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Preface

Brillouin scattering was discovered in 1922 by Louis Brillouin [1]. It is one of
a number of characteristic scattering phenomena that occur when light inter-
acts with solid, liquid or gaseous media and corresponds to the scattering of
light from thermally-induced acoustical waves (propagating pressure/density
waves) present in media at all temperatures. At normal light levels the
amount of scattering is small. The characteristics of the scattering can offer
interesting information about the properties of the medium (temperature,
pressure) and form the basis for remote fibre sensor devices. With intense
coherent laser light, the rate of scattering can become so great that the
acoustic wave amplitudes increase and the scattered light takes on an
exponential growth [2-8]. This regime corresponds to the phenomenon
known as stimulated Brillouin scattering (SBS).

With the invention of the ruby laser in 1960, it was just a few years
before Chaio et al [2] first observed SBS. The conversion of incident light
into backward scattered light can approach unity, such that the transmission
of even transparent media can be strongly reduced. For very high intensities
(I, > 10" W/cm?) all substances become rapidly ionized, forming hot and
dense plasmas, but even in this extreme case, SBS still occurs [9-14]. In the
stimulated regime of Brillouin scattering the strong scattering is accompa-
nied by the production of intense acoustic waves at such high frequencies
(10°-10'"' Hz) that they are termed as hypersound. The scattered light
frequency is down-shifted from the incident light by the acoustic frequency.

Stimulated Brillouin scattering is a most interesting phenomenon in
nonlinear optics. The field of SBS has led to the birth of the fascinating
subject of optical phase conjugation when this phenomenon was brought
to the world’s attention by Zel’dovich et a/ in 1972 [15]. In this pioneering
experiment, a ruby laser beam was aberrated by a distorting phase plate
and focused into a methane gas cell generating a strong backscattered
Brillouin wave. After a second passage of the scattered light back through
the original aberrating path, the wave compensated for the aberrations,
returning the beam to its original high spatial quality. The experiment
revealed that the scattered beam had a wavefront that was uniquely

X



X Preface

spatially-correlated to the incident wave in both amplitude and phase, and
known as the phase conjugate, or wavefront-reversed, wave. With the
growth of optical communications based on optical fibres, SBS again was
a focus of attention and investigation. For narrowband radiation, SBS can
be a strong limit to the transmission of high signal powers. In recent years,
phase conjugation based on SBS in multimode optical fibre has been a new
area of work, and SBS for narrowband amplifiers in telecommunications
has been considered. SBS has been used to control laser radiation including
correction of distortions in laser amplifiers and correction of aberrations in
laser oscillators.

The aim of this book is to take the interested reader through the subject
of SBS covering basic theory to applications. Starting at an elementary level,
the basic physics and mathematical description of the phenomenon is
developed. The book proceeds to a survey of SBS materials (gases, liquids,
solids) and their properties, and applications that include optical phase
conjugation, optical communications and laser resonators with SBS mirrors.
Interspersed with the applied material are chapters providing more in-depth
mathematics on the SBS process in one-dimension and proceeding to three-
dimension aspects including transverse effects. A range of techniques to
enhance the SBS process are also detailed including two-cell SBS, SBS
with optical feedback and Brillouin-enhanced four-wave mixing.

Some of the chapters are illustrated with the personal achievements of
some of the authors. In particular some of the work presented by the authors
in this book is done in the frame of a collaboration agreement between
Imperial College of Science, Technology and Medicine, The Blackett
Laboratory, Optics Section, London and Institute of Atomic Physics, The
National Institute of Laser, Plasma and Radiation Physics, Laser Section,
Bucharest, in the frame of the collaboration program between The Royal
Society and The Romanian Academy. The authors are very indebted to
these prestigious scientific institutions for their support in this work. The
personal support given by Professor Radu Grigorovici, Member of the
Romanian Academy (and a past Vice-President of the Romanian Academy)
and by Professor Chris Dainty, the Head of Optics Section in The Blackett
Laboratory, Imperial College, London, for this scientific collaboration and
common work, since 1991, is recalled with gratitude. Dr Damzen would
like to acknowledge support from the UK Research Councils for the work.
The Romanian team thanks the Romanian Ministry for Education and
Research for the financial support offered in several projects on nonlinear
optics, which gave the possibility of a continuous effort in this important
scientific field. The scientific discussions with distinguished colleagues in
the field such as Prof. H Walther, Prof. H Eichler, Prof. A Friesem, Prof.
M Petrov, Prof. T Tschudi and Dr. D Proch were very stimulating and we
thank them for their time and knowledge offered to us in these discussions.
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Chapter 1

Spontaneous and stimulated scattering
of light

When light, or other frequency of the electromagnetic spectrum, travels
through matter various scattering processes can occur. The matter may be
in the form of solid, liquid or gas, but in each case light is scattered by fluc-
tuations or excitations of the optical properties of the medium. The scattering
process removes incident photons of light and produces scatter photons that
are generally shifted in direction and frequency from the original light. Well-
known examples of scattering are Rayleigh scattering, Brillouin scattering
and Raman scattering. Under normal light conditions, the scattering is a
random, statistical process with scattering occurring over a wide angular
spectrum as indicated in figure 1.1. In this chapter, we concentrate on a dis-
cussion of the Brillouin scattering phenomenon, primarily. We will however
briefly mention the Raman process which also plays an important role in
nonlinear optics and can compete with Brillouin scattering as the dominant
scattering mechanism [1.1-1.6].

At its most fundamental level, scattering can be described by a quantum
mechanical approach, although in practice the origin of some forms of scatter-
ing can be adequately described by classical mechanisms (e.g. Brillouin
scattering where phonon energy is less than kg 7', where kp is Boltzmann’s con-
stant and T is temperature). Scattering occurs due to the interaction of the
(classical) light wave with excitation (oscillations) in the medium. In quantum
theory, the light can be considered as photons (quanta of the electromagnetic
field) and the medium excitation as phonons (quanta of medium excitation).
For very low light levels (low photon density) it is necessary to describe the
process using photons and phonons. In practice, the light intensity is high
(e.g. laser light) and the medium may have strong excitation—in this high
quanta limit it is appropriate to use semi-classical wave theory to describe
the interaction. In this book, we shall take the wave approach to describe
the light-matter interactions in a quantitative manner. We shall, however,
also use the picture of photons and medium phonons as this provides a
useful complementary description and further insight into the processes.



2 Spontaneous and stimulated scattering of light

scattering medium

<« r.rs-(gmcrcd

Figure 1.1. Spontaneous scattering of incident light.

incident light

Brillouin scattered light originates from light interaction with propagat-
ing acoustic waves (or acoustic phonons). Incident photons are annihilated,
which together with the creation or annihilation of one phonon gives rise to
scattered photons (radiation) at the so-called Stokes or anti-Stokes frequen-
cies, respectively. The Stokes component is downshifted in frequency and the
anti-Stokes upshifted. When looking at the frequency spectrum of scattered
light in a particular direction (see figure 1.2) these appear as two lines that are
close to the incident frequency since the acoustic frequency is much smaller
than the optical one, and are called the Brillouin doublet (figure 1.2). On
the other hand, when the light is scattered by molecular vibrations, or optical
phonons, we speak of Raman scattering. Various frequency shifts, between
several hundred and several thousand wavenumbers (cm™'), can occur by
Raman scattering and are determined by different vibrational (and rota-
tional) frequencies of the material. This frequency shift can be comparable
with the optical frequency (e.g. green light at wavelength A = 500 nm has
frequency in wavenumbers = 1 /A = 20000 cm ™). Polyatomic molecules or
crystals with several atoms in the unit cell frequently exhibit a very rich
vibrational and rotational frequency spectrum. In figure 1.2, just a single
Raman line is depicted for simplicity. At line centre, there is a Rayleigh
scattering component. It has no frequency shift and is due to scattering
from non-propagating density fluctuations. As with other forms of scattering

Rayleigh

>
A

>
STOKES o n . . ANTI-STOKES
Brillouin ]} Brillouin

scattered power

Raman Raman

rs ’

! 1

. >
frequency-shift

Figure 1.2. The frequency spectrum of spontaneously scattered light. Frequencies are
relative to the incident light and shifted to both lower frequency (Stokes shifted) and
higher frequency (anti-Stokes shifted).
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it is wavelength dependent, being strongest for short wavelengths (e.g. blue
light), and it is the mechanism responsible for producing the familiar blue-
ness of the sky during the day.

At low light level the scattering is known as spontaneous. In this regime
the scattering is caused by the quantum mechanical or thermal excitation of
the medium and the amount of scattering is proportional to the incident inten-
sity. On the other hand, at high light intensity the amount of scattering may
become strong and material fluctuation may be induced by the presence of the
incident light itself. In this regime the light scattering is known as stimulated.
The stimulated scattering processes are readily observed when the light
intensity reaches the range: 10° < I; < 10° W/em?. In this intensity range,
strong interaction between light fields and matter is observed. For instance,
the conversion of incident light into scattered light approaches unity in a
number of stimulated scattering processes. As a result, the transmission of
a transparent medium is strongly reduced in many cases. By contrast, sponta-
neous scattering is known to be exceedingly weak (e.g. fractional scattering
~107°), so that it has little effect on the light transmission.

As we will see in a later section, an exponential amplification of the
scattered light can be expected in the stimulated scattering regime

Is(z) = I5(0) exp(gp/Ll) (L.1)

where Ig(z) is the scattered light intensity at position z in the medium, /5(0) is
the initial level of scattering, gg denotes the characteristic exponential gain
factor of the scattering process, /i is the intensity of the incident light
beam, and / is the length over which amplification takes place.

For very high intensities (/; > 10'> W/cm?), solids, liquids and gases
become rapidly ionized, forming hot plasma. Interestingly, stimulated light
scattering is obtained even in this extreme plasma regime.

1.1 Spontaneous scattering process

Consider an electromagnetic field (e.g. a light wave) incident on a scattering
medium and the case of Stokes scattering where the scattered wave is
downshifted in frequency as shown in figure 1.3. Photons of incident light
field (EL) are annihilated, with the creation of photons of scattered light
(Eg) and phonons of medium excitation (Q).

Three main quantities characterize the individual scattering process
[1.6], as follows.

The frequency shift, wg = wy, — ws (for Stokes scattering). This is deter-
mined by the energy (%iw) and momentum (7K) conservations,

Wy, = Ws + wq

(1.2)
KL = KS +KQ
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Scattering medium

Figure 1.3. A scattering interaction involving an incident photon, scattered photon and
medium phonon.

a) T T~ - b)

Figure 1.4. Photon—phonon picture of scattering interaction showing relationships
between (a) frequencies and (b) wavevectors.

where wy , wg, wq are the angular frequencies and K| , Kg, K are the wave-
vectors of the incident light, the scattered light and the material excitation
(phonon), respectively. Figure 1.4 shows a pictorial representation of the
relationships of equation (1.2). The dispersion relationship that relates the
wavevectors to frequencies determines the momentum matched frequency
shift that characterizes scattering in a given direction 6.

A frequency broadening of the scattered radiation occurs due to the finite
lifetime of the excitation, 7. For an exponentially damped matter excitation,
the line shape is Lorentzian with the full width at half maximum intensity,
Av, given by

Iq 1

AV_E_ 27TTQ

(1.3)

where I'q is the angular frequency linewidth which is equal to the reciprocal
of the excitation lifetime.
The scattering cross section per steradian (do/dS?) is defined by

dPg/dz = Py (do/d2) AQ (1.4)
where Pg and P; are the powers of scattered and incident light respectively,
and AQ is the solid angle. The scattering cross section (do/d€2) is a measure

of the strength of scattering in the medium and can be deduced from absolute
power measurements of the scattered radiation.

1.2 Brillouin scattering of light

The phenomenon of Brillouin scattering originates from light interaction
with a propagating acoustic wave (acoustic phonons). The Brillouin
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frequency shift wg is orders of magnitude smaller than the optical frequency,
so to a first approximation wy &~ wg and |Ky | & |Kg|. The wavevector triangle
of figure 1.4(Db) is an isosceles triangle, and simple calculation shows that the
magnitude of the frequency shift wyg is in this case

wp = Kpv = 2wy (n/c)vsinf/2 (1.5)

where ¢/n is the velocity of light in the medium, v is the velocity of the acoustic
phonons and € is the angle between the wavevectors K; and Kg. According to
equation (1.5), the value of wy is largest for the backward scattered light
(0 = 180°). Typical Brillouin shifts are in the range of vy~ 0.3-6 GHz
(0.1-2cm™") for 6 = 180°. Such high acoustic frequencies are known as
hypersound. The frequency shift tends to zero at # = 0°. Since the acoustic
lifetime tends to infinity (see below) forward scattering is not observed.

The lifetime of the acoustical phonons, 73, is determined by viscous
damping mechanisms:

_ P _ Po (1.6)
nKg 4t (n/c)*sin®(0/2) '

where p, is the medium density, 7 is the viscosity and Ky is the Brillouin
wavevector of the acoustic wave. In liquids, values of 3 = 107s are
found for 6 = 180°, corresponding (from equation 1.3) to a linewidth of
Avg ~ 10°Hz 3 x 102 em ™). It is noted that the lifetime is very short at
the high acoustic frequencies. The acoustic velocity v is typically ~10° m/s
in liquids, so the characteristic propagation length of the damped hyper-
sound (vg =~ | GHz) is Iy = vy =~ 1 um.

The scattering cross-section for Brillouin scattering is typically small
and has value (do/dQ) ~ 10 ®cm ' ster .

B

1.3 Raman scattering of light

Brillouin scattering is due to an excitation of the bulk property of the
material (e.g. propagating period density fluctuations of an acoustic wave
in the medium). The acoustic frequency occurs in a continuum spectrum
with the strongest light interaction occurring at simultaneous conservation
of energy and momentum in the process. Raman scattering, however, is
due to light interaction with resonant modes of a molecular system and the
frequency shift is determined by these discrete molecular resonances. The
simplest such system is a diatomic molecule (e.g. the nitrogen dimer N,) as
shown in figure 1.5. The strongest Raman scattering is usually associated
with vibrational modes of the molecule (vibrational Raman scattering).
Rotational modes may also give rise to rotational Raman scattering. The
frequency shift of rotational Raman scattering is typically an order of
magnitude smaller than that due to the vibrational Raman scattering. The
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®v)

Figure 1.5. Vibrational and rotational modes of oscillation of a diatomic molecule that
characterize the Raman scattering process.

molecular vibration lifetime can be deduced from the width of the Raman
line (equation 1.3). In liquids, typical values for Raman scattering are:
vibrational mode frequency wg ~ 1000cm™' (3 x 10" Hz), linewidth
Avg ~5cm™! (30 GHz) and the molecular vibration lifetime 75 ~ 10~ s
(1 ps). The scattering cross-section is ~10~" cm ™! ster .

The frequency shift in Raman scattering is a significant fraction of
the optical frequency. For radiation at wavelength A= 500nm
(r=2x 10*em™") a Raman shift of vg = 1000cm ™ corresponds to a
fraction shift (vg /v) = 5% or approximately 25 nm.

For each molecular vibration, two Raman lines can be observed. The
Stokes and anti-Stokes lines are connected with transitions from the
ground to the first excited state and vice versa. Since, at room temperature,
the excited vibrational states are only slightly populated the anti-Stokes
intensities are small compared with the Stokes intensities for spontaneous
scattering.

As a summary comparison of Brillouin scattering and vibrational
Raman scattering, table 1.1 compares typical values of the frequency shift,
v = w/2m, of the line width of the scattered light, Av, and of the scattering
cross section, do/d€Q.

Table 1.1

Scattering Frequency shift Linewidth Cross-section Gain coefficient Lifetime
process v =w/2r (Hz) Av(Hz) (do/dQ) (cm 'ster™') g (cm/MW) 7 (s)

Brillouin  10° 108 10°° 1072 107?
Raman 10" 10" 1077 5% 107° 10712

1.4 Stimulated scattering process

Stimulated light scattering [1.7, 1.8] differs from spontaneous scattering in a
number of ways:
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itis observed at high light intensity above a certain threshold intensity [1.9];
it occurs for quasi-monochromatic radiation with a narrow spectral width;
the scattered spectrum shows distinct line narrowing;

there is no anti-Stokes component involved in the scattering.

The stimulated Brillouin scattering (SBS) and stimulated Raman scat-
tering (SRS) processes are clearly enhanced by the use of intense radiation.
The scattering is also a coherent process as required by energy and momen-
tum conservation conditions and hence requires sufficient temporal and
spatial coherence of the radiation source (i.e. lasers). The spontaneous scat-
tering process can be described by linear optics. At high incident and hence
scattered light intensity the interaction of these radiations can induce non-
linear enhancement of the medium excitation leading to enhancement in
the scattering. Above a critical incident intensity, this enhancement process
leads to a positive feedback, and the regime of stimulated light scattering
is produced and characterized by exponential amplification of the scattered
radiation:

Is(output) = Ig(input) exp(gg(v)I.{). (1.7)

The amplification G = exp(gg(v)I /) is determined by the gain coeffi-
cient of the specific scattering process, gg(v), the incident light intensity,
I, and the medium length (the interaction length) /. It is seen that there is
a very strong (exponential) dependence of the scattering with incident inten-
sity. In this way, increase in incident intensity by a small factor can lead to
changes in the scattered light by orders of magnitude. In addition, the
scattering is most intense at the frequency at gain centre of the stimulated
scattering process gg(0). As a result of the exponential dependence of the
light amplification on the gain factor the stimulated scattering is expected
to give a narrower linewidth than the spontaneous scattering process.

In SBS the dominant direction of scattering is in the backward direction
(6 = 180°). This occurs for several reasons:

(a) The maximum gain length is usually along the axis of the beam and
corresponds to the length of the interaction medium (/). For other
angles (e.g. 90°) the interaction length is limited by the diameter (d) of
the incident beam (d < /, usually).

(b) The acoustic response time 7 is @ minimum at # = 180° (see equation
1.6), so the fastest growth and onset of scattering will be in the backward
direction. This is especially important when using short pulse inter-
actions.

(¢) When the interaction involves light with a complex wavefront and
spatial structure, higher growth rate occurs for a scattered mode that
is spatially correlated with the incident beam. This correlation can
only occur over a cumulative interaction distance for backward (or
forward) scattering. It is this spatial correlation of the scattered



8 Spontaneous and stimulated scattering of light

/

< -

—> < td
I Is

Figure 1.6. Stimulated back-scattering (# = 180°) is the dominant mechanism for SBS.

radiation that leads to the interesting and important phenomenon
known as phase conjugation or also known as wavefront reversal.

In most experimental cases, the source of initial scattered intensity
Is(input) is from the weak spontaneous scattering. For the backscattering
geometry of figure 1.6, the spontaneous scattering occurring at the back of
the scattering interaction region forms the effective input seeding which is
proportional to the laser intensity with typical room temperature value of
I,(1) = I (1) exp(—30). When the exponential gain G ~ exp(30) ~ 10", the
stimulated amplification process brings the initial scattering up to a value
I,(0) that is comparable with the incident laser intensity. It is common
parlance to talk of a threshold intensity for the onset of SBS due to the
strong exponential dependence of growth on incident intensity. This
threshold gain factor is commonly taken as G = exp(30), corresponding to
a threshold intensity

~ 30

Lth =7
At this intensity, high conversion of the laser to scattered radiation will be
expected to take place. Indeed, the growth equation (1.7) predicts 100% con-
version efficiency. This is not correct as the laser intensity is not constant over
the interaction length and a fuller system of equations, allowing for laser
depletion, needs to be formulated. A useful alternative definition is some-
times used for threshold when G = exp(25), corresponding to the conversion
of about 1% of laser into Stokes radiation (and the approximation of no
laser depletion can be assumed). In experimental work, this forms a useful
‘observational’ definition of when a readily measurable fraction of scattering
(relative to incident light) is produced. In reality, the stimulated process still
occurs at much lower amplifications and incident intensities, so it must be
remembered that the standard definition of threshold is only an ‘observa-
tional threshold’. This definition is most useful for experimental work, allow-
ing specification of the required intensity level at which strong SBS occurs
and when it must be considered.

When operating at intensities much higher than threshold, high conver-
sion efficiencies of laser into scattered light of greater than 90% have been

(1.8)
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measured. It is this high conversion that makes the stimulated scattering
process of such high interest. Depending on application, it can be an advan-
tageous process or have a detrimental effect. The advantage, and potential
application, of stimulated scattering is that it can form an efficient nonlinear
optical ‘mirror’ with some unique reflectivity properties, as described in
further chapters of this book. Alternatively, at high light intensity, a trans-
parent medium can become almost non-transmitting and this can be a
severe problem in some applications, e.g. light transmission through optical
fibres in optical communications systems.

1.5 Wave equation and nonlinear polarization

The previous section describes the process of stimulated scattering at a quali-
tative level. To obtain the detailed behaviour of the process it is necessary to
consider the propagation of light through a material and incorporate the
material response to the light interaction.

The interaction of the light field with the scattering medium is described
by Maxwell’s equations [1.11]:

OB OE
VXE——E, VXB—&LE (19)

which combined give the nonlinear wave equation

vog 7 OE_andE 82P§L (1.10)
where E and B are the electric and magnetic field vectors, respectively, 7 is the
(linear) refractive index of the medium, « is the (power) absorption coeffi-
cient and the operator V* = ?/dx* + 8*/dy* + &*/0z*. The refractive
index and absorption arise from the linear (low intensity) component of
the medium polarization and PN" is the nonlinear polarization.

To simplify the wave equation (1.10), some common assumptions are
introduced: the electric field consists of a sum of waves of different frequen-
cies (w;) with slowly varying amplitudes and phases (E;), linear polarization
and light propagation in the £z direction (K; = £K;z) are assumed. Thus,
the electric field and the nonlinear polarization can be written

N
E(r,t) = %Z{E, expli(+Kjz — wjt) + Ej exp[—i(+K;z —w;t)]}  (1.11)
Jj=1

PN 1) = %jﬁ;{PFL exp(—iw;t) + (PN")* exp(iw;1)}. (1.12)

The slowly varying envelope approximation, which assumes the amplitude
varies slowly compared with an optical wavelength or optical period,
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allows neglect of second derivatives with respect to space propagation
direction (z) and time (z), i.e. 0°E;/9z° < K;(OE;/9z) and O°E;/0r <
w;(OE;/0t), the wave equation becomes

i, n,0E; OE; 1 iw;

Tk —VIE + LT T 4 o = L PNexp(FiKz)  (1.13)

c Ot 0z 27 2epemy

where Vi = (8%/0x?) + (9°/dy?) accounts for transverse diffraction of the
wave and the upper signs correspond to propagation in the +z direction
and lower signs for the —z direction.

For conventional light fields, the polarization is proportional to the elec-
tric field and the proportionality constant, the susceptibility, x;;, is a material
constant and PN* = 0. At high electric fields, X;j 1s no longer field indepen-
dent and one can write the polarization as a power series with higher order
susceptibilities y":

P, = 50[2)(,/ E; +ZXU,CEEk+;xUk,EE,CE]+ (1.14)
gkl

The third term in equation (1.14) is connected to the stimulated scattering
processes and is responsible for the PN term on the right-hand side of
equation (1.13).

1.6 Theoretical formulation of stimulated Brillouin scattering
(SBS)

The nonlinear polarization is related to the density p and temperature 7 by

~e[E) ) o

where Ap and AT are the intensity dependent modifications of the density
and temperature amplitudes. The interaction of the laser and Stokes field
establish an interference that modulates the medium density and drives an
acoustic wave. Two mechanisms are responsible for this. The first term in
(1.15) is caused by an induced change in density by electrostriction driven
by the electric field interference of laser and Stokes field. This is the major
SBS mechanism. The second term in (1.15) occurs in absorbing media
where the interference of the fields leads to a temperature wave, which in
turn induces density changes and drives an acoustic wave. This latter
mechanism is known as stimulated temperature Brillouin scattering (STBS)
and only occurs in absorbing media.

In this section, we shall make a number of simplifying approximations
to establish the main features of SBS and reintroduce the fuller formulation
at a later stage.
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(a) We assume no stimulated temperature Brillouin scattering (STBS) by
neglecting all intensity-dependent temperature effects (AT = 0);
(b) We assume plane waves and neglect transverse diffraction (V1 = 0).

Taking small changes in medium density Ap = p' — p, caused by the
presence of optical fields, where p, is the average density, we write fields
and density wave in the form

E =YEp expli(Kpz — wy1)] + Ef exp[—i(Kpz — wy1)]
—+ ES exp[i(stz — a)st)] —+ E§ eXp[*i(*KsZ — wst)]} (116)
Ap = pexpli(Kz — wi)] +c.c.} (1.17)

where the medium is taken to be driven at the difference frequency,
w = w| — ws, of the laser and Stokes fields, and K; , Kg and K are magnitudes
of wavevectors with K = K| + Kg =~ 2K} . The laser field is travelling in the
+z direction, Stokes field in the —z direction (backscattering) and the density
(acoustic) wave is travelling in the +z direction. For generality, we allow for a
small frequency detuning from resonance Aw = w — wg.

The form of equation (1.17) is expected due to the electrostrictive force
on the medium that depends on the square of the electric field £2. This causes
the density to increase in the regions of high field strength. The medium is
unable to respond directly to the electric field at the optical frequency but
can respond to the difference in frequency between two optical fields that
have a beat (difference) frequency w = w; — wg that propagates with a
speed (wp —ws)/ (KL + Kg). If the electrostrictive beat modulation propa-
gates at the speed of sound in the medium the driving force stays in phase
with the generated acoustic wave. This is phase matching condition or
momentum matching condition that corresponds to resonance.

From equation (1.13), one can immediately obtain the following field
equations

5‘EL l’laEL 1 iwL Ye
bt O = LFE 1.18
0z +c ot +2a L 4eny po ( )
_ 8ES n 8ES 1 iws Ye E « (119)

5z "o T2Y T deng oy

where ., = py(9e/0p)t is the electrostriction coefficient.

In order to obtain the amplitude of the nonlinear perturbation induced
in the medium density (p) the Navier—Stokes equation with an electrostrictive
force is combined with the equation of continuity to give a material equation:

&p o 2 %ee0 K3
— —2iw— — (W — wp +iwlp)p = “—— E E§. 1.20
12 ot ( B B)P 5 LEs ( )

In this equation the spatial derivatives of the acoustic field have been

neglected as the acoustic wave does not propagate significantly on the
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timescale of the scattering (v < ¢/n). This equation has the form of a forced
damped harmonic oscillator where the forcing term on the right-hand side is
due to electrostriction that causes an increase in density in regions of high
electric field.

We can use the approximation 8%p/dr* < 2w(dp/dt), which is valid if
the acoustic wave amplitude growth is slow compared with the acoustic
frequency. This condition holds in most practical cases, but breaks down if
trying to drive SBS with very short pulses—acoustic period ~1ns. We also
consider the case of small detuning from resonance in which case
(W — W) = (w+ wp)(w — wp) ~ 2w Aw and we obtain the acoustic wave
equation

%Jr(—mwjt%)p:%ﬂ@. (1.21)

Equations (1.18), (1.19) and (1.21) describe the SBS process, in time and
space, on the assumption of plane-wave interaction. We consider a range of
solutions to this set of equations under different approximations in chapter 3.
It is instructive at this point to seek the steady-state set of equations when the
time derivatives are set to zero. In this case, we can derive a simple expression
for the density wave:

_ i’}/eE()KB 1
4v (1 =21iAw/I'p)

Inserting p into the optical field equations (1.18) and (1.19) and convert-
ing fields to intensities using the relation /; = eocn|E,»|2 /2, we obtain the
resulting equations describing the pump intensity, /; , and the Stokes inten-
sity, Ig:

ELE3. (1.22)

dr/
_dzL =—gp(Aw)ILIs (1.23a)
dI.

where gg(Aw) is the steady-state Brillouin gain coefficient given by

¢5(Aw) = g5(0) ——

Wf(’Ye)z
gp(0) = 5 —— (1.24b)

c nvaFB
where gp(0) = gg is the maximum gain coefficient at resonance, and we
have taken w; = w, as a good approximation since the acoustic frequency
shift ~107° times the optical frequency. The gain coefficient given by
(1.24a) has a Lorentzian angular frequency spectrum with full-width half-
maximum of I'y. Equations (1.23) show that there is a transfer of energy
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between the laser and Stokes wave where the laser intensity experiences
depletion and the Stokes intensity experiences growth (in the —z direction).
The solution of equation (1.23b), with neglect of laser pump depletion,
shows that the Stokes intensity grows exponentially with distance as it
propagates in the —z direction starting from an initial value at z = [:

Is(z) = Is(I) explgp(Aw) L. (0)(/ — 2)]. (1.25)

Equation (1.21) for the acoustic wave density shows that at resonance
and with no optical fields the density wave amplitude decays exponentially
with time from an initial value at 7 = 0:

plt) = p(0) exp — (I /2)t. (1.26)

The intensity of the acoustic wave is proportional to the square of the density
amplitude so the acoustic intensity decays with a rate I'g, or with a charac-
teristic exponential decay time 75 given by

1

B = = -
I'g

(1.27)

For cases where the scattered wave is initiated from noise, the process
will maximize at resonance. The set of field equations describing the resonant
case under steady-state conditions can be readily expanded to incorporate
non-plane waves with transverse diffraction and include medium absorption
using equation (1.13) and leading to

i 2 aEL n(?EL 1 gB

R VO ) A e WL DS | ) 128

T S P L S L (1.28)
i 2 aES naEs 1 gB

! ogrp _98s (MO g 8B g 1.29
oK VB T T Taobs =5 ks (1.29)

The above pair of equations presents a generalized steady-state set of
equations describing the propagation and interaction of laser and Stokes
fields. The more generalized case is the fully transient case with the temporal
evolution of the acoustic field, and at resonance is given by the following set
of three equations:

i 2 nL(?EL 8EL 1 i(.L)L Ye
——V45E — - — E =——F 1.30¢
2ky. TEL T ¢ Ot + 0z _|_20zL L 4cn py sP ( 2)
i 2 nsaEs aEs 1 in Ye %
— VaiEq+——2 T4 g Es=-—"F 1.30b
+2ks Ths c Ot 0z —|—2as S 4en py LP ( )
(9p FB i")/eE()KB %
LTy el 5N 1.30
a2 P 4o LTS (1.30¢)

This set of equations forms the general set which will be used in subse-
quent chapters under various sets of approximation.
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1.7 Stimulated temperature Brillouin scattering

In addition to the Brillouin process of non-absorbing media, a contribution to
the acoustic wave process due to light absorption is found. This process is called
stimulated thermal Brillouin scattering (STBS). In STBS, the light absorption
generates temperature fluctuations, which in turn produce density fluctuations;
this is a secondary source of acoustic wave generation which will couple to the
light waves via the change of the index of refraction with density.

It is convenient for the calculation to choose the density, p, and the
temperature, 7, as independent variables. The analysis follows the same
procedure as before but with a new temperature variable:

T=T-T,, T < Ty, T =1{Texpli(Kz —wi)] +c.c.}.  (1.31)

We can derive a new equation for the scattered field (and a similar one
exists for the laser field)

8ES I’laES 1 iu.)s Ye * Oe *
I T L gEe =2 | EF — | E.T"|. 1.32
0z Jrc ot +2a 5™ 4cen 00 Lt or ), L ( )

Incorporating the combined effects of electrostriction and absorption
into the Navier—Stokes equation leads to a gain coefficient with a contribu-
tion from SBS and STBS given by

1+ (2Aw/Tg)? 1+ (2Aw/Tg)*

The electrostrictive term is the same as before and the absorptive term has a
value of

gs(Aw) = g3(0) +g3(0) (1.33)

2 e a

a Wi Y
&h(0) = 5 (1.34)
where 7' = a(ve’Br/ Cpw;) is called the absorptive coupling constant, 3y is
the thermal expansion coefficient and C, is the specific heat at constant
pressure. The absorptive contribution to the gain factor has a maximum
that occurs at Aw = I'g/2. It is zero at the exact resonance frequency for
the pure SBS case and can add to the electrostrictive term for Aw > 0
(Stokes side), or subtract for Aw < 0 (anti-Stokes side), in which case gp
may be negative if the absorption is large enough. It is clear that STBS
leads to a maximum growth that will occur at a detuning from the resonance

frequency of the pure electrostrictive SBS process.

1.8 Comparison of SRS and SBS

As previously mentioned, stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS) are well-known inelastic scattering processes



Comparison of SRS and SBS 15

resulting from the interaction of light with matter. An input laser wave
(pump) at frequency wjy excites an internal vibration of the medium with
frequency (wq) which is simultaneously accompanied by the production of
a scattered beam, the Stokes wave, at frequency wg = wy, — wq. In SRS the
internal resonance is a quantized transition due to a molecular vibration
often called the optical phonon, while SBS results from interaction with an
acoustic wave, sometimes called the acoustic phonon.

These two scattering processes are quite analogous in many features and
in several situations can be described by an identical mathematical formal-
ism. Indeed, in the steady-state Brillouin case the mathematical solutions
formulated for SBS can be used for SRS. However, some significant physical
differences should be noted.

(1) The frequency shift of SRS is typically of the order of 1000 cm™! (e.g.
vg = 2914cm~! for CH,) whereas the shift due to SBS is considerably
smaller and of the order of 0.lecm ' (e.g. vy ~0.1cm ' for CH,
with A\p =249nm). The very small frequency shift of the Brillouin
process offers the potential for the backscattered pulse to undergo re-
amplification in the laser system since the gain bandwidth of all but a
few media is very much larger than the Brillouin shift.

(i1) The damping time of SRS is very short and typically my are a few pico-
seconds while for SBS, 73 is in the nanosecond region, which often
produces transient phenomena into the scattering process of SBS. It is
due to the long damping time in SBS that a transient analysis may
need to be performed, often requiring a numerical solution of equations.
The model predicts phenomena not present in the steady-state models.

(iii) Forward and backward SRS can occur with maximum gain usually in
the forward direction. Due to the phase matching requirement in SBS,
only backward scattering occurs, with no scattering in the forward
direction possible in isotropic media. The production of second- and
higher-order Stokes frequencies in the SRS process due to the forward
scattering mechanism strongly limits the operation of Raman scattering
at high conversions, although the cascade to higher Stokes and anti-
Stokes frequencies can have important application. Higher-order
scattering effects have less influence on stimulated Brillouin scattering.

(iv) The Raman steady-state gain coefficient (gr ) usually scales with density
of scatterer and pump wavelength as gg o p/A; while for SBS the
corresponding gain coefficient varies as gg o p°. In the case of gases,
the quadratic dependence of density upon the SBS gain normally
requires the use of moderately high pressures to reach the very high
gains characteristic of the Brillouin process.

(v) The Brillouin process, where the Stokes is spontaneously generated from
noise, frequently induces a phase conjugated backscattered signal. In
Raman scattering the relatively large frequency shift of the Stokes
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beam limits the situations under which phase-conjugation may occur,
and reduces the degree of optical compensation that may be achieved
by double-passing aberrated optical components.
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Chapter 2

Materials for SBS

2.1 The choice of SBS materials and SBS properties

SBS occurs in all states of matter: gases, liquids, solids and plasmas. A vast
number of SBS media have been used in a wide variety of experiments over
the years, such that it is very difficult to cover a complete list and to fully
reference the work of so many authors in the field. The aim of this chapter
is to provide a good starting point for the range of suitable materials, with
cited papers (2.1-2.47) giving more references for the interested reader.

Choice of state of matter and then specific material is very diverse and
depends on a number of requirements. Some materials are more suited for
a specified laser wavelength due to their absorption properties and for this
reason table 2.1 lists a range of SBS materials according to the laser wave-
lengths that have commonly been used with that material with the ordering
from the infrared to the ultraviolet wavelengths. Some key material para-
meters related to the SBS process are listed in table 2.1.

The important (but not complete) set of parameters include the follow-
ing:

The Brillouin frequency shift vg (defined for backscattering),

vg = wy/2m = 2n(v/c)vy =2v/ AL (2.1)

where v and ¢/n are the velocities of the sound and light in the material
respectively, vy is the frequency of the light and )\ is the light wavelength
in vacuum.

The Brillouin linewidth Avg = I'y/2m, where 'y is the inverse of the
acoustic lifetime 73 and given by

1
T = — = (kis/po) et (2.2)
B

where kg = wg/v is the acoustic wavevector, p, is the material density, and
Nerr 18 the (effective) viscosity. This relation is incomplete for gases and a
fuller description of the acoustic decay mechanisms will be described later
in this chapter.

17
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Table 2.1. Selected materials for SBS.

Material

Laser wavelength Brillouin

Brillouin linewidth, Brillouin-gain Ref.

(pump), Ay (nm) frequency, Avg (=Ig/27) coefficient
vg (GHz) (MHz) gp (cm/GW)

Xenon gas (40-60 atm) CO,, 10600 33
Xenon gas (40-60 atm) HF, 2900 0.1 <1 5,6
Sulf hexafluoride (SFs) 2900 7
Carbon disulphide Er-doped, 2800  1.42 7 8
Quartz fibre 1550 0.1 60 47
Xenon gas (10-40 atm) Iodine, 1315p 0.25 120 9
Carbon disulphide (+Xe) Todine, 1315p 0.2 10, 11
Methane gas (10% atm) 1064 0.864 106-60 8-65 12, 39
Nitrogen gas (135atm) 1064 45 30 39
SF¢ gas (22 atm) 1064 42 35 39
Xenon gas (40 atm) 1064 33 44 39
Acetone 1060 2.99 119-526 15.8-20 13, 14
Benzene 1060 4.12 228 9.6 13
Carbon disulphide 1060 3.76 50-217 68-130 13, 14
Carbon tetrachloride 1060 2.77 528 3.8-6 13, 14
Silicon tetrachloride 1060 10 9
Titan tetrachloride 1060 20 9
Nitrobenzene 1060 4.26 396 7.2 13
Water 1060 3.70 170 3.8 13
Acetone 694 4.6 180 10.8-20 14, 15
Benzene 694 6.47 289 18 15
Carbon disulphide 694 5.85 66-75 45-130 14, 15
Carbon tetrachloride 694 4.39 650 6 14, 15
Cyclohexane 694 5.55 774 6.8 15
Acetone 694 1.6-4.6 180 10-20 14, 15
n-Hexane 694 212-220 19-26 14
Methanol 694 4.25 250 13 15
Lucite 694 106 17 15
Quartz (x-cut) 694 <40 1.5 14
Schott glass, BK7 694 80 350 14
Schott glass, F2 694 45 2100 14
Schott glass, FK3 694 <40 1800 14
Schott glass, SF6 694 45 2000 14
Water 694 5.69 317 4.8 15
Xenon gas (10 atm) 532 0.65 98.1 1.38 16
Acetone 532 6.0 320 20 17
Carbon disulphide 532 7.7 120 130 17
Calcium fluoride 532 37.2 46 4.11 16
Fused silica 532 32.6 168 2.69 16
Schott glass, BK7 532 35.7 165 2.15 16
Methanol 530 5.6 210 13 17
Borate glass 488 19 100 12.9 18
Halide glass 488 17.64 214 2.8 18
Silicate glass 488 23.4 184 3.9 18
Ethanol, heptane XeF, 351, p 19

XeCl, 308, p 20
SF gas 35, p 21, 24
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Table 2.1. Continued.

Laser wavelength Brillouin  Brillouin linewidth, Brillouin gain Ref.

Material (pump), A\p (nm) frequency, Avg (=I'g/27) coefficient
vg (GHz) (MHz) gg (cm/GW)

2.2-dyamethilbutane/ 308 8

n- pentane and n-octane

Methanol XeCl, 308, p 1.3 13 22,23,
24

Cyclohexane XeCl, 308, p 4 7 24

Quartz-polimer fibre XeCl, 308, p 25

Ethanol, methanol, ArF, 193, p 3 19, 26,

isopropyl alcohol, KrF, 248, p 27,28

hexane XeF, 351, p

The Brillouin-gain intensity coefficient (for on-resonant electrostrictive

component) is given by
272
k
o = (L) (2.3)
ponUCFB

where ~, is the electrostrictive coefficient (v, = (n* — 1)(n* +2)/3 in centro-
symmetric materials), # is the refractive index and k, is the wavevector of the
Stokes scattered wave.

