
PHYSICAL REVIEW A, VOLUME 64, 043803
Temporal structure of stimulated-Brillouin-scattering reflectivity considering transversal-mode
development
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The time-resolved reflectivity of optical phase conjugation by stimulated Brillouin scattering~SBS! is
investigated both theoretically and experimentally. A three-dimensional and transient model of SBS is devel-
oped to compare the experimental and theoretical results. Noise initiation of the SBS process is included in the
model to simulate the shot-to-shot variation in the reflectivity and the Stokes temporal profile.

DOI: 10.1103/PhysRevA.64.043803 PACS number~s!: 42.65.Es, 42.65.Hw
er
ll
ov
nt
o
T
in

s o
fe
le

e
o

he
o

ul

e
m

he
er
e

ed

iv
e
a

he
th
e

c-

ns-
od

o-

nd

s

I. INTRODUCTION

Optical phase conjugation by stimulated Brillouin scatt
ing ~SBS! has been extensively studied, both theoretica
and experimentally, and used in laser systems to impr
beam quality since the early 1970s. Extensive experime
studies of SBS have revealed many aspects of this phen
enon and SBS now is used in commercial laser systems.
limitations of the SBS are, by now, well known. However,
spite of all of the extensive theoretical studies@1–16#, a
single unified numerical model that can include all aspect
SBS phenomena especially transient and transverse ef
has not, until recently@17#, been developed. Thus, no sing
model has been able to produce results in good agreem
with experiments, even for simple cases such as the temp
profile of the Stokes output or the reflectivity curve. To t
best of our knowledge a detailed comparison with a go
agreement between the SBS experiment and theory has
been published before.

In this paper we present a detailed comparison of res
from our transient three-dimensional model@17# and experi-
ments performed in identical-parameter regime. SBS exp
ments were carried out using two materials with extre
phonon lifetimes, Freon 113 witht50.84 ns and SF6 with
t517.4 ns. The total reflectivity vs input energy and t
temporal profile of the Stokes output were examined exp
mentally and numerically. An excellent agreement betwe
the experimental and numerical results has been achiev

II. THEORY

The equations describing the SBS process are der
from Maxwell’s equations for the electric fields and th
Navier-Stokes equation for the acoustic field inside the m
terial. Using the slowly varying envelope approximation, t
three-dimensional transient-SBS equations describing
acoustic, Stokes and pump fields propagating along thz
direction, can be written as@18,19,12#
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Here“ t
2 refers to the derivatives in the transverse dire

tions x andy, g1 andg2 are coupling constants given by

g15
v2gn

pvqc2
,

g25
vg

4cnr0
,

n is the refractive index of the medium andks'kl are the
Stokes and pump wave numbers, respectively. In the tra
verse directions, we use a decomposition meth
@20,4,5,11,14# to expand the electric fields in terms of orth
normal bases modesAm andBm ,

El~r' ,z,t !5(
m

am~z,t !Am~r' ,z!, ~2!

Es~r' ,z,t !5(
m

bm~z,t !Bm~r' ,z!, ~3!

wherer' is the position vector in transverse directions a
the particular set ofAm and Bm used in our model will be
given below. By substituting Eqs.~2! and~3! into Eqs.~1a!–
~1c! and assuming thatAm andBm satisfy the homogeneou
Maxwell equations, Eqs.~1b! and ~1c! can be rewritten as
@17#

S n

c

]

]t
1

]

]zDbn5g1g2(
i , j ,k

Ci j* akgkni j , ~4!

S n

c

]

]t
2

]

]zDan52g1g2(
i , j ,k

Ci j bkgkni j* , ~5!
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where

Ci j ~z,t !5E
0

t

@ai~z,t!bj* ~z,t!1 f i j ~z,t!#e2G(t2t)dt ~6!

gkni j5E
2`

1`

Ai* AkBjBn* d2r , ~7!

and f i j in Eq. ~6! are Langevin noise terms that simulate t
thermal noise initiation of SBS process. They are usua
chosen @21,8# such that they have spatial and tempo
Gaussian distribution and ared correlated in the sense tha

^ f i j ~z,t ! f kl* ~z8,t8!&5Q0d ikd j l d~z2z8!d~ t2t8!, ~8!

where the constantQ0 is given by Ref.@21# as

Q05
2kTr0G

g1
2v2

. ~9!

Herek is the Boltzman constant,T is the temperature,r0
is mean density, andv is the velocity of sound in the mate
rial. Q0 determines the strength of the fluctuations inf @21#.

In our model, we use an uncorrelated Gaussian distr
tion for f and consider the variance off, i.e. s2, as a free
parameter. The value of this free parameter is set by find
the best fit between the numerical and experimental res
for the SBS reflectivity curve. Once as2 has been found for
a material, it is kept constant.

