Chin. Phys. B Vol. 24, No. 1 (2015) 014211

Backward Raman amplification in plasmas with
chirped wideband pump and seed pulses*

Wu Zhao-Hui( 5 #1#5)2P)¢) | Wei Xiao-Feng(BLIEIE)
Zhang Zhi-Meng(3K & 4#)P), Li Min(Z= #0P, Zhou Yu-Liang(ff{5%%)"),

b), Zuo Yan-Lei(/2 5 %)), Liu Lan-Qin(XI| 24 35)P),

and Su Jing-Qin(GEHIH)Y

a) Department of Electric-optics, Nanjing University of Science and Technology, Nanjing 210094, China

b)Research Center of Laser Fusion, China Academy of Engineering Physics, Mianyang 621900, China

C)Sciencce and Technology on Plasma Physics Laboratory, Mianyang 621900, China

(Received 25 May 2014; revised manuscript received 8 August 2014; published online 14 November 2014)

Chirped wideband pump and seed pulses are usually considered for backward Raman amplification (BRA) in plasmas
to achieve an extremely high-power laser pulse. However, current theoretical models only contain either a chirped pump
or a chirped seed. In this paper, modified three-wave coupling equations are proposed for the BRA in the plasmas with
both chirped wideband pump and seed. The simulation results can more precisely describe the experiments, such as the
Princeton University experiment. The optimized chirp and bandwidth are determined based on the simulation to enhance

the output intensity and efficiency.
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1. Introduction

Hundreds of petawatt or even exawatt pulse power
can be achieved by backward Raman amplification (BRA)
in plasmas.['* The BRA is an effective way for fast
compression.>~12 However, the total efficiency is only
6.5%,! far less than the theoretical predictions of 80%;,!!!
65%,!"31 and 35%.1>! A significant cause of this problem is
the frequency detuning caused by the pump and seed chirp or
the density gradient of the plasmas. Although a well-designed
frequency detuning can help the amplification to achieve the
non-linear regime by the filtering effect,!'* the efficiency usu-
ally decreases by weakening the exact resonance of the BRA
in the plasmas.

Theories of the chirped pump or seed for the BRA in plas-
mas have been reported in several references. On one hand,
super-radiant linear Raman amplification (SLRA) in plasmas
was proposed in Ref. [15] with a chirped pump. On the other
hand, the pump chirp is called a negative element for the
scheme because it drives the interaction away from the exact
resonance. %! Furthermore, the seed chirp enhances the effi-
ciency through the effect of group velocity dispersion in high-

=3).117] Nevertheless, those re-

density plasmas (. ~ 10! cm
ports have not combined the effects of the pump chirp and the
seed chirp. In addition, the seed chirp in experiments (usu-
ally much smaller than the pump chirp) can lead to an ex-
tremely fast oscillating phase, requiring the modification of
the coupling equations. Meanwhile, the pump and the seed

bandwidths should be considered in the theoretical model be-
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cause they can also result in frequency detuning. In this paper,
modified three-wave coupling equations are proposed by in-
troducing these effects.

Two methods are usually used to obtain the expected
pump or seed intensity. In one method, the pulse is stretched or
compressed by different gratings without changing the band-
width. In this way, only the pulse chirp is changed. In the other
method, the pulses with different bandwidths are chosen but
compressed by the same gratings, so the pulse chirp is stable
but the bandwidth is changed. These two methods correspond
to independent variations of the chirp and the bandwidth. In
our simulation, the influences of the chirp and the bandwidth
on the scheme are discussed according to these two methods.
Finally, their optimized values are determined to enhance the
intensity and efficiency of the BRA in plasmas.

2. Model and method

Assume that the modulated pump and seed respectively
propagate along the positive and the negative z axis through a
plasma channel, then their united vector potential can be writ-
ten as

