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DYNAMICS OF STIMULATED RAMAN BACKSCATTERING: 

NUMERICAL EXPERIMENT 

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

The dynamics of Raman backscattering was studied under co11ditions whe11 tl1e 
duration of the pumping pulse was greater than the dephasing time for 111olec· 
ular vibrations and the time of light travel through the medium. Th1·ee basic 
regimes were found to be possible: quasistatic, spiking, and transient. Realiza­
tion conditions and specific features of these regimes were established. 

INTRODUCTION 

The regin1e of quasistationary :Stin1ulated Raman backscattering (SRBS) \Yas reported :•J (•t:rur !11 ·::·:­

perin1ents [1. 2] upon strong focusing of a coherent laser bean1 in a short hydroge11-co11r~.iining ·~l'll l"l.1.~ 

regime has several attractive specific features: (a) high efficiency of conversion of laser radiation to r.luc 
back.,vard first Stokes component of stin1ulated Raman scattering, SRS (up to 06){. by pl1oto1t:-:. J: ( b) r:ot1."··r~ 

vat ion of emission coherence in the course of conversion; { c) complete absence of a conco1n1tc1111 .SI~ S : I 1;': 

characterized by a competition bet\veen the Stokes and anti-Stokes con1ponents of different orders. ~l'l1i;•:o:e 

advantages, together with a compactness of the SRS converter (the cell \Vith hydrogen is 7 cn1 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 been 
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 \Vavelength and 
\vidth of the frequency spectrum of pumping [2]. But there still e.xist some unresolved questions related. 
e.g., to the dynamics of the process and time needed to attain the steady-state regime of SRBS . 

. -\.s regards the problem of the SRBS dynamics. quite extensive studies have been perfortned i:onc,::-ru Lil-:; 

the transformation of short laser pulses in long-sized Raman-active media, i.e .. \Vhen 

Tp < L/c, 

\Vhere Tp is the pumping pulse duration, L is the length of the medium, c is velocity of lig;ht. r nil er 
such conditions, a regime of pulse co1npression (compaction) sets up that is characterized by· a consider;1ble 
shortening (by 1-2 orders of magnitude) of the Stokes pulse and an increase of its peak po\ver as con1pared 
to the pumping pulse. This problem is treated, e. g. 1 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 1 9). 

~Iuch less attention has been paid to the opposite SRBS case of a long pumping pulse in a short-size(! 
n1ediun1. \vhen 

Tp > Ljc, 1. l i 

though this regime also shows some interesting dynamic features (the spiking regime of generation, see [7. 
8, 12]). 

The study of the SRBS dynamics undertaken in the present work has been lirnitec! by condition ( l ). 
which was well fulfilled in the experiments [l, 2] (rp = 30 us, L = 7 cm, 2L/c = 0.5 ns). ln addition. "·e 
assumed the duration of the pumping pulse to be much greater than the time of dephasing for molecular 
vibrations, i.e., 

Tp > T2 , 

which also was the case in the experiments [l, 2] (at hydrogen pressure of 50-100 aim, the time of dephasing 
for molecular vibrations is 0.1-0.2 ns). It should be noted that the effects of local nonstationarity (rp < T,) 
at the stimulated backscattering \Vere considered in (13-17]. 

65 



,\lo.scow University 
Physics Bulletin 

BASIC EQUATIONS 

Vol. .).7, iVo. 1 

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

8 I, 1 8 I, _ I I 
-a;+~ift-9 p" 

Olp ~ Olp - - Wp I I o+ ~1 - 9p" 
uz C v Ws 

(2) 

\Vhere Ip and ls are the intensities of pumping and of the Stokes con1ponent, wp an<l c.; 5 are their frequencies. 
g is the specific gain of SRBS (cm/\.V), :: is coordinate, t is time, c is velocity of tight. The di:'>persion ·Jf 
group velocity is neglected in (2), since it does not play an important role in SH.BS. 

Let us introduce the din1ensionless parameters: 

x=:/L, r=t/rp, 

S = wpl,/(.,;,fo), P =Ip/lo, 

\vhere L is the length of the cell; Tp is the pumping pulse duration, [0 is the maximal pumping intensity. 
With these \'ariables, Eqs. (21 ha\'e the form: 

as as 
- 8x +c or =GPS, 

DP i)p 
Dx +'Dr = -GPS, 

\vhere 

'= L/(crp). G = gLlo. 

To describe SRS in the generation mode, let us replace Sin the right-hand side of the first Eq. (:3) by :3 + ?t, 
\vhere 

µ = wpl,Lf(w,Io) 

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

as as 
- 8x +c or= GP(S+µ), 

iJP i)P 
iJx + c i), = -GPS. 

System of equations ( 4) \Vas solved numerically for the follo\ving initial and boundary f'.OtH.!itlo11s: 

P(x = 0. r) = F(r). 

S(x = l, r) = 0. 

P(x, r = O) = 0, 

S(x, r = 0) = 0. 

Here the function F(1) gives the shape of a pumping pulse. 

(4) 

. ( .)) 