In Eqs. ~4! and ~5!, obtained for any general form ofAi
andBj , the only term that depends on the form ofAi andBj

is the tensorgkni j5*2`
1`Ai* AkBjBn* d2r . Our model can thus

equivalently be developed for any kind of orthonormal ba
Ai andBj . Since we are interested in the phase conjuga
properties of SBS we chose the complex conjugate ofAn as
the basis for the Stokes wave, i.e.,Bn(r' ,z)5An* (r' ,z).
This enables us to examine how much of the energy i
particular input mode is reflected as the conjugated mo
For the basisAn , we have examined the cylindrically sym
metric Laguerre-Gaussian functions used by Milleret al. @5#
as @22#

An~r ,z!5S 2

p D 1/2 1

v~z!
ei (n11/2)c(z)LnS 2r 2

v~z!2D
3expF2 i

kr2

2R~z!
2

r 2

v~z!2G , ~10!

where the spot sizev2(z), radius of curvatureR(z), and
Gouy phase anglec(z) are given by the usual expression

v2~z!5v0
2F11S z

zR
D 2G , R~z!5z1

zR
2

z
,

c~z!5tan21S z

zR
D , ~11!
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and r 5ur'u5Ax21y2. As usual, the Rayleigh rangezR is
related to the beam waist radiusv0 ~for the fundamental
mode! and wave lengthl aszR5pv0

2n/l, wherev0 is re-
lated to the input fundamental beam radiusv1 and radius of
curvatureR1 ~see Fig. 1!. Utilizing the expressions for the
basisAn , Eq.~10!, the integral in Eq.~7! can be evaluated a

gkni j5E
2`

1`

Ai* AkBjBn* d2r

5
exp@ i ~k1n2 i 2 j !c~z!#

v~z!2
«kni j , ~12!

where«kni j is a symmetric real tensor given by the overl
integral

«kni j5S 2

p D E
0

1`

dxe22xLk~x!Ln~x!Li~x!L j~x!. ~13!

The gain tensorgkni j depends on the phase mismatch fa
tor exp@i(k1n2i2j)c(z)# and the mode-coupling constan
«kni j . It will be shown that the overall gain of any mode
entirely determined by these two factors. Some values
«kni j are shown in the Table I. In our model we have solv
Eqs.~4! and ~5! numerically@17#.

III. EXPERIMENTAL AND NUMERICAL RESULTS

The experimental layout is shown in Fig. 2. A passi
q-switched Nd:YAG~yttrium-aluminum-garnet! laser operat-

TABLE I. Numerical values of«kni j .

k i j n «kni j

0 0 0 0 0.3183
0 0 0 1 0.1592
0 0 1 1 0.1592
0 1 1 1 0.0796
1 1 1 1 0.1592
1 1 1 2 0.0796
1 1 2 2 0.0995
1 2 2 2 0.0547
2 2 2 2 0.1094
2 2 2 3 0.0547
2 2 3 3 0.0746
3 3 3 3 0.0846

FIG. 1. Focusing geometry used in the SBS experiments
modeling.
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FIG. 2. The Experimental layout of the SB
process.
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ing at l51064 nm was used as pump beam source.
laser emits pulses with a duration of about 30 ns at a rep
tion rate of 20 Hz. All pulses were longitudinal and tran
verse single mode~TEM00! with vertical polarization. The
single longitudinal mode operation was achieved with an
tracavity, 10-mm-thick quartz Fabry-Perot etalon. The sp
tral bandwidth of the pulses was about 100 MHz. With
additional amplifier the pulse energy could be increased
to 50 mJ. The laser was isolated from the reflected light b
polarizer, a Faraday rotator followed by a second polari
To attenuate the pulse energy continuously a combinatio
a half-wave retardation plate and a polarizer was used
wedge was applied as a beamsplitter for measuring both
incident and the reflected radiation. The energy of the in
and the reflected pulse was detected by two identical en
detectors~Laserprobe RJP 637!. As diagnostics for the tem
poral pulse shapes two vacuum photodiodes with 100-ps
time and a Tektronix digital oscilloscope~1 GHz bandwidth!
were used.

The SBS materials used were Freon 113 and SF6 for both
experiment and numerical modeling. A near-Gaussian be
(M251.4) was focused into the SBS cell.

A. Freon 113

The SBS reflectivity and the temporal profiles of t
Stokes pulses for the SBS process were examined ex
mentally and numerically, using a SBS cell filled with Fre
113. The experimental and numerical parameters incl
~Fig. 1!: cell lengthL5200 mm, focal lengthf 5120 mm,
distance between the lens and the entrance wind
d545 mm, input radius of curvatureR152403 mm, input
beam radiusv151.45 mm, phonon lifetime 0.84 ns, gain o
the medium 0.0062 cm/MW, index of refraction,n51.36,
and entrance window thickness 2 mm~BK7!.

