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It is shown that reversal of the wave front of focused single-mode beams in nonstationary stimu- 
lated Mandel'shtam-Brillouin scattering (SMBS) in SF, Ip = 16 atm) in a wide range of laser- 
emission energy (from 0.3 to 3 J) takes place with a high reflection coefficient (R , ~0.9-0 .95)  and 
with high accuracy (X ~ 0 . 9 5 ) .  It was observed that the nonstationary character of the SMBS leads 
to a change, in the course of time, of the spatial distribution of the hypersound and laser-radiation 
intensities in the interior of a nonlinear medium. At sufficiently high laser radiation energy the 
characteristic region of its attenuation by scattering from hypersound into a secondary Stokes 
wave is localized near the entry to the nonlinear medium. As a result, the power of the radiation 
passing through the focal constriction decreases sharply with time and helps prevent optical 
breakdown. By coupling the investigated SMBS mirror with a two-pass neodymium amplifier it is 
possible to achieve with a relatively weak input signal (Wz0.03 J/cm2) a single-frequency single- 
mode beam with a pulse duration 33 nsec and an energy output close to the limiting value 0.12 J/ 
cm3. The maximum radiation output energy of the two-pass amplifier is 20 J. 

PACS numbers: 42.65.Cq, 42.60.He, 5 1.70. + f 

1. INTRODUCTION 

The reason for the considerable attention paid lately to 
stimulated Mandel'shtam-Brillouin scattering (SMBS) is 
that this nonlinear effect is being more extensively used in 
laser optics for light wave-front reversal (WFR) and to in- 
crease the output emission brightness of two-pass optical 
amplifiers.'g2 If the amplifiers and the other elements are 
optically inhomogeneous, the use of an SMBS mirror per- 
mits compensation of the wave-front distortion in the return 
pass. However, WFR in SMBS of spatially inhomogeneous 
(multimode) beams is accompanied by excitation of a colla- 
teral (uninverted) components whose presence prevents 
maximum brightness from being reached and can cause such 
undesirable effects as breakdown of the optical elements and 
others. To attain maximum radiation brightness it is there- 
fore more convenient to use optically homogeneous ampli- 
fiers and pass single-mode beams through them.*s3 In this 
case the SMBS mirror not only affects the FWR, but serves 
also, by virtue of the threshold dependence of the reflection 
coefficient on the radiation power, as a nonlinear filter that 
prevents self-excitation of the amplifiers. 

What is most difficult when working with single-mode 
light beams is to obtain high accuracy x of the WFR and a 
close-to-unity reflection coefficient R, at high excess above 
the SMBS threshold. The point is that SMBS in liquids is 
accompanied at high excess above threshold by collateral 
nonlinear effects that prevents the valuesx = 1 and R , = 1 
to be reached. These collateral effects do not occur as a rule 
in compressed gases, but the SMBS process is usually non- 
stationary, since the duration of the giant pulses used in the 
experiment is comparable with or less than the hypersound 
relaxation time. It is therefore important to investigate the 
nonstationary effects at large excesses above the SMBS 
threshold, i.e., in the saturation regime, when R, = 1. The 
need for this investigation is evident also from the fact that 

compressed gases are already being used as the nonlinear 
media of SMBS mirrors for two-pass laser systems.2 

We report here such an investigation and show that 
large ( - 90-95%) reflection coefficients and high ( - 95%) 
accuracy of WFR in single-mode focused light beam is 
achieved for nonstationary SMBS in a wide range of beam 
energy (from 0.3 to 3 J). We have observed that the nonsta- 
tionary character of the SMBS leads to time variation of the 
spatial distribution of the intensities of the hypersound and 
of the laser radiation in the interior of the nonlinear medium. 
The hypersound is initially excited near the focus of the lens, 
after which the region of its excitation moves counter to the 
incident beam. At sufficiently high laser-pulse energy the 
characteristic region of its attenuation due to scattering by 
hypersound into an opposing Stokes wave is localized near 
the entry into the nonlinear medium. As a result, the power 
of the radiation passing through the focal constriction de- 
creases rapidly with time, thus contributing to elimination of 
optical breakdown and of other side effects. The combina- 
tion of the investigated SMBS mirror with a two-pass neody- 
mium amplifier has made it possible to obtain in a single- 
mode single-frequency beam (with pulse duration 33 nsec) a 
high spectral radiation brightness and a near-maximum ex- 
traction of the energy stored in the amplifiers. 

