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A new scheme of multibeam Raman amplification (MRA) is proposed in virtue of the collective mode by sharing a
common scattered light. Multiple laser beams can provide a higher growth rate, but the overlapping region limits the am-
plification length. We suggest to use a finite-duration seed to facilitate MRA in a short distance. Through two-dimensional
particle-in-cell simulations, we find that two-beam Raman amplification has a much higher growth rate than that of single-
beam one. This growth rate depends on the initial seed amplitude, electron temperature, and seed duration. An empirical
criterion, YT = 1, where 7}y is the theoretical growth rate of MRA, is used to choose a proper duration for a higher growth
rate. After a total amplification length of 320 wm, the two-beam Raman amplification shows nonlinear features of pulse
compression and a bow-shape wave front, indicating that the amplification has finally entered the self-similar regime.

Keywords: multibeam Raman amplification, growth rate, finite-duration

PACS: 52.38.—, 52.65.—y

1. Introduction

Laser intensity is limited to the optical intensity of grat-
ings, which is a critical issue for chirped pulse amplification
(CPA) technology,!'?! due to damage threshold. Therefore,
amplifiers based on plasma medium, whose tolerant inten-
sity is about 10*~103 times of solid-state optics,*! was pro-
posed. Malkin, Shvets, and Fisch proposed the basic princi-
ple of compressing the laser beam to highly overcritical power
via stimulated Raman backscattering (SRBS).[*8] 1t is based
on the three-wave interaction, in which the pump wave, back-
propagating seed pulse, and Langmuir wave should satisfy the
phase matching condition. The seed pulse absorbs the power
of the pump wave and gets an intensity much higher than the
pump wave in the nonlinear stage of SRBS, so it is called
backward Raman amplification (BRA).[*%°1 This scheme will
lead to high-intensity seed pulse even in the exawatt regime by
using plasma as the medium.!*%19-131 The BRA concept has

[19-231 explored

been theoretically*6:14-18 and experimentally
alot.

Collective modes of multibeam stimulated Raman scat-
tering (SRS), which have higher growth rates than the single
beam one, have been discovered for many years, and they are
hazardous to the inertial confinement fusion. 161724231 How-
ever, this feature may facilitate Raman amplification. The idea
of using multiple laser beams in Raman amplifier was first

proposed by Balakin et al.*®! to suppress noise and enhance

DOI: 10.1088/1674-1056/ac0521

focusability. Their analysis was limited to paraxial approxi-
mation where the beam angles are only few degrees, so it is
actually a modified BRA. In our consideration, multiple laser
beams overlap with large incidence angles as seen in laser fa-
cilities such as National Ignition Facility (NIF).[>”] Under that
circumstances, we can use the advantage of a large number
of laser beams to provide a higher Raman growth rate. But
one should also note that due to overlapping the amplifica-
tion length is finite. Typical amplification time, w/csin @, is
only about 2-3 picoseconds, where w is the beam width, @ is
the angle of incidence, and c is the speed of light. Therefore,
how to achieve higher seed intensity in such a short distance is
one of the main issues in the multibeam Raman amplification
(MRA).

In this paper, we demonstrate proof-of-concept numeri-
cal studies by focusing on the simplest case of two-beam am-
plification. Geometry of MRA and its linear growth rate are
studied first. We use a collective mode by sharing a common
scattered light to accomplish MRA, and its growth rate is pro-
portional to the square root of the beam number. Unlike the
conventional BRA regime, finite-duration seed is used here to
take advantage of the growth of the initial seed pulse. Since
a second pulse (the Raman Stokes wave) trailing the original
seed pulse grows from zero amplitude, if the seed duration
is negligible, it will take a considerable time for the second
pulse to reach the unchanged initial seed amplitude. While
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using finite seed duration, the original seed pulse can directly
gain energy from the pump beams instead of waiting for the
growth of the second pulse. We find that the real-amplitude
growth rate is a function of the initial seed amplitude, electron
temperature, and seed duration. For a fixed seed amplitude,
the growth rate saturates at J7. = 1, where 7} is the linear
growth rate and 7 is the critical seed duration. This formula
gives us a proper choice of seed duration for amplification.
We also find by performing three-wave coupling simulations
and two-dimensional particle-in-cell (PIC) simulations that the
growth rate of two-beam amplification is much larger than that
of the single-beam amplification. After the initial exponential
growth, the two-beam amplification enters the nonlinear stage
more rapidly and shows features of pulse compression and a
bow-shape wave front, which indicates the amplification has
entered the self-similar (7-pulse) regime.

