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Abstract

A study of Stimulated Brillouin Scattering (SBS) and its use for correcting phase

aberrations in laser oscillators is presented.

Chapter One includes a short description of Optical Phase Conjugation (OPC) and

Stimulated Brillouin Scattering (SBS), and presents the research objectives of the

thesis. Chapter Two details the transient theory of SBS incorporating a focusing

geometry, random noise seed, and the effects of pump depletion and finite phonon

lifetime.

In Chapter Three, the first experimental chapter, the phase conjugate properties of SBS

are studied using a pulsed Nd:YAG laser with available energies up to 750mJ, under

different operating conditions. Both long and short coherence length pumping regimes

as well as different focusing geometries are investigated. For long coherence length

pumping, intensity fluctuations in the SBS return beam are identified for particular

focusing conditions. A region is found where no intensity fluctuations are observed. For

short coherence length pumping, competing effects such as optical breakdown are

studied in order to compare with results reported previously. The main emphasis of this

chapter is the study of phase conjugate SBS performance with short coherence length

pumping. The experiments presented in this chapter aÍe essential for the

charactenzation of the SBS process when incorporated within a laser oscillator. Phase

conjugation of intracavity phase aberrations using an SBS oscillator is the subject of the

following chapter.



In Chapter Four, phase conjugation of a Nd:YAG laser oscillator using SBS is

investigated both theoretically and experimentally. A simple model is used to determine

general characteristics of a resonator with an intracavity SBS cell. A series of resonator

designs and modifications are presented. Time-resolved intracavity SBS reflectivity, as

well as other laser beam parameters, are used to characterize the process under different

experimental conditions. The final design presented incorporates an intracavity etalon

in order to control the longitudinal mode content of the start-up cavity.

Finally, conclusions drawn from the work performed in this thesis are presented in

Chapter Five.
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Chapter 1

Introduction to Optical Phase

Conjugation using Stimulated Brillouin
Scattering

1.1 Introduction

This chapter firstly describes the Optical Phase Conjugation (OPC) technique and its

aberration correcting properties. Then, a brief introduction to the nonlinear optical

process stimulated Brillouin scattering (SBS) and some of its phase conjugate

properties are presented. Finally, the motivation for SBS research and the scope of this

work are summarized.

1.2 Optical Phase Conjugation

Optical phase conjugation (OPC) is a technique that usually incorporates nonlinear

optical effectsl to reverse both the propagation direction and the phase of each plane

t Holography which is a linear process can also perform optical phase conjugation.



v/ave in an arbitrarybeam of light. Static holography was the earliest technique used to

produce a phase conjugate wave [1,2]. The following development in the area of

dynamic holography was based on the recognition that a grating (hologram) could be

'written' (in an appropriate material) by interfering two beams derived from the same

laser followed by 'reading' the hologram using a third wave. This work was first

developed by Gerritsen (1967) [3], V/oerdman (1970) [4], Amodei (1971) [5], and

Stepanov et al (1971) [6]. OPC using nonlinear optical processes (NOPC) was

discovered in the USSR ínl97l at both the Physical lnstitute of the USSR Academy of

Science (with stimulated scattering (SS)) and the Institute of Physics of the Belorussian

Academy of Science (with four-wave interaction) [23]. OPC via SS was first reported

by Zel'dovich et at 1972 l7l. Other research articles contributing to the initial

development of OPC via SS were Nosach et al (1972) [8], Bel'dyugin et al (1976) l9l,

Zel'dovich and Shkunov (1977) [10], Kochemasov and Nikolaev (1977) [11], and

Sokolovskaya et al (1977) [12]. OPC via degenerate four-wave mixing was then

demonstrated by Yariv and Pepper (1977) [13] and, independently, by Bloom and

Bjorklund (1977) [14]. AuYeung et al (1979) [15] proposed and demonstrated

successful oscillation in laser resonators where one of the conventional mirrors was

substituted by a phase conjugate mirror. In the 1980's and 1990's there has been a great

deal of experimental and theoretical work performed with NOPC. There exist several

comprehensive reviews of NOPC in the form of texts [6-19], previous reviews [20-

231, special journal issues 124-26), and other related review articles 127-291.

The optical phase conjugate process can be regarded as acting like a mirror with 'time

reversal' transformation properties, since a reflected light beam retraces its original

path. Figure 1.1 illustrates the important difference between an OPC mirror and a

conventional mirror reflection. A conventional plane mirror (Figure 1.1(a) changes the

sign of the k-vector component normal to the mirror surface while leaving the

tangential component unchanged. An incoming light ruy can thus be redirected

arbitrarily by suitably tilting the mirror. On the other hand, the OPC mirror (Figure

2



1.1(b)) causes an inversion of the k-vector component normal to the mirror surface, so

that the incident ray exactly returns upon itself, independent of the orientation of the

conjugator.

By far the most important technological and scientific applications of these OPC

mirrors involves the correction of propagation due to aberrations in practical optical

systems. Figure 1.2 illushates the aberration correcting properties of OPC mirrors

compared with conventional mirrors. In Figure 1.2(a), a phase distorting medium (eg. a

laser amplifier or the atmosphere) imparts a phase advance to part of a uniform plane

wave. The conventional mirror reflection maintains the phase advance. Therefore, if the

medium phase variations change slowly compared with the propagation of light, an

additional phase advance is imparted to the plane wave on propagating back through

the distortion. This is in contrast to Figure 1.2(b), where the OPC mirror exactly

reverses the phase and direction of the incident wave. Therefore, the phase distortions

imposed on the return aberrated wave cancel out the changes of the wavefront incurred

during the first pass.

Although useful for an introductory description, the simple ray pictures in Figures 1.1

8L I.2 do not completely speci$'the conjugation process. In addition to reversing each

k vector, an OPC mirror complex-conjugates the overall multiplicative electric field

amplitude associated with each plane wave in the beam.

This remarkable property indicates that, through optical phase conjugation, a high-

quality optical beam can be double passed through a poor quality optical system with

no loss in beam quality, or ouþut power.

J



(a)

(b)

Figure 1.1 (a) Conventional mirror, (b) Phase-conjugate mirror
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Figure 1.2 Phase correcting properties of a phase conjugate mirror. (a) Conventional
mirror reflection, (b) OPC mirror reflection.
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1.2.t Aberration Correction Properties of a Phase-Conjugate'Wave

In this section, a mathematical description of the aberration correcting nature of the

conjugation process is presented. Consider a monochromatic wave propagating through

a composite medium whose electric permittivity (dielectric constant) is given by

e (r) . The real quantity 
" 
(t) represents the presence in the beam of passive linear

(non-absorbing) components, such as lenses, wedges, or the presence of distorting

media such as a turbulent atmosphere. The scalar near-forward (+z) propagating beam

is taken as:

(1.1)

In the limit of slow spatial and temporal variations (slowly varying envelope

approximation - SVEA), Equation 1.1 obeys Maxwell's scalar wave equation for

paraxial waves:

E,(,,,) = (å),+,(r)exp[-,(' t- tz)] + c.c.

Y'Ar+ [r'¡re(r) - k']o, * zir(ffi : o

v' Ai * þ 'pe (r) - k'lt: - r,o(fl = o

Let us next, as a purely mathematical operation, consider the complex conjugate of

Equation 1.2 (with e(r) = e.(r)¡:

(r.2)

(1.3)

Equation 1.3 is also the same wave equation applied to a wave propagating in the -z

direction of the form:

Er(r,,) = (ÐAr(r)exp[-;(o t+ tz)]

6
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provided we put:

Er(r,t) = øEr(r,-t)

Ar(t)= oAiG) (1.5)

where 'ø' is a constant indicating the reflectivity of the process. Thus a baclcward-going

wave A2 whose complex amplitude is the complex conjugate of At (within an

arbitrary multiplicative constant) satisfies the same wave equation obeyed by At. This

means that if, after traversing a distorting medium with beam Er we can generate a

beam E, that is the phase conjugate of E, (within a multiplcative constant), then E,

will propagate backwards and its amplitude A2 will remain the complex conjugate of

A, . Therefore, its wave fronts will always coincide with those of Er.

1.2.2 Applications of Optical Phase Conjugation

The aberration correcting properties of OPC have been used for a wide variety of

applications.

One application of OPC is for the correction of aberrations encountered in imaging

through turbulent atmospheres or via conventional imperfect optical imaging devices.

The latter was first demonstrated using conventional holography by Goodman et al

[30]. The reader is referred to a number of comprehensive texts and review articles [16-

291for further developments in this area.

Time dependent aberrations encountered in lasers for the generation or amplification of

coherent light can be compensated with OPC. A phase conjugate mirror (PCM) can be

employed to improve the final beam quality of a master oscillator - power amplifier

(MOPA) system 18,31-421. Nosach et al [8] first demonstrated a MOPA configuration

using a ruby oscillator / amplifier laser system. The beam divergence of the amplifier

7



output was significantly reduced from 2.5mrad to 0.15mrad. Current 'state-of-the-art'

MOPA systems produce near diffraction limited laser beams with 25-30J pulse energies

in l4ns pulse widths with an average power of >150W and a peak power of 2G'W [41].

However, at the beginning of this research work, questions regarding the phase fidelity

of the SBS process still existed. A study of SBS phase fidelity forms a large part of

Chapter 3 in this thesis.

Alternatively, the PCM may be incorporated into a laser oscillator for correction of

intracavity aberrations. A small number of selected articles have been referenced here

in order to provide an overview of past experimental and theoretical developments in

this area [15,43-55]. The general aim in these devices is to develop a simple, compact

oscillator with high average power that utilizes OPC to correct for the aberrations of the

active material and the intracavity optical components. A more detailed discussion of

phase conjugate oscillators using SBS is given in Section 4.I, and is a major component

of this thesis.

There has been considerable research performed on pulse compression with OPC via

degenerate four-wave mixing 156,571, stimulated Raman scattering [58-60], and

stimulated Brillouin scattering Í61-641. Applications which depend on very good beam

quality and very high peak powers, such as laser fusion and photolithography 165,66]

directly benefit from improved pulse compression with OPC. Laser beam combination

Í67-721is another application which has been the subject of numerous research studies.

Information on many other OPC applications can be found in a number of different

texts and review articles 116-291. These applications are not topics of this thesis.

8



1.3 Introduction to Stimulated Brillouin Scattering

There are many non-linear processess that produce a phase conjugate wave. They

include Stimulated Scattering (Brillouin, Raman, Rayleigh and temperature), Four-

wave mixing (degenerate, non-degenerate), and photorefractive processes. In each case,

a phase gratingis created in the non-linear medium and a real-time phase correction is

performed. A complete description of all these processos is beyond the scope of this

thesis. Stimulated Brillouin scattering is by far the simplest technique for producing a

phase conjugate beam. The work in this thesis utilizes SBS to obtain a phase conjugate

wave. Therefore, only this technique will be described. The reader is referred to

References 16-29, &73 lor further information on the other techniques.

Whilst a detailed anaþsis of SBS will be given in the following chapter, a brief

introduction to some of the properties of SBS will be summarized here.

Stimulated Brillouin scattering was first demonstrated in 1964 Ual by Chiao et al, a

few years after the advent of lasers2. However, as previously discussed, a useful real-

time phase conjugate beam was not recognized until1972l7l.

In the simplest SBS geometry, a laser beam is focused into a cell containing the non-

linear material as shown in Figure 1.3. The electric field associated with the input laser

beam drives the creation of an acoustic phase grating near the focal point in the

medium'. The input laser beam then backscatters from this grating. A threshold power

exists where the gain of the non-linear backscattering process increases exponentially.

This threshold power is dependent on the properties of the input laser beam and on the

properties of the non-linear material being used'

2 The scattering of a light wave from an acoustic wave was fust demonstrated in l922by Brillouin [75]
3 A detailed mãthematical description and physical interpretation of the SBS process can be found in

Chapler 2.

9
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Figure 1.3 Photograph of an experimental configuration for the focusing lens and SBS
cell (Generator-SBS Configuration).
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Above this threshold power, the lens and SBS cell combination represent an OPC

mirror, as described previously, with a maximum reflectivity up to -90Yo. There have

been many experimental measurements of this result in the literature, however only one

recent review article will be referenced herc 1221. The peak powers that occur at the

focal waist are necessarily very high for SBS threshold to be reached. As a result, gases

and liquids are the most commonly used SBS materials due to their self-healing

properties. These OPC mirrors can replace conventional mirrors in optical laser systems

and can aid optical designers in achieving diffraction limited operation by

compensating for the thermal and other phase aberrations that exist in most optical laser

systems.

The ability to produce a phase conjugate wave is measured by the phase fidelity of the

return wavefront. Phase fidetity describes how well the phase of the Stokes retum

wavefront matches that of the input laser wavefront. If the Stokes return is an exact

copy of the input then the phase fidelity : 1. In practice, maximum phase fidelities of

0.9 are obtainable when using input laser pulse energies well above the SBS threshold.

Again, there have been many demonstrations of this result in the literature but only one

recent review article will be referenced here 122]'

I .4 The Scope of this V/ork

1.4.I Experimental Justification

When this work was started there were no commercial laser systems that used SBS

technology. The last decade has seen alarge number of research groups trying to bridge

the gap between pure research in SBS and the development of commercial products.

Since SBS corrects thermal aberrations it becomes especially useful in higher energy

laser systems. In the U.S.A., there are many laboratories that have made extremely

1l



good use of SBS in laser systems with pulse energies of tens of Joules (Lawrence

Livermore National Labs. 141,661, TRV/ 1771, and Hughes Research Labs. 138,72,781).

At such high pulse energies, SBS phase conjugation stands alone as the method of

choice. Russian companies and institutes have also used their extensive expertise with

SBS in Master Oscillator Power Amplifier (MOPA) systems to produce very high

energy, phase conjugate laser pulses [79]. Most recently (in 1994), a major laser

manufacturer in the U.S. has produced a moderate to low power MOPA SBS laser

system which is currently on the market.

Diode pumped systems and 'state of the art' cooling systems, that reduce the thermal

loading in active lasing materials have not removed the need of SBS, but have meant

that using SBS for aberration correction has become more important in even higher

laser power systems.

One of the most important issues that SBS addresses, which is one of the main features

of current phase conjugate laser systems, is its simple and versatile operation. If

conventional solid-state lasers require variations in power and pulse repetition

frequency, good beam quality can be maintained only by re-aligning and re-optimizing

the system. SBS laser systems offer variable laser operating conditions while

maintaining beam quality without complicated re-alignment.

Some of the remaining issues for the present SBS technology that require further study

and explanation are

o temporal fluctuations in the Stokes beam which have been observed under various

operating conditions.

o poor SBS performance with short coherence length pumping, and

. competing phenomena such as optical breakdown and bubble formation.

t2



Added to this is the lack of fuIl understanding on the mechanisms involved in

incorporating an SBS cell into an oscillator configuration. Using an SBS mirror in an

oscillator configuration has been demonstrated to be an effective way of generating

high output laser powers from a simple and compact device [15,43-55]. Although the

operating mechanism of SBS oscillators has been considerably developed recently

[51,83], there are continued problems in obtaining reliable, high average power laser

pulses from these devices.

1.4.2 Research Objectives

Chapter 3:

Temporal intensity fluctuations in SBS backscattered beams and temporal variations in

SBS reflectivity and phase fidelity have been reported in recent literature [80-82]. The

objective of the work in this chapter is to understand the origins of these fluctuations

and how to control them. The final result being the identification of operating regimes

for the simple focussed beam SBS process which gives high reflectivity and high

fidelity, with no fluctuations in the Stokes retum beam. Another aim of this work is to

study alternative SBS geometries which, although adding complexity, eliminate the

observed fluctuations.

The main emphasis of this chapter involves the experimental study of SBS reflectivity

and phase fidelity with a short coherence length pump. The aim of this work is to

increase understanding of the parameters which govern short coherence length SBS and

extend the operational range of SBS-OPC devices. Specifically, the goal is to study and

charactenze any phenomena which compete with SBS (for example:optical

breakdown). As will be demonstrated, the investigation of SBS under a short coherence

length pumping regime provides a natural and logical step toward the SBS oscillator

study described in Chapter 4.
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Chapter 4:

The purpose of this chapter is to investigate the application of SBS to phase conjugate

oscillators, and to develop a simple, compact laser oscillator with an intracavity phase

conjugating minor.

