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The possibilities of applying stimulated Mandel'shtam-Brillouin scattering (SMBS) to laser-mediated 
thermonuclear fusion problems and, in particular, to the decoupling of amplifier stages, shaping of pulse 
profiles, etc., are considered. The stimulated Mandel'shtam-Brillouin scattering is obtained experimentally 
under nonstationary conditions by exciting the system with radiation from a photodissociation iodine laser. 
A  stationary scattering regime is also attained with a pump pulse of 5-10 psec duration. Under these 
conditions, the operation of an amplifier with a SMBS mirror is studied experimentally in the case of 
weak input signals (Ii, - W/cm2) and a gain per pass of - lo6 is attained. Particular attention is paid 
to the quantitative determination of the characteristics of the degree of pump-beam reproducibility and of 
the compensation of the optical inhomogeneities of the laser medium, and also to the clarification of the 
conditions under which they are observed. The range of pump intensities in which complete reproduction 
of the angular spectrum is observed is found experimentally. The dependence of the compensation 
accuracy on the degree of reproduction of the angular spectrum is obtained. 

PACS numbers: 42.60.Kg 

INTRODUCTION 

In recent yea r s  there has  been an eve r  broadening in- 
te res t  in the phenomenon of wave front reversa l  in non- 
linear processes. High directivity of the scattered ra-  
diation was apparently f i r s t  observed in  Refs. 1-3 for  
stimulated Mandel'shtam Brillouin scattering (SMBS) 
and in Refs. 4 and 5 for  stimulated Raman scattering 
(SRS). However, only publication of Ref. 6 has  made i t  
c l ea r  that the field of the scat tered radiation is, under 
certain circumstances, the complex conjugate of the 
pump field, and that this  effect can be used for  the com- 
pensation of phase distortions of l a s e r  emission. In par -  
ticular, this  phenomenon was used in Ref. 7 for  compen- 
sation of optical inhomogeneities in a ruby amplifier. 
The  publication of these works stimulated theoretical 
and experimental investigations of the phenomenon of 
wave front reversa l  and consideration of the feasibility 
of i t s  application (see, for  example, Refs. 8-20). 

The  present work is devoted to  the study of the possi- 
bility of application of this phenomenon to the excitation 
of SMBS by the emission of photodissociation l a se r s  
(PL), which have been d e v e l ~ p e d ~ ~ ' ~ ~  along with others 
for  the solution of laser-mediated thermonuclear fusion 
(LTF) problems. The  experimental investigations were 
conducted principally in a stationary scat tering regime, 

in  which the pulse length of the l a s e r  radiation was sig- 
nificantly grea ter  than the lifetime of the  acoustical pho- 
nons. I n  th is  regime, the phenomenon of wave front re- 
versa l  should be accomplished in the purest  form. 
Special attention was paid to the experimental investiga- 
tion of the quantitative characterist ics  of the degree of 
reproducibility and of the compensation, and the limiting 
conditions under which they a r e  observed were deter-  
mined. The  results  a r e  of interest  not only in L T F  but 
also for  problems of optical comm~nica t ion '~  and the ac- 
celeration of macro- and m i ~ r o - b o d i e s . ~ ~ ' ~ ~  

1. SOME POSSIBILITIES OF THE APPLICATION OF 
SMBS TO THE PROBLEM OF LTF 

A s  is known, elements of interstage decoupling and a 
system of decoupling of the output s tages  from the target  
a r e  necessary in L T F  systems.  

F o r  these purposes, i t  is expedient to consider, in ad- 
dition to K e r r  and Faraday shutters  and phototropic shut- 
t e r s ,  a l so  shutters  that operate on stimulated scattering 
(SMBS o r  SRS). Figure 1 shows one of the possible 
schemes of decoupling amplif iers  from a target  with the 
use of SMBS. The radiation of the amplifier by means of 
a beam-splitting m i r r o r  (R ~ 0 . 5 )  is fed to two SMBS 
cells. The  reflected Stokes radiation is focused on the 
target. Under conditions in which the spontaneous radia- 
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FIG. 1. Scheme of decoupling the amplifier from the target. 

tion of the amplifier s tages does not exceed the SMBS 
threshold, the amplifier turns out to be completely de- 
coupled from the target. 

I t  is essential that a contraction of the length and an 
increase in the curvature of the front of the l a s e r  pulse 
take place in the SMBS process.30 F rom this viewpoint, 
i t  i s  expedient to use the system of interstage decoupling 
shown in Fig. 2. In  this scheme, the radiation of the 
amplifier A, is fed to the SMBS cell  by means of the 
beam-splitting m i r r o r  and then to  the amplifier A,') and 
amplified in it. 

I t  should be noted that, in the given system, partial 
compensation of phase distortions of the beam acquired 
in the amplifier A, can occur in amplifier A, if the opti- 
cal  inhomogeneities in them a r e  sufficiently similar .  

