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Enhanced strong-coupling stimulated Brillouin amplification assisted by Raman amplification
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Higher intensity of strong-coupling stimulated Brillouin scattering (SC-SBS) amplification is achieved by
supplementary Raman amplification. In this scheme, a Raman pump laser first amplifies the seed pulse in the
homogeneous plasma, and then a SC-SBS pump laser continues the amplification in the inhomogeneous plasma
in order to suppress the spontaneous instability of pump lasers. The intensity of the seed laser gets higher and
the duration of the seed laser gets shorter than that in the pure SC-SBS scheme with the same incident energy,
while the energy conversion efficiency is not significantly reduced. We also found that the SC-SBS amplification
is seeded by the leading pulse of Raman amplification. The results obtained from envelope coupling equations,
Vlasov simulations, and two-dimensional particle-in-cell simulations agree with each other. This scheme offers
a possible way to improve the SC-SBS amplification in experiments.
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I. INTRODUCTION

Laser amplification by laser plasma instabilities is a
promising and powerful way to produce a high-intensity laser
pulse [1,2]. Using plasma as the gain medium avoids the
damage of optical grating in the chirped-pulse amplification
technique [3]. Two kinds of laser plasma instabilities are
commonly applied to plasma-based amplification: stimulated
Raman scattering (SRS) [4–24] and strong-coupling stimu-
lated Brillouin scattering (SC-SBS) [25–42]. A seed laser
pulse couples with a counterpropagating pump laser via a
plasma wave, i.e., a Langmuir wave or an ion acoustic wave
[43,44], and then the energy of the pump laser is transferred
to the seed laser pulse leading to a rapid increase of the seed
laser’s intensity.

Linear and nonlinear stages exist in both Raman ampli-
fication and SC-SBS amplification. At the linear stage, the
amplitude of the pump laser can be considered as a constant,
so we only discuss the exponential growth of the seed laser
and the plasma waves; at the nonlinear stage, linear growth
of the seed laser is observed because of pump depletion, and
the energy flows from the tail of the seed laser back to the
pump laser, which results in the π pulses. This stage is also
called the self-similar stage [18,31,34]. The duration of the
leading pulse would be reduced in the nonlinear stage of
Raman amplification, because the peak of the seed laser is su-
perluminal. Early works have also observed this phenomenon
in Raman amplification [4,10,12,45–47]. However, in the non-
linear stage of SC-SBS amplification, the reduction of the
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seed laser duration is slower than that in Raman amplification
[31,34,35,40,48]; the pulse duration is usually hundreds of
femtoseconds [30]. Amiranoff et al. [38] reported that the du-
ration of the seed laser is related to the ratio of the intensities
of the seed laser and the pump laser; therefore, using a seed
laser with higher intensity may reduce the duration of the seed
laser in SC-SBS amplification.

In this paper, we propose a scheme in which, by adding
a short-distance Raman amplification ahead of the SC-SBS
amplification, the pulse width of the seed laser is substantially
reduced and the maximum intensity of the seed laser is in-
creased markedly. First, the coupled envelope equations for
SRS and SC-SBS are constructed, which contains five waves:
SRS pump laser, SC-SBS pump laser, Langmuir wave, ion
acoustic wave, and seed laser pulse. The maximum intensity
of the amplified seed laser is increased about 36% with SRS
amplification. The SC-SBS amplification is seeded by the
leading pulse of SRS, because the structure of the seed laser
after SRS amplification is similar to that in SC-SBS amplifica-
tion. Then we discuss this phenomenon by phase analysis and
find that a higher initial intensity of the seed laser will cause a
shorter energy transfer region.

Next, for a more detailed discussion of the effects of
SRS amplification, one-dimensional and fully kinetic Vlasov-
Maxwell code (Vlama) [49] is used. A higher intensity of the
seed laser is obtained, which agrees well with our five-wave
amplification model. We also found that the optimal propor-
tion of SRS is LSRS/Ltotal = 0.25, where LSRS is the SRS
amplification length and Ltotal is the total amplification length.
Under this condition, the maximum intensity of the seed laser
is increased about 69%, and the energy transfer efficiency only
decreases 3%, compared with pure SC-SBS amplification. It
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should be noticed that the total input energy of the pump laser,
which includes the energy of the SRS pump laser and the
SC-SBS pump laser, is the same as that of the pure SC-SBS
case. At last, a two-dimensional particle-in-cell (PIC) code is
used to investigate the influence of multidimensional effects.
Similar to the one-dimensional cases, the intensity of the am-
plified seed laser also increases in our scheme. However, the
filamentation of the seed laser is observed in two-dimensional
simulations which may be harmful for the amplification.