The particular objective is to achieve an SBS oscillator design which provides a short

coherence length, diffraction limited output beam with reliable operation and which can

be used in higher power MOPA SBS systems.

Chapter 5:

The last chapter brings together the summaries of the previous chapters and presents

some overall conclusions of the research work presented.
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Chapter 2

Stimulated Brillouin Scattering

2.1 Introduction

Stimulated Brillouin Scattering (SBS) is the inelastic interaction between light and

sound, and is the most common self-starting phase conjugation technique. It can be

described by the 3rd-order term of the polanzation (Þ ) induced in the medium by the

applied optical field (with electric field - É). It is associated with the 1, coefficient of

the electric susceptibility of the material,

P = ,r(x E+ N"zE'+ xrBt *....)

Þ PNr-

where eo is the permittivity of free space and P* is the nonlinear polarization.

SBS is initiated by spontaneous Brillouin scattering of light from the background

phonon field of the medium created by thermal noise fluctuations. This phonon field

consists of a periodic pressure variation, and thus a refractive index variation in the

medium. The applied incident laser pump then interferes with the Stokes scattered light
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to increase the amplitude of the phonon field. This in turn exponentially increases the

gain of the stimulated scattering process in the baclavard direction.

In the following analysis, a brief description of electrostriction, the phonon field driving

force, is given. Then an analytical derivation of the coupled wave equations that

describe the incident and reflected light fields, ffid the acoustic field for SBS is

presented. The transient stimulated Brillouin scattering theory presented in this chapter

incorporates a focusing geometry, random noise seed, and the effects of pump depletion

and finite phonon lifetime. Numerical transient SBS theory has been used to study the

effect of noise and the time-resolved amplitude of the phonon field in many recent

articles ll-7l.This transient theory was developed as a collaboration with Vladimir

Devrelis and Shahram Afsharvahid for use in these experiments [9,10].

2.2 Electrostriction

Before the backscattered field can be generated, the driving force from which

stimulated Brillouin scattering can take place must first be described. Electrostriction is

the force that compressos an optical material in the presence of an electric field.

From a microscopic viewpoint, molecules in the region of an applied electric field (E),

develop a dipole moment (F = cr Ë ¡, *h"re a is the molecular polarizability. The

force acting on each molecule is related to the energy stored by its polarization and is

given by:

(2.r)

From this relation it can be seen that the molecules are pulled into the regions of high

electric field strength. This movement of molecules leads to a density variation (^Q)
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within the material. Due to this variation there is a coffesponding change to the

dielectric constant ( e ). Using the first law of thermodynamics, an expression for the

contribution to the pressure (p"l) on the material that is due to electrostriction can be

obtained:

Pe1 = -T e (#) (2.2)

where y, = Q"å is known as the electrostrictive constant, and Qo is the mean

density of the medium. If we assume that the medium is charge-neutral, then spatial

variations of the square of the electric field efficiently drive the sound wave by

electrostriction.

2.3 Growth of the Backscattered Field

Spontaneous Brillouin scattering results from the scattering of the incident radiation off

the sound waves that are present in thermal equilibrium. For a high power incident laser

pump, the spontaneously scattered light can become very intense. The incident and

scattered optical fields interfere to give density and pressure variations by means of

electrostriction. The incident laser pump can then scatter from this refractive index

variation. The scattered light will experience a small Doppler frequency shift due to the

propagation of the sound wave, but will add constructively with the Stokes field that

created the phonon field over the effective coherence length of the interaction. In this

way, the incident laser pump and the backscattered Stokes return continue interfering to

reinforce the growth of the phonon field in the medium'

A schematic of the phonon-photon interaction is shown in Figure 2.1. To conserve

energy and momentum, the wave-vector and angular frequency of the incident laser
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pump Ën,ot, and the Stokes wave-vector and angular frequency ks,rrrs must satisff

the conditions:

OB = 0p -Os

(2.3)

where .",Ë" are the angular frequency and wave-vector corresponding to the

Brillouin acoustic wave. The sound frequency is typically of the order of 0.1-100 GHz,

which is much less than the optical frequency. This validates the approximation of the

Bragg condition (when lr.rl= lr.rll'

ks = kt- k.

(2.4)

where '0' is the scattering angle, and 'ru' is the refractive index. Therefore, the

frequency shift is given by:

F"l: z"ltrlrr"(|)

,"=#=ry'*(å) (2.s)

where v, is the laser pump frequency, and u" is the acoustic velocity

The maximum frequency shift (v") occurs when 0 = æ (i.e. backscattering (see Figure

2.2)). To conserve momentum in this case, a new phonon is created in addition to the

one participating in the interaction.

A description of the growth of the scattered \¡/ave involves the non-linear coupling

between acoustic and optical fields in the medium. Consider two monochromatic laser

beams overlapping in a transparent dielectric medium, with one beam having a Stokes
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Figure 2.1 Vector diagram of Brillouin scattering.
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Figure 2.2Yector diagram for Stokes scattering in the backward direction.
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frequency shift relative to the other. The total optical field within the Brillouin medium

can be represented as É(z,t) = É.(r, t) + Ër(2, t), where:

Similarly, the acoustic field can be described in the form

Ér(t,,) = å1, .*p[;(r* t+ trr)] + c.c.

.1
É.(r,,) = än, .'p[;(r. t- krz)] + c.c.

Q(r, t) = Qo r a Q(2, t)

8(r, t) = eo r [] o *rt,(r,r 
" 

t+ k"r)] * ....]

(2.6)

where E"l = Zlt rl, and Qo denotes the mean density of the medium.

Each field has a phase which can effect the gain of the Brillouin process. The gain is

maximized when 0, -0. -0s = |. rc incorporate phase pulling, the amplitudes of

the fields inside the medium can be redefined as:

Ap = Ap e-tÞ',As : As e-t0',Q = Q¿-'Ô"

(2.7)

(2.8)

It should be noted here that the phase relationship between the three interacting fields

can, alternatively, be represented by defining the input pump (Ar) as + A. + i$, where

the real part represents the amplitude and the imaginary part represents the phase. This

technique gives rise to three coupled equations which contain '* I' factors p-al.

The density perturbation (ÅQ) will obey the Navier-Stokes wave equation. The

acoustic wave will suffer damping in the form of the medium viscosity and will also be

driven by the electrostrictive force provided by the time varying electric fields of the

light waves. Spatial variations for the acoustic field have been neglected (using SVE
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Approximation) since the acoustic wave does not propagate far on the time scale of the

scattering (ur<<c). The optical field in the medium is described by Maxwell's wave

equations with the non-linear Polarizatiot ( Þ., ), acting as the source term. Therefore,

after some simplification, a set of coupled equations can be obtained:

ô nô A, = -g, sin(Ö" - 0, - 0")erqôzc
( a n ô\
l*.:;i)As = r, si''(o. - 0, + 0")r"e

[*.+Je=8, sin(o, -0, +0")R,,t.+q

(2.e)

and

A nô
ôzc 0, = - g, cos(Ö, - 0, - o")f o

*.:Ðos =Bz cos(o. -0" +0")fi0

(arJ*" =g, cos(o, -0" +0")S*r,

(2.10)

where Í B is the phonon lifetime, related to the spontaneous Brillouin linewidth

1f : t;, and 91, gz are the electric and acoustic field coupling coefficients. Langevin

noise sources fr,f, have been added to the phonon amplitude and phonon phase

equations. They have Gaussian statistics and describe the thermal fluctuations in the

density of the medium leading to spontaneous Brillouin scattering [3,5]. Also, it should

be noted that optical absorption was chosen not to be included in the equations above to

simpliff this analysis.

Figure 2.3 shows the schematic of the geometry used for the transient SBS analysis.

The reduction in beam cross-sectional area, and hence in intensity, can be described

using simple Gaussian Beam optics [S]. The radius of a propagating Gaussian beam is

given by:

3l



w(z) = v¡o (2.tt)

where the radius is taken at the lle2 valae, À is the laser wavelength and wo is the focal

waist radius at position z : L + d - f. Now the amplitudes can be rewritten to

incorporate the intensity variation due to the focusing geometry (i.e. Ar,, - 4lî,

- Power
where Aí,s = Ar* ).

This system of coupled partial differential equations was solved using a non-iterative,

numerical algorithm [9,10]. In these reports, solutions were obtained by integrating the

phonon amplitude and phase in Equations2.g & 2.10. These were then substituted back

into the remaining four equations. It is here that terms in units of 'power' occur. The

final four equations form a set of coupled partial differential equations which describe

transient SBS for the focusing geometry.

The simplest solution to these equations can be found when the signal field is much

weaker than the pump field over the entire interaction region, and a steady state time

has been reached. This approximation is useful in obtaining an estimate of the threshold

energy, gain and reflectivity as well as other properties of the scattering process. In the

steady-state regime, the response time of SBS ( t, ) is much less than the pulse duration

(r r), and therefore, all time derivatives can be set to 
""ro 

(!= ol with the incident\a¿ -)

pump intensity taken to be const ^, (*,*o" = o) . Using the 'phase-locked' case, the

'phase' terms in Equations 2.9 &.2.10 can be eliminated. From these assumptions, a

simplified differential equation can be written in terms of field intensities I*,I. :

dr---l = -2r" g,grlrl,
oz

ooÞlÞ2 -
f ,I" : -g"IrI,

where g" is the steady-state Brillouin gain usually expressed in cm/lvIV/
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Aa, rrr s, 0s

2w(z)

Q, o",0e

2wo



This equation can be solved by integrating I. over an interaction length (l'), defining the

boundary conditions which allow the amplification of the Stokes wave to be achieved,

and by defining the intensity threshold which is a characteristic of SBS. It can easily be

shown that the Stokes return intensity increases proportional to exp(g"Irlt).

The 'threshold' condition can therefore be defined as [11]:

g"Irlr = G =25
(2.r3)

If we consider a typical g" of 0.02 cm/lMV/ and assume an interaction length of 5cm, we

obtain a threshold intensity of 250 MWcm2. This intensity level is easily achievable in

a simple, focusing geometry with a Q-switched solid-state laser pulse of a few mJ's

ouþut energy.
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Chapter 3

SBS with Long and Short Coherence
Length Pumping

3.1 Introduction

3.1.1 Long Coherence Length StudY

One of the most important parameters in defining the performance of the phase

conjugate process is phase fidelity. For stimulated Brillouin scattering, phase fidelity

describes how well the phase of the SBS reflected beam reproduces the phase of the

input beam. Phase fidelity has been the major concem of many experimental studies [1-

7]. Some studies have reported that the phase fidelity decreases when the pump energy

is well in excess of the SBS threshold energy [1-3], whereas others have reported that

the phase fidelity either improves or remains approximately constant at a high value

whilst the pump energy increases well above the sBs threshold 14-71.

The small number of recent experimental examinations of time-resolved reflectivity and

phase fidelity of the SBS process have been directed towards the measurement of
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temporal intensity fluctuations in the SBS return beam [8-13]. It has been proposed that

some of the intensity fluctuations observed may be associated with phase fluctuations

in the Stokes return beam. The first observations of intensity fluctuations reported to be

associated with phase fluctuations in SBS were in 1980 by Basov et al l8), Vasil'ev e/

at l9l, and Bespalov et al [10] but no direct experimental evidence as to their origin was

given. Similar intensity fluctuations have been investigated theoretically and observed

experimentally by Dianov et al ll2l, where a transient SBS theory incorporating

spontaneous noise and phase-pulling effects was used to investigate the occurrence of

Stokes intensity fluctuations associated with phase jumps under particular operating

regimes. Experimental measurements of the actual phase fluctuations as well as the

temporal intensity of the stokes return beam have been made using a heterodyne

detection system [13]. Simultaneous temporal variations in SBS reflectivity and phase

fidelity have also been reported by Munch et al ll5lbut their origin was unresolved.

The objective of this work was to understand and establish operating regimes for the

effective control of phase fidelity in the SBS process. This is required for the

subsequent application of SBS to oscillators (see Chapter 4)'

In this chapter, SBS reflectivity and phase fidelity (simultaneously time-integrated and

time-resolved) will be investigated with long coherence length pumping. Long

coherence length SBS is defined as SBS excited by a pump, in which the coherence

length is much longer than the interaction length. The interaction length is specified by

either the focusing geometry, or the physical length of the SBS cell. Alternatively, long

coherence length SBS can be described in terms of a pump bandwidth which is much

smaller than the sound decay rate (Brillouin linewidth - f). Results demonstrating high

time-integrated SBS reflectivity and phase fidelity are presented, as well as the

identification of temporal intensity fluctuations associated with phase jumps. The latter

was subsequently fully developed by Devrelis [37], while this work concentrated on

SBS applied to oscillators.
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3.1.2 Short Coherence Length Study

For long coherence length SBS it has been reported that the SBS process occurs

independently of the input pump spectrum [16]. As the coherence length of the input

pump is reduced, the properties governing the SBS process become more complicated.

Short coherence length SBS is defined as SBS excited by a pump in which the

bandwidth exceeds the sound decay rate or in which the pulse length is short compared

to the sound decay time (t") t141. Valley [4] reported that there are two factors that

tend to disrupt the temporal reproduction and spatial conjugation of the SBS process.

The first factor is the group velocity mis-match that reduces the gain when the

coherence length of the pump is shorter than the interaction length. Experimental

studies performed by Munch et al ll5l demonstrate that near the steady-state threshold

for phase conjugate SBS, the effective interaction length (1') should be the shortest of

the cell length (L), three times the coherence length (3x1"), or five times the Rayleigh

range (5xlJ. Mullen et al lITl and Davis et al llSl have observed a significant drop in

reflectivity when the coherence length is shorter than the interaction length (i.e. l"< l,)'

The second factor which may disrupt the SBS process is a pump wave that is composed

of many independent temporal modes, each with their own spatial profile [14]. Valley

[14] concluded theoretically that in this case, good temporal and spatial reproduction is

achieved only if the temporal modes are separated by frequencies greater than the

Brillouin linewidth (f). Experimental observations have confirmed that SBS is

independent of modal structure, if the spacing between individual laser modes is larger

than the Brillouin linewidth, and the bandwidth of each line results in a coherence

length that is much larger than the interaction length lL9-211.

In another study it was proposed that the phase fidelity was destroyed because the

medium could not respond to temporal pump intensity variations on time scales less

than the phonon lifetime (t") [3].Betin et al l3l concluded that in this case, noise
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modes can be created which compete with the Phase Conjugate (PC) mode for energy

extraction over the lifetime of the input pulse.

This short coherence length study of SBS forms the major part of the present chapter.

The objective of this work is to understand and extend the operational range of SBS-

OPC devices under conditions where the extremely high electric field associated with

the pump beam, and hence the pump intensity, vary on timescales of the order of the

phonon lifetime.

In this chapter, an experiment to measure SBS reflectivity and phase fidelity was

designed to investigate SBS using a short coherence length pump. Measurements of

optical breakdown caused by these extremely high electric fields were also carried out.

The ouþut pulse from a phase conjugate oscillator using an SBS mirror contains a

multitude of longitudinal modes created in part by the successive frequency shift that

occurs for each SBS interaction during the build-up phase of the laser pulse. These

longitudinal modes interfere inside the cavity, to produce ultra-short pulses each with

very high peak power. In designing resonators which incorporate SBS cells, it is

essential to characterise their phase conjugate performance under short pulse, high peak

powor conditions. The design and operation of an oscillator that contains an SBS cell

has been developed funher in this research, and is the subject of Chapter 4.

3.2 Experiment

Figure 3.1 shows the experimental set-up for the study of the phase conjugate SBS

process under different coherence length conditions. The following sections describe

the components and diagnostic techniques developed, as well as the approach
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Figure 3.1 Schematic of set-up used to study the phase conjugate SBS process.
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used to measure the characteristics of the laser input beam and the SBS backscattered

beam.