Such systems,  a s  also the system from Ref. 18, a r e  
suitable for  irradiation of targets  of the "ball and disk" 
type3' and a conical target.32 F o r  symmetrical  compres-  
sion of a spherical target33 the system shown in Fig. 3 
is effective. Power amplifiers, SMBS m i r r o r s  and mas-  
t e r  oscillators a r e  placed radially around the targeL2) 
The radiation of the master  oscillator (MO) passes  
through the SMBS cell  (which is not excited by i t )  and 
through the amplifier and i t s  incident on the target  T. 
The radiation scattered by the target, af ter  passing 
through the amplifier, passes through the focusing sys- 
tem into the cel l  and excites the SMBS. The  reflected 
Stokes signal i s  fed again to the amplifier and causes 
the energy stored in i t  to be radiated to  the target.'' 

An important circumstance having a significant effect 
on the efficiency of operation of the sys tems described 
above (as a l so  on the system of Refs. 7 and 18), is the 
limitation on the Stokes shift in the SMBS-it should be 
much l e s s  than the width of the gain line of the active 
medium of the amplifier (this does not apply to the sys- 
tem of Fig. 1). F o r  an  iodine laser ,  this requirement is 
essential,  since i t s  active medium has  a comparatively 
narrow gain band (AV-0.1 cmml a t  P -1 atm).s4e24 
Therefore a s  active media for  the SMBS in th is  case,  i t  
is best to use compressed gases with small  sound vel- 
ocities and, a s  a consequence, with small  Stokes shifts 
(for example, AV, =0.0075 cm'l in  xenon a t  P - 50 atm 

SMBS A, 
+.- -.-"L-from MO - 

FIG. 2. Scheme of interstage decoupling of amplifiers. 

FIG. 3. Scheme of symmetric compression of a targetby laser 
radiation. 

and A -  1315p, Ref. 35). 

The  f i r s t  experiments on the excitation.of SMBS in 
compressed xenon pumped by a P L operating in  a single- 
pulse regime (~gen =20-40 nsec, ESn = 1-8 J )  Av,, 
= (3-4)1OS3 cm-', showed (see Table I ,  where typical r e -  
su l t s  a r e  shown), that the energy reflection coefficient 
of SMBS amounted to R ,  ~ 4 - 6  only at an intensity of - 

the pump in the focal plane I ,  2 6 GW/cm2 in the case  of 
sharp  focusing and I,, 2 0.06 GW/cm2 in a waveguide. In 
this case,  the efficiency of the scat tering depends signif- 
icantly on the transparency of the gas in the  SMBS cell  
(on the presence of and optical breakdown in the gas). 
I n  the experiments that have been car r ied  out, the scat- 
ter ing regime i s  nonstationary, since the lifetime of the 
acoustical phonons in xenon compressed to 50 atm a t  A 
= 1 . 3 ~  amounts t o  65 nsec, which is significantly greater  
than the duration of the pump pulse T, ~ 2 0 - 4 0  nsec. 

T o  determine the physical laws and the conditions un- 
de r  which reproducibility and compensation a r e  ob- 
served,  it is necessary to bring about scattering in a 
stationary regime, in which reversa l  of the wave front is 
manifest in purest  form. A s  shown in Ref. 36, to 
achieve a stationary regime, pump pulses a r e  needed 
with a length 20-30 t imes  grea ter  than the lifetime of the 
phonons. 

2. EXPERIMENTS OF EXCITATION OF SMBS 
IN A STATIONARY REGIME 

The possibility of obtaining SMBS in a stationary reg- 
ime was investigated with a photodissociation iodine la- 
s e r  with pulse duration T, - 5-10 psec,  output energy E, 
E 100 J ,  divergence 8, = 3  X10'3 rad,  and AV, ~0.02-0.03 
cm'l. The  pump radiation was focused by a spherical 
lens into a cel l  with compressed gas. The  scattering ef- 
ficiency was studied in  Xe, N, and SF,. Typical experi- 
mental conditions and resul t s  a r e  given in Table I1 and 
in Fig. 4. 

I t  is seen from the experimental results  that the larg- 
e s t  power reflection coefficient of the SMBS m i r r o r  is 
obtained in nitrogen, R ,  =490/o. The maximum intensity 
in the cel l  reached I, -1 GW/cm2, and no breakdown of 
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TABLE I. 

breakdown of 

SMBS cell 

2 10' 40 6 30 5 105 40 40 Yes 
8 1@ 20 8 83 

. 05 70 / 2:::F* g I 95 nos 
20 Y e s  

7 5  I05 20 0 40 yes 6 10' * 70 no 
6 105 20 4 83 no 

*The experiments were carried out in the presence of a wave- 
guide in the cell. 

the medium was observed. The  reflector  coefficient in have shown, the number of Stokes components of succes- 
xenon did not exceed 2@, inasmuch a s  advanced optical s ive SMBS corresponds to the number of pulses in  the 
breakdown occurred in the xenon already a t  1, = 170 MW/ t rain (Fig. 5d). The number of t ra ins  decreased upon 
cmZ. decrease in the intensity of the exciting radiation. 