A = [aei(~va—kid)=ialt=z/c)
el -w k) =iB0+2/0 o j M

where a and b are the normalized amplitudes of the pump and
the seed, respectively, with corresponding modulation coeffi-
cients & and B and frequencies @, and @,.[">! The modula-

v 2 :
2 Aw*, where A is

tion coefficients can be presented as
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the half width (1/e intensity) in frequency, and Vv is the nor-
malized chirp of the pulse (pump or seed). The wave and the
oscillator equations can be written as

n
(8?—c28§—|—(og)a = —w;a%,
n
(a$+w§)n—0 = %92a%/2, 2)

where @y, is the frequency of the Langmuir wave, and n/n is
the electron density perturbation in the plasmas. By using
dae'? ol @ 09 d . /d%0 2\ 2
- o[t (50 - (3]
dx? ¢ [sz A dx dx + 0x2 ox/) 1?
and disregarding non-resonant and high-order terms, equa-
tion (2) reduces to

a; +cqa; = \/mfbv
by —cpb; = —\/@utpaf”[[1+ B(t +z/cp)/wal,

fi—180f = —\/@e@y/2ab*[1+ B(t +12/cp) /20,2, (3)

where f is the envelope of the Langmuir wave, ¢, ~ ¢, =
¢/ (1 — wyp?/®,?) are the group velocities of the seed and the

pump pulses, respectively, w, =~ ®, = \/(kac)2 + @p? & kg

when @, > 10w, and 8@ = a(t —z/cq) — B(t +2/cp) is the
frequency detuning. The velocity dispersion is ignored in
the low-density plasmas. On the right-hand side of Eq. (3),
ot —z/cq)/ @, is ignored, while B(t +z/cp)/ 0, is retained
because it is significant when the seed pulse is close to the
transform-limited form. At the chirped rate v, = 1, max(f) =
A®?/2 = 1.1 x 10% 572 when the full width at half maximum
(FWHM) of the seed pulse is about 10 nm, thereby obtaining
B(t+2z/cy) =7.2x 10" s72 (suppose t = 0, z = 2 mm), which
is close to @, = 2.35 x 1015 s~ 1

3. Numerical result

In the simulation, all parameters are adopted from the
Princeton experiment.[®! Let the pump/seed wavelengths be
Aasp = 0.803/0.878 pum. The ratio of the pump frequency
to that of the Langmuir wave is @,/®w, = 10. The pump
(seed) is considered Gaussian with the maximum intensity of
I, =2.3x 10" W/cm? (I, = 1.3 x 10'2 W/cm?), FWHM du-
ration of 20 ps (500 fs), and bandwidth of 10 nm (9 nm), cor-
responding to the transform-limited FWHM duration of 95 fs
(126 fs) and chirp of v, = 210.9 (v, = 3.8). Thus, the mod-
ulation coefficients are & ~ 1.46 x 10** s72 and 8 ~ 4.26 x
10% s72. The normalized amplitudes a and b can be written
as 8.55,/g x 107194 (um)/I(W/cm?) with g = 1 (g = 1/2)
denoting the linear (circular) polarization,3! where I and 2
are the peak intensity and the wavelength of the laser beam,
respectively. By assuming that both pump and seed are circu-
lar polarized and are transform-limited pulses with stretched
forms, the initial amplitudes can be written as

ao (1—iv))Aw,? [7—20\2
Eead 550 |
1+1iv, 2(1+Va ) Ca

a(t=0,z) =

o b (1-ivy)A@,” (L+Lo—z2\>
b(t_O,z)_\/l_s_theXp{ 2(1+v,?) ( ch >}’(4)