3.2.1, Laser System

The flashlamp pumped Nd:YAG laser system was operated in two different coherence

length regimes. Firstly, a short coherence length of approximately lcm (linewidth -

30GHz) was obtained from the Nd:YAG laser when free-running. Secondly, injection

seeding using a CW diode-pumped Nd:YVO4 laser, produced a laser beam with a long

coherence length of 3m (linewidth - 100MHz). The output beam was linearly polarized

and had a maximum energy of 750mJ in a 10ns FWHM pulse (risetime - 4ns). Typical

examples of the temporal profiles of both the long and short coherence length laser

pulses are shown in Figure 3.2.

The laser could be operated at pulse repetition rates between 1 and l5Hz. The measured

divergence of the input laser beam (00) was O.2mrad, and it had a near-field super-

Gaussian spatial profile with a beam diameter (D ) of 8.5mm. This diameter

corresponded to where the intensity dropped to Ilez of its maximum value.

3.2.2 Detector System

Time-integrated energy measurements were made with a Joulemeter/Ratiometer

(Molectron JD2000) using calibrated pyroelectric energy heads (J25). Temporal profile

measurements were obtained using silicon photodiodes (Electro-optics Technology ET

2000) which have a quoted rise-time of <200ps and cut-off frequency of >1.75GH2.

The pulses were recorded using two transient digitizers (Tektronix SCD1000) with a

measured 3dB frequency of 1.86GH21. Two metre lengths of coaxial cable (JR67)

were used with N-type connectors in order to maintain the high signal bandwidth.

I Refer to Section 3.2.4 for a discussion of the 3dB frequency measurement'
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Both the time-integrated and the digitized temporal data were stored on a 486 computer

via a GPIB interface card. Spatial intensity profiles were obtained by imaging the beam

onto a CCD camera (Pulnix TM-620) and stored on computer via a frame grabbing card

(PC Vision +).

3.2.3 SBS Reflectivity and Phase Fidelity Diagnostic

Figure 3.3 shows the schematic for the SBS reflectivity and phase fidelity diagnostic.

SBS reflectivity is defined as the ratio of the near-field (NF) intensity of the Stokes

return beam to the NF intensity of the input beam. These measurements were calibrated

by replacing the SBS lens and cell configuration with a flat, 700o/o reflectivity mirror.

By accounting for the losses of the SBS lens and the front surface of the cell, a

measurement of the true reflectivity from the non-linear medium was obtained.

For time-integrated measurements, all points on the graphs were obtained by averaging

99 pulse acquisitions. From this, the fluctuation or standard deviation from the mean

was determined and displayed on the graphs as error bars.

Phase fidelity is defined as how well the phase of the Stokes return beam matches the

phase of the input beam. This can be measured by focusing both beams and comparing

the normalized far-field (FF) fluence through a pinhole placed at the beams waist. This

is commonly known as the 'Power in the Bucket' technique [4,6]. To calibrate the data,

the size of the pinhole was chosen to pass 85% of the input beams intensity. Therefore,

the fidelity was measured as the ratio of the energy of the Stokes beam transmitted

through the pinhole to the total reflected energy, normalized by the far-field

transmission of the pump beam (S5%). A concave mirror with a long focal length (f :

1.5m) was used in order to avoid optical breakdown and ablation of the pinhole. The

calculated pinhole size to pass 85% of the input beams intensity is 0o 'f :0.3mm.
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This calculation was confirmed by experimental measurement of a 85Yo fluence of the

input beam intensity through the 0.3mm pinhole.

It should be noted that the diffraction limited pinhole size for a beam with a spatial top-

hat profile is 0¿ . f :2.44)"flD: 0.46mm and for a Gaussian is 1.27)uftD : 0.24mm ,

where D (:8.5mm) is the spot size (2r¡") and l" is the wavelength. However, as the

measured intensity distribution was neither a top-hat or a perfect Gaussian, an

experimental measurement of the laser pump transmission through the pinhole was

performed. Alternatively, the Fourier transform of the measured near field intensity can

be calculated to determine the spot size in the far field.

3.2.4 Heterodyne Detection Diagnostic

The schematic for the heterodyne detection diagnostic is shown in Figure 3.4. Abeat

note is formed from the interference of a laser reference beam and the corresponding

frequency shifted Stokes return beam. A high-pass filter was applied to subtract the low

frequency function (i.e. the laser pulse), leaving only the beat note. By measuring the

time between peaks or troughs of this function (i.e. by measuring the zeroes of the beat

note) the beat frequency canbe determined. This beat frequency is the SBS frequency

shift of the Stokes backscattered beam.

By comparing this high frequency sinusoidal signal function to a mathematical sine

function of similar but frxed frequency, any changes in the phase of the signal can be

identified. However, in this thesis work the heterodyne technique was only used to

measure the frequency shift of the Stokes return2.

The heterodyne diagnostic was calibrated using a 5kffz - 3GHz sine-wave generator

(Rohde and Schwaru). A sine-wave with fixed amplitude was added (using load

2 Devrelis [37] used the heterodyne technique to examine the magnitude of phase changes repoded in
Section 3.3.1.4 of this thesis.

46



IL

100% Mirror

+ <-

IL +Is Heterodyne Beat

Figure 3.4 Schematic for Heterodyne detection diagnostic.

47



matching techniques) to a smooth Gaussian laser pulse from a fast Silicon detector and

the resultant waveform was propagated through the cables to the transient digitizer.

A ratio of the ouþut sine-wave amplitude to the input sine-wave amplitude for

frequencies up to 3GHz was measured. The input frequency to the cables and transient

digitize¡' at which a 3dB attenuation was measured, was found to be 1.86GH2. The

detectors and storage devices used were the same as those used in the SBS reflectivity

and phase fidelity diagnostic.

3.2.5 Coherence Length Diagnostic

To study the effect of coherence length on the SBS process, a novel interferometric

method for the measurement of coherence length of a single shot was developed. For

pulsed lasers, the only method available for a measurement of the complete coherence

function was a holographic approach l22l.In that approach, a hologtam of an inclined

plane rwas recorded using the laser to be diagnosed. When the hologram is

reconstructed, the intensity distribution of the resulting image of the inclined plane can

be used to determine the complete coherence properties of the laser on the single laser

pulse. Although this method works well, it is limited to parts of the spectrum where

holographic emulsions work, and it is neither convenient, nor real-time, nor suitable for

modern experiments where lasers operate at high repetition rates with computerized

data acquisition systems.

The temporal coherence function of a source is usually determined from an observation

of the visibility of the interference fringes formed as a function of path length

difference when two parts of the source are made to interfere with each other [23].

'When two beams of intensity \ & 12 interfere together, with a path length difference l,

the visibility (V(l)), and hence the mutual coherence function (yrz(l)) of the two

beams, can be obtained from,
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I,+ I,+ 2y rr(\"[$rcos1o<IN(l) = Ir+ I,

= 1+ V(1)coslor

with,

where all intensities are functions of the transverse coordinates (x,y) and k describes the

interference pattem in one dimension (fringes are parallel to the y-axis in this case).

For a pulsed source in an interferometer, an inclined specular reflector of good optical

quality was needed in order to produce recognizable interferometric fringes. For this

effect, ablazeddiffraction grating in a Littrow mount was used. A brief sunmary of the

operation of this diagnostic tool is given below. A more detailed discussion can be

found in Reference24.

The concept is illustrated in Figure 3.5 showing a Michelson interferometer with the

inclined grating in one arm. There is a line on the gratingmarked D, for which the path

lengths of the interferometer arms are equal. Excellent fringe visibility will result from

light reflected from this part of the grating. Light from other parts (E and F) on the

inclined grating will take shorter or longer times to reach the interference plane on the

CCD camera. The visibility of the interference fringes from these parts will therefore

depend on the coherence length of the laser. The instantaneous, complete coherence

function can thus be observed as the visibility of the fringes along the grating as seen

on the TV monitor for each Pulse.

The grating used was 2l}mmlong with 600 lines per Ítm, andblazed at 1'7 .In order to

obtain the largest measuring path difference, the inclined grating was reversed and used
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with an angle of incidence of 73o. This made use of the fact that for the 90 groove

shape often used on gratings, the diffraction efficiency is high both at the blaze angle

and at its complement. A telescope was used to expand the beam to fill the grating. The

closest and furthest points on the grating along the direction of the laser beam were

separated by 200mm, allowing coherence lengths of up to 400mm to be measured with

the set-up shown.

3.2.6 SBS Material and SBS Cell

Liquid Freon-l13 (C2F3Clr) was chosen for the present SBS experiments at 1pm. It has

been found that higher SBS reflectivity and phase fidelity is obtained by using media

with lower optical absorption 125-271. This absorption can induce thermal self-stress

and refractive index changes at the focus of the laser beam in the medium. Freon-113

has been found to have an absorption coefficient (cr ) less than l0-5cm-t itt th. lp*

wavelength region [26]. As Freon-113 is chemically inactive it is possible to obtain a

high purity liquid with low o . The absorption coefficient for Freon-l13 is comparable

to, if not lower, than that for other commonly used tetra-chlorides, and high pressure

gases. Also, Freon-l13 is by far the simplest of the these materials to use [28]. It is not

toxic (as are the tetra-chlorides) and being a liquid at room temperature is much safer to

handle than gases under extremely high pressures. Freon also has a high 3'd-order

nonlinear coefficient, and in particular a high gain coefficient for stimulated Brillouin

scattering [29]. As a result of low absorption and high SBS gain, other thermal effects

such as optical breakdown and self-focusing, together with stimulated Raman scattering

are reduced.

The negative aspect of using Freon-l13 is the global ban on the use of all Freons due to

their detrimental effects on the earth's atmosphere. It will therefore, have to be replaced

with another material of similar chemical characteristics. The SBS parameters for
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Freon-l13 of greatest interest are the phonon lifetime (t") -0.84ns, the frequency shift

(v" ) -l .74GHz and the steady-state gain coefficient (gr) -0.0062cm/MW 1261.

The purity of the Freon-113 was specified by the manufacturer to be >99.8% [30].

Under closer inspection (observing scatter from a laser - see below) the Freon still

contained particles and other impurities which could be detrimental to the SBS process.

To remove the suspended and dissolved impurities, which can increase the absorption

of the SBS liquid, a purification procedure involving a distillation and filtration process

was adopted. The distillation process was carried out slowly over a period of a day (for

two litres of Freon) using a long fractionating column. The filtration process included

passing the liquid through a 0.2¡tm teflon filter twice. The entire purification procedure

involved repeating the distillation and filtration processes three times before testing for

scatter. After purification, the Freon-113 was kept in glass bottles with teflon seals to

avoid contamination.

A qualitative measurement of the particles in our liquid samples was obtained by

recording the scattered light from the suspended particles in each sample. A 70mW

HeNe laser was focused through the sample and a CCD camera was aligned

perpendicular to the cell to record the scattered light. Figure 3.6 shows the images for a

purified sample and a sample with suspended impurities. The bright spots indicate the

scattered light from dust particles (Mie scattering) measuring fractions of a micron, in

the un-purified sample. The faint glow present in the pure sample is most probably due

to molecular Rayleigh scattering. Many other researches have reported similar

techniques to improve the SBS medium purity and enhance the SBS efficiency

17,26,311.

The SBS cell length and focusing conditions could either be altered independently or

together. Cell lengths between 10cm and 60cm, and lenses with focal lengths between
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(a)

(b)

Figure 3.6 CCD images of a HeNe beam being focused through the SBS cell.

(a) Un-purified Freon-1 13,

(b) Purified Freon-l13.
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5cm and 100cm were used. The input energy rwas controlled by rotating a linear

polarizer. The SBS return was isolated from the laser by using apolanzer-quarter wave

plate isolator.

3.3 Results and Discussion

3.3. 1 Long Coherence Length Pumping

In this section, results from a study of time-integrated and time-resolved SBS

reflectivity, and phase fidelity with a long coherence length pump laser (1" > 3metres)

are presented and discussed.

3.3.1.1 Brillouin Frequency Shift for Freon-l13

A measurement of the SBS frequency shift for Freon-113 was obtained by optical

heterodyne beating of the input laser beam with the frequency shifted SBS return beam

(see Figure 3.4). The typical heterodyne signal, measured with a photodiode, is shown

in Figure 3.7. Although the beat note can be seen clearly, its amplitude is small. It is

known that the measured 3dB frequency of the detection system is approximately the

same as the Brillouin frequency shift3. Therefore, the signal was significantly attenuated

by the detection system. Using the technique described in Section 3.2.4, an SBS

frequency shift (v" ) of 1.8 + 0.lGHz was measured. From this experimental value, the

speed of the acoustic grating (u") was found to be -704ms-1.

The heterodyne technique has been used in previous experiments for the measurement

of the SBS frequency shift 132,331. The value measured in this experiment agrees with

previously reported values of v" : l.74GHz for Freon-1131261.

3 Refer to Section 3.2.4 for discussion of heterodyne detection system 3dB frequency measurement.
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3.3.1.2 Time-integrated SBS Reflectivity and Phase Fidelity

The following experiment was carried out to investigate a discrepancy in SBS phase

fidelity measurements in the saturation regime, which have been reported in several

recent studies [1-7] (described in Section 3.1.1). The experiment also forms part of the

chaructenzation of the SBS phase conjugate performance, which is required in Chapter

4 for the incorporation of an SBS mirror within a laser oscillator.

V/ith the experiment set-up as discussed in Section 3.2, the SBS reflectivity of the

Freon-113 ce|l \ryas measured as a function of pump pulse energy. The interaction

length (1,) was <100mm and the Rayleigh range (lJ was 12mm, both short relative to

the coherence length (1. > 3m). The threshold for the onset of an SBS return was -2mJ.

A reflectivity of up to 94ioa was obtained when operating greater than -10 times above

threshold (see Figure 3.8). The maximum fluctuation in reflectivity when operating

well above threshold was -4%o. The figure also shows the typical characteristics of SBS

reflectivity: the threshold, followed by a sharp rise, which levels off to saturation. The

corresponding time-integrated phase fidelity versus laser pulse energy is shown in

Figure 3.9. For long coherence length pump it can be seen that an excellent fidelity of

90 t7% was achieved.

The results from this experiment are in contrast to some results reported showing large

shot-to-shot fluctuations in phase fidelity when the SBS threshold was greatly exceeded

[1]. Ottusch et al [1] suggested that the cause of the phase fidelity degradation is

connected with a reduced spatial mode discrimination for SBS in the saturation regime'

However, in that work, it is important to note that the laser-amplifier system, used to

generate the input laser pulses, incorporated an SBS mirror. The threshold turn-on

characteristics of such a mirror combined with gain saturation in the amplifier would

generate a pulse with a steep leading edge. Therefore, although the pulse width was

a Refer to Section 3.2.3 fot description of SBS reflectivity diagnostic
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longer than the acoustic lifetime, the leading edge was shorter. It is well understood that

poor phase fidelity can result from input pulse widths that are short relative to the

acoustic lifetime [3]. Dane et al 16] have obtained experimental results that show strong

fluctuations in phase fidelity when using input pulses with steep leading edges, even

when the temporal width was longer than the acoustic lifetime. The results from Dane's

work indicate that noise modes can be driven by a fast leading edge, even when an

input pulse width that is longer than the acoustic lifetime is used. These noise modes

can then compete with the Phase Conjugate mode for energy extraction over the

duration of the pulse. Similar observations have also been made in measurements that

show good phase fidelity up to 50 times above threshold using Freon 113 [4].

The acoustic lifetime (t") for Freon-113 is 0.84ns 1261. The rise{ime of the input

pulses used in these experiments was -4ns (refer to Figure 3.2(a)). Therefore, the

results shown in Figure 3.9 agree with previous results 14-6] and confirm their

observations that pulses with risetimes greater than t" do not cause phase fidelity

fluctuations like those observed by Ottusch et al lll'

3.3.1.3 Effect of Impurities on SBS Reflectivity

Time-integrated SBS reflectivity as a function of input energy was measured for a

sample of un-distilled and un-filtered Freon-113 in order to determine the effect of

impurities on SBS performance.