The paper is organized as follows. In Section 2, we
present a brief derivation of multibeam linear growth rate
based on the full wave coupling equations. Simulation mod-
els are discussed in Section 3. In Sections 4 and 5, we show
how finite-duration seed pulse can gain energy from two pump
beams in a short distance through three-wave coupling sim-
ulations and 2D PIC simulations at the linear and nonlinear
stages. We summarize the MRA scheme in Section 6.

2. Linear growth rate of MRA

In the conventional BRA scheme, pump laser (ax, ko) and
seed pulse (@s,ks) are coupled by Langmuir wave (®;¢,kie)
through phase-matching condition: @y = s+ Wy, and kg =
ki — ks, as shown in Figs. 1(a) and 1(c). The physics can
be described by the three-wave coupling equations of fluid

limit 428!
82
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where Ag and Ay are the vector potentials of the scattered light
wave and the pump wave, respectively, and 7i. is the electron
density fluctuation of the Langmuir wave. In addition, @ is
the plasma frequency, v, is the electron thermal velocity, e and
me are the charge and mass of electron.

Assuming Ay = const. and performing Fourier transform
on Egs. (2) and (3), we can get the linear dispersion relation.
The growth rate of BRA in homogeneous plasmas is readily

obtained by solving the dispersion relation!?’!
1/2
kla)vos wge
RA = ) “)
e 4 lwla) (0 — @1p)

where vos = eAg/mec is the electron oscillation velocity.

The linear of multibeam Raman

[16,30,31]

growth rate
scattering can be derived from those equations as well
just by considering A as a superposition of multiple laser
fields. The process to get the dispersion relation is similar to
the single-beam one (see detailed derivation in Ref. [16]). The
difference is that MRA relies on collective modes that geo-
metrically symmetric pump lasers share a common scattered
light.[16-25-32] The geometry of a two-beam amplification is
shown in Figs. 1(b) and 1(d) where a seed pulse propagates

along the bisector of two pump wave vectors.
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Fig. 1. (a), (b) are the diagram of single-beam amplification and two-
beam amplification, respectively. Wave number matching condition of
(c) single-beam amplification, where the scattered light is opposite to
the direction of the pump laser; and (d) two-beam amplification, where
the geometrically symmetric pump lasers share a common scattered
light.

In the MRA, the maximum growth occurs when the seed

pulse is resonant with all multiple pump lasers through sym-
metric and obliquely propagating Langmuir waves,

ks = koi—kiw, i=1,...,N. 5)

The linear growth rate of Raman amplification under N sym-

metric laser beams is given by!!®!

% = N¥gra (cos” @), (6)

where (cos? @) = + YV | cos? g; is the average polarization
factor. In the two-beam Raman amplification, Eq. (5) gives
kio = \/ k%l + k2 + 2ko1 ks cos ¢, where ¢ is the incidence angle

of the pump lasers. Usually, the Langmuir wavenumber in the

single-beam amplification, k;,, = ko + ks, is larger than that in
the two-beam amplification within a factor of 2. (cos? @) = 1
is assumed in the remainder part of two-beam amplification.
It is also obvious that the multibeam growth rate is nearly vN
times of the single-beam one.

