PUBLISHED VERSION

Afshar Vahid, Shahraam; Heuer, Axel; Menzel, Ralf; Munch, Jesper
Temporal structure of stimulated-Brillouin-scattering reflectivity considering transversal-
mode development Physical Review A, 2001; 64 (4):043803-1-043803-5

© 2001 American Physical Society
http://link.aps.org/doi/10.1103/PhysRevA.64.043803

PERMISSIONS

http://publish.aps.org/authors/transfer-of-copyright-agreement

“The author(s), and in the case of a Work Made For Hire, as defined in the U.S.
Copyright Act, 17 U.S.C.

8101, the employer named [below], shall have the following rights (the “Author Rights”):
[...]

3. The right to use all or part of the Article, including the APS-prepared version without
revision or modification, on the author(s)’ web home page or employer’s website and to
make copies of all or part of the Article, including the APS-prepared version without
revision or modification, for the author(s)’ and/or the employer’s use for educational or
research purposes.”

14" March 2013

http://hdl.handle.net/2440/12727



http://hdl.handle.net/2440/12727�
http://hdl.handle.net/2440/12727�
http://link.aps.org/doi/10.1103/PhysRevA.64.043803�
http://hdl.handle.net/2440/12727�
http://publish.aps.org/authors/transfer-of-copyright-agreement�

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 scatt¢8B® 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.
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I. INTRODUCTION 9
E+F Q=—ig;EES, (1a)

Optical phase conjugation by stimulated Brillouin scatter-

ing (SBS has been extensively studied, both theoretically i nao o

and experimentally, and used in laser systems to improve (iVﬁ' cat 5) Es=—i9,Q*E,, (1b)
beam quality since the early 1970s. Extensive experimental s

studies of SBS have revealed many aspects of this phenom- —ij na

enon and SBS now is used in commercial laser systems. The (2—let2+ e E=-ig,0QE;. (10

limitations of the SBS are, by now, well known. However, in
spite of all of the extensive theoretical studigis-16], a Here VZ refers to the derivatives in the transverse direc-

single unified numerical model that can include all aspects ofions x andy, g, andg, are coupling constants given by
SBS phenomena especially transient and transverse effects

has not, until recently17], been developed. Thus, no single w?yn
model has been able to produce results in good agreement 9:1=
with experiments, even for simple cases such as the temporal

profile of the Stokes output or the reflectivity curve. To the

best of our knowledge a detailed comparison with a good g,=
agreement between the SBS experiment and theory has not

been published before. n is the refractive index of the medium akgd~k, are the

In this paper we present a detailed comparison of resultgoyes and pump wave numbers, respectively. In the trans-
from our transient three-dimensional mofl&¥] and experi- \orse  directions. we use a decomposition method

ments performed in identical-parameter regime. SBS experi20 4,5 11,1%to expand the electric fields in terms of ortho-
ments were carried out using two materials with extremenormal bases modes,, andB,,,

phonon lifetimes, Freon 113 with=0.84 ns and Sfwith

7=17.4 ns. The total reflectivity vs input energy and the B
temporal profile of the Stokes output were examined experi- Bi(r, ’Z't)_% Am(Z, 1) Am(r . ,2), 2
mentally and numerically. An excellent agreement between
the experimental and numerical results has been achieved.

2!
ﬂ'qu

oy
4cnpg’

Eo(r.,z,t)=2, by(z,t)By(r, ,2), 3)

Il. THEORY wherer is the position vector in transverse directions and

The equations describing the SBS process are derivettﬁ?e particular set oRy, and By, used in our model will be

from Maxwell's equations for the electric fields and the given below. By substituting Eq€2) and(3) into Egs.(1a)-