This paper is structured in the following way. First, in
Sec. II, we describe the envelope coupling equations of SRS
and SC-SBS amplifications. Second, the five-wave amplifi-
cation model is numerically solved to study our scheme in
Sec. III. Third, Vlasov simulations and PIC simulations verify
our five-wave simulation results in Secs. IV and V. At last,
the conclusion and discussion about our scheme and the ex-
perimental guidance are shown in Sec. VI.

II. THEORETICAL ANALYSIS OF THE FIVE-WAVE
AMPLIFICATION MODEL

Stimulated Raman scattering and strong-coupling stimu-
lated Brillouin scattering are the commonly used laser plasma
instabilities in pulse amplification. Pulse amplification by SRS
has an advantage; the intensity growth of the seed laser in
SRS amplification is faster than that in SC-SBS amplification
at the early stage, because SRS usually has a higher growth
rate. However, SRS amplification also has its disadvantages:
(i) The energy transfer efficiency is low, because nearly half of
the pump laser’s energy flows to Langmuir waves; and (ii) the
π pulses appear in the nonlinear stage, and they will absorb a
part of the pump laser’s energy.

Similarly, SC-SBS amplification has its advantages: (i) The
energy transfer efficiency is higher. Most of the pump laser’s
energy flows to the seed laser, because the frequency of the
ion acoustic waves is far less than the frequency of the pump
laser; and (ii) the amplitude of the π pulse is lower than
that in Raman amplification. The disadvantage of SC-SBS
amplification is that the growth rate is lower than that of SRS,
so it will take a longer time to enter the exponential growth
stage [38].

A natural idea is to combine the advantages of SRS and
SC-SBS to obtain a better laser amplification. In this paper, we
propose a scheme of SC-SBS amplification assisted by SRS
amplification. As shown in Fig. 1, Scheme 1 is the normal SC-
SBS amplification in an inhomogeneous plasma. The green
rectangle is the pump laser of SC-SBS, which injects from the
left, and the Gaussian seed laser enters the plasma from the
right. In the our scheme, a part of SC-SBS amplification is
replaced by SRS amplification in the homogeneous plasma,
and correspondingly, there exists the SRS pump laser in front
of the SC-SBS pump laser. The duration of the SRS pump
laser is obtained by τSRS ≈ 2LSRS/c, where LSRS is the length
of SRS region and c is the light speed in vacuum.

It should be noticed that the SC-SBS amplification in
nonuniform density has three advantages: (i) It can mitigate
the influence of spontaneous SRS of the pump laser; (ii) the
triangular density profile adds an effective chirp on the pump
laser, which is favorable to amplification [48]; and (iii) the
amplitude of the π pulse in the triangular density profile is

FIG. 1. (a) The pure SC-SBS amplification. (b) The five-wave
amplification scheme. The plasma region is divided into the SC-SBS
region and the SRS region. In front of the SC-SBS pump laser, the
SRS pump laser is added.

lower than that in the uniform density profile, and the energy
exchange mainly occurs at the first peak of the seed laser
[38,48].

In order to describe Scheme 2, we construct five-wave
envelope coupling equations including both SRS and SC-SBS
[43,44]:

(∂t + ν00 + V00∂x )a00 = − i

4
a1δnepw,
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4ω1
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4ω1

(
δn∗

epwa00 + δn∗
iawa01

)
,
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SRSω1c2

ω3
00v

2
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(
∂2

t + V 2
3 ∂2

x

)
δniaw = −Zβne(x)k2

iawc2

2ncω
2
00
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where a00, a01, and a1 are slowly varying amplitudes of the
SRS pump wave, the SC-SBS pump wave, and the seed
wave, respectively. δnepw and δniaw are the electron density
perturbations of the Langmuir wave and the ion acoustic
wave, respectively, which are normalized to nc, where nc is
the critical density of the SRS pump laser. When a00 equals
to 0, Eqs. (1) become the envelope coupling equations for
Scheme 1.