The Brillouin frequency shift, linewidth (and hence acoustic lifetime)
and gain coefficient can be experimentally measured or calculated and
some methods to perform this will be described later in this chapter.

A major decision in SBS applications is the selection of a nonlinear
material and of the interaction geometry. In general, the use of pressurized
gases eliminates complications arising from contamination, cavitation
bubbles and thermal convection currents that can occur in liquids. Varying
the gas pressure can scale their Brillouin properties, but in general they
have relatively long acoustic decay times of many nanoseconds or even
tens of nanoseconds. The use of liquids is, however, often selected due to
lower SBS thresholds and larger Brillouin linewidths resulting in one order
of magnitude shorter acoustic decay times, usually sub-nanosecond. In the
first approximation, the Brillouin-gain gp scales as pj and the acoustic
decay time scales as po)\z. Thus, for the usual Q-switched lasers (with
pulses of ~10ns), the gases can show a highly transient behaviour in SBS,
while the SBS liquids may be considered in a steady-state regime.

The acoustic decay time scales as the square of the wavelength and the
SBS threshold intensity is proportional to the acoustic decay time. This is the
reason for poor SBS performances with long wavelength lasers such as CO,,
which display high transiency and low gains. Studies to find improved perfor-
mance in the mid-infrared spectral region have been undertaken [2.33].
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The solid SBS materials are used for all solid-state applications, mostly
in guiding geometry (optical fibres), in which long interaction lengths offset
their small Brillouin gains. The solid SBS materials are characterized by
small linewidths and hence long acoustic decay times of several nano-
seconds.

The SBS geometry plays an important role in efficiency and the quality
of optical phase conjugation. Much analysis and measurements have shown
that better fidelity is obtained by light focusing in a nonlinear material
enclosed in a multimode waveguide (or ‘light pipe’) than in the bulk non-
linear material.

In order to select the optimum material for a particular experimental
system, it is important to have a reliable characterization of SBS materials.
The criteria for choosing a suitable material depend on a number of factors
including laser wavelength and pulse duration, medium absorption, gain coef-
ficient, phonon lifetime and competing nonlinear effects. As previously
shown, the main parameters that characterize an SBS material are the
acoustic decay time, 75 = (FB)”, the steady state gain coefficient, gg, and
the acoustic frequency, vg. Other subsidiary information of relevance to
Brillouin media includes their transparency and thresholds for other non-
linearities, e.g. breakdown, thermally-induced beam defocusing, self-focusing
and stimulated Raman scattering. In general, with low-power systems, one
will require a high Brillouin gain, while for work with short pulses it is prefer-
able to use materials with short acoustic decay time.

In many applications, the use of pressurized gases is very attractive due
to their high transparency throughout the visible region and also into the
infrared and ultraviolet regions of the spectrum. By increasing the pressure
(and hence density) of the gas, it is also possible to achieve very high gain
coeflicients, although normally with an increase of the acoustic decay time.
The acoustic decay time is probably the least characterized of all the Brillouin
parameters. This is partially due to the difficulty of accurately and unambigu-
ously measuring the decay time by experiment. However, the acoustic decay
time will determine the degree of transiency and efficiency of these materials
for Brillouin scattering, when using relatively short optical pulses. In applica-
tions requiring phase conjugate mirrors for the correction of dynamic
aberrations, 73 determines the response time of the scattering to adapt to
the temporally varying wavefront of the incoming radiation.

We shall further present a systematic experimental and theoretical deter-
mination of the acoustic decay time in several heavy gases over a range of
pressures. The Brillouin-gain coefficient gg and acoustic frequency have
also been experimentally determined or calculated for the gases investigated.
Similar experiments can be done for the measurement of the principal
SBS parameters in liquids. At the end, we shall show a typical setup for
the study of Brillouin-gain coefficient and linewidth in standard optical
fibres.
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In the following, it is shown that the decay of the acoustic wave is
generally more complex than given by just the conventional attenuation
mechanisms of viscosity and thermal conductivity. In heavy polyatomic
gases, decay contributions due to vibrational and rotational relaxation
processes are present. Indeed, at the higher density ranges used in the experi-
ments, it is demonstrated, in accordance with theory, that the vibrational
relaxation can be the major decay mechanism.

The theoretical results can be extended to other laser wavelengths and
more generalized expressions are given to calculate the decay time of other
gases.

2.2 Acoustic attenuation mechanisms in polyatomic gases

There are several mechanisms responsible for the attenuation of acoustic
waves in a polyatomic gas. The adiabatic density fluctuations comprising
the acoustic wave result in a corresponding periodic temperature variation
about the mean temperature of the medium. The thermal gradients thereby
produced will be attenuated by the viscosity (1) and thermal conductivity
(k) of the medium. This type of decay is present in all media and is described
by the sound absorption equation [2.42]:

2
Fcl:Tch k]3[477+(7_1)’1 (2.4)
p |3 p
where I', and 7, are the linewidth and decay time of the acoustic wave
resulting from classical absorption, ky is the wavevector of the acoustic
wave, p is the average density of the medium, and v =c¢,/cy is the
ratio of principal specific heats at constant pressure ¢, and at constant
volume cy.

In a polyatomic gas, further loss mechanisms can also be present due to
the slow exchange of translational energy into vibrational and rotational
modes, at high acoustic frequencies. A polyatomic gas carries energy in
both external (translational) and internal (vibrational and rotational) degrees
of freedom. In an acoustic wave, the periodic variation of temperature first
affects the translational degrees of freedom, followed by a slower exchange
of energy with the internal degrees of freedom via collisions between the
gas molecules. As a result, the thermodynamic properties of the gas acquire
frequency dependence. For example, the static value of the specific heat is
composed of all its activated degrees of freedom:

¢y = Cy + Cyip + Crot- (25)

At high acoustic frequencies, the effective specific heat is complex and gives
rise to dispersion and absorption of the acoustic wave. The absorption
mechanism can be described as a relaxation process, and it has been
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shown experimentally that in the majority of cases the absorption can be
characterized by single relaxation times for the vibrational modes (7,) and
rotational modes (7). The relaxation times represent the characteristic
time required to equipartition energy by collisions into the internal modes.

For a heavy polyatomic gas molecule, such as SFy, the major contribu-
tion to the specific heat arises from the vibrational modes and the relaxation
times lie typically in the region 7, ~ 10™s, 7, ~ 10" s, at 1 atm. The relaxa-
tion times are proportional to the collision time and scale as the reciprocal of
the gas density (7, < 1/p).

The acoustic frequency (vg) generated in stimulated Brillouin scattering
is given by

vg = 2n % 17 (2.6)

where 7 is the refractive index of the medium, c is the speed of the light, v is
the acoustic velocity of hypersound, and vy is the laser frequency. In the
heavy gases, the acoustic frequency produced by SBS using visible radiation
is ~500 MHz, and at high gas pressures this hypersonic frequency can lie
close to a region of strong attenuation by vibrational relaxation (i.e.
vg =~ 1/7,). The contribution to the acoustic linewidth from this term is
given by [2.42]

Cuib (¢ — ¢) whT

Fvib =
\/cpcv(cp - Cvib)(cv - Cvib) 1+ (WBT\,/)

(2.7)

2

where the vibrational component of the specific heat is given by

B i \* exp(hv,/kT)
Cvib(T) - zl: gtR(ﬁ) (eXp(th/kT) — 1)2 (28)

and

T\,, _ \/(Cp - Cvib)(cv - Cvib) T (29)

CpCy

where g; and v; are the degeneracy and frequency of the ith vibrational state,
wp = 27vg and R is the gas constant.

The rotational relaxation time is fast compared with the vibrational time
and, typically, only requires a few binary collisions Z, to equilibrate with the
translational temperature (e.g. in SF¢, Z, = 4). The rotational damping
follows the same density dependence as the damping by viscosity. It is
normally incorporated into the damping equation by introducing a bulk
viscosity (ng) that, in polyatomic gases, is given by

ng = 0.131nZ,. (2.10)
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The overall equation for acoustic decay including classical and relaxation

contributions can be written as
o, k(4 — Dk
FB:TBI :?B §n+n3+u

p

Cvib(cp —¢y) w]237_\//

+ .
\/cpcv(cp - cvib)(cv - Cvib) 1+ (wBT\//)z
To a good approximation in many gases, one can also relate thermal
conductivity to the viscosity by the Eucken relationship [2.15]

k  (9y—=9)
e (2.12)

(2.11)

Ideally, the experimentally determined values for « at different pressures
should be used but, since complete data of many heavy Brillouin-active
gases are not available, equation (2.12) is assumed. Equation (2.11) can
thereby be written in a simplified form for polyatomic gases using -y :g
and equation (2.12):
2
B =1.77 ?B n(1+0.074Z,)
i Cvib(cp —¢y) W]237_é
\/Cpcv(cp - CVib)(CV - Cvib) 1+ (WBT\//)2 .
For the case w7, > 1, the vibrational term varies as 1/7;. The vibra-
tional decay term is approximately proportional to density and will increase
at higher pressure (unlike the viscosity term, which decreases as pfl). Hence,
at higher gas pressures, the vibrational contribution can become the major
decay process. The acoustic decay time will therefore not always increase
monotonically with pressure, but can rise to a maximum and decrease at
higher pressures. These results indicate the possibility of achieving both
high Brillouin-gain and fast response time (73), at high pressures in suitable
polyatomic gases.

(2.13)

2.3 Determination of SBS properties in gases

In many media the acoustic decay time is inferred by measurement of the
Brillouin linewidth. The long acoustic decay time of high-pressure gases,
however, allows a direct method of experimental determination of 73, as
was performed in [2.42]. A laser system for measuring the acoustic decay
time is shown in figure 2.1, consisting of a single-longitudinal and single-
transverse TEM(, mode ruby laser with pulse duration of 40 ns. The laser
pulse was passed through an electro-optic shutter consisting of a Pockels
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Figure 2.1. Experimental arrangement for measuring the acoustic decay time of SBS
hypersound.

cell held at half-wave voltage placed between a pair of crossed polarizers.
This initially transmits the incident laser pulse. A photodiode monitoring
the incoming pulse was used to switch the Pockels cell voltage to ground
potential, and rapidly blocking transmission of the back of the laser pulse.
By partially uncrossing the second polarizer, a low level of light leakage
was induced into the transmitted pulse after rapidly switching off the Pockels
cell. The shaped pulse was focused by a lens (f = 10cm) into the SBS gas
medium in a stainless steel cell (/ = 9cm) whose windows were offset at a
small angle to eliminate spurious reflections into the backscattering direc-
tion. By this relatively simple technique, the front of the laser pulse acts as
an intense pump to generate the hypersonic wave by SBS in the gas cell,
while the tail of the pulse behaves as a weak probe to monitor its subsequent
decay.

It can be readily shown that the probe reflectivity is directly propor-
tional to the acoustic intensity at low probe reflectivity. Consider the inter-
action of a plane-wave input laser field Ej(z,¢) (the analysis can be
extended to the focused case used in the experiment). The acoustic field
p(z, 1) is generated by the interaction of the laser field, E; and backscattered
Stokes field, Eg5 and can be described by

dp

a = LZE‘LEEk — p/ZTB (214)

where « is a coupling constant.
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After the Pockels cell has switched off, the weak probe field, £; must
satisfy the condition

In this regime, the solution for the acoustic field at subsequent times is
p(z,t) = p(z,0) exp(—1/27). Also, if the amplitude of the probe input field
does not vary significantly during the Stokes propagation time through the
interaction cell (a good approximation when using a short cell of length /),
then the output Stokes field Eg(0,¢) is given by

0

Eg(0,1) = le P (z,0)EL(z, 1) dz. (2.16)

Here, gg = 4abty is the steady-state Brillouin-gain coefficient and /1 = \EL|2
is the laser intensity.

For the case with the weak probe, the field in the medium can be
expressed as Ey(z,7) = E;(0,7)f(z,t), where f(z,t) represents the trans-
mission factor through the medium resulting from probe depletion in the
SBS process. The reflectivity of the probe is therefore given by

Eg(0,1) |2 J.O * | )
) = xp(=/m)lb dz| . 2.17
(t) ‘ EL(O’ [) exp( I/TB) / P (Z’ O)f (Za Z) z ( )
Hence, when the probe depletion is small, f(z,7) = | and
R(1) = R(0) exp(—1/7p) (2.18)

the reflection coefficient of the probe intensity directly follows the decaying
acoustic intensity and has a decay time constant equal to the acoustic
decay time 7.

In the experiment, the input and backscattered signals were monitored
on fast photodiodes, and from an analysis of the decaying reflectivity meas-
urements, the acoustic decay time was directly deduced. To achieve a low
reflectivity (<1%) throughout the entire probing tail of the pulse, the
pump energy was maintained close to threshold. An additional experimental
aid for temporally synchronizing the two monitored signals was produced by
inducing a small periodic modulation of the voltage across the Pockels cell
after switching.

A calorimeter placed behind the gas cell monitored the laser energy and
provided a method of measuring the relative Brillouin-gain coefficient gy
using the transient gain equation [2.42]. Using the measured transient
threshold energy (Uy,) and decay time (73) yields a relative measure of the
gain coefficient (gg) from

g8Un

= constant (2.19)
]

when a constant interaction geometry for the experimental measurements is
assumed.
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The acoustic frequency, vy, can be measured by comparing the laser and
Stokes frequencies using a Fabry—Pérot etalon. An alternative temporal
method can also be performed by heterodyning the backscattered Stokes
radiation with the input laser field and observing the beat frequency. In
the investigated gases (Xe, SFy, C,F4, CCIF3), the acoustic frequency, vy,
is in the range 200-600 MHz and is resolvable on a fast oscilloscope. The
evidence for gas breakdown could also be obtained in this experiment, by
observing the degradation or premature termination of SBS, together with
absorption of the laser radiation passing through the gas cell.

2.3.1 Xenon

Xenon is a monatomic gas that can be completely described by the classical
damping formula as given in equation (2.4). Figure 2.2 shows the experimen-
tally determined acoustic decay time as a function of xenon pressure using
the optical probing technique for SBS excited at the ruby laser wavelength,
A = 694.3nm. Errors on the decay time measurements were typically better
than 6%. Experimental values of 73 were extracted from measurements of
reflectivity versus time by using a least-squares fit to the decaying reflectivity
of the probing tail of the laser pulse. The solid line on the graph is plotted
according to equation (2.4) using available thermodynamic data on xenon.
At the pressures used in this heavy gas, the ideal gas behaviour is no
longer valid, so virial coefficients for evaluating the gas density and the
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Figure 2.2. Acoustic decay time and gain coefficient in xenon (solid line shows calculated
decay times assuming classical damping).
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experimentally tabulated pressure dependence of the viscosity were used in
the calculations for the real gas [2.41]. The agreement between the calculated
and experimental decay time in xenon is very close.

From knowledge of the decay time 7, the Brillouin-gain coefficient gg is
calculated as

20 32
&8 = LF%) B (2.20)
ncvgp
where kg is the wave vector of the Stokes field, v, = p(dp/9p)r is the electro-
strictive coefficient, # is the refractive index, and vy is the acoustic velocity of
hypersound. The gain coefficient gg is also plotted in figure 2.2. The relative
variation of the gain with pressure, as estimated from the transient energy
threshold, was consistent with the variation of the calculated gain. The
results for this gas are also consistent with previously published values
gg = 0.044cm/MW, 73 = 65ns at p = 50atm and 1.315 um [2.41].

Focal intensities of several GW/cm? were used in the experiments with-
out any major gas breakdown observed. This is in contrast to experiments at
1.315 um in Xe [2.41], in which breakdown was observed at intensities of only
170 MW /cm?, although the pulse duration was of the order of 10 ps in that
case.

Using the calculated and experimental values of the decay time and its
frequency dependence according to equation (2.4), an approximate expres-
sion for 7 as a function of pressure p (atm) and laser wavelength Ay (um)
was found [2.42]:

5 (ns) = 0.65\] p. (2.21)

2.3.2 Sulphur hexafluoride (SFy)

Sulphur hexafluoride is a heavy polyatomic gas that has been used frequently
as a high-gain Brillouin-active medium operating at modest pressures [2.41]
compared with other lighter gases. Unlike xenon, it has a large number of
vibrational and rotational degrees of freedom. To calculate the decay time
in this gas, it is necessary to use the complete equation (2.11), that includes
vibrational and rotational damping. Fairly complete data of the thermo-
dynamic properties and also relaxation times from ultrasound studies exist
for SF¢. The density, viscosity and velocity dependence with pressure were
also incorporated using available data [2.42].

Figure 2.3 shows the experimentally determined decay time in SFq
together with its calculated variation with pressure up to its saturated
vapour pressure. The decay time according to the absorption equation
(2.4) is also included (dashed line) for comparison. The experimental and the-
oretical determination of 75 are again in good agreement and the significant
reduction from the classical value at higher pressures should be noted.
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Figure 2.3. Acoustic decay time and gain coefficient in SF¢ (solid line shows calculated
values; dashed line shows classical decay values).

An approximate expression has been derived to estimate the acoustic
decay time in SFg4 as a function of density at other wavelengths using the
values of the calculated decay time [2.42], that is,

4 59x%10°
TR =
PAL

where p is in kg/m® and )\ is in pm.

Using the experimental values of 7 in equation (2.20), the gain coeffi-
cient for SF¢ has also been calculated and is shown in figure 2.3. It is
noted that, at higher pressures, its value is slightly less than previously
quoted values in the literature [2.41] (gg = 0.035cm/MW at 22 atm).

Gas breakdown was observed at an estimated focal intensity of ~1 GW/
cm?, in qualitative agreement with values quoted at 1 pm (5 GW/cm?) and
249 nm (10 GW/cm?) [2.43].

Although SFg is a heavy gas with high Brillouin-gain, its range of opera-
tion is limited by its saturated vapour pressure, which is approximately
22 atm at room temperature. An increase in gas pressure and hence gain
can only be achieved by increasing the temperature. In a survey of the
properties of several heavy gases, in order to select those with possible
high Brillouin gain and the capability of high-pressure operation at room
temperature [2.42], two promising candidates, chlorotrifluoromethane
(CCIF;) and hexafluoroethane (C,Fg), were selected for experimental

+ 1.6 x 10°p (2.22)
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characterization. Both CCIF; and C,Fy are gases with high density, and
hence correspondingly high Brillouin gain. They also exhibit low-lying
vibrational levels, an indication that the gases will have a fast vibrational
relaxation time and hence strong vibrational damping at higher pressures.

2.3.3 Chlorotrifluoromethane (CCIF3)

CCIFj; is a heavy polyatomic gas with a saturated vapour pressure of approxi-
mately 32 atm (7" = 20 °C). The acoustic decay time was measured experimen-
tally and calculated using available data of the thermodynamic and relaxation
properties of the gas. The characteristic number of collisions for energy trans-
fer to rotational modes was estimated by comparison with similar molecules
as Z, = 3, although the value of the decay time is insensitive to the precise
choice of this number. The Brillouin-gain coefficient was also derived for
this gas according to equation (2.21). The results are displayed in figure 2.4.
Strong vibrational relaxation is observed in this gas at higher pressures
such that the decay time rises to a maximum 9 ns at a pressure of approxi-
mately 27atm and decreases at higher pressures. The high Brillouin-gain
coefficient is also confirmed by the energy threshold measurements.

Gas breakdown in CCIF; was not observed even at the highest pumping
intensity from the ruby laser system (~10 GW/cm?). A reflection coefficient
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Figure 2.4. Acoustic decay time and gain coefficient in CCIF; (solid line shows calculated
values; dashed line shows classical decay values).
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of greater than 70% was obtained under these conditions. (A reflectivity of
~95% was also achieved in this gas using a high-power Nd:YAG laser
system at 1.06 pm and focal intensities ~100 GW/cm2 without observation
of breakdown.)

An approximate expression has been derived for the acoustic decay time
as a function of gas density in kg/m® and laser wavelength in pm [2.42]:

o 478 x 107

8 — +3.25 x 10°p. (2.23)
PAL

2.3.4 Hexafluoroethane (C,F¢)

Unlike SFy, CCIF; and the majority of the heavy fluorinated compounds,
hexafluoroethane (C,F¢) at normal room temperature lies above its critical
temperature (7, = 19.7°C [2.29]). Since the gas cannot liquefy above its
critical temperature, it can be used at high pressure. Its thermodynamic
properties were not as readily available compared with the other gases
investigated, and no vibrational or rotational relaxation times have been
measured. The relaxation times can, however, be estimated by comparison
with other fluorinated molecules.

An experimental determination of the decay time of C,F; was made
[2.42] and is plotted in figure 2.5. A pronounced variation in the decay

ka/m?
lo( g/m”~)
0 X 200 400 600

51 qB

T | jcm
B _—

I )
(ns) H0.06

3 - L.

-0.04
2 .
%
.| 002
O w2 3
p(atm)

Figure 2.5. Experimentally measured acoustic decay times and derived gain coefficients in
C,Fs.
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time is observed in the vicinity of its critical density and is caused by the very
large variation in density with pressure (dp/dp)r — 0 in this region. The
unusual behaviour of the gas in its critical region will be illustrated again
in the section on the measurement of the acoustic velocity.

2.3.5 Liquid CCIF;

Most of the fluorocarbon compounds have the useful characteristic of high
density, low viscosity, chemical stability, and transparency from the infrared
to ultraviolet regions of the spectrum. These properties are present both in
their gaseous and liquid phases.

The gas CCIF; was liquefied, at a pressure near its saturated vapour, by
adding quantities of high-pressure xenon. The acoustic decay time of the
liquid was measured as 6.2 + 0.4 ns, at 32 atm. The decay time is relatively
long compared with other liquids, primarily due to the low viscosity of the
liquid CCIF;. Indeed, the decay time is comparable with that of CCIF; at
high pressure in its gaseous phase.

According to equation (2.6), the Brillouin frequency shift is deter-
mined by the acoustic velocity (vg) and the refractive index (1) of the
medium. In a polyatomic gas, at typical hypersonic frequencies (500 MHz),
the adiabatic velocity vy = Yoo RT /M is determined by the high-frequency
value of the ratio of specific heats 7., = (C, — Cyip)/(Cy — Cyipp), in which
the vibrational contribution to the specific heats is not activated, and
by the molecular mass, M. The hypersonic velocity is therefore higher
than the low-frequency acoustic velocity. In a real gas, the acoustic
velocity is also a function of pressure. For example, in SFy, the dependence
of the hypersonic velocity at 7= 26°C with density is measured to be
[2.42]

vg = 149.9 — 0.9876p — 6.386 x 107 *p* £ 1.3 m/s. (2.24)

The acoustic velocity can be experimentally measured for the gases such as
CCIF; and C,Fg by heterodyning the backscattered and input radiation,
which gives a beat frequency equal to their difference frequency. The acoustic
velocity was determined using the resultant beat frequency (vg) in equation
(2.6) and the results are depicted in figures 2.6 and 2.7. The acoustic velocity
in a real gas is given by +/(dp/dp).q4, under adiabatic conditions. For CCIFj3,
as in all non-ideal gases, this is dependent on pressure, as seen in figure 2.6.
For C,Fg, the velocity variation versus pressure is rather more complex,
which results from the fact that the operating temperature (7 = 21 °C) was
close to the critical point (7, = 19.7°C). At the critical point, (dp/dp)r =
(d*p/dp*)r = 0 and one would predict a minimum in the acoustic velocity
in this region. In figure 2.7, at 7'= 21°C, the minimum acoustic velocity
occurs very close to the critical density and falls to a relatively low value.
It is also noted that in the experiment, the C,F, gas became visibly turbulent
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Figure 2.6. Experimentally measured acoustic velocities of hypersound in CCIFj;.

plka/m’)
0 200 400 600

L )

1401
1301
(m/s)
120
110

1001

901

o T S S
p(atm)

Figure 2.7. Experimentally measured acoustic velocities of hypersound in C,F¢ in the
vicinity of the critical point. Operating temperature 7 =21°C (7, =19.7°C, P, =
29.8 atm).
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near its critical density due to the very large density fluctuations near the
critical point (critical opalescence).

In these heavy gases, it is observed that the acoustic velocity and
frequency shift are small compared with lighter gases or liquids (e.g. CHy,
vg = 440m/s; acetone vg = 1190m/s). The small acoustic frequency is
potentially useful for several applications such as in aberration correction
in laser amplifiers with very narrow gain linewidth, e.g. the iodine laser [2.41].

2.4 Determination of SBS properties of liquid materials

The liquid SBS materials can be investigated with similar methods as gaseous
materials, although shorter acoustic decay times and higher acoustic frequen-
cies make direct temporal measurements harder to perform. For best perfor-
mance, the materials should be ultra-pure, usually vacuum distilled several
times to remove the particulates in the liquids. The last distillation could
be done directly in the SBS cell, when the cleanliness of the ensemble is
observed by the scattering of a visible c.w. laser beam passed through the
cell. The absence of particles in liquid materials proved critical to thermal
lensing, breakdown or self-focusing at intensities higher than a thousand
times their SBS threshold [2.8, 2.12, 2.13].

A typical simplified experimental setup, in which the stimulated Bril-
louin scattered light is measured, is shown in figure 2.8 [2.12, 2.13, 2.46].

Det B
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N P, 1| sBs || .
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(pump),
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Figure 2.8. Experimental setup for parameter measurement of SBS liquids [2.12, 2.13,
2.46]. SBS: focused cell; SBS: amplifier cell (both filled with common SBS liquids); P:
polarizers; Det A, Det B, Det C: calibrated energy detectors; A\/4: quarter-wave plates;
A/2: half-wave plates; BS: beam splitters.
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The laser beam is split into a pump beam and a probe beam, for the gain
measurement. The probe beam is backscattered by the SBS cell #1 (in focused
geometry) and then arrives simultaneously with the pump beam to the SBS
cell #2 (amplifier). Calibrated calorimeters CPU, CP and CS measure the
energy of the pump, probe and scattered pulses, respectively. The SBS cell
is temperature controlled, which allows thermal tuning of narrowband
Brillouin lines. The Brillouin frequency varies proportionally with tempera-
ture. The Brillouin-gain coefficient, gg, is calculated from the probe energy
at the entrance and at the exit of the SBS amplifier cell (#2), Ej, and E,
respectively, by

ln(Eout/Ein) — Atp ln(Eout/Ein)
LI,(0) 2LE,

8B = (2.25)
where I, = 2E,/ At is the pump intensity at the beam centre, E,, is the total
pump energy, A is the pump beam area (at ¢ ~ intensity point cross-section,
which could be measured from an image captured by a CCD camera), t, is
the respective pulse duration and L is the length of SBS amplifier cell.
Scanning the temperature of SBS cell #1, from about the room temperature,
by some tens of degrees and keeping the temperature of SBS amplifier cell
(#2) constant, the probe frequency was scanned by some hundreds of
MHz. This range is enough to measure E,,(vg) and to calculate gg(vg)
with equation (2.25). From a best fit of these data with a Lorentzian function,
one can deduce the Brillouin-gain coefficient at the line centre, gg and the full
gain linewidth at half-maximum, Avg = 77g. Using these measurements,
Erokhin et al [2.13] characterized precisely SBS properties of various SBS
liquids, Amimoto et al [2.12], the properties of SnCl,, and Watkins et al
[2.46], the properties of TiCly.

2.5 Determination of the Brillouin linewidth, frequency and
gain coefficient in solid materials

High resolution stimulated Brillouin-gain spectroscopy in glasses and
crystals was done in many studies, particularly by Pohl and Kaiser [2.14],
Faris et al [2.16] and more recently Le Floch et al [2.47]. This research was
stimulated by optical communications and by Brillouin-based distributed
sensors using optical fibres. In the latter case, the sensitivity of Brillouin
interaction in optical fibres to strain or temperature is used. Measurements
at low temperatures were done in liquid nitrogen and those above room tem-
perature were performed in a temperature-controlled chamber (up to about
350K) [2.47]. For temperatures higher than 150 K, the Brillouin frequency
increases linearly with temperature in standard single-mode optical fibres
(with the slope 1.31 MHzK !, at Ay = 1.55 um), which corresponds to the
observations of many authors. This linear dependence allows a simple
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Figure 2.9. Experimental setup for SBS parameter measurement in an optical fibre
[2.47]. PC: polarization controller; EOM: electro-optical modulator biased at its zero-
transmission point; Filter: blocking the Rayleigh scattering and the anti-Stokes signal.

linear scanning of probe signal frequency and the calculation of the Brillouin-
gain spectrum.

A simple experimental setup (Brillouin optical time-domain analyser)
for the study of the Brillouin-gain spectrum is shown in figure 2.9 [2.47].
The light source is a semiconductor laser with a power of 30mW, at
Ao = 1.55um. The laser beam passes through a polarization controller
(PC) and an electro-optical modulator (EOM) biased at its zero-transmission
point. This modulation leads to two side-bands, which could act as a
probe, around the laser line which acts as the pump beam (/). The probe
is backscattered through the interaction, in the fibre, with the counter-
propagating pump wave (at a power level of about 20 mW). The anti-
Stokes wave is depleted and the Stokes wave (/g) is amplified in this process,
which could be described, in the steady-state, by the well-known coupled
equations

(dlp/dZ) = —Oélp — gBlslp, (d]s/dZ) = —O[IS — gBIS[p (226)

where « is the absorption coefficient, g5 = gpo[l 4+ 2(v — v5)*/(Avg)] ' is
the frequency-dependent Brillouin-gain coefficient, g is the resonant
Brillouin frequency shift and Avy is the Brillouin linewidth. Assuming a neg-
ligible depletion of the pump beam, one can find the classical solution of the
exponential growing Stokes signal, which could indeed be detected experi-
mentally, after the filter cutting the Rayleigh scattering and the anti-Stokes
signal. From the Lorentzian shape and centring of the Brillouin-gain
spectrum, one can determine vy, Avg, and ggy. For a standard single-mode
fibre, vy = 10.842 MHz and Avg =~ 60 MHz.
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2.6 Conclusions

The first problem in SBS applications is the selection of a nonlinear material
and of the setup geometry. The Brillouin frequency shift and linewidth can be
measured in SBS experiments. Then, the Brillouin-gain factor, the phonon
lifetime, the elasto-optic coefficient and the elastic constants can be calcu-
lated. For simple SBS media, the acoustic decay time scales as the square
of the wavelength. For pulsed operation, SBS threshold energy is propor-
tional to the acoustic decay time and it is for this reason that poor SBS
performance is observed with long wavelength lasers (e.g. CO, lasers at
10.6 pm) and why attempts have been made to improve SBS media in the
mid-infrared spectral region.

Table 2.1 lists some of the most used materials in SBS at different laser
wavelengths from infrared to ultraviolet. Selection of appropriate SBS
material depends on several factors some of which are characterized by the
displayed SBS material parameters and by the cited papers, which give
more references for the interested reader.

In general, the use of pressurized gases eliminates complications arising
from liquid use including corrosion, cavitation bubbles and thermal convec-
tive turbulence. The use of liquids is often selected, however, due to lower
SBS thresholds and larger Brillouin linewidths (one order of magnitude
shorter acoustic decay times, i.e. sub-nanoseconds). The solid SBS materials
are used for all-solid state applications, mostly in guiding geometry (optical
fibres), in which their small Brillouin-gains are offset by long interaction
lengths.

In order to select the optimum material for a particular experimental
system, it is important to have a reliable characterization of SBS materials.
The criteria for choosing a suitable material depend on laser wavelength
and pulse duration. Some straightforward optical methods have been
described whereby the main parameters of SBS can be directly measured.
Generally, good agreement is found between the experimental and theoreti-
cally calculated values of the Brillouin frequency shift, linewidth and gain
coefficient, in gases, liquids and solids.
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Chapter 3

Solutions of the one-dimensional SBS model

The simplest interaction geometry to consider is when the SBS process
involves an incident pump beam with a plane-wavefront and the scattered
Stokes wave is also considered to have a plane-wavefront. In this regime,
the SBS process can be considered as a one-dimensional spatial interaction,
transverse derivatives can be neglected and considerable mathematical sim-
plification of the process is achieved. Many of the important physical results,
such as reflectivity and pulse durations, can be approximated in this regime.
With further simplifying approximations, fairly simple but useful relation-
ships can be deduced analytically, and these results can be used to predict
first-order approximations to experiments and in applications.

3.1 The steady state regime

3.1.1 Laser pump depletion included, absorption neglected

In this regime, expounded by Kaiser and Maier [3.1], we consider the backscat-
tering regime of figure 3.1 with all time derivatives set equal to zero with the
interaction time long compared with the phonon lifetime. We also consider
neglect of medium absorption and use the steady state intensity equations:

dr; dig
L oI > = —gpl; L. 1
dz gplLls, dz gBlLls (3 )
< - >
acoustic wave
1, + * I
0 L
2 >

Figure 3.1. Backscattering geometry for SBS.
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40 Solutions of the one-dimensional SBS model

The analytical solution of Stokes intensity generated (/5(0)) as a func-
tion of incident pump intensity /; (0) and interaction length L, with inclusion
of pump depletion but neglect of medium absorption is given by

Is(L) 1 —15(0)/1.(0)

15(0) ~ exp{[T = I5(0)/1 0)lgsle 0L} — 5O/ (0)
with the additional conservation condition
Is(z) — I (z) = I5(0) — I (0) = const. (3.3)

We can also specify an additional boundary condition from the
empirical relationship relating to the spontaneous scattering that acts as an
initiating source Ig(L,?) = I; (0,7) e~ %, where G, ~ 30 is assumed typically.
With this additional boundary condition, equation (3.2) can be rearranged to
give a transcendental equation for the SBS reflectivity R = I5(0)/1;.(0):

30+InR
G =gplL(0)L = T_r

(3.4)

This result demonstrates that the SBS reflectivity is determined by the
dimensionless exponential parameter G = ggly (0)L. This expression allows
calculation of the intensity requirement for a given reflectivity. For example,
for R =1% requires G =25.7, for R =10% requires G = 30.8 and for
R =90% requires G =299. In comparison, the Stokes growth solution
with neglect of pump depletion predicts

15(0) = Is(L) exp[gp/L(0)L] (3-5)

and hence R =exp(G —30) or G =30+ 1InR. For G = Gy = 30, the pre-
dicted reflectivity is 100% and is clearly wrong; for high reflectivities
equation (3.4) must be used.

3.1.2 Laser intensity undepleted, absorption included

The laser intensity experiences exponential attenuation due to the absorption
of the medium while the Stokes intensity sees SBS gain and absorption
losses

dr;, dI.

— = —al, — = —ggliIs + al}. 3.6

a- L a- gplils + adp (3.6)
The solution of the above equations gives the Stokes intensity, as a function
of distance within the medium, as

I5(2) = Ig(L) explgsl (0) (e — ¢ ")/ — a(L - 2)] (3.60)

where L is the length of the medium and Ig(L) and I; (0) are the scattered
(Stokes) and the laser intensity at opposite ends of the medium, respectively.
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For aL < 1 (optically thin medium), one obtains the exponential ampli-
fication typical for all stimulated scattering processes:

Is(z) = Is(L) exp{[gp/1.(0) — o] (L — 2)}. (3.7)
One obtains net amplification of the scattered light for gg/; (0) > « only.

3.2 Transient plane-wave solutions

Transient phenomena of SBS were studied theoretically in non-absorbing
media and assuming no pump depletion. Kroll [3.2], Hon [3.3] and other
authors have given a general solution of the coupled equations, where the
partial time derivatives of first order are considered and the pump pulse or
interaction time is short or comparable with the phonon life time (). For
large gain, the growth of the Stokes wave intensity (taken as a step-function)
is given by

Is(z,1) = Is(L, 1) exp{2[gp Iy (0)(L — 2)t/7p]"/* — t/73}. (3.8)
According to equation (3.8), the amplification depends on the ratio /7.
This dependence leads to a greatly reduced gain when the pulses are short
compared with the phonon lifetime. The main growth factor is seen as a
function of both space and time coordinates. The growth increases with
the accumulated fluence of the laser input (U (7) = I (0)7) rather than the
instantaneous intensity. Indeed, for generally shaped pulses, the term
I; (0) in equation (3.8) can be replaced by Uy () = [I ()di. After a
sufficiently long time, the Stokes gain reaches the steady-state described by
equation (3.5). This time to steady-state is given by

t Z gBIL(O)LTB' (39)

For high SBS growths the transient regime persists for a time an order of
magnitude greater than the decay time 7.

A transient threshold can be defined assuming the total intensity gain
factor I5(0,7)/Is(L,t) =~ exp(30) is reached by the end of the pump pulse
with duration 7 (and assuming the transit time of the medium is short com-
pared with the interaction time). This condition gives (7 is the duration of
the pumping pulse)

s 1/2 P
2[g—3 LJ IL(z/)d/} ~ L~ 30. (3.10)
B 0 B
For a square pulse this gives a threshold gain G, given by
1 O\
Gy, = (glLl)m = 2 ;——B (30 +—L> . (3.11)
L B

The threshold condition of equation (3.11) indicates that short pulse
durations require higher threshold intensity (assuming #; /fg < 30). At very
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short pulse durations, the pulse duration becomes comparable with the
acoustic frequency and the SBS process has insufficient bandwidth to
couple the process efficiently, with the consequence the SBS threshold rises
even more sharply than expected by equation (3.11). In this case it is neces-
sary to retain the second time derivative in the acoustic wave equation.

3.3 Numerical solutions

A further approach, to remove the restrictions of approximations made for
analytical simplification, is to perform numerical solutions. The system of
transient equations describes a more generalized system of interaction for
laser (E;) and Stokes (Eg) fields and the acoustic wave amplitude Q (in
suitably scaled units):

(g# aﬁ)EL = —EsQ, (g—f 2>Es = E.0'
n 0z t n oz
P | ) (3.12)
(E—F%)Q = 'VELES-
This system of equations can be numerically solved [3.4] and it has been
shown that such a system is suitable for solving the regime of SBS in which
strong compression of duration of laser pulses can be achieved [3.3-3.7]. The
effects of medium absorption can be readily incorporated in this system of
equations. Unfortunately, the numerical solution must be performed by
computer for each specific interaction condition and set of initial input
parameters and does not give general results, although it is a useful way to
illustrate specific examples.

3.4 Solving one-dimensional SBS using the characteristic
equations

In the remainder of this chapter, we use the method of characteristic equa-
tions [3.8] to solve in the general analytical way the set of coupled differential
equations describing the one-dimensional SBS process, which are derived
from the Maxwell and Navier—Stokes equations including optical absorp-
tion. The expressions of pump- and Stokes-wave intensities, which are
obtained accounting for the first-order time and spatial derivatives and for
the arbitrary time dependence of the pump pulse, are more accurate in
comparison with the previous approximated results (e.g. from [3.1], [3.2]).
The results are derived for pump pulses shorter and longer than the
phonon lifetime.

The Stokes pulse has a different duration to the laser pulse and the
compression ratio in both these cases is also calculated. We redefine SBS
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steady-state regime in the saturation region of these solutions as a function of
the pump wave intensity. This definition can provide also a sufficient
condition for a stationary process. The theoretical results are checked with
experimental data to show the validity of this general model.

The SBS process is modelled by the set of differential equations, neglect-
ing the second-order derivatives with respect to the first-order ones.

The phase-matching relation holds (from conservation laws):

e=¢L—ps—pp=0 (3.13)
where ¢ = wy t + ki z, o5 = wet — kgz and pp = Qpt + kgz are phases asso-
ciated with the optical pump, the optical scattered and the acoustical fields.
Condition (3.13) takes place when the Navier—Stokes equation is purely
deterministic; this means that the statistical instabilities are neglected.

We consider the system of equations (1.30a—c) which describes the SBS
process:

_% g%-g-%aES:%Z—ZE ' (3.14)
We introduce the following conditions:
27611 (ILI) > > pi?, % < %p (3.15)

where p is the density variation of the nonlinear medium, v is the velocity of
the acoustical waves, ~, is the electrostrictive coeflicient, n the refractive
index, ¢ the speed of light and I, Ig the intensities of the pump and scattered
fields. The first condition in equation (3.15) means that the optical gain is
much higher than the acoustical one (which is valid for restricted values of

pumping intensities)”
nw T
Iy > ( -2 ) ( B ) .
8¢ I

The second condition is neglecting the acoustic dynamics through an adia-
batic approximation (the acoustical field can be considered approximately
quasi-stationary).