where z = z¢ is the position of the initial pump peak, and ag =
al\/1+1iv,| = 0.11 and Aw, = mc,AL/A*VIn2 = 1.76 x
10'3 s7! are the initial amplitude and the half width in fre-
quency of the transform-limited pump pulse. The seed is ini-
tially located at z = L — Ly, where Ly is the distance from the
seed peak to the right boundary of the plasmas and L =2 mm
is the length of the plasma channel. The half width in fre-
quency and the initial amplitude of the transform-limited seed
are Ay, = 1.32 x 1013 s72 and by = 1.2 x 1073, respectively.
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Fig. 1. (color online) Profiles of output pulses with chirped pump and
chirped seed (v, = 210.9, v;, =3.8): (a) t = 1.32 ps, (b) t = 3.96 ps,
(c) t = 6.6 ps. Red, blue, and green curves are integrated amplitudes of
the pump, the seed, the Langmuir wave (|al, ||, |f]), respectively.
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Figure 1 shows the profiles of the output pulses after the
seed pulse prorates the 2-mm plasma channel. The integrated
seed amplitude |b| is amplified 56.2 times from 6.05 x 104
(|b(t = 0)| = [bo/+/1+1Vs|) to 0.034. The output seed pulse
has an output peak intensity of 4.1 x 10" W/cm? and an
FWHM of 151.3 fs. If the self-focus phenomenon in the ex-
periment (the input beam diameter is 55 um, whereas that of
the amplified seed is 15 um!°! is considered, the peak intensity
achieves the maximum value of 5.5 x 10'® W/cm?. Hence, the
simulated peak intensity ranging from 4.1 x 10> W/cm? to
5.5 x 10'® W/cm? agrees well with the experimental result of
approximately 2 x 10'® W/cm?. The duration is approximately
50% larger than the experimental value (90 fs). This difference
may be due to the nonuniform plasmas, which can partly com-
pensate the frequency detuning in Eq. (3) caused by the seed
chirp.l"*l Moreover, the output wave form in Ref. [9] is not
exactly Gaussian, which is an important assumption when the
duration is deduced from the autocorrelator data. This differ-
ence can also cause disparity between the theoretical and the
experimental results.
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Fig. 2. (color online) Simulation results of the BRA in plasmas by a 1D
PIC code with parameters from the Princeton experiment: (a) output
seed intensities of the modified fluid model and the PIC code; (b) input
(dash curve) and output (solid curve) spectra of the seed pulse.

To verify the modified fluid model, a similar simula-

tion is performed using a one-dimensional (1D) particle-in-

cell (PIC) code employing the same parameters obtained from
the Princeton experiment. Figure 2 illustrates the simulation
results of the output intensity and spectrum. Most of the
secondary spikes are suppressed because of the plasma wave
breaking, thereby achieving a relatively higher maximum in-
tensity (5.0 x 10" W/cm?) and a smaller FWHM (119 fs) than
those in the fluid model, as shown in Fig. 2(a). However,
the output seed intensity still matches well with the results of
the fluid model (Fig. 2(a)). The spectrum of the seed pulse
(Fig. 2(b)) indicates that the pulse has a large amplification
from 840 nm to 880 nm. However, the central wavelength
changes to approximately 870 nm because of the frequency
transfer in the interaction caused by the seed chirp.

4. Influence of chirp and bandwidth

The BRA efficiency can be written as

n= /Ib(t :[f,Z)dZ//Ia([:(),Z)dZ, 5)

where f; is the time that the seed pulse reaches the end of the 2-
mm plasma channel. An efficiency of 23.4% is obtained from
the simulation. The efficiency strongly depends on the pump
intensity, as shown in Fig. 3(a). The efficiency is reduced to
0.5% when the intensity decreases to 1/e of the maximum
value. The total efficiency with the parameters of the Prince-
ton experiment [°! is then estimated to be approximately 12%,
assuming the pump beam with a Gaussian transverse. Al-
though this value is three times the experimental result (4%),
it is closer to the experimental result than other theoretical pre-
dictions in the literature. [1,>1318]

A high pump intensity is expected to enhance the out-
put efficiency and intensity (Fig. 3(a)). However, the plasma
wave breaking can be caused by a critical high-intensity pump,
which requires the maximum input pump amplitude to be
< (@p/®)/?/4." Therefore, a pump intensity window is
pointed out in several references./>!®! To broaden this win-
dow, high density plasmas and short wavelength pumps are
needed.

The modulation of the pump and the seed can lead to the
frequency detuning, as shown in Eq. (3), thus, the suitable
bandwidth and chirp of the pump and the seed are essential to
minimize the frequency detuning. The features of the BRA in
plasmas brought by the chirp and the bandwidth of the pulses
(both pump and seed) are discussed as follows.

Figure 3(b) shows the correlations of the pump chirp with
the output intensity and efficiency. In this study, a stable pump
amplitude is employed to maintain an excellent pump. Al-
though the pump amplitude decreases following the chirp, it
can also be maintained around a certain value by amplifica-

tion or filtering. The pump chirp can seriously reduce the ef-
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ficiency by aggravating the frequency detuning, as indicated
in Fig. 3(b). On the contrary, the output intensity is enhanced
by the pump chirp because a relatively long pumping length is
obtained as the pump pulse is stretched by the chirp. In addi-
tion, the pump chirp is usually retained in experiments, thus
the frequency detuning caused by the pump chirp is an essen-
tial negative factor for the output efficiency. To minimize the
frequency detuning, plasmas with a certain gradient were pro-
posed in Refs. [13] and [14]. However, the production of such
a plasma channel remains extremely difficult.
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Fig. 3. (color online) Output intensity (solid curves) and efficiency (dashed
curves) as functions of (a) the initial pumping amplitude (v, = 210.9,
v, =3.8), (b) the pump chirp (v, = 3.8), (c) the seed chirp (v, =210.9).

