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ABSTRACT 

SBS characteristics of the KD'P crystals were determined by the method of SBS generation 
excitation in the transverse resonator. Fused silica was utilized as the test medium. 
Experimental oscillograms of Stokes pulses were processed by the method of pulse form 
approximation using the four-parametric function of time. The obtained SBS characteristics 
for these materials are in a good agreement with the published literary data and the avaaable 
theoretical presentation data. 
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1. INTRODUCTION 

One of the factors which should be taken into account in creating high-power broad-aperture 
neodymium laser facilities is the possibility of generating the backward and transverse stimulated 
Brillouin scattering(SBS) in optical elements of the facility. To elements, in which SBS generation js 
most probable, we should refer laser neodymium rods and disks, optical elements, made of fused 
silica and crystals of frequency converters (KDP and KD'P). When a high-power laser radiation 
passes through these elements, it can excite in them both backward (laser rods) and transverse SBS 
(laser disks, optical parts of fused silica, and frequency converters). Both types of scattering lead to 
energy losses in the facility and limit the possible aperture and the length of optical elements. This 
fact was first noticed by the authors of works l a 2  who gave a start to systematic investigations in this 
direction 3. 

The main parameters, which characterize the SBS process, are the steady-state small signal gain 
(g), the acoustic phonon lifetime(Tph), and the Stokes ftequency shift (Av). The knowledge of these 
values and availability of calculational models for the transverse SBS excitation allow to predict the 
probability of SBS generation and to take it into account in developing laser facilities. It should-be 
noted, that direct measurements of the transverse SBS characteristics up to the present moment have 
not been made. As a rule, they are determined ftom the measured results for the backward SBS using 
the known relations. For isotropic media this is probably true, but in case of nonisotropic media this 
can lead to appreciable errors, therefore, they require direct measurements. 

Analysis of possible methods for making such measurements shows that the simplest and most 
convenient are the methods based on SBS generation excitation in the resonator. The Stokes pulse 
form recording and subsequent numerical modeling of experimental conditions allow to determine the 
needed characteristics of the transverse SBS. The definite advantage of these methods is the fact that 
upon SBS generation in the resonator one can not only determine the parameters of materials under 
study, but also experimentally verify the calculational models of transverse stimulated scattering 
excitation which take into account Stokes radiation reflection at the edges of optical elements . 

- description of methods for measuring the transverse SBS parameters based on SBS generation 
excitation in the resonator; 
- description of the experimental setup based on the neodymium laser with a frequency converter; 
- a listing of the recording equipment and its characteristics; 
- experimentally measured SBS characteristics of the KD'P crystal and fused silica selected as a test 
medium. 

As a result of the investigations described in this report, there have been developed and 
experimentally verified the methods for measuring the transverse SBS characteristics. There have beeh 
measured the gain coefficient, the acoustic phonon Wetime, and Stokes radiation frequency shiR in 
the KD'P crystal. The obtained values g=4.4&0.4 cm/GW, T&?&0.5 ns, and Av=O.7420.03 cm-1 are 
in a good agreement with the available theoretical presentations and literary data. 

The present work has been fulfilled in accord with Contract NG B239661 concluded between 
RFNC-VNIIEF and Lawrence Livermore National Laboratory. 

The report contains: 



2.METHODS FOR DETERMINING SBS CHARACTERISTICS UPON STOKES RADIATION 
GENERATION IN THE RESONATOR 

Excitation of the transverse SBS in nonlinear crystals upon spontaneous noise amplification during 
one pass through the active medium is complicated by the complexity of achieving the needed gain 
growth rate Igk30. Because of a rather low crystalline optical damage resistance (Ir&x108 W/cm2) 4 
the needed growth rate is achieved by selecting the proper interaction length. For typical values of 
g=3cm\GW this length must be of the order of h 30g1, w 25cm, thus performing experiments 
becomes a very complex technical task An effective increase in the interaction length with the pump 
intensity remaining at the level below the crystalline damage threshold can be obtained using the 
method of SBS generation excitation in the resonator. An equivalent increase in the interaction length 
in this case can be evaluated as LepkxP / L  ( I  is the length of the active medium, L is the resonator 
length, c is the light speed, and zP is the pump pulse length) which allows to excite SBS without 
damage of the crystal. 