In experiments with SF,, we succeeded in obtaining The  radiation power in the spikes exceeded by a factor 
R,=3% at  1 GW/cmZ (no breakdown occurred). The  ad- of 3-4 the level of power in the f ree  generation mode; 
vantages of this medium a r e  the possibility of obtaining the total energy at  the output of the amplifier hardly dif- 
efficient scat tering a t  a comparatively low pressure  fered from the output energy of f r ee  generation, and the 
(Ps,,z 15 atm, PMZ =70 atm) and the small  Stokes shift reflection coefficient of the SMBS m i r r o r  reached 20- 
(approximately one third the value in nitrogen). 3%. 

T h e  results  given above were  obtained under conditions 
in which the excitation of the SMBS took place by means 
of an oscillator having a reflection coefficient of the out- 
put mi r ro r  R =lo-%%. Here, as is seen in  Fig. 4, the 
pulse of scattered radiation had a smooth shape and a 
duration close t o  that of the pump. 

A calculation-theoretical investigation of the dynamics 
of generation in such systems,  car r ied  out within the 
framework of a one-dimensional many-particle model, 
and taking into account the spectral  dependence of the 
amplification c r o s s  section of the active l a s e r  medium 
and the Stokes shift in reflection from the SMBS mir ror ,  
showed that in  the case  of a weak effect of theSMBS mir-  
r o r  the generation takes place without spikes a t  a fre- 
quency corresponding to  the maximum of the gain line. 

The  next se t  of experiments was conducted during o p  
eration of the l a s e r  in the amplification mode according 
to  the scheme of Fig. 5a. In this  case,  when there were 
no ce l l s  with the scat tering medium, the pulse of the out- 
put radiation of the amplifier has a smooth shape (Fig. 
5b). Upon excitation of SMBS in xenon (pressure 50 atm) 
the operating regime of the l a s e r  changed considerably 
(Fig. 5c): the system began to operate a s  a unit and went 
into a lasing mode generating trains: of short   pulse^.^) 
Each t ra in  consisted of 3-4 pulses as a rule, with length 
20-40 nanosec; the time interval between these was 
equal to the t ime of two passes  of the light over the dis- 
tance between the total-reflection m i r r o r  of the MO and 
the SMBS mir ror .  Here, as spectral  measurements 

Coefficient of Shift 
Mcdinm I P. am I m y h  ;I\. &A, 1 XI 2:, 

Calculations have shown that in the ca se  of strongfeed- 
back from the PL to  the SMBS mi r ro r ,  the generation 
bears  a clearly expressed non-stationary character. 
The bulk of the energy is emitted, a s  in the experi- 
ments, in the form of a sequence of narrow pulses with 
the interval between them equal to the time of passage 
of twice the length of the system (see Fig. 5e, where the 
resul t s  of the calculations a r e  plotted). Consequently, 
the scat tering regime turns  out t o  be nonstationary un- 
de r  these conditions. 

A s imi lar  transition to a nonstationary regime of op- 
eration was also observed in the scheme represented in 
Fig. 6ap) which does not differ from those described 
above and essentially simulates the schemes of Refs. 18 
and 40. In the experiments, the intensity of the signal 
scattered by the target  at the input of the amplifier var-  
ied in the range I,, ~0.1-0 ,003 W/cmZ, which is about 
lo6-lo8 t imes  smal ler  than the saturation intensity. 

W. rel. units b 

FIG. 4. Results of experiments on the excitation of SMBS by 
PL radiation, operating in the regime of free oscillation: 
2) diagram of setup; b) oscillograms of the pulses; 1-PL 
pulse, 2-scattered radiation in Xe, 3-scattered radiation in 
SF6, 4-scattered radiation in N2; t in microseconds. 
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W, rel. units 

FIG. 5. Results of experiments on the excitation of SMBS by 
radiation of a photodissociation amplifier; a) diagram of set- 
up; b) pulse of the amplifier in the absence of SMBS; c) radia- 
tion pulse under SMBS excitation; l-amplifier pulse, 2- 
SMBS pulse, 3-scan of an individual train of radiation pulses; 
d) spectrograms of radiation of the amplifier free spectral 
range of the Fabry- Perot etalon Av = 0.05 cm- ') : 1-in the ab- 
sence of SMBS, 2-under SMBS excitation; e) calculated pulse 
of the amplifier under SMBS excitation. 

T h e  efficiency of operation of the sys tem w a s  investi- 
gated in  different regimes.  Typical  osci l lograms of the 
radiation pulse show (Fig. 6b) that powerful spikes of 
radiation of the  amplif ier  a r e  superposed on the smooth 
envelope of the radiation pulse of the osci l la tor .  T h e  
period between these  spikes w a s  determined in o u r  c a s e  
by the r a t e  of growth of inversion i n  the amplifier.  T h e  
radiation pulse exciting the SMBS a l so  h a s  a spiked 
s t ruc ture  correlat ing with the s t ruc ture  of the' spikes a t  
the t a rge t  (Fig. 6c). T h i s  indicates establ ishment  of a 
coupling between the  SMBS m i r r o r  and the target.  A 
self-maintained operat ing regime s e t s  in  upon appear- 
ance of th i s  coupling. I t  ex i s t s  a l so  in the c a s e  in which 
the pulse length f r o m  the osci l la tor  is l e s s  than the t ime 
of existence of inversion in the amplif ier .  

