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SRS under local nonstationary conditions is investigated. To this end, the Maxwell equations and the 
kinetic equations for the density matrix are solved by successive approximations. It is demonstrated 
in the zeroth approximation that inverted population of the vibrational levels can be produced and used 
to amplify the anti-Stokes radiation along the axis or to amplify the signal at the molecule-vibration 
frequency. In first-order approximation, conditions for the appearance of discrete broadening of the 
lines in the SRS spectra are established and analyzed. 

INVESTIGATIONS of SRS with the aid of picosecond 
pulsesl1J have been recently initiatedl1J . The SRS has 
in this case a non- stationary character. This occurs as 
a result of the group delay of the waves (wave nonsta
tionarity) and also in the case when the laser pulse dura
tion 7 L is shorter than the transverse- relaxation time 
T2 (local nonstationarity). In the general case, when 
TL ~ T2, it is necessary to take into account the oc
currence of both local and wave nonstationarity. 

Nonstationary SRS can be described by a coupled sys
tem of nonlinear Maxwell's equations and kinetic equa
tions for the density matrix: 

where the Hamiltonian of the interaction of the field 
with the molecule is 

·v~, = -u~J:'F'. l'"' = -a,,FL'F.,, 

(1a) 

(1b) 

(1 c) 

(1d) 

(1e) 

(2) 

a is the polarizability operator' the indices 1 and 2 
label the ground and first- excited vibrational states of 
the molecule, 

(3) 

wL- ws = w21 is the molecule vibration frequency, and 
the indices L and S pertain to the laser and Stokes 
radiation, respectively, 

F, R, and p~ (a = L, S) are the amplitudes of the field, 
the density matrix, and the nonlinear polarization, t:. e is 
proportional to the equilibrium population difference of 
the vibrational levels, N is the number of molecules 
per unit volume, T1 is the longitudinal relaxation time, 
f3 and U are the losses and the velocity of light in the 
medium, and E is the dielectric constant. 
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The wave nonstationarity sets in already at TL 
"" 10-10 sec. The condition 7L >> T2 (T2 "" 10-11-10-12 
sec) remains in force here, so that the field amplitude 
in the equation for the density matrix can be regarded 
as independent of the time. This case makes it possible 
to solve separately the systems of equations for the 
density matrix and Maxwell's equations. An investiga
tion of the wave nonstationarity for SRS was. carried out 
inl2J by exactly solving the system of equations fQr the 
amplitudes of the laser (L) and Stokes (S) fields. It was 
shown that the wave group delay effect decreases the 
SRS gain. 

Inl 3 ' 4 J they investigated the case TL "" T2 assuming 
the laser field to be given and under the condition 
t:. = t:.e. These limitations have made it possible to 
reduce the system (1) to a hyperbolic equation that can 
be integrated by the Riemann method. It was shown 
there that the SRS gain decreases with decreasing laser
pulse duration and as the Stokes pulse propagates in the 
medium it broadens and its maximum becomes delayed. 

The present paper is devoted to SRS under conditions 
of local nonstationarity (7L « T2, T1). It will be shown 
below that under these conditions there exists a possi
bility of obtaining inverted population of the vibrational 
levels, of observing anti- Stokes radiation along the 
axis, and obtaining a discretely broadened spectrum of 
the SRS lines. 

Let us proceed to solve the system (1). It is impossi
ble to obtain its exact solution, and we therefore use 
the method of successive approximationslsJ: 

( 5) 

P12(t) = p;;> (t)+ p}!> (t)+ ... , 

.:'.(t) = .:'.<'>(t) + ll<'>(t) + .. . 