2. ENERGY AND SPATIAL CHARACTERISTICS OF SMBS 

The SMBS was excited in a cell 1 m long with com- 
pressed @ = 16 atm) SF, gas, into which focused (focal 
length F = 1.05 m) a single-mode neodymium-laser beam 
(pump) of wavelength 2 = 1.054pm, pulse duration T = 33 
nsec, and diameter and divergence (at l/e level) do = 1 mm 
and 6, = 6.8 X lo-' rad, respectively. Since the hypersound 
relaxation time T, is close to the pump-pulse duration, the 
SMBS process is nonstationary. Figure 1 shows the mea- 
sured energy reflection coefficient R , = W,/ Wo as a func- 
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tion of the excess above the threshold W,,, = 0.015 J (curve 
1). It can be seen that R , increases rapidly as the pulse ener- 
gy changes from W,,, to 20 W,,, , and stabilizes at a -0.9- 
0.95 level up to a hundredfold increase above threshold. 
With decreasing focal length of the lens (to F = 0.6 m) the 
dependence of the reflection coefficient on the excess above 
threshold is smoother, but at sufficiently high pump-pulse 
energy the reflection coefficient approaches the same level as 
for the long-focus lens, namely R , = 0.9-0.95 (Fig. 1, curve 
2). The energy balance was maintained in the entire range of 
excess above threshold, i.e., the sum of the energies of the 
transmitted and scattered pulses was equal to the pump- 
pulse energy; this is indirect evidence of the absence of colla- 
teral nonlinear effects.' 

A qualitative comparison of typical transverse struc- 
tures of the pump and scattered-light beams shows them to 
be clearly in accord in both the near (Fig. 2a) and the far (Fig. 
2b) zones. This indicates a high accuracy of the WFR in 
SMBS in compressed gases (see also Ref. 2) A quantitative 
measure of the accuracy of the WFR is the relative fractionx 
of the power of that reflected-wave component in which the 
amplitude and phase distributions coincide with the corre- 
sponding distributions in the pump wave. The value ofx is6,' 

where $, and 8, are the complex amplitudes of the incident 
and reflected waves, respectively. 

The parameterx is most useful for the description of the 
WFR of multimode light beams, but its calculation is also of 
interest for a quantitative estimate of the WFR accuracy for 
beams close to single-mode beams. To determine x we must 
find the complex amplitudes $, and $ ,. The transverse dis- 
tributions of the intensities of the light beams are obtained 
from photometry data. To determine the phase profile we 
use the fact that under experimental conditions the intensity 
distributions of the incident and reflected beams in the near 
and far zones are symmetrical and close to Gaussian, and the 

FIG. 1 .  Dependence of the reflection coefficient R, (curves 1,2,3) and of 
the parameter a (4) on the excess W,,/ W,,, above the SMBS threshold. 1- 
R, of SF, SMBS mirror with lens focal length F = 105 cm, 2-F = 60 
cm, 3-R, of acetone SMBS mirror. 

FIG. 2. Distribution of the intensities of the incident ( 1 )  and reflected (2) 
waves in the near (a) and far (b) zones. 

corresponding divergences 8, = 6.8 X rad and 
8, = 7.1 X rad differ little from the differential limit 8, 
= 4/k,&, = 4.8X 10W5 rad, which is the same for both 

beams, since their radii in the near zone are practically the 
same. In this case it can be approximately assumed that the 
wave fronts of the incident and reflected light beams are 
spherical, i.e., in the paraxial approximation their phase is a 
quadratic function of the transverse coordinates. (If the 
higher-order aberrations of the wave front were substantial, 
the divergence of the light beams would exceed noticeably 
the diffraction limit and would increase drastically with 
broadening of their radius, e.g., as a result of saturation of 
the amplifiers, but this contradicts our experiment.) Ap- 
proximating with sufficiently high accuracy the transverse 
distributions in the near and far zones by Gaussian curves, 
we can estimate the effective curvature radii of the wave 
fronts of the incident and reflected beams in the near zone, 
using the equation 

Substitution of the measured values of do, 8,, and 8, in (2) 
yields R,(O) = 540 m and R,(O) = 580 m. 

The phase factor under the integral sign in the numera- 
tor of (1) is equal to 

exp [ik? (Ro-' ( 2 )  -R1-' (2) 1, (3)  

where R,, (z) are taken in the plane of the measurement of 
the intensities I, and I,. (The values of R,, (z) are expressed 
in terms ofR,, (0) in accord with the standard equations for a 
Gaussian beam.) 