The level of impurities in the liquid was found to degrade the SBS reflectivity and the

phase fidelity of the Stokes return beam. Figure 3.10 shows the SBS reflectivity curve

obtained under the same conditions as above, but using un-purifred Freon-l13. Whilst

the maximum reflectivity reduced from 94o/o (purified) to -50o/o (un-purified), the

fluctuations in the reflectivity (well above threshold) increased îrom 4o/o (purified) to

20% (un-purified). The threshold energy also increased from -2mJ to -4mJ.
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Optical breakdown (OBD) was observed in the SBS cell for almost every laser pulse.

In this experiment, a considerable reduction in the OBD threshold with increasing

dissolved and suspended impurities was observed. A measurement of the approximate

OBD threshold for our un-purified and purified samples of Freon-l13 was made using

the long coherence length pump laser. For purified Freon-l13, the OBD threshold was

-600mJ in 10ns FWHM with a 10cm focal length lens (Poom"d(OBD) - 67GWhrrt).

For un-purified Freon-113, the OBD threshold was reduced to -4mJ in 10ns F\/HM

with a 10cm focal length lens (P*-p*in.¿(OBD) - O.4GV//cm'). A more complete

description of optical breakdown will be presented in Section 3.3.2.

It has been found in other experiments that contaminants in the SBS medium tend to

lower the optical breakdown threshold, because most contaminants have lower

ionization thresholds than the pure molecules of the SBS medium [34]. Therefore, most

contaminants are much more readily ionizable, and consequently generate many more

free electrons per unit optical flux than would be generated in the pure SBS medium.

3.3.L.4 Time-resolvedMeasurementsoflntensityFluctuations

The objective of this experiment was to investigate the temporal intensity fluctuations

present in the backscattered Stokes beam that were not present in the laser pump. Time-

resolved measurements of the laser pump, md Stokes return, as well as the

corresponding SBS reflectivity and phase fidelity, were carried out to identiff and study

the temporal intensity fluctuations.

Figure 3.11 displays time-resolved measurements of the near field (NF) and far field

(FF) pulses for the laser pump pulse and corresponding backscattered Stokes pulse,

using the set-up shown in Figure 3.3. The parameters used were a long coherence
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length (1" > 3m), short interaction length (l' < l00mm), and short Rayleigh range (1. <

2mm). These results demonstrate good phase fidelity where the temporal profile of the

Stokes beam (both in the NF and FF) reproduces that of the laser pump.Note that the

relative intensities of the NF and FF traces in Figure 3.l l are arbitrary.

Two forms of intensity fluctuations were observed in the Stokes return beam. Figure

3 . 12 shows an example of the first type. These results were obtained with 1" ) 3m, l, )

170mm, and 1* > 5mm. This intensity fluctuation always occurred on the leading edge

of the Stokes return temporal profile, and its magnitude (relative to the rest of the pulse)

was dependent on the focusing conditions as well as the input energy.

Figure 3.13 displays a comparison of Stokes retums for different focusing depths. The

focusing depth is the distance between the SBS lens focal waist, and the front window

of the SBS cell. 'When the focusing depth was less than a few centimetres no apparent

fluctuation was measured. However, as the focusing depth increased, the amplitude of

the intensity fluctuation increased, and the rise-time of the Stokes temporal profile

decreased. It was also observed that the time taken to reach the first peak of the

fluctuation increased slightly from -0.8ns to -1.2ns as the focusing depth increased.

A reduction in the amplitude of the fluctuation with increasing input energies was

measured. The magnitude and position of this intensity fluctuation was very

reproducible from shot-to-shot. No degradation in time-resolved phase fidelity was

observed during these intensity fluctuations. Intensity fluctuations similar to these have

been reported previously [35,36]. The temporal re-shaping of the Stokes return under

these operating conditions is a result of strong saturation of the pump wave by the

leading edge of the counter-propagating Stokes wave, resulting in considerable

amplification t36]. The efficiency or magnitude of this interaction is strongly

influenced by the portion of the input pulse that is transmitted through the cell before
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SBS threshold is reached [36]. That is, the fluctuation begins as soon as the SBS

threshold is reached. The portion of the input pulse that is involved in this interaction

becomes greater with increasing focusing depth (interaction length). Therefore, the

saturation of the input pump by the leading edge of the Stokes pulse starts when SBS

threshold is reached, and only lasts the time it takes the Stokes return to propagate to

the front entrance of the SBS cell. In this experiment, the pulse length was 10ns

(-3metres in length) whereas the propagation time varied between 100ps (3cm in

length) and lns (30cm in length). For higher input energies, SBS threshold is reached

closer to the front window thereby reducing the transient interaction time between the

leading edge of the Stokes pulse and the input pulse. This results in a decrease in the

amplitude of the intensity fluctuation at higher input pump energies. This description is

consistent with the position and duration of the fluctuations measured experimentally in

this study. Once the compressed portion of the pulse has exited the SBS cell, the intense

acoustic wave formed by the pump/Stokes interaction relaxes back within a phonon

lifetime (-0.84ns for Freon-I13). This results in the relaxation oscillation that appears

directly after the peak of the fluctuation. No degradation in time-resolved phase fidelity

was observed during these intensity fluctuations, presumably because the entire Stokes

return was generated within the interaction length and therefore, coherent phase

conjugation would have occurred. The Stokes pulses measured in this work are

examples of inefficient pulse compression due to the shortness of the SBS cells and

focal lengths used. Many studies optimizing pulse compression of high energy input

pulses have been previously reporteds'

Figure 3.14 shows an example of the second type of intensity fluctuation observed in

the Stokes pulse. The results in Figure 3.14 were obtained with a long coherence length

(1" >

(2mm<l*<22mm). This figure shows that although there are no intensity fluctuations in

the input laser pulse, intensity fluctuations \ryere observed in the near field and far field

t Refer to page 8 of this thesis where several references discussing pulse compression are given.
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of the Stokes return. A reduction in phase fidelity was also observed, corresponding in

time with the intensity fluctuation. The percentage of Stokes pulses which contained

these temporal intensity fluctuations was typically one pulse in ten. However, this

percentage was found experimentally to be dependent on the SBS focusing geometry,

as will be discussed later in this section.

Usually only one intensity fluctuation was ever observed on a single pulse, and

occurred randomly along the temporal profile of the pulse. The fluctuation starts with a

decrease in intensity to a minimum value, then an increase reaching a maximum,

followed by another decrease down to the normal intensity without fluctuation. The

magnitude of the fluctuations \Mas observed to be almost independent of the input pulse

energy (except at very high energies where the number and amplitude of these

fluctuations reduced significantly).

The origin of these intensity fluctuations was studied experimentally in another thesis

[37], using the heterodyne detection diagnostic as described in Section3.2.4. From that

research it was found that pulses showing intensity fluctuations also had phase jumps

associated with them. The same work found the magnitude of the phase jump was

directly related to the amplitude of the intensity fluctuation.

Similar phase jumps have previously been predicted [12] and measured [13]. It has

been reported that the amplitude of the observed Stokes fluctuation reduces with

increasing pump intensity, but becomes greater with increasing interaction length

U7,12,371. In particular, Gaeta et al [38] found that the amplitude of the intensity

fluctuations was suppressed for increased energy and short focal length SBS lenses.

A number of research studies have identified the interaction length (distance from the

front window of the SBS cell to the focal waist) as being a critical parameter for

controlling these intensity fluctuations [11,12,37,39f. A time of propagation parameter

68



(ro,oo) has been reported to define the regime under which these intensity fluctuations

may occur. ro,oo is the time taken for the input laser pulse to travel from the front

window of the SBS cell to the focal plane of the SBS lens,

nlr
(3.1)1=-'prop c

where n is the refractive index of the SBS material, and c is the speed of light in air.

Devrelis [37] found that when the propagation time (tr.oo) was experimentally made

smaller than the phonon lifetime (r") of the SBS material, the amplitude of the

fluctuations were close to zero, whereas for ro.oo ) t" the amplitude of the fluctuations

increased. With increasing input energies, the SBS threshold is reached closer to the

front window of the SBS cell, thereby reducing the propagation time below the phonon

lifetime. This is consistent with observations, made in this experiment, of a reduction in

intensity fluctuations at high input energies. Using condition 3.1, for Freon-113

(n:1.36, t":0.84ns), intensity fluctuations associated with phase jumps may be

observed when using a SBS lens of focal length >l85mm.

Several studies have used optical feedback techniques to reduce the SBS threshold and

to eliminate temporal fluctuations due to phase jumps 140-441. Scott e/ al 140-42lhave

theoretically and experimentally described a loop scheme where the laser input

(duration: 200nsec - lpsec) is fed back into the SBS medium so that it overlaps with

itself near the focal plane where it writes an acoustic grating via 4-wave-mixing. After

the initiation of SBS via spontaneous noise, the acoustic grating is rapidly amplified by

the loop scheme feedback. This results in a lower SBS threshold. Dane et al l43f later

used this loop scheme to eliminate temporal fluctuations due to phase jumps. As the

acoustic field is continuously seeded over the entire length of the input pulse, phase

jumps resulting from fluctuations in the spontaneous noise do not effect the reflectivity

and phase fidelity of the SBS process. Recently, the results of Scott et al l40l' and Dane
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et al l43l have been confirmed experimentally by Devrelis [37] using laser pulses with

durations of -lOnsec.

3.3.2 Short Coherence Length Pumping

The aim of this section is to study and charactenze the effect of a short coherence

length pump on Optical Phase Conjugation via SBS.

Results from this work relating to SBS reflectivity and phase fidelity, as well as

observations of the competing effects with a short coherence length pump are presented

and discussed. Shot-to-shot measurements of the pump coherence length used to

charactenze the SBS input conditions are also presented.

3.3.2.1 Shot-to-shotCoherenceLengthMeasurement

The coherence length diagnostic as detailed in Section 3.2.5 was used to measure the

coherence length of the input pump in real time 1241. Typical examples of long

(injection seeded) and short (no axial mode control) coherence length fringe pattems

are shown in Figure 3.15. The uneven intensity distribution is due to transverse

variations in the intensity of the two interfering beams, I,(x,y) and Ir(x,y). fnis

unevenness, together with the high contrast of the images seen in Figure 3.15, tends to

mask the envelope of the interference fünges used for real time observation of the

coherence length. However, on a TV monitor, it was readily observable. Plots of the

normalized interference pattern l+V(/)coskx (where V(/) is the visibility), for the

data shown in Figure 3.15, are shown in Figure 3.16. In this figure, the envelope of the

interference pattern is the mutual coherence function. The coherence length is defined

as the path length difference required to reduce the visibility by a factor of two as

compared to the path matched condition 122,451. From this experiment, the coherence

length of the multi-mode pulse was found to be 17mm (bandwidth - l8GHz), while the
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coherence length of the injection seeded pulse exceeded the maximum length

measurable (> 0.4m). In a separate experiment the long coherence length was

determined to be 3m (linewidth - 100MHz). Therefore, as the pump bandwidth of the

multi-mode pulse is significantly higher than the phonon decay rate (f-l.8GHz),

broadband SBS pumping conditions will occur.

3.3.2.2 Time-integrated SBS Reflectivity and Phase Fidelity

The objective of this section is to charactenze OPC via SBS under short coherence

length conditions. The approach taken was to measure time-integrated SBS reflectivity

and phase fidelity, described in Section 3.2.3, as a function of pump pulse energy and

pulse repetition frequency.

V/ith the experiment set-up as discussed in Section 3.2, the SBS reflectivity of the

purified Freon-l13 was measured as a function of pump pulse energy (see Figure 3.17).

The experimental parameters for this data include an input pump bandwidth -18GHz

(1"-17mm), an interaction length -140mm and a Rayleigh range <3mm. The results

shown in Figure 3.17 were taken for pulse repetition frequencies (PPJ) of 2Hz and

I5Hz.In this case, the SBS threshold energy was -4mJ ( compared with -2mJ for long

coherence length pumping). The maximum reflectivity obtained was 50olo at 2Hz and

only 10% at I5Hz (compared with 94Yo - long coherence length). Note also the large

fluctuations in reflectivity at all energies.

This experiment was performed with other pulse repetition frequencies. The results for

PRF's between single shot and 2Hz operution gave the same magnitude and fluctuation

in SBS reflectivity as the 2Hz PRF results shown in Figure 3.17. At PRF's greater than

-4IH2, the time-integrated SBS reflectivity degraded with increasing PRF. At 15Hz PRF

the first pulse gave an SBS reflectivity similar to that obtained for single shot operation,

whereas the pulses that followed resulted in considerably lower reflectivity.
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Figure 3.18 shows the corresponding phase fidelity as a function of input energy above

threshold, for SBS with short coherence length pumping at2Hz PRF. It can be seen that

the phase fidelity just above threshold is higher, but more variable, than when well

above threshold.

Between single shot and -4Hz PRF operation, erratic visible signs of optical

breakdown (OBD) were observed at, and in front of the focal waist at lower input

energies (i.e. E/Eth <4). At higher energies, visible signs of OBD were observed on

every pulse. The intensity of the spark/s, the number of sparks per input pulse, and their

physical extent along the beam path became greater with increasing input energy. At

15Hz PRF operation, visible signs of OBD were seen on every pulse with input

energies above threshold and in greater magnitude and extent than for the 2Hz PRF

operation. Filaments of plasma extending along the beam path in the focal volume were

also observed. Although the occuffence of these filaments was erratic, their number and

magnitude increased with increasing input pulse energy.

In Figure 3.2(b) it was shown that the input pump pulse used in these experiments

contained high amplitude modulations forming many very short pulses, each with very

high peak power. It is known that the occuffence of competing effects to SBS, such as

stimulated Raman scattering, selÊfocusing and optical heating become greater with

increasing input peak power [46]. Also, some competing effects respond to input

intensity modulations on time scales considerably shorter than that for SBS þ7| On

account of their quicker response times, these competing effects can achieve higher

gain compared with that for SBS when intensity modulations are present in the input

pump l¡9,46l. The major competing effect observed in these experiments was optical

breakdown (OBD) in the form of visible plasma sparks, and extended filaments in the

focal volume. OBD has been observed during many other SBS experiments

[31,49,50,52,54]. Breakdown results in the massive ionization of gas being created in

the focal volume within a few nanoseconds [61] and therefore, the effectiveness of the

76



focal region for PC-SBS becomes significantly degraded. The OBD effect can extend

itself in the form of a shock wave that can move faster than the speed of sound [14, 58].

There are three important frequency scales which need to be considered for broadband

SBS experiments: the SBS decay rate or Brillouin linewidth (f ), the pump bandwidth

( Av, ), and the speed of light divided by the interaction length ( c/ lr ) U4,L7l. Narrow

bandwidth SBS occurs when the pump bandwidth is smaller than the Brillouin

linewidth, as described in previous sections of this chapter. When Âv" ) f , which is

the case in this present experiment, the magnitude of the broadband SBS gain depends

on the magnitudes of the laser coherence length and the SBS interaction length Í14,171.

Mullen et at llTl used a dual spectral-line pump whose line separation was variable

between QGHz to 4.4GHz to investigate broadband SBS. A significant drop in

reflectivity was measured when the interaction length (l') for SBS was longer than the

pump coherence length (1"). This drop was attributed to the fact that when li ) 1., the

effective interaction length, and therefore SBS gain was reduced. In Mullen's study

[17], with a focused geometry, the effective interaction length was the shorter of the

coherence length or the Rayleigh range. Narum et al llgl also found that the SBS

reflectivity was independent of the number of input pump modes when li < 1", and the

laser mode separation was larger than the spontaneous Brillouin linewidth. i|lf:ur:rcl:' et al

[15] found that at the steady-state SBS threshold, the effective interaction length was

the shorter of the following parameters: the cell length, 3 times the coherence length, or

5 times the Rayleigh range. In addition, results by Fillippo et al 146l showed that there

was no difference in broadband pumping compared with narrowband pumping as far as

the gain coefficient is concemed for interaction lengths up to 16 x 1.. In our

experiments, the Rayleigh ranges studied were all less than the pump coherence length

(l7mm), and the SBS cell length was -7 times the coherence length. Therefore,

following the conditions derived from Valley [14], Mullen [17], Munch [15] and

Narum [19], the parameters used in this present experiment should result in achieving a
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broadband SBS gain that is nearly equal to the narrowband gain (ie. SBS reflectivity for

our broadband pumping comparable to our narrowband pumping results). However, this

was not found to be the case.