Experimental investigation of the self-maintained reg- 
ime  showed that the coefficient of energy t r a n s f e r  t o  the 

a 
SMBS A 

++ +=+ / M 
,./-- 

W, rel. units 

FIG. 6 .  Results of experiments in the case of weak input sig- 
nal of the amplifier; a) diagram of setup; b) oscillograms of the 
MO (1) and amplifier (2) pulses; c) oscillogram of the pulse of 
radiation exciting the SMBS. 

ta rge t ,  i.e., the rat io  of the energy a t  the t a rge t  to the 
output energy of t h e  amplif ier ,  turned out in  both c a s e s  
t o  be  the s a m e  and to amount t o  $3 in  the investigated 
range of intensi t ies  of the input signal t o  the amplifier.  
We cal l  attention to the fact that the  radiation pu lses  of 
the amplif ier  were  observed in the experiments  a l so  
a f te r  the  end of the operation of the m a s t e r  osci l la tor  
(Fig. 6b). 

In individual spikes,  the coefficient of energy t rans fe r  
turned out t o  be close to  unity. T h i s  indicates that under 
ce r ta in  conditions the degree  of r e v e r s a l  of the wave- 
front and of the  compensation of aber ra t ions  by means of 
SMBS as r a t h e r  high. 

Thus  the investigations that were  c a r r i e d  out showed 
the possibility of obtaining a stat ionary scat ter ing regime 
only in  the absence of s t rong  feedback f r o m  the l a s e r  t o  
the SMBS m i r r o r .  In th i s  c a s e ,  the efficiency of the 
scat ter ing reached -4p0, which enabled us  ( see  below) 
to c a r r y  out a quantitative investigation of the degree  of 
reproducibility and of dynamic compensation in the SMBS 
process .  

3. EXPERIMENTAL DETERMINATION OF THE 
ACCURACY OF REPRODUCIBILITY OF THE 
WAVEFRONT IN  THE SMBS PROCESS 

An important c ircumstance,  having a significant effect 
on the efficiency of operation of the apparatus  described,  
is t h e  degree  of reproducibility of the wavefront of the 
radiation and of the compensation of the phase distor- 
tions of the beam in SMBS. 

T h e  resu l t s  a r e  given below of the study of the quanti- 
tative charac te r i s t i cs  of the degree  of reproducibility of 
the wavefront i n  SMBS excitation in  nitrogen compressed 
to -70 atm by PL radiation with nonresonant feedback 
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and an angular ~ e l e c t o r . ~ '  T h e  l a s e r  operated in an es -  p ~ r p o s e s . ~ '  A s  our  experiments  have shown, an analog- 
sentially multimode regime (the number of t ransverse  ous effect is obtained with the helpof a two-lens input 
modes m- 10). T h e  divergence of the radiation varied system, constructed in  such fashion that the equivalent 
in  the range -(2-10)x10-4 rad.  The  accuracy of repro-  focus of i t  is located in  the SMBS cel l  behind the plane 
ducibility w a s  determined from a comparison of the  ang- of the image of the end face of the P L  (Fig. 8a).6) 
ular  distribution of the energy and the intensity of the 
radiation of the pump and the SMBS.') F o r  a control of 
the accuracy of the wavefront r e v e r s a l  of the radiation, 
we placed on the end face of the P L  a nonsymmetric 
mask whose non-inverted image in the scat tered radia- 
tion could be obtained only in the presence of r e v e r s a l  of 
the wavefront (see,  fo r  example, Ref. 41). 

T h e  intensity distributions of the radiation of the pump 
and the SMBS i n  the "near" and "far" fields, obtained in 
the c a s e  of focusing of the radiation in the cel l  by means 
of a spherical  l ens ,  a r e  shown in Fig. 7. I t  is seen that 
the scat tered radiation forms  a sufficiently sharp ,  r e a l  
image of the end of the  P L  with the mask placed on it. 
T h i s  means that  the  front of the reflectedSMBS radiation 
when focused by the spherical  lens (without use of a 
phase plate and waveguide) i s  reversed  relat ive to the in- 
cident wave. 

However, the angle spectrum of the pump radiation is 
f a r  f rom completely reproduced (Fig. 7b)-the diver- 
gence of the SMBS radiation i s  approximately half the di- 
vergence of the pump radiation (a  s imi la r  effect was  a l so  
observed i n  Ref. 3). 

The  interpretation of the narrowing in the c a s e  of a 
focused single-model beam is given in Ref. 10. By ana- 
logy with Ref. 10, we can give the following qualitative 
explanation of th i s  effect fo r  a multimode beam (see  a l so  
Ref. 13). T h e  Stokes radiation, i n  the c a s e  of s h a r p  fo- 
cusing, is mainly amplified in the immediate  vicinity of 
t h e  focus. T h e  intensity of the pump in the focal plane is 
maximal on the ax i s  and fal ls  off toward the periphery, 
and the wings of th i s  distribution a r e  produced predom- 
inantly by the modes of high order .  T h e  amplification 
coefficient of the Stokes modes of low o r d e r  tu rns  out to 
b e  higher, since they a r e  localized near  the optic axis,  
where the pump is more  intense. 