“The first condition in equation (3.15) can be written in the equivalent form: ggz [y > wr. Using
the expression (3.19) for the characteristic length z., we obtain the conditions for the maximum
pumping intensity: Iy > (nwg/ggc) (/1) (for tp < 7) and Iy > nwy/gge (for 1 > 7). The first
one covers both cases and limits the validity of the SBS equation system (3.16) to pumping
intensities higher than a certain value I} = (nwg/ggc)(m/1L). For CS; as the nonlinear SBS
medium, at \; = 1.06 um, #;, = 3ns, 7 = 6ns, this limit is: 7, = 16.6 MW /cm’.
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I'p: g=ctn+z
T E=ctnt+z.-z

dn/€, = const.

) P
x"\dn/&s = const.
1 Q 2 L~ | t
T, I
()
Ax
z=0 ZF 7
Z
v | XG) Ly(®
(b)

Figure 3.2. (a) The characteristic lines I'; and I', associated with z, and #; are defined by
equation (3.17); Q is the intersection of the Stokes characteristic with the time axis at z = 0;
L is the intersection of the pump characteristic with the time axis at z = 0; P is the inter-
section of the Stokes and pump characteristics. (b) The dashed volume represents the inter-
section region between the optical and acoustic fields. 7; is the intensity of the pump pulse
defined at z = 0; g is the intensity of the Stokes field defined at z = z.

Using conditions (3.15) leads to the following system of equations for
the SBS process:

n ol Of n olg Ol
__L+_L:—OZIL—gBILIS —S——S_

- = —al L 3.16

¢ ooz ¢ oz olsteshls (316)

where o is the linear optical loss in the material and g = (w?(7.)* /¢ nvpy )78

is the optical gain associated to the SBS process. This system of equations has
been used also in [3.34, 3.37].
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z
L <1
. P,
CTB/n ""..‘Pz ~
Ct,/n| .
T, Q t L, L, t
Stokes wave front pump wave frontrl
(¢
A
z
6> Ty
P,
ct/n S
P,
cty/n
r, t7Q L, t L. t
Stokes wave front pump wave front Fl
(@

Figure 3.2. (c¢) The surface (QP,L,) is the domain of interaction when # < 73 and
zo = cty /n; Ty and T, are the light wavefronts; I'; is the acoustic wavefront; P;L; is the
pump wavefront at z = ¢7/n. (d) The surface of triangle (QP,L;) represents the domain
of interaction when #;, > 73 and z, = c7/n.

To solve analytically this set of nonlinear coupled equations, we shall
use the integration on characteristic equations [3.8], a method that leads to
more general solutions (analytical distributions in time, ¢, and space, z, for
an arbitrary temporal shape of the optical pump pulse).

In the space (z,¢), the characteristic equations associated to system
(3.16) have the form (figure 3.2(a)):

= (c/mitz &= (c/m)itz—z (3.17)
The boundary conditions for the system of equations (3.16) are (figure 3.2(b)):
IL(Za t) z=0 :ILO(Z)v IS(Z> t)|z:zc :ISO(I) (318)
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where 1 (1) is the time dependence of the pump pulse at the entrance of the
cell. The second condition in equation (3.18) is an approximation for the
distributed spontaneous scattering (Ig) that initiates the SBS process. z, is
the maximum interaction length between the optical and acoustical fields
within the nonlinear medium.

We define the characteristic length

n/n, 1 <
ZC{CL/” LT (3.19)

CTB/I’l, [L > TB

where 7 is the duration of the pump pulse and 7 is the phonon lifetime in the
nonlinear medium. The definition of z, is related to the interaction time of the
pump (light) and acoustical waves, in two cases:

(a) When #; < 73, the interaction time is given by the pump-pulse duration,
because after the pump pulse ends, there is nothing to be compressed
even though the acoustical wave is still present. This situation is
shown in figure 3.2(c), where the surface of the triangle QP,L, repre-
sents the interaction (superimposition) of the three fields (pump,
acoustical and Stokes).

(b) When t;, > 73, the interaction time is determined by the phonon lifetime,
TR, because the long light interaction with the nonlinear medium is more
affected by instabilities of the acoustic phonons (thermal and hydro-
dynamic fluctuations) [3.14, 3.15]. We assume that random processes
determine the coherence of the conjugated beam with lifetimes of the
order of the phonon ones (similarly with the previous case). This situa-
tion is illustrated in figure 3.2(d), where the surface of triangle QP L;
represents the interaction domain of the three fields.

Using equations (3.16) and (3.19), we derive the derivatives with respect to

& and &
0 1/no 0 0 1/no 0
agL_2<caz+az)’ ags_2<cat_az)’ (3:20)

In order to get a simple parametric representation of equations (3.16),
we shall write the derivatives as a function of 9/9¢g in the form

o 1(no 0
R T S 3.21
¢s 2(cal+8(zc—2)> (3.21)
and we shall use the integration along the characteristic lines, in a similar
manner as Yariv [3.15] has done, with
|_i _ 'i
238 O&s

d
— & (3.22)
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where 7 is an integration variable, which is considered along both character-
istic lines (figure 3.2(a)). From equations (3.16), (3.20), (3.22) we have

dr dr
—L=—al — gl s, —=> = —als + ggl Is. (3.23)
dn dn

The solution of (3.23) has the general form

PR Iro(0)[Lo(2) + Iso] exp(—az)
IL(nt+ ) Tio(t) + Isg exp{gg[lio(?) + Iso] - 1(2)}

Iso[ILo(t) + Iso]
I (Et 4g z) _ x exp{—a(z. — 2) + ggllio(?) + Iso)l(ze — 2) }
S\ n ¢ o (1) + Iso exp{gp[lro(t) + Iso] - I(ze — 2)}

where [(z) = [l — exp(—az)]/a. Taking into account the specific trans-
formation for the backward scattering described in equations (3.22), the
optical pump field at the exit of the interaction region, limited by z., has
the form

(3.24)

I(1) = IL<;I+Z> (3.25)
and the Stokes field at z = 0 is
]S(l) :]S<£[+ZC —Z) (326)
z=0

From equations (3.24), one can deduce the intensity of the Stokes field
scattered by the cell filled with the nonlinear material (at z = 0):

_ (1) exp[—azc + gplio(t) - (z.) — G|
1 +explgplio(?) - (z.) — Gy

where Gy = In(Iy/1Isy), I1o is the pump intensity at the entrance of the cell
and I, is the intensity of the spontaneous Stokes field. A particular form
of equation (3.27), in the case « =0, was deduced by an alternative
method by Johnson and Marburger [3.13] and Chen and Bao [3.16]. In
their result, z, is the interaction length.

From equation (3.27), considering equal cross-sections for the pump
and the Stokes waves and different pulse durations, we can find the energy
reflectivity of the SBS process (or energy conversion efficiency) as

Is(1) (3.27)

Is
€s Jo Is(r) dt Ae e Jls/’t e

R = — = = du
sBs 0 11 Ac

L J:]Lo(t)dl ?erf(l)

(3.28)
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where ¢} is the pump energy, &g is the Stokes energy and

1
A:exp(EL—GO>7 U = ———
€L 1+ (e /ers)

1 s £
—— u=—, — = gglozc
Ver/eL L €L

(assuming Gaussian pulse shape). We can calculate easier the values of the
SBS reflectivity for (1) small pump energy (e — 0):

Uy =

- 1 EL 2 EL1
Reos ~ er(1) &P ( Vrer( = 0 O‘Z“)
—1
x {1 Texp (f‘:L - Go)} (3.282)
€Ll

and (2) large pump energy (g;, — 00):
Rgps ~ exp(—az,). (3.28b)
From the same solution, one can find the intensity of the perturbed
pump wave at z = z.:
IL(t) = Io (1) exp[—azc — gplio(1) - L(zc) + Gy (3.29)

3.5 Laser pulse compression by SBS

In order to calculate the duration of the Stokes pulse, one can choose the
following form for the optical pump pulse

Lo (1) = I f (1), (3.30)
where [, is the maximum intensity of the optic pump pulse and the envelope
function f'(7) is continuous together with its derivatives up to the second one,
with

0<f(n<1 ifre0,r]

3.31
f(t)=0, elsewhere (3.31)

It is assumed that the pump pulse duration is much shorter than the time
required for light to traverse the SBS cell.

If the pump pulse is step-like, the scattered pulse will be different. Thus,
the scattered pulse has a different shape than the pump pulse, which is
dependent on the shape of the pump pulse.

We calculate the duration of the Stokes pulse at 1 /e from the maximum
value of the Stokes intensity, fg, for the particular shape of the pump pulse:

wab(®)-@)) e
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The pulse defined by equation (3.32) is close to commonly used experimental
pump pulses and offers the possibility to derive an analytical expression for
the Stokes pulse and the compression ratio.

Thus, in the case that the pump pulse is shorter than the phonon lifetime
(1L < T), one can obtain

153 cty
t,=———+ forz,=—. (3.33)
© lgnlo- U(z)]' o

The temporal width obtained by Hon [3.3, 3.17] for the scattered pulse is
a particular case of that of equation (3.33), when o = 0.

From equations (3.27) and (3.33), we can obtain the compression ratio
(1./1s) [3.18-3.20]:

(I_L) — { lgnlo - 1(z)]'/?, for gglig-1(zc) — Gy < 0 (3.34)
Is /)i <r 1, for gplio-1(z.) — Gy > 0.
Similar to equation (3.34), equation(3.27) may be written in the form
( I5(1) )
ILO(t) L <T
_ fexp[—aze +gplio(r) - I(zc) — G, for gplio(t)-1(zc) — Gy <O
- {exp<—azc>, for gy li(1) - (=) — Gy > 0.
(3.35)

From equations (3.34) and (3.35), one can observe that for small pump
intensities the Stokes intensity is proportional to the pump intensity and the
compression ratio has high values.

For high pump intensities, a saturation process appears for the Stokes
intensity and the compression ratio becomes unity. In this region, there is
no compression (71 /tg — 1) and the Stokes intensity is

I5(1) = Iro(1) exp(—az) (tL < 78). (3.36)

We suggested calling this regime a ‘quasi-stationary regime’, as an exten-
sion of the definition given by Kaiser and Maier [3.1] and Kroll [3.2] and
commonly used in the SBS literature [3.18-3.20]. In this regime, the temporal
dependences of the scattered and pump pulses are similar up to the multipli-
cative constant [exp(—actL/n)].

When the duration of the pump pulse is longer than the phonon lifetime
(ty, > mg) and the pump intensity is high, using the expression for z. from
equation (3.19), we obtain

cT T
Io(t) exp [—QTB-FgB[LO(l) ‘1<7B) - Go]

1+ €Xp |:gBILO(Z) ‘l(?) — G0:|

a similar expression to that of equation (3.27).

Is(t) = (3.37)
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Taking the similar shape for the pump pulse as that in equation (3.32),
the duration of the Stokes pulse becomes

— L
T gplo - l(cmy/n)]'* (339

In this case, the compression ratio, (equivalent to equation (3.34)) is:

(Z_L> _ { lgslo - l(cmg/n)]'/?, for gglig-I(cTg/n) — Gy < 0 (3.39)
Is/n>r L for gglyg - (cmg/n) — Gy > 0

In both cases, #; > 7 or #; < 75, we have defined a quasi steady-state
regime of SBS in the saturation region of our general solutions (3.27) and
(3.37), which are dependent on the pump pulse intensity and duration, and
on the absorption of the nonlinear medium. The usual definition of this
regime, implying the cancellation of the temporal derivatives [3.1, 3.2]
leads, in our opinion, to an over-simplification of the process evolution
and to an insufficient condition for the existence of such steady-state
regime.

From equations (3.34) and (3.39), we can deduce the condition for
pulse compression (7 /tg > 1). In the case 7 > 3 and « =0, this con-
dition is

Gy > gply 2. (3.40)
n
In the case f;, < 13 and a = 0, the pulse compression appears when
t
Gy ngsIoC—L~ (3.41)
n

One can remark that the compression conditions obtained in equations
(3.40) and (3.41), are similar up to the times involved, 75 and #; respectively.
They are valid only for pump pulses as defined in equation (3.32).

3.6 Stochastic processes in the solution of SBS equations

When the duration of the pump pulse is longer than the phonon lifetime,
t;, > 78, and the pump intensity is high, the scattering will take place on
the fluid disturbances with random character (great fluctuations of the
thermal field, induced turbulence, multiplicative ionisation phenomena,
shock hydrodynamic waves, etc.), besides the Brillouin scattering [3.14,
3.15, 3.17, 3.20-3.22]. The equations for the SBS process could be written
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under the form [3.18]
noly  0OI
cor T = el (1) ahids
(3.42)

> == =—als+ (1 — &) gplLls

where ¢’ describes the random phase fluctuations related to SBS medium
density fluctuations (noise).

In the simplest case, the random variable ¢ has a Gaussian distribution,
with zero mean and dispersion o:

(€' m) =0,  ('(n)-'()) = 2053g8le8(n — 1) (3.43)
where (---) means the average, §(¢ — ¢') is the Dirac function and oy is the
dispersion of the Gaussian process which depends on the properties of the
SBS medium. In the classical theory of the optical coherence, the degree of
coherence has, from the mathematical point of view, the significance of the
dispersion of the stochastic process.

In our case, the square of the dispersion (¢3) of the stochastic process
can be interpreted as an effective interaction length, which can be smaller
or higher than the maximum coherence length (¢ /n).

In this case, the phase condition (3.13) takes the form

€ =pL—ps—¢q (3.44)
with ¢4 as the disturbance process.

The rigorous analysis (the solution of the Navier—Stokes equation in the
complete form) of the influence of all factors that disturb the SBS process is
very difficult. We shall use the method of separation of the slow variables
against the rapid ones (related to the random Gaussian disturbing process
mentioned before).

The steps in this mathematical procedure [3.18-3.22] pass through the
building of the statistical Liouville equation (SLE) in the intensity space,
then the deduction of Fokker—Planck—Kolmogorov equation (by SLE
averaging), and finally the deduction of the evolution equations for the
mean values of the intensities, /; and /5. The process of averaging equations
(3.42) is shown in appendix 1.

In this manner, one can obtain a set of deterministic equations that
describes the evolution of the mean values of the intensities on the
characteristic lines:

or, ol

E_L + L = —aIL — gBILIS — U(zjg]23 . (Ing - IEIS)

c ot oz (3.45)
noly Ol |
MO O okt salds — o3gh- (1 - D).

Using the boundary conditions (3.18), one can arrive at the following prime
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integrals for the pump and the Stokes wave intensities [3.18]:

1 1 (20388110)/(1 — 03g8110)
I —5 (]LO + —>
2 O'(ZigB

|(1 +o5gsl0)/(1 - o3gslLo)

Iy

exp|—(0agnlio + galio)n]

Is = c3)Is — [Lol(l*UggBILo)/(lﬁLUigBILo) (3.46)

-] (1 ! )
< \g — = -
P LO O%gB

where ¢, and ¢; are integration constants.

In the deterministic limit, o5 — 0, equations (3.46) are identical to
equations (3.27) and (3.29), derived by us for SBS without noise.

For large optical gain and for small noise dispersion, solutions (3.46)
become

I.(1)

= ollL — Iy

(203gs110)/(1+03gslio) 5 5 os
exp[—(oagslio — g8lLo)7

_ Lo (1)
1+ exp[(gplro — 03gliy)(cT/n) — Gy

, (3.47)
Is(1) = Iyo(7) expl(glro — o — oqglio)(cT/n) — Gy
1+ exp|(gplro — o3gnliy)(c/n) — Gyl
We notice that solutions (3.47) differ from equations (3.27) and (3.29) by a
supplementary term in the exponential gain (aﬁg%]l_()z), which can be inter-
preted as an additional diffusion process of the optical field. Similarly, we can
calculate a compression ratio (for 71, > 7g)

. 1/2 2912

t C 1 n

[_L: |:gBIO-Z(—TB>:| -{—|:(1 —20'(2]gB]L0)2+4—0-d :| +1 —20'§gB10}
n 2 cT

S

1/2

(3.48)

In equation (3.48), we notice that the limit of the compression ratio for
t;, > Tg, as aﬁ — 0, equals the compression ratio for #; > 7

Iim [ — ==
=0 \1s /| >m Is

Thus, the statistical modelling of SBS leads, in the limit 0(21 — 0, to the same
results as the deterministic modelling.

(3.49)

L >7

3.7 The experimental verification of the analytical results in the
one-dimensional SBS model

The theoretical results above have been checked experimentally in a conven-
tional configuration for SBS using a Nd:YAG laser (oscillator-amplifier
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Figure 3.3. The experimental set-up for SBS analytical result verification.

system) and carbon disulphide in a glass cell as the nonlinear material (figure
3.3).

The laser oscillator was operated in the Q-switched mode using a LiF:F,
crystal with an initial transmission of 7%. The oscillator was kept near
threshold in order to generate a single Q-switch pulse with the flashlamp—
pump energy of 15J. The resonator length was 40 cm. The short resonator
and the Q-switch with a small initial transmission allowed the generation
of a pulse of 8ns duration. A stack of four glass plates (Brewster angle)
was used to get a linearly polarized output. To achieve the transverse
mode selection, an internal aperture of 1.5 mm diameter was used.

The output pulse energy of the oscillator was amplified, by a single pass,
in a second Nd:YAG module. The output pulse energy of the oscillator—
amplifier laser system was 40 mJ.

The amplified impulse was focused with a convergent lens onto a cell
containing CS, as the nonlinear SBS medium. Between the amplifier and
the cell, an optical isolator (with a Glan prism and a Fresnel rhombus)
was introduced. The first pass of the Fresnel rhombus resulted in the linear
polarized light being converted to circular polarized light. After SBS reflec-
tion, the second passage of the rhombus converted the light to linear but
orthogonal polarization to the original and this was out-coupled by the
polarizer (GP). This decoupling system prevented feedback into the laser
and also allowed ease of monitoring of the SBS return.

The energy incident on the cell and the energy backscattered from the
cell were measured with a calorimeter. The temporal laser beam evolution
was recorded by a fast photodiode and a high bandwidth oscilloscope.

With the experimental system presented in figure 3.3, it was possible to
make systematic pulse compression measurements in the Brillouin scattering,
for i, > Tg.

For CS,, the parameters gg = 0.06cm/MW, 73 = 6ns, at A = 1.06 um
[3.23] were used. The SBS cell used in this experiment was long enough
(1.2m) in order to allow the interaction length given by equation (3.19),
when the laser pump pulse width is larger than the phonon lifetime.
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Figure 3.4. Dependence of the energy reflectivity (eg/e;) on the pump energy, for
t;, = 8ns. The theoretical curve is drawn with continuous line, using equation (3.28a).
Points represent the experimental data.

In these experiments, a long focal length of the lens (1 m) was used in
order to have a reduced focusing and be able to compare the experimental
results with the calculations done for a plane wave.

The dependence of the SBS energy reflectivity (eg/er) on the pump
energy, for the pump pulse duration of f;, = 8ns is shown in figure 3.4.
We have considered the pump intensity as I = e /[x(dy /2)*t], with
dp, = 0.4cm the diameter of the incident laser pulse and the laser pulse
compression negligible. The stationary regime, defined by equations (3.15),
appears as the lines on these graphs for pump energies less than and
larger than 10 mJ. A good fit of the experimental data with equation (3.28)
is found.

In the transient regime, the compression ratio (7 /fg) is small (maximum
8, for a pump energy of 40 mJ), increasing and saturating with the pump
energy.

The dependence of the pulse—compression ratio against the pump energy
(derived in the stochastic formalism) is illustrated in figure 3.5, for different
values of the laser pulse duration and of the noise dispersion, o4. The
dependence found by Hon (for a = 0 and o4 = 0) [3.3] is equally shown, in
order to compare the theoretical predictions and the importance of noise
consideration. We notice that the experimental data are well fitted by the
curve corresponding to o = 0.028 cm ™! (measured experimentally) and to
the noise dispersion o4 = 0.3, which depends on the properties of the SBS
medium (which were taken, in our case, without a complete characterization
and purification). One can remark that the stochastic theory is valid even in
our experimental conditions, when the duration of the incident laser pulse is
close to the lifetime of the acoustic phonons, 3.

The remaining discrepancies between the theoretical prediction of
equation (3.46) and the experimental data can be explained by the small
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Figure 3.5. Dependence of the compression ratio (¢ /ts) on optical pump energy, for dif-
ferent values of the laser pulse duration. The theoretical curves (continuous lines) were
derived from equation (3.46) and the experimental points are represented by circles.

laser pump duration used in this experiment (8 ns) which was not much larger
compared with the phonon lifetime in CS, (6 ns).

3.8 Conclusions

In this chapter, we have considered that the SBS process involves an incident
pump beam with a plane wavefront and the scattered Stokes wave is also
considered to have a plane wavefront. In this regime, the SBS process can
be considered as a one-dimensional interaction.

Analytical and numerical solutions of the SBS system of equations for
steady-state and transient cases have been presented.

Solving the SBS equations by the method of characteristic equations,
accurate analytical solutions for pump and Stokes intensities were obtained.
In this approach, the expressions for the Stokes and pump intensities were
deduced for an arbitrary time dependence of the incident pump intensity.
The theoretical predictions for SBS reflectivity and for the laser pulse com-
pression show good agreement with the experimental data, which are
obtained for pump pulses longer than the phonon lifetime (in carbon
disulphide, as the nonlinear medium). The experimental results were better
fitted by the stochastic theory, in which we have considered absorption
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and the dispersion of the Gaussian noise in SBS [3.18, 3.20]. This model pre-
dicts a saturation regime of SBS, when increasing the pump intensity. In this
regime, the compression ratio tends to unity. Thus, it could be considered as
the SBS steady-state regime. The region where the Stokes intensity is depen-
dent on the pump intensity and the compression ratio is higher than unity
could be called the transient regime, regardless of whether the pulse is shorter
or longer than the phonon lifetime of the nonlinear medium. These results
offer a more complete explanation of the SBS process in general and SBS
laser pulse compression in particular.
Many investigations in SBS modelling are still developing [3.24-3.37].
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Chapter 4

Optical phase conjugation in SBS

4.1 Phase conjugation and aberration compensation

Nonlinear optical phase conjugation has been shown to have a unique ability
to restore an aberrated beam to its original undistorted state in real time
[4.1-4.11]. Independent of the precise physical method of production, the
important feature of the phase conjugation process is the creation of a
wave whose optical field amplitude 4¢(r) is proportional to the complex con-
jugate of an input field 4;(r), i.e. Ac(r) oc 45 (r).

This behaviour can be visualized by considering an input wave with
optical field E(r, t) represented in the form

E(r,1) =1[E(r)expi(wt —k-1) + c.c] (4.1a)
or alternatively
E(r,1) =[|E(r)|expi(wr — k-1 + ¢(r)) + c.c.] (4.1b)

where E(r) = |E(r)|exp(i¢(r)) is the complex slowly-varying amplitude of
the electric field, ¢(r) is the phase of the wave, and w and k are the angular
frequency and wavevector, respectively. For a plane wave (with plane
wavefronts) ¢(r) is a constant, whereas for non-plane waves (e.g. with
aberrated wavefronts) phase fronts are more complicated as depicted in
figure 4.1.

In this notation, the phase conjugate wave is given by
E.(r,1) = fr[|E(r)|expi(wt + k-1 — ¢(r)) + c.c] (4.2)

where the wavevector is reversed to the incident wave (k. = —k) such that it
counter-propagates to the input field and the phase front is reversed
(¢.(r) = —9¢(r)), i.e. the field is the complex conjugate of the incident
wave. The quantity r. is the proportionality constant and can be considered
the (amplitude) reflectivity of the phase conjugation process. The reflectivity
1. 1s, in general, a complex quantity although its absolute phase is not usually
important except in interferometric applications.

58
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Figure 4.1. An optical field with aberrated wavefront.

The key importance of the phase conjugation technique is its ability to
correct for phase aberrations encountered by the incident beam by double-
passing the distorting beam path with the phase conjugate beam, restoring
the beam to its original quality. A nonlinear optical device that produces
the phase conjugate reflection is known as a phase conjugate mirror
(PCM). This correction process is depicted in figure 4.2.

The most commonly used methods to achieve phase conjugation are
four-wave mixing (FWM) [4.12] and stimulated Brillouin scattering (SBS)
[4.13] as shown in figure 4.3(a) and (b), respectively. Four-wave mixing
(FWM) involves the input of three beams into a nonlinear medium with
third-order susceptibility X(B). Two of the beams, E; and E, (called pump
beams), are usually counter-propagating and the other beam E; (signal
beam) is incident at an angle. The interaction generates a fourth beam E,
(conjugate beam) that is the phase conjugate to E;. Stimulated Brillouin
scattering (SBS) involves nonlinear formation of an acoustic wave ‘mirror’

PCM
aberrated wavefront
phase
abenato&
A phase conjugate

0(1) = - ¢(1)
e ke = -k
incident aberration-corrected
wavefront  reflection

Figure 4.2. The aberration-correcting ability of phase conjugation.
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Figure 4.3. Phase conjugation produced by (a) four-wave mixing in a nonlinear medium
and (b) stimulated Brillouin scattering.

due to an intense input beam. The maximum nonlinear interaction occurs
when the reflected beam is a phase conjugate of the input beam. SBS is an
example of a self-conjugating process in that no other input beams or
external controls are necessary to produce the phase conjugation.

These techniques differ widely in their input requirements and as such
are usually operated in different regimes. FWM can be used for phase
conjugation of a weak signal beam but requires high power and high quality
pump beams, whereas SBS is commonly used for phase conjugation of a
single high power input signal, as it requires a certain threshold input
intensity to operate efficiently.

A system combining these two processes, termed Brillouin-enhanced
four-wave mixing (BEFWM), has also been demonstrated. This combines
the desirable characteristics of its parent processes in that it has no SBS
threshold [4.14], can have signal gains greater than 10° [4.15] and gives
excellent phase conjugation [4.16]. These properties make BEFWM a good
candidate as a phase conjugator in applications where the low input
powers make conventional SBS impossible. The BEFWM process is treated
separately in chapter 6.

4.2 Optical phase conjugation by SBS

Optical phase conjugation by SBS, and indeed the topic of nonlinear optical
phase conjugation, was brought to the attention of the world in 1972 by
Zel’dovich et al [4.1, 4.2]. By focusing an aberrated ruby laser beam into a
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I m long multimode lightguide filled with methane gas at a pressure of
125atm they generated a backscattered Stokes wave. After a second pass
through the aberration the backward Stokes wave compensated the
aberrations and reproduced the unaberrated wavefront of the incident
laser beam.

Phase conjugation by SBS can often work better the more aberrated the
pump. Zel’dovich et al [4.2] were the first to offer an explanation of the
phenomenon and theory further advanced by contributions of Sidorovich
[4.3] and Yariv [4.4]. Neglecting pump depletion, the propagation of pump
wave and growth of the Stokes wave is governed by

%4' iivLEL =0, % - '%{VLES = —%gB\EﬂzES (4.4)
assuming the field E(r,z) of the pump and Stokes waves nonuniform at
position z and r is a vector coordinate transverse to the direction of
propagation (the z direction), and defining field units as E(r,z) = I(r, z)l/z,
where I(r,z) is the spatial intensity distribution. A useful approach is to
express the growth in the Stokes power Pg by integrating the field equation
(4.4) over the transverse coordinate r and using relation Pg(z) =
[ [1Es(r,2)|* d*r to give

dPs(z)
dz

where an effective Brillouin-gain factor can be written as

= G(2) - Ps(2) (4.5)

j|EL<r, 2P| Es(r,2) P &r

G(z) =g
J|Es(r, Z)|2 d*r

In the above derivation, integration of the transverse derivative term over the
transverse boundary [ E§VE + EV1Eg d’r has been taken as zero since
the field and its transverse derivative are expected to tend to zero at large
transverse distance for physical beam distributions.

In the case when the two field distributions are phase conjugate
Es(r,z) = r.Ef (r,z), the distributions are perfectly correlated and the
Stokes backscattered wave is the phase conjugate replica of the incident
wave. The effective Brillouin-gain intensity factor is maximum. For fields
with Gaussian statistics, the relationship of equation (4.6), using central
limit theorem (x")=n!(x)", where () is the spatial average, gives
G(z) = 2gp (I (z)). When the two beams are uncorrelated G(z) = gp(/(2)).
We can say that the Brillouin backscattered wave which is the phase
conjugate replica of the incident wave represents the field configuration
with the highest spatial gain. This enhanced gain is the reason why it is
favoured in the backscattering process. It is demonstrated that the gain
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factor for the wave at maximum spatial overlap (i.e. the conjugate wave) is
about a factor of 2 larger than that for an uncorrelated scattered wave
[4.3, 4.4]. The above analysis is only strictly valid for an interaction
geometry that is bounded in the transverse dimensions. This case applies
to a waveguide interaction. This topic will be analysed in more detail in
chapter 8, relating to SBS in optical fibres [4.17—4.35].

A physical picture of this enhanced gain can be described by considering
that the backscattered beam will experience most gain if its intensity ‘hot-
spots’ match those of the pump beam. Due to diffraction these hot-spots
redistribute in space as the beam propagates. The phase conjugate beam is
the only spatial profile that can match its hot-spots with the pump through-
out the interaction length.

Consider interaction of SBS in a waveguide structure. A laser intensity
I} is launched into the waveguide and we assume no depletion of the light in
the SBS interaction (the small-signal approximation). The Stokes scattering
starts from a spontaneous source that occupies the full range of allowed
modes of the guide structure. The phase conjugate component of this
source has one unique modal distribution with intensity /pc and the non-
conjugate component has intensity Iypc with intensity N times the phase
conjugate (assume N effective modes of guide). The phase conjugate distribu-
tion sees twice the gain coefficient as the uncorrelated modes distributions
and the resultant SBS amplified scattered intensity over a guide length (/)
is given by

Is = Ipc exp(2gglLl) + Inpc exp(gplLl). (4.7)

We have noted that the enhanced gain leads to selection of the phase con-
jugate. We can be more quantitative by defining the phase conjugate fraction
(H) for the phase conjugate and non-phase conjugate output intensity con-
tributions Ipc and I{pc as

_ Ipc _ Ipc exp(2gplLl)
Ipc + Kpe  Ipc exp(2gplil) + Inpc exp(gplLl)

As the gain factor gg/ [ increases, so the value of H approaches unity. For
high phase conjugate fidelity H ~ 1, we can use expression

(4.8)

I
H=1-PCexp—(gplil). (4.9)
Ipc

In a light-guide of area A4, the number of Stokes modes (V) amplified in an
effective angular distribution 6 is approximately

¢ I
N:Apz%f. (4.10)

For a typical experimental SBS case: light-pipe diameter 4 = 2mm,
A = 500 nm, A/)\2 ~ 10’. To achieve a fidelity H > 90%, assuming near
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threshold gain factor ggl;/ =~ 15, requires acceptance angle of guide 6 < 1
radian, which is readily achieved. In original experiment by Zel’dovich
[4.2], H = 1 was measured within experimental errors.

There have been attempts to apply analysis to other interactions geome-
tries, notably the case of a focused speckle beam, comprising a Gaussian dis-
tribution of speckles and a Gaussian intensity envelope. By evaluating the
overlap integral of equation (4.6), a gain enhancement of the phase conjugate
is observed relative to the uncorrelated field.

4.3 Experimental measurement of quality of phase conjugation

Several methods are used to assess beam quality in both a qualitative and
quantitative manner. Most of these methods consider properties such as
visual appearance in near and far-field or divergence, and in recent ISO
standard method assessment of the beam quality factor known as the M?
of the beam. The determination of whether a beam is phase conjugate can
be more problematic as in principle a precise comparison of wavefronts
and amplitude distributions needs to be assessed.

A mathematical formulation of the quality of phase conjugation, also
known as the phase conjugate fidelity (PCF), is the quantity H defined as

\ GG 2

j\EL<r>|2d2rj Es(r)f 2

H =

(4.11)

The numerator is an overlap integral that provides the degree of correlation
of the two fields. It is maximized when Eg is proportional to Ey, i.e. wave-
front reversal and matching amplitude distribution. The denominator
provides normalization to the average powers of the two fields such that H
has a maximum value of unity when E; and Eg are perfect phase conjugates
and zero when they are uncorrelated. Experimental measurement of H
requires a precise wavefront interferometric technique for providing the
PCF. In practice this may not be available and simpler methods have been
performed.

4.3.1 Visual assessment and angular spectrum techniques

If the incident beam contains an image, the phase conjugate beam should
reproduce the image distribution. For a complex distorted laser distribution,
which may contain a speckle distribution, this visual decision may be harder
to assess. Even though an amplitude reproduction is suggestive of phase con-
jugation it does not ensure wavefront reversal. For a fuller assessment one
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Figure 4.4. Optical systems to assess the quality of phase conjugation using visual
observation on CCD cameras (or power meters with pinholes) in (a) near-field and far-
field planes of SBS cell and (b) where far-field is obtained in focal plane of lens.

can look in more than one plane. Two obvious planes for observation are the
near-field and the far-field planes. The far-field can be reached by observing
at a long distance or, more conveniently, at the focal plane of a lens (figure
4.4).

The distribution in the focal plane is the Fourier transform of the near-
field distribution. This transformation has some well-known properties that
allow some overall features of a beam to be assessed quantitatively. Consider
the case when the beam is a perfect Gaussian distribution corresponding to a
TEM, laser mode. The Fourier transform of the beam is also a Gaussian
distribution but corresponding to the angular spectrum of the near-field dis-
tribution. The Fourier transform can be thought of as a reciprocal space in
which large spatial features map to small scale features and vice-versa, or
can be considered that large features have low spatial frequencies and
small features large spatial frequencies. If the Gaussian beam has a noise
component on it with small scale features (figure 4.4), the Gaussian compo-
nent will be transformed to a small Gaussian distribution in the Fourier
plane of the lens; the noise features will occupy a larger distribution. A
semi-quantitative assessment of the ratio of noise to Gaussian component
is found by comparing the power in the total distribution (Pr) to the
power passed by a small pinhole with a size that transmits predominantly
only the Gaussian component (Pp).
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Figure 4.5. Optical system to assess the quality of phase conjugation using high divergence
phase plate to enhance discrimination of phase conjugate component.

If the original incident beam was a Gaussian beam, a simple estimate of

the phase conjugate fidelity is

Pp

=
This assessment of phase conjugate fidelity is relatively simple to perform but
has certain difficulties. First, some of the noise component is transmitted by
the pinhole and some of the spatial wings of the Gaussian signal are blocked
by the pinhole. A choice needs to be made about the appropriate size of
pinhole. There is considerable uncertainty about the value of H if it has a
value that is very sensitive to pinhole size. This method works well if the
noise (non-phase conjugate) component has a much larger angular spectrum
than the wanted (phase conjugate) signal in which case an over-sized pinhole
can be used.

A good method of discriminating between the conjugate and non-
conjugate components is by placing a strongly distorting phase plate in the
path of the incident beam, as shown in figure 4.5. The phase conjugate
beam will pass back through the phase plate and be recovered to its original
quality, which we assume here is a good quality Gaussian beam of low (dif-
fraction-limited) divergence. The non-phase conjugate component of the
reflected beam will not be corrected but will be strongly increased in diver-
gence by a second passage through the phase plate. The pinhole technique
will be a good method of assessment of the phase conjugate fidelity (H)
due to the high divergence discrimination of phase conjugate and non-
phase conjugate components allowing use of over-sized pinhole.

An alternative to using a power meter is to use a photographic film or
CCD camera to assess H. These methods allow a good visualization of the
spatial form of the beam and qualitative assessment of the quality of phase
conjugation. Care needs to be taken to use the appropriate dynamic range

H (4.12)
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of the photographic film or CCD elements. A weak high divergence ‘halo’
may not be registered due to the threshold of the recording medium,
although, because of its large area, it may contain a considerable fraction
of the energy of the beam.

4.3.2 Interferometric methods

The most complete definition of phase conjugate fidelity H is equation (4.11)
and it can only be truly measured for a general beam by an interferometric
method that can perform the correlation integral with incorporation of the
phase information in the beams. The pinhole techniques define comparison
of angular divergence of the beams and are most appropriate only when
the incident beam is a near diffraction-limited beam—which is often the
case in laser applications in which aberration correction is required to
maintain beam quality.

Figure 4.6 shows possible interferometric techniques that have been
used for interferometric measurement of phase conjugate fidelity. Figure
4.6(a) shows an interferogram between the incident laser and Stokes
waves. Ideally, the interferogram should be taken in the same ‘conjugate’

@
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Figure 4.6. Interferometric techniques to measure the phase conjugate fidelity factor H (a)
using an interferogram between laser and Stokes wavefronts and (b) by heterodyning the
signals from two nearly identical SBS cells.
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plane at the beamsplitter itself in Figure 4.6(a) (/; +/, =~ 0), but if the
incident laser has a nearly plane wavefront, its wavefront at the inter-
ferogram is similar to that at the beamsplitter. The interferogram will
show the differences in the Stokes from a plane wave. Figure 4.6(b) shows
a different approach in which the laser is equally split and sent to two SBS
cells. If the SBS cells have a small difference in frequency shift the
interferogram is a heterodyned signal that can be monitored on a fast
photodetector, the difference frequency will be seen as a modulation on the
combined signals. If the signals are perfectly spatially correlate the modula-
tion will be maximal. If they are uncorrelated the modulation will tend to
zero. The depth of modulation on the signal performs (with suitable normal-
ization) the spatial correlation integral H, incorporating amplitude and
phase.

4.4 Polarization properties of SBS phase conjugation

The polarization of the laser radiation has been assumed to be a pure linearly
polarized state. The SBS process involves formation of an acoustic wave that
acts as a diffractive mirror to backscatter the radiation into a phase conjugate
under the correct selection criteria. In an isotropic medium the acoustic
wave is a longitudinal wave and the density fluctuation is a scalar quantity
such that no coupling can occur between fields of orthogonal polarization
state.
Consider a laser and Stokes field with inclusion of polarization state

EL(r) = EL()-er,  Es(r) = Es(r)-eg (4.13)

where Eg(r) is the spatial form of the field and eq is its polarization state. The
acoustic field Q(r) is scalar and has no polarization component. The inter-
action equations for the Stokes field and the acoustic amplitude are

B i .

&ES — ﬂV%ES =E 0 (4.14)
o 1 .

(EJFE)Q_VEL.ES, (4.15)

In equation (4.15), the laser and Stokes waves occur as a vector dot product
E, -Eg = E| Es(ep - eg). If the laser and Stokes fields have orthogonal polar-
ization (e - eg) = 0 and no acoustic field is generated; when they are parallel
in polarization (e .es) = 1, and they form the maximum strength of acoustic
field. In equation (4.14), the growth of the Stokes field is due to the scattering
of the laser field E; from the scalar acoustic field Q, and for the case of plane
wave interaction the Stokes field will develop the same polarization state as
the laser field eg = eg..
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Hence for some special cases we expect linear laser polarization to
generate linear Stokes polarization

€L = e, € — €.

Right-hand circularly polarized laser induces left-hand circularly polarized
Stokes that is parallel to the laser field polarization. (The change in handed-
ness is purely a convention due to the change in direction of the Stokes field
and a convention that the handedness is related to the rotation direction as
perceived along the direction of propagation.)

1 . 1 .
e = \/z(ex +ie,), eg = \/E(ex +ie),).
Note that in this case (e -e5) = 1, as expected for parallel polarization
states.

We can extend the definition of phase conjugation to specify a process
called vector phase conjugation (VPC) in which both spatial wavefront and
polarization state are simultaneously reversed. The property of VPC is
most directly stated by its ability for phase aberration correction—‘if a
laser field with a particular spatial distribution and polarization state
passes through (reciprocal) phase components inducing changes to the
spatial distribution and polarization state, the vector phase conjugate field
is the one that on passage back through the same phase components will
return the field to the original spatial distribution and polarization state’.

