]. The cell was 
filled with a HCl/Xe/He mixture and the small signal gain 
measured to be ~10%/cm. This device was used because of its 
long pulse length and stable, homogeneous discharge characteris-
tics. The crossing point was set 74 cm from the beginning of the 
gain length to insure that the conjugate signal would be greater 
than the amplified spontaneous emission. 
When the experiment was performed a strong reflected beam was 
visible. The peak intensity of this signal was measured to be 
50-100 times that measured when the probe beam was reflected 
into the signal detector with the pump retro-reflector (with the 
amplifier off). Because of the long exponential gain length tra-
versed by the probe and conjugate beams, it is difficult to extract an 
exact value for the conjugate reflectivity of the interaction region. 
Using measurements of the single pass gain as a function of probe 
intensity for the gain of the probe and conjugate beams, we can set 
a conservative value of 0.01 % for the actual conjugate reflectivity 
of the interaction region. The reflectivity was also measured as the 
pump beam was attenuated. We found that the reflectivity 
decreased slowly with pump intensity, by a factor of 5 when the 
pump intensity was decreased by two orders of magnitude. A 
decrease in the reflected signal by a factor of 4 was observed when 
the back mirror was replaced by a 4 % reflector. 
At the present time the theoretical model we have developed 
assumes a probe beam power which is negligible compared to the 
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LASER PULSE COMPRESSION BY STIMULATED BRILLOUIN SCATTERING 

M.J. Damzen and M.H.R. Hutchinson 

Optics Section, Blackett Laboratory, Imperial College, 
London SWT 2BZ 

INTRODUCTION 
It has been recently demonstrated that stimulated Brillouin 
scattering (SBS) can produce compression by backward-wave amplifi-
cation (Hon 1980). The laser pulse is injected into a convergently 
tapering waveguide which is filled with a Brillouin-active medium 
and whose length is approximately half that of the laser pulse. Due 
to the taper, a backward-travelling Stokes pulse of short duration 
is spontaneously generated near the exit of the waveguide where the 
laser intensity is greatest, and is subsequently amplified by inter-
action with the incoming laser pulse. 

1 
The use of SBS offers several potential advantages over compressor 
systems based upon SRS (e.g. Murray et al 1979). These include the 
fact that SBS is not seriously limited by second Stokes production 
so that conversion efficiencies of almost one hundred percent may be 
achieved, and since the Stokes pulse under appropriate conditions is 
a phase conjugate of the input wave (Zel'dovich et al 1972) compen-
sation for optical inhomogeneities in laser amplifiers can be made 
(Nosach et al, 1972). 

SBS is described by three coupled equations for the laser field (E ) Li 
backscattered Stokes field (Eg) and the acoustic fluctuation (Q) 
and are taken in the form: 

NUMERICAL INVESTIGATION 
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where x is the acoustic damping time and y is a coupling constant a 
proportional to g^/t- where g_, is the steady state Brillouin gain a B b 
coefficient. 

Equations 1 have been numerically modelled by transforming the LHS 
of equation la and lb along their characteristics so that the 
numerical difference scheme only involves time derivatives. A 

fourth-order Runge-Kutta scheme was devised to numerically solve the 
set of equations. The tapered geometry required for pulse compress-
ion is modelled in the code by making the gain term y a function of 
z related to the waveguide area A(z) in the form y(z) = Yq/A(z). 
The initial fields were taken in the form I t( t , z = o) = I T n for 

-30 0 v x s t , I = I e and Q (z, t = o) = 0. We computationally l b li 
modelled the compression process for the Brillouin-active gas 
methane at p ^ lUO atm (g_. = 0.09 cm/MW, t_. VL0 ns (at XT = 69^3^) is B L 
(Kovalev et al 1972) and in waveguide geometries with quadratic 
area tapers. 
In tne' tapered geometry, the compression ratio is controlled mainly 
by the degree of taper which determines the duration of the Stokes 
pulse created locally at the waveguide exit. Typically, Stokes 
pulses with duration VL ns were readily generated. 