In Scheme 2, SRS and SC-SBS share one seed laser;
therefore, waves in Eq. (1) should satisfy the phase-matching
conditions:

ω00 = ω1 + ωepw,

ω01 = ω1 + ωiaw,

|kepw| = |k00| + |k1|,
|kiaw| = |k01| + |k1|, (2)

where ω00, ω01, ω1, ωepw, and ωiaw are the frequency of five
waves, and k00, k01, k1, kepw, and kiaw are the corresponding
wave numbers. In practice, ω01 is usually equals to ω1, be-
cause ωiaw � ω1; thus, |kiaw| = 2|k1|. V00, V01, V1, V2, and V3

are the group velocity of five waves. and V1 = −V01. ν00, ν01,
ν1, and ν2 are the corresponding damping rates (for simplicity,
the collision dampings of lasers are neglected), and ν2 is the
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FIG. 2. Numerical solution of Eq. (1). (a) Amplification of Scheme 1. The inset figure is the seed laser at t = 5.7 ps. (b) Amplification of
Scheme 2 with LSRS/Ltotal = 0.18.

Landau damping of the Langmuir wave. Z is the charge state
of ions, β = me/mi is the mass ratio of electrons and ions, and
ne(x) is the plasma density.

As we know, weak-coupling SBS will transit to SC-SBS
because of the higher intensity of the pump laser, and the
threshold of SC-SBS has been studied in the early work [50],

(v01/c)2 > 4k01V3ω1v
2
e /(ωpec)2, (3)

where v01 is the electron oscillation velocity in the SC-SBS
pump laser, ωpe is the plasma frequency. The density per-
turbation of the ion acoustic wave oscillates rapidly over
an acoustic period, and thus we retain the second derivative
term in the equation of the ion acoustic wave. The maximum
growth rate of SC-SBS is related to the amplitude of the pump
laser,

�SC-SBS =
√

3

2

(
k2

01v
2
01ω

2
pi

2ω1

)1/3

, (4)

where ωpi is the plasma ion frequency. Besides, the growth
rate of SRS in Scheme 2 is [44]

�SRS = kepwv00

4

[
ω2

pe

ωepw(ω00 − ωepw )

]1/2

, (5)

where v00 is the electron oscillation velocity in the SRS pump
laser.

In Schemes 1 and 2, hydrogen plasma is used; i.e., Z = 1
and mi = 1836me for ions. The temperatures of electrons and
ions are Te = 300 eV and Ti = 6 eV, which gives ZTe/Ti =
50. Compared with the plasma temperatures in recent works
[35,51], the ion temperature in this paper is lower; we choose
a lower ion temperature to reduce the influence of Landau
damping [29]. The plasma density ranges from 0 to 0.04nc.
The wavelengths of the SRS pump laser and the SC-SBS
pump laser are λ0 = 800 nm and λ01 = 1000 nm, respectively,
and the wavelength of the seed laser also equals to 1000 nm.
Both the intensities of the SRS pump laser and the SC-SBS
pump laser are 4 × 1014 W/cm2, and the intensity of the seed
laser is 1 × 1014 W/cm2. The initial seed laser has a Gaussian
wave form with τFWHM = 160 fs. Under these conditions, SBS
is in the strong-coupling regime for ne > 0.005nc based on
Eq. (3). The growth rates of SRS and SC-SBS are �SRS =
0.0029ω00 and �SC-SBS = 0.0011ω00 when ne = 0.04nc, and
the growth rate of SC-SBS decreases when the plasma density
gets lower.

III. NUMERICAL SOLUTION OF THE FIVE-WAVE
AMPLIFICATION MODEL

In order to investigate the difference between these two
amplification schemes, Eq. (1) is numerically solved by the
Lax-Wendroff method [52]. The total length of the simulation
box is Ltotal = 1.2 mm, and the space and time are discretized
by dx = 0.2c/ω00 and dt = 0.2ω−1

00 , respectively. The total
simulation time is 8 ps, and the seed laser starts to enter the
simulation box at around 4 ps. In Scheme 2 around 18% of
plasma length is used for SRS amplification.