In o r d e r  that the  angular s p e c t r a  of the SMBS and the 
pump coincide, i t  i s  necessary to use such an input sys-  
tem in which equalization of amplification in the SMBS 
medium takes place f o r  a l l  components of the angular 
spectrum. An optical waveguide is usually usedfor  these 

I ,  rel. units; b; 

0 4 % I / L L f i  
b ' , ~ / / - ~  rad, 

I 

In  the c a s e  of a two-lens input sys tem,  r e v e r s a l  of the 
wavefront i s  a l so  observed i n  the experiments ,  and the 
intensity distribution of the radiation w a s  reproduced 
under ce r ta in  conditions i n  both the  n e a r  and the far 
zones. In  separa te  experiments ,  ar t i f ic ial  asymmetry  
of the directivity diagram of the F L  radiation was  used 
a s  a check on the r e v e r s a l  of the wavefront. In  th i s  
case ,  the r e v e r s a l  of the wavefront should appear  in the 
turning of the image of the far-zone SMBS radiation 
"from bottom to top" and "from r igh t  t o  left" relat ive t o  
the image of the far-field radiation of the pump. I t  is 
seen f r o m  Fig. 8b that  the  angular distributions of the 
pump and SMBS radiation a r e  pract ical ly  identical; h e r e  
the far-field radiation of the SMBS turned out to  be in- 
verted. T h e  angular distribution a r e  reproducednot  only 
in intensity but a l so  in energy-the difference in  the ang- 
u la r  distributions of the energy of the SMBS and pump 
radiations did not exceed the accuracy of the measure-  
m e n t s - l O - l ~ c .  

Under these s a m e  conditions (a "two-lens" sys tem of 
input of the radiation), the degree  of reproducibility of 
the angular spectrum a s  a function of the  pump intensity 
was  investigated. The  resu l t s  of the investigations a r e  
shown in Fig. 9. 

At a pump intensity of I,--400-800 MW/cm2, which 
significantly exceeds the threshold in  the c a s e  of SMBS 
(I,,,,, -200 Mw/cm2), practically complete reproducibil- 
ity of the angular  spec t rum is observed,  both in the in- 
tensity and in the  energy of the radiation. Upon increase  
i n  the pump intensity in t h e  focal plane of the input sys-  
tem, above s o m e  threshold level (1, > 800 MW/cm2), a 
decrease  is observed in the intensity a t  the c e n t e r  of the 
spot of the far-field of the sca t te red  radiation, although 
the intensity a t  the cen te r  of the  spot in  the P L  radiation 
is a m a ~ i m u r n . ~ )  H e r e ,  a s  energy measurements  have 

FIG. 7. Results of experiments on the reproducibility of the FIG. 8. Results of experiments on the reproducibility of the 
wavefrontby the SMBS mirror for sharp focusing of the pump wave front by the SMBS mirror in the case of a two-lens in- 
radiation: a) mask on the end face of the PL and its image in put of the pump radiation: a) scheme for the input of the pump 
the scattered radiation; b) dimensions of the spots and the in- radiation into the medium active for SMBS; b) sizes of the 
tensity distributions of the exciting (1) and scattered (2) radia- spots and intensity distributions of the exciting (1) and scatter- 
tion at the focus of the lens. ed (2) radiations at  the focus of the lens. 
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8, M - I  rad 

FIG. 9. Intensity distributions of the MO and SMBS radiation 
at different pump intensities; 1-far-field radiation of the MO; 
2, 3, 4-far-field of the scattered radiation at  pump inten- 
sities of 770, 1000 and 2000 Mw/cm2, respectively. 

shown, the angle a t  which -9% of the energy is propa- 
gated remains  pract ical ly  the s a m e  for  F L  and SMBS 
radiation, although the charac te r  of the angular  distribu- 
tion i s  notably different. 

T h e  experimental  da ta  that have been obtained can  be 
explained qualitatively if we the spat ial  s t ruc ture  of the 
pump radiation in  the ce l l  with the scat ter ing medium, 
is taken into account in  the geometric-optics approxima- 
tion (Fig. 10). T h e  intensity distribution of the l a s e r  
radiation in  the n e a r  field and in i t s  image plane h a s  a 
dip in the paraxial  region. T h e  shape of the  phase front 
of the output radiation is such that the  profile of the in- 
tensity in the focal plane h a s  a maximum on the axis,  
and this charac te r  of the  intensity distribution is pre -  
served a l so  on some portion of the propagation of the 
beam i n  the t ransfocal  region. T h e  wings of the angular  
distribution a r e  formed by radiation emerging from the  
near-field region with the l a r g e s t  intensity. 