The other important parameter is the conversion efficiency of the 
interaction which is controlled by the ability of the Stokes pulse 
to deplete the laser field, which may alternatively be viewed as 
the reflectivity of the "Brillouin mirror" produced in the inter-
action. It is dependent on the laser intensity at the exit of the 
waveguide which controls the rate of growth of the Stokes pulse from 
noise. During the initial growth the leading edge of the laser 
pulse passes out of the interaction region undepleted. Once the 
Stokes pulse has grown to a strongly depleting level, it subsequently 
sweeps up the remaining laser energy. For high conversion efficiency 
it is required that the Stokes build-up time from noise is small 
compared to the laser pulse duration. 
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There is also a frequency dependence of the SBS effect since the 
2 process becomes less transient at shorter wavelengths with x^ a X^. 

Typically high pressure gases, such as methane, which exhibit 
t ^20-30 ns at XT VL ym should have x^ VL-2 ns for the excimer 13 L a 
lasers such as KrF (X = 2h9 nm). The shorter wavelength lasers L 
have lower threshold intensities with ĝ /x̂ . a more appropriate gain r) D 
parameter under transient conditions rather than g alone. 

One feature of the compression process by SBS is that the Stokes 
pulse may experience pulse break-up which does not occur in steady-
state scattering but can occur under transient SBS conditions. This 
effect can happen when the Stokes pulse is sufficiently intense so 
that the leading edge of theStokes pulse depletes the laser field to 
zero and then the tail of the Stokes pulse may interact with the 
acoustic field to regenerate the laser field with a ir-phase change 
by the source term of equation l(a). The recreated laser pulse 
leaves the tail and interacts with the acoustic field to create new 
Stokes pulses downstream from the main Stokes pulse. This effect 
may be diminished by using a more strongly damped medium or by using 
a more tapered waveguide. The taper can keep the intensity of the 
interacting fields sufficiently low so that the Stokes pulse does 
not deplete the laser field so quickly as to cause substantial 
Stokes pulse break-up. 

One important requirement of compression by SBS is the narrow 
linewidth operation of the laser to efficiently initiate the process, 
especially under transient conditions. The transiency of the 
acoustic field prevents it phase-locking onto the instananeous phase 
difference of the laser and Stokes field if the laser has a rapidly 
fluctuating phase. 

In conclusion, pulse compression by SBS can be attractive for the 
compression of narrowband laser pulses to the nanosecond timescale 
with almost one hundred percent efficiency. 
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reproducibility and image reproduction ( »v7 times diffraction limited 
stimulated backscattered signal for a diffraction limited pump wave). 
This hypothesis is further supported by their recent work (2.17) in which 
high quality SBS PC was observed using a very narrow linewidth XeF laser 
operating at 351 nm. 

In Figure 2.24 are shown measurements of the phase conjugate reflectivity 
(the fraction of the pump wave reflected as the PC Brillouin component) as 
a function of the pump intensity times (focal length)2 for different focal 
lengths of Lz. To obtain an estimate of the pump intensity, the area of 
the beam at the focus of was calculated using measurements of the pump 
beam divergence at BSj. It can be seen that the maximum PC reflectivity 
observed was ^>80% and that the reflectivity was independent of the focal 
length, f, of the lens used (the intensity at focus, I oc l/f2and the 
interaction length « f2 so that l£ is independant of f). At higher 
values of If2 a decrease in the PC reflectivity was observed which may be 
due to other competing nonlinear effects such as self-focusing. 

In an effort to further demonstrate the utility of this Brillouin PC 
mirror, we placed an aligned 90% transmitting mirror 120 cm from the cell, 
at M in Figure 2.22, and thus obtained further feedback into the amplifier 

(3 cavity round trips are possible during the amplifier gain duration). 
We observed that the diffraction limited PC output from the Brillouin 
mirror increased at BS2• Thi3 suggests that this type of PC mirror may be 
extremely useful in obtaining diffraction limited output from large 
aperture high gain laser oscillators provided that the multiple Brillouin 
shifts generated by such a mirror remain within the (homogeneous) 
bandwidth of the gain medium. We are currently performing further 
experiments on this type of device. 

2.3.3 Pulse Compression and Phase Conjugation by SBS in a Waveguide 

Rare gas halide excimer lasers have storage times of only a few 
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nanoseconds and, since electron-beam pumped systems have their greatest 
efficiences for excitation pulses rj 50 ns or greater, the amplification 
of a single nanosecond pulse is inefficient. The problem may be overcome 
by laser pulse compression and stimulated Raman scattering (SRS) has been 
shown to be an effective method for achieving this (2.18). However, 
stimulated Brillouin scattering (SBS) can also produce compression (2.19) 
when a laser pulse is injected into a convergently tapering waveguide 
which is filled with a Brillouin-active medium and whose length is 
approximately half that of the laser pulse. 