3. Simulation models

The full-wave Eqgs. (1)—(3) are usually simplified to the
first order equations by using envelope approximation. But
for a large angle of incidence, the Laplace operator V2 cannot
be separated via paraxial approximation.?®) One must solve
the full-wave equations to capture the correct dynamics in the
transverse direction.

105202-2
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Here, we use two simulation models. First, by totally
neglecting the transverse behaviors, the first order three-wave
coupling equations are derived along the symmetric axis as

(0 +Voxdx)ag = —T'ajas,
(0 +Vidy)a) = Tapas,
(at +Vl(1)xax)02 = FﬂoaT, @)

where ag, a;, and a; are envelopes of the pump laser, seed
pulse, and Langmuir wave, respectively. Vy, = koxc? / @,
Vs = —ksc? /@, and Vg, = 3k V2 /@y are the group veloc-
ities of the three waves along the x-axis, and ¥ = aol is the
linear growth rate of MRA. Actually, this model is very ac-
curate for describing BRA, but we use it to capture the rough
behavior in the longitudinal direction just by substituting Ysra
with %. We have solved the three-wave coupling equations
numerically to obtain the linear growth pattern of Raman am-
plification resulting from different seed durations.

Further, a more radical model, i.e., PIC simulation, is
used to study the whole linear and nonlinear stages of two-
2D PIC simulations via a full three-
dimensional, relativistic PIC code EPOCH!!833-341 are per-
formed.

beam amplification.

The simulation parameters are as follows. We specify the
wavelength of the pump laser Apymp = 800.0 nm with an inten-
sity of 2.0 x 10'* W/cm?. The seed pulse is a Gaussian beam
with Ageeq = 888.9 nm, and the full width at half maximum of
the seed amplitude is 8 pm. The amplification length for each
case is 320 um and the box width is 80 um. The entire simu-
lation box is filled with uniform plasmas of density 0.01n. (n¢
corresponds to the critical density of the pump laser), buffered
by vacuum regions of 10 um on both sides of longitudinal di-
rection. The electron temperature is 10 eV and the ions are
set to be immobile. The transverse boundary condition is set
to be open boundary condition in order to prohibit artificial
perpendicular scatterings.>>! When the pump lasers fill in the
simulation box, the seed laser is incident from the right hand
side of the simulation box. There are 80 particles in each cell
and the spatial resolution is 0.04 um/cell.

The schematic of single-beam Raman amplification is
shown in Figs. 1(a) and 1(c), where the pump laser is incident
from the left of the simulation box and the entire simulation
time is 2400 fs. The geometry for two-beam Raman amplifi-
cation is shown in Figs. 1(b) and 1(d), where two plane pump
lasers are injected from the upper and lower boundaries of the
simulated box with a same incidence angle. The entire simula-
tion time is 1600 fs. The duration of the seed pulse is changed

in cases.

4. Amplification at the linear stage
4.1. Real-amplitude growth rate

We measure the real-amplitude growth rate of the ampli-
fication, which shows the growth of the maximum seed am-
plitude. As shown in Figs. 7(b) and 8(b), the maximum am-
plitudes of the seed pulse Ageq are extracted from the sim-
ulations and we plot 10g(Aeed/Aseedo) as a function of time,
where Ageeqo i the amplitude of the initial seed pulse. The
real-amplitude growth rate is thus obtained through a linear
fitting over time. Note that the real-amplitude growth rate is
not exactly equal to the theoretical growth rates discussed in
Section 2.

Figure 2 shows the comparison of the theoretical growth
rates and the real-amplitude growth rates with different ini-
tial seed amplitudes, electron temperatures, and incidence an-
gles of two pump beams from PIC simulations. The pump
intensity is 2.0 x 10'* W/cm?, while the seed intensity in-
creases from 5.0 x 10'> W/cm? to 2.0 x 10'* W/cm?. The
theoretical growth rate (black curve, evaluated from Eq. (6))
decreases with the increase of the incidence angle since the
Langmuir wavenumber k;q, is decreasing. The tendency of
real-amplitude growth rates (marked lines) is consistent with
the theoretical results very well.