To solve problem (4), (5), we used the numerical method described elsewhere [18]. The accurncy »f 
calculations \Vas checked by using the la\v of energy conservation \Vritten in the forn1: 

00 00 00 

j I,(== 0, t) dt = J lp(z = L, t) dt + :: J I,(z = 0, t) cit 
-oo -oo -00 

or, in the dimensionless variables; 

00 00 00 

j P(x = 0, r) dr = j P(x = 1, r) dr + j S(x = 0, r) dr. 

-oo -oo -oo 
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The required accuracy was reached by varying the integration step. 
The inaccuracy of calculations was characterized by the parameter 6 defined as: 

00 00 00 

J P(x = 0, r) dr - J P(x = 1, r) dr - J S(x = 0, r) dr 
6=-00 -oo -oo 

00 

J P(x = 0, r) dr 
-oo 

l'o/ . .! 7, .\·u. 

This parameter ,.,,.as computed and printed together \Vith the major data. i.e., the functions P( .I.: = l. T \. 

S(x = 0, r), and quantum energy efficiency of SRBS: 

00 

J S(x = 0, r) dr 
-00 

ry = -=-------
! P(x = 0, r)dr 

-oo 

RESULTS AND DISCUSSION 

The main results of the calculations are presented in Figs. 1-3. Analysis sho,vs that the SRBS dyna11ucs 
is determined by the interrelation of the follo,ving three parameters: the duration •:1 f thf' p1:n1pin:; ['11!~··· -
the time of light propagation through the tnedium. L/c; and the duration of the leadin_:;: ~'d~» ,·,(•!1·· '.·,·11!q ,. 
pulse, ilrp. Accordingly, three main regimes could be distinguished: qua.sistatic, :;piking, anJ LrfH1s1~:11t. Lc:-r 
us consider these regimes separately. 

Quasistatic Regime 

When the pumping pulse is sufficiently long and has a gently sloping leading edge, so that the conclit1011s 

r, > L/c, 

are satisfied, then the quasistatic regime of SRBS takes place, in which the pulse of the Stokes ernission is 

an exact replica of the pumping pulse (more exactly, of the portion of the pumping pulse that is above the 
SRBS threshold). A typical example is given in Fig. 1, \vhich shows an input Gaussian pumping pulse \\·it !i a 
duration Tp = 30 ns, a pulse of the back,vard Stokes emission. and a pulse of the pu1npiu~ ernission th;tt L 1:" 
passed through the cell. The paran1eters of the numerical calculation were as follo\vs: G = .)Q. fl= Ii)_:'. 

L = 7 cm, ry = 11%, 6 = 3.2%. 
The Stokes pulse is seen to reproduce exactly the shape of the pumping pulse vertex be.~in11in~ wi111 

the level determined by the SRS threshold. The ptin1ping en1ission that has pas~ed rhro11 1~lt i\t1· (•_,\l li,1:-- ri1• 

shape of a pulse \Vith a cut off vertex. By the way, note that 'vi th respect to the trans1nitted p111npi11~. rite 
cell \Vith a Raman-active medium acts as a sort of limiter of the radiation intensity (po\ver), the level of 
limiting being determined by the SRS threshold. 

The intensity of the Stokes emission and the efficiency of SRBS in the quasistationary reg;i111e c:i.a be 
calculated by the formula: 

ry(I) = I,o(t)wp = l - ln(l/µJ 
Ipo(t)w, G(t) ' 

(f:i) 

where 

. G(t) = gLipo(t) (/) 

is the time-dependent total increment of SRS; I,o(t) = I,(z = 0, t) and I, 0 (t) =I,(:= 0, t) are the inten­
sities of the pumping and the backward Stokes component at the entrance window of the cell. Formulas (6) 
and (7) are essentially the extention of the corresponding formulas of the stationary nonlinear theory of 
SRBS (see, e.g., (19]) to the case \vhen the intensity of the input pumping slo,vly changes \vi th time. 
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Fig. 1 

Dynan1ics of SRBS in the quasistatic regime: G = 50. µ = 10- 14 . L 
ry = 17%, 0 = 3.2%. 
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T Ctll. -

Spiking regime of SRBS: G = 80, µ = io- 14 , L = 7 cm, rp = 1 ns. ry = .ST'7o. 6::: G.T 1X. 

Spiking Regime 

"\Vhen the pumping pulse is not too long and has a. steep front, so that the conditions 

Tp .2:: L/c, 

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 pulses (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 \Vere perforn1ed for a 
rectangular input pumping pulse with duration Tp = 1 ns. The rest of the parameters \Vas as follo\\'s: G = SO. 
µ = 10- 1•, L = 7 cm, ry = 57%, 6 = 6.7%. 

The existence of the spiking regime for SRBS and stimulated scattering of ~Iandelshtam-Brillouin \\'as 
first predicted in [7] on the ba.sis 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 l determined by the formula: 

µ exp{glpl} = 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): ~ 

1 L 
I= Iln(l/µ) = -G ln(l/µJ. 

g p 

The time needed for the pumping wave to penetrate into a medium to the depth l is given by: 

t1 = l/c. 

