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DYNAMICS OF STIMULATED RAMAN BACKSCATTERING:
NUMERICAL EXPERIMENT

[. N. Zhmakin, S. Yu. Nikitin, and D. A. Sivashov

The dynamics of Raman backscattering was studied under conditions when the
duration of the pumping pulse was greater than the dephasing time for molec-
ular vibrations and the time of light travel through the medium. Three basic
regimes were found to be possible: quasistatic, spiking, and transient. Realiza-
tion conditions and specific features of these regimes were established.

INTRODUCTION

The regime of guasistationarv stimulated Raman backscattering i(SRBS) was reported to aceur in wx-
periments 1. 2] upon strong focusing of a coherent laser beam in a short hydrogen-containing ceil. This
regime has several attractive specific features: {a) high efficiency of conversion of laser radiation to ile
backward first Stokes component of stimulated Raman scattering, SRS (up to 96% by photonsy: (b} couser-
vation of emission coherence in the course of conversion; (¢) complete absence of a concomitant SRSt is
characterized by a competition between the Stokes and anti-Stokes components of different orders. These
advantages, together with a compactness of the SRS converter (the cell with hydrogen 15 7 cm long) give
hopes for wide practical applications of such a converter.

By now, numerous problems pertaining to the physics of strong-focusing SRBS have already heen
studied both experimentally and theoretically. In particular, the energy efficiency of SRBS has been studied
as a function of pumping energy, hydrogen pressure, focusing conditions [1] and also of the wavelength and
width of the frequency spectrum of pumping [2]. But there still exist some unresolved guestions related.
e. g., to the dynamics of the process and time needed to attain the steadv-state regime of SRBS.

As regards the problem of the SRBS dynamics. quite extensive studies have been perfornied concerning
the sransformation of short laser pulses in long-sized Raman-active media, i.e.. when

™ < Lfe,

where 1, is the pumping pulse duration, L is the length of the medium. ¢ is velocity of light. Unier
such conditions, a regime of pulse compression {compaction} sets up that is characterized by a consideralle
shortening {by 1-2 orders of magnitude) of thie Stokes pulse and an increase of its peak power as compared
to the pumping pulse. This problem is treated, e. g., in {3-11]. For the case of an infinite medium {L = x¢). a
simple analytic solution to the problem of interaction between the pumping pulses and the Stokes component
traveling in opposite directions was reported [5, 9].

AMuch less attention has been paid to the opposite SRBS case of a long pumping pulse in a short-sizerl
medium, when ’

m > Lfc, - (L
though this regime also shows some interesting dynamic features (the spiking regime of generation, see 7.
3, 12]). :

The study of the SRBS dynarmics undertaken in the present work has been limited by condition (1),
which was well fulfilled in the experiments {1, 2] (7, = 30 ns, L =7 em, 2L/c = 0.5 ns). In addition. we
assumed the duration of the pumping pulse to be much greater than the time of dephasing for molecular
vibrations, 1. e.,

Tp > T21

which also was the case in the experiments [1, 2] (at hydrogen pressure of 50-100 atm, the time of dephasing
for molecular vibrations is 0.1-0.2 ns). It should be noted that the effects of local nonstationarity {r, < 73)
at the stimulated backscattering were considered in [13-17].
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BASIC EQUATIONS

In the approximation of plane waves, the process of SRBS is described by the following equations 5, 9}:

8z e 6t (2)
8L, 10,  w, ‘
P “zﬂfrfs'

where I, and I, are the intensities of pumping and of the Stokes component, w, and w, are their frequencies.
g 1s the specific gain of SRBS {cm/W), r is coordinate, ¢ is time, ¢ is velocity of light. The dispersion of
group velocity is neglected in (2), since it does not play an important role in SRBS.

Let us introduce the dimensionless parameters:

r=z/L, T=1t/7,,
S:‘.AJPI‘;/(’-U,I(}], P:Ip/-'-r(}:

where L is the length of the cell, 7, is the pumping pulse duration, Iy is the maximal pumping intensity.
With these variables, Egs. (2) have the form:

as a5

~3; teF = OFS
(z—P + d?ﬂ_{'ﬁ =-GPS,
dr T

where

g = Lf(emp). G =gLl;.

To describe SRS in the generation mode, let us replace § in the right-hand side of the first Eq. (3) by 3+ p,
where
H= WpIsL/(usIG)

is the relative primer of the Stokes component. Then we obtain:

a5 85§
_5;+5-(F_GP(S+;L), "
gp 8P
— = -GPS,
PR GF

System of equations {4) was solved numerically for the following initial and houndary conditions:

Pz =0 r)= F(r),

S{r=1, r)=0. .

(3]
Pz, r=0)=9, !
Sz, r=0)=0.