8 T

T T — T T | —
theoretical growth rate
[ —®—10 eV, Iicea =5X10"2 W/cm?,
FWHM = 300 fs
—&— 10 eV, Ijeq =2X10™ W /cm?,
FWHM =100 fs

—¥— 100 eV, Isea =2X10" W /cm?,
FWHM =100 fs _

T
M e ——

O 1 L 1 L 1 L 1 L 1 L 1
30 40 50 60 70 80
Angles (°)

Fig. 2. Theoretical and real-amplitude growth rates of two-beam am-
plification as a function of incidence angle at different original seed
intensities and plasma temperatures. The intensity of both pump lasers

is 2.0 x 10 W/em?.

Linear growth rates (ps—!)

It is observed that the real-amplitude growth rate strongly
depends on the initial seed amplitude. When the seed am-
plitude is weak enough, compared to the pump intensity, the
real-amplitude growth rate is close to the theoretical one as
verified by the red-dotted curve. As the seed amplitude in-
creases to the pump level, the effect of the seed amplitude on
the growth rate cannot be neglected. Thus, the growth rate de-
creases by nearly a factor of 2. Landau damping also plays
an important role in the growth rate. As the temperature goes
up, the real-amplitude growth rate decreases as shown in the

blue-up-triangle curve and purple-down-triangle curve.
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4.2. Finite-duration seed to facilitate MRA in a short dis-
tance

For mulitbeam Raman amplification with large incidence
angle, amplification proceeds in a finite length on the order of
beam width. Therefore, conventional scheme of using enough
long amplification length is not appropriate for MRA. Here,
we use a finite-duration seed to achieve higher seed intensity.

As we know, analytic solutions of Eq. (7) at the lin-
ear stage (ap = const.) can be obtained through Green
functions. 3431 Assuming the initial values a;(x,0) = 0 and

a1 (x,0) = ajp e /D

35]

, the spatio-temporal evolution of the
seed pulse is!

a0 =arlx+e,0)+ [ Gar—vNa 04, ®)

and the Green function is

Glx,1) = Zf’\/zzl(g)@ (r+j>, )

where Ij(x) and ©(x) are the first order modified Bessel
function and Heaviside step function, respectively, and & =

2(w/c)+/—x(ct +x). If the initial seed is short enough, com-
pared with the Raman length, i.e. D < ¢/, Eq. (8) reduces

to
—X
~ I 1
ai(x,t) al(X+Ct,0)+aloyoT\/a+x 1(6), 10

where 7 is the seed duration (full width at half maximum).

The solution involves an initial seed pulse propagating
with the speed of light (the first term) and a pumped pulse
excited by the resonant interaction (the second term). The
maximum growth of the pumped pulse occurs at x = —ct/2,
growing with the homogeneous growth rate }y. Nevertheless,
the real-amplitude growth rate is defined by the growth of the
maximum of a (x,7). If T is negligible, not until the maximum
of the pumped pulse reaches ajg, the real-amplitude growth
rate remains null. The time #y to reach the initial seed am-
plitude is approximated by I; (o) = 1/97, which increases
When 7 is finite, both two
terms contribute to the growth of the seed pulse, so the real-

logarithmically as 7 vanishes.

amplitude growth rate is a function of duration, y = (7).