Navier-Stokes equation for the acoustic field inside the maglc) and assuming thay, andBy, satisfy the homogeneous

terial. Using the slowly varying envelope approximation, the'\q%(we" equations, Eqs1b) and(1c) can be rewritten as
three-dimensional transient-SBS equations describing thl;e

acoustic, Stokes and pump fields propagating alongzthe neo o
direction, can be written g48,19,13 (E i E) b,=0:92>, C! aGxnij » (4)
i,j,k
. . . d J
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d
where el SBS cell

n

cij(z,t)=Jot[ai(z,f)bf(z,f)Jrfij(z,f)]e*“‘*ﬂdf (6)

+
gknij:J AFAB;B}dr, (7) £120 mm

L

andf” in Eq. (6? "?‘Te .Langevin noise terms that simulate the FIG. 1. Focusing geometry used in the SBS experiments and
thermal noise initiation of SBS process. They are usuallymode”ng.

chosen[21,8] such that they have spatial and temporal

Gaussian distribution and agcorrelated in the sense that 44 r=|r,|=Jx?+y2. As usual, the Rayleigh rangs is
o e . . related to the beam waist radius, (for the fundamental

(fij(z0 (2 .1') = Qodidj 8(z=2") 5(t—t"), () mode and wave length. aszg=mw3n/\, wherewy is re-
lated to the input fundamental beam radinsand radius of
curvatureR; (see Fig. L Utilizing the expressions for the
basisA,, Eq.(10), the integral in Eq(7) can be evaluated as

where the constar, is given by Ref[21] as

0= 2 2 (9) + o0
9v Onij= f_m AY AB; B} d?r
Herek is the Boltzman constant, is the temperatureng _ o
is mean density, and is the velocity of sound in the mate- _exfi(k+n—i—])¥(2)] 12
rial. Q, determines the strength of the fluctuationd [21]. - 0(2)2 Exknij» (12

In our model, we use an uncorrelated Gaussian distribu-
tion for f and consider the variance &fi.e. o2, as a free whereeg,; is @ symmetric real tensor given by the overlap
parameter. The value of this free parameter is set by findingntegral
the best fit between the numerical and experimental results

for the SBS reflectivity curve. Once@ has been found for (2) o
a material, it is kept constant. 8"””_(; 0 dxe” L) La (L)L (x). - (13)
In Egs.(4) and (5), obtained for any general form &;
andB;, the only term that depends on the formAfandB; The gain tensogy,;; depends on the phase mismatch fac-

is the tensogynij=J T ZA AB;Br d?r. Our model can thus tor exdi(k+n—i—j)y(z)] and the mode-coupling constant
equivalently be developed for any kind of orthonormal baseg;; . It will be shown that the overall gain of any mode is
A; andB;. Since we are interested in the phase conjugatiorentirely determined by these two factors. Some values of
properties of SBS we chose the complex conjugatd pés &y, are shown in the Table I. In our model we have solved
the basis for the Stokes wave, i.8,(r, ,z2)=A*(r, ,z).  Egs.(4) and(5) numerically[17].

This enables us to examine how much of the energy in a

particular input mode is reflected as the conjugated mode. Ill. EXPERIMENTAL AND NUMERICAL RESULTS

For the basifA,, we have examined the cylindrically sym-

metric Laguerre-Gaussian functions used by Miéeal.[5] The experimental layout is shown in Fig. 2. A passive
as[22] g-switched Nd:YAG(yttrium-aluminum-garnetlaser operat-

2)1/2

An(l’,Z)Z(;

w(z)

o2 TABLE I. Numerical values o\ .
1 el (n+12)y(2)|_ ( r )
n

(z)? Exnij

0.3183
0.1592
0.1592
0.0796
0.1592
0.0796
0.0995
0.0547
0.1094
0.0547
0.0746
0.0846

: (10

"  kr? r2
exg —i -—
2R(2)  w(2)?
where the spot sizen?(z), radius of curvatureR(z), and
Gouy phase anglé(z) are given by the usual expressions,

2

2
ZR
. R(z)=z+ L

1+

2N 2
w(Z)=w —
(2)= wy 7
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attenuator opt. isolator

