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We discuss stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) under the convective instability condition
with a one-dimensional three-wave interaction (3WI) model. Using linear theory, we deduce the temporal growth rate, gain exponent,
and reflectivity of the backward scattered wave in a finite interaction region. We find that the growth rate is not only determined by
the laser intensity and plasma density and temperature, but also related to the spatial gain. The length of the interaction region is
important to the gain exponent and backscattering level. We simulate the developments and evolutions of SRS and SBS based on the
3WI equations. Our numerical results consist with the linear theory.

stimulated Raman scattering, stimulated Brillouin scattering, three-wave interaction model

Citation: Hao L, Liu Z J, Zheng C Y, et al. Study of stimulated Raman and Brillouin scattering in a finite interaction region under the convective instability condition.
Chin Sci Bull, 2012, 57: 2747-2751, doi: 10.1007/s11434-012-5243-7

Both stimulated Raman scattering (SRS) and stimulated Bril-
louin scattering (SBS) are central problems in laser-driven
inertial confinement fusion (ICF) [1,2]. When SRS happens,
a resonant decay of an incident light wave into a scattered
light wave and a Langmuir wave occurs. Similarly, in SBS
the incident light wave decays resonantly into a scattered
light wave and an ion acoustic wave. The backward scatter-
ing processes of SRS and SBS lead to energy loss when the
incident laser propagates over underdense plasma, and play
crucial roles in laser fusion [3]. SRS and SBS have been
widely studied in theory over the past four decades [4—17].
Recently, relevant experiments and techniques have also de-
veloped rapidly [18-21]. However, most work so far has
mainly concentrated on the relation between the backscatter-
ing reflectivity and the plasma density or temperature. Dis-
cussions about the effect of the spatial interaction region are
lacking. In this work, we study the SRS and SBS process
based on a one-dimensional three-wave interaction (3WI)
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model with a finite plasma under the convective instability
condition, and focus on the spatial influence on the backward
scattered waves.

1 Physical model

In this section, we introduce our physical model, which is
powerful in large-scale simulation [8]. Firstly, we define
Ao(z, 1), Ar(z,t) and Ap(z, 1) as the slowly varying complex
amplitudes of the vector potentials for the incident light, SRS
backscattering light, and SBS backscattering light, respec-
tively. wop, wg, and wp are the relevant frequencies. dny, and
ony represent the rapidly-varying perturbations of the elec-
tron density n, with the frequencies w; and w, responsible
for SRS and SBS, respectively. Under the linear envelope
approximation, the one-dimensional SRS process in homo-
geneous plasma can be described by the 3WI equations [8]:
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where wy = wg + wy, and ko = k; — kg, ko = wo/c V1 — ng/n.
is the wavenumber of the incident light wave, kg and kg
denote the wavenumbers of the backscattering light wave
and the Langmir wave, vy, = ko) wo, Ver = kg /wr,
and vy, = 3T.k;/(m.wy) are the group velocities of the
three waves, and vy = wievei/(ZwS), VR = wieve[/(Zwi),
and vep, = a)ievei/(Za)i) + vﬁpw are the relevant damp-
ing rates, respectively. As usual, T,, m,, e, ¢, Wpe, Veis
and n. are the electron temperature, electron mass, elec-
tron charge, vacuum speed of light, electron plasma fre-
quency, electron-ion collision frequency, and critical den-

-2
sity. vE,, = V/8wp (kidp) ™ exp (— (V2kdn) =3 /2) is
the Landau damping rate of the Langmir wave.
Similarly, the 3WI equations of one-dimensional SBS are

(8]
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where we assume that wg ~ wgy, kg ~ ko, ka =~ 2ko
and wy, =~ 2koC, [6-8]. C, = \/(ZT‘,+3Ti)/mi is the
isothermal sound speed, Z is the atomic number, m; is
the ion mass, and T; is the ion temperature. Vi, =
Viel2 + viLaW is the damping rate of the ion sound wave,
where v;, is the ion-electron collision frequency and vfaw =
Vi /8wa ((Zme/mi)'? + (ZT./ T exp (~ZT./(2T)) - 3/2))
is the Landau damping rate of the ion sound wave.
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2 Linear theory

Based on the physical model described above, the temporal
growth rate vy, gain exponent G, and reflectivity R of the SRS
and SBS backscattering light waves are deduced in detail as
follows.