Here the function F(r) gives the shape of a pumping pulse.
To solve problem (4), (5), we used the numetical method described elsewhere [18]. The accuracy of
calculations was checked by using the law of energy conservation written in the form:

/IP(__O t)dt = f{ :=1, t)dt+ fr (=0, t)dt

or, in the dimensionless variables:

oo o0 oQ

fP(z:O‘ r)dr:/P(z:l, r)dr+[5‘(x:0| Tydr

-0 -0 -0
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The required accuracy was reached by varying the integration step.
The inaccuracy of calculations was characterized by the parameter § defined as:

TP(..«::-.O, ) dr — TP{:::L, r)dr— TS(:::O, r)ldr
6=-—oo -0 -0

=2}

J P(z=0, r)dr

This parameter was computed and printed together with the major data. i.e., the functions P(x = L. 1,
S{x =0, r), and quantum energy efficiency of SKBS:

T S(zx=0, 7)dr

n=% :
[ Pz =0, r)dr

-0

RESULTS AND DISCUSSION

The main results of the calculations are presented in Figs. 1-3. Analysis shows that the SRBS dynamies
is determined by the interrelation of the following three parameters: the duration of the pumping pulse =
the time of light propagation through the medium. L/¢; and the duration of the leading edge af the v
pulse, Arp. Accordingly, three main regimes could be distinguished: quasistatic, spiking, and iransient. Ler
us consider these regimes separately.

Quasistatic Regime
When the pumping pulse is sufficiently long and has a gently sloping leading edge, so that the conditions
» Lie, A > Lfe

are satisfied, then the quasistatic regime of SRBS takes place, in which the pulse of the Stokes emission is
an exact replica of the pumping pulse (more exactly, of the portion of the pumping pulse that is above the
SR.BS threshold). A typical example is given in Fig. 1, which shows an input Gaussian pumping pulse with a
duration 7, = 30 ns, a pulse of the backward Stokes emission. and a pulse of the pumping emission that lins
passed through the cell. The parameters of the numerical calculation were as follows: G = 30, g = 107
L=Tcm, n=17%, § = 3.2%.

The Stckes pulse is seen to reproduce exactly the shape of the pumping pulse vertex beginning with
the level determined by the SRS threshold, The pumping emission that has passed through the cetl lies e
shape of a pulse with a cut off vertex. By the way, note thas with respect to the transmitted pomping, the
cell with a Raman-active medium acts as a sort of limiter of the radiation intensity (power), the level of
limiting being determined by the SRS threshold.

The intensity of the Stokes emissicn and the efficiency of SRBS in the quasistationary regime can be
calculated by the formula:

I_,O(t)up In(l/ﬂ) .
o ————— - {
M= e T G 0
where

"G(#)y = gLIpo(t) (7

is the time-dependent total increment of SRS; Lo(t) = L{z =0, t) and [,0(¢) = L,{(z =0, t) are the inten-
sities of the pumping and the backward Stokes component at the entrance window of the cell. Formulas (§)
and (7) are essentially the extention of the corresponding formulas of the stationary nonlinear thecry of
SRBS (see, e.g., [19]) to the case when the intensity of the input pumping slowly changes with time.
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Fig. 1
Dynamics of SRBS in the quasistatic regime: G = 50, x = 1077 L = T em. = = 30 us,

n=17%, 6 = 3.2%.
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Fig. 2
Spiking regime of SRBS: G =80, p= 107", L=Tcom, 7, = L us. n =57%, § = 8.7%.

Spiking Regime
When the pumping pulse is not too long and has a steep front, so that the conditions
» Z Lfe, A, € Lfe

are satisfied, the spiking regime of SRBS takes place. Then the backward Stokes emission and the emission
that has passed through the cell represent a sequence of short puises (spikes) following at a repetition period
of 2L /c equal to the doubled time of light propagation through the medium.

An example of SRBS in the spiking regime is given in Fig. 2. The calculations were performed for a
rectangular mmput pumping pulse with duration 7, = 1 ns. The rest of the parameters was as follews: G = 30,
u=10"1"% L =7cm, n=57%, § = 6.7%.

The existence of the spiking regime for SRBS and stimulated scattering of Mandeishtam-Brillouin was
first predicted in {7] on the basis of a numerical solution to the equations of the (4) type. The oscillations in
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the intensity of the backward stimulated emission were termed by the authors of [7] the relaxation oscillations.
Similar oscillations during SRS in molecular gases were experimentally detected in [8].