Figure 2(a) shows the amplification process by Scheme 1.
In the linear stage, the pulse width of the seed laser increases,
because the maximum of the seed laser moves with the half
speed of light [1,18,31,32,34]. Since the initial pulse width of
the seed laser is much smaller than that of the effective am-
plification width [18,32], τeff = 1/�SCSBS, the second pulse
is formed and the intensity of the first peak still equals to
1 × 1014 W/cm2, shown by the green area in Fig. 2(a). The
duration of the SBS peak is τa = 1076 fs (duration between
two dashed lines) at t = 5.7 ps. The duration of the SBS
peak reduces in the nonlinear stage, when the pump depletion
happens [7,8]. At t = 8.0 ps, the duration of the SBS peak
is 675 fs and the intensity of the seed laser increases to
6.02 × 1015 W/cm2.

The results of Scheme 2 are shown in Fig. 2(b). At t =
5.0 ps, the seed laser has just entered the SC-SBS region, and
it has been amplified to around 3.0 × 1015 W/cm2 by SRS.
The π pulse of SRS is also observed due to the pump deple-
tion, and the intensity of the π pulse is 3.2 × 1014 W/cm2.
When pump depletion happens, the spatial derivative in the
seed laser equation can be neglected, and then the equation re-
duces to a sine-Gordon equation. Malkin et al. found the
particular solution of this equation is that the seed laser repeats
itself as time, which is called self-similar solution or π -pulse
solution [1,2].

We find that the structure of the seed laser after SRS am-
plification is similar to the green area in Fig. 2(a); the leading
peak of the seed laser barely changes in the SC-SBS region,
but the second peak is responsible for the amplification. We
believe that the SBS peaks are seeded by the leading peak of
SRS, because the SBS peak appears after the delay time it
takes to develop.

Another finding in Fig. 2(b) is that the pulse dura-
tion is shorter, τb = 488 fs (duration between two dashed
lines), and the intensity of the seed laser grows faster
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FIG. 3. Numerical solution of Eq. (1). (a) Results of Scheme 1. The black line is the seed laser at t = 6.5 ps, and the green line is the
corresponding total phase in SC-SBS amplification. (b) Results of Scheme 2. The black line is the seed laser at t = 6.5 ps, and the green line
is the corresponding total phase in SC-SBS amplification.

than in Scheme 1. At t = 8.0 ps, the seed laser is
amplified to 8.17 × 1015 W/cm2, which is 36% higher
than the intensity in Fig. 2(a), and the duration of the

SBS peak is 408 fs, which is shorter than that in
Scheme 1. Next, we discuss reasons why these phenomena
happen.

Chiaramello et al. studied the SC-SBS by the phase analysis of three waves [38,48]. We decide to follow their method by
separating the amplitudes and phases of three waves in SC-SBS, the amplitude and phase equations can be written as

(∂t + V01∂x )|a01| = −μ|a1||δniaw|sin(�),

(∂t + V01∂x )ϕ01 = −μ|δniaw| |a1|
|a01|cos(�),

(∂t + V1∂x )|a1| = μ|a01||δniaw|sin(�),

(∂t + V1∂x )ϕ1 = −μ|δniaw| |a01|
|a1| cos(�),

∂2
t |δniaw| − |δniaw|(∂tϕ)2 − V 2

3

[
∂2

x |δniaw| − |δniaw|(∂xϕ)2
] = −|a01||a1|cos(�),

|δniaw|∂2
t ϕ + 2∂t |δniaw|∂tϕ − V 2

3

(
2∂x|δniaw|∂xϕ + |δniaw|∂2

x ϕ
) = −|a01||a1|sin(�), (6)

where μ = ω00
4ω1

and  = Zβne(x)k2
iawc2

2ncω
2
00

. The amplitudes of three
waves, |a01|, |a1|, and |δniaw| in Eq. (6), are real and positive;
ϕ01, ϕ1, and ϕ are corresponding phases; and � is the total
phase, which is obtained by � = mod(ϕ01 − ϕ1 − ϕ, 2π ).