perpendicular to the direction of pump wave.propagation. Then, in case when the pump depletion in 
the process of transverse SBS evolution can be neglected and the pump distribution along the axis of 
resonator is uniform, the following equations can be obtained averaged over the length of the 
resonator and describing the Stokes and sound waves interactions 596 

Let us consider the evolution of Stokes signal parametric generation in the resonator oriented . 

where AS and Ayare the complex amplitudes of Stokes and sound waves respectively; ZR and zph 
are the lifetimes of photons and phonons; y is the complex coupling coefficient of two waves which 
is expressed via the steady-state SBS gain coefficient g and pump wave amplitude AL in the following 
form: 

x 
y =  -- (:A) -AL 

where BL]2=IL is the pump wave intensity; n is the rehctive index of SBS medium; I is the length 
of active region; L is the resonator length. 
When the pump intensity is an arbitrary fbnction of time the solution of system (1.1) will be in the 
form: 

By substituting (1.3) into (1.1) we obtain the following solution for a(0: 
I 

The dependence (1.4) has a number of peculiarities, namely: 
Firstly, during the pump pulse the SBS generation threshold is passed two times. For the first time it 
occurs at the beginning of the pulse. At this moment a(g becomes above zero and the Stokes signal 
begins to rise from the noise amplitude. Taking this moment for the origin of reading we obtain the 
following expression for the Stokes radiation intensity in the resonator : 



For the second time the threshold will be passed in the end of the pump pulse and a(0 will become 
below zero and the Stokes radiation intensity will decrease. The maximum of Stokes p&e 
corresponds to the second pass of the SBS generation threshold. Secondly, at IL(Q*O it is evident 
fiom (1.4) that asymptotically the Stokes wave relaxation will follow the law : 

(1.6) 

Thus, by measuring the curve of Stokes pulse damping out, we can determine fiom (1.6) the photons 
lifetime, and from the SBS signal maximum position relative to the pump pulse we can determine the 
threshold intensity which fiom the condition a#=O is expressed via the gain coefficient g and 
the photons lifetime ZR as follows : 

To determine the values of interest to us g, and 'zR more precisely, it is neceSSaIy to take into 
account the entire form of Stokes pulse. To do this, a program has been developed for m o d e m  the 
measured Stokes pulse form with the help of the preset function of time with four paramet& Let 
IdQ be the measured value of Stokes pulse intensity. The preset four-parametric h c t i o n  has the 
form : 

where a: (0 = a (ZR, Zph, g, IL(0). 
By optimizing the functional of four parameters (g, zph, ZR, Id 

A = I p s  (t) - Is0 (opt 
we can obtain the values g, ~ p h  , and ZR 
As a test, the Stokes pulse form has been calculated for the Gaussian pump pulse with a 111 width 

at half maximum 9=30ns for the following medium parameters: ~ 1 . 5  cm/GW, 9h=3 ns, z ~ l S n s ,  
k1.3 cm, L=1.5 cm, and ~ 1 . 5 .  The pump intensity at the maximum is (Idmax = 0.156 GW/cm2. 
The forms of the pump and Stokes pulses are shown in Fig.1. To do the reconstruction, the Stokes 
pulse and pump pulse were set at discrete time points. Thus, for the Stokes pulse the discretization 
step was At=l ns and for the pump pulse it was At=2 ns. The range of Stokes pulse variations was 
(O.Ol-l)lmm The 'reconstructed values are ~ 1 . 4 9 8  cm/GW, ~~h'2.999 ns, and ~ ~ 1 . 5 0 2  ns. The 
test runs of the program have shown that for correct detenniqation of the medium parameters it is 
necessary to fulfill the following conditions of experiment: 3.) 

1. Exceeding of the threshold must not be too high so that SBS saturation will not be reached 
during the pump pulse, i.e., the Stokes intensity must satisfjr the condition ( I , m a < O . l ( I d m a  
2.The Stokes pulse amplitude must vary in the dynamical range of 102. 
To verify the accuracy and sensitivity of this technique to the measurement errors two tests have 