At a pump intensity a t  the focus I, -200-400 MW/cmZ, 
when R, << 1 ,  the s t r u c t u r e  of the sca t te red  radiation is 
formed basically in  the neighborhood of the focus, where 
the intensity distribution h a s  a maximum on the axis ,  
and the amplification for  the r a y s  0 - 0 '  is g r e a t e r  than 
f o r  the r a y s  1 - 1' (Fig. 10). In  th i s  regime,  a s  in  a 
single-lens input sys tem only the radiation which cor -  
responds to the c o r e  of the directivity diagram of the 
pump beam is reproduced. T h e  intensity distribution of 
the Stokes signal is identical i n  shape with the intensity 
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FIG. 10. Intensity distribution of the pump in the cell with 
the scattering medium. 

distribution of the pump only in  the paraxial  region of 
the PL near  field (Fig. l l a ) .  

At  higher  levels  of the pump (I, -400-88 ~ W / c m ' )  the 
amplification coefficient f o r  the r a y s  1 - 1' increases  
and becomes sufficient f o r  excitation of scattering, 
which leads  to  pract ical ly  complete reproducibility of the 
near  and f a r  fields of the pump beam (Fig. l l b ) .  

Upon fur ther  increase  in the pump power 1,1800 Mw/ 
cm2,  i t s  intensity in  the vicinity of the focus is greatly 
weakened, due to the conversion into a Stokes component 
of the SMBS; therefore,  the near-focus region h a s  prac-  
tically no effect on the amplification of the Stokes signal. 
Such saturation of the pump shows up in the paraxial  
r a y s  0 - 0' m o r e  strongly than in the peripheral  rays ,  s o  
that a dip appears  in  the intensity distributions of the 
scat tered radiation both in  the near  and the f a r  field 
n e a r  the ax i s  (Fig. l l c ) .  

At  high pump levels,  ce r ta in  o ther  effects  can a l so  
contribute in  principle t o  the worsening of the reproduci- 
bility. These  include the appearance of a pre-breakdown 
s t a t e  in  the nitrogen. T h e  ensuing vibrational excitation 
of t h e  nitrogen occur r ing  l e a d s  t o  t h e  appearance of fine- 
grained inhomogeneities of the index of refract ion and t o  
self-focusing of the radiation which, as is well 
hinders  stimulated scattering. 

Thus ,  the investigations have shown that for  the effect 
of reproducibility of the envelope of the intensity dis t r i -  
bution in SMBS with reflection coefficient R, r 0.1 there  
ex i s t s  a limitation of the pump radiation from both above 
and below. I n  the experiments ,  the  r e v e r s a l  in nitrogen 
(P - 70 a tm)  takes  place under the condition 

FIG. 11. Intensity distri- 
bution of the pump and 
Stokes radiation in the 
near field of the PL at 
various pump intensities: 
2) -Ip= 200-400 M W / C ~ ' ,  
b) I,= 400-800 M W / C ~ ~ ,  
c )  I ,  >SO0 Mw/cm2. 
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4. USE OF THE SMBS MIRROR FOR DYNAMIC ble t o  regard  it  a s  a thin lens (A.p.2 a), then the radiation 
COMPENSATION OF OPTICAL IN HOMOGENEITI ES a t  the output of the amplif ier  is insensitive t o  the field 
OF AN IODINE LASER distribution of the input signal and a l s o  to the signal r e -  

Compensation of phase distortions of a beam, due to  flected f rom the SMBS m i r r o r .  T h i s  amplif ier  length 1, 

the optical inhomogeneities of the active medium, was " a ( 2 ~ n ) ' ' ~  corresponds to the distance a t  which funda- 

accomplished f i r s t  in a two-pass ruby amplifier7 a t  a mental mode of the waveguide i s  isolated by the inhomo- 

duration of pulse radiation -100 nsec. T h e  optical in- geneities of the index of refract ion of the  active medium. 

homogeneities in  the rod were  pract ical ly  unchanged It is c l e a r  that  if the  length of the  amplif ier  exceeds a 

during this  t ime,  s o  that the compensation was  s tat ic  in ce r ta in  l imit  then the phase dis tor t ions of the beam a r e  

this sense. not compensated. 

Another possibility of compensation of the inhomogene- 
i t ies  was  noted above, i.e., that the radiation passing 
through the amplif ier  A, and reflected by the SMBS mir-  
r o r  is fed to  one o r  severa l  o ther  amplif iers  with the 
s a m e  profile of index of refract ion a s  in  A, ( see  Fig. 2). 
In such schemes,  t h e r e  a r e  limitations on the accuracy 
of the  compensation, due to the change i n  the profile of 
the inhomogeneities of the index of refract ion of the  , 
active medium during the  t ime  of passage of the radia-  
tion through the system. 

Another limitation is connected with the fact that light 
propagation in an inhomogeneous amplifying medium is 
not completely reversible .  

Actually, the amplification of the radiation is de- 
scr ibed by the equations 

where 

a r e  the complex amplitudes of the d i rec t  and r e v e r s e  
waves, k is the wave number, A, is the Laplace opera- 
t o r  with respec t  t o  the t ransverse  coordinates, $6&(r )  
= 6n(r) is a function describing the profile of the index of 
refraction, a is the amplification c r o s s  section, and 
~ ( r )  is the inverted population. 