Another study examined broadband SBS phase fidelity with input pumps at 28 and

45GHz linewidth [aS]. High phase fidelity was measured for the 28GHz input pump

with fl36 and fl90. Good conjugation fidelity occurred, despite the fact that the

coherence length used was smaller than the interaction length. However, for the 45GHz

linewidth pump, poor phase fidelity was measured. A significant difference in the two

input pumps was their temporal modulations. The 28GHz pump had a temporally

smooth profile whereas the 45GHz pump had a highly amplitude modulated temporal

profile compared with the phonon lifetime. Lefebvre et al l48l concluded that the

temporal modulations on the input pulse led to a transient response in developing the

conjugate retum resulting in low SBS reflectivity. It has been reported that poor

wavefront reversal can result from input pulse widths that are short relative to the decay

time (t") inthe SBS medium [3,14]. Underthese conditions, the acoustic grating can

not respond to temporal modulations that occur on time scales shorter than t" [14].

The temporal modulations in the input pulses used in this experiment (see Figure

3.2(b) varied on time scales <lns which is comparable with the SBS phonon lifetime

( ts =0.84ns) for Freon-113. Other studies have demonstrated high SBS reflectivity and

phase fidelity for broadband SBS using input pulses with temporal modulations that

vary slowly compared with the phonon decay time [15,46].

The degradation in reflectivity and phase fidelity shown in Figures 3.17 and 3.18 may

also be due to the very high intensities in the focal volume causing competing effects

such as optical breakdown (OBD) that were observed in the SBS cell. OBD, as well as

other competing effects, have been observed during the SBS process in many other

studies Í49,50,521, and are the topic of the following section'
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3.3.2.3 Competing Effects

In the previous section, poor SBS reflectivity and phase fidelity were obtained even

though focusing conditions (1. >1,) were set-up in order to achieve high SBS gain. A

significant contribution in obtaining this result was the optical breakdown (OBD)

observed in, and in front of the focal region inside the SBS cell.

The aim of this section is to study in greater detail the competing effects observed in

our present experiments, and examine their effect on the SBS gain and Optical Phase

Conjugation.

Optical Breakdown:

Optical breakdown usually initiates when one or more electrons are freed from an atom

or molecule when the laser radiation is sufficiently intense (multi-photon absorption).

The ionization of the medium can lead to the formation of a high temperature opaque

plasma. This absorbing plasma can form in less than lns [52], expand and produce a

visible spark, sound, and bubble formation [51,53]. Avalanche ionization can follow

from multi-photon absorption and takes as little as a few tens of picoseconds to produce

breakdown effects [54].

Figure 3.19 shows several typical optical breakdown events observed during this

present experiment. Using a CCD camera, the spatial extent of the plasma sparks was

measured and found to vary between -100prm and a few millimetres. Multiple OBD

sparks sometimes linked by a thin plasma filament were often observed (see Figure

4.19(b). 'When multiple OBD occurred, it was found that OBD generation initiated at

the focus, and progressively occurred in the backward direction towards the front

window of the SBS cell.
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Figure 3.l9 CCD images of the confocal region inside the SBS cell showing typical

examples of optical breakdown.
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Using a fast silicon-avalanche photodiode6, the temporal extent of the visible sparking

event was measured to exceed the laser pulse duration and sometimes lasted up to

10ms.

As described in Section 3.3.1, other studies have found that opaque sparks formed near

the focal region can prevent the laser radiation from propagating through the interaction

length, resulting in poor reflectivity and phase fidelity Î7,31,481. Teslenko [55] found

that for the multiple OBD case, the sparks were progressively formed in the same

direction as in this present experiment (ie. starting at the focus and moving closer to the

front SBS cell window). In Section 3.3.1, relatively large particulate impurities (size

>2pm) were observed to lower the breakdown threshold. In this case, using purified

Freon-113, it is proposed that the rapidly varying, extremely high electric fields

associated with the multi-mode pumping laser beam result in peak powers that reach

the breakdown threshold [1S]. OBD can cause the creation of new chemical species

through a dissociation process. This can increase optical absorption and lower the

breakdown threshold. During this present experiment, a degradation in the SBS

reflectivity and an increased amount of OBD was observed over several months of

operation (with short coherence length pumping). The purity of the SBS medium was

found to be essential for OPC via SBS. Every attempt was made in our experiments to

continually purify our Freon-l13 SBS samples (see Section3.2.6)'

From Figure 3.17, it can be seen that the SBS reflectivity reduces with increasing pulse

repetition rate. It was observed that for a train of pulses (PRF >8Hz) allowed to enter

the SBS cell, usually only the first pulse had relatively good reflectivity and fidelity. It

has been reported that OBD and sparks can result in a shock wave forming, which

propagates through the medium faster than the speed of sound [14,58]. As a result of

OBD, the vibration and disturbance effects on time scales of 100's of milliseconds, was

believed to be responsible for the decrease in reflectivity at higher pulse repetition

6 Newport 877
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frequencies. This reduction in reflectivity with increasing PRF when using short

coherence length pumping has been reported in previous studies [34].

Bubble Formation:

The presence of sub-micron particles or dissolved impurities with higher absorption

than the pure SBS liquid can initiate the creation of bubbles [60]. Under high peak

power conditions, these impurities can absorb radiation and begin to ionize and conduct

onergy to the surrounding liquid. As the surface temperature exceeds the boiling

temperature of the liquid ?47" for Freon-113), a bubble of hot gas forms around the

plasma I ionizedparticle.

In this experiment, using a CCD camera, a cavitation bubble was always detected

whenever optical breakdown was observed. Figure 3.20 shows an example of the

cavitation bubbles formed. The bubbles can be more easily identified in the CCD image

due to the scattering of the visible light generated by the plasma. These bubbles were

observed to rise to the top of the SBS cell and form a small pocket of gas. Using a

sequence of CCD images, the lifetime of the bubbles was measured to vary between

one and a few hundred milliseconds. The bubble generation followed that of the

plasma. They were created initially near the focus and then progressively towards the

front window of the SBS cell all within a pulse duration time period. These

observations can be explained by the self-focusing of the input beam in the SBS

medium. For the experimental parameters used in this study, the self-focusing threshold

was -3 times the SBS threshold [55-58]. The intensity at the waist of the SBS lens rises

quickly as the input laser beam propagates through the region. As laser beams are

typically more intense at the centre than at the edge, the beam slows at the centre and

consequently converges. Due to this intensity induced index change, the laser beam

collapses towards the front of the cell forming a danage track consisting of breakdown
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sparks extending along a single filamentT. Similar selÊfocusing observations have been

reported in SBS with high pressure gases [57]. In that study, by comparing the

electrostrictive self-focalisation threshold with the SBS threshold, the transient self-

focusing was found to be due to the electrostrictive effect. Other studies have also

observed rapidly expanding cavitation bubbles reaching -400pm after -200ns [59].

7 Other mechanisms that result in intensity dependent changes to the refractive index include the Kerr
effect, and electonic polarizability [58].
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Figure 3.20 CCD image of the confocal region inside the SBS cell showing the typical

formation of cavitation bubbles.
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3.4 Summary

A heterodyne detection scheme was used to measure the frequency shift of Freon-l13.

The measured value of 1.8+0.lGHz indicates a good agreement with previously

reported values.

Time-integrated measurements of SBS reflectivity and phase fidelity were performed

using a long coherence length pump at various input energies. In the saturated regime

(energy well above threshold), an SBS reflectivity o1-94% and phase fidelity of 90%o

were measured, with liquid Freon-l13 as the SBS medium. No significant shot-to-shot

variations in the phase fidelity were observed at high energies.

Impurities were found to lower the breakdown threshold. With an un-purified sample of

liquid Freon-1 13, anoptical breakdown (OBD) threshold of -O.4GV//cmt was recorded.

This can be compared with the increased value of -67GWlcm2 obtained when the

sample had been purified. With further purification it may be possible to increase the

threshold for OBD closer to the limit for the Freon-113 molecules.

Time-resolved measurements of the long coherence length input pump and Stokes

return, as well as the SBS reflectivity and phase fidelity were carried out. Although

good temporal phase fidelity was observed in most cases, intensity fluctuations in the

Stokes return pulse were measured and categonzed into two types. The first type of

intensity fluctuation always occurred on the leading edge of the Stokes return pulse. Its

amplitude was found to become greater with increasing focusing depth, but reduce with

increasing input energy. This intensity fluctuation was not observed when short focal

length lenses and high input energies were used. However, no degradation in phase

fidelity was observed when this fluctuation occurred, indicating coherent SBS. The

temporal re-shaping of the Stokes retum was a result of the strong saturation of the

85



pump beam by the leading edge of the counter-propagating Stokes wave. This resulted

in considerable amplification of the acoustic grating.

The second type of intensity fluctuation recorded, occurred at random times during the

pulse and resulted in temporal degradation of the SBS reflectivity and phase fidelity

throughout the lifetime of the fluctuation. The amplitude of the fluctuation was

dependent on the propagation times and was reduced at high input energies. The

suppression of these fluctuations was found to depend strongly on the ratio of the

propagation time to that of the phonon lifetime in the medium. Optimum suppression

was observed when this ratio was reduced. This work has demonstrated the operating

regimes (i.e. the focusing geometries) where the presence of phase jumps and intensity

fluctuations created by spontaneous noise can be eliminated.

During this work a novel interferometer was designed that enabled shot-to-shot

measurements of the complete coherence function of the input laser pulses. From these

observations of the whole visibility pattern, accurate, real-time measurements of the

coherence length were made.

In short coherence length pumping, the single pulse SBS reflectivity and phase fidelity

were significantly degraded compared with the long coherence length pump case. A

further degradation in reflectivity and phase fidelity was observed at input pump pulse

repetition frequencies (PRF) greater than -4H2. In our experiment, the Rayleigh range

was -6 times shorter than the input coherence length. In this case, the interaction length

is confined by the Rayleigh range of the SBS lens and not by the coherence length of

the input. This condition, by itself, should have resulted in broadband gain close to that

of the narrowband case. However, the extremely high electric fields associated with the

multi-mode input pulse were sufficient to cause OBD and gas bubble formation. Also,

the magnitude of these competing effects may have dominated the SBS process as they

t The propagation time is defined in Section 3.3 .1.4 as the time taken for the input laser pulse to travel
from the front window of the SBS cell to the focal plane of the SBS lens.
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have quicker response times than SBS to fast temporal modulations occurring on the

input pulse.

In order to avoid the interaction length being restricted by the coherence length, it is

advantageous to focus the input laser beam sharply so that the Rayleigh range defines

the interaction length. However, to avoid OBD, it is beneficial to use lenses with long

focal lengths in order to reduce the peak intensities in the focal region. Still, in this

regime, the interaction length becomes restricted by the coherence length resulting in

reduced OPC-SBS gain.

The further reduction in reflectivity with increasing pulse repetition frequency (PRF)

was found to be due to the long-term effects of the OBD. Although the opaque plasma

spark lasts only -10ms, the vibration and disturbance effects caused by the shock rwave

can last -100ms. The observed increase in competing effects with increased PRF is a

serious limitation of broadband SBS for praçtical applications. Preparing ultra-pure

SBS samples, and operating below the OBD power threshold has been found

continually during this thesis work to be essential for reliable SBS performance.

If the spatial and temporal variations in the input pump are on time scales longer than

the phonon lifetime of the medium, the interaction length is shorter than the input

coherence length, and the competing effects are reduced with suitable SBS geometries,

then coherent, phase conjugate SBS will be obtained.
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Chapter 4

SBS Oscillator Design and Perfoffnance

4.1 Introduction

Phase conjugated systems are usually configured as master oscillator power amplifier

(MOPA) systems [1-6] (Figure 4.1). However, such systems can be complex, because a

high quality, low power seed laser must be followed by many (or large) amplification

stages, each one of which must be adequately isolated to avoid amplified spontaneous

emission (ASE). An attractive approach is the design of a simple, high power oscillator

which incorporates the gain of the active host, and the aberration correction properties

of a phase conjugate mirror (PCM).

There has been many experimental and theoretical investigations on phase conjugate

oscillators 17-33,38,40,44]. From this body of work it has been demonstrated that

PCM's can be used to improve the beam quality and reduce the sensitivity to phase and

amplitude perturbations in laser o scillators.
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Figure 4.1 Schematic of MOPA (double-pass) system.
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Stimulated Brillouin scattering (SBS) has become the preferred nonlinear process used

in phase conjugate, solid-state laser oscillators due in part to the simple resonator

geometries employed to generate the phase conjugate wave. Throughout the past 15

years, researchers have devised many resonator configurations which overcome the

threshold power required for SBS. However, most recently, there have been three

resonator designs which have become the subject of more extensive research studies

(see Figure 4.2). All designs include two conventional mirrors which form a'start-up

cavity' to overcome the SBS threshold power requirement, and a third SBS mirror to

perform the phase conjugationl.

Figure a.2@) shows the 'intracavity SBS cell' arrangement 18,12,15,21-26,28-

30,32,441. The start-up cavity surrounding the cell generates powerful relaxation spikes.

The energy in these spikes is used to reach the threshold condition for SBS. Once

threshold has been reached, the SBS reflectivity of the nonlinear medium increases

rapidly with the incident wave intensity. The energy is then coupled into the SBS

cavity. Self Q-switching can occur if the losses in the start-up cavity are significantly

higher than in the SBS cavity. Eichler et al 126l recently reported successful operation

using gaseous (SFu) intracavity SBS cells. However, both Eichler et al and Agnesi et al

l23lhave reported that competing effects such as optical breakdown and filamentation

occurring within the focal region of the SBS lenses have been the main limitation of the

intracavity SBS cell arrangement when liquids are used as the SBS media.

Figure 4.2(b) shows the 'side-arm SBS cell' configuration. Chandra et al [16], Agnesi

et al 123f, and Perrone et al [31] have reported the use of a side-arm geometry

employing a polad.Lzing element to control the coupling fraction to the SBS cell.

Chandra et al folndthis arrangement to be easier to align than an intracavity SBS cell,

and also the intensity coupled to the SBS cell could be controlled by the rotation of a

I Recentþ, one research group has successfully demonstrated a phase conjugate excimer oscillator

without the need for a start-up cavity [40].
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Figure 4.2 Schematic of three SBS oscillator configurations.
(a) Intracavity SBS cell,
(b) Sidearm SBS cell,
(c) External SBS cell.
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polanzing element. However, Agnesi et al did not observe selÊQ-switching using this

arrangement, but found that an additional passive Q-switch was required in order for

the SBS threshold to be reached and a short high peak power laser pulse to be

generated.

Figure a.2@) shows the 'external SBS cell' configuration. Pashinin et al ll8,20l and

Lamb et al 127,38] have studied this design with the aim to overcome the high

intracavity intensities experienced with intracavity SBS cell designs.

Although the SBS threshold in all three designs is reached by a relaxation oscillation,

the first design differs from the other two because of the oscillating intracavity modes,

and the extremely high intracavity electric fields that exist inside the SBS cell. From

these three major configurations, the intracavity SBS cell has been the subject of the

greatest number of recent studies. A great deal of progress has been made ínrealizíng a

PC oscillator using this design. However, many problems that limit the usefulness of

this device have also been identified. These mainly arise from competing effects

occurring in the focal volume of the SBS cell as a result of the high intracavity

oscillating fields. For these reasons, the research presented in this chapter centres on the

intracavity SBS cell configuration.