SBS-cell

FIG. 2. The Experimental layout of the SBS
process.
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Nd:YAG oscillator Nd:YAG amplifier

— -

Y

ing at \=1064 nm was used as pump beam source. Th&ee parametevz. The numerical result in Fig. Golid line)
laser emits pulses with a duration of about 30 ns at a repetis obtained foro=2.79<10"® MW s?/cn?. Although this
tion rate of 20 Hz. All pulses were longitudinal and trans-value gives good agreement between the numerical and the
verse single modéTEMOO) with vertical polarization. The experimental results at mid and high energies, the numerical
single longitudinal mode operation was achieved with an infesult is slightly higher than the experimental results at low
tracavity, 10-mm-thick quartz Fabry-Perot etalon. The specenergy, e.g.E~6 mJin Fig. 3. This may indicate that the
tral bandwidth of the pulses was about 100 MHz. With anstrength  of the initial noise distribution Q,
additional amplifier the pulse energy could be increased up2AkTpoI'/g;v? is not constant for the whole range of in-
to 50 mJ. The laser was isolated from the reflected light by g@ut energies. For example, at high energies the temperature
polarizer, a Faraday rotator followed by a second polarizerof the liquid is higher resulting in a larger than the low
To attenuate the pulse energy continuously a combination afnergies. Once the value of was chosen, we used it to
a half-wave retardation plate and a polarizer was used. &xamine the temporal profile of the Stokes return. The simu-
wedge was applied as a beamsplitter for measuring both thation was run 20 times with different initial noise distribu-
incident and the reflected radiation. The energy of the inputions and for three different energies, 11 mJ, 21 mJ, and
and the reflected pulse was detected by two identical energg3 mJ. Due to different initial noise, each of the 20 output
detectors(Laserprobe RJP 63.7As diagnostics for the tem- Stokes returns had slightly different temporal profiles. The
poral pulse shapes two vacuum photodiodes with 100-ps risBtokes temporal profiles are shown in Fig. 4. The solid lines
time and a Tektronix digital oscilloscog& GHz bandwidth  in the figure are experimental results and the dotted lines are
were used. the numerical model results of 20 Stokes pulses. The experi-
The SBS materials used were Freon 113 anglf8Fboth  mental and numerical input pulses are the same and are
experiment and numerical modeling. A near-Gaussian bearshown in the figure.

(M?=1.4) was focused into the SBS cell. For the numerical model we have assumed that the input
pulse is a perfect zero-order Gaussian in the transverse di-
rection, i.e.,
A. Freon 113

The SBS reflectivity and the temporal profiles of the Bi(r1,z)=a0(z)A(r, ,2).

Stokes pulses for the SBS process were examined experi-
mentally and numerically, using a SBS cell filled with Freon 80T
113. The experimental and numerical parameters include
(Fig. D: cell lengthL=200 mm, focal lengtH =120 mm,
distance between the lens and the entrance window
d=45 mm, input radius of curvatuig;=2403 mm, input
beam radiusw,;=1.45 mm, phonon lifetime 0.84 ns, gain of
the medium 0.0062 cm/MW, index of refraction=1.36,

and entrance window thickness 2 mBK7).

The SBS reflectivity was measured as a function of en- -
ergy from below to high above the threshold energy. In the 20K
SBS experiment, the reflectivity of SBS at a given energy [
showed variation from shot to shot due to noise initiation of
the SBS process. In our model, we ran the computer code ten
times with different initial noise distribution and take the
mean value of reflectivity for each energy. Figure 3 shows
the experimental and numerical reflectivity results for the FIG. 3. The reflectivity of the SBS process in Freon 113 as a
SBS process using Freon 113. The numerical results wer@nction of energy. There is a good agreement between the numeri-
fitted to the experimental results by selecting the value of theal (solid line) results and the experimentétiangles.
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FIG. 6. The reflectivity of the SBS process ingSds a function

of energy. There is good agreement between the numesoid
line) results and the experimentdtiangles.