It is seen that for a pure polarization state, SBS induces a parallel Stokes
polarization E; (r) = E; (r) -er; Eg(r) = r.Ef (r) - e. With regard to polari-
zation, SBS is therefore identical to the reflection property of a conventional
mirror. The consequence is that the SBS process has the ability to phase
conjugate the spatial distribution of the light but not the polarization
state. SBS is not a vector phase conjugator. This can be useful for optical
isolation of the laser from the SBS reflection whose phase conjugate form
can seriously couple with the laser, even causing damage to optical compo-
nents. Two optical isolation systems are commonly used: a polarizer and
quarter-wave plate combination or a polarizer and Faraday rotator combi-
nation as shown in figure 4.7.

Figure 4.7(a) shows the simplest case of linear polarization (and more
generally a polarizer with parallel transmission axis). The SBS cell maintains
the linear polarization in reflection and the phase conjugate wave reproduces
the original polarization state. In view of the definition of vector phase
conjugation this is achieved, but since there is no polarization disturbance
by the propagation path this is a trivial result. A counter example is as
follows: circular polarized light passing through a quarter-wave plate to
produce linear polarized light would reflect as linear polarized light and on
second passage through the wave plate would become circular polarized
light, but orthogonal to the original polarization, i.e. not the vector phase
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a)
e +
polariser SBS cell
b)
M4 plate
c) 45" Faraday
rotator
+ >
t& <+ < 4

Figure 4.7. SBS polarization reflection properties. (a) Linear polarization case, (b) optical
isolation produced polarizer and (reciprocal) quarter-wave retardation plate and (c)
optical isolation using a (non-reciprocal) Faraday rotator.

conjugate, despite the reproduction of the linear polarization at the SBS
cell.

Figure 4.7(b) shows the double pass of the quarter-wave retardation
plate converting linear polarized light to orthogonal linear polarization
that is rejected by the polarizer. This decouples the SBS reflection from the
laser source. In figure 4.7(c), an equivalent isolation with a Faraday rotator
is demonstrated. The Faraday rotator induces rotation of the polarization
state of light by 45°, by use of a crystal in the presence of a strong magnetic
field (the Faraday effect). Unlike a retardation plate, the Faraday rotator is
an example of a non-reciprocal element; its rotation is independent of the
direction of propagation through the device.

4.5 Thermally-induced lensing and depolarization in laser
amplifiers

From the earliest discovery of SBS phase conjugation, an important applica-
tion has been its use to compensate the phase distortions incurred by a laser
beam on passage through an active laser amplifier. This distortion is pro-
duced normally by the intense pumping mechanism producing the inversion
in the amplifying medium. In solid-state laser amplifiers, as well as phase
distortion produced by thermally-induced refractive changes, a significant
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Figure 4.8. (a) Geometry of a water-cooled laser rod and (b) the induced temperature
distribution has a parabolic form.

stress-induced birefringence is produced, especially in a rod geometry. The
principal axes of the birefringence follow the cylindrical geometry of the
rod and consist of radial and circumferential components. Radiation passing
through the rod experiences a wave plate retardation by an amount depen-
dent on the spatial position in the rod. The resultant amplified radiation is
not a pure polarization state but is known as a depolarized beam.

Consider a laser rod, as shown in figure 4.8, such as in a lamp-pumped
Nd:YAG laser. The temperature increase induced in the rod is given by the
heat diffusion equation (in cylindrical coordinates)

2
(ZT? +% (Z—Z: +% =0 with T(ry) fixed (4.16)

where « is the thermal conductivity and Q the input heat power per unit
volume and assuming uniform heating Q = Ph/(wr%l), is given by total
heating power P}, divided by rod volume (r, and / are radius and length of
rod, respectively). For a Nd:YAG laser typically P, ~ 5% of electrical
input (Pg) supplied to the lamp, producing inversion.

The heat diffusion equation has the solution

10) =100+ ()6 7) (4.17)

which has a parabolic distribution. Due to the temperature-dependence of
refractive index [e.g. (dn/dT)yag = 7.3 X 107K '] a parabolic variation
in refractive index is induced, An(r) = (dn/dT)AT(r) = —(Q/4K)-
(dn/dT)r?. This is equivalent to a lens which over the length of the rod
has a focal power given by

1 0-U(dn/dT)
VA
By way of example with Nd:YAG, with (dn/dT)yag = 7.3 X 10K,

k=14Wm 'K ry=2mm, if P, = 5% Pg (electrical input power) we
deduce 1/f = 107> Pg(W) dioptres, i.e. f = Im for Py = 1kW, and with

= DP,. (4.18)
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Figure 4.9. The stress-induced birefringence in a laser rod has (a) cylindrical principal axes
of refractive index and for a linearly polarized input beam (b) leads to an output beam with
spatially-dependent polarization known as a depolarized state.

laser efficiency n = 1% this occurs at output power Py~ 10 W. Hence,
thermally-induced lensing needs to be considered in cavity design at a few
watts and becomes very severe above a few tens of watts.

In addition to thermally-induced lensing, differential thermal expansion
leads to parabolic stress o in the rod, with radial (o,) and tangential (o)
components given by o,(r) = Q - S(r* — rj) and o,(r)=0- S(3r* —13).

At sufficiently high power, the stress can fracture the rod but at lower
powers the strain via the photoelastic effect induces a change in refractive
index n. The stress-induced birefringence has cylindrical principal axes (see
figure 4.9(a)). For Nd:YAG, with ny,=1.82, expansion coefficient
ap=75x10°K™", and k=0.14Wem >K™' this leads to An, =
(2.8 x 107%)0r*; An, = (+0.4 x 10°°)Qr?, where Q is in W/em?* and r is
in cm. The birefringent rod acts as an effective retardation wave plate that
increases as > increases. Along 45° axes, maximum ‘wave plate’ retardation
occurs. Linear polarized light entering the rod emerges depolarized as
indicated in figure 4.9(b).

4.6 Vector phase conjugation of depolarized radiation via SBS

For a pure polarization state we can write E(r) = E(r)e, whereas for a
depolarized beam we must write E(r) = E|(r)e; + E,(r)e,, where e; and e,
are any orthogonal pair of polarization states (e, - e; = 0). It is most instruc-
tive to take the particular orthogonal polarization states that correspond to
laser fields E,(r) and E,(r) that are uncorrelated when averaged over their
transverse profile, i.e. (E|(r)-E;(r)) = 0. Introducing a parameter called
the degree of polarization p, with values 0 < p < 1, we have fields related
to total intensity I by (E-E")=1I; (E;-E}) =0; (|E]*)=1(1+p)/2;
(|E>)*) = I(1 — p)/2. When one of the field components is zero, we have a
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pure polarization state (p = 1) and when they are equal we have a completely
depolarized state (p = 0).

In this section we make use of equations (4.14) and (4.15) for the
Stokes and acoustic field amplitudes, and take the Stokes field Eg(r) =
Si(r)e; + S,(r)e, as an expansion in the same pair of orthogonal polarization
states as the laser. In the steady state, the acoustic amplitude is given by
Q" =21z (E1S| + E>S,) which when inserted in equation (4.14) leads to
two equations for the Stokes polarization components

o i .

ES] —ﬁV%Sl = —gTBHE]‘ZS] +E1E2S2] (4193)
2S2 — iv%sz — _SBUE, S, + ByELS)]. (4.19b)
0z 2k 2

The first gain term in equation (4.19a) is the normal SBS growth term for, as
described before, linearly polarized radiation and leads to a two-fold higher
exponential growth rate for a Stokes field distribution that is phase conjugate
to the incident field (S} ~ E7) compared with one that is uncorrelated. The
second term in the right-hand side of equation (4.19a) is due to the scatter
of one laser field E; from the acoustic wave component generated by the
orthogonal field components E,, and has an enhanced growth rate for a
Stokes field that is correlated to the orthogonal field component (S} ~ E53).
Identical terms exist in equation (4.19b). The overall effect is that the total
Stokes field is not phase conjugate to the incident laser field, let alone
vector phase conjugate. In particular, neglecting the second terms, the
first terms of equations (4.19) show the dominant solution as
Sy~ Efexp(3gp(l +p)l) and S, ~ E>exp(3gp(l —p)l). For a weakly
depolarized beam (p ~ 1) and E; > E,, the Stokes output is predominantly
the phase conjugate of the strongest laser polarization component and the
other polarization is negligible, i.e. S &~ E} exp(gg/2(1 + p)l).

The above shows that SBS cannot vector phase conjugate depolarized
radiation and furthermore the ordinary phase conjugation ability of SBS is
also degraded, with the Stokes tending only to the conjugate of the strongest
polarization component for weakly depolarized beams and for strongly
depolarized beams having components due to scatter of one polarization
from the acoustic wave generated by the orthogonal component. A depolar-
ization compensation scheme has been devised, however, using the SBS pro-
cess [4.36] as shown in figure 4.10. A polarizer is used to split depolarized
laser radiation (E(r) = E|(r)e, + E>(r)e,) into two orthogonal linear polar-
ization components, £, and E,. A half-wave retardation plate rotates the
polarization in one of the arms by 90°. The two beams E; and E, are incident
on a common SBS cell, which now sees them as a pure polarization state and
is able to form their phase conjugate. It can be shown that if the two beams
are well overlapped in an SBS cell this leads to each of them experiencing
equal reflectivity (even if one component is weaker than the other) and a
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Figure 4.10. A configuration to produce vector phase conjugation of a depolarized laser
beam (after ref [4.36]).

common phase shift. The Stokes component in arm two is rotated by 90°
back to its original polarization and is recombined at the polarizer with
the correct phasing. The resultant Stokes beam is the vector phase conjugate
of the incident beam and will restore the radiation to its original spatial and
polarization state on re-traversing the aberrator.
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Chapter 5

Solutions of the three-dimensional SBS
model

A three-dimensional wave model for the stimulated Brillouin scattering can
be built and analytically treated, in the case of slowly-varying-envelope
approximation, in order to emphasize the transverse effects in SBS. The
integration of the general SBS equation system can lead to more accurate
analytical expressions for the pump and Stokes wave intensities and for
SBS reflectivity. SBS can be modelled by a set of three differential equations
describing the interaction between the light waves and the acoustical wave
yielded in a nonlinear medium [5.1-5.10]. Due to the complexity of the non-
linear differential equations of the three-dimensional SBS model, several
authors have solved them in different approximations or numerically,
giving information about the evolution in space and time of the three inter-
acting waves: pump wave, Stokes wave and acoustic wave.

Ridley et al [5.11] studied the three-dimensional SBS amplification
process when the pump intensity profile is Gaussian; they have obtained
an analytical solution in the case of quasi-steady state and non-depleted
pump, and numerical results in the case of depleted pump. Suni and Falk
[5.12] and Miller et al [5.13] have done numerical simulations of two-
dimensional and three-dimensional SBS, in steady state and non-depleted
pump approximations, valid near the SBS threshold only. Numerical
models for one-dimensional SBS, in depleted steady-state, were presented
by Tang [5.14] and by Menzel and Eichler [5.15]. Three-dimensional SBS,
in depleted steady state, was numerically studied by Kummrow [5.16] and
Moore et al [5.17], who developed the light waves in terms of Hermite—
Gauss orthonormal functions. Stoddard et a/ [5.18] developed an analytic
model for the evaluation of the scattering cross-section, which depends on
the aperture, natural and induced non-uniformities. In the study of the
transverse effects in SBS, Visnyauskas er al [5.19] constructed a simplified
three-dimensional model (with cylindrical symmetry) and found an analyti-
cal solution for an initial condition taken as a series of Gauss—Laguerre
polynomials. The solution permits the correlation of some transversal and
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longitudinal effects (for example, the dependence of Stokes pulse duration on
the divergence angle and the dependence of SBS reflectivity on the transver-
sal envelope of the pump intensity). Raab er a/ [5.20] studied the transversal
effects in optical phase conjugation in lasers with an SBS mirror. The
expansion in Gauss—Hermite modes is performed and the transversal
problem is linearized for the clarity of the solutions. Babin et al [5.21] and
Vlad et al [5.22] have built a three-dimensional wave model for SBS and
they have analytically treated the SBS process, in the case of slowly-varying-
envelope approximation and steady-state regime. Kuzin et a/ [5.23] and
Mashkov and Temkin [5.24] studied the transversal eigenmodes propagation
in different SBS waveguiding structures. Rae e al [5.25] used a numerical
model for SBS in optical fibres with non-uniform properties, which in turn
induce spatial non-uniformities of the induced acoustic field. Anikeev et al
[5.26 ], Lehmberg [5.27] and Hu et al [5.28], studied numerically three-
dimensional steady-state SBS, with depleted pump, in optical fibres, where
electric fields are expanded in the series of orthonormal functions corre-
sponding to the propagation modes of the fibres.

Recently, Afshaarvahid et al [5.29] have presented a transient three-
dimensional model of SBS and have used it to study the phase conjugation
in SBS and the mode structure of the Stokes and pump pulse inside the
SBS cell. They confirm the experimental observation of pulse-shape depen-
dence of SBS phase conjugation fidelity presented by Dane et al [5.30].

In this chapter, we find the analytical solution of SBS with a depleted
spatial Gaussian pump beam, in steady-state, which can lead to high reflec-
tivity and fidelity. Merit factors are calculated and the analytical results
compared with the experimental and numerical ones. More generally, we
present analytical solutions of the SBS three-dimensional model in the case
of pump beams with axial symmetry [5.21, 5.22]. Finally, the transient
three-dimensional numerical simulations of Afshaarvahid and Munch
[5.29] are shown in order to provide a general model for SBS and some effects
of transient phenomena related to the reflectivity and fidelity.

5.1 SBS model with a spatial Gaussian pump beam

The three-dimensional modelling of SBS can start with the case of the pump
wave with Gaussian space profile:

2
Ey(r,2) = ELo(2) exp <z’—> (5.1a)

wi (2)

and with the intensity

2
\Ey(r,2)* = I, (r,2) = I(0,2) exp (- 3’ ) (5.1b)



SBS model with a spatial Gaussian pump beam 77

where wy_is the beam radius at the 1/e point of the field relative to axial value.
We assume that the scattered Stokes beam may have a similar spatial distri-
bution and look for a solution of the form

E(rd) = EnEewp | <5007, 06 =g — s (52

where Q is a complex curvature, Rg(z) is the radius of curvature of the wave-
front, wg(z) is the Gaussian beam width (spot size) and Kj is the wavevector.
This solution is similar to that of the free-space propagation equation , except
the dependencies of Egy and Q on z. Further, considering that the diffraction
of the Stokes wave is weak (the low divergence approximation), one can take
(I/Rg) — 0 and write

2
Es(r,z) ~ Egy(z) exp (—@) (5.3)

We shall use the SBS equations (1.28) and (1.29) in the steady-state
approximation

) 1 1 1
TZL + lmviEL +§C¥EL = _EgBISEL
(5.4)
OEs . 1 1 1
a—ZS — IKViES — ECYES = _EgBIPES

where K; and Ky are the optical wavevectors of pump and Stokes fields and
can be taken to be equal. The steady-state regime occurs when the pump
duration 7 (or more generally when the time variation of the pump) is
longer than the acoustic response time #; > 7g (gBILL)l/ % and the time
derivatives in the SBS equations can be neglected. For simplicity, absorption
shall be neglected (a =~ 0), and the normalized complex amplitudes of the
pump and Stokes waves shall be introduced:

fengg , [eng,
E| =, |—F Eg =,/ —FE 5.5
L 210 L S 210 S ( )

with Iy = I; (0,0) is the maximum pump intensity on the axis and at the
entrance to the SBS medium. Passing to the cylindrical coordinates trans-
forms the SBS equations to the following system

OE; (z,r) i (82EL(z,r)+ 10EL(z,7r)

2K\ o roor

o Tk ) = ~(owlBs AP

(5.6)
) = Wl P B )

OEg(z, 1) S O E§(z,r) n laE'S (z,r)
0z 2K or? ro or
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with o = gply/2. We shall denote
I =|EL), Is = |Es|*. (5.7)

The solutions of the SBS equation system (5.6) can be found for 1 (z),
I5(z), wi(z) and wg(z) [5.32] and using these results, we can calculate an
overall parameter, the SBS (energy) reflectivity, which is simple to measure

experimentally:
€s
R=|= 5.8
(6 L ) 58)

where 1 and &g are the energies of the pump and Stokes pulse, respectively.
In the case of weak diffraction, the intensity of the pump field, with
Gaussian spatial and temporal profiles, can be written as

2 2
I (r,z,1) = Iyexp (_2r2> exp <—12> (5.9)
Wi 5
where I = I; (0) is the peak intensity (at r =0, z = 0), wy(z) is the pump
beam radius and ¢ is the laser pulse duration.
The intensity of the Stokes beam may be considered also as product of
spatial and temporal factors, when the strength of the nonlinear coupling is

small:
2 2
itz = Ity (20305 o ()

= filr,we, (ws/we) |- folt, 1, (ts/tL), - -] I (5.10)

where fi[r,wy, (wg/wr)...] is a function related to the phase-conjugation
fidelity (f; — 1,wg(z)/wp — 1), and the function fi[t, 1y, (t5/t1),...] is
related to the laser pulse compression ( f, — 1,15/t — 1).

The pump and Stokes energies and the SBS reflectivity may be written as

00 2 2 00 12
ey = 2wl Jo exp <—1:2>pdp- Jo exp <_t2> dr o< Iywizg (5.11)

VL L
£g X ISOW§ZS (512)
2
R :5_52—150(2)”25(2) 5 (5.13)
€L IowL 159

In equation (5.13) for energy reflectivity, we can identify the first factor to
a transversal component of the SBS reflectivity and the second factor to
pulse compression. In the steady state, where the pulse compression is
always close to unity, the dependence of R on the pump energy is almost
saturated and essentially determined by the transverse features of the
Stokes wave.
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In the case of negligible pump pulse compression, which is expected for
long pump pulses, the SBS reflectivity can be evaluated by

Is(2)n3(2)
L(z)wi(2) |
After the calculation of the integration constants, in the small SBS reflectivity

(the pump non-depletion) regime, one can introduce approximations such
that the reflectivity (at z = L) takes the simple form [5.32]

15(0) — Is(L)
ws?(0) = wg?(L)’

R= (5.14)

R~ gglyL (5.15)
which shows a linear dependence on the pump intensity (I, < ep). We
remark that, for pump short pulse duration (shorter than the phonon life-
time), the pulse compression could occur, which multiplies the reflectivity
from equation (5.14) by a factor 1/,/I; and leads to a parabolic dependence,
R < /1.

In the steady-state saturation regime (depleted pump case), the reflectiv-
ity can be expressed as

wi(L) A0
~— 1 — 52 . (5.16)
wi(L) 2(gsloL)” Wi (L)

The Stokes beam is narrowed due to the higher gain at the centre of the pump
beam, which ensures the inequality R < 1 for equation (5.16).

The analytical results can be checked with experimental results. Figure
5.1 shows a Nd:YAG laser (oscillator-amplifier system), the measuring
and coupling systems and an SBS cell. The oscillator consists of a
Nd:YAG laser, Q-switched operated using a Pockels cell with KDP crystal.
The output was in a near diffraction limited beam quality with 5Smm
diameter and in a pulse with a time duration of 60ns. The pulse energy
was increased by Nd:YAG amplifier and was focused with convergent
lenses onto a cell containing CS, as the nonlinear medium. An optical
isolator (a Glan prism polarizer and a quarter-wave plate) was introduced

Nd:YAG amplifier Nd:YAG oscillator

1 |

—
s —DEO:

Brillouin cell

A2  Glan V4 Detector 2

polarizer

Figure 5.1. Experimental setup for the measurement of SBS reflectivity.
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Figure 5.2. The dependence of the SBS reflectivity, R, on the Gaussian pump energy
(including pump depletion). Experimental data are marked by points and, in the small
signal region, the linear dependence derived in equation (5.15) is drawn with a continuous
line, and in the saturation region the analytical dependence from equation (5.16) is used.

to decouple the SBS reflection from returning to the amplifier. In the experi-
ment, the focusing lens had a focal length of 100 mm. In order to measure the
SBS reflectivity, a wedge or a mirror was placed into the beam to get a
reference for the pump energy and the backscattered Stokes energy using
power meters, and pulse durations were measured using a fast photodiode
and an oscilloscope.

In figure 5.2, the dependence of the SBS reflectivity, R, as a function of
the pump energy is shown. The reflectivity increases with the energy of the
incident light pulse, saturating at approximately 90%. The SBS threshold
energy is estimated at 0.4mlJ, by extrapolating the experimental curve of
the SBS reflectivity. One can note that good agreement between the calcu-
lated reflectivity and the experimental data is obtained for both the small
signal and the saturation regimes.

The fidelity of the phase conjugated Stokes wave can be derived from the
definition given by Zeldovich et al [5.1]

2

[].aermene
JJE B (e dr J L |Es(z,r)[* dr? -

With the analytical solution of (5.16), it is possible to evaluate the
fidelity in the small signal SBS case (pump non-depletion), at z = L, as
[wi?(0) = wi(L)][ws>(0) — ws*(L)]
w2 (0) = wi(L)] + [wg?(0) — wg(L)]}
which is smaller than 1, for wg < wy and could reach 1, when wg = wy .

In the steady-state (saturation) case, the fidelity takes the form

_ 4wi (L)w3(L) _ 4wd(L)/wi (L) (5.19)
i (L) + w3 (L) [T+ w§(L)/wi (L)) .

H(z) =

(5.17)

H:4’{[ (5.18)
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Figure 5.3. The dependence of the SBS fidelity, H, on the SBS reflectivity, R, for Gaussian
pump waves (including pump depletion).

Taking into account the relation between the beam size ratio and the reflec-
tivity from equation (5.14), we can further find the simple relation

H= 47}227 R<1 (5.20)
(1+R)
which shows that fidelity grows to 1 faster than reflectivity and tends to 1, as
R — 1. This dependence is shown in figure 5.3.

These analytical results are in qualitative agreement with the simulta-
neous experimental results for SBS reflectivity R.,, and phase conjugation
fidelity H.y,, obtained by Dane et al [4.30], with a single-frequency TEMy,
QO-switched Nd:YLF laser (A = 1053 nm, #;, = 15ns), in liquid carbon tetra-
chloride (73 =~ 1 ns) and gaseous N, at 90atm (75 ~ 15ns). In table 5.1, a
comparison is made between experiment and theory with the fidelity, H|,
calculated with equation (5.20) using the values R, and R is calculated
with equation (5.14) for the saturation regime. The theoretical data compare
favourably with the experimental ones, Heyp.

One remarks that, once the SBS reflectivity is measured, the fidelity
could be estimated by equation (5.20), at least when the pump beam duration
is much larger than the phonon lifetime (and the fidelity fluctuations are
small). Thus, we could predict the fidelity in experiments devoted to the

Table 5.1.

gp (ml) 10 20 30 40 50 60 70 80
Rexp 0 0.30 0.45 0.54 0.60 0.63 0.67 0.70
Ry 0 - 0.40 0.55 0.62 0.66 0.68 0.70
Heyp 0 0.73 0.85 0.90 0.93 0.94 0.96 0.97
H, 0 0.71 0.86 0.91 0.94 0.95 0.96 0.97
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Table 5.2.

eL/ELth 2 3 6 8 10 15 20 30
Rgim 0.35 0.50 0.70 0.75 0.80 0.86 0.88 0.95
Hgpn, 0.77 0.85 0.92 0.94 0.95 0.97 0.97 0.98
H, 0.77 0.84 0.96 0.98 0.99 0.99 0.99 0.99

measurement of SBS reflectivity (assuming Gaussian pump beam). The
fidelity could reach very high values due to the high SBS reflectivity.

This result is also in a good agreement with the numerical calculations of
Afshaarvahid and Munch [5.29]. For standard experimental conditions, with
a pump pulse of 30ns, w; = 0.5cm and energy 140 mJ and for an SBS
material with the refractive index » =1 and phonon lifetime 0.85ns, the
calculated overall reflectivity reaches 78% (at saturation) and the fidelity
reaches 94%. Equation (5.20) and the above reflectivity lead to H = 0.98.
Using the numerical calculated data from published data (figure 5.7 of
[5.29]), denoted by R, and H,, respectively, analytical relation between
SBS reflectivity and fidelity from equation (5.20) can be checked. The predic-
tions for the fidelity are denoted by H, and are shown in table 5.2. One could
remark that the agreement of prediction for fidelity (equation (5.24)) holds
well with the numerical calculations even in the non-stationary SBS case,
for Gaussian pump waves.

5.2 A three-dimensional model for non-stationary SBS and
numerical results

The steady-state three-dimensional models may be successfully used when
the transient phenomena can be neglected. However, there are some cases,
as in high-power short-pulse lasers, in which the transient phenomena are
important and require a more detailed description. These phenomena include
threshold condition and reduction of fidelity in the case of using a pulse
duration comparable with the phonon lifetime of the SBS material.

There are some reports on the transient regime of SBS for one-
dimensional and three-dimensional models both in cell geometries and in
waveguides. Afshaarvahid and Munch [5.29] have built a transient three-
dimensional model for SBS, where transverse components of the electric
fields are expanded in terms of Gauss—Hermite or Gauss—Laguerre functions
(modes). This model assumes that the SBS process is initiated from a
Gaussian random noise (as we have done in our one-dimensional SBS
model), that the pump may be depleted and that transient phenomena are
influencing the SBS fidelity. The corresponding SBS equations are
numerically solved in order to calculate and present the dependences of the
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reflectivity and fidelity on the pump time evolution, energy and spatial
structure.

We shall describe the model developed by Afshaarvahid and Munch and
their principal numerical results. The authors start with the SBS equations
for a non-stationary regime given by Kaiser and Maier [5.3] of the form

i nod 0 .
st (Fat g ) B = inen,
i no 0 L
|:2—[<SAL+ <ZE_E>]ES__1g2Q Ey (5.21)

ot

where Q is the acoustic wave amplitude in suitably scaled units and g; and g,
are coupling constants. In chapter 3, we have also identified the derivatives of
the characteristics &, &g as

"0 0N _, 0
cot 0z) TO&
nod 0 0
(za%) 258 5-22)

C C
fL=-t+z, &=-1-z
n n

0 . "
< JFFB)Q =1gEp Eg

The transversal components of the light (electric) waves are developed in
series of orthonormal modes (bases of functions)

20) =Yy (2,1)A,(r, 2)

m

z [) = an1(z7 Z)Bm(l‘,Z)

m

(5.23)

where a,,(z,t) and b,,(z, 1) are the coeflicients of the series development and
A,,(r,z) and B,,(r,z) form the spatial orthonormal mode bases. Introducing
equations (5.23) into the SBS equations (5.21), one can obtain the equation
set

nad 0 .
;Am<c 8Z‘+8Z>am - 1g2QES

no 0 . .
ZBm<EE_E>bm =—igr, 0 E

0
<8t+r ) =ig E A;i(
x [al(z 0)b; (z,1) = fi(z,1)]

(5.24)
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where f;;(z,1) represents a Gaussian random function, with zero average
value, which characterizes the spontaneous Brillouin scattering (noise).
The second-order correlation of this function is

(fi(z 032, 1)) = Qobudd(z — 2)6(1 — ) (5.25)

where Q) = 2kg T pOI‘BvL;Q, kg is the Boltzmann constant, 7 is the tempera-
ture of the SBS material, p, is the average density, I'g is the Brillouin
linewidth, v, is the hypersound velocity in the SBS material and ¢ is the
Dirac distribution. Equation (5.24) shows that the spontaneous Brillouin
scattering could be represented as an ensemble of elementary independent
scattering processes with zero average (a poly-stochastic process, which is
specific to a homogenous Markov one). Equation (5.25) indicates the
moment and the position in the SBS process, at which the spontaneous
Brillouin scattering passes to the stimulated one.
The acoustic field in the last equation of (5.24) can be integrated as

z,1) = ig ZA,.(r,z)B;(r, 2)Cy(z, 1) (5.26)

with

1

Cylz 1) = L a1z, 7B (2,7) + fy(z, 7)]e T dr.

Introducing this expression (5.26) into the first two equations of (5.24), one
can obtain the well-known system of equations which characterize the
evolution of the light interacting fields: the pump (£p) and the Stokes
(Es), represented in the mode space

no 0 .
Zm:A (C 8t+az>am = -2 ;A[B,Bkcybk (5.27)
and
0 . )
ZBm ( P 81 _Z>bm = _g1g2 ;A,A,(B/C,/ak (528)

Using the ortho-normalization property of the modes A4,, and B,,, for
example:

+00
J A, A dr* =6, (5.29)

one can multiply both sides of equations (5.27) and (5.28) by 4;, and B;,,
respectively and integrate in the transversal plane in order to obtain the
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evolution equations of the interacting waves

n o 0 oo * g% 1.2
; a + & a, = —8215»2 IEj . C[jbk . AinBj Am dr (530)
n 6 3 * +oe * ok 2

(E o &)bm =—g12 [Ejk Cjiay, Jloo A; A B; B, dr. (5.31)

Observing that, in equations (5.30) and (5.31) the integrals could be written
as the tensors

+00
G2 = | A2 By (1,215 1,2),r2) 07
j: (5.32)
Gin(2) = | A1) A 2B (5. 2) B 20 07
we can further describe the SBS process by
no 9 _ ' ~Tp(t—=7)
(EE"’&)am __(g1g2)”z;( 0 dre
X [ai(27 T)b;(Z, T) +ﬁj(27 T)]bk(z7 T)g;"km(z) (5 33)
Eg_ﬁ b, =—(g,g )Z ’dTean(tfr) .
cot 0z) ™" 152 0

i,k
x [a; (z,7)b;(z,7) + f3(z, T)lai(z, 7)gjiom (2)-
In the particular case of the steady-state regime (9/0¢ = 0), equations (5.33)

take the form

= = (55) S ) + (2

' i.jk

(5.34)

a(;);n - (gf‘—iz> Z[GT(Z)bI(Z) +f;/(z)}ak(z)g[/ki7z(z)'

ijk

The SBS transversal effects occur, in these equations, in the tensors g;‘km(z)
and g,(z). These tensors indicate the manner in which the energy of
the pump and the Stokes waves is distributed over their specific orthogonal
modes.

SBS is one of the most important nonlinear optical processes which
create the wavefront conjugation. Thus, we shall make the assumption that
the modes of the Stokes wavefront are complex conjugated to those of the
pump wavefront (for all indexes):

B, (r,z) = A:;(l‘, z) (5.35)

which will allow the separate evaluation of the energy scattered (reflected)
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from a pump mode into its conjugate (Stokes) one. From these evaluations,
the SBS reflectivity and fidelity could be calculated.

The orthonormal modes may be represented by Gauss—Hermite
functions in Cartesian coordinates [5.16, 5.17]

= () e ol )

w(z)
2 2

X exp [_i%)(cz)_w;?} (5.36)

and Gauss—Laguerre functions in cylindrical coordinates [5.13]

e = (2) o [ )wio] 2. (2)

X exp [ - 12’;; - wz’zz)] (5.37)

with
WA (z) = w} {1 + <iﬂ R(z) z+§ .
5.38

U(z) = tan”! (i) and  r=4/x*+)7%
ZR

The Rayleigh distance, zp = 7(n/ )\)wé, is defined, for the fundamental mode,
by the condition w(z) = wy, where the beam waist, wy, is related to the
fundamental mode radius, w; and the lens focal length, f, by: wy, =
wil f /)1 + (f /)]

Assuming the cylindrical symmetry in the SBS geometry, the model may
be built using Gauss—Laguerre functions [5.64]. In this case, the tensors from
equations (5.32) become identical to the symmetric real gain tensor:

+00 : : *
. « oo explik —n—i—j)¥(z)]
G :L@ A; BB, i = e i (539)
where
2 +00 oy
= (2) ], e P LOLELOL® v

Equation (5.39) shows that the gain tensor of any mode, g;;,, depends on a
phase factor and on the mode coupling constant, &;;,,. The mode coupling
constants, €;;,, can be numerically calculated [5.29] and a recurrence relation
could be found for them using the recurrence property of the Gauss—
Laguerre function, which has the form

(}’l + l)LnJrl(x) = (27’! + 1 - X)Ln(x) + }’an,I(X). (540)
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The recurrence relation for the coupling tensors, £, results as

. C PBat+l—i—j—Kk] . n n 1
ijkpn—1 — 2(I’l+ 1) Eijkn 2(I/l+ 1)5Uk,n71 2(1’1 + 1)

X lig; 1 jkn €1 j—1hn + KEjjje—10)-

The maximum value of the coupling tensors is obtained for the fundamental
mode, €00 = 0.3183 and their other values are smaller the higher their
indexes (for example, the tensor values for indexes higher than 1 are smaller
than half the mentioned value). Moreover, the tensor values of the modes
with equal indexes are double those corresponding to their adjacent modes.

Introducing equation (5.39) into equations (5.30) and (5.31), one can
derive the general SBS model:

no 0 .
(EE—"_&)am = —glgzg;cijbkgijkm(z) (542)
nd 0 L
<c o az>bm = T8 2},: Cjaiiim(2)- (5.43)

This equation system was numerically solved in [5.29] to determine the SBS
reflectivity and fidelity.

Particularly, in the steady-state regime (when also f;; is neglected), equa-
tions (5.42) and (5.43) become

B (B2 ) S o eI

0]k

i,J.k

(5.44)

Moreover, if we consider in this regime a single-mode pump, a,, the SBS
equations take the form

Oa 218> B
8—; =- (P—B Z asbj bkg;mj

s,J.k

ob,, 8182 |ax|2 —i(m+))¥(z
0z ( Ty ) w(z) 263,71;,6 I Ob(2)
J

Above the threshold, it is usually assumed that the phase conjugated mode
suppresses the other modes, i.e. b, < b,,, for n # m. In this case, equation
(5.45) leads to

(5.45)

2
0b, ~ <@> _|a5| € b(2). (5.46)

aZ FB M/Z(Z) mmmm®=~m
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Equation (5.46) admits a solution for the Stokes conjugated modes of the
form

2
by(z) o exp [(gf—?) ‘lgs(L) Emmmmz]. (5.47)
This solution shows that the longitudinal change of the Stokes modes
depends on the pump intensity and the coupling constants. The smaller
values of the coupling constants ¢,,,,., lead to smaller reflectivity for the
higher order modes, with the effect of their suppression in the competition
with the conjugated single-mode, for the SBS gain.

For the Gauss—Laguerre fundamental mode, which is a perfect spatial
Gaussian beam and for a Gaussian temporal pulse, the quality of the SBS
phase conjugation may be evaluated by the fidelity factor of Zeldovich
et al, which takes the form

2

’Zf:‘ﬂz Nbi(z, 1)
(Z la;(z, t)z) (Z 1bi(z, ;)|2)

where ,(z, t) are the pump mode amplitudes and b;(z, ) are the Stokes mode
amplitudes. This factor of fidelity is related to the pattern recognition by
correlation and when a; = b;, Hy, = 1; 0 < H < 1.

For standard experimental conditions, with a pump pulse of 30ns,
w; = 0.5cm and energy 140mJ and for an SBS material with the refractive
index n = 1 and phonon lifetime 0.85ns, the calculated overall reflectivity
reaches 78 % and the fidelity factor, 94%, as shown in figure 5.4 (from [5.29]).

Using the numerical calculated data from figure 5.4, denoted by R,
and Hg, respectively, one can check the analytical relation between SBS
reflectivity and fidelity from equation (5.20). The predictions for the fidelity
are denoted by H, and are shown in table 5.3.

One could remark that the agreement of prediction for fidelity (equation
(5.20)) holds well with the numerical calculations even in the non-stationary
SBS, for Gaussian pump waves.

The numerical results have shown that the intensity fluctuations in the
Stokes pulse produce degradation in the time-resolved and overall fidelity.
The simulations with this three-dimensional model confirm that most of
the Stokes energy (about 93%) is concentrated in the conjugated mode
(i.e. the fundamental mode). However, even for a Gaussian pump, the non-
linear propagation in the SBS material yields reflected and transmitted
modes, with energy under 5% and smaller energy for higher orders.

In the same particular case of pumping in the fundamental mode, the
SBS reflectivity and the fidelity increase exponentially as a function of pump
energy and saturate at different levels (figure 5.4), which was previously

H(z, 1) =

(5.48)
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Figure 5.4. Numerical calculation of SBS reflectivity and fidelity (Ey, ~ 16 mJ and the
other parameters are given in the text) (from [5.29]).

Table 5.3.

eL/eLm 2 3 6 8 10 15 20 30
Rgm 0.35 0.50 0.70 0.75 0.80 0.86 0.88 0.95
Hgm 0.77 0.85 0.92 0.94 0.95 0.97 0.97 0.98
H, 0.77 0.84 0.96 0.98 0.99 0.99 0.99 0.99

observed and much discussed. Furthermore, the decrease of fidelity was
shown at high energy when fast rising pulses (shorter than the phonon life-
time) were used for the SBS pump [5.30].

More generally, if higher order Gauss—Laguerre modes are used for SBS
pumping, one can find the same exponential dependence of total reflectivity
and fidelity, but growing slower and saturating at lower values for higher
modes, as a function of the pump energy. Also, the higher the mode order,
the higher the SBS threshold. The decrease of reflectivity for higher modes
could be explained by their smaller coupling constants, which lead to smaller
gains. The consequence of smaller gains is the decrease of selectivity for the
phase conjugated mode, i.e. the possibility of developing other modes which
increase or maintain the total reflectivity, but reduce the fidelity. Whenever
the SBS total reflectivity is high and the fidelity is low for a certain mode,
one can expect that the excess pump energy is coupling that mode to
higher modes in the Stokes wave.

Numerical calculations for multi-mode (complex) pump waves show
that the fidelity is decreasing for large input spot sizes (short Rayleigh dis-
tances), but the reflectivity is practically not affected. In order to ensure
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high fidelity in the phase conjugation, the Stokes modes should pass the
threshold adiabatically [5.29]. This condition could explain why the SBS
with broadband lasers is not successful even if the interaction length is
shorter than the coherence length.
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Chapter 6

Brillouin-enhanced four-wave mixing
(BEFWM)

Stimulated Brillouin scattering (SBS) occurs with great simplicity for high
power laser radiation in either a bulk or a waveguide geometry. Under a
large range of conditions, both focused or waveguided, the backscattered
Stokes wave is found to be predominantly the phase conjugate (wavefront
reversed) spatial distribution of the incident light. Unfortunately, the need
for threshold requires high input intensity, and for high conversion even
higher intensities are desirable. The high intensity requirement limits the
practical cases when the SBS process can be used. An additional issue is
that the scattered wave is derived from the incident wave energy and the
SBS process necessarily is limited to reflectivity less than unity.

An alternative nonlinear optical method of producing reflection and
particularly phase conjugation is an interaction scheme known as four-
wave mixing (FWM), as illustrated in chapter 4. This, as the name suggests,
involves four waves—usually three incident waves and a fourth wave that is
generated and is the phase conjugate of one of the incident beams. When this
interaction occurs in a Brillouin-active medium and the nonlinearity that
couples the fields is the generation of acoustic waves, the process is known
as Brillouin-enhanced four-wave mixing (BEFWM).

6.1 The BEFWM interaction geometry

The basic process of BEFWM is a non-degenerate form of FWM, as shown
in figure 6.1, in which pairs of the interacting beams (E,, E;) and (E,, E3)
have a frequency separation close to or equal to the resonant acoustic
frequency (£2) associated with the SBS process (Jw; — wy| = |wy — ws3| = Q).
Following the standard terminology of four-wave mixing, we refer to the
counter-propagating pair of waves E; and E, as the pump waves, and the
wave Ej is referred to as the signal (or probe) wave. The pump beams are
usually strong waves that supply the optical energy for the interaction, and
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Figure 6.1. Brillouin-enhanced four-wave mixing involving counter-propagating pump
beams (E, and E,) and signal (E3) and conjugate beam (E;) interaction within a
Brillouin-active medium.

Brillouin-active
medium

the signal beam may be weak. In BEFWM, the signal and the backward
pump beams beat together to drive an acoustic wave via electrostriction
that modifies the refractive index of the medium. The forward pump beam
scatters from this to form the conjugate wave E, that is phase conjugate in
spatial form to the signal beam Fj.