The use of SBS offers several potential advantages over compressor systems 
based upon SRS. The production of second Stokes radiation which limits 
the efficiency of compression by SRS is not a serious problem, because SBS 
occurs only in the backward direction. Since the first Stokes pulse is of 
short duration, the gain length for the backward second Stokes field is 
small and occurs in the transient regime where the gain Is reduced. In 
addition, the fact that the Stokes pulse propagates into an increasing 
area of the waveguide keeps the intensity of the first Stokes low and 
maintains a small second Stokes gain. The quantum efficiency of the SBS 
process is almost one hundred per cent since the Stokes frequency ((os) 
is approximately equal to the laser frequency (w^)- The small frequency 
shift would therefore enable the Stokes pulse to be further amplified in a 
laser amplifier. The fact that the Brillouin process is initiated 
spontaneously in the medium removes the need for an injected Stokes pulse 
as required in an SRS compressor and therefore reduces the complexity of 
the system. Moreover, since the Stokes wave in SBS under appropriate 
conditions is a phase conjugate of the input wave (2.20), compensation for 
optical inhomogeneities In laser amplifiers can be made (2.21). 

The basic scheme of compression by SBS Involves the use of a tapered 
geometry which may be achieved most controllably In a convergently 
tapering waveguide. As with SRS, the Interaction length should be 
approximately half that of the laser pulse. The stokes pulse is 
spontaneously generated In the medium by the SBS process. As the laser 
propagates along the waveguide Into decreasing area, Its intensity 
increases. The gain is greatest near the exit of the waveguide and, by 
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suitable choice of input laser intensity and waveguide taper, a Stokes 
pulse of short duration originates from a region near the exit. Once 
generated, it propagates backwards down the waveguide, receiving 
amplification by the incoming laser pulse. An intense Stokes pulse of 
short duration is produced and the laser pulse is correspondingly 
depleted. SBS is described by three coupled equations for the laser field 
(El), backscattered Stoke 8 field (Eg) and the acoustic fluctuation (Q) 
and are taken in the following form: 

(I _ £ i \ E = E Q * <2> \9t n dz) hS fcLq 

+ ' Q = Y R E* (3) \3t 2TB J h ' L S 

where Xg is the damping time of the acoustic wave in the 
Brillouin-active medium and y is a coupling constant which is proportional 
to gB^TB where gg is the steady state gain coefficient. 

These equations are solved by a computer code which we have developed. 
The tapered geometry required for pulse compression is modelled in the 
code by making the gain term y a function of z related to the waveguide 
area A(z) in the form Y(z) = Yq/A(Z). This provides a simple and 
accurate method for handling arbitrary Interaction geometries provided a 
plane wave or mean field analysis can be evoked. 

The computation Is considered for the 
Brillouin-active gas methane at high pressure as a representative medium 
exhibiting high gain (gg) and long damping time (Xg). Several 
Brillouin-active media might be considered for a compressor system and the 
particular choice would be dependent on factors such as gain coefficients, 
damping times and threshold levels for detrimental processes such as 
breakdown, self-focusing and forward Raman scattering. 

In Figure 2.25(a) are illustrated typical computed output Stokes and laser 
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Figure 2.25 (a) Typical laser and Stokes pulses after interaction in a 
tapered waveguide filled with a Brillioun active medium with 
long acoustic decay time. The Stokes pulse exhibits pulse 
break-up. 
(b) Pulse compression in a suitably tapered waveguide geometry 
to reduce Stokes pulse break-up under transient SI5S conditions. 



pulses from the compression process in a tapered geometry. The output 
Stokes -pulse is of a complex nature, exhibiting pulse break-up and is a 
consequence of the transient nature of the SBS process and occurs when the 
laser pulse is depleted before the end of a counterpropagating Stokes 
pulse. This is detrimental to the compressor system since energy is lost 
from the main stokes pulse. However, the situation can be improved by the 
use of a more strongly damped medium and with a more suitable geometric 
taper, as shown in Figure 2.25(b). For high pressure gases, Tg « A2 

(2.22) and damping times of 1 - 2 ns are expected for the UV excimer 
lasers such as KrF. Pulse break-up is therefore reduced at short 
wavelengths. 