To demonstrate this effect, we numerically solve Eq. (7)
and plot evolutions of the seed pulse with finite durations
in Fig. 3. Here the pump and seed pulse intensities are
2.0 x 10" W/ecm? and 2.0 x 10'> W/cm?, respectively, and this
corresponds to a two-beam growth rate y = 4.90 ps~'. When
the initial seed duration is 48 fs, a fast-growing second pulse
gradually appears at the tail of the original seed and it broadens
over time as shown in Fig. 3(a). At ~ 1600600*l =679 fs, the
second pulse catches up the original seed, which is accordant
with the estimation, #p ~ 629 fs. The leading pulse propagates
at a speed of 2.944 x 10® m/s and it has a small growth rate of

0.690 ps~'; while the second pulse propagates at a speed of
1.677 x 10® m/s and it has a growth rate of 4.166 ps~! close to
the theoretical growth rate. When the duration is long enough,
T = 573 fs in Fig. 4(b), the leading pulse keeps its original
envelope shape as the amplitude grows. The amplitude max-
imum propagates at a speed of 1.940 x 10® m/s and the real-
amplitude growth rate is 4.277 ps~!. Since it grows from the
original seed pulse, it can achieve higher amplitude in the same
amplification length.

0.8 . ; . :
| (2) 400w ]
— 800wt
. 0.6F — 1200wq ! 1
g — 1600wg* |
< — 2000w5!
3 04F — 2400w ! 7|
<
0.2} .
O 1
2000 4000 6000
X (c/wo)
T T T
081 () — 400wg!
I — 600w
. 0.6F — 800wyt |
— 1000wg " |
< — 1200w’!
3 04r — 1400wy ! 7
%’ 4
0.2t i
0 & 1
2000 4000 6000
X (¢/wo)

Fig. 3. Evolution of seed amplification at various times through three-
wave coupling simulations. The seed pulse has a short duration of 48 fs
in (a) and a long duration of 573 fs in (b). The seed laser intensity is
2.0 x 10'2 W/cm?, and the pump laser intensity is 2.0 x 10'* W/cm?.

Next, we apply the idea to study the MRA in multidi-
mensions and compare the efficiencies of single-beam am-
plification and two-beam amplification. Figure 4 shows the
evolution of the seed envelopes along the center line of the
simulation box in a 2D single-beam Raman amplification pro-
cess. The intensities of the pump laser and seed pulse are both
2.0 x 10" W/cm?, and the duration of the seed pulse is (a)
30 fs and (b) 100 fs, respectively. As the seed pulse enters the
simulation box, its normalized amplitude is Ageeq = 0.0103 at
1.42 ps. A second pulse forms later and broadens over time.
After passing through 320 pm, the amplitude of the seed pulse
is almost unchanged, Ageeq = 0.0108 at r = 2.22 ps, since it
takes so much time for the second pulse to be amplified from
noise. While in Fig. 4(b), the seed pulse is amplified rapidly
with only one peak. It shows good agreement with the analy-
ses of the three-wave coupling equations.
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0.015 T T T T T
(a) — 1.42 ps
) —— 1.82 ps
g ——2.20 ps
h
= 0.010f .
g
&
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[
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= 0.005F .
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-
o
Z.
O 1 L L L 1 1
—150 —100 —50 O 50 100 150
X (pm)
T T T T T T T
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=
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Fig. 4. (a) Time history of seed pulse envelope at y = 0 with the pulse
duration 30 fs. (b) Time history of seed pulse envelope at y = 0 with
the pulse duration 100 fs. The intensity of each pump laser and seed
laser pulse is the same, 2.0 x 10'* W/cm?. The seed laser pulse enters
the simulation box at (a) = 1.23 ps and (b) t = 1.27 ps, and stops the
amplification at t = 2.22 ps.

Figure 5 shows the evolution of the seed envelopes along
the center line of the simulation box in a two-beam Raman am-
plification with an incidence angle of 30°. The duration of the
seed pulse is (a) 30 fs and (b) 100 fs, respectively, and the in-
tensity of the pump lasers and seed pulse is 2.0 x 10'* W/cm?.
In Fig. 5(a), the duration of the seed pulse is broadened first
and then compressed, accompanying with the amplitude in-
creased rapidly. At the end of the simulation, t = 1.6 ps,
the seed amplitude increases to Ageeq = 0.0269, which is 2.36
times of the initial amplitude. In the whole simulation, we ob-
serve the formation of the second pulse, but the second pulse is
growing fast even when the duration is only 30 fs. In Fig. 5(b),
there is a small broadening in the seed pulse, and the ampli-
tude is increased more rapidly than that in Fig. 5(a). No second
pulse is formed in this case.