been conducted. In the first test, random perturbations were introduced into the calculated signal. 
Each reading in the Stokes pulse amplitude was randomly deviated with respect to the true value in 
the positive or negative direction. The maximum perturbation value was 5%. In Fig.2 we give the 
resulting Stokes signal form (Curve 2) which subsequently was introduced into $he recovery 
program. The reconstructed values are ~ 1 . 5 3 5  cm/GW, ~ ~ h z 2 . 9 7  ns, and ~ ~ 1 . 4 6 4  ns. That is, 
accuracy of reconstruction is within the error of 3%. In the second test, the calculated signal was 
broadened by the model spread function having the form of a rectangle with the width of 0.6 ns. The 
resulting signal is shown in Fig.:! (Curve 3). The reconstructed parameters are ~ 1 . 4 6 8  cm/GW, 
zph"2.985 ns and q=1.602 ns. Thus, the accuracy of reconstruction for the values of interest to us 
is Ag/g=2% and Azp/l/?,,~,=0.5%. 



This procedure was used by us to process the measured SBS characteristics of fised silica, a 
material, nonlinear properties of which are known with a hgh degree of reliability3s7. 

. 3.EXPERIMENT 
3.1.Experimental setup 

The optical schematic of the laser neodymium setup used to excite the transverse SBS and to 
measure the SBS characteristics is shown in Fig.3. Its main elements are the master oscillator, two 
amplifier stages, telescope, and frequency converter. Pulse shaping was realized in the master 
oscillator operating in the Q-switched mode. Longitudinal and transverse modes were selected by the 
diaphragm (0=2mm) and two Fabry-Perot interferometers, one of which served as an output mirror 
of the resonator. After preliminary amplification in a two-pass amplifier 1 a beam from the master 
oscillator was expanded by the matching telescope and amplified in amplifier 2 up to E, = 1.5J. The 
energy of the setup at the wavelength h=1.06 pm was measured by calorimeter 1. A beam of radiation 
on the fundamental harmonic was directed to the frequency converter (KD'P cIysta1) and converted 
to the second harmonic (h=0.53pm). The second harmonic radiation ( h = O S J )  was separated out by 
a dispersion prism and was focused onto the surface of the sample under study by a cylindrical lens 
(F=17Ocm). The energy incident on the sample was measured by calorimeter 2. The pump pulse and 
the delayed Stokes pulse were recorded by one and the same measuring system consisting of the 
photoelement FK-20 and high-speed recorder SRG. When the system was cahirated in time, during 
some shots the sample under study was replaced by a linearly reflecting element which allowed to fit 
reliably in time the pump pulse and the Stokes pulse. 

The types and characteristics of measuring instruments are given in Table 1. 

Instrument 
Calorimeter 

Photoelement 

Oscillograph 

Type 
IMO-3 

FK-20 

SRG-6 

I Fabrv-Perot etalon I IT-28-30 
I 

Characteristic 
.the measured energy range 
.relative error 

oreseiving aperture 
.spectral range 
.sensitivity(h=lO6Onm) 
.rise time (from 0.1 to 0.9) 
of maximum current in a 
Pulse 
.dark current 
.Linearity of dynamical 
characteristics 

erecording rate 
spread function width 

.screen working field 
abeam width 
.sensitivity 
.dispersion region 

Value 
0.003.. . 1 J 
(.5+0.05/E)% 
E-energy in J 
1.4cm 
380 ... 1100 nm 
4 . 4 ~ 1 0 ~  A/W 

8 ~ 1 0 - l ~  s 

6x 1 0-6 A 

4 A  

lO'%Tlm/S 
3 ~ 1 0 - l ~  s 
35x70 mm 
0.35 mm 
0.25 mm/V 
1.67 cm-1 

Table 1. 

The obtained experimental oscillograms were processed using the above procedure, the main content 
of which is to minimize deviation of the four-parametric hnction of time from the measured pulse 
form The spectral frequency shift of the generated Stokes radiation with respect to the pump 
frequency was measured by the Fabry-Perot etalon with a dispersion region of 1.67cm-*. Schematic 
for measuring the SBS component frequency shift is shown in Fig.4. 



3.2. Methods calibration and absolute measurements of fused silica SBS characteristics. 

. &,,,(pm) h(cm/GW) g(cm/GW) TDho(m) 7Dh(fls) AvO(cm-l) Av(cm-') literature 
0.5355 4.3 6.1 1.07 0.76 7 (exp.1 

5.8 8.2 1.5 3 7(calc.) 
0.53 2.7 ... 2.9 3.8 ... 4.1 1 .o 2 1.09 0.77 3(exp.) 