The limit of compression by this technique appears to be reached when the 
Stokes pulse is reduced to a duration comparable to the inverse of the 
acoustic frequency. This situation can be analysed by retaining the 
second time derivative of the acoustic field 82Q/3t2 in Equation (3). For 
acoustic waves wq ~ 1010 rad/S typically and this will tend to limit the 
Stokes pulse duration to the subnanosecond timescale. The compression of 
pulses of various duraltons tL in CH^ at different wavelengths, has been 
analysed and Figure 2.26 shows the variation of conversion efficiency with 
the power density of the laser pulse at the exit of the waveguide for 
compression to a 1 ns pulse. It is noteworthy that compression ratios of 
~30 with > 80% efficiency at exit power densities as low as 50 MW cm-2 are 
predicted for KrF. 

The compression of laser pulses by SBS has also been investigated 
experimentally. A 30 ns pulse from a Q-switched ruby laser operating in a 
single longitudinal and TEMQO transverse mode was amplified and 
injected into a 1.5 m long waveguide containing CS2 as the Brillouin-active 
medium. Waveguides were fabricated from glass tubing and had internal 
diameters at the entrance and exit typically of 5 mm and 1 mm respectively. 
The laser and compressed Stokes pulses are shown In Figure 2.27 for an input 
pulse power of 1 MW and indicate a compression ratio of 7. Pulses as short 
as 1.5 ns have been produced with compression efficiencies of 70% in good 
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agreement with theoretical predictions. 

M D Damzen and M H R Hutchinson (Imperial ColJege) 
--.fctf.'.-riiV-

2.4 Development and Application of RGH Lasers < 

2.4.1 Gain and Absorption measurements in a Discharge Excited |rf i^S&t 
Laser 

In order to design and operate efficient, high power rare gas hallde 
oscillators and amplifiers, it is necessary to achieve a large ratio 4 
small signal gain to non-saturable/non-interceptabl* loss. In 
knowledge of the saturation behaviour of both gain and loss in the .!".' 
medium enables the system to be operated at the optimum lntracavlty pfc^W^ 
flux (2.23). During the past year, the techniques for measuring theft J^P® 
parameters, described in last year's report (Section 2.2.2), have bc»i 
extended to the case of discharge excited krypton fluoride (2.24). • 

tel 
The experimental apparatus is shown schematically in Figure 2.28. Th« 
discharge laser, similar to that described by Kearsley et al (2-25), 
employed automatic preionisation by disconnected door-knob capacltori 
pulsed from a 25 nF storage capacitor charged to 30 kV; the active 
discharge volume was (2 x 0.5 x 14) cm , and an F :Kr:He/3:100:1800 
gas mixture was used for all measurements. As described previously 

i (2.23), optical loss in the cavity was probed at 257 nm with a low 
divergence, C.W. beam derived from the frequency doubled 514 nm radiatlM̂  
from an argon ion laser, (Figure 2.28(a)), whilst optical gain was 
measured using the single/double pass ASE technique (2.26) (Figure fjfjj&ir 
2.28(b)). 

The intracavity photon flux could be varied using mirrors of different 
reflectivity at M2» 

The variation of peak absorption with peak intracavity laser flux is 
plotted in Figure 2.29; also shown is the normalised KrF B-state 
population obtained by observation of sidelight emission at 249 nm. It 
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Fig. 2.27 (a) Oscillator output, (b) Amplified oscillator (SBS pump), 
(c) PC SBS signal from CF3CH2OH, (d) Amplified PC signal 
from CF3CH2OH, (e) PC SBS signal from (CF3)2CHOH. 

a net gain of ~ 30 is shown in Figure 2.27(d). Whereas the beam 
divergence of the amplified oscillator pulse (SBS pump beam) was found to 
have a beam divergence of ~ 8 x the diffraction limit, from Figure 2.28 we 
see that the amplified PC pulse had the same nearly diffraction limited 
divergence as the oscillator. Thus, like the KrF system, the PC mirror 
corrects for the aberrations Induced on the wave front by the amplifier. 