To study the SRS process, eqs. (1)—(3) can be rewritten for
simplicity as

Vg0YO0R
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sLVg

a+ + 9 (z,1) = —
gr " V0T V0 g, |0 =

0 0 v ;
(5t + Vg — VgR 5z) CR(Z’ t) = JVgR YORCL(Z7 t)CO(Z7 t)’ (8)

gL

0 0 v .
(al + Vepw + VgL aZ) CL(Z’ t) = \/ng 'YORCO(Z’ t)CR(Zs t)’ (9)

gR

Chin Sci Bull

July (2012) Vol.57 No.21

where ¢o(z,7) = Ao(z,1)/A0(0,0), cr(z,1) = Vkr/koAr(z, 1)/
A0(0,0), and cp(z.1) = iver/kowrme?Sni(z,1)/ (Yormec)
are the three normalized complex wave amplitudes. yor =
\/a)%e JwrwrkreA(0,0)/ (4m,c) is the maximum homoge-
neous Raman growth rate [6]. Assuming ¢, stays unchanged,
if the solution form of cg and ¢y, is exp(ygt +qrz), where yg is
the SRS temporal growth rate and g is the SRS spatial gain,
the dispersion relation

(yR + Vg — qugR) (yR + Vepw + qugL) = y(Z)R (10)
is obtained from eqs. (8) and (9). Solving eq. (10) for yg, we
get

2
YR = \/(Vepw + qrVgL — VR t qRVgR) /4 + 7(2)R

- (vepw + gRrVerL + VR — qugR) /2. (11D

From the expression for yg, we find that the temporal growth
rate is not only determined by the incident light condition and
the plasma density and temperature, but also by the spatial
gain gg. Setting gg = 0, we obtain

YR = \/(Vepw - VR)2 /4 + y(z)R - (Vgpw + VR) /2, (12)

which is the general expression of yg [9]. If the damping rates
vg and v,,,, are neglected, yg reaches its maximum yog. Note
that SRS instability occurs only when ygz > 0, from which
we get the usual SRS threshold y;ug = /VepwVr. Solving eq.
(10) for gg, we obtain
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Absolute SRS instability happens when the radical of eq.
(13) is equal to zero for yg > 0, which implies yor
should be at least larger than \/ngng/4 (VR/ng + vepw/ng)
[6]. So the threshold of absolute SRS instability is y g =
\/ngng/4 (VR/ng + vepw/ng), and the condition for convec-
tive SRS instability is yur < Yor < var [5,6].

We now get the backscattering reflectivity of SRS under
the convective condition after it evolves into the stable state.
Considering the common case Vepy > VR, Vepw > Vo, €(S.
(7)-(9) are simplified as

VgLVgR
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Integrating eq. (16) under some reasonable approximations,
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is obtained [4]. Substituting eq. (17) into eqgs. (15) and (16)
leads to

2 2 2
Vo@F _ e ol (18)
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Supposing the length of the interaction region is L, solutions
of egs. (18) and (19) are

R(1-R) = e{exp[Gr (1 -R)] - R}, (20)

where R = |cg(0)]? is the reflectivity, and € = lcr(L))? is the
boundary condition of the backscattering light wave corre-
sponding to the thermal noise. The SRS gain exponent is

2 2.2 2
2yorL kyvoswpe L en

R = = P
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where v,; = eAg/(m.c) is the electron quiver velocity.

The SBS process can be discussed in the same way as
above, and the theoretical solutions are similar. From eqs.
(4)-(6) we obtain the SBS temporal growth rate yp as

2
v = \/(Viaw +q5Cs = vo +qaveo) [4+¥3p

- (Viaw + qBVg0 +vo — qBVgO) /27 (22)

\/Za)%e/8m€m[w0k0CSkoer(O, 0)/c is the max-
imum homogeneous Brillouin growth rate, and g is the SBS
spatial gain. The reflectivity of the SBS backscattering light
wave also satisfies eq. (20) with the replacement Gg — Gy,
where the SBS gain exponent is

where yop =

2)/(2) 5L K% vgswiiL
B = =

(23)
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3 Simulation results

We have simulated the evolutions of SRS and SBS in a
bounded homogeneous plasma under the convective instabil-
ity condition. The wavelength of incident light is assumed
to be 4. = 0.351 um. The electron density is chosen to be
n, = 0.11n.. The temperatures of electrons and ions are
T.=25keVand T; = 0.5 keV.