The first experimental demonstrations of this scheme were made by
Basov et al [6.1] in order to achieve wavefront reversal of weak pulses in a
non-threshold scheme. In addition to the weak probe pulse, a strong pump
pulse at the same frequency was used to establish SBS and a resulting
counter-propagating Stokes pump pulse from which the probe pulse was
reflected in a four-wave mixing type regime. It was shown theoretically and
experimentally that the weak probe reflectivity was equal to the reflectivity
of the strong pump. One advantage of this scheme is that the wavefronts
of the laser and Stokes pumps can be automatically phase conjugated by
the normal SBS process and plane pump waves are not required as in
normal FWM. The disadvantage of the scheme is that the reflectivity of
the probe is limited to a value less than unity due the interaction of the
‘pumps’, resulting in a depletion of the laser pump E|.

Decoupling the pump beams to eliminate any interaction between them
can increase the efficiency of this process, but the backward pump must be
produced outside the four-wave mixing medium. Two methods were used
for the decoupling of the pump beams: frequency-decoupled BEFWM and
polarization-decoupled BEFWM.

Frequency decoupled BEFWM [6.2, 6.3, 6.4], is accomplished by having
the pump beam frequencies non-resonant with the acoustic wave. Many
frequency combinations have also been used [6.5, 6.6]. The most common
case (and easiest to implement experimentally) is to have the pump wave
frequencies the same (w; = w, = w). For the BEFWM, we then need the
probe beam frequency detuned from the pumps by the acoustic frequency.
One particularly interesting case explored in experiments by Andreev [6.2]
is for the probe beam to have anti-Stokes frequency (w3 = w + Q) leading
to a generated conjugate wave with frequency w — . In experiments,
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phase conjugate reflectivities (Iy/13) ~ 7 x 10> were demonstrated. The
specific reflectivity is a function of pump intensity and phase mismatch
parameter (Ak). In particular, the phase mismatch can result in a phasing
between the acoustic contributions from the two resonant interaction
terms E, E; and E,E; to allow a strong temporal instability to be established
[6.7] leading to the very high reflectivities observed. The steady-state analysis
of the interaction [6.3] also predicts poles in the solutions to the phase
conjugate reflectivity in which infinite growth occurs. These solutions neglect
the depletion of the pump fields, which is clearly a limitation for the very high
reflectivities observed. Scott [6.4] has performed numerical simulations of the
transient case with depletion and phase mismatch (Ak) included. A good
review paper on the subject was written by Ridley and Scott [6.8].

Polarization decoupled BEFWM occurs when the pump beam polariza-
tions are orthogonal and, owing to the scalar interaction in SBS (in isotropic
media), no acoustical coupling between these beams exists. The technique of
polarization-decoupled BEFWM was investigated by Efimkov [6.9], Bubis
et al [6.10], Schroeder et al [6.11] and Choi [6.12]. Reflectivities greater
than unity were demonstrated and polarization control on the beams estab-
lished for possible applications to the aberration correction of radiation in
optical systems with laser amplifiers.

6.2 Theoretical model of BEFWM

6.2.1 Coupled equations characterizing BEFWM

We consider the interaction geometry of figure 6.2, and assuming the waves
are plane and monochromatic, the total optical field can be written
4
E =Y 1E(r, t)e;exp i(w;t —kr) +c.c. (6.1)

i=1

where w; and k; are the optical frequencies and the wavevectors respectively;
polarization directions (e;) are E;e;. The frequency separations of the waves

~2_ &

Brillouin-active
medinm
b z

Figure 6.2. Schematic of polarization-decoupled BEFWM.
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are: |w; — wy| = |wy — w3| = Q. The fields pairs (Ej, E;) and (E,, E3) yield an
acoustical wave with the frequency (2, described by

P = (5)p(r, 1) exp i(Qr — kgr) + c.c. (6.2)

where kg = /v and v is the acoustical wave velocity.

To describe both BEFWM methods with both pump wave decoupling
schemes, one can use a similar set of equations. With frequency decoupling,
all fields have the same polarization, and frequencies taken as w; = wy, = w,
wy=w+Q and ws;=w—Q. With polarization decoupling, one can
consider: w; = w3 =w and w, = wy = w — §2; the beam polarizations are
orthogonal: e; = e4, e; = ¢; and e;e, = 0; eze, = 0.

The equations of BEFWM are simplified by the following (usual)
hypotheses of no absorption; neglect of the second-order derivatives with
respect to the first-order ones; neglect of the acoustical wave propagation.
With these hypotheses, the equation set describing BEFWM can be written as

<k2k'2V +§ 58t>E2 = ig;Eqp’ KT
<k3k.3v + g %>E3 =igsEppe T o

a T . . % * .
<az+2B+1AQ>P1gp(E1 CEj + By Ejett)

where g; is proportional to w;, g, is a constant of the nonlinear coupling,
Ak = k; +k, — k; — k4 is the wavevector mismatch, AQ = vlk; — ky4|—
Q =~ vlky — k3| — Q is the acoustic detuning from resonance for scattering
at angle 6, p is related to the acoustic wave amplitude and I'g is the intensity
FWHM of the spontaneous acoustic linewidth.

6.3 Polarization-decoupled BEFWM theory

In order to make more explicit the frequencies of the interacting waves, one
can introduce the change of notations for the pump fields: E; = Ej and
E, = Eg, the probe and the conjugate fields: E3 = E;; and E; = Eg,
respectively, where the indices L and S correspond to the laser (w) and
Stokes (w — ) frequencies.

The main amplitude changes occur in the probe and the conjugate
beams, so it is easier to take their plane as the x—z plane, and the probe
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beam direction as the z axis. The polarizations of the fields £| and E, are
parallel and oriented along the y axis and those of the fields E, and E; are
parallel and in the x—z plane. The wavevector Ak is also oriented along the
z axis. With these selections, the equation set (6.3) becomes

0 no
(Cosea a[)ELO __ESIQ

( COS 02 n 9 >ESO = ELIQ* ik

9z o
0 nad _ —iAkz
(&‘F c at>EL1 = —Es()QC (64)
0 nad
<—&+ c 8t>ESl = ErgQ"

r Ak

2 + -8 + 1AQ Q = ggB(G)FB (ELOEgl + EL1E§0 cos © elAkZ)
or 2 4

where Q =ig;p, Ak = (Ak).= (n2/c)(cosf — 1) and the frequency

detuning AQ2 = Q[cos(6/2) — 1].

6.3.1 Steady-state and constant pump analysis

A steady-state analysis can be achieved by taking time derivatives in (6.4) to
be zero and the acoustic amplitude Q may be directly inserted into the optical
field equations. The pump fields E;, and Eg, are assumed to be constant in
this section and the equations for the weak probe and conjugate fields are
described by

OE; N
aZLO = —X(cos ©|Ego[*Ef | + Ei oE$oEs; €")

S (6.5)
8le = —(|ELo[*Es) + cos © EroEsoEf, e 2F)

where A =1gp cos?(0/2)(1 + in) is the complex Brillouin-gain coefficient at
the angle # and 1 = 2AQ /Ty is the frequency detuning from the acoustical
resonance frequency, normalized to the Brillouin linewidth.

The above system of equations can be solved with the boundary condi-
tions Eg; (/) = 0 and the solutions may be written in the form

By () = i, (0) 0 Ao [P =0 &P P
[Py —p_elr-=r]

= elp- —m)(/——")]
[Py —p_elr-—r)]
where py =3 (e £ \/1ig + 4N I olso) and pe = (I — cos Igg) + iAk.

(6.6)
Eg, (Z) = \cos GELOESOEli] (0) e(*P++/\IL0)Z
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The conjugate reflectivity is given by
Eg(0)
Ey,(0)

In the simplified case of zero phase mismatch, Ak~ 0, § =0 and zero
detuning (n = 0), the conjugate reflectivity coefficient becomes

(1 _ e,u,L)Z
(Ino + Iso et)*

In the case of high gain, e"* > 1 and Igy e"* > I, the conjugate reflec-
tion coefficient becomes the ratio of the laser and Stokes beam intensities

R = I1o/Iso- (6.9)

2 [1 _elr- 71J+)/] 2

R= ‘ (6.7)

= |AcosO E; E
‘ H = p_elr ]

R =Ry = Iolso (6.8)

L

The presence of frequency detuning and phase mismatch which are often
detrimental to FWM can lead to very high reflectivities in BEFWM depend-
ing on the corresponding gain parameter pu/ = % g(lro + Isp)! and the pump
beam ratio R,.

Figures 6.3 and 6.4 show the dependence of the reflectivity R on the
normalized acoustic frequency detuning (n) and, for simplicity, we take
Ak =0 (Ak is small for most experimental angles, e.g. 6 = S0mrad,
|Ak| ~ 10 cm ™).

In figure 6.3 one can observe that the reflectivity rises to a maximum
at a value of the detuning which depends on the gain p/. The maximum

wn
1

-~
"

34

Reflectivity

Figure 6.3. Steady-state BEFWM reflectivity (R) against normalized frequency detuning
(n) for various pump gain parameters p/ and fixed pump ratio Ry = 1 (Ak = 0).
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Figure 6.4. Steady-state BEFWM reflectivity (R) against normalized frequency detuning
(n) for various pump ratios R, and at a fixed gain parameter u/ = 8 (Ak = 0).

reflectivity is higher than in the case with no detuning, as predicted by equa-
tion (6.7). In the graph (figure 6.4) the curve for Ry = 5 shows a pronounced
enhancement in reflectivity at n = 2, since it is close to a pole in the reflectiv-
ity equation.

The detuning and phase mismatch can be controlled by the angle ¢
between the pump and probe beams. If the medium is Kerr-active, intensity
dependent refractive index gratings can be established in addition to intro-
ducing self-phase modulation to the interacting beams. The additional
contribution to the beam coupling by Kerr FWM is, in general, out of
phase with BEFWM. To simulate these effects in a real medium we take
the experimental parameters for the nonlinear medium, CS,, which is both
strongly Brillouin-active and Kerr-active, at 1.06 um wavelength.

Figure 6.5 shows the calculated BEFWM reflectivity and, to show the
relative influences of phase mismatch and Kerr effect in CS,, three curves
are plotted: in curve (a) both Ak and the Kerr effect are neglected, while in
curve (b) it is seen that the introduced Ak perturb the peak reflectivity. In
curve (c) both the phase mismatch and the Kerr effect are included and
there is a considerable suppression of the reflectivity as the normalized
frequency-detuning is increased. This is caused by destructive interference
between the Kerr term and the imaginary non-resonant component of the
Brillouin term.
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Figure 6.5. Steady-state BEFWM reflectivity (R) against normalized frequency detuning
(n) calculated for experimental parameters of CS, at 1.06 um. Curve (a) (solid line) is
with the neglect of Ak and the Kerr effect, curve (b) (dashed line) includes Ak and
curve (c) (dot-dashed line) also includes Kerr effect (u/ = 8, Ry = 5).

6.3.2 Transient polarization-decoupled BEFWM

In the BEFWM process, the time taken to establish a steady-state regime can
be many times the acoustic decay time (7g) [6.9] and for typical laser pulse
durations of a few tens of nanoseconds the process is highly transient.

The full transient system of equations (6.4) was numerically solved using
a similar scheme to [6.13] in which the optical field equations (6.4) are trans-
formed along their characteristics and a simple numerical difference scheme
with adequately small time step used. The accuracy of such a program can be
checked by monitoring the photon conservation conditions

| (P + 151 dz = cons.

J*OC

In figure 6.6 is shown the temporal variation of the BEFWM reflectivity

for various values of the gain parameter u/ and a fixed pump ratio (Ry = 1).
Phase mismatch and frequency detuning are neglected and the case § = 0 is

taken. The transient reflectivity is noted to overshoot and oscillate towards
its final steady-state value, given by equation (6.8). At high gains, the

(6.10)
(|Eso|* + |Ep1]?) dz = const.
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Figure 6.6. Temporal response of the transient BEFWM reflectivity for various gain
parameter p/ and fixed pump ratio Ry = 1.

transient oscillations are more pronounced and the onset of the first reflectiv-
ity peak is faster.

In figure 6.7, the gain parameter is fixed at u/ = 5 and the pump ratio
(Ry) varied. It can be established from the results that the temporal growth
rate of the BEFWM reflectivity is both a function of the gain parameter and
the pump ratio. The numerical model was used to calculate the peak transient
reflectivity of a weak probe as a function of gain parameter, and is displayed in
figure 6.7. High reflectivities are achieved when the pump ratio is large and for
sufficiently high gain, and can be significantly greater than the steady-state
value. The results indicate the potential of polarization-decoupled BEFWM
for the production of very high reflectivities.

6.4 Experimental investigations on polarization-decoupled
BEFWM

An experimental investigation [6.11] into the properties of the polarization-
decoupled BEFWM process used a Q-switched Nd: Y AG oscillator operating
on a single longitudinal and transversal mode. The laser radiation had a pulse
duration of 16ns, energies up to 120 mJ, a beam diameter of ~2mm, and
vertical linear polarization. In the experimental system, shown in figure
6.8, the pump and probe beams for the FWM interaction are derived from
the vertically polarized laser using beamsplitters R, and R,.
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Figure 6.7. Temporal response of the transient BEFWM reflectivity for various pump
ratios R, and fixed gain parameter pu/ = 5.

The laser pump Ej, propagates through the FWM cell and into an
external SBS cell in which the counter-propagating Stokes pump Eg, is
generated. This arrangement ensures that the pumps are automatically
phase conjugates of each other and means that the pump fields need not
be of high spatial quality, as required in normal FWM, for high conjugation

0,
0,
Eq R,
Fresnel
E -~ Y
Rhomb Lt ;f == %
=]
-+ /‘\’8 A E
SBS : = FEETTRR,
Cell SO 10
FWM ﬁ
Cell Laser Input
A=1.064pm

Figure 6.8. Experimental arrangement used in the investigations of polarization-
decoupled BEFWM in liquids acetone and CS,.
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fidelity of the probe. A Fresnel rhomb ensures that the counter-propagating
beams are of orthogonal polarization. A small fraction of the laser input
transmitted by the beamsplitter R; passes through a half-wave retardation
plate to form the probe beam Ej; orthogonal in polarization with Ej.
The probe is then injected into the FWM cell with production of an ortho-
gonal polarized Stokes-frequency phase conjugate Eg;.

In the experiment the angle 6 between the pump and the probe beams is
maintained at less than 50 mrad, for a good overlap of the interacting fields.
The small angle, together with the use of the same nonlinear medium in both
cells, also ensures that the interaction is near the acoustic resonance. In
addition the reflectivities of the beamsplitters R; and R, ensure that the
experimental study is conducted in the weak probe case with an intensity
pump—probe ratio of >100:1. As Brillouin-active liquids, acetone and
carbon disulphide (CS,) were used in the experimental investigation. For
the case of CS,, the laser pump was coupled into a waveguide in the SBS
cell in order to maintain the conjugate fidelity. Both arrangements ensured
that the process occurred in a regime which was well above its steady-state
threshold and provided the necessary conditions for the Stokes pump to be
generated with conjugate reflectivities in the range 70-95%. The steady-
state Brillouin coefficients of both liquids are relatively large, g =
0.014 cm/MW for acetone and gg = 0.04cm/MW for CS,, at the wavelength
of 1.06 um. The nonlinear gain coefficient was varied by using various lengths
of the FWM cell (1, 2 and 5cm). The phase conjugate reflectivity of the
BEFWM process was monitored by recording the powers of the laser
probe and its conjugate reflection using photodiodes and a fast oscilloscope
with a total rise ~1 ns.

The experiments undertaken in acetone were conducted at low repeti-
tion rate (<1 Hz) to prevent the buildup of thermal effects due to the linear
absorption coefficient of 0.023cm™'. The angle between the pump and the
probe beams was kept small ( = 46 mrad) to obtain a good overlap between
the beams in the BEFWM cell.

In figure 6.9 the conjugate reflectivity for three cells (/ = 1,2 and 5cm) is
plotted as a function of the laser pump gain (%)gBILol for the laser pump
intensities ~30-250 MW/cm2. The experimental results are compared with
the predictions from the numerical model of the transient BEFWM process.

It can be seen that a good agreement between theoretical calculations
and experimental results is produced at low intensities but that there is an
increasing discrepancy for % grliol > 4. This is caused mainly by incomplete
polarization decoupling of the two counter-propagating pumps in the
experiment, which results in oscillation of radiation between the FWM
and the SBS cells. The rate of increase of the unwanted polarization is rela-
tively small at low intensities, but at high intensities it can lead to sufficient
pump interaction to cause depletion of the laser pump field (Ey,) and this
results in the observed reduction in the BEFWM reflectivity of the probe
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Figure 6.9. Experimentally measured phase-conjugate reflectivity in acetone as a function
of gain parameter %gBILOI for three cell lengths / (triangle: / = 1 cm, circle: / = 2cm, and
square: / = 5cm).The curves are the theoretical predictions of a numerical solution in
the full transient equations.

(Er;) compared with the numerical model which neglected depolarization
effects.

The experimental investigation was also carried out using CS, as the
Brillouin-active medium with the Stokes pump being generated in the
external SBS cell with a reflectivity of between 70 and 95%. A rapid increase
in the measured phase conjugate reflectivity with the laser pump power
parameter (Ygplio/) at each of the three FWM cell lengths is shown in
figure 6.10.

The higher steady-state Brillouin-gain coefficient of CS, results in
equivalent FWM reflectivities being achieved at lower laser pump intensities.
The rate of growth of the ‘unwanted’ depolarization is also comparable in
both experiments, so that depletion of the laser pump in the FWM cell
again perturbed the phase conjugate reflectivity as %gBILol becomes greater
than about 4.

From the results in figures 6.9 and 6.10 it is seen that probe reflectivities
in excess of 300% were generated with CS, whereas the FWM interaction
exhibited lower reflection coefficients at equivalent values of % gplio/ when
acetone was used as the Brillouin medium. One cause of the discrepancy
can be accounted for by the effect of the Kerr nonlinearity of CS,. The
Kerr activity contributes an extra coupling term gx = 4.6 x 107> cm/MW
to the nonlinear coupling coefficient which is 7/2 out of phase with the
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Figure 6.10. Experimentally measured phase conjugate reflectivity in CS, as a function of
gain parameter %gBILOI for three cell lengths / (triangle: / = 1cm, circle: / =2cm, and
square: / = Scm).

steady-state Brillouin-gain coefficient, gg. At equivalent values of % gpliol the
FWM process is expected to produce higher phase conjugate reflectivities
with CS,, since the magnitude of the resulting complex nonlinearity is greater
than gg alone. In the experimental system, self focusing of the pump radia-
tion occurred in the FWM cell, which reduced the spot size of the pump
laser beam by up to a factor of 2, causing a significant variation in the inten-
sity of the pump beams along the interaction length. The resulting increase in
the effective FWM interaction length, together with the increased intensity of
the pump beams due to the self-focusing in the FWM cell, contributed to the
larger phase conjugate reflectivity observed with CS,.

In order to avoid complications associated with the intensity-dependent
changes in the refractive index and the reduction of the interaction length due
to the finite pump—probe angle, the optical alignment shown in figure 6.8 was
modified to include a 3 mm diameter, 5Scm long glass capillary waveguide
in the FWM cell, to confine the interacting pump and probe fields. This
arrangement allowed the pump-probe angle 6 to be altered within the
limits set by the critical angle for total internal reflection (6, ~ 320 mrad)
while maintaining fixed values for the interaction length (/ = 5cm) and the
intensity of the fields in the nonlinear process. Since |AQ| = Q(1 — cos6/2),
the effect of detuning from the acoustic resonance on the transient conjugate
reflectivity of the BEFWM process could be investigated experimentally.
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Figure 6.11. BEFWM reflectivity in CS, in a waveguide as a function of the frequency
detuning produced by varying the probe angle. Solid line is numerical calculation of
BEFWM including Kerr nonlinearity of CS,, dashed line only includes Brillouin.

Figure 6.11 displays the results of monitoring the transient probe
reflectivity of the BEFWM interaction as a function of the detuning from
the acoustic resonance Av = AQ/27x. At a small frequency detuning
(Av = 5MHz) the use of a waveguide produced a reflection coefficient
~320%. As the detuning from resonance was increased by enlarging the
interaction angle #, the conjugate reflectivity was observed to decline to
~25% of its initial value at the critical angle for total reflection 6.

At small pump—probe angles (¢ < 100mrad) the Kerr nonlinearity
increases the effective magnitude of the total FWM coupling coefficient
which results in a higher probe reflectivity. As the detuning from the
acoustic resonance increases, the increasing imaginary part of the Brillouin-
gain, which is 7w out of phase with the Kerr nonlinearity of CS,, causes
strong destructive interference. Together with the ordinary Lorentzian
decrease of the real part of the Brillouin-gain with the detuning Av, this
causes a significant reduction in the magnitude of the complex nonlinearity
and, hence, an enhanced reduction in the reflectivity of the FWM process.
As a result, the conjugate reflectivity of the nonlinear process continues
to decline more rapidly in CS, than if the Brillouin liquid were not Kerr-
active. This trend is in agreement with that produced by steady-state
theoretical analysis where the addition of the Kerr nonlinearity to the
Brillouin interaction greatly diminished the reflectivity of the FWM process
(figure 6.5) as the normalized detuning 7 increased beyond a value of
~1.5.
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6.5 Scattering efficiency and noise

On the basis of the experiment of Bubis et al [6.14] it was demonstrated that
BEFWM with a Stokes signal would have the greatest sensitivity for weak
signals. This sensitivity was investigated by Bespalov et a/ [6.15] who attenu-
ated the Stokes-shifted signal beam until a conjugate was just detectable
above the background noise. The results showed that the minimum resolva-
ble signal has an input energy of 13 fJ, which corresponds to 7 x 10* photons
per pulse.

It has been shown by Andreev [6.16] that a system comprising a conven-
tional amplifier followed by a BEFWM phase conjugate mirror, is theoreti-
cally capable of phase conjugating signal energies that approach those of a
single photon. This scheme was experimentally implemented by Kulagin
et al[6.17] who demonstrated that images containing an average of 5 photons
per resolvable element could be amplified and conjugated with a total gain of
10'2. More recently the same authors [6.18] have improved the sensitivity to
an average of 2.4 photons per resolvable element.

6.6 Experiments and results in BEFWM for high resolution
imaging

The BEFWM process has two important advantages over most conventional
imaging: the temporal resolution that comes from using nanosecond laser
pulses; and the narrow bandwidth of the BEFWM process, which allows
for very good discrimination against background light. One possible applica-
tion would be imaging of laser material processing, where there would be a
lot of broadband and coherent background radiation to discriminate against.
This type of application has been suggested by Kulagin ez a/ [6.19]. Bespalov
et al [6.20] have used BEFWM to image a picture through a flame, and have
also demonstrated the use of BEFWM to detect scattering from density
fluctuations of aerosols in air.

In this section, the investigation of a polarization-decoupled BEFWM
configuration used for short-pulse high-resolution imaging will be mainly pre-
sented, to illustrate this technique. In this geometry, the four-wave mixing
medium is carbon disulphide (CS,) and the counter-propagating pump is
generated from the forward pump by stimulated Brillouin scattering in a
second CS, cell. This configuration produced a good quality, high-resolution
(~9 um) phase conjugate image, correcting for aberrations in the system.

The experimental system used is shown in figure 6.12 [6.21]. The input
radiation was provided by a Q-switched, frequency-doubled Nd:YAG laser
(A = 532nm) operating in a single longitudinal and TEM;;, mode with a
beam diameter of 1.2 mm. The system produced 13 ns pulses (FWHM) at a
repetition rate of 10 Hz. The beam from the laser was split into the pump
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Figure 6.12. Experimental set-up for investigation of high-resolution imaging.

and signal beams at beam-splitter BS;, which had 10% reflectivity for the
vertically polarized laser beam. The pump beam E; was directed along the
axis of a cylindrical glass waveguide (length 15cm and inner diameter
2mm) immersed in the FWM cell containing the Brillouin-active medium
CS,, and then focused by lens L, onto the back cell, also containing CS,.
This produced a phase conjugate backward pump E, via SBS in the back
cell. The quarter-wave plate between the cells ensured the pump beams
were orthogonal polarized in the FWM cell.

The signal beam Ej is passed through a A/2 plate making it orthogonal
to E|, but able to interact with the backward pump E,. The signal is injected
into the waveguide at an external angle of ~6°. Using CS,, which has a higher
refractive index (n = 1.62) than glass (n ~ 1.5), ensures that total internal
reflection occurs in the waveguide. A USAF test chart is placed into the
signal beam and lens L; (diameter 5cm) is used to form the image near to
the entrance of the waveguide. The primary purpose of this lens imaging is
to maximize the coupling efficiency of the signal into the waveguide. There
is no requirement for high-quality imaging within the system for it to operate
properly. To simulate further aberrations various phase distorters are also
placed in the signal beam to test the correction of the system. The quality
of the phase conjugate (E;) of the signal is studied by splitting it at beam-
splitter BS, and placing a CCD camera at the conjugate image plane to
the test chart. Since the resolution of the detected image is limited by the
pixel size of the CCD (11 pum x 11 pum), we use a corrected camera lens to
magnify the image by x3 onto the camera.

Initially, a study was made of the characteristics of the system without
the test chart in the signal beam. The Stokes’ beam, E,, generated in the
back cell, was monitored temporally with a fast photodiode and a digital
oscilloscope and its spatial quality with a two-dimensional beam profiler
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Figure 6.13. Phase conjugate reflectivity against pump intensity for BEFWM.

system with a CCD camera. These showed the Stokes pulse had good
Gaussian spatial quality, but a slightly shorter pulse duration (11 ns) com-
pared with the input pump (13 ns). The energy reflectivity of the back cell
was between 45 and 60% (depending on the freshness of the CS,) at an
input energy ~2mJ.

The phase conjugate reflectivity of the signal was measured, defined as
the energy in the phase conjugate E; divided by the input energy of the
signal Ex, against the intensity of the pump beam E; (with no corrections
for Fresnel reflections). The conjugate reflectivity as a function of pump
intensity is shown in figure 6.13, showing a maximum reflectivity ~20%.
The conjugate E, typically had a pulse length about half that of the signal F;.

The results of the image correction experiments are shown in figure 6.14
[6.21]. Thus, figure 6.14(a) shows the phase conjugate image at the CCD
camera in the magnified image plane. The corresponding image with a
phase distorter in the signal beam is shown in figure 6.14(b). For comparison,
figures 6.14(c) and (d) show the image at the camera when an ordinary 100%
mirror is placed before the front cell (i.e. the signal does not pass through the
waveguide but is reflected straight back). Figure 6.14(c) shows the reflected
image with no phase distorter in the system and figure 6.14(d) shows the
result after a double pass through the distorter.

The quality of the phase conjugate correction produced by this BEFWM
experiment is excellent as can be seen by comparing figures 6.14(a) and
6.14(b). The correction is also very good for the distortion introduced
when a stronger phase disturber is used. In the magnified image, the smallest
bars that could be resolved are 9 pm (57 line pairs/mm) and this is maintained
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Figure 6.14. (a) Phase conjugate image; (b) phase conjugate image through distorter;
(c) image of test chart with mirror; (d) image after double pass through distorter.

in the image with the distorter in the system. The resolution limit of the lens
L, is calculated to be ~3 um (the distance from the lens to the test chart being
~30cm).

Theoretically, it is expected that the BEFWM process will have a limit
imposed on the resolution due to increasing phase mismatch, as the signal
incidence angle # becomes larger. For CS,, the angular reduction in efficiency
is measured experimentally in [6.11]. This indicates an acceptance angle of
~200 mrad, which corresponds to a predicted resolution of ~2.5 um. How-
ever, the injected signal entered the waveguide at ~100 mrad and the angular
spread around this value may contribute to a reduced achievable resolution.

It is seen in figures 6.14(a) and 6.14(b) that the horizontal bars were
resolved more clearly than the vertical bars. The reason for this is not
clear, but it may be explained by the signal beam entering the waveguide
at an angle in a horizontal plane with respect to the pump. This means the
signal reflects from side to side whilst propagating down the waveguide
but not from top to bottom, which could affect the relative quality of
phase conjugation horizontally and vertically. However, this effect is also
seen in figure 6.14(c), where the image is reflected back before it enters the
waveguide, so this may not be the only explanation.
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The observed phase conjugate reflectivity (figure 6.13) is lower than that
predicted by steady-state theory. The reflectivity of BEFWM in the steady-
state is given in [6.11]

1_;LL2
R=15,- =)

(Ut et (o140

where I, and I, are the pump intensities, uL is the gain parameter given by
uL:‘%B(Il + L)L (6.12)

L is the interaction length (~15cm) and gy is the Brillouin-gain coefficient
(~0.13cm/MW for CS,). Under high gain conditions, corresponding to
exp(ul) > 1 and Lexp(uL) > I, the probe reflectivity given in equation
(6.11) is approximately the ratio of the laser and the Stokes’ pump intensities
(R=1/L). In our case, uL ~ 20, corresponding to the high gain criteria,
and the pump ratio (and thus the maximum reflectivity obtainable) was 2.

There are several possible reasons why the experimental reflectivity
observed is lower than predicted by steady state theory. A principal factor
was the transiency of the process. This is shown by the shortening of the
phase conjugate pulse with respect to the signal pulse and is due to several
factors. The two pump beams and the signal had incomplete temporal over-
lap in the FWM cell. The counter-propagating pump pulse had an additional
path length as it was generated in the back cell. The round-trip distance
between the cells corresponds to a delay time of 3 ns, in addition to a delay
due to the transient onset of SBS in the back cell. The transience and nonli-
nearity of the pulsed BEFWM process in the front cell also contribute to the
shortening of the conjugate pulse. In BEFWM, the time taken to reach a
steady state can be many times (>10) greater than the acoustic decay time
8. As 75 ~ 2ns in CS, [6.11], it can be seen that with pulses of the order
of 10 ns the process cannot be considered steady-state. Other contributing
factors were the incomplete polarization decoupling of the pump beams
and changes in the CS,, which degrades under illumination (higher reflectiv-
ity of up to 45% was observed when the CS, was fresh) and leads to increas-
ing thermal effects in the medium [6.20].
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Chapter 7

Techniques for enhancement of SBS

The process of SBS works most effectively at moderately high peak
power (~MW) with pulsed operation (~10ns), corresponding to pulse ener-
gies ~10-100mJ. At lower powers the process will be below threshold and
the efficiency is too low to be practical in most laser applications. Even
above threshold the efficiency may still not be as high as required. Only at
many-times threshold power does the reflectivity of the process reach near
unity. At very high intensities, however, the SBS process can also be
disrupted by detrimental competing nonlinearities (e.g. Kerr self-focusing,
thermally-induced defocusing and SRS) and also degradation of the SBS
material (e.g. light induced breakdown, thermally-induced convection,
bubble formation). A further issue is the need to achieve good quality
phase conjugation, requiring selection of the conjugate from noise compo-
nents, which is also negatively impacted by competing nonlinearities. A
still further issue is the transiency of the SBS process that dictates the
range of pulse duration that can be used. The net result is that SBS may
only operate over a narrow range of laser powers and pulse durations for
a given SBS medium and interaction geometry.

Considerable work has been done to try to extend the conditions
under which SBS operates efficiently and with good quality of phase
conjugation. At one end, techniques have been devised to reduce the
threshold and enhance the efficiency of SBS for low powers, at the other
end to extend the operation to very high powers. In the previous chapter
BEFWM was described as a method of threshold-free SBS. It has,
however, the drawback of requiring high power secondary beams to
achieve the phase conjugate reflection of a weak beam. In this chapter
we look at techniques to enhance SBS involving the input of a single
beam required to be phase conjugated. For threshold reduction, the
technique of optical feedback is described. At the high power end, the
use of two-cell SBS is described and also coherent beam-combining.
Finally, geometries are described to achieve laser pulse compression with
high efficiency.

112
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Figure 7.1. A schematic diagram illustrating the principle of the optical feedback technique.

7.1 Optical feedback used to enhance stimulated scattering

Optical feedback is a method to improve the operational characteristics of
the phase conjugation process of stimulated Brillouin scattering (SBS). The
technique has been shown to reduce the power requirement and enhance
the reflectivity of the SBS process, and also provide means of obtaining
efficient, high-fidelity phase conjugation of high-energy laser beams.

A general schematic diagram illustrating the principle of the optical
feedback technique with SBS is depicted in figure 7.1.

A pump beam is injected into a Brillouin-active medium where, if it is
sufficiently intense, it can generate a Stokes-reflected signal from the acoustic
wave generated in the SBS process. Optical feedback is accomplished by taking
the pump output from the back of the SBS cell and redirecting it to overlap
with the main pump input through the front of the SBS cell. The feedback
beam can be combined with the main beam via, for instance, a beamsplitter
or overlapped with an angular offset from the main beam. The feedback of
the pump not only directly enhances the acoustic wave generation but, more
importantly, the Stokes radiation, retracing the path of the feedback pump,
acts as a seeding field at the back of the SBS cell. Hence, as far as the main
pump beam is concerned, the scattering process is no longer initiated from
spontaneous noise but rather from a comparatively large Stokes-feedback
seeding signal. The consequence of the feedback is a significant enhancement
of the SBS process leading to a reduction of the threshold power requirement
of the process [7.1, 7.2] and higher reflectivity.

In experiments, two main feedback geometries have been used
[7.1,7.2]—in one case a beamsplitter was used as the feedback mechanism,
effectively forming a ring cavity, and another case involved injecting the
feedback beam at a small angle to the main input. We describe these two
cases separately.

7.2 Optical feedback from a beamsplitter (ring resonator)

Input radiation with intensity |M |2is passed through a beamsplitter of ampli-
tude reflectivity r and is injected into the SBS cell, as shown in figure 7.2, to
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Figure 7.2. A schematic diagram of the configuration of optical feedback using a beam-
splitter. An amplitude transmission factor () of the feedback arm is included.

form a clockwise circulating laser field £, and through SBS, an anticlockwise
Stokes field S is also established in the ring cavity.

An amplitude transmission factor 3 is introduced to account for optical
losses around the feedback loop (excluding the beamsplitter losses). Losses at
both the laser and Stokes frequencies are taken to be the same and phase
accumulation due to the optical path length of the feedback arm can be
omitted (for simplicity) by taking the round-trip time of the feedback
cavity to be resonant at both laser and Stokes frequencies. The resonance
condition of the feedback cavity for the Stokes frequency, assuming resonant
laser frequency, is 7 = 2mr/wg, where 7 is the round-trip time of the ring
cavity, wg is the acoustic angular frequency, and m is an integer.

In this geometry, the normal SBS equations apply

ds dE

©__&pp L _ _&igp

but now with different boundary conditions
E0) = My/(1 —r*) +rBE(L), S(L) = rpS(0) (7.2)

where g is the steady-state Brillouin-gain coefficient. Plane waves are assumed
in this analysis and the laser is taken to enter the front of the SBS cell (z = 0)
with the back of the cell at z = L. At the front of the SBS cell the laser field
E(z=0) is the combination of the fraction of the input pump field M
transmitted by the beamsplitter and the feedback of the laser throughput
from the back of the SBS cell. At the back of the cell, instead of the normal
noise level ~ |E[*e™" that initiates the SBS interaction without feedback,
the seeding Stokes signal S(L) is a significant fraction of the output Stokes
field S(0). With the two boundary conditions described above the SBS
system of equations can be solved [7.2]. A relationship between the overall
reflectivity R (the reflectivity observed outside the cavity) and the input
pump intensity |M |2 is given by the following set of equations:
(1= [P)(1 =)

gM



Optical feedback from a beamsplitter (ring resonator) 115

R 1

r=0.2

05+

P T
giL

Figure 7.3. The reflectivity R (measured outside the cavity) plotted against the input gain

parameter gIL, where I = |M |2 is the input intensity, for different amplitude reflectivities r

of the beamsplitter. The transmission factor is |§]> = 0.5.

where |n|> = |S(0)[*/|E(0)]? is the internal SBS reflectivity (as seen by the
SBS cell) and ¥ = /[1 — |2(1 — 2(?)].
1 - rz)2
R=pp L= 4
=g (74)

The threshold input intensity |My,|* for this case is given by

(1—rB)*In(1/r"3)

(1-1?) '
For example, when r = 0.2 and 3° = 0.5, a value of g|M,|*L = 3 is achieved
compared with the usual threshold value ~30, representing a 10 times
reduction of the threshold power required.

A set of curves of the reflectivity R against g|Mth|2L is shown in figure
7.3 for different amplitude reflectivities » of the beamsplitter, based on the
above equations. It can be seen that the using of a beamsplitter enhances
the process by acting as a feedback mechanism, but on the other hand it
rejects some of the input pump from injecting the cavity.

The effect of varying the feedback losses (and thus varying the transmis-
sion factor § of the feedback arm) is shown in figure 7.4. The observed
variation of the reflectivity curves with 3 is typical for all feedback systems.
It is seen from figure 7.4 that although the efficiency of the feedback system is
reduced with decreasing [, it is largely insensitive to the losses in the feedback
arm. Its performance, therefore, is relatively unaffected over a wide range of
losses under steady-state conditions.

g‘M1h|2L:

(7.5)
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Figure 7.4. The reflectivity R (measured outside the cavity) plotted against the input gain
parameter g/L, where I = |M\2 is the input intensity, for different transmission factors |ﬁ\2
of the feedback arm.

In an experimental investigation of this feedback system [7.2], a single
surface from a wedged glass slide placed at 45° was used as a feedback beam-
splitter, as shown in figure 7.2. At this angle, the reflectivity of the glass slide
for the input horizontal polarization was approximately 1%, thus providing
only a small level of feedback. The transmission factor | ﬁ|2 was measured to
be approximately 0.5. The output reflectivity R was measured as the ratio of
the peak of the Stokes power to the peak of the laser power. In the steady-
state the peak-to-peak reflectivity would be equivalent to the energy reflectiv-
ity, but in the transient regime, the energy reflectivity would depend on many
parameters, such as the input pump intensity and pulse duration, the
response time of the SBS medium, the feedback round-trip time, as well as
the loss factor of the feedback arm. The laser pulse was provided by a Q-
switched frequency-doubled Nd:YAG laser (532 nm) operating on a single
longitudinal and transverse mode (TEMy,). It had FWHM duration of
12 ns, energy varied from 0.3 to 1.1 mJ and was focused onto a Scm long
Brillouin cell containing n-hexane. The input gain parameter g|M|>L was
deduced for a focused beam taking the Gaussian beam parameters |M|* =
P/mu(z) and L = b = kwj where P is the peak of the laser power, wy is the
focal waist size, b is the confocal beam parameter, and k is the wavevector
of the radiation in the medium. This gives the result g|M|*L = 2gP/\,
where A is the pump wavelength and is independent of the focal length
used with ¢ = 0.2cm/MW and A = 532 nm.

The experimental results for the reflectivity of the system for various
input laser powers are displayed graphically in figure 7.5. The results show
that the reflectivity and the threshold were significantly enhanced when the
feedback arm was introduced, even at the low feedback factor (r8 = .07)
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Figure 7.5. A graph of the overall reflectivity R (measured outside the cavity) against the
input parameter g/L (with [ = |M|2, \6\2 =0.5 and |r|2 = 1%). Symbols denote experi-
mental results with optical feedback (x) and without feedback (e). The leftmost solid
curve is the steady-state theoretical prediction with feedback and rightmost curve without feed-
back. The broken curve is a transient numerical result of a Gaussian pulse with 12ns FWHM.

used in this experiment. It is seen that at a moderate gain value of
g|M|*L = 40, a high reflectivity of 90% is achieved. The discrepancy between
the experimental points and the steady-state predictions is attributed to
transient effects. This was confirmed by a numerical simulation of the experi-
ment which takes account of the transiency of the SBS process and the finite
propagation time around the feedback loop [7.2]. The results are shown as
the broken curve in figure 7.5. Good agreement is found between the experi-
mental results and the numerical simulations, verifying the importance of the
transiency in the experiment.

It has also been shown numerically that, when the laser intensity is high
enough and the feedback losses small, a transient overshoot in reflectivity
above the steady-state value can occur such that greater than 100% (peak-
to-peak) reflectivity can be achieved. Figure 7.6 shows a numerical simula-
tion of the Stokes signal for a 12 ns input pulse and the occurrence of greater
than 100% reflectivity with a high transmission factor 3.