' 

The same time is needed for the Stokes \Vave to travel the path l to\vard the pumping wave aad rec1rh th•: 
entrance \vindoi.v of the cell .. .\t this instant, due to a strong SRS conversion of the pun1p1ng en11s:'!io11 ro rJ1, 0 

back,vard Stokes emission, the pumping pulse propagating in the medium is ·'cut off". Therefore. it 1nay be 
expected that a pumping pulse of duration 

_
2 

_2Lln(l/µJ 
t, - ti - ~ G 

\vill appear at the cell outlet. Nearly the same is the tin1e delay of the front of the Stokes pulse \\·itl1 r(·:-'-p<·ct 
to the leading edge of the pumping pulse at the input window of the cell. 

The pumping pulse of duration t2 propagating in a medium creates a strong back\vard Stokes \\'ave 
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 1 which depletes the pumping emission supplied to the medium thus preventing the purnping 
penetration to the bulk of the medium. It follo\VS that the duration of the Stokes spike that lea.Yes the 011tp11t 
\vindow must be approximately equal to: 

13 = 2L _ t, = 2L ( l - ln(l/µ)). 
c c . G 

and nearly the same time is taken by the pause between the pumping spikes at the opposite end of t.li.e cell. 
The process is repeated in the doubled time of light propagation through the mediu1n, 2L/c. 

The results of the numerical calculations \Ve carried out for varied parameters µ, l, and G s11ppr)t·r. 

these conclusions. 
Note that, according to formula (9), the counter SRS amplifier, \Vith respect to the pun1ping emis:5iou 

passing through it, may under certain conditions act as a fa.st-response nonlinear optical shutter. For 
example, when G = 80, µ = io-8 , L = 7 cm, and Tp = 1 ns, the duration of the pumping pulse that has 
passed through the cell, according to (9). \vill be t2 = 0.1 ns. It should be noted. ho\vever. that findin;:; 011t 

the shortest possible response time of this system will evidently require an analysis that \\'01dd r.akc i11l•) 

consideration the finite time T2 of dephasing of molecular vibrations. 

Transient Regime 

When the pumping pulse ha.s a steep leading edge and long duration, so that 

r, ~ L/c, UTp «: L/c, 

the oscillations of SRBS are quite pronounced at first, then gradually decay and a quasistationary regi1ne 
sets up with a conversion efficiency given by formula (6). The entire process, \vhich begins \Vith generation. 
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Fig. 3 

Transient regime of SRBS: G = 80, µ = 10-14 , L = 7 cm, r, = 30 ns, ry = 54%, 6 = 7.9%. 

of spikes and ends with the onset of a constant scattering intensity, can be termed the transient regin1e of 
SRBS. 

~.\. typical dynamics of the intensities in this regime is shoi,vn in Fig. 3. The data shown there \Yi-,re 
obtained by a numerical solution of Eqs. ( 4) for a rectangular input pumping pulse and the foUo\ving pa­
ran1eters: G = 80, p = io- 14 . L = 7 crn. 

The basic characteristic of the transient regime is its duration (onset tirne) tu·· The forrnnla for the 
onset time has been derived analytically in [12]: 

2L 
ttr=-G. (10,1 

c 

\Ve have performed nurnerical calculations of the onset time having defined it as the tinte needed for the 
intensity of the Stokes emission to deviate from its steady-state level by no more thau 10%. 'fhe 1·esult:; 
obtained for the G values exceeding the SRS threshold: 

G,h =In( 1/ µ) 

are given in Fig. 4. The figure sho\vs that the onset time for the steady-state reg:i[ne of SRBS 1nay Le 
estimated by the formula: 

2L 2L 
t,, = -G,h = -ln(l/µ). 

c c 
( 11) 

Therefore, formula (10) turns out to be approximately valid only in the vicinity of the SRS threshold. 
So, according to our data, the onset time ttr 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,h = ln(l/µ) = 30, formula (11) gives: 

t,, = 60L/c. 
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Fig. 4 

Vol. 41, ,Vo. 1 

Onset tin1e for the steady-state regime of SRBS as a function of gain increment. c;. µ 

10- 1• I 1), lo-• (2), and lo-' (3). 

CONCLUSIGlNS 

The numerical modeling of the dynanlics of back,vard SRS helps identify the follo\ving tlireP re~i111\.'": 

quasistatic, spiking, and transient. The realization conditions for these regin1es ileren<l on th(~ re lat ion.-..iii;·, 
between (a) the duration of the pumping pulse, 'rp, (b) the time of light propagation through tlte n1edi11111. 

L/c, and (c) the duration of the leading edge of the pumping pulse, .Q.r,: 

Tp » L/c, 

r,;::: L/c, 

Tp » L/c, 

.Q.rp » L/c 

.Q.r, ~ L/c 

.Q.r, ~ L/c 

quasistatic regime, 

spiking regime, 

transient regime. 

The existence of the quasistatic regime accounts for the experimental data ob rained i11 [ l. :I] 'fhc 
characteristics of the spiking regime are consistent with those found earlier in [7] The onset tin1e for th(: 
steady-state regime of SRBS is given by formula ( 11). 
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