From Eq. (6), we know that the energy flows from the
pump laser to the seed laser when sin(�) > 0, leading to
the seed laser growing in the exponential stage [38], while
the energy flows from the seed laser to the pump laser when
sin(�) < 0, which appears when the pump laser is depleted,
and the π pulses appear.

The initial condition of phases are ϕ01(t0) = 0, ϕ1(t0) = 0,
and ϕ(t0) = −π , so �(t0) = π . At the early stage when the
pump laser just collides with the seed laser, the phases of the
pump laser and the ion acoustic wave keep constant, only ϕ1

changes, and thus �(t ) = π − ϕ1(t ). When the pump deple-
tion occurs, the phase change of the pump laser should be
considered, and the total phase � will change back to π . Once
� becomes larger than π , the energy will flow from the seed
laser back to the pump laser, and π pulses of the seed laser
will appear. The length of the first interval of the total phase
corresponds to the pulse width of the seed laser. In Fig. 3,
we obtain the total phase of Schemes 1 and 2 at t = 6.5 ps.
We observe that the width of the first interval in Scheme 2 is
shorter than that in Scheme 1. Based on Amiranoff et al.’s
work [38], the total phase changes faster when the initial

intensity of the seed laser is higher, and the pulse width of
seed laser is related to Is0/Ip [38],

linterval = |V1|τeff
6

Is0/Ip + 5
, (7)

where Is0 is the intensity of the seed laser when it enter into
the SC-SBS region, and Ip is the intensity of the pump laser.
In Scheme 2, Is0/Ip = 7.5, so the pulse width in Scheme 2 is
nearly half of that in Scheme 1.

We also obtain that the energy transfer efficiency, defined
by η = ∫ τs

0 Iseed(t )dt/
∫ ttotal

0 Ipump(t )dt , where τs is the duration
of the seed laser at the end of simulation, for these two
schemes in Fig. 2 are both around 70%. Therefore, it is easy
to understand the higher intensity of the seed laser obtained
in Scheme 2, since its pulse width in Scheme 2 is shorter.
Another evidence is that, in Fig. 3(b), the minimum value
of � in Scheme 2 is closer to π/2, or sin(�) is closer to 1,
which explains why the seed laser grows faster than that in
Scheme 1.

Besides, we also observe that the slope of the second peak
in Scheme 2 is steeper than that in Scheme 1. In the early
work about SRS amplification, Tsidulko et al. found that the
intensity and shape of the final amplified pulses are closely
related to the local slope of the wave front of the seed laser
[4]; the steeper the slope of the wave front is, the better the
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FIG. 4. VLAMA simulation results. (a) Amplification results of Scheme 1. The inset is the seed laser at t = 5.6 ps. (b) Amplification results
of Scheme 2 with LSRS/Ltotal = 0.25.

amplification will be. In the SRS region of Scheme 2, the
slope of the seed front becomes steeper because of seed com-
pression. In Fig. 2(b), the slope of the wave front of the SBS
peak is nearly equal to that of first peak, i.e., the SRS peak.
Thus, in Scheme 2 the SRS amplification not only improves
the intensity but also steepens the seed front, which are both
favorable to SC-SBS amplification.

We have considered changing the ordering of the pump
pulses and adapting correspondingly, because the seed ampli-
fication is no better than that in Scheme 2. Under the plasma
conditions and the laser conditions in this paper, Raman am-
plification first and then SC-SBS amplification is the better
choice.

The precursor in Scheme 2 contains part of the energy,
which is a disadvantage; however, when the SBS peak is
seeded by the leading peak of SRS, the higher intensity of the
precursor results in faster growth of the SBS peak. Thus, the
precursor has a double-edged effect on SC-SBS amplification.

The envelope coupling model in Eq. (1) is a simplified
model to analyze the SRS amplification and the SC-SBS am-
plification since it does not consider some nonlinear effects,
such as harmonic waves, particle trapping, and nonlinear Lan-
dau damping. In the next two sections, we use fully kinetic
simulation codes, Vlasov-Maxwell code (VLAMA) and PIC
code (EPOCH), to verify the differences of these two schemes.