The greater-than-unity reflectivity can be explained by the storage of
radiation in the feedback system. Since the Stokes seeding signal can
become a significant fraction of the laser input and is delayed by the
round-trip time of the device, the Stokes output can become greater than
the input pump. This overshoot in reflectivity above the steady-state value
is obviously temporary since the excess depletion of the pump beam will
subsequently reduce the level of feedback, producing a transient overshoot
peak for a time of the order of twice the round-trip time. The amount of over-
shoot is dependent on the excess of pump above threshold and also losses in
the feedback arm. When the losses are low, the intracavity Stokes seeding can
be high and the overshoot can be significant.
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Figure 7.6. Results of numerical simulation of the Stokes signal for various feedback losses
|3* using a Gaussian pulse of 12ns FWHM.

7.3 Optical feedback using angular offset

This geometry was first tried by Odinstov et al [4.1] using a 30 ns input pulse
in which they achieved a twelve-fold reduction in threshold. The geometry,
incorporating a waveguide in this case, is shown in figure 7.7.

The input pump E| (0), after passing through the waveguide, is fed to the
front of the waveguide E,(0) where it is injected at a small angle to the input
pump. As well as acting like a second pump, enhancing the acoustic inter-
action, £, will also act like a probe beam as in FWM. In this way, there is
a Brillouin-enhanced FWM interaction as well as the normal Brillouin
scattering occurring simultaneously inside the cell. The effect of this is to
have energy transferred from the main pump E; to the seeding Stokes field
S,, through the grating set up by E, and S;. This interaction in the SBS

SBS MEDIUM
E, Sy [ ] /
= i _..--""'_“‘\.._VA =
[ ]
\ P

Figure 7.7. A schematic diagram of the configuration of optical feedback using angular
offset in a waveguide geometry.
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medium is of the type known as non-threshold SBS [7.4, 7.5]. Depending on
the strength of the FWM interaction, the seeding level S, can be high. Thus
as the FWM interaction builds up, a strong seeding signal can be excited and
will lead to high SBS reflectivity.

These interactions can be formulated using the SBS equations, including
the transverse derivatives, to allow for non-plane waves and non-colinear
geometry:

g9 Sepg
2k dz 2

2g dS 8\ 2 (76)
e ViS+ g = —5lEps

with E(r) = Z,,l E; ellks- “")e/(r) and S(r) = 2/71 S; ellks= “’S’)sl( "), where

e;(r) and s;(r) are the spatial forms of the laser Stokes components and E;
and S; are their mean amplitudes. This system of equations has been
solved numerically in [7.6].

In one experiment [7.2], the input pump was telescoped down in size to
pass through a waveguide consisting of a 2 mm diameter and 6 cm long glass
capillary tube immersed in CS, liquid. Liquid CS, has a sufficiently high
refractive index (n = 1.62) compared with glass (n = 1.5) to allow total inter-
nal reflection for waveguiding the light. The throughput was recollimated
by a lens, and then redirected with prisms to the front of the waveguide
and re-injected at a small angle (about 5°) to the main pump. The losses in
the feedback arm were approximately 50%. The reflectivity of this feedback
system is shown in figure 7.8. It is seen that while the system shows a large
enhancement of reflectivity, it falls short of the reflectivities predicted by
the numerical simulations.

It was found that, in the experiment, the waveguide was somewhat
under-filled due to self-focusing in the CS, and consequently the overlap of
the feedback pump and the input pump was less than perfect. The computer
simulation, which assumes a perfect overlapping of the two beams, over-
estimates the reflectivity and this effect is shown in the discrepancy between
the numerical simulations and the experimental results.

A modified version of the above experiment was done, using a focused
geometry instead of a waveguide (figure 7.9).

In this case a more careful consideration of the overlap of the feedback
beam and the main pump beam needed to be made. As long as the feedback
pump intersects at the front region where the acoustic was strongest, appre-
ciable seeding would be generated. However, such a situation did mean that
the gain length of the overlap interaction was reduced, so this system was
slightly less effective than the waveguide case. Nevertheless, as the results
in figure 7.10 indicate, it was still effective in increasing the efficiency of the
SBS process.
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Figure 7.8. The reflectivity R (measured outside the cavity) against the input pump energy.
(x) denotes the experimental results with optical feedback; (®) denotes the experimental
results without feedback. The solid curve is the steady-state theoretical prediction with feedback,
and the broken curve is the transient numerical result of a Gaussian pulse with 12ns FWHM

(18]* =0.5).

The quality of phase conjugation has been also investigated in this
system. By passing the TEM,, beam through a phase plate the divergence
was increased to approximately 20 mrad, which was about 50 times the
diffraction-limited divergence. Using feedback with an angular offset and
focused beam geometry, the phase conjugate fidelity without feedback was
within the range 60-75% when the total Stokes reflectivity varied from 30
to 65%. The phase conjugate fidelity was obtained by measuring the percen-
tage of the Stokes radiation returning within the solid angle of the input
pump after double passing the phase plate. When feedback was included
the fidelity was increased to the range 80-90 % when the total Stokes reflec-
tivity varied from 30 to 90 %.

SBS medium

< B

Figure 7.9. A schematic diagram of the configuration of optical feedback using angular
offset in a focused geometry.
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Figure 7.10. The reflectivity R (measured outside the cavity) against the input parameter
gIL (where I = |M|2 and |6\2 = 0.5). Symbols denote the experimental results with optical
feedback (x) and without feedback (®). The solid curve is the steady-state theoretical
prediction without feedback, and the broken curve is the transient numerical result of a Gaussian
pulse with 12ns FWHM (with feedback).

7.4 Two-cell SBS system

The process of SBS can be efficient for phase conjugating pulsed laser
radiation at moderate powers (a few megawatts) and high-fidelity phase
conjugation can be achieved using a focused geometry or by propagating
through a waveguide containing a Brillouin-active medium. At higher laser
power the onset of competing nonlinearities such as optical breakdown,
thermal heating, and self-focusing can completely disrupt the SBS process,
reducing efficiency and phase conjugation fidelity. The problem of high
intensity can be overcome by scaling to larger-aperture geometries, but the
phase conjugate fidelity is severely degraded owing to the increased
number of uncorrelated Stokes modes that are amplified [7.7].

A simple method for extending the dynamic power range of the SBS
mirror is by using a two-cell SBS system. A schematic of the two-cell config-
uration is shown in figure 7.11. The arrangement consists of a large-aperture
front cell (SBS amplifier) that receives the full incident power (P,) in series
with a small-aperture back-cell (SBS generator) that receives a fraction of
the incident power (P,) owing to pump depletion in the SBS amplifier and
any intercell attenuation. The generator cell can be arranged in a geometry
appropriate for obtaining high-fidelity phase conjugation, such as one that
uses a small-diameter waveguide or tight focusing.

In this configuration the amplifier cell is seeded by a phase conjugate
Stokes beam (P;) rather than being initiated from spontaneous noise. Several
authors have reported efficient phase conjugation of high power, near
diffraction-limited radiation using the generator—amplifier scheme [7.8—7.10].
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Figure 7.11. A schematic diagram of the configuration of a two-cell SBS system.

7.4.1 Theoretical predictions of two-cell SBS

In order to compare the experimental situation with theory, the transient
equations describing the SBS process in the generator and amplifier cells
has been modeled numerically [7.13]. The evolution of the amplifier (genera-
tor) pump field E, (E,), Stokes field S, (S,), and acoustic-wave amplitude Q
(Q,) are described by the following system of equations:

(g + E Q>Ea,g = —g—BFSa,gQa,g

0z ¢ Ot 2
0 na gB
- _- = —_ 5B * 7.7
<82 c 81) Sag 2 TEasQae (7.7
8Qa,g

o1 +T0, = EyoSase

where ¢/n is the speed of light in the medium, gy is the steady-state Brillouin-
gain coefficient, and I'g = 2I" is the Brillouin linewidth. Plane waves are
assumed in the simulation, but the non-collimated geometry is accounted
for by allowing an area variation 4,,(z) which, together with the laser
power in the two cells P, ,, determines the intensity 7, o

P, ,(z,1)
LR wer

a,g»

= |Eq(z, 1) (7.8)

The boundary conditions appropriate to the two-cell system are
Pg(oa t) = TPa(La7 1 — T)

(7.9)
Py(Ly, 1) = TPY(0,1 — 7)

for laser powers P, , and Stokes powers P, , where T is the intercell trans-
mission factor and 7 is the intercell time of flight. For comparison with
experimental work, the input-pump beam to the amplifier is specified as a
Gaussian pulse with 12ns FWHM duration and the SBS interaction is
initiated by the usual spontaneous noise. The numerical calculations of the
temporal forms of the pump input and Stokes output from the amplifier
and generator cells are reproduced in figure 7.12 with a steady-state calcula-
tion superimposed, which gives a qualitative guide to the average behaviour
of the whole system (figure 7.12(b)—(d)).
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Figure 7.12. Numerical simulation and steady-state calculations of the evolution of the
pump radiation into (a) the amplifier and (b) the generator and of the Stokes radiation
out of (c) the amplifier and (d) the generator.

The steady-state behaviour of the intercell radiation rapidly deviates
from the average of the transient behaviour as the input energy is increased.
The transient and steady-state reflectivity (R) and amplification factors (A4)
have also been calculated and are plotted against pulse energy in figure
7.13. As can be seen in figure 7.13(b) the steady-state behaviour of the ampli-
fication deviates from the transient model owing to its sensitive dependence
on the level of intercell Stokes radiation. This behaviour is consistent when
compared with experimental results [7.13] which show a reasonable agree-
ment with the transient modelling both in the qualitative trends and in the
actual data.

7.4.2 Experimental results

An experimental arrangement of the two-cell SBS system is shown in figure
7.14[7.13]. Laser radiation was provided by the frequency-doubled (532 nm),
Q-switched output from a Nd: Y AG oscillator—amplifier chain operating on a
single-longitudinal and single transversal mode (TEM,y).

The pulse energy was varied up to a maximum of approximately 100 mJ
with a pulse duration of 12ns FWHM. Temporal data were recorded using
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Figure 7.13. Transient model (square points) and steady-state calculation against energy
of (a) reflectivity (R) and (b) energy amplification factor A.

photodiodes with a rise time of 125 ps and transient digitizing oscilloscopes
with a bandwidth of 250 MHz. The SBS generator-amplifier system shown
in figure 7.14 consists of two cells arranged in a series, each preceded by a
converging lens. The pump radiation enters the system through a long
focal length lens ( /' = 2.2m) situated 1.6 m from the entrance window of

Q-switched, frequency-doubled

< Nd:YAG laser (532nm)
Photodiode
Brillouin amplifier Brillouin generator
£=220cm l f=10cm
AV
Photodiode

Figure 7.14. Experimental arrangement for studying the two-cell geometry.
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against input-pulse energy.

the amplifier cell. This arrangement provides soft focusing of the pump radia-
tion and allows control of the intensity of the pump radiation in the amplifier
cell by the lens-to-cell separation. A more powerful lens ( f = 10cm) then
focuses the beam onto the generator cell. The separation between the back
of the amplifier cell and the front of the generator cell was 25cm. The
Brillouin-active medium was acetone. The generator cell length was 19 cm
and different amplifier cell lengths between 2 and 30.5 cm were investigated.

As expected the presence of the amplifier cell suppressed the problem of
breakdown up to the maximum available laser energy of 100 mJ. Conse-
quently, as the results of figure 7.15 show, greater reflectivities were obtained
using the two-cell system (96%) than by using a single-cell system (90%).

The performance of the system can be also characterized by an energy-
amplification factor defined as the ratio of the total output Stokes energy
from the two-cell system and the Stokes seed energy entering the amplifier
cell from the generator cell. Figure 7.16 shows the amplification (4) meas-
ured experimentally for different cell lengths with the input-pump energy
normalized to the observational-threshold energy for SBS to occur in the
amplifier cell alone. The data demonstrate a smooth trend towards greater
amplification at higher pump energies. As expected, the threshold energy
of the amplifier equated to the usual exponential gain coefficient (gl/) of
approximately 25-30.
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Figure 7.16. Experimental amplification factor (4) for different amplifier-cell lengths con-
trasted against input-pulse energy normalized to the threshold energy of the amplifier cell.

Further insight into the operation of the two-cell system can be gained
by monitoring the temporal evolution of the intercell radiation. An example
of the typical behaviour observed for the temporally Gaussian input pulse is
shown in figure 7.17. At higher powers the seed pulse (P,) displays some
modulation (figure 7.17(b)) that was also present on the incoming intercell
pump pulse (P,). This is due to the sensitive dependence of radiation trans-
mitted through the amplifier on small changes in reflectivity when the ampli-
fier is operated in a highly saturated regime. The transmitted radiation and
subsequent seed signal grow and decay periodically, having a behaviour
analogous to the relaxation oscillations characteristic of some laser systems.
The dependence of the modulation period on the round-trip time was verified
experimentally by varying the cell separation. It was found that the modula-
tion period is not merely dependent on the intercell round-trip time but is
also a function of the decay and buildup of the acoustic waves in both the
generator and amplifier cells. In contrast, the transmitted Stokes signal
(P;) of figure 7.17(a) displays little modulation. The oscillatory temporal
features of the seed signal are smoothed out owing to the strong saturation
of the Brillouin amplifier.

The phase conjugate fidelity of the two-cell backscattered radiation is
also of interest. The presence of a seed signal that is well correlated to the
input Gaussian beam results in a greater discrimination in the amplifier
against non-conjugate light distributions. In the experiments it was found
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Figure 7.17. Experimental temporal profiles for (a) total reflected Stokes signal and (b)
intercell Stokes seed signal.

that with all the pump energies investigated, the two-cell system produced a
high quality Stokes output in which virtually all the energy was contained
within a small divergence beam. Consequently, the output radiation dis-
played a high fidelity similar to that measured for a single cell in a focused
geometry [7.12].

The generator—amplifier system described above has been demonstrated
to extend the use of SBS phase conjugate mirrors to high powers. More
detailed considerations of the operation of the system including its temporal
and spatial characteristics are given in [7.13]. The physical length and hence
the round-trip transit time of the two-cell configuration is an important
factor affecting its performance. In order for the two-cell system to attain
steady-state behaviour with pulsed laser radiation it is necessary for the
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pulse duration to be long compared with the SBS onset time and intercell
transit time. Similarly, for a coherent interaction it is necessary for the
laser-coherence length to be at least twice the total length of the two-cell
system. If the intercell transit time is long, then there will be a lengthy
delay before the amplifier is seeded and power limiting becomes effective.
For this reason it is desirable to use a relatively compact two-cell geometry.

A further feature demonstrated by the simulations but also observed
experimentally at high powers is the ability to achieve greater than unity
reflectivity on a transient basis. This overshoot by the Stokes radiation can
be explained by storage of radiation in the two-cell system. The excess of
Stokes power over the input pump will only be temporary since the severe
depletion of the pump will reduce the seeding signal, resulting in an over-
shoot for a time of the order of twice the intercell transit time. The
amount of overshoot is dependent on the gain of the amplifier and on the
intercell losses. For low losses, the seeding level can be high, leading to a
substantial overshoot.

The performance of the generator cell could be improved by the intro-
duction of optical feedback, which has been shown to reduce the threshold
and increase the phase conjugate fidelity of the SBS process [7.6], as described
previously.

7.5 Laser beam combining using SBS

In the normal SBS configuration a single pump beam is incident upon the
SBS medium, and the Stokes scattered output beam is generated by amplifi-
cation of noise. This SBS scattered field will have a random overall phase
since it starts from statistical noise and, in addition, this phase has been
shown to fluctuate randomly in a time of the order of several times the
phonon lifetime [7.14]. The SBS reflection, therefore, has no absolute
temporal phase reference. As a consequence, if two beams are conjugated
by SBS in separate interaction volumes the two Stokes beams will have a
phase difference that is random and unrelated to the phase difference of
the pump beams. Basov ez a/ [7.15] first predicted this random phase differ-
ence and several groups demonstrated its existence [7.16-7.18]. If the random
phase difference in the Stokes beams is to be avoided an absolute phase
reference must be created. This can be accomplished by several methods.

7.5.1 Laser beam combining using spatial overlap in SBS

Consider the case where two or more pump beams are overlapped in the same
interaction volume. They appear to the SBS process as a single, but highly
aberrated, beam with the relative phase between the beams appearing as
an aberrated wave front. The standard mechanisms that phase conjugate a
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single aberrated pump beam will be responsible for phase conjugation of the
entire ensemble of interacting beams and such that the phases of the Stokes
beams are locked in relation to the original pump beam phases.

Basov [7.19] has achieved phase locking by overlapping two aberrated
beams in a light guide within a Brillouin cell, so that complete overlap is
achieved in the SBS interaction region. Another method that has been
widely used involves the overlapping of a number of beams at the focal
point of a lens [7.20-7.22]. However, the overlap in this case can be very
sensitive to small changes in the angles between the beams [7.23].

7.5.2 Laser beam combining using back-injection of a Stokes seed

The phases of the two Stokes beams may be locked, even though the beams
are conjugated in separate interaction volumes, if the initiating Stokes beams
are generated by amplification of a common Stokes seed beam [7.24-7.26].
This Stokes beam can be produced by SBS reflection in a separate SBS
cell. Back-injection of a Stokes seed beam also permits the reduction of the
SBS threshold and an increase in reflectivity. Some limitation on beam-
combination efficiency due to the statistical nature of SBS are reported in
[7.25].

7.5.3 Laser beam combining using BEFWM

Brillouin enhanced four wave mixing (BEFWM) has already been described
in chapter 6. BEFWM has been used to phase lock beams [7.27-7.29]. In the
geometry depicted in figure 7.18, a counter-propagating Stokes wave E, that
is the phase conjugate of a pump beam E; [7.29] together act as a pair of
phase conjugate pump waves. The counter-propagating Stokes pump E,
can be generated by an SBS loop geometry from the beam E; [7.29], as
this configuration suffers less from random phase jumps.

If a beam E; (at the same pump frequency as beam E;) overlaps with
beams E; and E,, a beam that is phase conjugate to E; can be produced
by FWM. In this configuration, beam Ej interacts with E, to write an
acoustic grating in the Brillouin medium. When E; scatters from this grating
it produces a beam that is phase conjugate to E; and phase-locked to E,.

E, ? SBS cell
B
e Tt 1
SBS cell
&%,

Figure 7.18. A schematic diagram of the experimental configuration for phase-locked
phase conjugation using Brillouin enhanced four-wave mixing.
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Since E, is also the phase conjugate of E; the two conjugates F, and E, of
two input beams are phase locked. Any additional beams that are overlapped
at any point within the volume illuminated by E; and E, are also phase
conjugated with their phases locked to the phase of E,. Unlike in the usual
overlapping-focus SBS scheme, there is no requirement for the different
focused beams to overlap mutually. Thus there is much less sensitivity to
changes in alignment.

The requirement for good phase locking is for pumps to be much
stronger than the spontaneous scattering noise: 1,1, > I3 exp(—25). In
experiments, correlation between poor phase locking and phase fluctuations
was observed, suggesting that the fluctuations in the outputs might be occur-
ring not because the FWM interaction was too weak but rather because the
fluctuations in the phase of E, were disrupting the phase-locking process.
The use of SBS with optical feedback using a loop scheme to produce E,
has been used to suppress phase fluctuations in the SBS output [7.29].

7.6 Laser pulse compression by backward SBS

One important phenomenon which accompanies SBS is laser pulse compres-
sion. The basic aim of pulse compression by backward wave amplification
involves taking an optical pulse of relatively long duration and converting
it to a shorter duration without serious loss of energy [7.30]. As a result, a
more powerful pulse is created than the original input and the technique is
therefore quite distinct from merely ‘chopping out” a short duration pulse
from a longer one by electro-optic techniques or by using a saturable absor-
ber, for example.

A simple geometrical form of the pulse compression scheme is illustrated
in figure 7.19. The long laser pulse (frequency wy ) of duration #; enters the
front end of a Brillouin-active (or Raman-active) medium, whose length is
approximately half that of the laser pulse (L =~ ct;/2). A Stokes pulse
(frequency wg) of short duration is arranged to propagate from the back
end of the interaction zone just as the leading edge of the laser pump
pulse arrives. As it travels in the backward direction, energy is coupled
from the laser pulse into the Stokes pulse via the material resonance
(wg = wp, — wg). Consequently, the backward Stokes pulse is amplified and
the pump laser is depleted when the Stokes pulse has grown to a saturating
fluence. By using the optimal interaction length the Stokes pulse emerges just
as the end of the laser pulse has entered the medium. An intense pulse of
short duration is created and if the input pulse is strongly depleted, the
output pulse will be more powerful than the input. Optical pulse compression
by backward wave amplification is achieved.

The two important parameters of the interaction are the compression
ratio (K = 1 /t5) defined as the ratio of the duration of the input laser
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Figure 7.19. Basic scheme of pulse compression by stimulated Brillouin backward
scattering.

pulse (71 ) to the duration of the output Stokes pulse (f5), and the energy con-
version efficiency (n = EQUT / E,EN) of the interaction. The enhancement in
power is also given approximately by the product of these two quantities
G, =~ Kn. The energy conversion efficiency is a well defined quantity that
can readily be measured. It is also at times convenient to talk in terms of
the photon conversion efficiency (1,), especially in numerical and analytical
modelling of the interaction, since it is the total number of photons that is
normally conserved if optical losses are not significant. The two quantities
of conversion efficiency are simply related as 1 = (wg/wy)n,. In SRS the
quantum efficiency (wg/wy ) needs to be considered due to an appreciable
frequency shift ((wp —ws)/wp ~ 8% with KrF 248 nm laser in methane).
In Brillouin scattering the frequency shift is so small (wp/wy ~ 107°) that
the photon conversion efficiency can be taken as identical to energy conver-
sion efficiency for all practical purposes.

Unlike the conversion efficiency, the pulse compression ratio is not as
rigorously well defined. The Stokes pulse shape can be totally different
from the input pulse shape and the usual definition of pulse duration as
full width at half maximum (FWHM) height can in some cases be misleading.
In some cases it also is important to know detailed features of the Stokes
pulse, such as the rise-time of its leading edge (not implicit in the definition
of the compression ratio), e.g. to provide a knowledge of the pre-pulse
heating of a target in laser—plasma studies that the wings on the leading
edge of the pulse can produce.
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The collimated geometry used in the compressor systems, although the
simplest case and the easiest arrangement to model, is not the only inter-
action geometry. The tapered waveguide is in many ways superior to the
collimated case for large compression ratios. It will maintain a low Stokes
intensity and prevent detriment nonlinearities that a growing Stokes may
cause. The tapered geometry is also capable of allowing the spontaneous gen-
eration of a short duration Stokes pulse by using a tapered waveguide or
focusing geometry.

Hon [7.31, 7.32] has developed a simple semi-classical theory that offers
an intuitive picture of SBS pulse compression, while providing results in good
agreement with experiments. The key to SBS compression was the tapered
light guide. The threshold of SBS is reached by the leading edge of the
pulse at the far end of the taper where the smaller diameter forces an increase
of power density. As the SBS pulse sweeps backward, it beats with the
remainder of the incident wave to create a strong acoustic wave with

kg~ 2k,  wp~ 2nv% (7.10)

which in turn acts as a bulk grating to reflect the incident wave further to
strengthen the SBS wave coherently.

It was postulated that the leading edge of this phonon envelope forms
the mirror that reflects and, owing to its growing reflectivity, compresses
the pulse.

The reflectivity, r, of an acoustic wave, when the Bragg condition is
satisfied, as is the case here, is given by

r & sin(wl\/Myly/2)), (7.11)

where / is the interaction depth, [ is the acoustic power density and M, is the
acousto-optic figure of merit.

The propagation of a square incident pulse is assumed in a uniform light
guide of diameter d and the presence of an interaction region with length L,
in which SBS occurs. The acoustic power density is

Iy ~ Eyvy/Ld* (7.12)

where E| is the acoustic energy produced within the volume Ld’. Setting the
SBS efficiency r = 1, one can obtain the penetration depth of the acoustic
wave

I~ (\e/2n*p1y)\/pvy/ P (7.13)

where P is the power density of the incident light and p;, is the elasto-optic
constant. The compressed pulse width is therefore simply

8T ~ nljc ~ (721 p1)\/ pvo/ P. (7.14)
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Using equation (7.14) and considering pressurized methane as the non-
linear medium, the calculated compressed pulse, 67 = 2.1 ns, agrees very well
with the observed values of 2 £+ 0.5ns.

Damzen et al [7.33] have numerically modelled compression in a wave-
guide with a convergent taper. The dynamics of the process is investigated in
this geometry and particular attention is paid to the parameters which con-
trol the compression ratio and the conversion efficiency of the process. The
authors showed that, as the laser propagates along the waveguide into a
decreasing area, its intensity increases. The gain is greatest near the exit of
the waveguide and, by suitable choice of input laser intensity and waveguide
taper, a Stokes pulse of short duration originates from a region near the exit.
Once generated, it propagates backwards down the waveguide, receiving
amplification by the incoming laser pulse. An intense Stokes pulse of short
duration is produced and the laser pulse is correspondingly depleted.

The Stokes field, eg, the laser field, ¢;, and the acoustic fluctuation, ¢,
were represented in the form

ep(z,t) = L Ey(z, 1) exp i(wpt — kp2) + c.c.
es(z,1) = 3 Es(z, 1) exp i(wst — ksz) + c.c. (7.15)
q(z,1) =10(z, 1) exp i(w,t + k,z) + c.c.

Using the slowly varying envelope approximation, the resulting coupled
wave equations are taken into the following form

0 ¢ 0
(@*5&)‘1:‘&9
0 ¢ 0 ,

0 1 .
(E"‘E)Q =vELEL

where 73 is the damping time of the acoustic wave in the Brillouin-active
medium and v is a coupling constant which is proportional to gg/7s,
where gp is the steady-state gain coefficient.

These equations are appropriate to the transient regime when the second
derivatives, the higher order scattering and the optical losses can be
neglected.

A fourth-order Runge—Kutta scheme was used to solve numerically the
system of equations. The tapered geometry required for pulse compression
was modelled by making the gain term ~ a function of z related to the
waveguide area A(z) in the form (z) = v,/ A(z).

Both squared input laser pulses, /1 = I}, and Gaussian input pulses,
I, =1 exp—(7/70)2, are considered. The initial Stokes field is of the
form: I; = I; e Y, where G & 30 under many experimental conditions.
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Computations have considered the Brillouin-active methane at high
pressure as a representative medium exhibiting high gain, gg, and long
damping time, 73. The pulse output contains features of compression with
a Stokes pulse of shorter duration than the input laser pulse and correspond-
ingly depleted output laser pulse. However, the output Stokes pulse is of a
complex nature exhibiting pulse break-up under transient SBS conditions.
Break-up of the Stokes pulse would be mostly eliminated if the Brillouin-
active medium were strongly damped, since the laser field would be regener-
ated from a rapidly diminishing acoustic field. Ideally, the damping time
should be less than the duration of the Stokes pulse. The limit of compression
by this technique appears to be reached when the Stokes pulse is reduced to a
duration comparable with the inverse of the acoustic frequency.

The main disadvantages of SBS as a compressor technique lie in its
transient nature. The laser pump must have narrow linewidth for coherent
interaction of the laser and Stokes fields. The effects of Stokes pulse break-
up must be accounted for under transient conditions and can be controlled
by a sufficiently large taper on the waveguide.

Highly efficient compression of laser pulses by stimulated Brillouin
scattering in carbon disulphide and highly-pressurized methane down to
Ins in duration, has been demonstrated by Damzen et al. Compression
ratios of ~10 and energy conversion efficiencies >70% have been produced.
Several compressor systems have been investigated including the use of
tapered waveguides, long focal length geometries and generator—amplifier
systems [7.34].

The SBS and SRS processes were used also in order to produce UV laser
beams of short time duration and good optical quality [7.35, 7.36]. The oscil-
lator pulse was 11 ns long while the amplified phase conjugate beam duration
could vary from 3.3 to 1.5 ns due to the compression by SBS. When this last
laser beam was focused into a Raman cell containing methane at 30 atm. the
shortest backward stimulated Raman scattering pulse was 170 ps.

7.7 Conclusions

SBS with optical feedback has been experimentally and theoretically demon-
strated to reduce significantly the threshold power and enhance reflectivity.
Transient effects are shown to be important and the various parameters,
which control the performance of such feedback devices in the transient
regime, have been investigated numerically. The numerical simulations are
in good agreement with the experimental results.

The results presented have shown that a two-cell generator—amplifier
system is an effective way of obtaining phase conjugation of high-power
radiation by the SBS process. Numerical simulations have been presented
and shown to provide a reasonable prediction of the transient response of
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the experimental system. Similarly the steady-state calculations are in agree-
ment with the broad numerical and experimental trends. This technique
could be used to scale to even higher laser powers by introducing further
cells with progressively decreasing apertures. An alternative would be to
use a tapering amplifier cell.

Several schemes also exist to provide the conditions under which SBS
can be used to coherently combine beams.

Backward SBS in long interaction length cells can produce a con-
siderable degree of pulse compression with high efficiency with the limit of
compression down towards the inverse of the acoustic frequency.
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Chapter 8

SBS in optical fibres

The power needed to generate SBS in bulk (non-guiding) materials is of the
order of 10° W. This power can be reduced by increasing the interaction
length and by decreasing the cross-sectional area of the light beam. These
requirements are satisfied by waveguides, among which the optical fibre is
the most attractive.

SBS in optical fibres is relatively easy to realize. Since 1972, when SBS
was observed for the first time, in single-mode fibres, by Ippen and Stolen
[8.1], there have been many investigations of this topic [8.2—8.5]. The issues
associated with SBS in optical fibres are of significant interest in optical
communications. One issue is the limitation of power transmission along
fibres with narrowband radiation. However, there are possible applications
of SBS in fibres. This subject will be treated in the latter section of this
chapter.

It should be noted that most research was concentrated principally on
single-mode fibres, which are not suitable for optical phase conjugation
(OPC). In multimode fibres, phase conjugation by SBS was obtained for
the first time, by Petrov and Kuzin and Basiev et a/, in 1982 [8.5]. OPC
can only be achieved in multimode fibres, because only these fibres allow
input and propagation of an aberrated beam quality.

8.1 Phase conjugation by SBS in optical fibres

The first OPC experiments in multimode fibres were carried out with pump
powers in the range 1-10 kW, with pulse duration of several tens of nano-
seconds. The threshold powers of SBS generation were found to be: 1 kW
for pumping by the second harmonic and 4 kW for pumping by the first
harmonic of the YAG laser. To ascertain that OPC indeed took place, the
spatial distribution pattern of the Stokes wave field was photographed and
compared with the spatial distribution of the pump field, and a good
similarity was obtained. The pump to Stokes energy conversion efficiency
was about 50% with a multimode fibre of core diameter 30 pm and numerical
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aperture 0.15. More recently, OPC by SBS in optical fibres was achieved at
low pump powers ~10 W [8.5].

Recent experiments with multimode fibres were made by Eichler ez a/
[8.6], using glass fibres (undoped multimode quartz fibres). The optical
fibres were of a core diameter of 200 um and different lengths. Using a
Nd:YAG laser with a 50cm coherence length and near diffracted limited
and a fibre of 17m length, the SBS threshold was found to be 17kW, the
SBS reflectivity up to 50% and SBS fidelity up to 93%. The influence of
the coherence length of the input beams was found to be a decisive factor
for the limitation of the SBS interaction length in the fibre. The conclusion
was that, if the linewidth of the single laser mode becomes small compared
with the Brillouin linewidth, the interaction length of SBS in the fibre
is no longer limited by the coherence of the pump beam but only by fibre
attenuation.

Fibre phase conjugators developed are harmless to the environment and
can be handled very easily, in contrast to the liquid and gaseous SBS media.
The quartz multimode fibre system has a dynamic range as high as 20
times the threshold energy. The excellent parameters of novel fibre phase
conjugators in standard or tapered geometry beat the performance of all
liquid or gas SBS cells, used up to now, in many aspects.

Similar data were achieved in the visible range at a wavelength of 532 nm
and in the ultraviolet at 355 nm [8.7].

SBS can be detrimental for optical communication systems (see section
8.3.1). At the same time it can be useful as a method of improving beam
quality via phase conjugation of high-power solid-state lasers used in many
application fields in industry and science [8.8—8.11]. Power scaling of solid-
state lasers under conservation of their beam profiles is possible using
novel fibre phase conjugators [8.12].

Heuer [8.13, 8.14] has demonstrated SBS in a novel optical fibre phase
conjugated mirror as a generator—amplifier system using a tapered quartz
fibre. In this case the threshold energy was reduced to 15uJ and the SBS
reflectivity was 92%. The fibre could be operated to a dynamic power
range of 1:267. The phase conjugation fidelity was measured to be greater
than 95%, over the entire pump energy range.

Due to the low SBS threshold (power below 1kW) fibre phase
conjugators are suitable for cw high power lasers developed by Harrison
et al [8.15] and Kovalev and Harrison [8.16] and quasi-cw high power
lasers developed by Eichler e a/ [8.17, 8.18].

SBS in long multimode optical fibres has been demonstrated by
Rodgers er al [8.19] as a new technique for coherent combining of low-
power laser beams by use of semiconductor diode lasers. Very recently a
theoretical model for diffraction-limited high-power multimode fibre
amplifiers using seeded SBS phase conjugation (SBS beam clean up)
have been published [8.20].
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8.2 Theoretical model of phase conjugation by SBS in optical
fibres

Following Kuzin et al [8.5] and Hellwarth [8.21], one can develop a theore-
tical model to explain the OPC by SBS in optical fibres. For this analysis
we assume the pump field amplitude is not depleted during the SBS process.
The Stokes field evolution is given, as before, by

2 2 2
T 87 _ i NL
V ES Cz 8[2 ES = Mo 8[21) (81)
For convenience we define a nonlinear polarization expressed by
PN e x O (E,E,)Eg (8.2)

where X(S) is the imaginary part of the nonlinear susceptibility of the medium

and E, is the pump field amplitude. In the steady-state, equation (8.1) takes
the form

4> . R 5 A

a2 (Ese ™) + (e +ixV|Es ) (Ese ) = 0 (8.3)
where Eg is the complex conjugate of the Stokes field and ¢ is its phase (kz)

where k is the optical wavevector. Introducing in equation (8.3) the slowly
varying envelope approximation (SVEA)

d’Es
dz?

dE;
< ‘Ks d—ZS (8.4)

one can obtain the evolution equation for the Stokes field

dEg(ps) 1

— I ESPES 8.5
doe 52X |Ep|"Eg (8.5)

and

E§(ps) = E3(0) exp|(ks/2e)x V| E5 s (8.6)
In terms of intensities and propagation variable (z), one can find
Is(z) = I5(0) exp(gplpz) (8.7)

where gg = 5 x 10~% em/W for quartz fibres and I5(0) should be taken as the
intensity of the spontaneous Brillouin scattering. The SBS threshold is
usually defined for exp(gg/,L) =~ 20, in the fibre case.
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For multimode fibres, the pump and Stokes fields have to be decom-
posed on the system of fibre modes

Ep = Ep(es) filx', ) s
)

E; = Z Eg,irz(‘ﬂs)f;n(xl,y') e 1nws
(m)

(8.8)

where f;(x,)') are orthonormal functions describing the spatial distribution
of the fibre modes and [3; are the mode propagation constants. Introducing
equations (8.8) into the evolution equation (8.1) and using again SVEA,
one gets the Stokes mode amplitudes

_if dE m\ P 1 — _ T IR
S uflet )& o S O, i () e 0,
(m)

deps
(8.9)

Multiplying equation (8.9) by f,; and integrating over the fibre cross-
section, one can obtain the equation system describing the evolution of the
Stokes field on the fibre modes:

dE51(<Ps 3
Es, =)
d@s 28@ mz:: S <Ps )<Ps
XW@mwwﬁmﬂw@q 1=0,1,....N (8.10)
s)

where N is the number of modes in the fibre and S is the fibre cross-sectional
area. These equations and correct phases between the modes allow the phase
conjugation of the Stokes wave with respect to the pump one.

Hellwarth [8.21] was looking for the solution of the Stokes mode
equations, which ensures the same gain coefficient, v, for all modes:

E}(gs) = C, e 95/2, (8.11)

In this case, equation (8.11) leads to the eigenvalue system

Y C
4F KSC - ZDnmCm (812)
7TUJS (m) n=1.2,., N
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Dy =>_ || &' &' S fi 7 fuKoninEp, - Ep, [ Eg (8.13)
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and

AB =B+ 6 — 5 — By (8.15)
The main contribution to the coefficients D,,, is brought by the terms with
Ap =0 and K,,;, = 1, i.e. the terms with m = n, m = j and i = n. All other
terms have A3 very different from zero and K,,,;, < 1.

The further analysis of the eigenvalue problem shows that the Stokes
wave, which is the phase conjugate of the pump one (C, = Ep ), will
dominate the process and this process is stronger as the number of modes
is higher. It has been shown that the frequency shift of the Stokes wave
leads to an imperfect optical phase conjugation (OPC), which is an undesir-
able effect increasing with the fibre length. If one accepts a non-OPC fraction,
raopc, the fibre length, ensuring this fraction, is

Lope < 612 S/NAX. (8.16)

For usual fibres, if r,opc = 0.1, the fibre length should not be greater
than several metres.

Other numerical models of phase conjugation by SBS can be found in
[8.22-8.25].

8.3 Experiments and results in phase conjugation by SBS in
optical fibres

An example of a system used to study the reflectivity of fibres is shown in
figure 8.1 [8.26]. The laser system was an oscillator—amplifier based on
Nd:YAG flash lamp pumped, with Q-switched oscillator operating TEM,
and narrow-linewidth. An optical isolator, composed of two Glan polarizers
and a Faraday rotator, was used to decouple laser from SBS reflection. A
half-wave plate was used to control the energy from the laser system entering
the fibre.

In order to measure the reflectivity of the fibre, a partially reflecting
mirror was placed into the beam to get a reference for the pumping beam
and the back-reflected Stokes beam measured on an energy metre (EM).
For coupling the beam into the fibres, antireflection-coated plane convex
lenses with different focal lengths were used. An He—Ne laser was used to
provide a visible reference for coupling adjustment. It was not possible to
couple all the pumping energy into the fibre. Using the energy meter
(EM2) a measurement of the transmitted energy, €y.,s, through the fibre
was made.

Taking into account that 4% of energy is lost at the exit of the fibre, the
formula for coupling efficiency is:

0.96
Ceff _ 51rans/ ) (817)

€pump
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Figure 8.1. Setup for study of the phase conjugation by SBS in multimode optical fibres.

The maximal coupling efficiency for the fibres investigated was meas-
ured to be 85% and up to 90% in some cases.

The SBS internal reflectivity of the fibre is the ratio between the Stokes
energy and the energy coupled into the fibre, ¢;,. Taking into account again
the Fresnel losses, the formula for the reflectivity is
&g N €reﬂ/0.96

Rgps = —

8.18
€in Ceffgpump ( )

where €4 1s the Stokes energy measured outside the fibre, by energy meter
(EM3).

Multimode quartz glass fibres with index step stucture and with different
core diameters have been used to study the SBS threshold, damage threshold
and SBS reflectivity. The dependence of the SBS reflectivity versus pumping
energy for a core diameter of 25 um is illustrated in figure 8.2. The behaviour
of the fibres with core diameters of 50, 100 and 200 pm is similar.

A comparison of the dependence of the experimental fibre reflectivities
against the pulse peak power is shown in figure 8.3.

For all fibres the reflectivity’s curves were plotted until destruction of the
fibre entrance surface occurred. The corresponding energy was used to
calculate the damage threshold. The damage threshold of the fibre entrance
surface lies above 0.9 GW/cm? if homogeneous illumination of the entire
core diameter of the fibre by laser radiation is assumed. The results of the
measurements are summarized in table 8.1. Measurement of stimulated
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Figure 8.2. SBS reflectivity against pumping energy for the 25 um.

Brillouin scattering threshold for various types of fibre can be found also in

8.27].