For intracavity cells, the phonon field responsible for SBS has been reported to initiate

from density waves formed by oscillating modes in the start-up cavity, and not from

random (spontaneous) noise 122,30,341. The most effrcient excitation of the acoustic

sound wave is achieved when the frequency difference between resonator longitudinal

modes (v,,v,--) is equal to the Brillouin shift (v" ) for the medium 1221. ie'

v. -v.'l l-m
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In this case, a beat frequency of the longitudinal modes of the start-up

coincides exactly with the frequency (v") of the sound wave which is,

resonantly excited by electrostriction. This results in a start-up cavity length given by:

mc
L.o*o with m =1,2,3,... (4.2)

2v"

When the acoustic sound wave reflectivity is high enough, the laser radiation is

confined to the SBS cavity with length L,0,. The field reflected by the phonon is down-

shifted in frequency by v". The following condition describes the length of the SBS

resonator such that each lasing mode will shift into another longitudinal mode

supported by the SBS resonator:

nc
(4.3)L.t, with n =1,2,3,..

2v"

Therefore, for maximum effective gain, the start-up and SBS cavities must be a

multiple of the resonance length Ln : c l2v".If the start-up cavity length is detuned

from resonance, the effective gain is reduced. Assuming two longitudinal modes (with a

beat frequency, Ç) = 2nv = nc lL) exciting a sound wave in the SBS medium (with a

Brillouin shift, On = Znv") by electrostriction, the effective SBS gain coefficient

( g.n ) can be described by [34]:

g-o* Qnf
(4.4)Seff : (o'-ol)* ç¿2rz

where,

g-"* is the maximum steady-state SBS gain coefficient.

f is the inverse phonon lifetime (:l/t").

This resonance condition has been observed in other experiments when high pressure

SFu gas is used as the SBS medium, but not when acetone is used as the SBS medium

l0t



126,301.In these reports, it was concluded that the resonance condition is not observed

in acetone and most other liquids due to a combination of their resonance length ( Ln )

being considerably smaller than that of most gases (i.e. most liquids have much higher

vu than most gases), and also due to their considerably larger SBS bandwidths (i.e.

most liquids have much shorter phonon lifetimes than most gases). Therefore, when

using liquids as SBS media, the resonances as specified by Equation 4.4 for different

integer multiples overlap, whereas discrete resonances exist when gases are used.

At threshold, the reflectivity of the SBS mirror is exponentially dependent on the

intensity in the cavity. The SBS cell reflectivity rises rapidly to -50-70o/o within a few

nanoseconds. The geometrical losses in the start-up cavity can be controlled so that its

Q-factor is low. As the Q-switching time is in the order of a few nanoseconds, the SBS

cell itself can provide passive Q-switching to generate gíant pulses with high peak

powers. Using SBS for passive Q-switching was first reported by Pohl [35].

As well as the longitudinal modes, an understanding of the intracavity transverse modes

is important to control the coupling of radiation from the start-up cavity to the SBS

cavity. The start-up cavity must support hansverse modes which will couple directly

into the SBS cavity.

Coupling the energy between the two cavities is critical as it is a major factor in

determining the efficiency of the self-Q-switching process. If the start-up resonator's Q-

value is too high (i.e. the losses are too low) the SBS starts so early that only a

relatively small population inversion has been stored in the active medium. This

depletes quickly and the intensity builds up once more in the form of a relaxation

oscillation, and Q-switches again before a large population inversion caî be

established. This process can occur many times during the flashlamp pulse lifetime.

Several smaller Q-switched pulses result from this operation l22l.If the Q-value is too

low, then the intensity built up in the start-up resonator will be insufficient to reach the

t02



SBS threshold. The magnitude of the loss in the start-up resonator must be such that

SBS tum-on occurs toward the end of the flashlamp pulse, when population inversion is

maximized.

The objective of the work in this chapter is to study an SBS oscillator using an

intracavity SBS cell arrangement with Freon-113 as the SBS medium. This includes

optimizing the passive Q-switching performed by the SBS mirror, reducing the effects

of competing phenomena and improving the beam quality of the resonator close to

diffraction limited using the phase conjugate properties of the intracavity SBS mirror.

In this chapter, a simple model is presented which describes the growth of the Q-

switched pulse with the cavity losses determined by the intensity dependent intracavity

SBS cell reflectivity. A detailed experimental investigation follows, describing the

operation and performance of a Q-switched phase conjugated oscillator using an

intracavity liquid-SBS cell.
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4.2 Modelling of SBS Oscillator Operation

4.2.I Relaxation Oscillations

Figure 4.3 shows the schematic of a 4-Ievel atomic system. 'When strong pumping

begins (Wn,*o), a population inversion (N) is created in the gain medium. Under steady-

state conditions, where the gain per pass equals the cavity losses (+ = 0 ), the'dt

population of level 2 ( N, ) can never exceed the inversion threshold population ( Nr, )

t. However, in the transient regime, N, can be raised above the threshold value as no

laser oscillation has yet been built up, and no radiation exists to deplete the population

inversion via the stimulated emission process. Then the oscillation level is amplified

due to stimulated emission, reducing the population inversion below the threshold

value. If the pumping duration is much longer than the time taken to saturate the gain,

re-pumping of the gain medium can occur, resulting in the laser ouþut consisting of a

series of relaxation oscillations.

By setting the cavity losses to a high level (low Q-factor), the lasing oscillations can be

inhibited and both the energy stored, and the gain of the active material can be

increased. In this case, the population inversion can reach a value far above the

threshold for normal lasing action. If the Q factor is then rapidly increased by reducing

the cavity losses, the cavity flux will quickly rise to a high value since the optical

system is subjected to low loss and high gain. The result is a powerful pulse with a

duration tlpically of a few tens of nanoseconds for Nd:YAG.

2 The inversion threshold population occurs when energy levels 1 and2have equal populations.
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4.2.2 Rate Equations for Q-switching

The theory of Q-switching is well known [41], and will be briefly reproduced in part

here to help with the analysis of intracavity SBS Q-switching. In this analysis,

spontaneous emission and optical pumping processes have been ommitted intentionally

in forming the rate equations due to the very short Q-switch pulse duration.

An ideal 4-level system with t,o fast implies N, - 0. This is assumed to simpli$r the rate

equations. The stimulated emission process between levels 2-1 is characterised by the

cross section (o r, ).

(4.s)

where A, is Einstein's coefficient for spontaneous emission and is equal t" : , and r\
Lzt

is the refractive index of Nd:YAG. gu,nnop"(v) is the line-shape factor, which is

Lorentzian for homogeneously broadened (Nd:YAG) gain media.

Âv

orr(u) = W 
gti,",nop"(v)

g tin"rt op"(v) = ,"1(r- uo)' + (Âv / Ð'l

At line centre (v = v o ) it has a maximum value given by,

2
g-. - =Èr llneshape 

fiÂv o

2

(4.6)

(4.7)

¡.

4n2 n,' L,v t^Ðc-
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Therefore, the rate of change of the population inversion (N) can be written as,

where O is the photon density, c is the speed of light, and I is the inversion reduction

factor. It has been assumed that for a 4-level Nd:YAG system, the 'inversion reduction

factor' after the emission of a single photon is 1. The term on the right hand side of

Equation 4.9 expresses the net stimulated emission between levels 2-1.

The build up of the cavity flux (tÞ) is primarily determined by two factors: firstly, the

amplification of the flux due to stimulated emission and the corresponding saturation of

the gain; secondly, the simultaneous loss of flux due to transmission through the cavity

mirrors and scattering losses. Therefore, the rate of change of the photon density ((Þ)

can be written as,

+ =-YocoN

dQ =@No"l¡-ì - 
*

dt \ L.ruitv/ tc

(4.e)

(4.10)

where, L.ou is the length of the active material, L."uity is the length of the resonator, and

t" is the photon decay time which is dependent on the optical system parameters.

In order to determine how Q varies in time, the time dependent photon lifetime (t") in

the cavity must be determined. Therefore, expressions for the optical gain (g) and

transient losses are needed.

At equilibrium, the total round-trip losses equal the round-trip optical gain experienced

by the flux. If the cavity mirrors have reflectivities of R, and R, and we let the

dissipative losses (absorption) be a per unit length, then the threshold condition can be

written as,
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where g* is the gainat threshold, and the round trip is accounted by the 2Lroo factor.

Note that propagation of the flux throughout the cavity is not explicit in this simple

result.

When deriving gain coefficients for stimulated emission, an interaction between an

atomic system having a finite transition linewidth (Av) and a signal with bandwidth dv

must be considered. In the case of Nd:YAG, thermal lattice vibrations are the dominant

homogeneous broadening factor which can be written in a Lorentzian form (see

Equations 4.6 8L 4.7). The general gain coefficient can then be written in terms of the

material dependent parameters of Nd:YAG,

RrRz exp(g, - o)2l,ou = 1 (4.11)

(4.14)

(4.t2)

where N is the population inversion, rç is the refractive index of Nd:YAG, andt^ is the

spontaneous upper-state lifetime.

The photon cavity lifetime (t") can be described in terms of the fractional power loss

( e ) per round trþ:

tR (4.t3)c-

t

where t*-2L"^,rJc is the round-trip time of a photon in a resonator having an optical

length L"o,ity. Rearranging Equation 4.11 yields,

c

25tLroa - -lnRrRz +2uLrou
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The right hand side of Equation 4.14 is the total fractional power loss per round trþ.

Therefore, combining Equations 4.13 & 4.14 we obtain t" in terms of the cavity loss

parameters,

(4.15)

(4.16)

In this case, the loss mechanism is controlled by the SBS process

4.2.3 Loss Mechanism for an Infracavity SBS Resonator Configuration

Figure 4.4 shows the schematic of a start-up cavity with an intracavity SBS mirror. The

reflectivity Rr, used in previous equations must include the SBS mirror reflectivity

which is intensity dependent. 'We can replace R, with an effective reflectivity (&u)

which is intensity dependent and, for an intracavity SBS cell, is given by,

Reff : Rr"rll- Rr]+ R,

Seidel et al l29l used a transient SBS anaþsis to model R."r. This gfoup were

particularly interested in modelling the timing of the reflectivity of the power reflected

from the SBS cell for pulse-lengthening experiments using an SBS oscillator. Other

groups 123,24,26,30,38] have used the steady-state analysis to model Rr". and the

characteristics of the Q-switched output laser pulse. The analysis in this chapter uses

the SBS equations incorporating the steady-state approximation (see Equation 2.12).

This approximation is justified for phonon lifetimes that are short relative to the round-

trip time of the cavity, and the laser pulsewidth.
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For an interaction length '1,' , there are three boundary conditions which are required to

solve the steady-state SBS equations:

Ir(r)-Ir(z)=constant (4.17)

where Ip & Is are the field intensities of the input pump, and Stokes backscattered

beams, respectively. G (:25) is the typical exponential factor required before the SBS

threshold is reached [37].

Using these conditions an equation in R.", can be derived 123,30,371:

exp(- c) 1
(4.18)

Rr". (r - n,"r)s" /, r, - Rr".

Therefore, we can now obtain a relation for the photon cavity decay time (t") with an

intracavity SBS resonator configuration:

Rr",
I. (¡, )

m

o
I,(o)

_^G

(4.re)

where Reff = Rr"r[1- Rr]+ R,

and R.", is given by Equation 4.18.

A computer model was written which numerically solves the rate equations 4.9 and'

4.10 using a finite difference approach as follows:
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oi*t = O' 1+ Alco N'
L-¿

L.ruity

Lt
-----
tt"

(4.20)

Ni*r=N'[r-arcyoot]

with initial conditions

where,

At
qi,i+1 ,¡i,i+1

4nz nl v't ĝ, Âv
N(t = 0) = N,nnu, = Nthreshord = q2

(Þ(t = 0) takes the spontaneous emission value.

is the time stepsize between the iû and ift+l terms.

are the ift and ift+l terms of the Photon Flux and Population Inversion,

respectively.

is the iü term of the photon cavity decay time.t c

However, since the gain is typically pumped slightly above threshold, a (1+ô)

multiplication factor for N(t : 0) is used (ô - 5%).This factor is included because the

cavity flux does not build up immediately when the gain has reached its threshold

value, due to the spontaneous nature of the initial emission. Taking into account the

mode cross section inside the laser rod (A), the power (P) can be found from the cavity

flux ((Þ) by,

P = hvcA@ (4.2t)

Figure 4.5 shows a typícal set of results from this computer simulation. Figure a.5(a)

displays the time-resolved effective reflectivity of the SBS mirror and M, combination

in time. For this set of initial conditions, the time-resolved effective reflectivity takes
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approximately 10ns (2-3 round trips) to switch from a low \tt (-10%) to a high \tt
(-90%). This risetime coffesponds to the switching time for the cavity Q.

The evolution of the cavity flux ((Þ) and the population inversion (N) as a function of

time are shown in Figures 4.5(b) and (c). The constant mirror M, reflectivity allows the

cavity flux (O) to build slowly until the SBS threshold is reached3. The rapidly

increasing \,rresults in an increased photon cavity lifetime (t"), which in turn increases

the cavity flux (@), with the corresponding depletion in the population inversion (N).

Also, from Figure 4.5(b), it can be seen that the trailing edge of the Q-switched pulse is

slower than the leading edge. The rise-time is controlled by the extreme amplification

in the laser gain medium whereas the fall-time is mainly a function of the photon cavity

lifetime (t").

Several parameters were varied to investigate the sensitivity and magnitude of any

changes to the resultant Q-switched pulse. These included the steady-state SBS gain

(g"), the back mirror reflectivity (&), and the initial population inversion (N(t:0)).

For an íntracavity SBS cell, the effective SBS gain (g".tt) will depend not only on the

properties of the non-linear medium itself, but may be reduced by the presence of

suspended and dissolved impurities, and enhanced by the beat frequency between two

longitudinal modes inside the cavity' [30,34]. However, only the effect on the output

pulse of a reduction or increase in the effective SBS gain is modelled here, and not the

mechanism which led to the change.

3 The entire pumping process has not been modelled here. Therefore, the relatively long time required
for the gain to exceed the losses (in the form of a relaxation oscillation) is not simulated. This simulation
starts with the population inversion already slightþ above threshold.
a This condition arises from the abilþ to reduce the SBS threshold by constructing counter-propagaing
cavity modes whose interference pattern excites the required Brillouin sound wave in the non-linear
medium (refer to page 100 of this thesis).
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Reducing g""n in this model reduced the maximum value achieved by the effective

reflectivity (&"). The change in cavity losses was also reduced, resulting in a pulse

with lower peak power and larger pulsewidth (i.e. an inefficient Q-switched process).

As the change in cavity losses is further reduced, the following qualitative results were

observed from this model. The cavity flux pulse length approached that of a relaxation

oscillation which indicated in effect that the oscillator failed to Q-switch. With

increased values of g""* the time required to saturate the time-dependent effective

reflectivity was reduced, resulting in a shorter Q-switch pulse length with higher peak

power.

When the initial population inversion was lowered, a Q-switch pulse with a longer

pulse width and lower peak power resulted. Experimentally, this condition can occur if

the flux in the start-up cavity reaches the SBS threshold before the population inversion

stored in the active medium reaches its threshold value. Also, as shown in Figure 4.6,

the model predicts that an increase in the back mirror reflectivity (R ), will result in a

Q-switch pulse with a longer pulse length and a lower peak power.

The fundamental cavity conditions for high Q-switch extraction efficiency have been

well documented [41]. When the transition from low a to high a is made

instantaneously, a high gain-to-loss ratio is the major requirement to maximize the Q-

switching extraction efficiency. In this case, the optimum output coupling fraction is

the key parameter in obtaining a high gain-loss ratio. In a slow Q-switch, the

development of a Q-switch pulse depends on the ratio of the pulse build-up time to the

switching time. If the Q-switch pulse is emitted when the cavity losses are minimum

(i.e. the pulse build-up time and switching time are equal), then the Q-switch operation

is optimized.