The PCR of the SBS mirror is shown in Figure 2.29 as a function of the 
laser intensity at the focus of the pump beam in the liquid. This 
intensity was calculated from measurements of the beam divergence and 
power of the pump radiation. It can be seen that the PCR is relatively 
insensitive to the laser Intensity - decreasing slightly at lower 
intensities. Although the maximum PCR measured was ~ 11% when 2,2,2,-
trifluoroethanol was used as the Brillouin medium, the PC mirror provides 
sufficient feedback into the ArF amplifier to saturate It on the return 
pass. Thus energy fluences and intensities of ~ 30 mj/cm2 and 6 MW/cm2, 
respectively, were extracted from the double pass amplifier in the PC 
diffraction limited beam at 193 nm. 

Similar PCR's were observed when l,l,l,3,3,3-hexafluoropropan-2-ol 
[(CF3)2CH0H; absorption <0.1 cm-1 at 193 nm] was used as the scattering 
medium (see Figure 2.27(e)). However, for this liquid the PCR during the 
latter half of the pump pulse is significantly reduced, possibly as a 
result of the onset of an intensity dependent absorption process, such as 
excited-state, photofragment, or two-photon absorption. Ethanol and 
hexane, which produce high quality PC SBS signals at 249 nm are highly 
absorbing at 193 nm and produced only poor quality and weak PC SBS 
returns. 

2.3.4 Pulse Compression and Phase Conjugation by SBS 

It is well-known that stimulated Brillouin scattering (SBS) of an intense 
laser beam can produce phase conjugate reflection and the process has been 
studied both experimentally (2.27)-(2.29) and theoretically (2.30). 
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Recently investigations into the use of pulse compression by SBS have been 
undertaken (2.31)-(2.34) and the efficiency and versatility of the 
Brillouin mirror for this application has been demonstrated (2.34). 

The characteristics of a Brillouin cavity formed by a pair of Brillouin 
mirrors which takes advantage of both the phase conjugating and pulse 
compressing mechanisms of the SBS process, has been investigated. By 
these means a phase conjugate resonator is produced which emits a train of 
intense pulses of subnanosecond duration. 

The experimental investigat ion of the Brillouin cavity utilised the system 
shown schematically in Figure 2.30. The ruby oscillator was operated on a 
single longitudinal and a single transverse TEMQQ mode and its output 
pulse was amplified by double-passing the ruby amplifier. The amplified 
pulses had duration ~ 40 ns, energies of < 100 mJ and linewidth of 
< 0.01 cm - 1. 

The radiation was focused (at focus 1) by a IS cm focal length lens into a 
chamber (£ = 157 cm) containing methane at a pressure of 80 atm. A second 
short focal length lens (f = 5 cm) was positioned near the exit of che 
methane chamber to form a second focus (focus 2). The windows of the 
chamber were off-set at approximately 10° in order to minimise spurious 
reflections. By the formation of two focal regions at either end of the 
methane chamber, acting as Brillouin mirrors, a cavity was produced which 
was capable of oscillation. This will be referred to as a "Brillouin 
cavity". 

The radiation reflected from the Brillouin cavity was monitored as shown 
in Figure 2.30. Figures 2.31 and 2.32 show the temporal evolution of the 
reflected radiation for an input laser pulse of " 40 ns duration and 
depict some of the typical features exhibited by this arrangement. For 
example, Figure 2.31 shows a broad pulse structure for approximately 50 ns 
duration transforming into a periodic train of short pulses with a 
repetition time of B 12 ns (similar to the round trip time of the 
Brillouin cavity). The pulse train persists for times > 100 ns. 
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The experimental arrangement is shown schematically in Figure 2.33(a) and 
Figure 2.33(b) is a simplified equivalent cavity configuration. The 
purpose of the ruby oscillator in the system is to inject the input narrow 
linewidth pulse into the arrangement to reach the threshold for SBS and 
initiate the oscillations. Its output mirror subsequently serves as a 
resonator mirror for the ruby amplifier. 