By comparing the two amplification schemes, we find that
the real-amplitude growth rate in two-beam amplification is
much larger than the single-beam one. For further interpreta-
tion we plot the real-amplitude growth rate as a function of the
seed duration in Fig. 6. The real-amplitude growth rate of the
single-beam amplification and two-beam amplification is very
low when the duration is short, and it increases with the dura-
tion. It finally saturates at a level of 1.10 ps~' (2.34 ps~!)
in the single-beam (two-beam) amplification, however, this

level is lower than the theoretical growth rate, y = 3.57 ps~!

(o = 4.90 ps—!). The discrepancy is due to the choice of a
higher initial seed amplitude (/seeqo = fpump) and the increase
of Landau damping by heating the plasma, as interpreted in
Fig. 2. In addition, we find that the real-amplitude growth rate
of the two-beam amplification is nearly 2 times of that of the
single beam amplification, which is a little bit larger than the
theoretical prediction, /2, evaluated from Eq. (6). The rea-
son is that the real-growth rate of the two-beam amplification
increases faster than the single-beam one, when both ampli-
fications are under the theoretical growth rate. This behavior
is verified by our three-wave coupling simulations. Therefore,
we find that the seed pulse grows much faster in the two-beam

amplification.
0.03 T T T
n
[
s
=]
=
2 0.02f
g
]
e
(]
N
g 0.01F
-
Q
Z.
0 , ,
—100 0 100 200 300
X (pm)
0.045 T T T
——0.80 ps
b
$ (b) ——1.00 ps
3 ——1.20 ps
2, 0.030F —— 1.40 ps 4
= —— 1.60 ps
@
o
Q
XN
= 0.015F T
g
=
e}
Z
0 \
—100 0 100 200 300

X (um)
Fig. 5. (a) Time history of seed pulse envelope at y = 0 with the pulse
duration 30 fs. (b) Time history of seed pulse envelope at y = 0 with the
pulse duration 100 fs. The intensity of each pump laser and seed laser
pulse is 2.0 x 10'* W/cm?. The seed laser pulse enters the simulation
box at (a) = 0.615 ps and (b) t = 0.65 ps, and stops the amplification
at? =1.60 ps.
Figure 6 also helps us to choose a proper seed duration
to facilitate the MRA with higher growth rate. We summarize

the rules of growth by an empirical criterion
W =1, (1D

under a fixed initial seed amplitude. Below the critical dura-
tion, the real-amplitude growth rate gradually increases, while
above that the growth rate begins to saturate. We have veri-
fied the criterion from our PIC simulations that 7. = 280 fs for
the single-beam amplification is close to the saturation point
of black line in Fig. 6, T ~ 250 fs, and 7. = 200 fs for the two-
beam amplification is just the saturation point of red line in
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Fig. 6, 7~ 200 fs. Due to the higher growth rate, the two-beam
amplification has an advantage of choosing a much shorter du-

ration.

2.5 . : :
T[IJ
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n
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g 15F i
=
=)
2
S 10} i
&0
2
g 0.5k —o—single-beam model |
3 —0— two-beam model

N 1 " 1 " 1
0 100 200 300

Duration (fs)
Fig. 6. The simulated growth rates of the seed pulse as a function of
seed duration. Black line is single-beam model, and red line is two-
beam model with the incidence angle of seed laser being 30°. In the
two models, the intensity of each pump laser and seed laser pulse is
2.0 x 104 W/em?.