In this section, however, the particular characteristics of the intracavity SBS process

that are required for passive Q-switching have been presented, namely: maximizíngthe
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effective SBS gain which results in the time-dependent effective reflectivity saturating

at a higher level and at a faster rate. This, in tum, will lead to a shorter switching time

and Q-switch pulse width; and choosing an initial start-up cavity loss within the

following contraints: firstly, as high as possible to maximize the change in cavity Q;

secondly, high enough to avoid the early build-up of the SBS reflectivity which results

in a slower switching time (compared with the pulse build-up time), and a longer pulse

widths; and thirdly, low enough for relaxation oscillations with the SBS threshold

power, to be produced.

5 A switching time which is slow compared with the build-up time can lead to an early, inefficient Q-
switch pulse, and the occrurence of multþle pulsing.
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4.3 Experiment

This section describes the components and diagnostic techniques developed to measure

the performance of the intracavity SBS phase conjugate mirror, and the ouþut

characteristics of the SBS oscillator. References to Section 3.2 are given as many of the

techniques and approaches used in this chapter are similar to those used in Chapter 3.

The initial oscillator design used in these experiments is shown in Figure 4.10. Two

plane mirrors were used to form the start-up cavity. The initial reflectivity of the two

mirrors were, Rl chosen between 20/o and 50%o, andR2: l00o/o. Neutral density filters

were used to lower the effective reflectivity of R2. The Nd:YAG rod had anti-reflection

(AR) coatings, and physical dimensions of 8mm diameter x 80mm length. The rod was

pumped by a single Xenon flashlamp in an elliptical cavity. The SBS cell contained

purified Freon-113 and was positioned as close to the Nd:YAG rod as possible (-8cm).

R1 and the SBS cell formed the SBS cavity. Two anti-reflection coated lenses, with

focal lengths of 100mm were used to form a telescope to focus the intracavity radiation

into the SBS cell. Lenses with other focal lengths between 38mm and 100mm were also

used. An aperture was placed in front of the ouþut coupler to provide near-field control

of the transverse modes in the cavity. The SBS cells were all glass except for teflon

stoppers, and had optical flat glass windows.

The schematic of the diagnostics used is shown in Figure 4.11. Three separate lasers

were used to align the SBS resonator. Reflections from non-refracting elements (i.e.

mirrors and other flat surfaces) were aligned using a l0mV/ HeNe laser, whilst the SBS

cell and lens conbination were aligned using either a pulsed Nd:YAG laser or a

continuous (CW) Nd:YVOo laser. Time-integrated and time-resolved SBS reflectivity

measurements were obtained in the same way as described in Section 3.2. In some

cases, an oscilloscope with 500MHz bandwidth was used instead of the lGHz Transient

Digitizer.
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4.4 Results and Discussion

A suitable start-up resonator must be designed in order to produce successful operation

of the SBS resonator. The lasing action, in the form of relaxation oscillations, creates

the initial conditions for the SBS process. This includes achieving the required

threshold power, as well as building suitable density waves in the SBS medium from

the oscillating modes. An anaþsis of the operation of the start-up resonator is presented

first as a basis for the design of the SBS resonator.

4.4.1 Start-up Resonator

A schematic of the start-up resonator is shown in Figure 4.12. The empty SBS cell and

telescope combination were included in order to simulate the operating conditions

before the SBS threshold was reached. In this experiment, lens L2 was translated in

order to change experimentally the stability of the resonator during the alignment

procedures.

The slope efficiency of this laser is shown in Figures a.l3(a) and (b) for different ouþut

coupling fractions. The line overlay represents a best fit of 0.5% slope efficiency. This

low efficiency is partly attributed to the low performance of the flashlamp and cavity

design. The maximum ouþut energy achieved with the optimum output coupling for

the free-running laser, without the SBS medium, was 270mJ. The stability of the ouþut

energy was <2%o. The divergence of the ouþut beam with a 4mm spot size (2a,) at the

output coupler was measured to be -1.9mrad.

The relaxation oscillations achieved when the resonator was tuned for maximum ouþut

are shown in Figure 4.l4.In this figure the flashlamp intensity is overlayed in order to

show the relative timing of the relaxation oscillations.
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There were approximately 20-30 relaxation oscillations each with a temporal width of

0.5-1ps FWHM, separated by -3ps. The duration of the entire oscillation was -120¡rs,

(compared with the duration of the flashlamp pump pulse -400¡ts FWHM).

The initial SBS threshold is reached by a relaxation oscillation that is generated in the

start-up oscillator. The peak power, energy and number of oscillations can be controlled

by varying the losses in the start-up cavity. Figure 4.15 shows typical temporal profiles

of relaxation oscillations under different start-up cavity loss conditions. If the losses are

chosen suitably, a single relaxation spike with high peak power, and with energy of

-3mJ's can be obtained from the laser. This relaxation spike was reproducible in time to

+10ps and in peak power to +l0o/o.

It is advantageous to alter the start-up cavity losses in that part of the cavity that is

outside the SBS cavity. This can be done by choosing a back mirror with a suitable

reflectivity, or adding a neutral density filter in front of the back mirror. Fine

adjustment can be made by angle tuning the back mirror. The net effect of this is to

inhibit lasing action. This, in turn, increases the initial inversion, and leads to a more

powerful relaxation spike. This factor also increases the storage capacity of the rod and

leads to greater output energies. It is essential for this optimizalion that the single

relaxation spike occurs late in the lifetime of the flashlamp pump pulse.

Seigman [36] states that it is not necessary to supply pumping power to a Q-switched

laser for longer than about one or two population decay times (-200¡rsec for Nd:YAG)

before the Q-switching takes place, since the inverted population no longer continues to

grow after this length of time [36]. This technique is widely used in active Q-switching

methods such as electro-optic Pockell cells. As can be seen in Figure 4.15(b), a single

stable relaxation spike can be generated which starts the passive Q-switch -130¡rsec
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after pumping begins. Whilst maintaining a stable oscillation, the maximum delay

achieved was l50psec. Ideally, this hold-off should be for longer (i.e. 230-260psec) in

order to extract the highest possible gain, however, this could not be achieved in our

experiment by controlling the losses of the back section of the resonator. The end result

is a Q-switched pulse with lower energy than expected. One solution is to use a separate

Pockels cell, instead of the non-linear SBS, to perform the Q-switching later in time.

However, an important part of the research in this chapter was the study of SBS Q-

switching, therefore an additional Q-switch was not used in this work.

Figure a.15(c) shows atypical oscillation that reaches the SBS threshold. Its FWHM is

400ns and has an intracavity energy -10mJ. The peak power is therefore up to

approximately 25krü/. The strength of the temporal modulations seen in this figure

varied from pulse to pulse. V/ith closer inspection, the period of this oscillation was

about 5.4ns, which corresponds approximately to the resonator cavity round trþ time

(Lsørt-up- 8lcm).
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4.4.2 SBS Resonator

Purified Freon-1136 was added to the SBS cell within the start-up cavity described in

the previous section. The addition of the Freon-113 introduced absorption, ffid

refractive index changes into the resonator. As the refractive index of Freon-l13 (nu"o, :

I .37) is closer to that of glass (flrru,, : 1.5) than air (nno : 1.0), the reflected loss from the

inside surfaces of the SBS cell is reduced. The linear absorption of the YAG rod, SBS

cell and lens combination was measured with and without Freon-l13. V/ithout Freon-

113, the single pass loss through the Nd:YAG rod, empty SBS cell and two AR coated

lenses was -18%1:0.5%. This corresponds to -1.2o/o reflection from each AR coated

surface, and, -4o/o reflection from each non-AR coated surface. V/ith Freon-113, the

single pass loss reduced to -15.5o/ofl05%. The losses due to the reflections from

surfaces were considerably higher than the losses due to linear absorption of Freon-l13.

Also the increase in refractive index required a coresponding change to the length of

the telescope. This was achieved by translating lens L2.

In order to obtain the highest effective gain in the interaction region, and to optimize

the ouþut power from an oscillator with an intracavity SBS cell, the lengths of the two

resonators were matched to the Brillouin shift. As described in Section 4.1, the

resonance length (L") is:

LR
c

(4.22)
2v"

where v" is the Brillouin frequency shift

For the start-up cavíty, matching to the Brillouin shift maximizes the contribution of the

two-wave mixing on the amplitude of the acoustic wave [34]. 
'When 

using only a

focusing geometry, SBS initiates from thermal noise. In this case, due to the

u Refer to Section 3.2 for purifrcation process.
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surrounding resonator configuration, resonant cavity modes will be co-propagating and

contra-propagating in the SBS medium. As described in Section 4.1, if these modes are

spaced by the frequency shift of the acoustic wave, two-wave mixing may provide an

additional gain mechanism for the acoustic wave. The strength of this two wave mixing

effect on the acoustic field is dependent on the cavity detuning from resonance.

Length matching of the SBS cavity is necessary due to the frequency shift that occurs

once SBS threshold has been reached. If the cavity is slightly detuned from resonance,

then the frequency shifted radiation will progressively walk-off the longitudinal cavity

mode structure. Although this condition was set-up in our experiments, it has

previously been reported that, for SBS media (typically liquids) with Brillouin shifts

(v") >lGHz and phonon lifetimes (t") -1ns, there are practically always resonator

modes whose frequency difference coincides with v" to an accuracy of the scattering

bandwidth (f) [26,30,37]. However, no detailed experiments were performed to

confirm this theory.

The temporal profile, beam quality, ouþut energy, intracavity SBS reflectivity and

coherence length of the SBS oscillator are discussed separately in the following five

sections.

4.4.2.1 Temporal Profile

'When the cavity losses were properly adjusted, one giant Q-switched pulse with a

duration of approximately 20-30ns resulted (see Figure 4.16(a). Figure 4.16(b) shows

in more detail the relaxation oscillation initiating the SBS process, resulting in the

cavity losses being reduced within a few nanoseconds. An indication of the threshold

power for SBS Q-switching was obtained by measuring the peak power of the

relaxation spikes emitted from the start-up cavity that were just below the SBS

threshold. A threshold value of a few kilowatts was obtained. This can be compared
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with the calculated threshold for the simple, Generator-SBS focusing geometry without

feedback,

G I ¡,r\2
P. =-nl I ¡v10-30kWtrr li Be \2D)

for G:25, g"(freon):6.2x10-3cm./MW, l,:l¡rm, f=10cm, D:4mm and l': l-2cm.

Large fluctuations in the temporal profile were observed. Pulses with FWHM's ranging

between 10ns and 80ns were observed. This can be compared with the original

relaxation oscillation FWHM of -400ns.

It was found that when the cavity losses in the start-up resonator were reduced, laser

ouþut consisting of many discrete pulses, each having a duration between 50-100ns

was observed. The total ouþut energy in the many smaller Q-switched pulses was

approximately the same as the energy when only a single Q-switched pulse was

generated. This type of ouþut has been reported in other studies U6,21,22,381.

The model developed in Section 4.2 was used to investigate the effect of a reduction in

cavity losses in the start-up cavity on intracavity SBS Q-switching performance. From

these computer simulations and our experimental observations it can be concluded that

a reduction in the cavity losses in the start-up cavity results in relaxation spikes that

occur earlier during the flashlamp pump pulse and with sufficient energy to initiate the

SBS process. The relatively poor Q-switching performance is due to a smaller

population inversion stored in the active medium. This process can continue many

times during the flashlamp pumping lifetime.

Energy values of up to 80mJ were measured. This is compared with the maximum

conventional resonator ouþut, measured tobe270mJ. This value was limited in part by

the flashlamp input energy and the design of the elliptical flashlamp reflector. Since Q-
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switching occurs only 150psec (instead of -240¡rsec) after the flashlamp pulse begins,

at least one third of the input pump energy is wasted. This early Q-switching

contributes to the difference between the measured ouþut energy of the start-up and

SBS resonators. The efficiency of SBS to perform the Q-switching process may also be

a contributing factor and is discussed later in the chapter.

The temporal modulation of the pulse had a period of -3.4ns. This corresponds closely

to the round-trip time of the SBS cavity (SBS cavity length -52cm). The depth of

modulation varied from pulse to pulse.

The observed fluctuations in pulse length always occurred with optical breakdown

(OBD) events. OBD has been previously observed in SBS oscillators using liquid cells

121,26,291.In fact, it has been found to be the main limitation using an intracavity cell.

Figure a.16(c) shows a temporal profile of the ouþut laser pulse when an OBD event

occurred. It is proposed that the opaque plasma, which forms within nanoseconds, as a

result of OBD, prevents the laser radiation from propagating into the SBS interaction

length. SBS reflectivity and phase fidelity reduce, and lasing ceases prematurely. Figure

a.16(c) shows that for the first -8ns the cavity flux appears to be increasing as normal,

with the characteristic cavity round-trþ modulation, until the intensity flattens out, all

cavity modulations stop and the flux decreases rapidly to zero. As in Section 3.3.2,

OBD was usually observed in this intracavity SBS cell in the form of sparks or a train

of sparks at or in front of the focal region. These sparks varied randomly in intensity

and number from pulse to pulse. In some cases several sparks along the laser

propagation axis were linked by plasma filaments. Bubbles were formed as well as the

plasma.

Other observed changes to the output beam characteristics when OBD occurred

included a reduction in ouþut energy and a degradation of the near-field transversal

mode pattern.
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4.4.2.2 Ouþut Laser Beam Quality

Figure aJ7@) shows the near-field transversal mode pattern from the SBS oscillator

When an aberrator (thin microscope slide etched with acid) was placed inside the SBS

cavity between the Nd:YAG rod and the SBS lens (Ll), the total output energy was

reduced, but the spatial profile and divergence remained unchanged, whereas, when the

same aberrator was placed in the resonator with conventional mirrors only, lasing

ceased altogether. From this, we can conclude that the aberrations created by the etched

microscope slide were partially corrected by the SBS process.

The far-field divergence of the SBS Q-switched ouþut, when no plasma or bubbles

formed, \¡/as measured to be 0.41mrad compared with the start-up cavity ouþut which

had a divergence of l.9mrad. In order to evaluate quantitatively the measured

divergence of the laser ouþut, the diffraction limited divergence expected from theory,

must be determined. In the following calculation, a beam at the exit of the ouþut

coupler with a TEM00, Gaussian near-field profile, and with a spot size of 4mm was

used. In this case the diffraction limited full angle divergence is given by:

e. = 127(Ð (4.23)

where, I is the wavelength, and D is the spot size of the waist. This results in a

calculated value for the fuIl-angle diffraction limited divergence of 0u : 0.34mrad.

Therefore, the beam quality of the phase-conjugated Q-switched laser beam was found

to be l.5x diffraction limited (compared with -6x diffraction limited for the start-up

resonator).
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(a)

(b)

Figure 4.17 Near-field transversal mode pattern of the laser beam from the SBS

oscillator.
(a) without visible signs of OBD in the SBS cell,

(b) with visible signs of OBD in the SBS cell.
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The near-field transversal mode pattern of the output laser beam became severely

degraded in the presence of OBD (see Figure 4.17(b). Several hot spots were formed in

the beam, and together with the high peak power, led to some optical damage of the

SBS cell windows. Although the divergence of the laser ouþut with OBD was

observed to increase greatly, a quantitative value was difficult to measure due to the

separate hot spots in the spatial profile.

4.4.2.3 Ouþut Energy Fluctuations

Large shot-to-shot ouþut energy fluctuations were observed. Figure 4.18(a) shows a

histogram of the number of laser pulses at each ouþut energy when the laser was

operated at lIJz pulse repetition frequency (PRF). At the higher energy raÍLge, there is a

peak at 33mJ, where no visible sparks or bubbles associated with OBD were seen. A

broad, lower energy peak can be seen at -18mJ. Pulses from this peak were associated

with sparks and filamentation in the SBS cell due to OBD. The number and magnitude

of the sparks varied greatly from shot to shot giving rise to its broad shape (i.e. laser

pulses associated with larger than average OBD had lower ouþut energy).