A direct numerical calculation of the integrals in (1) 
with allowance for (3) in real distributions of the amplitudes 
I A/2 and I i/2 has yielded the value ofx. According to mea- 
surements in the far zone, for angles smaller than 4 8, this 
value, averaged over different realizations, turned out to be 
0.97-0.01. (The limit 48, on the photometry angle is due to 
the difficulty of recording on a single film the intensity distri- 
butions in a wide dynamic range; in the case of our experi- 
ment, registration within the angle range 48, was effected 
with a mirror wedge in a dynamic range - 200.) Direct mea- 
surements of the energy fraction concentrated in the wings 
of the angle spectrum have shown, in addition, that outside 
the angle range 48, the relative energy of the incident radi- 

689 Sov. Phys. JETP 58 (4), October 1983 Andreev eta/ 689 



ation is practically zero, while that of the incident radiation 
is about 2% (in the entire interval R, = 0.9-0.95). There- 
fore, according to measurements in the far zone, the accura- 
cy of the WFR in SMBS of single-mode light beam in SF, gas 
is xtZ, = 0.95 + 0.01. The value o f x  calculated from mea- 
surements in the near zone was found to be 
xn,=, = 0.93 + 0.01. The mean value is thus2' 
x = 0.94 0.02. 

It must be noted that the quantity x depends very little 
on small variations of the transverse profile of the light 
beam. Therefore, the inevitable photometry errors inherent 
in measurements by the focal-spot method and amounting to - 5-10% have practically no effect on the value ofx. 

In the investigations of the energy and spatial charac- 
teristics of the radiation passing through the cell with the 
SF,, we recorded both the total radiation energy Woo,, as 
well (after correcting for the spherical curvature of the wave 
front) the energy W',,,, outside a cone with apex angle 10 
0,. The ratio a = W', ,,,/ W, .., of these energies as a func- 
tion of W,,/ W,,, is shown in Fig. 1 (curve 4). After the thresh- 
,old was exceeded, the value of a increased mononically, 
reaching approximately 10% at Wo/ W, = 20, and next, just 
as the reflection coefficient, remained practically un- 
changed. The indicated behavior of the of a signifies in es- 
sence neither advanced breakdown nor even a pre-break- 
down state is produced in SF,. (Otherwise a strong negative 
defocusing lens would have to be produced in the focal re- 
gion by the gas ionization, and this would increase the diver- 
gence of the radiation passing through the cell and hence 
lead to a substantial increase of a with increasing pump- 
wave power.) 

The monotonic increase of the parameter a and its sta- 
bilization at a constant level (after the reflection coefficient 
reaches values R, -0.9) can be qualitatively explained by 
recognizing that a Stokes beam is subject to small-scale per- 
turbations of the transverse profile. These weak perturba- 
tions interfere with the single-mode pump beam and excite 
an additional hypersound wave. Scattering of the strong 
wave from the hypersound wave leads to WFR of the indi- 
cated perturbations, i.e., to modulation of the pump wave. l 2  

The depth of this modulation, characterized by the param- 
eter a ,  increases with increasing energy of the Stokes pulse. 
AS R, approaches unity, however, the value of a becomes 
stabilized, apparently because of the exhaustion of the pump 
wave and the decreases of the characteristic size of its inter- 
action with the perturbations in the Stokes wave. 

3. TEMPORAL EVOLUTION OF THE HYPERSONIC WAVE 

To describe more accurately the weakening of the pump 
pulse as it enters the nonlinear medium we investigated the 
dynamics of the reflection of this pulse from the hyperpulse 
near the entrance into the cell. This was done by performing 
the following experiment. An additional cell C,,  of length, 
L = 0.3 m, likewise filled with SF, at a pressurep = 16 atm, 
was placed ahead of the cell C, into which the pump beam 
was focused (Fig. 3). We measured the dependence of the 
power reflection coefficient on the time in the nonlinear- 
medium layer contained in cell C, .  This was done by record- 

FIG. 3. Experimental setup for the investigation of time evolution of hy- 
persound wave: 1-IMO-2,240axial photocell 15-km, 3-lens (F = 105 
cm, C,-cell with SF, (L = 30 cm), C,--cell with SF, of length 100 cm. 

ing the oscillograms of the powers P,(O,t ) and P,(L,t ) respec- 
tively of the pump pulses incident on and reflected from this 
cell. On the basis of these measurements we calculated the 
value 

R (t) = [Po (0, t) -Po (L, t)] /Po (0, t) . (4) 

Figure 4 shows the time dependences ofR (t ), with curves 1-3 
obtained at W,(O)/ W,,, = 60 (I),  80 (2), 90 (3). The dashed 
lines a and b show P,(L, t ) and P,(O,t ) (for W,(O)/ W,,, = 90). 
With increasing pump-pulse energy, the maximum value of 
R (t ) increases, and with it the power reflection coefficient 

while the energy Wo(L ) at the exit from the cell C ,  decreases: 