At the critical duration, the seed pulse has both a higher
growth rate and initially shorter duration. Its shape is well pre-
served in the whole amplification process without triggering
an apparent second pulse tailing behind the initial seed pulse.
Thus, it helps the seed to gain more energy in a finite amplifi-

cation length.

5. Amplification at the nonlinear stage

The above analyses are based on the linear amplification
where the amplitude increases exponential with time. How-
ever, when the seed amplitude is large enough that the pump
depletion cannot be ignored, amplification enters the nonlinear
stage. Pulse compression is a key character at the nonlinear
stage, and it leads the amplification into a self-similar (or &
pulse) regime, where the amplitude of the seed pulse increases
linearly with time while the seed duration decreases linearly
with time. In this section, we show how two-beam amplifica-
tion enters the nonlinear stage in a finite amplification length
of 320 um and the effect of finite duration on the nonlinear
amplification.

The spatio-temporal evolution of the seed amplitude in
the single-beam amplification is shown in Fig. 7(a). The ini-
tial seed duration is 100 fs and other parameters are mentioned
above. The growth factor (1og(Aseed/Aseedo)) reflecting the
evolution of the maximum amplitude is shown in Fig. 7(b), and
it is find that the amplitude of the seed pulse increases expo-
nentially in the whole amplification process, which indicates
that the single-beam amplification is still in the linear stage.
At the end of the simulation the amplitude of the seed pulse is
increased to Ageeq = 0.0203, which is 1.845 times of the origi-
nal seed amplitude. The spatio-temporal evolution shows that
no pulse compression is observed at this stage, though the seed
has already passed 320 pum.
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Fig. 7. (a) Evolution of seed amplification at various time. The duration
of the seed pulse is 100 fs, and the intensity of each pump laser and seed
pulse is 2.0 x 10'* W/cm?. The seed laser pulse enters the simulation
box at t = 1.27 ps, and stops the amplification at # = 2.22 ps. The am-
plitude in z-axis is 1000 times its initial amplitude. (b) Growth of the
maximum seed pulse amplitude in the logarithmic scale, and its linear
curve fitting.
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Fig. 8. (a) Evolution of seed amplification at various time. The duration
of the seed pulse is 100 fs, and the intensity of each pump laser and
seed laser pulse is 2.0 x 10'* W/cm?. The seed laser pulse enters the
simulation box at r = 0.65 ps, and stops the amplification at = 1.6 ps.
The amplitude in z-axis is 1000 times its initial amplitude. (b) Growth
of the maximum seed pulse amplitude in the logarithmic scale, and its
linear curve fitting.

Next, we study the nonlinear evolution of the two-beam
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amplification. Two pump laser beams are incident from ypax
and ypin with an incidence angle of 30° and the seed duration
is 100 fs. Other parameters are the same as the previous ones.
The spatio-temporal evolution of the seed amplitude at various
time is shown in Fig. 8(a). After interaction, the intensity of
the seed pulse increases to Ageeq = 0.0384, which is 3.46 times
the initial amplitude of the seed pulse. Figure 8(b) shows the
growth of the maximum seed amplitude in logarithmic scale
(black dots) and in linear scale (blue dots). It is clearly shown
that exponential growth lasts for only 240 fs, from 0.7 ps to
0.94 ps, and its duration is broadening until the amplitude
reaches Ageeqg = 0.0165. When ¢ > 0.94 ps, the seed pulse en-
ters the nonlinear stage, where the seed amplitude increases
linearly with time, accompanying with a pulse compression as
seen in Fig. 8(a). In addition, the pulse has reformed to a bow
shape, which is also a nonlinear feature of Raman amplifica-
tion. These nonlinear features indicate that the amplification
has come into a self-similar regime. Thus, we conclude that
the seed pulse enters the nonlinear stage much faster in two-
beam amplification than in single-beam amplification due to
higher growth rate.