'When operated at higher PRF's, the output energy fluctuations increased (see Figure

4.1S(b)). In this case, visible signs of OBD occurred on almost every pulse. Optical

breakdown causes shock waves to form which propagate through the SBS cell. The

vibration and disturbance effects exist in the SBS cell for hundred's of milliseconds and

are believed to be responsible for the increased degradation of reflectivity at higher

PRF's. At lHz operation, where each pulse was unaffected by the preceeding pulses,

shot-to-shot fluctuations were a direct result of plasma formation on nanosecond

timescales. At l5IJz operation, the disturbance effects due to shock waves affect the

pulses that follow and contribute to the other major competing effect, plasma

formation. This was also reported in Section3.3.2, where at high PRF's the longer-term

effects of OBD affected the SBS performance. As will be described later in this chapter,
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the fluctuations in ouþut energy were found to be associated with similar fluctuations

in the reflectivity of the intracavity SBS cell.

Even longer term effects over time scales of days were observed. It is suspected that

continued ionization of the Freon-113 may cause new molecules to be formed, which in

turn may increase the absorption and occurrence of competing effects and decrease the

SBS gain coefficient. This has detrimental effects to the Q-switching performance, as

described in Section 4.2.3.

4.4.2.4 Averaged and Time-resolved Intracavity SBS Reflectivity

The objective of this experiment was to measure the reflectivity of the intracavity SBS

cell under various start-up cavity configurations. As shown in Figure 4.ll,the approach

was to insert an uncoated wedge inside the cavity between the gain medium and the

SBS cell, and obtain time-integrated and time-resolved reflectivity measurements from

the reflections off the wedge.

V/ithout the visible signs of OBD in the SBS cell, an effective energy reflectivity (&J,

averaged over the pulse, of 65+20/o was observed. Using Equation 4.16, the SBS

reflectivity (\..) yields 6l+2Yo (with &-10%). Under the same conditions, but when

visible sparks associated with OBD were observed in the cell, the effective energy

reflectivity was measured to be 48+10% and the SBS reflectivity, 42+10%. This data

displays a similar trend to the histogram of 'Number of Laser Shots versus Energy'

shown in Figure a.1S(a). This trend is a relatively narrow peak measured for the higher

SBS reflectivity/ouþut energy, and a broad peak for the lower SBS reflectivity/ouþut

energy.
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Figure 4.18 Histogram plot of the Number of laser shots vs Energy at two different
pulse repetition frequencies.
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Figure 4.19 shows the time-resolved SBS reflectivity for a typical pulse where no OBD

was seen in the SBS cell. There is an initial rise from 0o/o up to 65Yo within 10-15ns.

This lasts for approximately 15-20ns, at which time the reflectivity begins to reduce

and oscillate with a period approximately equal to the cavity round-trip time. The

modulation seen in Figure 4.19 corresponds temporally with the latter section of the

falling edge of the laser pulse, and was very reproducible from shot-to-shot.

4.4.2.5 Coherence Length

The coherence length diagnostic as described in Section 3.2 was used to measure the

coherence length of the ouþut laser beam. Figure 4.20 shows the measured fringe

visibility for a laser pulse where no sparks due to OBD were observed in the SBS cell.

From this, the coherence length was measured to be -2.5cm (l2GHz} From results

described in Section 3.3.2, it seems likely that the OBD events soen in the SBS

resonator occur for the same reasons as they do in simple focusing SBS with a

broadband pump. That is, the high electric fields associated with the short coherence

length Q-switched pulse cause plasma formation which restricts propagation of laser

radiation into the interaction length.
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4.4.2.6 Conclusion

The initial resonator design described previously resulted in SBS passively Q-switched

pulses with high peak power. However, large fluctuations were observed in the

temporal profile, ouþut energy and near-field transversal mode pattem of the laser

beam. These fluctuations increased with increasing pulse repetition frequency (PRF).

It was found in Section 3.3.1, that for long coherence length laser pumping, SBS

performance was enhanced by eliminating OBD competing effects through a

purification process. In Section 3.3.2, with short coherence length laser pumping, OBD

effects due to high pump peak powers were observed, even in purified Freon-113.

Therefore, although the purification process increased the OBD threshold power, it

seems likely that the extremely high electric fields present in the intracavity SBS cell

were sufficient to cause OBD effects in the purified Freon-l13. The effect of the OBD

plasma, as described previously, is to restrict the laser radiation from propagating to the

SBS interaction region, resulting in poor SBS reflectivity and phase fidelity.

4.4.2.7 Proposed Solution

There are a number of ways to ensure that the intensity at the focus of the SBS lenses is

kept below the OBD threshold intensity.

It was found in Section 3.2 that the onset of optical breakdown (which competes with

SBS) in the focal region depends on the pump beam intensity. This has also been

reported by other authors 142,431. Therefore, longer focal length lenses could be used to

form the telescope in order to increase the waist size and lower the focal intensity.

However, this technique is limited by the requirement that the Rayleigh length of the

SBS lens must be shorter than the coherence length of the laser (see Section 3.3.2).
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Alternatively, controlling the bandwidth of the laser radiation may reduce the high

intensities in the focal region. Soan et al l44l successfully used a Littrow grating and an

etalon to narrow the bandwidth of the circulating radiation in order to achieve coherent

SBS excitation in a flashlamp pumped, dye laser.

In the following work, the longitudinal mode structure of the start-up cavity is

controlled to lower the bandwidth of the circulating laser radiation.

4.4.2.8 Longitudinal Mode Control

The longitudinal mode structure of a I metre long start-up cavity with a Finesse -15

can be calculated using a simple Fabry-Perot analysis and is shown in Figure 4.21. To

control the mode content of the start-up cavity, an intracavity etalon was introduced

into the existing setup as shown in Figure 4.22. The etalon used was -ll8inch thick,

and had uncoated surfaces, each with a reflectivity of -4Yo. The transmission curve for

this etalon (Finesse -0.17) is shown in Figure a.zL(a). The aim was not to force the

cavity to run single longitudinal mode, but to contribute transmission losses to a

number of modes and thereby suppress them. An etalon of l/8inch in length does not

give the suitable modulation in frequency required for this purpose. Therefore, the

etalon was aligned with the back mirror, separated by -10cm. The resonance

characteristics of a lOcm cavity (Finesse -0.17) are shown in Figure 4.21(b).

lWith longitudinal mode control (LMC), no sparks associated with optical breakdown

were observed at pumping energies up to 75J and pulse repetition frequencies up to

l5Hz. Figure 4.23 displays the temporal profile and ouþut energy of the laser beam

when longitudinal mode control was employed within the SBS laser cavity. No

significant fluctuations in the temporal profile were observed. The amplitude of the

modulations in the temporal profile were, on average, larger than when no LMC was

used. This indicates the existence of fewer axial modes which gave rise to a beat note
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with a greater amplitude modulation. Also, no significant fluctuations were seen in the

pulse enorgy of the laser output (see Figure a23þD. The maximum ouþut energy

increased by a factor o1-1.7 compared with when no LMC was used, and was stable to

less than 3%.

The alignment of the etalon was found to be critical. Any small misalignment between

the etalon and the back mirror resulted in the recurrence of optical breakdown effects as

well as large fluctuations in the temporal profile and energy of the ouþut laser pulses.

When properly aligned, the laser operation and output energy of this SBS oscillator

were limited only by the maximum pumping energy and PRF of the high-voltage power

supply (E*(max)-75J, PRF(max)-l 5Hz).

Figure 4.24 shows a comparison of the ouþut energy from the SBS oscillator with the

corresponding ouþut energy from the start-up oscillator (N.8. the start-up oscillator

configuration was identical to the SBS oscillator but without the Freon-l13 in the SBS

cell).

4.4.2.9 Coherence Length (with LMC)

It is difficult to predict the effect on the intracavity bandwidth when an intracavity

etalon with low finesse is used to control the longitudinal modes. One way to do this is

to measure the coherence length of the output pulse from shot-to-shot. Using the

technique described in Section 3.2, the change in fringe visibility with path length

difference was measured for atrypicalpulse from the SBS oscillator (with longitudinal

mode control). Figure 4.25 displays the fringe visibility for ouþut pulses from the SBS

oscillator with and without longitudinal mode control. Using Michelson's definition for

'coherence length' it can be seen that the intracavity etalon increased the coherence

length of the laser beam from -2.5cm (without mode control) up to -24cm (with mode
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control). An increase in the coherence length indicates a conesponding decrease in laser

bandwidth from -l2GHz (without mode control) to -1.25GH2 (with mode control).

4.4.2.10 Averaged and Time-resolved Intracavity SBS Reflectivity (with

LMC)

In order to determine the reason for the improved oscillator performance, the SBS

reflectivity of the SBS cell was measured both time-integrated and time-resolved. An

effective reflectivity (\rr) averaged over the pulse of 7l+2Yo was observed. Using

Equation 4.15 yields a conesponding SBS reflectivity (Rr"r) of -68+2Yo. The time-

resolved results are shown in Figure 4.26. The maximum temporal reflectivity recorded

from this graph is -80% (compared with -68% when no LMC was used). From these

results it can be seen that not only has the reflectivity of the intracavity SBS cell

increased, it has also stabilized. The increased magnitude and stability of the SBS

reflectivity is crucial for improved Q-switching perfoÍnance (as described in Section

4.2), and has resulted in laser ouþut characteristics that show no significant

fluctuations.
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4.5 Summary

Experimental work and modelling of a laser oscillator incorporating an intracavity SBS

mirror has been described.

A steady state analysis of the rate equations for Q-switching was used to model the

passive Q-switching obtained using an SBS mirror with a non-linear intensity

dependent reflectivity. The Q-switching behaviour was found to be highly sensitive to

the Brillouin gain. Other parameters effecting the Q-switching time and magnitude (i.e.

mirror reflectivity/start-up cavity losses) were modelled and compared with results

found in other laser oscillators.

The initial experimental design resulted in significant shot-to-shot fluctuations in the

temporal profile, output energy and near-field transversal mode pattern. These

fluctuations \ryero observed with the occuffence of optical breakdown (OBD) in the SBS

cell. The coherence length of the ouþut laser beam was measured, using a novel

interferometer (described in Section3.2.5 of this thesis), and found to be 25mm. It is

believed that the extremely high electric fields present in the intracavity SBS cell,

associated with laser radiation of high bandwidth, are sufficient to cause OBD effects in

the purified Freon-l13. The effect of the opaque plasma that is created is to restrict the

laser radiation from propagating through the SBS interaction region.

The longitudinal mode structure of the start-up cavity was controlled using an

intracavity etalon, in order to lower the bandwidth of the circulating laser radiation. By

appropriate tuning of the etalon, stable laser ouþut of coherence length -25cm was

achieved. The intracavity SBS reflectivity was found to increase and remain stable with

the addition of the longitudinal mode control (LMC). No fluctuations in output

characteristics and no optical breakdown effects were observed up to the maximum

input operating conditions.
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The efficiency of the Q-switching process was found to be poor, with one third the

ouþut energy of the corresponding free-running start-up cavity. This can be partly

attributed to the early timing of the Q-switch. However, in these experiments, the

timing of the Q-switch could not be delayed further by increasing the losses in the start-

up cavity. As a result, a significant proportion of the pumping duration occurred after

the Q-switch had taken place.
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Chapter 5

Conclusion

The main conclusions that can be drawn from the work in this thesis are highlighted and

the possible areas for future research are considered.

In Chapter Three, a simple focussing SBS geometry was used to study the SBS

performance under different operating regimes. Some previous studies have reported a

degradation in phase fidelity at high energies whereas others have reported good phase

fidelity. Using a long coherence length input pump, time-integrated results demonstrated

>90yo SBS reflectivity and -90Yo phase fidelity for purified samples of Freon-l13 at all

input energies used.

Time-integrated measurements revealed a number of temporal fluctuations that did not

occur in the input pump temporal profile. The first type of fluctuation always occurred on

the leading edge of the Stokes return pulse. Its amplitude was found to become greater

with increasing focusing depth, but to reduce at higher energies. No degradation in phase

fidelity was observed when this fluctuation occurred. This temporal re-shaping of the

Stokes return is attributed to the strong saturation of the pump beam by the leading edge

of the counter-propagating Stokes wave, resulting in considerable amplification of the
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acoustic grating. V/ith appropriate choice of pulse length and SBS cell length, this

technique has been widely used for pulse compression applications.

The second type of intensity fluctuation observed occurred at random times during the

pulse and was associated with a phase fluctuation. This fluctuation was attributed to the

spontaneous noise which initiates the SBS process in a simple focusing geometry. These

phase jumps were coffelated with a degradation in phase fidelity. Both types of intensity

fluctuations were found to reduce at high input energies and with small interaction

lengths. Under these conditions, high temporal phase fidelity was always observed.

The second part of Chapter Three described results obtained with short coherence length

SBS pumping. Both the SBS reflectivity and phase fidelity of the Stokes return was found

to degrade when the coherence length restricted the interaction length. Optical breakdown

effects (i.e. plasma, bubbles) were also observed in the interaction region and were linked

to a degradation in SBS perfoÍnance. These effects were initiated by the high electric

fields associated with the broadband input pump. In order to avoid the interaction length

being restricted by the coherence length, it is advantageous to sharply focus the input

laser beam to minimize the Rayleigh range. However, to avoid OBD, it is preferable to

use a long focal length lens in order to reduce the peak intensities in the focal region.

From this work on short coherence length SBS pumping, a novel interferometric method

for real-time measurement of the complete coherence function of a laser pulse was

developed. This diagnostic tool was used to measure shot-to-shot variations in the

coherence length of the input laser pump.

This study on SBS reflectivity and phase fidelity revealed fluctuations from the ideal,

phase conjugate SBS process. This identifies operating regimes which should be avoided

if optical phase conjugation is required. These regimes can be summarized as follows:

firstly, that the SBS medium is clear of any suspended particles or dissolved impurities
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which may reduce the optical breakdown threshold of the sample; secondly, the rise-time

of the leading edge or any other part of the input pulse should not be shorter than the

phonon lifetime; thirdly, the focusing depth should be minimized and the input energy

maximized to avoid intensity fluctuations occurring on the leading edge of the Stokes

pulse; fourthly, the ratio of the propagation time to the phonon lifetime should be

minimized in order to reduce intensity fluctuations associated with phase jumps in the

Stokes pulse; fifthly, the bandwidth of the input pump should not significantly exceed the

SBS bandwidth of the medium. This condition is also closely related to ensuring that the

input pump coherence length does not become shorter than the interaction length.

Chapter Four described a detailed experimental study of the application of an intracavity

SBS mirror in a laser oscillator for phase conjugation and Q-switching. Steady-state

modelling of the Q-switching performance was presented to highlight the important

resonator parameters affecting the Q-switching time for an SBS, non-linear intensity

dependent mirror.

The initial experimental design resulted in large shot-to-shot fluctuations in the temporal

profile, ouþut energy and near-field transversal profile. These fluctuations are attributed

to high intracavity electric fields present inside the SBS cell. The opaque sparks produced

in the interaction length have been reported, in other research studies, to be responsible

for the degradation in laser performance. In this work, the bandwidth of the circulating

radiation was controlled in order to reduce the peak intracavity intensities below the

optical breakdown threshold. There are a number of experimental techniques to lower the

peak intensities at the focus of the SBS lens, including longer focal length lenses and

appropriate intracavity etalons. In this study, the tuning of an appropriate intracavity

etalon was found to be successful. An indication of a reduction in bandwidth was

observed from measurements, showing an increase in coherence length with longitudinal

mode control. This was seen to have a positive effect on the intracavity SBS reflectivity

which was observed to increase and stabilize from shot-to-shot. This, in turn, resulted in
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higher ouþut power with stable shot-to-shot performance, and the total elimination of

optical breakdown up to the maximum operating conditions of the laser power supply

used. It should be noted that this technique reduces the peak intensities at the focal region

of the SBS lens. In order to scale these systems to higher energies, techniques such as

longitudinal mode control as well as improved purification processes will be required to

push back the threshold for competing phenomena such as optical breakdown.
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