A system to study the temporal behaviour of SBS in multimode fibres
[8.28] is shown in figure 8.4. The laser is an Nd:YAG oscillator—amplifier
operated in the Q-switched mode and with reduced spectral linewidth (the
coherence length is 30 cm). The duration of the laser pulse is 18 ns and the

100
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. 100
Pulse duration30ns  Gp od” i
o 804 af o A 200 pm
< a % Af 4
m% a o v
= 60+ o ° o j
; o o AA
=] v
3 a ° v
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0 —r - - —
0,1 1 10 100
Pulse peak power/kW

Figure 8.3. Comparison of the SBS reflectivity of the fibres investigated against pulse peak

power.



144 SBS in optical fibres

Table 8.1. Summary of the results obtained regarding SBS in multimode quartz fibres.

Core (pm) 25 50 100 200
Clad (um) 125 125 125 220
NA 0.22 0.22 0.22 0.22
Length (m) 10 10 10 7
Coupling lens focal length (mm) 25 40 80 100
Coupling efficiency (%) 80 80 85 80
SBS threshold (kW) 0.3 1.6 8.3 26
Damage threshold (GW/cm?) 1.0 1.0 0.9 1.0
Maximum reflectivity (%) 90 88 88 80

Optical

fiber Dy

Amplifier A4 Collimator Laser

| Um@U::'

o Attenuator
D,
D D D3 Dl

Figure 8.4. Setup for studying the temporal behaviour of SBS in multimode optical fibres.

RO

maximum output energy was 4 mJ in a beam with a near Gaussian transver-
sal distribution. The beam was focused with a lens with short focal length
(16cm) in a quartz fibre with 200 um core diameter, 2m length and 0.2
numerical aperture, which had a polished entrance surface.

Time measurements with a fast photodiode (rise time of 1ns) and a
digital oscilloscope have been performed. Figure 8.5(a) shows the oscillo-
scope trace of the incident laser of 18 ns duration. Figures 8.5(b) and (c)
show the transmitted pump and the Stokes pulse, respectively, near the
threshold.

One can observe that the Stokes pulse is two times shorter, so it is
possible to consider that SBS takes place in transient conditions. Under
increased pumping power, the transmitted and the Stokes signals exhibit
multiple pulse behaviour (figures 8.6(a) and (b)).

This behaviour is specific for the transient regime and was also observed
in [8.29], in the tapered geometry with liquid SBS media. The particular time
dependence of the Stokes and transmitted pulse can be explained by the inter-
action between the Stokes pulse and the incident laser pulse, which may
exchange energy back and forth during the pumping pulse duration. The
Stokes pulse is generated by the interaction between the incident laser field
and the acoustic field, so when the Stokes pulse is maximum, the transmitted
pulse is minimum. When the Stokes pulse propagates through the fibre, the
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Figure 8.5. The temporal form of the incident (a), transmitted, (b) and Stokes (c) pulses in
SBS in an optical fibre.
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Figure 8.6. The temporal form of the transmitted (a) and Stokes (b) pulses in SBS in an
optical fibre.

leading edge of the Stokes pulse increases in intensity but its tail can continu-
ously lose energy back to the laser pulse. The regenerated laser pulse has a
phase shift of = and can generate a new Stokes pulse in interaction with
the acoustic field, if it has enough energy. The process is repeating, until
the energy decreases under the SBS threshold.

8.4 SBS in optical communications

Wide-bandwidth, long-distance data communication systems are based on
coherent optical transmission in single-mode fibres using narrowband
single-frequency lasers.

SBS is one of the most dominant nonlinear effects in single-mode optical
fibres. It is particularly important when narrow-linewidth laser light is
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launched into long single-mode fibres. The narrow-linewidth excitation, the
long interaction length and the high power densities contribute to low-
threshold SBS. The Brillouin threshold can be quite low (~1mW) for
1.55um optical communication systems employing low-loss optical fibres
(o =0.2dB/km).

8.4.1 Harmful SBS effects in optical communication systems

Itis well known that SBS could limit the information transfer through optical
fibres by limiting the maximum transmitted power, reflecting power back
into the light source and generating extraneous channels having shifted
frequencies [8.30].

SBS can be detrimental in a number of ways. First, as a result of the
power transfer of the forward-travelling pump light to the backward-
travelling Stokes wave, a much lower signal than expected in the absence
of SBS will be delivered to the receiver. Second, the Stokes wave provides
a backward coupling into the transmitter that can destabilize the laser
operation [8.31]. Third, it is possible for the backward SBS pulse to attain
a peak power greatly exceeding that of the input wave. When the power in
such a pulse becomes great enough permanent damage to the fibre can
result [8.1].

There is also another effect that may be caused by SBS in single-mode
fibres. If SBS occurs in the presence of external feedback the transmitted
intensity as well as the SBS intensity will oscillate [8.32]. The bandwidth of
the noise presented by this mechanism has been measured to cover a range
of 10-20MHz at X = 514.5nm. However, this bandwidth of the noise
would be narrower for longer wavelengths, since the Brillouin-gain width
becomes narrower. It is emphasized that steady-state oscillations occur
even at very low reflectivities, which may be caused by the cleaved ends of
the fibre or other sources in a communication system and therefore must
be taken into account.

For the reasons mentioned above it is important to keep the transmitted
power injected into the fibre below the SBS threshold.

One way to increase the input power launched into the fibre is to raise
the SBS threshold. For ¢cw or quasi-cw pumps, the Brillouin-gain is sub-
stantially reduced if the pump spectral width (Av,) exceeds the Brillouin
bandwidth (Awg) [8.2]. Detailed calculations [8.33] show that the Brillouin-
gain under broadband pumping conditions depends on the relative
magnitudes of the pump coherence length (L) and the SBS interaction
length (L;,). The Brillouin-gain is significantly reduced if L.y, < Li,. This
situation is generally applicable to optical fibres where the interaction
length is of the order of the fibre length. The Brillouin-gain is reduced by a
factor Av,/Avg for Ay, > Avg, which results in an increased Brillouin
threshold, since the Brillouin power threshold is inversely proportional to
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the Brillouin-gain, according to
21 A
gLesr

where A is the effective core area and the effective interaction length is given
by Loy = 1/a[l — exp(—aL)] with « the absorption coeflicient in fibres and L
the length of the fibre.

In order to reduce the SBS process, phase modulation of the optical field
launched into the fibre has been proposed [8.34]. The technique is based on
the mode-beating effect produced when the optical field comprises two
discrete but closely spaced optical frequencies.This can be achieved using
two single-frequency lasers operating at slightly different wavelengths or
using a single laser which is arranged to operate on two longitudinal
modes. In this way there is an increase of the spectral width of the pump
beam and a corresponding decrease of the Brillouin-gain, according to the
formula

thres —

(8.19)

/ AV}zS

8B = Z(AV% T AI/%)gB(VB) (820)
where gy is the peak Brillouin-gain, gg(v) is the Brillouin-gain coefficient
for SBS which would be produced by a single-frequency laser, Av,, is the
beat frequency of the two optical frequencies and Avg is the spontaneous
Brillouin scattering linewidth at the ambient temperature.

Experimental results in low-loss silica fibres, at 1.3 um, have demon-
strated more than a factor of ten suppression of the SBS gain. The explana-
tion for the reduced Brillouin-gain is the following: if the optical phase
reversals occur more frequently than the spontaneous acoustic dephasing,
then the acoustic wave is unable to build up to a large amplitude and is
not capable of giving rise to significant SBS.

In actual fibre communication systems the input light is modulated to
carry information. Despite the very low threshold for SBS in low-loss silica
fibres, coherent optical transmission systems can be designed to use modula-
tion techniques which will eliminate any practical limitation on power levels
and repeater spacing due to SBS.

Three commonly used formats are amplitude-shift keying (ASK),
frequency-shift keying (FSK), and phase-shift keying (PSK) (figure 8.7). In
the ASK modulation, the pump light is completely amplitude modulated.
In the FSK modulation, the optical frequency is alternately changed,
where one frequency denotes ‘1’ and the other denotes ‘0. In the PSK
modulation, the phase of the pump light is alternately shifted from data ‘1’
to ‘0’. The phase shift of the PSK modulation has been taken to be 7, as
used in most PSK systems.

In fibre-optic communication systems the spectral width Ay, increases
considerably depending on the bit rate B at which the input signal is
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Figure 8.7. Schematic representation of fixed pattern ASK, FSK and PSK modulated
lights (7 is the pulse width and F is the frequency).

modulated. The amount by which the threshold power increases depends on
the modulation format used for data transmission. The calculation of the
Brillouin threshold under general conditions is quite complicated, as it
requires a time-dependent analysis [8.35].

The SBS threshold for fixed pattern (1010...) ASK, FSK and PSK
modulated lights are 2, 4 and 2.5 times higher, respectively, than the thresh-
old for unmodulated light [8.36].

In the case of random pattern modulation, the pump and the Stokes
waves cannot be expressed by a summation of discrete frequency compo-
nents. The random pattern modulated pump light may be considered to be
equivalent to a cw light that has a spectrum spread corresponding to one
caused by random pattern modulation. The Brillouin threshold for the
random pattern PSK format increases almost linearly with the bit rate B as:

pPSK _ B+ Avg
th AI/B

which is quite different from the cases of ASK and FSK modulated lights
[8.36]. For bit rates B > 1Gb/s the SBS threshold is increased by more
than one order of magnitude. At such high bit rates the threshold power
even for ASK and FSK formats may increase substantially [8.31].

By using rare-earth-doped fibre amplifiers, transmitted powers can be
boosted to a few hundred milliwatts. Such systems use semiconductor
lasers with a narrow linewidth in combination with external modulation
and SBS presence, which may cause major problems. The problem is
solved by increasing the laser linewidth through sinusoidal modulation.
For a 200 MHz modulation frequency the gain is reduced by a factor of
10, assuming Avg = 20 MHz. Input power levels of up to 100 mW or more
can be used by employing such a technique without suffering from SBS-
induced degradation of the system performance [8.37].

In the case of multi-channel lightwave systems, SBS can lead to crosstalk
if the fibre link supports channels in both directions and if the frequency
difference between two counter-propagating channels happens to match the

P (8.21)
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Brillouin shift (vg = 11 GHz at 1.55 um). Crosstalk results in the amplifica-
tion of one channel at the expense of the power carried by the other channel.
The Brillouin-induced crosstalk is easily avoided by selecting the channel
spacing appropriately because of the narrow frequency range (~100 MHz)
over which the crosstalk can occur. The situation is quite different in the
case of subcarrier multiplexing which permits simultaneous transmission of
multiple video channels. The influence of SBS appears in the form of a
decrease in the average optical power, a change in the amplitude in the carrier
frequency and the appearance of the distortion components [8.38].

An additional limitation of SBS that may affect a multi-channel commu-
nication system is due to the SBS gain dependence on the frequency separa-
tion between two pump modes [8.39]. Such dependence may have influence
on frequency-division-multiplexing optical communication systems, in
which many frequency channels propagate simultaneously in an optical
fibre. If the frequency separation between the channels is smaller than the
Brillouin linewidth, the Brillouin-gain increases, resulting in a decrease in
the maximum transmitted power. Moreover, under certain conditions, the
relative phase between the input and scattered waves can double the SBS
gain. Thus the frequency separation and the relative phase must be taken
into account in designing optical communication systems.

8.4.2 Beneficial SBS applications to optical communication systems

Optical amplifiers are of great interest for optical communication systems. In
long transmission systems optical amplifiers can replace expensive regenera-
tive repeaters, and in multi-channel local area networks are used as signal
boosters to compensate for split-off losses. The fibre scattering amplifiers
use both Raman and Brillouin amplifiers. Fibre Raman amplifiers have a
very broad bandwidth but require substantial amounts of pump power.
Brillouin amplifiers, on the other hand, have a very narrow bandwidth and
require small amounts of pump power.

All the applications of SBS in optical communication systems make
use of narrow-bandwidth Brillouin amplification that can occur at relatively
low pump powers. Typically, at 1.5 um wavelength the linewidth is only
approximately 15 MHz, limiting the data rate to around 20 Mb/s.

The Brillouin-gain of an optical fibre can be used to amplify a weak
signal whose frequency is shifted from the pump frequency by an amount
equal to the Brillouin shift vg. However, the bandwidth of such an amplifier
is generally below 100 MHz.

The unsaturated, single-pass amplifier gain G, is given by

Ga = exp(gpPoLerr/ Acfr)- (8.22)

An exponential increase occurs only if the amplified signal power
remains below the saturation power level.
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Fibre Brillouin amplifiers are capable of providing 20-40 dB gain at a
pump power of a few milliwatts. Their narrow bandwidth can be advanta-
geous for some fibre-optic applications requiring selective amplification of
only a narrow portion of the incident signal spectrum.

One such application is based on a method described in [8.40] in which
the receiver sensitivity is improved by selective amplification of the carrier
while leaving modulation sidebands unchanged. The amplification before
detection of the carrier of a modulated optical signal by a narrowband
quantum amplifier enhances the signal-to-noise ratio, thus enhancing the
optical receiver sensitivity, particularly when the signal wave front is dis-
torted. Under ideal conditions, the maximum sensitivity improvement is
proportional to GL/ ? where G, is the signal-pass amplifier gain given by
equation (8.22). In a demonstration of this technique [8.41] the carrier was
amplified by 30 dB more than the modulation sidebands even at a modula-
tion frequency as low as 80 MHz. The limiting factor of the sensitivity
improvement is the nonlinear phase shift induced by the pump if the differ-
ence between the pump and carrier frequencies does not exactly match the
Brillouin shift.

The operation of a fibre Brillouin amplifier with electronically con-
trolled bandwidth is reported in [8.42]. An increase of the fibre Brillouin
amplifier bandwidth from 15 MHz to more than 150 MHz is demonstrated.
Receiver sensitivity measurements at 10 and 90 Mb/s confirm the operation
of the amplifiers and the scheme to extend the bandwidth. The receiver
sensitivity was improved by 16dB when a 10 Mb/s signal was transmitted
over 30 km of fibre and amplified simultaneously by injecting 2.9 mW of
pump power at the other fibre end. If the fibre-Brillouin amplifier is used
as a preamplifier to the receiver, the amplifier performance would be limited
by spontancous Brillouin scattering.

Another application of the narrow line width of the Brillouin-gain
profile consists of using it as a tuneable narrowband optical filter for channel
selection in a densely packed multi-channel communication system [8.43].
The Brillouin amplifier can provide channel selectivity by amplifying the
channel of interest and leaving nearby channels unamplified. This method
does not impose severe restrictions on laser linewidths and bit rates using
conventional direct-detection receivers. Using a tuneable colour-centre
pump laser, whose frequency was tuned in the vicinity of the Brillouin
shift, two 45Mb/s channels were transmitted through a 10km long fibre.
Each channel could be amplified by 25dB by using 14 mW pump power.
Since Avg < 100 MHz typically, channels could be packed as close as
1.5Avg without introducing crosstalk from neighbouring channels.

Brillouin-gain has been used as a narrowband amplifier to simulta-
neously amplify and demodulate FSK signals, at bit rates up to 250 Mb/s
[8.44]. Gain as much as a factor of 1000 was obtained for a pump power
of 12mW, using AlGaAs lasers for both pump and signal.
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More information about phase conjugation by SBS in optical fibres can
be found in [8.45-8.55].

8.5 Conclusions

In this chapter we have treated SBS in fibres both theoretically and experi-
mentally and indicated the applications of the SBS process in optical fibre
communication systems.

The analytical theoretical model presented for phase conjugation by
SBS in optical fibres has described the exponential amplification of the
Stokes intensity during propagation along the fibre, together with the decom-
position on the system of fibre modes for multimode fibres.

High SBS reflectivities in glass multimode optical fibres (more than
80%) with core diameters from 25 um up to 200 um using pulse ~30ns, at
1.06 pm wavelength. Low SBS threshold ~300 W can be obtained for the
25um fibre. High power densities up to 1GW/ecm® do not destroy these
fibres. Pulse shaping and compression effect occur in fibre.

Finally, harmful and beneficial SBS applications to optical communica-
tions have been discussed.

More information about phase conjugation by SBS in optical fibres can
be found in [8.45-8.55].
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Chapter 9

Laser resonators with SBS mirrors

9.1 SBS phase conjugate lasers

The main approach in SBS phase conjugate lasers is to use the SBS reflection
as one of the cavity mirrors of a laser resonator, to form a so-called phase
conjugate resonator. The motivation for incorporating the SBS mirror is
for the production of high spatial quality radiation despite aberrations
within the laser system. Due to the threshold nature of the SBS process,
the laser normally requires a conventional ‘start-up’ cavity to initiate the
SBS mirror. Some simple cavity configurations are shown in figure 9.1.
The nonlinearity of the SBS process can also change the temporal character-
istics of the laser, including producing self-Q-switching.

Solid-state lasers have been the area on which most of the phase
conjugate activity, using SBS, has focused. There are physical reasons for
the development of SBS phase conjugate solid-state lasers. Their operating
characteristics are compatible with the use of SBS because they can generate
typically ~10-100 ns pulses and even with small energies per pulse (in the
range 1-10mJ) this is sufficient to reach the SBS threshold. The solid-state
lasers operate in the near infrared spectral range (~1um wavelength)
where many materials offer high Brillouin-gain, reasonably short acoustic
response times and low absorption. The broad gain bandwidth of gain
media such as Nd:YAG (90 GHz) can easily accommodate the SBS shift
which is typically 1-5 GHz in this spectral range. A comprehensive review
of solid-state lasers using phase conjugation is found in [9.1].

Phase conjugate lasers have been demonstrated using many of the
most common solid-state materials, including ruby, Nd:glass, Nd:YAG,
Nd:YLF and Cr:Nd:GSGG. Many media have been utilized, including
gases (CHy, N,, and SFy), a variety of liquids (CS,, CCl, and TiCl,) and
solid-state materials (quartz and recently optical fibres). Recent progress
of SBS phase conjugate mirrors for a high power laser system is found in
[9.2-9.5].

Phase conjugation by SBS offers a new alternative for energy scaling by
allowing the coherent coupling of multiple parallel amplifiers, first reported

155
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Figure 9.1. Experimental setup of a linear laser resonator with SBS mirror: (a) the
Brillouin cell inside the resonator (b) the Brillouin cell outside the resonator.

by Basov [9.6]. This type of phase conjugate laser geometry has been utilized
in scaling power of semiconductor and fibre lasers [9.7]. The two-cell
Brillouin phase conjugate mirror is another approach for energy scaling
because it not only minimizes the competing processes but offers a possibility
of avoiding conjugation fidelity loss at high energies [9.8, 9.9].

Since diode pumping only reduces the heat load by up to a small factor
relative to flash-lamp pumping for the same total stored energy, appreciable
thermal effects still occur for producing high average powers. Hence phase
conjugation will still be required to compensate the thermally-induced
distortions in diode-pumped solid-state systems.

The first excimer laser phase conjugate MOPA with SBS mirror was
reported by Gower and Caro [9.10] and implementation of phase conjuga-
tion in such lasers is reviewed by Gower [9.11]. Phase conjugation using
SBS was extended to iodine lasers [9.12] and chemical lasers [9.13] and a
phase conjugate chemical-laser MOPA using SBS was constructed first by
Velikanov [9.14]. Generation of radiation of high brightness in gas lasers
with an SBS mirror is found in [9.15] and phase conjugated lasers applied
to X-ray generation is reported in [9.16].

Besides achieving a good beam quality, another feature provided by the
SBS interaction is the self-Q-switching of the optical resonator within a laser
oscillator [9.17]. The first Q-switching of the laser resonator using SBS was
applied for ruby lasers [9.18] and then for Nd:YAG lasers. The approach
usually adopted is to include the SBS medium inside a laser cavity with a
secondary mirror employed to provide feedback at the beginning of the
laser action, as shown in figure 9.1(a) [9.19, 9.20]. High intracavity intensities
experienced by the SBS medium in this configuration can lead to poor spatial
beam quality. This limits the repetition rate and peak power of the output.
There has been reported also an alternative cavity configuration in which
the SBS medium resides outside the conventional cavity [9.21-9.23], as
illustrated in figure 9.1(b). The output beam is, in general, found to have a
better beam quality and efficient energy extraction at higher repetition rate
than the internal SBS case.

SBS was extended for its phase conjugating properties down to the UV
range of wavelength, for excimer lasers [9.24] and into the IR domain, for Er
lasers [9.25, 9.26].
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Figure 9.2. Schematic of laser with intracavity SBS cell.

9.2 Linear laser resonator with internal SBS cell

To illustrate the operation of an SBS resonator, we consider the system
demonstrated in [9.27] of a dye laser with intracavity SBS cell as shown in
figure 9.2. The dye gain medium was rhodamine 6G with a long pulse flash-
lamp-pumping, length 45 cm, diameter 12 mm and a small-signal gain of 20.
The conventional start-up cavity consisted of an output coupler with reflec-
tivity of 30% and a back-reflector consisting of a Littrow grating with 1200
lines per millimetre. This grating reflector provides spectrally selective feed-
back with reflection arising from the first order of diffraction and could be
used to tune the frequency of the broadband dye medium. An additional
Fabry—Pérot etalon was incorporated to produce narrowband lasing and
enhance the coherence length of the radiation to assist in the formation of
the SBS process.

The intracavity SBS cell contained a high pressure gas CCIF; and was
placed in a focusing geometry at the centre of a pair of lenses of focal
length 10 cm. The onset of cavity oscillation is between the output coupler
and the rear grating. When there is sufficient intensity at the SBS cell, its
reflectivity increases and becomes the dominant back-reflector. Indeed
after a few SBS frequency shifts the cavity radiation moves out of the pass
band of the Fabry—Pérot etalon and is isolated from the Littrow grating
reflector. The output of this system consisted of a pulse of 800 ns duration
and an energy of 450 mJ. The beam divergence was less than four times
the diffraction limit. The corresponding output of the dye laser with no
SBS cell and the back-mirror being a 100% reflector was 750 ns duration
and 900 mJ output with a divergence ~40 times the diffraction limit. The
brightness of the SBS laser was ~40 times larger than in the equivalent
conventional cavity.

9.3 Linear laser resonator with external SBS mirror

In this section, an illustration of an experimental SBS laser system is made for
the performance of a pulsed Nd:YAG laser system using external stimulated
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Figure 9.3. Experimental setup of linear laser resonator with external (side-arm) SBS
mirror.

Brillouin scattering for Q-switching and phase conjugation of the cavity
radiation. An example of a simple experimental configuration for the
linear laser resonator with external SBS mirror is shown in figure 9.3
[9.28]. A concave back-mirror M, (3 m radius of curvature) with high reflec-
tivity and a plane output coupling mirror M; with R = 20% defines a stable
linear resonator whose length is 1.1 m. The gain element is a Nd:YAG rod
with 6 mm diameter and 80 mm length, pumped by a flashlamp in a diffuse,
liquid-cooled chamber and providing laser action at wavelength 1.06 um. A
quarter-wave plate—Glan polarizer combination provides an easy way to
optimize the output energy coupling to a side-arm SBS cell. The quarter-
wave plate is set to allow sufficient transmission for the linear cavity to
reach threshold. Once lasing begins the coupling into the side-arm initiates
SBS and establishes a phase conjugate resonator. The SBS reflectivity can
rise to a high value and dominate the laser, compared with the conventional
cavity which serves as a start-up cavity.

The Brillouin cell (L = 10cm) is filled with carbon disulphide, CS,, and
is placed behind a lens (focal length = 5 cm) outside the linear cavity. CS, is
chosen due to its large gain for SBS (0.06 cm/MW). This cell acted both as a
phase conjugate mirror and as a Q-switch due to the transient increase in its
reflectivity after the initial build-up of radiation in the start-up cavity. The
pinhole (PH) selected the transverse modes by limiting the Fresnel number
of the cavity.

9.4 Ring laser resonator with SBS mirror

For the linear configurations, each round trip the laser beam travels within
the cavity will generate a downshifted Stokes beam and therefore will
increase the bandwidth of the laser emission. A ring configuration allows
the potential of single frequency operation from the resonator. In the ring
configuration, the Q-switching regime is obtained as a start-up ring oscillator
with two-pass amplifier system [9.29, 9.30]. The ring resonator geometry has
been used for a dye laser with SBS Q-switching mirror [9.31, 9.32] and for
solid-state (YSGG:Cr’" crystal) in [9.33]. Besides carbon disulphide, which
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Figure 9.4. The experimental SBS ring laser resonator.

is a common nonlinear medium used for achieving SBS, other nonlinear
media have been used including fluorocarbon [9.34] and r-arginine phos-
phate monohydrate crystal [9.35]. Processes limiting the output energy of
Nd** YAG laser with SBS mirror are found in [9.36].

An experimental ring setup is depicted schematically in figure 9.4. Four
plane mirrors with reflectivity R ~ 100% and the Nd:YAG rod with a small
signal single pass gain of ~100 defined the ring cavity, whose length was 1 m.
The Nd:YAG rod with a 6 mm diameter and a 90 mm length was pumped by
a flashlamp in a diffuse, liquid-cooled chamber. The ring cavity radiation at
1.06 um was out-coupled by a half-wave plate—polarizer combination. This
radiation was focused by a lens with a focal length of 10 cm into a Brillouin
cell (L = 10 cm) filled with CS,, placed outside the ring cavity. The Brillouin
backscattering radiation returned to the ring resonator.

The energy entering the Brillouin cell was about 120-130 mJ in the form
of relaxation oscillation pulses with a duration of the order of 200-300 ns. A
saturable absorber (Kodak liquid saturable absorber for Nd:YAG laser
radiation) could be used as a weak Q-switch to increase pulse energy and
to enhance the initiation of the SBS process.

Output (/, from the clockwise radiation and /. from the ring laser) were
s-polarized and incident on the cell containing CS,. Reflection from the SBS
cell re-injected the output back into the ring where it contributed to the flux
of the anticlockwise radiation, 7,. Because the SBS interaction preserves the
polarization state, the re-injected radiation was also s-polarized but had
a frequency which corresponded to the first Brillouin Stokes shift
w] = wy — wp, Where wy is the line-centre of the Nd:YAG crystal and wg is
the acoustic frequency. After one complete round trip the s-polarized
Stokes beam was strongly converted to p-polarization by the half-wave
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Figure 9.5. A typical output pulse of an SBS ring laser.

plate and then made a second round trip before reconversion back into s-
polarization when it was rejected by the polarizer to produce the output
(as shown in figure 9.4). The cavity therefore acts as an oscillator (clockwise
direction)-two pass amplifier (anticlockwise direction) system.

The laser shown in figure 9.4 started in the free-running regime with a
low Q factor determined by the losses of the cavity and of the saturable
absorber. The SBS reflectivity of the cell increased rapidly with the incident
wave intensity and the ring resonator with the Brillouin mirror reached a
high Q factor. The output beam with energy of 40mJ in a pulse of 15—
20 ns duration was obtained at 2Hz. A typical output pulse with a width
(FWHM) of 15ns is shown in figure 9.5. Under proper alignment of laser
mirrors, and with an intracavity aperture of d = 1.5mm the laser operated
in the TEM,,; mode.

9.5 Theoretical modelling of passive Q-switching in SBS
resonators

The passive Q-switching regime of the linear laser resonator with SBS mirror
can be described by the rate equations [9.37]

d

T = alBn— ()

dn (9.1)
—_ —_gB

dr e

n(O) = nlh(l + C)v q(O) ={Ysp
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where ¢ is the photon density, # is the population inversion, ny, is the thresh-
old inversion, B is the Einstein coefficient and ~,(¢) represents the losses
which are intensity dependent because of the SBS mirror reflectivity R.
The initial population inversion n(0) has been assumed above threshold by
a factor (1 + (), (¢ = 2%).

The threshold condition for laser oscillation is

IR, T e~ TRy + RGRyl = 1 (9.2)

where [ is the laser intensity in the resonator, R; is the reflectivity of the
output mirror, R, = 100%, 7 is the saturable absorber transmission, 7
and Rg are the transmission and the reflectivity of the Glan polarizer—
waveplate combination, respectively, /; is the Nd:YAG rod length, ~, is the
amplification coeficient and « represents the losses per unit length.

The nonlinear losses are

lr C 1 - RGRB
nl (lo)COé + ZO n RIRZTTG (9 3)

where [, is the length of the resonator.
A simple steady-state theory of SBS gives the analytical solution for
Brillouin reflectivity of the cell, R:
exp(—G) 1-R

R exp[(l - R)gpLlenl] — R ®4)

where G ~ 25 is related to the initial Stokes noise level, gg is the Brillouin-
gain and L.y is an effective interaction length which depends on the radiation
focusing inside the cell.

If we introduce the normalized variables

E=t/7
R() = I/1
y(&) = n(§)/n(0)
x(§) = (I + I5)gpLesr

where I is the Stokes intensity and 7 = /,/c is the round trip time of the
resonator, the following system of equations was obtained:

(9.5)

AR — fwy - G(RICR
d};—(;) =—Byyx (9.6)
ax(©

G = oy = (R
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The initial conditions are
RO)~e p0)=1, x(0)~e . (9.7)
The functions and constants used in system (9.6) are
Ay = (lh/c)Bn(0)
2(ly/c)B
0 chvgg Legr
1 — RGRp
G(R) =1 .
(R) = In RIS (9.8)
|- R B

C(R) = R(1 — R*) [2R + -
11: ((11—_ 212)20 n[R + R(1 — R)e?]

The results of the numerical simulations are presented in figure 9.6.
The theoretical model, which has considered the stationary approxi-
mation for the SBS interaction, proved to be satisfactory in explaining the
O-switch regime of the linear resonator. The predicted pulse duration is
25ns for typical parameters as in the experiment for a linear resonator

described previously.

The ring laser resonator can be treated in a similar way. More details
about laser resonators with SBS mirrors can be found in the literature

[9.38-9.47].
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Figure 9.6. SBS reflectivity (1), population inversion (2), output pulse intensity (3) as a

function of time.
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9.6 Correction of aberration in laser amplifiers

A good beam quality of the laser light has been required for many scientific
and technical applications of high-power solid-state lasers. Many applica-
tions require, or would benefit from, increased laser power. Unfortunately,
intensive pumping of the laser amplifying medium leads to heating of the
medium and degradation of laser performance. Heating results in tempera-
ture gradients and thermal expansion that produce refractive index changes
so degrading beam quality, destabilizing the resonator and reducing laser
efficiency.

Phase conjugation via SBS has been demonstrated to be a relatively
simple and efficient method for dynamically correcting the aberrations in
lasers and particularly solid-state lasers. Fundamental and applied aspects
of phase conjugation using SBS are found in early reviews of the subject
[9.48-9.50]. Phase conjugate lasers offer the possibility of scaling output
energy with near diffraction limited beam quality.

Zel’dovich made the first demonstration of distortion compensation
introduced through a passive aberrator using SBS [9.51]. Nosach [9.52]
reported application of the same technique to a ruby master oscillator—
power amplifier (MOPA) configuration, correcting for the distortions of
the laser amplifier resulting in a large decrease of the output beam diver-
gence. The MOPA configuration is shown schematically in figure 9.7. This
configuration exploits the important fact that reciprocal phase distortions
induced in an optical beam by a distorting medium can be compensated by
reflecting the distorted beam with a phase conjugate mirror and passing it
back through the distorting amplifier medium. A diffraction-limited beam
quality produced by an oscillator is thereby restored following a phase
conjugate reflection and a second pass through the amplifier. An optical
isolator, such as a polarizer and quarter-wave plate combination, can be
used to access the aberration-corrected beam.

The phase distortions produced by the intense pumping mechanism pro-
ducing the inversion in the amplifying medium are described in chapter 4. In
a solid-state laser rod it was shown that a thermally-induced lens is produced
that has a power-dependent strength. In solid-state laser amplifiers, as well as
phase distortion produced by thermally-induced refractive changes, a signif-
icant stress-induced birefringence is produced, especially in a rod geometry.

Polarizer PHASE
OSCILLATOR -5 AMPLIFIER 4.{}_, CONJUGATE

MIRROR
v Quarter-
Aberration- wave plate
corrected output

Figure 9.7. Experimental setup of a double-pass phase conjugate MOPA configuration.
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The principal axes of the birefringence follow the cylindrical geometry of the
rod and consist of radial and circumferential components. Radiation passing
through the rod experiences a waveplate retardation by an amount depen-
dent on the spatial position in the rod. The resultant amplified radiation is
not a pure polarization state but is known as a depolarized beam. In this
chapter, we shall mainly deal with the lensing aberrations which occur
before the depolarization effects are important.

To reduce thermal loading, diode pumping can be applied, resulting in
improved beam quality in comparison with flashlamp pumped laser systems
[9.53]. In addition, advanced crystal geometry (slab [9.53-9.55] or disk laser
[9.56]) can be applied to reduce the induced phase distortions. Recently, 1 kW
output from a fibre-embedded disk laser was reported [9.57].

However, for average output powers above some tens of watts, the
phase distortions lead to beam qualities far away from the diffraction
limit. In these cases phase distortions have to be compensated with adaptive
mirrors to facilitate near diffraction limited beam quality. Such mirrors can
be realized by self-pumped phase conjugation based on SBS.

9.7 Pulsed MOPA systems with SBS mirrors

For high average power Nd-doped solid-state lasers, SBS is favourable for
phase conjugating elements due to the absence of absorption inside the
SBS medium.

In the case of amplifier systems the beam diameter can be adapted to the
amplifier. Therefore a beam with good quality but low average power can be
scaled up to the kW range.

To increase the average output power, parallel amplifier arrangements
are preferable. In case of serial arrangements the output power is limited.
(1) A single amplifier (the last one) suffers from the total output power
and consequently large apertures are required to prevent damage to optical
components. (2) the beam quality decreases after the first pass with an
increasing number of amplification stages. Therefore the coupling efficiency
drops (in the case of a fibre phase conjugator) or the SBS threshold strongly
increases (when using a SBS cell with focusing geometry).

With regard to the advantages of a parallel amplifier setup, a solid-state
laser system containing six amplifiers and a master oscillator was developed
[9.58] (figure 9.8).

The laser is flashlamp pumped and pulsed at a typical repetition rate of
100 Hz. The master oscillator consists of a ring resonator and an additional
etalon to increase the coherence length up to 23 cm. This guarantees a high
reflectivity and fidelity from the phase conjugating mirrors. To reach the
SBS threshold of about 20 kW a chromium-doped YAG-crystal is used as
a passive Q-switch. Thus the oscillator emits per shot a train of 20 Q-switched
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Figure 9.8. Experimental setup of a six-amplifier MOPA system with SBS phase conjugat-
ing mirrors based on SBS.

pulses, each with a width of 150 ns. The beam is diffraction limited at an aver-
age output power of 3.5W.

The beam is divided into two parts, each of which is coupled into a serial
arrangement of two amplifier rods. Each rod is excited in a diffuse pump
chamber by two flashlamps with an average pumping power of up to
7kW. To avoid depolarization of the beam during the amplification, the
polarization preserving medium Nd:YALO has been used. Due to the aniso-
tropic gain of YALO the optical isolation consists of a 45° Faraday rotator
and a polarizer.

A phase conjugating mirror, which consists of an SBS cell filled with
CS,, compensates the phase distortions after the first amplifier pass. After
the second amplification pass the beam profile of the oscillator is reproduced
at the polarizer, used also as the output coupler. To increase the average
output power the beams are amplified additionally in single-pass stages
(amplifiers 3 and 6). This results in an acceptable decrease of beam quality.
Using another polarizer, both beams are combined, resulting in one beam
with a statistical polarization direction.

Due to the optical system between the rods and the SBS phase conjugat-
ing mirrors, the average output power can be varied over a wide range
without changes of beam parameters.

Figure 9.9 shows the measured average power of the system against the
total average pumping power. An output power up to 520 W was measured
with a long term power stability (better than 3%). At an average output
power of 400 W a five-times diffraction-limited beam quality is possible.
The total stored power in the amplifier rods is 1200 W, therefore 43% of
the stored power can be extracted with good beam quality [9.58].

In a similar multi-amplifier MOPA system (four amplifiers) but using a
fibre phase conjugator instead of Brillouin cells, an average output power of
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Figure 9.9. Measured average output power against total average pumping power.

315W, at 2kHz average repetition rate, with M 2 =2.6 was reported [9.59].
The experimental setup is depicted in figure 9.10.

The beam is split in two at the thin film polarizer (TFP), each other
perpendicular polarized parts, on to the two chains. By passing a Faraday
rotator the polarization plane of each beam is rotated by an angle of 45°
and is then amplified by the two serial amplifier arrangements. To compen-
sate for astigmatic thermal lenses the amplifier rods (Nd:YALO) are rotated
by 90° to each other and the polarization is matched again by a half-wave
plate. After the single pass the beam is coupled into the fibre phase
conjugator. The beam is phase conjugated by a multimode silica step index
fibre with a core diameter of 200 um, a numerical aperture of 0.22, and a
length of 2m. After an additional amplifier pass the initial beam quality is
almost reproduced and the beam is rotated again by an angle of 45° after
passing the Faraday rotator a second time. After the two passes through

Master oscillator P, =4.0W TEM,,
pulsed pumped ( HR
e

-

01

Fiber-PCM 'R

Amp02 A2 Amp01 TFP P, =315 W

Fiber-PCM AmpO4 a2 Ampb3 FR HR

Figure 9.10. Experimental setup of a four-amplifier MOPA system with fibre phase
conjugating mirrors based on SBS.
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the Faraday rotator the polarization plane of each beam is rotated by 90° and
therefore could be extracted at the TFP. Here the amplified beams of both
chains are superposed automatically due to the optical properties of the
phase conjugated signal.

Figure 9.11 shows the measured output power as a function of the
oscillator power.

The beam propagation factor M> was determined (according to the
international standard ISO/CD 11 146) to be smaller than 2.6 for both direc-
tions in space (figure 9.12) [9.59].
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Figure 9.12. Determination of the beam propagation factor M>.
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9.8 Continuously pumped MOPA systems with SBS mirrors

For industrial applications, such as material processing, continuously
pumped, repetitively Q-switched solid-state laser systems are attractive. In
the case of continuously pumped lasers with ~10kHz repetition rate, the
peak power is in the range of several kW. Therefore conventional SBS
mirrors like Brillouin cells filled with organic liquids with thresholds in the
range of 10kW, fail. Different methods were investigated to reduce the
SBS threshold [9.60] but they are more complex and may not operate well
under strong thermal lensing from a laser system.

SBS in conventional, commercially available silica fibres facilitates low
SBS thresholds (below 1 kW), and reliable and stable phase conjugation, as
was discussed in chapter 8. The SBS threshold can be reduced significantly
using lower core diameter multimode glass fibre, with long length. The
interaction length is given by the coherence length of the incident beam.
On the other hand only radiation with a beam quality (M?) better than a
limit, given as follows, can be coupled into the fibre: M? > nD(NA/2)),
where ) is the wavelength and NA the numerical aperture of the fibre.

A continuously pumped four-pass amplifier arrangement with birefrin-
gence compensation, nearly diffraction-limited output with 30 W average
power has been achieved at 10 kHz repetition rate [9.61, 9.62]. Figure 9.13
shows the experimental setup for such a system.

The master oscillator consists of a ring resonator and an arc lamp
pumped Nd:YAG rod. Unidirectional operation is obtained with an external
feedback mirror. An additional intracavity etalon reduces the bandwidth to

Feedback

YA
HR Nd G HR

Etalonc=

HR AOM HR
Amplifier IT Amplifier I
HR 54 Nd:YAG Nd:YAG 2 [ 12
FACA A0 AN —— .
|& Ul—l U U U |_| U Jl—l Output
Quartz Faraday
rotator, rotator

@ 4]

25um fiber U HR

Figure 9.13. Continuously pumped MOPA system with four pass amplifier arrangement
and fibre phase conjugator.
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increase the possible interaction length inside the fibre. Q-switching with
10 kHz repetition rate is achieved using an acousto-optic modulator. The
average output power is about 5.5W. Pulse widths of 280 ns lead to pulse
peak power of 2kW.

The beam is phase conjugated in a multimode silica fibre with a core
diameter of 25 um, a numerical aperture of 0.22, and a length of Sm.