Let us estimate the main parameters of the spiking regime of SRBS (see also [7]). When the pumping
wave penetrates into a medium to a depth [ determined by the formula:

pexp{gl,i} =1, {8)

the conditions arise when the backward Stokes wave may be amplified up to a level comparable to that of
the pumping wave. According to {8): -

"

z=ihwm35mmy

The time needed for the pumping wave to penetrate into a medium to the depth [ is given by:
t]_ = I/C

The same time 1s needed for the Stokes wave to travel the path [ toward the pumping wave and reach the
entrance window of the cell. Av this instant, due to a strong SRS conversion of the pumping enussion ra the
backward Stokes emission, the pumping pulse propagating in the medium is “cut off”. Therefore. it may be
expected that a2 pumping pulse of duration

o 2L {1/ N

tg_2t1_ A ——G (R

will appear at the cell outlet. Nearly the same is the time delay of the front of the Stokes pulse with respect
to the leading edge of the pumping pulse at the input window of the cell.

The pumping pulse of duration ¢, propagating in a medium creates a strong backward Stokes wave
along the entire length of the cell with a Raman-active medium. Encountering the pumping wave in the
vicinity of the entrance window of the cell, the backward Stokes wave induces a strong SRS conversion of
the pumping, which depletes the pumping emission supplied to the medium thus preventing the pumping
penetration to the bulk of the medium. It follows that the duration of the Stokes spike that leaves the outpnt
window must be approximately equal to:

2L 2L In(1/p)

= — =ty = —( - ) .

¢ ¢ . G

and nearly the same time is taken by the pause between the pumping spikes at the opposite end of the cell.
The process is repeated in the doubled time of light propagation through the medium, 2L /¢,

The results of the numerical calculations we carried out for varied parameters p, L, and & suppors
these conclusions.

Note that, according to formula (9), the counter SRS amplifier, with respect to the pumping emission
passing through it, may under certain conditions act as a fast-response ncnlinear optical shutter. For
example, when G = 80, g = 10=3, L = 7 ¢m, and 7p = 1 ns, the duration of the pumping pulse that has
passed through the cell, according to (9), will be t2 = 0.1 ns. It should be noted, however, that finding nut
the shortest possible response time of this system will evidently require an analysis that would take into
consideration the finite time T» of dephasing of molecular vibrations.

Transient Regime
When the pumping pulse has a steep leading edge and long duration, so that
Tp >>L/C, Afp <L/C,

the oscillations of SRBS are quite pronounced at first, then gradually decay and a quasistationary regime
sets up with a conversion efficiency given by formula (6). The entire process, which begins with generation
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Fig. 3
Transient regime of SRBS: G =80, y= 10", L =7 cm, 7 = 30 ns, n = 54%, § = 7.9%.

of spikes and ends with the onset of a constant scatiering intensity, can be termed the transient regime of
SRBS.

A typical dynamics of the intensities in this regime is shown in Fig. 3. The data shown there were
obtained by a numerical solution of Eqs. (4) for a rectangular input pumping pulse and the following pa-
rameters: G =80, g = 107, L =7 om.

The basic characteristic of the transient regime is its duration (cnset time) ;.. The formula for the
onset time has been derived analytically in [12]:

te = g-{'-G. {10)
c

e have performed numerical calculations of the onset time having defined it as the time needed for the
intensity of the Stokes emission to deviate from its steady-state level by no more than 10%. The results
obtained for the & values exceeding the SRS threshold:

G2 G,  Gw=In(l/y)

are given tn Fig. 4. The figure shows that the onset time for the steady-state regime of SRBS mayv Ge
estimated by the formula:
2L 2L
tye = "E"Gnh="c_ln(1/ﬂ)- (11)

Therefore, formula (10} turns out to be approximately valid only in the vicinity of the SRS threshold.

So, according to cur data, the onset time t;. is nearly equal to the doubled time of light propagation
through the medium multiplied by the threshold increment of SRS. In particular, for the regime of SRS
generation when G, = In(1/u) = 30, formula (11) gives:

ter = 60L /e

70



Moscow Uriversity
Physics Bulletin Vol. 47, No. 1

Fig. 4

Onset time for the steady-state regime of SRBS as a function of gain increment &0 u =
10714 (1), 10=% (2), and 10-7 (3).

CONCLUSIONS

The numerical modeling of the dynamics of backward SRS hLelps identify the following three regiines:
quasistatic, spiking, and transient. The realization conditions for these regimes depend on the relationsing
between (a) the duration of the pumping pulse, 7, (b) the time of light propagation through the medin.
L/c, and (c) the duration of the leading edge of the pumping pulse, Ary:

> Lfe, At 3» Lfe — quasistatic regime,
= Lfe, AT, € Lfc — spiking regime,
> Le, Ar, KL Lfe ~ transient regime.
The existence of the quasistatic regime accounts for the experimental data obrained wm {1, 2] The

characteristics of the spiking regime are consistent with those found earlier in [7]. The onset time for the
steady-state regime of SRBS is given by formuia (11).
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