IV. ONE-DIMENSIONAL KINETIC VLASOV-MAXWELL
SIMULATIONS

Plasma parameters in the VLAMA simulations are the same
as those in Sec. III. Five percent vacuum space is reserved
on the left of the simulation box and 10% vacuum space is re-
served on the right; LSRS/Ltotal = 0.25, where Ltotal = 1.2 mm.
The conditions for lasers are also the same as those in Sec. III.
The space and time are discretized by dx = 0.2c/ω0 and dt =
0.2ω−1

0 . The velocity space of electrons is [−0.5c, 0.5c], and
the velocity space of ions is [−0.002c, 0.002c]. The space-
velocity mesh grid of electron and ion distribution functions
are both 47232 × 2049.

Figure 4(a) is the amplification process by Scheme 1,
similar to the results of five-wave simulations. At the linear
stage, the duration of the seed laser is widened, and there
are two peaks of the seed laser that have formed due to
the initial seed duration shorter than 1/�(SC-SBS) shown by
the red line at t = 5.6 ps. Then, the duration of the seed
laser has a little change at the nonlinear stage. After ampli-
fication, the maximum intensity of the seed laser becomes

4.8 × 1015 W/cm2. Figure 4(b) shows the results of Scheme
2. After SRS amplification, the intensity of the leading peak
becomes 3.3 × 1015 W/cm2, and the π pulse of SRS is also
observed. The intensity of the π pulse is 2.4 × 1014 W/cm2.
The leading peak of SRS will seed the SC-SBS amplification
in the next stage. In the SC-SBS region, the intensity of the
leading peak does not change and the second peak is ampli-
fied, which agrees with our five-wave simulations in Fig. 2.
The pulse duration of the seed laser in Fig. 4(b) is shorter than
that in Fig. 4(a), and the maximum intensity of our scheme
is 8.12 × 1015 W/cm2, which is much higher than that in
Scheme 1. The time dependence of SBS peak intensities of
two schemes are collected and shown in Fig. 5. The growth of
the seed laser in Scheme 2 is faster than that in Scheme 1 in
both the linear stage (exponential growth) and the nonlinear
stage (linear growth). This is because of the length reduction
of the first phase interval discussed in Sec. III.

Besides, by changing the ratio of the SRS length, i.e.,
LSRS/Ltotal, we find that the SBS peak intensity increases
first and then decreases with LSRS/Ltotal as shown by the
black squares in Fig. 6. The maximum intensity of the SBS
peak is 8.12 × 1015 W/cm2 when LSRS/Ltotal = 0.25. How-
ever, the SBS peak intensity decreases when LSRS/Ltotal >

0.25, because the SC-SBS amplification length reduces with
the increase of LSRS/Ltotal, leading to the existence of the
maximum SBS peak intensity in Fig. 6.

As shown by the green circles in Fig. 6, the energy transfer
efficiency η in VLAMA simulations is also obtained. Normally,
η in SC-SBS is higher than that in SRS [26,29], because
based on Manley-Rowe relations the frequency of the ion
acoustic wave is much less than the frequency of the pump
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FIG. 5. Time dependence of SBS peak intensity in VLAMA sim-
ulations. The black squares stand for Scheme 1 and the red circles
represent the results of Scheme 2.
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FIG. 6. Vlama simulation results. The black squares are the SBS
peak intensities varying with LSRS/Ltotal. The green circles are the
energy transfer efficiency varying with LSRS/Ltotal.

laser in SC-SBS, so the energy loss to the plasma wave is
lower than in SRS. The energy transfer efficiency of the
pure SC-SBS scheme is around 66%, and it decreases with
LSRS/Ltotal. We also observe that when LSRS/Ltotal = 0.25,
η = 63%, which only decreases 3%, compared with Scheme
1. Thus, in Scheme 2 the maximum intensity of the SBS peak
increases, but the energy transfer efficiency is not much lower
than that of SC-SBS. The results of VLAMA simulations agree
with those of the five-wave amplification model very well.