In the zeroth approximation we shall assume that the 
fields of the L and S radiations are given functions of 
the time and do not depend on z. In this case the system 
(1) reduces to the system (1a)-(1c) for the density ma
trix. Assuming for simplicity that the L or S radiation 
is in the form of rectangular pulses: 

<o> { F d:> for 0 ~ t ~ t (a. = L, S) 
F~ (t) = o for t outside this interval 



r 
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we obtain from (1a) and (1b) 

(o) i (0) (0)• s' { 1 } 0 R 21 = fja.,FLOFso 
0 

exp - T, (t- -r) ~( l(-r)d-r, 

Substituting these expressions in (1c), we obtain an 
integra-differential equation dP.scribing the motion of 
the difference of the populations of the vibrational 
levels: 

(6) 

t 1 (7) 
X f exp{--(t--r) }d<'>(-r)d-r. 

o r, 
We solve this equation with the aid of the Laplace 

transformation. The obtained transform is 

fr(p) = ~·(a/p + 1) (p +b) , 
(p+a)(p+b)+'J..' 

from which we obtain the inverse transform 

{ e-'' [ ( ab ) ] ~(0l(t)=~· r (a+b)-y 1+ ab+'J..' shft 

[ ab ] ab } +e-'' 1---- chft+---
ab +A.' ab +'A' ' 

where 
a= T,-', b = T,-', y = '/,(T,-' + T,-'), 

f= {(T,-T,)'-1.'}''', 
2T,T, 

(8) 

(9) 

(10) 

Let us investigate the behavior of the population dif
ference of the vibrational levels A <o> in the case when 
the durations of the L and S pulses are much shorter 
than the times of longitudinal and transverse relaxa
tions: TL « T2, T1 and 1/T2T1 < "A 2. This enables us to 
neglect the influence of the relaxation processes on A<o> 
compared with the influence of the L and S fields. Then 
it follows from (9) that 

~(0l(t) =~·cos A.t, 

whence, under the condition 

'At= {2n+1)n, n=0,1,2, ... 

we get A<oJ =-A e. 

(11) 

(12) 

In other words, as the result of the SRS that occurs 
under conditions of local nonstationarity, it is possible 
to produce inverted population of the vibrational levels. 
We note that the condition (12) is the analog of the con
dition for producing pulsed inversion in the theory of 
two-level laserslsJ. 

We shall show that the produced inverted population 
of the vibrational levels can be used to amplify anti
Stokes SRS radiation in the forward direction or to 
amplify a signal at the molecule- vibration frequency. 
Let us assume that a medium with initial levels 

~ (0) = -~·. p, (0) = p, (0) = 0, (13) 

is subjected to the action of a laser pulse with duration 
TL > T2, T1 • The Hamiltonian of the interaction of the 
field with the molecule is given by (2), and the field 
itself is chosen in the form 

(14) 

If the change of the populations of the vibrational 
levels is determined mainly by the relaxation processes 
and not by the field, then the polarization obtained by 
solving the system of equations (1a)-(1c) and also from 
(4) and (14) is given by 

(15) 

where 

(16) 

For amplification of the anti- Stokes radiation to occur, 
it is necessary to have A smaller than a certain critical 
value A' = -1/Ae (0 < 11 < 1). It follows therefore that 
the system will amplify the anti- Stokes radiation after 
inversion for a time interval satisfying the inequality 

0 < t' jT, < ln[2/ (1 +TJ)]. (17) 

We note the following with respect to the amplifica
tion of the signal at the molecule-vibration frequencies: 
the inversion of the vibrational-level population by 
pumping with nonstationary SRS radiation uncovers a 
possibility of obtaining new laser transitions at these 
frequencies. The priming signal can be obtained by 
parametric interaction of L and S waves. In the case 
when the active medium consists of non-polar mole
cules, the medium, together with the cell where the 
priming pulse is produced, should be placed in a con
stant electric field in order to lift the alternative for
biddennessL7l. If the duration of the priming signal ex
ceeds T2, then the time of its amplification is deter
mined by (17). 

Let us return to the investigation of nonstationary 
SRS. We employ the values of RW, R~~>, and A< 0 > ob
tained by us to calculate the susceptibility of SRS 
occurring under local nonstationary conditions. From 
(3), (4), (6), and (11) it follows that 

(18) 

Let us show that the oscillations of the nonstationary 
Raman susceptibility cause the presence of additional 
lines in the SRS spectrum. To this end, in first order 
of the employed method, we investigate the spatial and 
temporal behavior of the Stokes- radiation amplitude. 