Figure 1 shows the SRS reflectivity at z = 0 as a func-
tion of time with increasing incident laser intensity from
2 x 10 W/em? to 4.5 x 10" W/cm? corresponding to yog
from 0.021/7, to 0.032/7.. ysur and yag are calculated to be
0.0012/7. and 0.11/7,, respectively. So the convective SRS
instability condition mentioned above is satisfied. The sim-
ulated plasma length is L = 8004,. For simplicity, the laser
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intensity is denoted as 715 in the figure legend; for example,
I =2x10" W/cm? is denoted as 715 = 2. The amplified sub-
graph shows the linear growth phase of SRS, and the slopes
of the curves stand for different temporal growth rates. It is
shown that both the reflectivity and the temporal growth rate
of SRS rise when the laser intensity rises. Figure 2 shows the
value of |Ag|* as a function of position at t = 10007., where
the spatial gain gg is revealed by the slope of the curve. The
curves become more and more steep when /15 increases. In
Figure 3, we give the temporal growth rate and spatial gain
as functions of incident laser intensity. Our simulation re-
sults for yg and g are the starred line and short dashed line
with black dot, respectively. The long dashed line shows the
theoretical value of ygg. The chain dotted line is calculated
from eq. (12), which is the theoretical temporal growth rate
neglecting the spatial gain. We substitute the values of gg
into eq. (11) and get the yg of linear theory revised with g,
which is shown as the solid line. We find that the simulated yz
changes in accord with the revised theoretical one, and both
are much smaller than the values calculated from eq. (12).
So the spatial gain g has visible influence on the temporal
growth rate yg.

According to the linear theory, the reflectivity in both SRS
and SBS is decided by the thermal noise € and the exponent
gain G, which is proportional to the incident laser intensity
I and plasma length L. So the higher laser intensity and
longer plasma length lead to larger reflectivity. Here, the
effects of increasing /, L, and € on the reflectivity of SRS
and SBS are simulated in turn. The simulation conditions
are 4, = 0351 um, n, = 0.11ln,, T, = 2.5 keV, T; = 0.5
keV, Z = 1, and m; = 1836m,. In Figure 4(a) and (b), the
reflectivity of SRS and SBS are given as functions of in-
cident laser intensity /, where the plasma length is kept at
L = 8004, and the thermal noise is assumed to be 10~°. The
incident laser intensity is still chosen from 2x 10> W/cm? to
4.5% 10" W /cm? to satisfy the convective conditions. Figure
4(c) and (d) show a strong dependency of the SRS and SBS
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Figure 1 The SRS reflectivity at z = 0 varies with time, where 7. is the
laser period in vacuum.
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Figure 2 Spatial profile of the SRS light intensity (in dimensionless unit Figure 3 Temporal growth rate and spatial gain as functions of incident
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Figure 4 (a) SRS reflectivity varies with the incident laser intensity 7 and the exponent gain Gg, for L = 8001, and € = 107°. (b) SBS reflectivity varies with
the incident laser intensity / and the exponent gain G g, for L = 8001 and € = 107°. (c) SRS reflectivity varies with the plasma length L and exponent gain Gg,
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(e) SRS reflectivity varies with e for I = 3.5 x 10! W/cm? and L = 800.,.. (f) SBS reflectivity varies with e for I = 3.5 x 10> W/cm? and L = 800.,.



HaoL, etal. Chin Sci Bull

reflectivity on the plasma length, where the incident laser in-
tensity is kept at 3.5 x 10" W/cm? and € is set to be 107, At
last, the reflectivity of SRS and SBS are simulated as func-
tions of € shown in Figure 4(e) and (f), respectively, where
I =35x%x 105 W/cm2 and L = 8004.. In these figures,
our simulation results are the starred lines, and the theoret-
ical values calculated from the linear theory are the solid
curves. Excitedly, the simulation results are almost consis-
tent with the linear theory, which shows the usefulness of the
one-dimensional 3WI model and our simulation procedures.

4 Conclusions

We have discussed SRS and SBS under the convective insta-
bility condition with a one-dimensional 3WI model. Theoret-
ically, expressions of the temporal growth rate, spatial gain,
gain exponent, and reflectivity of the backscattering wave
are deduced with the linear approximation by considering a
bounded homogeneous plasma. We simulated the evolutions
of SRS and SBS and showed that the temporal growth rate is
correlated with the spatial gain. Both the incident laser inten-
sity and plasma length are proportional to the gain exponent,
which determines the reflectivity of backscatter. The thermal
noise is also important to the reflectivity. Our numerical re-
sults almost agree with the linear theory, which indicates the
practicability of our simulation procedures.
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