The oscillator pulse energy of about 0.4mlJ is far below the saturation
density of the used active medium Nd:YAG with a rod diameter of %inch
(6.35mm). Therefore the extraction efficiency of the amplifier stages remains
relatively low. However, the extraction efficiency can be improved by increas-
ing the number of amplifier passes [9.63, 9.64]. After the first amplification
pass, the beam is collimated and reflected using a conventional curved
mirror. The polarization direction is rotated by 90°, passing the quarter-
wave plate two times. During the second pass the beam is amplified again
and then coupled into the fibre phase conjugator. After two additional ampli-
fier passes the beam is extracted using optical isolation.

Figure 9.14 shows the measured output power as a function of
the oscillator power. Applying the four-pass scheme the times diffraction-
limit factor M? was determined to be smaller than 1.3 for both directions
in space.

Power scaling was reported [9.59] using diode pumping of the YAG
crystals and two further pumping chambers. After the second amplification
pass the beam is reflected using a conventional HR-mirror and coupled in a

T b T * T 2 T b T = T

Average output power after four fold pass

" 2 AW

i T

= 2

._‘_ - -
&

Z 204 -
.

£ 154 s
=

= . 1
:gg'z 10 4 Average output power after double pass |
@ - .
-

Depolarization losses after double pass: < 2.3 %

| p— T —T v | p— T v ——
0 I 2 3 | 5 6 7

Oscillator power / W

Figure 9.14. Measured average output power against average oscillator power.
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further serial amplifier arrangement with birefringence compensation. After
this amplification pass the beam is coupled into the fibre phase conjugator.
The beam is phase conjugated in a multimode silica step index fibre with a
core diameter of 100 pm, a numerical aperture of 0.22, and a length of
15m. After three additional amplifier passes the beam is extracted with the
help of optical isolation. Applying this scheme, an average output power
up to 71 W is achieved at 10 kHz repetition rate with a nearly diffraction-
limited beam quality. With further amplifier passes it is possible to increase
the average output power to 120 W [9.59].

A cw Nd:YAG MOPA system, comprising a four-pass amplifier config-
uration with an SBS fibre phase conjugate mirror, is reported in [9.65]. The
fibre phase conjugator (standard graded index silica multi-mode optical fibre
of 50 um core diameter and of 3.6 km length) allowed diffraction-limited
output beam quality to be achieved. Maximal attainable gain of ~1.9 for
the system was obtained.

9.9 Conclusions

The SBS reflection can be used as one of the cavity mirrors of a laser
resonator to form a so-called phase conjugate resonator. SBS mirrors can
be used in oscillators and oscillator—amplifier arrangements.

Besides achieving a good beam quality, another feature provided by
the SBS interaction is the self-Q-switching of the optical resonator within
a laser oscillator. Experimental results and modelling of linear and
ring resonators, using external SBS in a cell filled with CS,, have been
described.

Solid-state lasers have been the area on which most of the phase
conjugate activity, using SBS, has focused. Solid-state laser sources are
required for numerous applications in industry and science. Scaling of
average output power while preserving a diffraction-limited beam quality
results in high brightness operation. However, conventional laser systems
suffer from thermally-induced phase distortions in the active medium,
which considerably reduce their beam quality.

Optical phase conjugate mirrors are suitable to compensate for phase
distortions in master oscillator power amplifier (MOPA) systems. Stimulated
Brillouin scattering (SBS) in organic liquids (like CS,) or in conventional,
commercially available silica fibres facilitates reliable and stable phase
conjugation. Pulsed pumped, passive Q-switched Nd:YALO systems which
deliver an average output power up to 520 W, nearly diffraction-limited
quality have been demonstrated. Furthermore a continuously pumped
amplifier arrangement with nearly diffraction-limited output of 70 W average
power has been achieved, at 10 kHz repetition rate.
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Chapter 10

Optical solitons in SBS

10.1 Optical solitons

The soliton was discovered by J S Russel, in hydrodynamics (1834). In 1964,
Zabusky and Kruskal introduced the word soliton. Then, it was demon-
strated that solitons could be present in all wave physics, including optics.
In 1973, Hasegawa and Tappert showed theoretically that an optical pulse
can form an envelope soliton in an optical fibre, and in 1980 Mollenauer
demonstrated the effect experimentally [10.1,10.2]. Optical solitons are
studied intensely due to the distortion-less transmission in ultra-fast commu-
nication systems and to the many interesting nonlinear applications in
information optics.

The optical soliton is a wave (envelope), which preserves its time—space
shape by the dispersion—diffraction compensation by the optical nonlinearity
of the propagation medium.

In a dispersive medium (with frequency dependent refractive index), the
envelope of a modulated light wave (particularly, of light pulses) is distorted
due to different velocities of its frequency components.

The time-dependent paraxial wave equation, in the presence of disper-
sion, can be written as [10.1-10.5]

0 o K" O’E
| —+k = |JE-——=—5=0 10.1

1(82 * az) 2 0 (10.1)
where the derivatives of the wavevector k, (k' = 9k /0w, k" = 8%k /du?) with
respect to frequency can be related to the group velocity, v, by the relations

0
ow 1 ' 8<1>:_lvg (102)

R N Tw\n) T o

Equation (10.2) provides the frequency dependence of the group velocity and
consequently, k” can be identified to the dispersion of the group velocity of
the wave, often defined as D = k”(2mc/\?). Owing to the fact that the envel-
ope of the light wave propagates with the group velocity, it is convenient to
represent the wave propagation in a coordinate system, which moves at the
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group velocity by
£ =’z T=¢(t—Kk'z) (10.3)

where ¢ = Aw/w is the relative width of the spectrum. The propagation
equation becomes

OE k' OE

In the Kerr nonlinear media (and SBS can be considered such), the
refractive index depends on the light electric field as
n = ny(w) + ny | E|)? (10.5)
and the wave propagation equation can be written as

(OF K’ 8215+ |EPE
o 2092 82 T

0 (10.6)

with g = 27n, /A, which is named the nonlinear Schrédinger equation (con-
sidering the potential in the well-known equation proportional to |E \2).
Following Hasegawa [10.1], in order to derive a stationary solution of
equation (10.6), one can use the normalized variables

VEA § T
=Y"FE Z == T=——+— 10.7
q c I A ) (—)\k”)l/z ( )
which lead to the following form of the propagation equation
.0q 1 82(1 By
-4 = 0. 10.
1aZ+28T2+\q|q 0 (10.8)

A localized, stationary (in Z), single-humped solution of equation (10.8) can
be written with real and imaginary parts as [10.1]

q(T,Z) = Asech A(T + V,Z — 6,) exp {—iVsT+%(A2 —-vHz - iel}

(10.9a)

where A is the amplitude and the inverse width of the soliton, 6, and 6, are
the phase constants and V is the velocity of the soliton pulse propagation
(actually a deviation from the group velocity, which is independent of the
soliton amplitude, 4). We can remark that the soliton amplitude is inversely
proportional to the soliton width. This solution exists in the region of
anomalous dispersion (k” < 0) only. In the region of normal dispersion
(k" < 0), the solution is called dark soliton [10.1-10.5].

The simplest soliton solution, which can be derived from equation
(10.9a) with proper normalization, phase constants and with negligible
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relative soliton velocity, is

(T, Z) = sech(T) exp ( %z) (10.9b)

In this equation , it is possible to identify 7 =7/t and Z = 8"/,
where 7 is the time in the time frame moving with the group velocity of
the pulse and where 7 is the pulse width. The soliton period (related to its
phase and corresponding to the distance at which the pulse doubles
its width in propagation through linear media) is Z = 7/2. The solitons
are waves, which propagate in nonlinear media without changing their
form due to a compensation of the dispersion effects by the nonlinear
effects. Thus, a certain power is required in order to produce this com-
pensation:

P = 117(8" Ao/ nako) (10.10)

where Ay is the effective area of light beam and k, is the free space
wavevector. If we consider, as often invoked, the soliton formation in optical
fibres with a typical dispersion of 15psnm ™~ km ™' and a nonlinear refractive
index 7, =3.2x 107 "cm?/W, at A= 1.5um, the principal parameters
required for maintaining the pulse width of # [ps] are [10.4] P[W]=
6.9/11, E[pJ] = 13.6/1; and z[km] = 0.0097{ .

10.2 Optical solitons in SBS

A large class of nonlinear processes was investigated using the inverse
problem in the scattering theory [10.6—-10.8]. The study of the optical non-
linear processes using the inverse problem in the scattering theory revealed
the physical conditions for the existence of optical solitons and allowed the
description of their dynamics (the evolution in nonlinear media, collisions,
interaction between several solitons etc). Calogero and Degasperis [10.6]
described the spectral analysis of the nonlinear equations of evolution
that result from the inverse problem in the scattering theory. Ablowitz
and Segur [10.7] gave a rigorous characterization of solitons in the inverse
method in the scattering theory. Novikov et a/ [10.8] analysed the
existence of solitons in the interaction process of several waves in nonlinear
media.

SBS could be characterized by a third-order nonlinear susceptibility.
Formally, a nonlinear Schrédinger equation as in equation (10.6) can be
written and an SBS soliton solution could be considered. However, the non-
linear susceptibility was previously calculated in some particular cases only
and cannot describe the full complexity of this problem. Agrawal [10.3]
suggested that the coupled-amplitude SBS (three) equations, written for
the time scale shorter than the phonon lifetime (in the order of 10ns),
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could admit coupled soliton solutions. These solutions were similar to those
obtained in stimulated Raman scattering (SRS) with cross-phase modula-
tion. Agrawal related his assertion to the experimental work of Montes
et al [10.25]. These authors studied the dynamics of mode-locked ring
lasers with a Brillouin mirror and found out that, for a small SBS reflectivity,
a stable train of (longitudinal) soliton impulses could occur in the cavity. The
temporal profile of the Stokes solitons and their stability were studied experi-
mentally and by numerical simulations (with the pump and Stokes wave
equations only), using three control parameters: the SBS reflectivity, the
normalized Brillouin-gain, og = gglyL and the number of the longitudinal
modes in the SBS material (an optical fibre).

The aim of this chapter is a rigorous treatment of the complete SBS set
of equations, including the acoustic one (in a more general case with respect
to the models used in previous chapters), in order to demonstrate and to
characterize the temporal Stokes solitons. We process the SBS equations
using the derivatives along the characteristic directions of the wave equation
solution [10.9] and we look for analytical soliton solutions in the optical and
in the acoustic fields.

We shall first analyse the soliton, which may arise from the dispersion
compensation by the SBS nonlinearity, its duration and velocity in the non-
linear medium. This soliton is defined here as compensation soliton.

Then, we analyse the SBS equations in the case of very low dispersion
and absorption (k(w) = 0; « & 0). In this case, another type of SBS soliton
may result from a condition imposed on the SBS nonlinear equation
system, written in the phase space. This SBS soliton is called by us topological
soliton. Sagdeev et al [10.10] have done a tentative study to identify similar
solitons in hydrodynamics.

In the SBS process, as presented in chapter 1 (equations (1.18), (1.19)
and (1.21)), the incident light, the scattered light and the acoustic plane
wave evolutions on the propagation axis (z), are represented by

8EL n 8EL 1 E iUJL Ye

hatind O Wi O — 2L lep
0z +c ot +2a L 4cn pg sP
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where Ej is the pump (incident) electric field, Eg is the scattered electric
field, p is the density variation due to the interaction with the laser (optical)
field, py is the density of the propagation medium, v and K are the hyper-
sound velocity and wavevector, respectively, I'y is the Brillouin linewidth,
v, 1s the electrostrictive coefficient dielectric and ¢, is the permittivity of
free space.
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The electric and the magnetic fields are linearly polarized and the conser-
vation relations hold (in back-scattering):

K:KL+K522KL7 W = Wy, — Ws. (1012)

In order to simplify the SBS equations, one can introduce some new
variables, with the physical meaning of phases of the interacting waves:
oL =wrl + Kz = §LKy
@s :wSl—KsszsKs (1013)
p=wt—Kz=§&K
which define the three characteristic directions {&1, &, &} [10.9, 10.11, 10.19].
Using the derivatives along the characteristic directions of integral
solutions of the corresponding wave equations ([10.9] and appendix 1), the

SBS equation system (10.11) may take a form similar to that from equation
(5.46), without transverse effects:

OE[ o 0

- _"FE ELE

a(pL 2 L — aQPL( S ac)

aEé 0 /!

5 = ——E ELE 10.14
8()05 ST+ 8 ©s ( L ac) ( )
OE;

5 = —2AEw + on(ELES)
where the normalized amplitudes of the pump, Stokes and acoustic fields are
(in Gaussian units)

Ap
E = "E Es= | -“F g =T (2P 10.15
L — 8 IO L S — 8 I S ac }12 20 ( )

and [, is the maximum pump intensity, o’ = a/2K; = a/2Ks ~ /K is the
normalized absorption coefficient, 4 = 2w/T'y is the gain of the acoustic
field, oy = ggLgly is the normalized Brillouin-gain and Ly is the interaction
length.

In order to solve analytically equations (10.14), one can define the initial
conditions

EL(pu)lp =g, = Eroler,)
Es(05)lps = g5, = Eso(ps,) (10.16)
E;o(@)'g:):(po = Eéco(SD)

where

<PL|::0 = PLys PSlz=0 = s, Plz=0 = Po- (10-17)
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With the scalar transformation

Bo=\[Ly/LpEL, B = /Ly LB (10.18)

which uses Ly as a normalization length (in order to bring the light fields to
the scale of the acoustic wavelength), the system (10.14) becomes

6E'L_ O/E i - !

Dt "R — EJE,

(990L > L aQDL( S ac)

OE, a 0

8—9022—?Es +8—<,OS(ELE;C) (10.19)
OE, P

T; =—(QA)E\ +ogELEs, o1 = gsLilp.

We are looking for a solution of the system (10.19) with the following
form

EL = x el 4 X1 e L
Eg =y e 4 yteivs (10.20)
El. .=z €%+ e ¥

Introducing equations (10.20) in equations (10.19), one can obtain

/

0 . «
—— (X1 +yiz) Hilx) +yiz) = -

B@L 2 X1,
i(J’l —x121) +i(y — xi27) = *g,yl (10.21)
8905 2 ’

0z, . H
6_2+ iz = —(24)z; + ogx )7,

where x] is the complex conjugated of x;.

The system (10.21) can be put in a parametric form by ‘projecting’ the
evolution along [pr] and [ps] characteristics on the acoustic field character-
istic [¢]. The configuration of the characteristics ¢y , ¢s, ¢, in the {z, ¢} plane,
is presented in figure 10.1.

From figure 10.1, one can find (observing that ¢/n > v/,/7, [10.24])

dop  wp dos  wp
dop _wig o des wrg 10.22
de w de w (10.22)
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Figure 10.1. The characteristics in the space-time plane: I': ¢ =wit+ Kpz; T's:
s = wst — Kgz; I'3: o = wt + Kz.

with

)G O,

6= [ dz = NGIEE . (10.23)
I+—( — 1+—( —
v \dt/, v \dt/,
Using equations (10.22), equations (10.21) can be written as
O e+ yz) +i (695 (o + wzy) = of (g
dp X T )iz w X T )yin) = 3 w X
0 . A owL . o [ w 10.24
%(ylfxlzl)Jrl 6 W —xz1) === o= | (10.24)

0 ) .
%Zl +izy = —(24)z; + opx1 )7

Furthermore, a nonlinear transform can be used to bring the system
(10.24) into the real form [10.12, 10.15, 10.24]. In this case, the solutions of
the real (differential hyperbolic, quasi-linear) system are implicit functions
of Riemann invariants, {N;(n), N»(n), N3(n)}, which are associated to the
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system (10.24) and consequently, are related as follows:

ON
3—1 =—(4n)N1 + (271)N2N; — 72
n
ON.
8—772 =—(47)Ny — (272)N3 — (871)N| N3 (10.25)
ON. 1
=3 — 4 (49,)N3 + =N, + 2N, N3 — 2N, N?
an 2
where
o w
()
J1B w
, , (10.26)
by O (,5&) <i+i5ﬂ>
SUIB w J1B J1B w
and
w
N = 20154 ZZUlBj[WSZ—ks(Zc —z)]. (10.27)
ws

The invariants {N;(n), N»(n), N3(n)} are functions of the normalized
intensities of optical pump, Stokes and acoustic waves, x;x], y,»] and
z1z1(n), respectively. The following equations can be written [10.24]

XX —yy=——(N+————""=
14 171 1+3N§ 1 471 I—Nj%
* * N2 4N3 ( Y2 N2N3 ):|2 (1028)
Xpx) i) = + N +——-——"—7
(¥1x1) i) [1—N§ 143N\ T4y 1-M
212} = N3.
If we write
XIXT = Vil = @1, (1 X)) i) = @2 (10.29)

we can find the wave normalized intensities dependence on the { Ny, N», N3},
invariants as

27 X 27

2—7 ylylzz—-
\ P14 — o \/ 1 4o+

10.3 Compensation solitons in non-stationary SBS process

£
X)X =

(10.30)

We shall try to find solution in the form of hyperbolic secant, characteristic
for solitons, using the hypothesis of ‘isospectral evolution’ [10.6-10.8, 10.12],
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which can be written in terms of the invariants { Ny, N,, N3}, in the form

Ny(n) =0 (10.31)
or as
™e [P\’
Iy = {n—; (g)} Iy (10.32)
which leads to
* * 1- N2 ° * *
(x1x) _.VIYI)Z = ( N 3) (x1x7) (). (10.33)

Using equations (10.30), one can derive the evolution equations for the
normalized intensities {x;x7, 1]}, on the characteristics {I";, ', }:

4(N1+ﬁ) 4N§<N1+ﬁ>
N ) . VA

* * 471

b = = 10.34

XX (1 +3N32) ) Y (1 +3N32) ( )
In this case, equations (10.25) lead to

ON, ON;

—— = —(49,)N, — —— = (49,)N5 + 2NN 10.35

on (471)Ny — (m2), o (471)N3 + 2N, Vs ( )
which allows one to derive the implicit form

y1yi(n) = Nixixi(n). (10.36)

Equation (10.36) expresses the dependence of the normalized Stokes wave
intensity on the normalized intensities of the optical pump and acoustic
waves. It actually describes the usual amplification regime of the Stokes
wave, when the optical pump (xx*) is perturbed by the feedback induced
by the other two fields.

If we calculate the second derivative of the second equation from (10.35)
and use the first equation , the nonlinear Schrédinger-type equation is found
[10.24]:

N5 2 2 -1
o [4(N1 +37)" = 2071 + 2mNs5 (10.37)
where
_ —dyin Y2
Ni(n) =cre o (10.38)

and ¢, is a constant of integration. In equations (10.28), imposing N3 < 1,
i.e. the small signal condition, one can obtain

1 * *
B (x — ). (10.39)

N
1(n) +471 1
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We can remark that the solution of equation (10.37) is a soliton (a hyperbolic
secant, with continuous spectrum) only if the condition of the continuous
spectrum is fulfilled:

4(Ny +3v1)? = 209F + 27, > 0. (10.40)
Equations (10.40) and (10.39) lead to the following condition:

X|X] =y > % — 129 + 8077 — 87, (10.41)

which is precisely the necessary condition for the compensation soliton
solution on the {T';} and {I'»} characteristics. The sufficient condition for
this soliton formation is given by the initial condition

Ngl(n)|n:7]0 = ]\[3701 (770) 7é 0. (1042)

The soliton solution in the Stokes wave can be obtained from equation
(10.37) as

i/ e 1 e
yivi(mg) = EX/IO(UO)G 4y (ng —n)
_ 3y 8’}/2 - . . 1— 6_47](7]6_7]>
x ch 2[1“ xllo(;5)+ 1271 2(77()—77)+x/10(770)T .
(10.43)

For SBS in non-absorptive nonlinear media (o =0), equation (10.43)
becomes

/ n "
o X10(10)\ 2 3ys ; o—n A
= (2222 ) eh ™1 _ ¢ ——(my—mn)|. (10.44
yiy1(mo) ( B )C In X’lo(??o)JMm 3 20(770 n) ( )

In the original coordinates, accounting the substitutions:
* IS [0
YR T o =% o1 = gLy,
0 (10.45)
* -G
LB :2)‘acv ylyl(ng”ng:n:ys ~¢e

the intensity of the Stokes field takes the form

1
]S l—FﬁZC = _ILO l‘—l—EZC
c 12 c

x ch™2 lln

XX, &~ -k
A1~ 5
Iy

31

1 n
| T ) (’*zzc)
ILO <Z+_Zc) B

C

(10.46)

where Vs(1,z.) is the velocity of Stokes soliton along the characteristic line
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p = wt + kz and can be written as

!/
Vs(t,ze) = “’—g‘* [gBLgILO <z + §z> - 2w7‘] . (10.47)
Equation (10.47) shows that the soliton velocity is proportional to the pump
field, 71, along the characteristic line. The time variations yield soliton
accelerations and decelerations and the z-variations produce dispersion
processes.
For SBS in absorptive nonlinear media (« # 0), equation (10.43) can be
written in the form [10.24]

n 1 n ow n
Ig(t+—z. | =2 =Ll t+—z.)exp | -8y — | t + -2z

c 12 c ) c
31y +8'Y%—’72 (UlBW>

n o
ILO <I+ZZC) M

1 —exp |89, (142
" " €xp Mg +ch
X Z+EZC +IL0 I+ZZC

871

x ch™ |In

(10.48)

The necessary condition for SBS compensation solitons, (10.41), may be
written as

2w 1 Oél WL, 1 8(4)2
* _ * - 5== 1 — 1] —— . 10.49
x1x1(n) = yyi(n) > oals 201 ( w) 6 Dpwr (10.49)

Taking into account that 6 ~ 1 and 8w’ < T'pwy, equation (10.49) becomes

2w
UIBFB.

xixi(n) = yvi(n) > (10.50)

The necessary condition for SBS compensation soliton solution (10.48)
becomes

2wr(1 —a')

Iy — ]S >
- gsly

(10.51)

which leads, with the isospectral condition (10.32), to

2
s= LGl
n= \pPo
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and with the conditions of very low absorption and small Stokes intensity, to

2wt T™e <p)]2}
I > 1 - — . 10.52
- gBL%{ {”2 Po ( )

Thus, we can define the threshold intensity for the soliton existence as

2wt

=—. 10.53
L gBL/B ( )

Using a calibration length, Ly, equal to the characteristic length, z, = ct; /n,
we can obtain the following condition for the soliton threshold intensity:

I, = (2’%’) (%) (10.54)

In the particular case of CS, as the nonlinear SBS medium, at
A =1.06um, n=16, w=24x10"Hz, gz =006cm/MW, 7=6ns,
fp = 3ns, this limit is: 7, = 80 MW/cm”®.

Looking at the soliton velocity from equation (10.47), one can remark
that, for negligible losses, I o[t + (n/c)z.] is constant in time, inside the non-
linear medium and the soliton (envelope) velocity is [10.20-10.22]

L/ L/Z
%L&’BIOL% —2wr| = 8B
Imposing that this velocity be smaller than the light velocity, one can derive
an upper limit for the pump intensity as

V, =

(o1, ). (10.55)

bc

Ly<Ip +——ms5.
0 o wgBLg

(10.56)
Thus, the smaller the pump pulse duration, the smaller the calibration length
(Ly = cty /n) and the larger the range of pump pulse intensities, in which one
could observe SBS compensation solitons. For, CS, and the parameters con-
sidered above, 6 ~ 1 and the second term in (10.56) is Al ~ 5.76 kW/cmZ,
a small quantity with respect to the first one. This means that the SBS
compensation soliton could be observed in a very narrow range of pump
pulse intensities. Assuming that it is possible to fix the pump intensity at
I, =80 MW/cmz, the soliton velocity results from equation (10.55) as V, ~
2 x 10" cmy/s.
The soliton pulse duration can be derived as

. Ly b
ST Vs w(galoLy — 2wr)|

(10.57)

In CS, and with the previous parameters, the compensation soliton duration
is tg = 3 ns, which is equal to the pump duration. Indeed, the soliton pulse
formation is more favourable if the pump and Stokes pulse durations are
smaller than the phonon lifetime, which justifies our initial choice of the
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SBS transient model (the complete SBS equation set) to derive the soliton
solution.

10.4 Topological solitons in SBS media with very low dispersion
and absorption

The search for SBS solitons can start also from the normalized SBS equation
in the phase space, equations (10.19), in the loss-less case (o =~ 0):

EL + ESEac = Cl(SOs)

Es — ELE,. = c3(pL) (10.58)
OE,
Op
where ¢;(pg) is a prime integral on the characteristic (¢g) and ¢,(¢p) is a
prime integral on the (y; ) characteristic.

According to the theory of the algebraic invariants, which characterize
the autonomous nonlinear differential equations, the two prime integrals
occurring in equation (10.58) are proportional to the linear combination of
the algebraic invariants. The simplest case is

a1(ps) = xo(ps), (L) = 0. (10.59)
in this case, equations (10.58) become
EL(‘PL) = EL()(‘PS) - Es(@s)Eac(V?)
ES(‘PS) = Eac(@)EA'L(‘PL) (10.60)

aEac (SDL)
X%

Using some simple substitutions, equations (10.60) can be brought to the
form

= _(2A)Eac + o1pELEs

= —(2A)Eac(¢) + U1BEL(<PL)ES(‘PS)~

s _ P
1+ E2
Eg = ELO%‘ (10.61)
1+ E5.
8Eac - UlBEﬁo -
=—RAE,.+ ———
aSDL ( ) ac (1 +E§C)2 ac

with
24 = 4wt > 0. (10.62)
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If the quality factor of the acoustic field, wr, is high, the system (10.61)
accepts the following soliton solutions:

YL
exp [—ZJ gsLlplodeL + 8017904
)

(L) = Iio o (10.63)
4ch? “ gplpliody; — 4w7g0L}
$Lo
Iro(s)
Is(ps) = NG (10.64)
4ch “ galpliodyr — 4WT<PS]
#s0
©
W—Ze L — exp U gslpliode — 4w7’<ﬂ} : (10.65)
n- po Yo
The solitons from equations (10.63-10.65) exist if
2wt ™e Ap]?
I >———, Is = |— —| I;. 10.66
- gBL% S {n2 Do L ( )

Thus, the conditions (10.66) are the existence conditions of the topological
solitons, and other types of solitons in the Stokes (and pump) waves. The
first condition is similar to that from (10.49), up to the additive small term.
Using again the calibration length, Ly = z. = ct; /n, we can obtain the
following condition for the SBS topological soliton formation:

2nw\ (T
IL > IL!hr = <§> (Z) . (1067)

The equations (10.63-10.65) allow the calculation of the velocity and the
time duration of the topological solitons as

Voliton = dwrelghLyly — dwr| ™" = 2¢ly, |Iy — 211, | (10.68)
and
Ly

Vsolilon

Alg = (10.69)

The velocity of the Stokes soliton from equation (10.68) is valid in the
case of the non-stationary isentropic SBS compression only, which imposes

oL
J gBL;gILO dSDI > 4(4)7'80]_{. (1070)
PLo
In the case of the isentropic expansion, defined by
L
J gBLi; . 1]_0 ng, < 4(AJTLPL (1071)
PrLo

one can notice from equations (10.63—10.65) and (10.67) that solitons can
also exist, but the amplitudes of these soliton waves are close to that of the
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Figure 10.2. Time evolution of normalized pump intensity (1), Stokes intensity (compen-
sation soliton) (2) and acoustic field intensity (3).

spontaneous scattered wave and their velocities are close to the phase velocity
of the Stokes waves.

Imposing that this velocity be smaller than the light velocity, one can
correct the lower limit for the pump intensity as

Iy >4l . (10.72)

In the particular case of CS, as the nonlinear SBS medium, using a laser
at A\p = 1.06 um with pulses of #, =3ns, we can again take n = 1.6,
w=24x10""Hz, gg=0.06cm/MW, 7=6ns, and calculate [, =
320 MW/cm? from (10.72).

If we set 7, = 340 MW /cm?, the velocity of the SBS topological soliton is
Vi, =2.6 x 10" cm/s and its duration is A, = 2.3 ns, which are comparable
with those of the compensation soliton. We remark that the threshold
intensity for the topological soliton formation is much higher than that of
the compensation soliton and consequently more critical from the point of
view of the material resistance to laser damage.

The pump, the Stokes and the acoustical wave intensities of the
compensation and topological solitons are shown in figures 10.2 and 10.3,
respectively. In these figures, the evolution curves of the pump (1) and the
Stokes (2) wave intensities are actually the result of the projection of the
two field profiles (from optical characteristics, ¢ g, on acoustical field
characteristic, ¢, at z = 0).

In the case of the compensation soliton, a nonlinear collective interaction
of the three waves takes place, when the dispersion is compensated by the SBS
nonlinearity (described by a nonlinear Schrodinger-type equation). The
existence condition of the compensation soliton, ggLyl; > 2w, indicates
the dominating role of the optical gain with respect to the acoustical one.
In this case, a compensation soliton occurs in the acoustical wave, which
yields the Stokes compensation soliton by a nonlinear feedback. The genera-
tion process of the topological soliton is different from the compensation one
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Figure 10.3. Time evolution of normalized pump intensity (1), Stokes intensity (topo-
logical soliton) (2) and acoustic field intensity (3).

(figure 10.3). For the topological soliton, a micro-compression of the non-
linear propagation medium induces a nonlinear (almost total) absorption
of the pump field. The consequence of the isentropic compression is the
occurrence of a reflected optical (Stokes) field from the increased medium
density. The acoustical gain must be higher in comparison with the
optical gain, in order to allow such a process. The topological soliton
appears at the threshold limit of the SBS process. It takes place at higher
optical and acoustic intensities than required for the compensation soliton.
The topological soliton duration is comparable with the compensation soliton
duration.

10.5 Concluding remarks

In this chapter, the necessary and sufficient conditions for the temporal soli-
ton generation in SBS were derived. We demonstrated that, in this nonlinear
process, two types of solitons could occur. The usual compensation solitons
arise from the compensation of the dispersion by the SBS nonlinearity, i.e.
from the condition for obtaining solutions of a nonlinear Schrédinger-type
equation with continuous spectrum. The topological solitons arise by parti-
cular linear conditions imposed on the algebraic invariants of the nonlinear
equations, in the phase space.

The generation of these solitons differs by their mechanisms and by the
threshold conditions. The compensation optical soliton is generated by
the entire acoustic soliton, both of them being the result of the collective
interactions of the light and acoustic waves. The topological solitons are
generated by the fronts of the acoustic waves (i.e. by isentropic compressions
and decompressions). The amplitudes, velocities and durations of the
compensation and topological solitons are comparable. Both types of SBS
solitons could be observed simultaneously in a space—time window, in the
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limits imposed by their parameters, which are quite critical for the usual
experiments.

The model presented in this chapter can be used in the study of SBS

solitons in communication systems [10.20-10.25]. Previous experimental
results in the study of SBS solitons in mode-locked ring fibre lasers and in
optical fibre communication, obtained by Montes et a/ [10.24, 10.25], seem
to originate in the combined action of the two nonlinear processes: SBS
and mode-locking.
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Appendix

Averaging the Gaussian process describing
the noise in SBS

The equation system which describes the SBS dynamics in the steady-state
can be written as

dr dr.
—t=—al — (1 -&)gyILIs, S =—als+(1-&)gylils (ALl
dn dn
where ¢’ is a random variable which defines the noise as a Gaussian process
and 7 is a characteristic coordinate. In this case, the variable ¢’ has the follow-

ing properties

(E'm) =0, (e () =20"8(n—n)gbl, (A12)
where (- - -) is the representation of the average of the Gaussian process £(n),
o is the dispersion of this Gaussian noise in the SBS, and 6(n — 1) is the
Dirac function.

We use the formalism of the statistic Liouville equation, described in
[3.19-3.22] for a function ¢, (Iy,Is) defined in the space {/y,[g}. The
Liouville equation has the form

8¢7](IL515)_ 0 dIL 0
oy oI d—n%(ILJs) A

Introducing the explicit form of the variable £'(n) in the statistic
Liouville equation, we obtain from relations (Al.1) and (A1.3):

81%(11_’ IS)
an

where the operators U;and U, have the form

dr
d—;wn(IL,Is)}- (A1.3)

= Ulwn(IL,IS) - 5/(77)8'%02%(1Lals) (Al.4)

. ) 0
U, = — (al] ST I —(als — gRl; [
1 3IL(a L+ 8B Ls)"‘als(as gelils)

. 0 0
U, = a—IL(ILIS) - 8—IS(ILIS)'

(AL.5)

191
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Averaging the Liouville equation (A1.4) on the Gaussian process €' (1)
and using the method developed in [3.20-3.21], we obtain the Fokker—
Planck—Kolmogorov equation

aP7 (IL7]S) 2 2
# = U Py(I, Is) — angUgP,](IL,IS) (A1.6)

where
Pn(ILaIS) = <11Z)7](IL315)> (A17)

is a repartition function.
Using the initial conditions for the SBS process, we obtain the relation

1
J P,(I,Is)dI, dIs = I (A1.7)
0

where [, is an arbitrary normalization constant.
We define the average values for /1 and I3 as

1 (!
1) =3 |, |1t t9 arag

10 1 (A1.8)
(Is) = FL JISPU(IL’ Is)dl dis.

0

In the papers [3.20-3.21], numerical calculation (or analytical treatment)
are made for the repartition function P, which contains almost all infor-
mation on the process.

Applying the averaging operators defined in equations (A1.8) directly
on the system (A1.1), we obtain a deterministic system with average variables
of the Gaussian process, '(n)

oy 1.
or = |, | nO 1 an ar

1 (! N
- UzgfazEL JILU%PU(ILJS) dfy dis
(AL9)

o)y 1 ([,
a—n:I_gJOJ[SUlpv/(ILaIS)d]LdIS

1 (! A
-y || [s03r ) anar
0

The integrals from the equation system (A1.9) are calculated by parts,
introducing the explicit form of the operators U;, defined in equations
(A1.5).
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The initial conditions of the SBS process introduce some limitations for
the repartition function P, (I, Is).

Pn(ILaIS)|Is:10 =0, P7/(IL7IS)|[L:1LU =0

opP, (I, Is) aP, (I, Is) (A1.10)

- = 0.
al, 0 ol

I =1y Is=1I

The repartition function P, (I, Is) has the physical significance of the
density probability that I} and /g are in a certain state.

Finally, with the condition (A1.10), the equation system (A1.9) has the
deterministic form

82? =—a(l) - ghllls) — F[(1LI3) — (1P s)]
M (A1.11)
é<977s )~ —allg) + g 1s) - e IIRES) — (1LR)]

which leads to the evolution equations (3.45) of the mean values of the pump
and Stokes intensities.



Index

aberration compensation 59, 106-109,
163-170

absorptive coupling constant 14

acetone 102, 125

acoustic phonon 2, 46

acoustic velocity 31-33

acoustic wave 2, 4-5, 21, 42

amplifier cell 121-128

amplitude shift keying (ASK) 148

angular offset 118-121

anti-Stokes 2, 14, 35, 93

backward wave amplification 130-134

beam combining 128-130, 138

beam propagation factor 167-168

beam quality factor 63

beat frequency 26, 33

BEFWM - frequency decoupled 92-95

BEFWM - polarization decoupled
92-110

birefringence 69-71, 163-164

bit rate 148, 149

Bragg condition 132

breakdown 20, 27, 29, 33, 112, 121, 125

Brillouin enhanced four wave mixing 60,
92-110

Brillouin scattering 1-5

bulk viscosity 22

carbon disulphide 52-55, 98, 99, 102-110,
158, 159, 165, 184, 187

CCD camera 107

characteristic equations 4547, 55, 177

chlorotrifluoromethane 29-33, 157

circular polarization 68
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compensation soliton 176, 180-185

compression ratio 49, 50, 52, 54,
130-134

conversion efficiency 8-9, 47, 131

critical angle 104, 105

critical density 33

critical opalescence 33

critical point 30

critical temperature 30

crosstalk 149, 150

decay time 13, 25

degree of polarization 71
degrees of freedom 21
depolarization 69-73, 103, 164

elasto-optic constant 132
electrostriction 10-11, 93
electrostrictive coefficient 11, 19, 27
Eucken relationship 23

fibre amplifier 149, 150

fibre Brillouin amplifier 150-151

fibre phase conjugator 138, 141-146, 165,
168-170

four wave mixing 59-60, 92-94

Fourier transform 64

frequency shift 3-5, 17, 33

frequency shift keying (FSK) 148

gain coefficient 2, 6-8, 12, 14, 19, 20, 25,
27-30, 34, 96

gain factor 61

Gaussian statistics 61

generator cell 121-128



heat diffusion equation 70
heterodyning 33
hexafluoroethane 30-31
hexane 116

higher-order Stokes 15
hot spots 62

hypersonic 24, 31
hypersound 5

imaging 106110
interferometric 63, 66-67
ISO standard 63

Kerr nonlinearity 105

laser pulse compression 48-50, 130-134
lifetime 4-5, 17, 18, 20-30, 39

linear polarization 68

linear resonator 157-158

linewidth 4-5, 17, 18, 20, 22-23, 34, 96

Maxwell’s equations 9, 42
methane 61, 133, 134
modes 139-141

molecular vibration 2, 5-6
multimode fibre 137-146

Navier—Stokes equation 11, 42, 51

Nd:YAG 52, 70, 71,79, 100, 106, 116,
123, 141, 155-159

Nd:YALO 165

nonlinear polarization 9-10, 139

nonlinear susceptibility 139

numerical 42, 82, 88, 89, 117, 119, 133

optical communications 34, 146-152
optical feedback 112-121

optical fibre 20, 137-152

optical filter 151

optical isolation 68, 69

optical isolator 53, 79

optical soliton in SBS 175-189

phase conjugate fidelity 62-67, 80-82, 88,
89, 128

phase conjugate laser 155-170

phase conjugate mirror 59

phase conjugate resonator 155-162

Index 195

phase conjugation 7-8, 15-16, 5874, 92

phase fluctuations 129-130

phase lock 129, 130

phase plate 65

phase shift keying (PSK) 148

phonon 1-5, 39

photoelastic effect 71

photon 1

photon conservation 99

Pockels cell 23, 24, 25, 79

polarization 10

polarization properties 67-73

pulse compression 48-50, 78, 79,
130-134

Q-switch 19, 53, 100, 106, 116, 123, 141,
155-162

Raman scattering 1-2, 5-7

Rayleigh scattering 1-3

reflectivity 9, 40, 47, 54, 78-82, 89, 94,
97,99, 100, 103, 108, 110, 115, 132,
142

relaxation oscillation 126

ring cavity 113-117, 158-160, 162

rotational mode 21, 22

scattering cross section 4

seeding 113-119, 121, 125-128

self-focusing 20, 33, 112, 121

single mode fibre 34, 35, 137, 146-152

slowly varying envelope approximation
9-10, 75, 139

soliton 173-189

spatial frequencies 64

spatial overlap 128-130

specific heat 14, 21, 31, 33

speckle 63

spontaneous scattering 1-4

steady state 12-13, 39-41, 42, 43, 77, 79,
80, 82, 87, 96, 99, 110, 115, 122, 123

stimulated Brillouin scattering 68,
14-16

stimulated Raman scattering 14-16

stimulated Raman scattering, rotational
5-6

stimulated Raman scattering, vibrational
5-6
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stimulated scattering 6-9

stimulated temperature Brillouin
scattering 10, 14

stochastic processes 50-51, 84

Stokes 24, 35

stress induced birefringence 69-71,
163-164

sulphur hexafluoride 27-29

susceptibility 10, 59

tapered waveguide 132-134

thermal conductivity 21, 23, 70

thermal expansion coefficient 14

thermally-induced lensing 6971,
163-164

threshold 7-8, 25, 29, 41, 60, 80, 92, 93,
112, 115, 118, 119, 126, 155

topological soliton 176, 185-189

total internal reflection 104, 107

transient 15, 25, 41-55, 82, 99,100, 104,
105, 110, 117, 122, 123, 133, 144

two-cell SBS 121-128

vector phase conjugation 68, 71-73
vibrational mode 21, 22
viscosity 5, 17, 21-23

wave equation 9-10, 173

wavefront reversal 93

waveguide 62, 82, 92, 102, 107, 118, 119,
132, 133, 137

wavenumber 2

xenon 2627
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