Substitution of (4) in (1d) with allowance for (5) under 
the condition {3 s = {3 L = 0 yields 

( a 1 a ) (I) . Ws 0 0 , (o) -+-- Fs =-2mN-a.,(E<>+E<>)(p"+K.c.). 
Dz Us Dt Use 

Using now (6) and (11), we get 

(_!_+_1 _!_)pf> = /F~') /2nNa.,'~'w 5 /Fl')/' sinAl. 
~ ~ ~ h~e A 

Solving this equation, we obtain ultimately 

It follows therefore that there appear in the spec
trum, besides the Stokes line, also lines shifted relative 
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to the Stokes line by a frequency n = ±.\/21T. The next
higher approximations establish the presence in the 
spectrum of SRS lines with frequencies "s ± nn, n = 
n = 0, 1, 2, .... Thus, in SRS under local nonstationary 
conditions, it is possible to observe an enriched spec
trum of SRS lines. 

The mechanism considered above for the discrete 
broadening of the lines in the nonstationary SRS spectra 
is connected with oscillations of the Raman susceptibil
ity Xs• which in turn are due to periodic changes in the 
population difference of the vibrational levels t.<0>(t). In 
addition to this mechanism, oscillations of xs are 
caused by the influence of the quadratic Stark effect on 
the SRS. When the energy of the picosecond pulse is 
low, there may also be no appreciable change in t.<o>: 
t.<o> = 0, t.<0> = t.e. Then only the second mechanism is 
effective. This case was considered by ShimodalaJ, who 
investigated the formation of a discrete structure of 
SRS lines in CS2. Shimada believes that self-modulation 
of the pulse occurs in self- focusing in the thin short
lived filaments, owing to the oscillations of xs· The 
nature of these oscillations is not indicated inlBJ, 
although it is obvious that they are connected with the 
influence of the Stark effect on the SRS in the absence 
of relaxation and under the condition t. = t. e. 

We can take the Stark effect into account in the pres
ent analysis by retaining in the left- hand sides of (1a) 
and (1b), respectively, terms of the type 
+i(Vu- V22)R~~>/n and-i(Vu- V22)Rig>;n, with 

V"- v,, = L1a(IFi:> I'+ IF~'! I'), 
where t.01 = a 11 - 0!22 is the difference of the polariza
bilities in the ground and first- excited vibrational 
states. Repeating now the calculation used above to 
derive (11) and (18), we obtain for t.< 0>(t) and Xs the fol
lowing expressions: 

11<'>(t) = 11' f-12 +A.' cos ~t 
~2 ' 

where 

(20) 

(21) 

It follows from (20) that the condition for the inverted 
population of the vibrational levels in nonstationary SRS 
takes in the general case the form 

\;t=(2n+1)n:, n=0,1, ... , 

'->I'· 

(22a) 

(22b) 

We note that the condition (22b) can be satisfied if the 
coefficient of conversion of L radiation into S radiation 
is sufficiently high (e.g., 1Fs>l2 ~ 0.11FL>I 2) and as the 
result of the fact that t.01 « 01 12. (The expansion of t.01 
in powers of the normal coordinate Q yields t.01 
= (E1 201/oQ2)0Q2, whence t.01 « 01 12 = (Eia/aQ)oQ, where 
Q = ,x:;/2mw.) 

The formula (21) for xs is a generalization of there
sults of ShimodalaJ (formula (11)) and of the present 
paper (formula (18)). The analog of formula (11) oflBJ 
follows from (21) at .\ = 0 (or t.<o> = t.e), and then the 
oscillations of Xs are connected only with the influence 
of the Stark effect on the SRS. 