V. TWO-DIMENSIONAL PIC SIMULATIONS

In order to verify our proposed scheme in higher dimen-
sions, we turn to use the two-dimensional and fully kinetic
PIC simulation code EPOCH [53]. The plasma type and tem-
perature are the same as those in the Vlasov simulations. The
simulation box is Lx = 0.8 mm and Ly = 128 μm, and there
are 30 cells per λ0 at the longitudinal direction and 8 cells
per λ0 at the transverse direction. The intensities of the SBS
pump laser and the SRS pump laser are both 4 × 1014 W/cm2,
and they are simple plane wave. The intensity of the seed
laser is a Gaussian laser with an intensity of 1 × 1014 W/cm2,
FWHM = 160 fs, and a pulse width in the transverse dimen-
sion of 16 μm. Five percent vacuum space on both sides of
the simulation box is maintained. In the pure SC-SBS ampli-
fication case, the plasma density ranges from 0 to 0.04nc, and
there is 20% uniform density for SRS amplification in Scheme
2. For both electrons and ions, the particle number per cell
is 100.

Figure 7(a) illustrates the results of 2D PIC simulations for
Scheme 1. The duration of the seed laser is larger than that

of Scheme 2 shown in Fig. 7(b). After interaction, the seed
laser peak intensity is 1.74 × 1015 W/cm2 and the maximum
intensity in Scheme 2 is 4.28 × 1015 W/cm2. The maximum
intensity is more than double with the pure SC-SBS scheme.
In Fig. 7(b), the first peak of the seed laser, i.e., the SRS peak,
is clearly observed, and its intensity has little change through
the SC-SBS amplification, which agrees well with the previ-
ous analyses. However, the filamentation of the seed laser is
observed in Fig. 7(b). Filamentation effects are also observed
in the early works [28,36,54], because of the ponderomotive
effect, or the thermal effect, which makes the refractive index
toward the center at the transverse direction. We obtain the
theoretical growth rate of filamentation for the seed laser by
γfilam = 1/8(vosc/ve)2ω2

pe/ω0 = 0.025ω0 (when the intensity
of the seed laser is 4.0 × 1015 W/cm2) [43]. In Fig. 7(b), the
filamentation growth rate for simulation is γfilam = 0.0242ω0.
Thus, the filamentation is mostly related to the high intensity
of the seed laser. However, with the filamentation, Scheme 2
still has a better performance than Scheme 1. In future work,
we will focus on the filamentation effects in Scheme 2.

VI. CONCLUSION AND DISCUSSION

In this paper, first, we propose a scheme to improve SC-
SBS amplification with the assistance of SRS amplification,
we construct a five-wave amplification model, and then we
numerically solve the five-wave envelope equations to study
the influence of SRS amplification on SC-SBS amplification.
In comparison with pure SC-SBS amplification, our scheme
increases the maximum intensity of the seed laser and reduces
the pulse width of the seed laser, and the π pulse of SRS can
seed the SC-SBS amplification. We find that the reason for
this phenomenon is that (i) the width of the first interval of
the total phase becomes shorter in our scheme because of the
higher intensity of the seed laser when it enters the SC-SBS
region and (ii) the energy transfer efficiency changes a little
compared with the pure SC-SBS scheme. Next, the VLAMA

simulations are carried out to test our schemes. The maximum
intensity of the seed laser is improved nearly 69% in our
scheme, the optimal LSRS/Ltotal ratio is tested as 0.25, and the
energy transfer efficiency changes little when LSRS/Ltotal =
0.25 compared with the pure SC-SBS amplification. At last,
the two-dimensional PIC code is used to verify our conclu-
sion, which qualitatively agrees with our predications.

As is well known, SC-SBS has higher energy transfer ef-
ficiency, but it also has a wider pulse width than that of SRS

FIG. 7. 2D PIC simulation results. (a) Amplified seed laser in the pure SC-SBS scheme. (b) Amplified seed laser in our scheme.
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[30,31,34,48,55]. Our scheme reduces the width of the first
interval of the total phase, so the intensity of the seed laser
is easier to increase at the nonlinear stage than in the pure
SC-SBS scheme. The SC-SBS pump laser, the SRS pump
laser, and the seed laser in our scheme are easy to get in
experiments, because their wavelengths are close to the wave-
lengths of common laser devices. Besides, in experiments, the
plasma profiles are usually Gaussian type [51], the plasma
density change rate is small at the center, and it is possible
to implement SRS amplification at this part of plasma. Our
scheme does not require extra input energy from the pump
laser; also the initial seed laser does not require additional
processing.
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