The chosen methods were caliirated in experiments with fhed silica whose SBS characteristics are 
known. The fhed silica is an isotropic material, thus the values of the gain coefficient, acoustic 
phonon lifetimes, and Stokes radiation frequency shift can be obtained from published data for the 
backward SBS 3y7 using the known relations: 

where go, Zpho, and Avo are values of constants at scattering under the angle 0=180° 
g=g0/(sin0/2), ~~h=~~h~/(sin0/2)2, Av=Avo(sin0/2) , (2.1) 

Table 2. 

. -  _. 
According to the data in Table 2., the expected values of g, zph, and Av for the transverse SBS in 

silica are 3.8 ... 8 cm/GW, 2...3nsY and 0.77 cm-l, respectively. 
Measurement of SBS constants in silica was made in a sample, the side surfaces of which were 

plane-parallel and served as a resonator for Stokes radiation. To this end, they were covered with 
dielectric coatings having the reflection coefficients R1=0.99 and R2=0.95, the length of the 
resonator was L=2 cm. Its optical axis was oriented perpendicularly to the pump wave vector. 'Such 
experimental schematic allows to minimize losses in the resonator, to lower the SBS threshold and 
simplitjr interpretation of the obtained results. A horizontal strip of the pump light (7mmx0.4mm) was 
focused onto the entry &ace of the sample. Polarization of the pump radiation and Stokes pulse was 
vertical. Typical oscillograms of the pump power and Stokes radiation generated in silica for various 
values of the pump energy are given in Fig.6. Here are also shown the delayed and nondelayed pump 
pulses according to which the measuring scheme was calibratedjn time. Fig.8. shows results obtained 
from processing of a typical Stokes oscillogram by minimizing the deviation of the calculated Stokes 
pulse form from the experimentally measured. Assessment of a series of oscillograms gives the values 
of silica SBS-constants g=3.4 H.3 cm/GW and 7' h=2.2H.2 ns, which quite well agree with the data 

case of scattering under angle of 90° the values g=3.8 ... 4.1 cm/GW and 7&=2 ns are obtained. 
Measurements of the SBS Stokes component shift by the Fabry-Perot interferometer give the value 
A~0.8H.03  cm-l and, respectively, the speed Vy6.1H.2 km/s which permits reliable 
identification of radiation, generated inside the resonator as transverse SBS. The performed 
measurements have shown good possibilities of the selected procedure and allowed to go to 
measurements of the SBS characteristics of nonlinear crystals. 

on backward scattering in silica, obtained in work 3 . Using the data from work3 in calculations for the 

sound 

3.3. SBS characteristics measurement in the KD'P crystals. 

The KD'P SBS-characteristics were determined under conditions of generation excitation in the 
external resonator with the length L=2.8cm formed by dielectric mirrors with the reflection 
coefficients R1=0.99 and R2~0.95. Measurements were made in the geometry (Fig.5) when the wave 
vectors of the pump, Stokes radiation, and the opticai axis of the crystal were in one plane, and the 
pump radiation polarization was perpendicular to this plane. The Stokes radiation in this case is 
generated with the same polarization as the pump radiation. The pump wave vector formed with the 
crystal optical axis an angle of 3 8 O .  The length of the active part of the sample exposed to the pump 
radiation was 1 ~ 3 . 3  cm. 

The KD'P SBS-characteristics were measured in two ways. Firstly, by minimizing the four- 
parametric iimctiori of time deviation from the measured Stokes pulse form. The results obtained from 