It can be seen from the foregoing relations that the higher the 
pump-pulse energy the earlier the start of the formation of 
the hypersound wave in cell C ,  and the larger the growth 
rate (slope) of R (t ). In view of the nonstationary character of 
the SMBS, the fall-off rate of R (t ) is substantially less than 
the slope of the trailing end of the pump pulse P,(O,t ) when 
the growth rate of R (t ) approximately equals the slope of the 
leading front of the pulse P,(O,t ). In other words, notwith- 
standing the greatly weakened pump power at the end of the 

t, nsec 1 
FIG. 4. Time dependence of the reflection coefficient R ( t )  of cell C, for 
different ratios Wo/ W,,, 1- W d  W,,, = 60,2-80, 3-90, &theoretical 
R (t ) dependence at Wo/ W,,, = 90. Curves a and b show respectively the 
pulses at the exit and entrance of cell C, at W d  W,,, = 90. 
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pump pulse, the hypersonic wave it excites jointly with the 
opposing stokes pulse still exists. 

The obtained experimental R (t ) plots can be compared 
with the theoretical ones calculated under the assumption 
that the coefficient of power reflection from cell C, is unity, 
and that there are no Fresnel losses in the optical elements 
between cells C, and C,. We use for this purpose the circum- 
stance that the travel time of the light through the cell C, is 
negligibly short compared with the characteristic time scale 
of thechange of the pulse shape. Since R (t ) = 1 at the bound- 
ary of the cell C,, it can be easily noted that in this case the 
complex amplitudes %', and 8, of the scattered and pump 
waves are equal in any plane of the C, volume. Since the 
waves interacting in cell C, are plane, the local extinction 
coefficient a = I; 'dIJdz, which represents the relative 
change of the pump-wave intensity per unit length of the 
medium, is proportional to the hypersound-wave amplitude. 
The latter, in turn, depends on the product of the wave am- 
plitudes $, and $ ,, i.e., on the intensity I,. If we neglect the 
hypersound damping, we note that 

t 

o (a, t )  = BJ I. (a, t )  dt, 
Tz 

-OD 

whereg is the local growth rate per unit length and per unit 
intensity. Hence 

where 
L 

Solving the last equation we get I, = w,, where 

w0 (z, t )  =wo (0, t )  [ I +  (gzI2Tz) wo (0, t )  I- ' .  (6)  

The coefficient of reflection from layer C, is equal to 

~ ( t ) = i -  exp {-I odZ 1. 
0 

The result of the calculation by this formula, for inci- 
dent pulse energy W, = 90 W,,, = 1 3 5  J, is shown in Fig. 4 
(curve 4). (The time for the theoretical curve is reckoned 
from the instant when the coefficient of power reflection 
from cell C, reaches3' SO%.) We see that the theoretical (4) 
and experimental ( 3 )  curves are in approximate agreement, 
but only in the interval of the fast growth of R (t ). At the end 

contribution to the hypersound wave from the electric field 
L 

- 5 Iodz 
0 

is balanced by the relaxation. The quantity 
L 

depends in turn on the spatial distribution of a(z,t ) at the 
preceding instants oftime. Since the maximum ofR (t ) and of 

L 

Jo (z. f )  dz 
0 

is reached directly past the section of fast growth of these 
values, i.e., after an interval in which the theoretical and 
experimental relations are approximately equal, it can be 
approximately assumed that 

1' 

is determined at the instant to by the o(z,t ) distribution calcu- 
lated without allowance for the hypersound relaxation. On 
this basis we can approximately estimate the relaxation time 

As a result we obtain T2 = 3 0  nsec, which is less than 
half the published values.13 

Summing up, we can state that hypersound excitation 
in nonstationary SMBS of focused single-mode light beams 
in compressed gases takes place first near the focus of the 
lens, and later in the plane ahead of the focus at the entrance 
to the cell, i.e., in the nonstationary case the characteristic 
boundary of the region of substantial weakening of the pump 
pulse power by reflection from the hypersound shifts 
towards the source of the laser beam. As a result the power of 
the pulse passing through the focal constriction decreases 
drasticalli with time, thus contributing to avoidance of opti- 
cal breakdown and to increasing the energy interval in which 
SMBS is realized. The shapes of the wavefronts of the hyper- 
sound and of the pump beam are practically equal, and the 
WFR accuracy is x = 0.94 f 0.02. The distortions of the 
wave front of the radiation passing through the nonlinear 
medium are also relatively small. 