At last, we discuss the effect of duration on the nonlinear
amplification. To achieve a higher intensity, the initial seed

durations are presented in Fig. 9, i.e., (a) 100 fs, (b) 50 fs, and
(c) 50 fs. At the end of the simulation, r = 1.6 ps, the seed
amplitude in Figs. 9(a) and 9(b) grows to Ageeq = 0.0541 and
Ageed = 0.0607, 1.59 times and 1.79 times of the initial seed
amplitude (Ageeqo = 0.034), respectively. In Fig. 9(c), when
further increasing the pump intensity to 4.0 x 10'* W/cm?, the
seed pulse grows to Ageeq = 0.085, which is 2.46 times the
initial seed laser amplitude. Due to the choice of finite dura-
tion to facilitate MRA, both of the final amplitudes are higher
than the cases before. When the initial seed intensity is high
enough, we find that larger seed power (larger duration) is not
friendly in keeping the pulse shape as shown in Fig. 9(a) where
multiple peaks occur in the seed pulse. While small seed du-
ration helps maintain the pulse shape due to high growth rate
and slight wavebreaking. Also, an obvious bow shape of the
seed pulse is formed. Besides, we observe that the transverse
scale of the pumped pulse is getting larger in the nonlinear
stage, since the Langmuir waves excited by the two beams are
obliquely propagating as shown in Fig. 1(b). This effect may
enhance the efficiency of energy transfer and is good for the
subsequent focusing stage. The comparison suggests that a
proper short duration without triggering the second pulse can
result in higher amplification intensity and better output pulse

intensity is increased to 2.0 x 10! W/cm?. Two different seed  shape.
16 T, (b) g6o 6 T, (c)
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Fig. 9. Evolution of seed amplification at various time in the two-beam amplification. The duration of seed pulse is (a) 100 fs, (b) 50 fs, (c)
50 fs. The seed intensity is 2.0 x 10'> W/cm?. Each pump intensity is 2.0 x 10'* W/cm? in (a), (b), and 4.0 x 10'* W/cm? in (c). The amplitude

in the z-axis is 1000 times its initial amplitude.

6. Discussion and conclusion

In this paper, we propose a new scheme of multibeam
Raman amplification in virtue of the collective mode by shar-
ing a common scattered light. This scheme takes the advan-
tage of larger growth rate through increasing the laser beams,
however, this also limits the amplification length. Therefore,
we suggest to use a finite-duration seed to facilitate MRA in
a short distance. The reason is that finite-duration seed has
a real-amplitude growth rate, growing from the original seed
amplitude. This growth rate depends on the initial seed am-
plitude, electron temperature, and seed duration. By using
2D PIC simulations, we have shown that the real-amplitude
growth rate of two-beam amplification is much higher than
that of the single-beam amplification. An empirical criterion,
Y7T. = 1, is used to choose a proper duration for a higher

growth rate. Also, the duration has influences on the nonlinear

stage of amplification. The two-beam amplification quickly
enters the nonlinear stage where pulse compression and a bow
shape occur. These nonlinear features indicate that the ampli-
fication has come into a self-similar regime.

We have verified the concept of MRA of a finite-duration
seed in the short distance regime via two pump beams. The
seed pulse grows much faster than the usual BRA scheme,
but it has a similar amplification process to that regime. One
should note that in our study the pump energy of the two-beam
amplification is twice of the single-beam one, and the simula-
tion results show a higher growth rate ratio than the theoreti-
cal prediction of v/2. To make this enhancement clearer, we
have performed another single-beam simulation with a dou-
bled pump intensity, 2 x 10'* W/cm?, so both cases have the
same pump energy. The results show that the growth of the

two-beam amplification is still higher than that of the single
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beam amplification, confirming our conclusion. Finally, we
have achieved a higher seed pulse intensity with a fixed am-
plification length in two-beam amplification, however, it is not
a critical intensity that can be obtained by this new scheme.
We suggest to achieve higher seed intensity through more laser
beams or seed is amplified successively in the overlapping area
by the other two overlapping areas extending from this study.
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