If the inversion distribution in the amplif ier  is homo- 
geneous ~ ( r )  = A , ,  then, af ter  the substituion of the var-  
iables  El ,, =El,, exp{o~,z/r},  these equations become 
complex conjugates, which ensures  ideal  reproducibility 
of the charac te r i s t i cs  of the input signal. The  presence 
of inhomogeneities of the amplification coefficient leads 
to i r reversibi l i ty  of the propagation of the light beam 
and, a s  a consequence, t o  inaccuracy of the reproduci- 
bility. 

L e t  a be the charac te r i s t i cs  spat ial  sca le  of the change 
of the inversion ~ ( r ) .  In  the c a s e  i n  which the displace- 
ments  of the r a y  is in the t r a n s v e r s e  direction over  the 
length of the amplif ier  is s m a l l  (AT << a) and the medium 
can  be regarded as a thin lens, broadening of the angular 
spectrum of the input signal takes place by a n  amount 

T h i s  corresponds t o  an intensity-distribution narrowing 
due to inhomogeneities of the inversion in a n  equivalent 
amplifier with 6c = O  and length 21. 

If the amplif ier  is sufficiently long, and i t  is not possi- 

Experimental  investigations of dynamic compensation 
w e r e  c a r r i e d  out on the P L  described above, the optical 
inhomogeneities in which during the t ime  of pulse gener- 
ation (-5-10 p s e c )  changed within the l imi t s  6n = 
- 10-6.3944 ~h e amplif ier  length w a s  l e s s  than the l imit-  
ing value. 

T h e  degree  of dynamic compensation was  est imated 
from the narrowing of the directivity d iagram of the 
SMBS radiation a f te r  passage through a n  inhomogeneous 
amplifying medium. In the c a s e  of complete compensa- 
tion, the decrease  in the divergence should amount t o  

where (gradn),,, is the maximum gradient of the index 
of refract ion and 1 is the amplif ier  length. 

In experiments  with a two-pass compensation sys tem,  
in  which radiation constituted by a s e r i e s  of pulses  with 
amplitude changing from spike to  spike of the amplitude, 
the accuracy of reproducibility in SMBS with different 
spikes w a s  different. Under these conditions, the frac-  
tion of energy of the output radiation (-503,) w a s  emit ted 
a t  angles significantly g r e a t e r  than the divergence of the 
input signal (flout - lo-' r ad ,  8,"-2 x rad), although a 
narrowing of the c o r e  of the directivity d iagram was  ob- 
se rved  f o r  the r e v e r s e  passage of the  radiation through 
the amplifying medium. Evidently this  is connected with 
the fact that condition (I) ,  necessary  f o r  reproducibility 
of the angular  spectrum of the pump radiation, w a s  not 
satisfied in the experiment. 

Experiments  with a one-pass sys tem allowed u s  t o  
establ ish a quasi-stationary mode of operation of the 
SMBS m i r r o r  when pumped with a smooth pulse, and to 
investigate the  dependence of the degree  of compensation 
on the completeness  of the reproduction of the angular 
spectrum in SMBS: 1 )  fo r  the c a s e  of complete reproduc-  
tion (two-lens input, 2) f o r  the c a s e  of non-reproduction 
of the higher  components of the angular  spectrum 
(single-lens input), 3) f o r  nonreproduction of the lower  
components of the angular  spec t rum (two-lens input a t  
high pump intensities). 

In  the f i r s t  case ,  we obtained pract ical ly  total dynamic 
compensation of the inhomgeneities of the amplifier.  
T h e  divergence of the output radiation of the amplif ier  
A, amounted to O,,, = 2  x I O - ~  r a d  in  the c a s e  of a diver- 
gence @,,, = 7 x10m4 rad  of the  radiat ion reflected by the 
SMBS m i r r o r  (Fig. 12a). T h e  recorded narrowing of the 
directivity diagram a g r e e s  well with the es t imate  by 
formula  (4). 

In the second case ,  the d e c r e a s e  i n  the  divergence of 
the SMBS radiation a f te r  passage through the  amplif ier  
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I, rel. units I, rel. units 1, rel. units 

6 r l Z O Z V 6  6 r l 2 0 2 4 6  6 U 2 O Z Y d B  
6.10:~ rad 

FIG. 12. Angular distributions of the intensity of the exciting 
(I), scattered (2) and amplified (3) radiations: a) complete 
reproducibility of the angular spectrum; b) nonproducibility 
of the higher components of the angular spectrum; c) nonrepro- 
ducibility of the lower components of the angular spectrum. 

was  noticeably less than that calculated by formula (4) 
(Fig. 12b). 

In the third case, the narrowing of the directivity dia- 
gram, as i n  the case of complete reproduction, was de- 
termined by the maximum values of the gradient of the 
index of refract ion,  in  correspondence with the  es t imate  
(4). T h e  angular  distribution of the SMBS radiation, ini- 
tally in  the form of a ring, took a shape with maximum 
intensity at the cen te r  of the distribution a f te r  passage 
through the amplif ier  ( see  Fig. 1 2 ~ ) .  