Let us present estimates. In the case of gases (by 
way of an example we consider hydrogen: v21 
= 4155 em-\ N ~ 1019 cm-3 , T2 ~ 10-9 sec, and vs 
~ 2.5 x 1014 sec-1) exposed to radiation from a neo
dymium laser with TL ~ 10-10 sec at F£> ~ 3 
x 104 cgs esu, F~t ~ 0.3 F<o>, 01 12 = (Eia/BQ)oQ 
~ 10-25 cm3 ((801/EIQ)o ~ t.:f'x 10-16 cgs esul71 , and 
Q ~ 10-9 cgs esu) we obtain an oscillation frequency n 
~ 0.3 cm-1. On the basis of (22b) we assume that the 
main contribution to the oscillation frequency is made 
by the population- oscillation mechanism. Since T2 
= 10-9 sec, the condition n T2 » 1 is satisfied, and 
consequently a discrete structure of the L and S lines 
should be observed in the SRS spectra of hydrogen. 

In the case of a liquid (C~: 1/21 = 656 cm-1, N ~ 5 
x 1021 cm-3, T2 = 5 x 10-11 sec, E ~ 2.6, vs ~ 3 
x 1014 sec-1) at FL> ~ 105 cgs esu, F~;> ~ 0.3 Ft;>, 01 12 
~ 6 x 10-26 cm3 (801/aQ ~ 1.5 x 10-16 cgs esu, Q ~ 4 
X 10-10 cgs esu) the frequency &2 turns out to be &2 
~ 1.8 cm- 1• 

We note that from the condition F~> « Fs> and from 
(19) it follows that the nonstationary process occurs in 
a thin layer of matter with thickness l ~ 0. 5 em in a gas 
and t ~ 5 x 10-3 em in a liquid. The same estimates can 
be arrived at by starting from qualitative considerations. 
Under local nonstationary conditions, the conversion of 
L radiation into S radiation occurs at a distance com
parable with the length of the L pulse. Since the energy 
of the depleted L pulse then becomes lower than the SRS 
threshold energy, then the L and S pulses will pass 
through the remainder of the cell without being apprec
iably altered. Consequently, the distance over which the 
non- stationary SRS takes place can be estimated at 
l ~ CTL' Starting from TL << T2, we assume that the gas 
and the liquid are irradiated by pulses with TL 
~ 10-10 sec and TL ~ 5 x 10-13 sec, respectively. We 
then have for gases l ~ 3 em and for liquids l ~ 10-2 em. 

As already mentioned, the presence of oscillations 
leads to a discrete structure of the lines in the SRS. 
A similar phenomenon was observed by Bol' shov 
et al. l91 In a single picosecond pulse of duration TL 
~ 3 x 10-12 sec and a power on entering the cell 
~ 250 GW/cm2 (FL = 2 x 104 cgs esu), self-focusing 
and a fine structure of the SRS lines in CS2 were ob
served. Unfortunately, the result of this experiment 
was not estimated inl9J. Nonetheless, since TL << T2, 
it can be assumed that the SRS occurred in this case 
under conditions of local nonstationarity, and conse
quently the mechanism proposed in our paper is one of 
the causes of the observed fine structure, in addition to 
the other mechanisms discussed inl9J. 

The estimates given above for F<o> can be regarded 
as not overvalued in comparison wilh the experimental 
data of Bol' shov et al. l91 , since the pump intensity can 
increase by several orders of magnitude in the case of 
self-focusing in thin filamentsuoJ. 

A fine structure of SRS and pump lines was observed 
also in C6Hs, CS2 , and in the field of ordinary nano
second pulses (see the bibliography inl 91 ). In this case 
the cause of the fine structure may be nonstationary 
processes occurring in SRS in the case of self focusing 
in thin filaments, with a pulse duration shorter than 
the relaxation timelBJ . An analogous effect of ampli
tude modulation of the light pulse takes place also when 
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an intense L pulse passes through a resonantly absorb
ing medium. In particular, Hocker and Tang111l ob
served, in the passage of a C02- laser pulse through 
SFs, damped oscillations near the leading front of the 
pulse. These oscillations are likewise attributed by the 
cited authors to oscillations of the populations, and 
their damping is attributed to relaxation processes. 

The author is grateful to S. A. Akhmanov and M.A. 
Kovner for consultations, useful advice, and a discus
sion of the results. 
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