The influence of the seed chirp on the output is presented

in Fig. 3(c). The efficiency is also strongly associated with
the frequency detuning d®, which is mainly determined by
the modulation coefficient 8 o< v;, /(14 v,2). Thus, the effi-
ciency decreases initially, and then increases as the seed chip
increases. The lowest efficiency is found at the seed chirp
of 1 (corresponding to the maximum modulation coefficient
B). Meanwhile, the output intensity decreases continuously
with the stretch. Both maximum intensity and maximum effi-
ciency are achieved when the seed chirp is absent. Therefore,
a transform-limited seed is required to obtain a high output in-
tensity and a short output duration. Figure 4 shows the output
waves produced by the nonchirped seed. The maximum inten-
sity of 1.31 x 10'® W/cm?, FWHM of 72 fs, and efficiency of
26.1% are obtained by the 2-mm plasma channel, showing a
much better result than that with the chirped seed. Compared
to the result in Fig. 1, the output intensity is enhanced by a
factor of 3, whereas the efficiency is not strongly affected, in-
dicating that the seed chirp is the main element that decreases
the intensity amplification. Via the technique of supercontin-
uum, it is possible to use a nonchirped femtosecond seed to

optimize the experiment result. ]
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Fig. 4. (color online) Profiles of the output pulses obtained with chirped
pump and nonchirped seed (v, = 210.9, plasma length = 2 mm). Red,
blue, and green curves are the integrated amplitudes of the pump, the
seed, the Langmuir wave (|al, |b|, | f|), respectively.

Figure 5 shows the influence of the bandwidth on the
result. Similar to the pump chirp, a wider pump band-
width reduces the efficiency because of the frequency detuning
(Fig. 5(a)). On the contrary, a wider seed bandwidth enhances
the efficiency because it can tolerate a larger frequency detun-
ing (Fig. 5(b)). However, both the efficiency and the inten-
sity decline slowly when the bandwidth is over a certain value
because only part of the spectrum is effective. According to
the simulation, good results are achieved when the seed band-
width is about 1-2 times that of the pump bandwidth. This
result agrees with the experiment one in Ref. [7], in which
only 10% of the input seed spectrum (840-940 nm (FWHM))

was amplified.

014211-4



Chin. Phys. B Vol. 24, No. 1 (2015) 014211

1.6 T T T 0.35
(a)
° |
g 1.4 0.30
: X
= B
Q g
o 1.2 0.25 g
i o=
~ 3]
> &
- &
R7\ 3}
<
3 1.0 10.20
=
S
0.8 . 1 . 0.15
0 5 10 15 20
Pump bandwidth/nm
16 0.30
T
g
° 12 10.26
= X
0 ~
2
~ 8 10.22 3
> ‘3
= &
@ &
g 3]
g 4 0.18
0 . * * 0.14
0 5 10 15 20

Seed bandwidth/nm

Fig. 5. (color online) Output intensity (solid curves) and efficiency
(dashed curves) as functions of (a) the pump bandwidth and (b) the
seed bandwidth (v, = 210.9, v, = 0).

5. Conclusion

A modified theoretical model was proposed in this study
for the BRA with chirped wideband pump and seed pulses.
The simulation results can describe experiments (e.g., Prince-
ton University experiment) more precisely. Several conclu-
sions were obtained for the chirp and the bandwidth of the
pump and the seed. First, a large pump chirp with an appro-
priate intensity can enhance the output intensity, while it also

results in a decreased efficiency. Second, the optimal result for
the seed is achieved by the transform-limited seed (i.e., fully
removed seed chirp). The lowest efficiency is obtained when
the seed chirp is close to 1. Third, the pump chirp mainly in-
fluences the efficiency, whereas the seed chirp strongly affects
the intensity amplification. Finally, a narrow bandwidth pump
can achieve the optimal result at an appropriate intensity. The
optimized bandwidth of the seed ranges is 1-2 times that of
the pump bandwidth.
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