T h e  resu l t s  can b e  explained (see Sec. 3 and Fig.  11) 
by the fact that in  the case of incomplete reproduction 
the intensity dis t r ibut ions of the Stokes signal and the 
pump d o  not coincide, while the  phase front  of the scat-  
t e red  radiation is reversed .  

At low pump intensi t ies  1, < 400 MW/cm2, and also at a 
single-lens input, the Stokes radiation fa l l s  pract ical ly  
ent i rely in  the paraxial  region of the P L ,  where  the in- 
homogeneities of the  index of refract ion are s m a l l  (Fig. 

l l a ) .  Accordingly, the narrowingof the directivity dia- 
g ram i n  the case of repeated passage of the  Stokes sig- 
nal through the amplif ier  is not l a rge  (Fig. 12b). 

In the case of a two-lens input with I,, >800 MW/cm2, 
the intensityof the Stokes signal at the  P L  input is l a r g e  
in the region with l a r g e  optical inhomogeneities (Fig. 
I l c ) ,  so that the narrowing of the directivity diagram, 
as also in the case of complete reproduction, is de te r -  
mined by the maximum gradient of the  index of re f rac-  
tion. T h e  intensity of the SMBS radiat ion i s  then maxi- 
mal  in  those portions of the amplification l a y e r  which, 
in accord with the profile,  produce i n  the radiation a n  
angular spectrum that  is conserved in the case of the  
SMBS components (Fig. 12c). Upon complete reproduc- 
tion of the angular spectrum, the amplification of the  
scat tered radiation takes place o v e r  the en t i re  end face 
of the amplif ier  (see Fig. I l b )  and the narrowing of the 
directivity d iagram is determined by the express ion  (4) 
(Fig. 12a). 

Thus,  t h e  experiments  have shown that coincidence of 
the en t i re  width of the angular SMBS spec t rum and the 
width of the  directivity d iagram of the  pump radiation 
h a s  a significant effect on the d e g r e e  of compensation. 

')The radiating passing through the beam-splitting mirror can 
be used tod'poweP' other similar stages of amplifiers (see 
Fig. 2). 

2)  A single oscillator can be used with distribution of the radia- 
tion among all the channels. 

3 ) ~  mode of automodulation of the radiation upon introduction 
of the SMBS mirror inside the laser  was observed in Refs. 
37 and 38. 

4)The oscillator used was the iodine PL described in Ref. 39 
with nonresonant feedback and an angular selector. The work- 
ing medium of the SMBS was xenon at 50 atm. A two-lens 
input system was used (see below). 

intensity distribution was recorded on infrared film in 
the focus of a lens with f,=40 m. 

6)~pplication of this system is effective for lasers  for which 
the intensity distributions are  significantly different in the 
near and far  fields. 

I'1t should be noted that no advanced breakdown of & gas in 
the SMBS cell occurs under these conditions, since the energy 
balance of the radiation is satisfied: E,,=Esms+E,,. 
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The effect of zero points in the modulation of light in a 
Fabry-Perot interferometer 

P. N. Lebedev Institute of Physics of the USSR Academy of Sciences 
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Zh. Eksp. Teor. Fiz. 76, 925-929 (March 1979) 

The modulation of light by a homogeneous electric field in a Fabry-Perot interferometer filled with a 
nondispersive dielectric is considered and some features of the modulation are explained. A "zero point" 
effect is predicted which consists of the disappearance of the modulation of a light wave passing through 
the interferometer. The effect should occur for a certain number of frequencies p of the modulating field 
(irrespective of its amplitude) and for certain frequencies o of the incident light wave, the derivatives of 
the light-wave modulation parameter with respect to the frequency p or o being discontinuous at the zero 
points. It is pointed out that the effect can be used to measure the absolute optical length of the 
interferometer with an accuracy several orders of magnitude better than the light wavelength (and in some 
cases better than the thickness of the atomic layer of the substance). It can also be used to measure 
precisely the refractive-index deviations induced in matter by various external factors (for example, a light 
field, pressure, magnetic field, etc.). 

PACS numbers: 07.60.Ly, 42.10.Jd 

If a light wave passes through matter located in a 
strong, homogeneous electric field that modulates its 
index of refraction, in the general case the frequency 
and amplitude of the wave are modulated. Such a modu- 
lation was produced by Kaminowl and is  widely used 
in condensed dielectric&' and g a s e ~ . ~ - ~  The corre- 
sponding theory was proposed both for the case of con- 
densed d i e l e ~ t r i c s l - ~ . ~  and for 

The modulation of light in a Fabry-Perot interfero- 
meter filled with a condensed dielectric (located in an 
inhomogeneous electric field) was considered in Ref. 
12. The consideration was limited to the case of spatial 
synchronism of the modulating microwave frequency 
with all the frequency components of the modulated 
light field. According to Gordon and ~igden," because 
of this synchronism the modulation parameter of the 
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