The SBS reflectivity was measured as a function of
ergy from below to high above the threshold energy. In
SBS experiment, the reflectivity of SBS at a given ene
showed variation from shot to shot due to noise initiation
the SBS process. In our model, we ran the computer code
times with different initial noise distribution and take th
mean value of reflectivity for each energy. Figure 3 sho
the experimental and numerical reflectivity results for t
SBS process using Freon 113. The numerical results w
fitted to the experimental results by selecting the value of
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free parameters2. The numerical result in Fig. 3~solid line!
is obtained fors52.7931028 MW s2/cm5. Although this
value gives good agreement between the numerical and
experimental results at mid and high energies, the numer
result is slightly higher than the experimental results at l
energy, e.g.,E;6 mJ in Fig. 3. This may indicate that th
strength of the initial noise distribution Q0
}2AkTr0G/g1v2 is not constant for the whole range of in
put energies. For example, at high energies the tempera
of the liquid is higher resulting in a largers than the low
energies. Once the value ofs was chosen, we used it t
examine the temporal profile of the Stokes return. The sim
lation was run 20 times with different initial noise distribu
tions and for three different energies, 11 mJ, 21 mJ, a
43 mJ. Due to different initial noise, each of the 20 outp
Stokes returns had slightly different temporal profiles. T
Stokes temporal profiles are shown in Fig. 4. The solid lin
in the figure are experimental results and the dotted lines
the numerical model results of 20 Stokes pulses. The exp
mental and numerical input pulses are the same and
shown in the figure.

For the numerical model we have assumed that the in
pulse is a perfect zero-order Gaussian in the transverse
rection, i.e.,

El~r' ,z,t !5a0~z,t !A0~r' ,z!.

FIG. 3. The reflectivity of the SBS process in Freon 113 a
function of energy. There is a good agreement between the num
cal ~solid line! results and the experimental~triangles!.
3-3
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This input pulse, however, initiates all the other transve
modes in the Stokes return and they all contribute to
output energy. The energy carried by each transverse m
of the Stokes field decreases for higher-order modes.
example, examining one of the numerical output Sto
pulses for the case of 11-mJ input pulse, Fig. 4, reveals
how higher-order transverse modes contribue to the total
put Stokes pulse, Fig. 5. Calculating the energy containe
each transverse mode in Fig. 5, we find that about 80%
the total output energy is carried by the zero transverse m

FIG. 4. Temporal profiles of the input and output~Stokes! pulses
in the SBS experiment in Freon 113. The dotted lines are nume
results~20 pulses! and the solid lines are the experimental resul

FIG. 5. Temporal profiles of the different transverse modes
the Stokes pulse. Higher modes of the Stokes pulse contribu
carrying the output energy.
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and the remaining 20% of the output energy is carried
15.6% in mode 1, 2.6% in mode 2, and 1.8% in higher-or
modes. These results could be used as an indication of t
retical fidelity of the phase conjugation process of about 8
in this case~roughly speaking the fraction of Stokes ener
that is carried by the zero mode of Stokes pulse!. The distri-
bution of output energy among the different transve
modes of the Stokes pulse was found to be a function ofal

.

f
in

FIG. 6. The reflectivity of the SBS process in SF6 as a function
of energy. There is good agreement between the numerical~solid
line! results and the experimental~triangles!.

FIG. 7. Temporal profiles of the input and output~Stokes! pulses
in the SBS experiment in SF6. The dotted lines are numerical resul
~20 pulses! and the solid lines are the experimental results.
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input energy. For higher input energies, the fraction of
ergy in the zero-order mode increases, indicating better fi
ity.

B. SF6

Using a SBS cell filled with SF6, we have examined ex
perimentally and numerically the reflectivity and the Stok
temporal profile in the SBS process. We used pure SF6
pressure of 20.5 bar with the following geometrical and m
terial parameters~Fig. 1!: cell length L5139 mm, focal
length f 5120 mm, distance between the lens and the
trance windowd545 mm, input radius of curvatureR1
52403 mm, input beam radiusv151.6 mm, phonon life-
time 17.3 ns, gain of the medium 0.014 cm/MW, index
refraction,n51.023, and entrance window thickness 2 m
~BK7!

The SBS reflectivity was measured as a function of in
energy as shown in Fig. 6. The calculated value of the
flectivity was obtained from the average of ten simulati
using different initiation noise. The comparison between
numerical and experimental results is shown in Fig. 6. T
solid line in Fig. 6 shows the mean value of reflectivity o
tained from numerical calculations. The error bars in the
ure, calculated using the numerical code, show the rang
on
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reflectivity for each energy. The free parameters that gives
the best fit with the experimental data for SF6 is s51.194
31028 MW s2/cm5. A trend, similar to that of the Freon
results~Fig. 3! can be seen in Fig. 6: the initial noise streng
s should be bigger for high input energies. As for Freon,
temporal profiles of the output Stokes pulses at three dif
ent energies were measured and compared with the co
sponding numerical results. Again, the numerical results
each case included 20 pulses, which were obtained by
ning the computer code for 20 different initial noise distrib
tions. The results in Fig. 7 show a good agreement betw
the experimental and numerical results.

IV. DISCUSSION

A numerical model of SBS that includes both transve
and transient effects was used in an accurate compar
with SBS experiment. An excellent agreement was obtai
for SBS reflectivity and for temporal profiles of the Stok
output as functions of input energies. With this initial confi
mation of the model, it can now, with confidence, be used
laser-system simulations, or be further developed. For
stance, the model can be developed to include astigmati
short coherence length input laser beams.
ter.
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