processing were averaged over several oscillograms (Fg.7). A typical example of separate oscillogram 
processing is shown in Fig.9. Secondly, the gain coefficient in the KD’P was measured with respect to 
the gain coefficient in h e d  silica. The silica sample was placed in the same resonator as the KD’P 
crystal. For it from the experimental oscillograms of‘pump and Stokes radiation there were 
determined the threshold power of transverse SBS generation and the lifetime of acoustic phonons 
and photons in the resonator. Then similar measurements in this resonator were made for the KD’P 
crystal. From the ratio of the threshold pump powers in silica and in the W P  crystal there was 
found the ratio of the SBS gain coefficients for these materials. Due to the fact that experiments with 
silica and KD’P were performed under identical conditions and using the above measured absolute 
gain coefficient in silica it was possible to determine the gain coefficient for KD’P. The advantage of 
this measuring method is that it is possible to exclude errors connected with an inaccuracy in 
determining the reflection coefficients of the resonator mirrors and the pump intensity distribution on 
the sample. The KD’P threshold pump intensity ( = 32.5 h4W/cm2) was a little lower than for silica 
(.: 42.5 Mw/cm2). Digital processing of oscillograms obtained for KD’P and relative measurements 
give similar values of the gain coefficient equal to g=4.4M.4 cm/GW. The .lifetime of acoustic 
phonons obtained by minimizing the deviation of the calculated Stokes pulse profile from -the 
experimentally measured give the value Zph=3M.5 ns. The SBS Stokes component shift in the crystal 
is Av=0.74M.O3~m-~, which corresponds to the speed of sound Vs4.7H.2 h / s .  

Fig.10 gives the dependences of the steady-state transverse SBS gain coefficients for two 
counterpropagating waves on the angle between the pump vector direction and the crystal axis, which 
were dculated using the model, described in works. Polarization of the pump and Stokes waves were 
the same =.in the experiment, kp, k,, and the c~ystal axis lay in one plane, kP&. The elastic and 
elastooptic characteristics of KD’P were taken from w0rks9910~11. The phonon lifetime was taken 
equal to Tph=3ns. For the angle +38O the estimated average value of gain for a round trip in the 
resonator is g= 4.5 cm/GW, which is in a good agreement with the experimentally obtained value. 

4.CONCLUSION 

Methods for meaSuring the transverse SBS characteristics. (g, ~ ~ p h ,  and Av) by exciting of Stokes 
radiation generation in the resonator have been developed and experimentally tested. The SBS 
characteristics were determined through numerical minimization of the four-parametric function of 
time deviation ‘from the experimentally measured pulse form of SBS generation. These methods have 
been tested on samples of Wed silica and the values of g, TPJ,, and Av have been measured for the 
transverse SBS in the KD’P crystal. The obtained SBS characteristics for these materials are in a good 
agreement with the available published data. Of course, the measurements performed do not cover all 
the wide range of questions ofexciting the transverse SBS in optical converters crystals. Peculiarities 
of exciting scattering at random crystal orientation and exciting several optical waves of various 
polarization in it require additional investigations. This work was performed under the support of the 
Lawrence Livermore National Laboratory (Contract N? B239661). 
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Fig. 1. Calculated pump and SBS signals. The steady-state gain coefficient 
g=lScm/GW, phonon lifetime Tph=3- and photon lifetime z~=lSns .  
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Fig.2.Calculated SBS signal for testing of the code to determine the parameters 
g, Tph and TR. (1) -is the initial form of SBS signal, (2) -is a random disturbed 
signal with 5% amplitude of disturbance, (3) - is the convolution of initial signal 
and apparatus transfer finction with the width ~,,=0.6 ns. 
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Fig.3.Experimental schematic used for measuring the transverse 
SBS characteristics. 
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Fig.4. Schematic for measuring the SBS component frequency shift. . 
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SAMPLE- the sample under study; F-P-Fabry-Perot etalon; 
CAMERA-photographic camera; L1 ,L2-focusing lenses (F1=14cm,F2=24cm). 
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Fig5 Crystal orientation when the transverse SBS characteristics were 
determined. 

2-crystal optical axis; KL,&-pump and Stokes radiation wave vectors; 
EL,Es-directions of their polarization. 
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E pump=95 mJ 

pump pulse Stokes pulse . 
E pump=145 mJ I 

pump pulse delayed pump pulse 

Fig.6. Fused silica. Experimental oscillograms of the pump and Stokes 
radiation, generated in resonator. 
Period of calibration marks is 10 ns. 



pump pulse Stokes pulse 
E pump= 250 mJ 

pump pulse delayed pump pulse 

Fig.7. KD'P. Experimental oscillograms of the pump and Stokes radiation, 
generated in the resonator. 
Period of calibration marks is 10 ns. . 
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Fig.8. Experimental oscillograms and restored Stokes pulse profile for fised silica. 
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Fig.9. Experimental oscillograms and restored Stokes pulse profile for the KD'P 
crystal. 



Fig.10. Calculational dependence of the SBS gain coefficient on the angle between the 
pump wave vector and the crystal optical axis. 