The amplified pulse travelling from left to right, when focused near the 
front of the Brillouin cavity forms, by the Brillouin process, an acoustic 
wave also travelling from left to right with an acoustic Intensity profile 
in the focal region forming a Brillouin mirror. This can backscatter the 
laser pump pulse with high reflectivity and the reflected pulse may also 
be highly phase conjugated by tight focusing (2.35). We shall for 
simplicity call the reflectivity of the pump pulse from the front focus, 
Rp, although it should be noted that the reflectivity is a function of 
various parameters such as pump intensity, pulse shape, focal distribution 
etc. Radiation reflected back from the Brillouin cavity will be 
reamplified in the ruby amplifier rod and be reflected by the oscillator 
mirror (RQ) to return to the Brillouin cavity after a round-trip time 
Tp. A fraction of the pump pulse will also be transmitted through the 
front focal region (focus) and may then be reflected by focus 2 with 
reflectivity R2. This backscattered radiation will be refocused at focus 
1 and reflected again with reflectiity Rj. Two coupled cavities are 
thereby formed; a Brillouin cavity between mirrors Rj and R 2 and a pump 
cavity between mirrors Rp and RQ. 

In the normal backward phase-matched SBS process, the pump wave will only 
Interact with a copropagating acoustic wave and not with a 
counterpropagating one. It is therefore emphasized that Rp and Rj 
although occupying the same focal region are independent reflectors under 
the normal Brillouin process since they are formed by oppositely 
travelling acoustic waves. However, the situation may be more complex 
than this simple model would indicate since stimulated anti-Stokes 
scattering can occur between counterpropagating optical and acoustic 
waves. In this case an acoustic photon ( wg) and a photon (wo) are 

annihilated and a frequency up-shifted photon is created resulting in 

2.37 

backscattering at frequency o)Q + By this means a laser pulse 
travelling in one direction may couple to the acoustic wave deposited by a 
counterpropagating pulse and provide a coupling mechanism between the two 
resonators. Coupling may also occur in the region of focus 1 by Brillouin 
resonance enhanced four-wave mixing, wherby, for example, two 
counterpropagating waves of frequency can couple energy into a Stokes 
shifted wave (io-wg) and an anti-Stokes wave (oH-ojg). 

The generation of the short pulses relies on several mechanisms. The 
nonlinear dependence of the Brillouin reflectivity on the Input intensity 
produces pulse shortening (2.35). However pulse compression Is produced 
by the interaction of the counterpropogating pulses In the tapered regions 
produced by the focusing lenses and it is likely that this mechanism Is 
responsible for the very rapid development of the train of the short 
pulses observed. The pulses become progressively shorter In duration 
along the pulse train with subnanosecond pulses being produced under 
optimal conditions. 

Questions arise as to the detailed mechanism whereby radiation Is coupled 
from the regenerative ruby amplifier system into the Brillouin cavity. At 
the power used in the experiment, the reflectivities of the Brillouin 
mirrors are known to be close to unity and a pulse of radiation may be 
trapped within the Brillouin cavity, experiencing compression and 
consequent increase in power at each reflection. However it Is also 
possible to continue to supply energy from the external laser system 
through focus 1. The pump radiation reflected from focus 1 may be 
reampllfled, reflected f rom the output mirror of the oscillator and again 
be focused at focus I. This will have the effect of sustaining the 
acoustic wave at focus 1 which Is travelling in the same direction as the 
pump wave and which will provide anti-Stokes reflection for radiation 
within the Brillouin cavity. This means that the radiation reflected at 
focus 2 and of frequency u0

-a)B W 1 H experience anti-Stokes scattering 
with a resultant frequency (ajp-ojg) + uig = w. Thus the reflectivity at 
focus 1 can be externally enhanced and an alternate down-shift and up-
shift in frequency may be achieved for some fraction of the cavity 
radiation. 
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Fig. 2.30 Experimental system for investigating the Brillouin cavity. 



Fig. 2.31 Photograph showing backscattered pulses from Brillouin cavity. Fig. 2.32 Photograph displaying train of intense pulses emitted by Bri 1 louin 
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Fig. 2.33 a) Diagram depicting Brillouin cavity and coupling to laser system and b) a simplified equivalent 
cavity configuration. 



Further aspects and applications of the Brillouin cavity are currently 
under study and include the synchronisation of the length of the pump 
cavity to that of the Brillouin cavity, an investigation of the 
interactions within focal region 1 where anti-Stokes and four-wave mixing 
interactions can occur, and the development of a numerical model to aid in 
the understanding of the processes. 

M J Damzen and M H R Hutchinson (Imperial College) 
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