of the pulse the experimental and theoretical plots diverge, 
since no account of the hypersound damping was taken in 4-TW0-PASS SMBS 

the calculation. MIRROR 

The hypersound relaxation time T2 can be estimated The near-unity values of the reflection coefficient Rw 
from the following considerations. At the instant to when and of the accuracy x of the WFR of an SF, SMBS mirror 
R (t ) reaches a maximum the integral (over the layer length) make it possible to use this mirror to attain high spectral 

FIG. 5. Two-pass amplifier with nonstationary SMBS mirror: l-thin- 
I5 film polarizer, 2-Faraday cell, 3, 4--amplifiers, 5-lens (F= 105 cm), 

6-SMBS cell with SF,), 7 - 1 s  withF = 80 cm, 8.9-screens. 1 G 1 3 -  

f IMO-2, 14-lens withub= 200 cm, 15-photocamera, l b f l a t  mirror. 

691 Sov. Phys. JETP 58 (4), October 1983 Andreev eta/ 691 



Yn , mJ 
FIG. 6. Dependence of the output energy W,,, of a two-pass amplifier on 
the input energy Win. The inset shows the dependence of the diameter Do,, 
of the emerging beam on its energy W,,, . 

brightness of the optical radiation at the output of a two-pass 
amplifier. We have investigated in this connection the sys- 
tem shown in Fig. 5. We measured the dependence of the 
output energy W,,, of the two-pass amplifier on the input 
energy Win (Fig. 6) in section a indicated in Fig. 5, as well as 
the dependence of the diameter Do,, of the emerging beam 
on its energy (see inset of Fig. 6). The curvature of the outgo- 
ing-beam wave front causes its divergence to increase some- 
what with increasing radius (owing to saturation of the am- 
plifiers). For example, at a diameter Do,, =: 14 mm, when the 
saturation is small, the divergence (at the l/e level) is 8,,, 
= 7.1 x lop3 rad, while at Do,, = 23 mm, when the satura- 
tion is substantial, the divergencex;,, = 8.1 X lop5 rad. It is 
interesting to note that an estimate of the curvature radius by 
Eq. (2) yields for the two indicated cases the close values Rout 
= 540 m and R A,, = 600 m. This shows that in the amplifi- 

er-saturation regime the beam only increases in diameter but 
is not subject to phase distortions. When the SMBS mirror 
was replaced by a plane mirror, the exit intensity distribu- 
tion remained the same as before in the far and near zones, 
i.e., in this case, too, the amplifiers introduced no phase dis- 
tortions. A similar mirror substitution, however, starting 
with output radiation energy W=: 10 J, caused self-excita- 
tion of the amplifiers, which limited the possibility of in- 
creasing the spectral brightness of the radiation. 

In the presence of an SF, SMBS mirror, the spectral 
brightness d '1 /dodf2 of the radiation at the output of the 
system of two amplifiers (using GLS-22 glas of 30 mm diam 
and 320 mm length) was 5 x lo8 J/cm2, approximately half 
the record value obtained earlier in Ref. 2. The energy den- 
sity of the output radiation (at 50% filling of the amplifier 
aperture) was w,,, = 8 J/cm2, corresponding to a delivered 

energy 0.12 J/cm3. 
The authors thank the participants of the seminar head- 

ed by I. G. Zubarev for valuable remarks. 

"On the contrary, side effects seem to exist for SMBS in acetone: since 
there is no energy balance, R , increases much more slowly as the thresh- 
old in exceeded (curve 3 of Fig. I), and starting with 50- to 70-fold excess 
radiation with strongly inhomogeneous spatial field structure is mixed in 
with the directional SMBS radiatiom4.' 

"If the quality of the WFR is estimated from the measured values of the 
parameter h = [Wl(q )/ Wl(m)]/[Wo(q )/ W,(m )] (Refs. 4, 8-10), where 
W,,, (q ) are the energies of the incident and reflected waves concentrated 
in some given angle q ,  then for q< 1.58, we get (1.50,) is the angle that 
contains 80% of the energy of the incident radiation). At q > 1.58, the 
value of h increases and reaches 0.98 at q = 48,. The difference between 
the values of h and x is a consequence of their definitions. It is easy to 
realize reflection when ~ ( 1  but h-  1, and conversely, as in our experi- 
ment, it may turnout that h <X a tx -  1 (the decrease of h compared with 
x i s  due in this case to a well-known fact: the presence of a small, several 
percent in terms of energy, admixture of an uninverted component in the 
reflected wave causes strong modulation of the wave intensity). 

3'The parameterg/T, was assumed in the calculation to equal 2 x lo5 cm/ 
MW.sec. This value (with a spread -25%) was obtained by comparing 
the measured and theoretically calculated excitation threshold of non- 
stationary SMBS in focused beams. 
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