and the remaining 20% of the output energy is carried as
15.6% in mode 1, 2.6% in mode 2, and 1.8% in higher-order
modes. These results could be used as an indication of theo-
, , , , retical fidelity of the phase conjugation process of about 80%
40 60 80 100 120 140 in this case(roughly speaking the fraction of Stokes energy

Time (ns) that is carried by the zero mode of Stokes pul3ée distri-

FIG. 4. Temporal profiles of the input and outf8tokes pulses
in the SBS experiment in Freon 113. The dotted lines are numeric
results(20 pulseg and the solid lines are the experimental results.

This input pulse, however, initiates all the other transverse

modes in the Stokes return and they all contribute to the = 0.8¢f
= :

output energy. The energy carried by each transverse mode

of the Stokes field decreases for higher-order modes. For
example, examining one of the numerical output Stokes
pulses for the case of 11-mJ input pulse, Fig. 4, reveals that
how higher-order transverse modes contribue to the total out-
put Stokes pulse, Fig. 5. Calculating the energy contained in
each transverse mode in Fig. 5, we find that about 80% of

the total output energy is carried by the zero transverse mode
0.8 [ _ __ Mode 0 ' '
[ e Mode 1
E 0.6 Mode 2 x 10 |
. Total
£
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FIG. 5. Temporal profiles of the different transverse modes of
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bution of output energy among the different transverse
g‘podes of the Stokes pulse was found to be a function of the
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FIG. 7. Temporal profiles of the input and outf§Stokes pulses
the Stokes pulse. Higher modes of the Stokes pulse contribute iim the SBS experiment in FThe dotted lines are numerical results
carrying the output energy. (20 pulseg and the solid lines are the experimental results.
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input energy. For higher input energies, the fraction of en+eflectivity for each energy. The free parametethat gives
ergy in the zero-order mode increases, indicating better fidekhe best fit with the experimental data for SE o=1.194
ity. X108 MW s%/cnr. A trend, similar to that of the Freon
results(Fig. 3) can be seen in Fig. 6: the initial noise strength
o should be bigger for high input energies. As for Freon, the
Using a SBS cell filled with SE we have examined ex- temporal profiles of the output Stokes pulses at_three differ-
perimentally and numerically the reflectivity and the Stokesent energies were measured and compared with the corre-
temporal profile in the SBS process. We used pure SF6 at gPonding numerical results. Again, the numerical results in
pressure of 20.5 bar with the following geometrical and ma-€ach case included 20 pulses, which were obtained by run-
terial parametergFig. 1): cell length L=139 mm, focal hing the computer code for 20 different initial noise distribu-
length =120 mm, distance between the lens and the entions. The results in Fig. 7 show a good agreement between
trance windowd=45 mm, input radius of curvatur®,  the experimental and numerical results.
=2403 mm, input beam radius;=1.6 mm, phonon life-
time 17.3 ns, gain of the medium 0.014 cm/MW, index of

refraction,n=1.023, and entrance window thickness 2 mm . )
(BK7) A numerical model of SBS that includes both transverse

The SBS reflectivity was measured as a function of inpu@nd transient effects was used in an accurate comparison
energy as shown in Fig. 6. The calculated value of the rewith SBS experiment. An excellent agreement was obtained
flectivity was obtained from the average of ten simulationfor SBS reflectivity and for temporal profiles of the Stokes
using different initiation noise. The comparison between theputput as functions of input energies. With this initial confir-
numerical and experimental results is shown in Fig. 6. Thanation of the model, it can now, with confidence, be used for
solid line in Fig. 6 shows the mean value of reflectivity ob- laser-system simulations, or be further developed. For in-
tained from numerical calculations. The error bars in the figstance, the model can be developed to include astigmatic or

B. SF;

IV. DISCUSSION

ure, calculated using the numerical code, show the range ahort coherence length input laser beams.
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