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Stimulated Raman scattering excited by incoherent light in plasma
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Abstract

Stimulated Raman scattering (SRS) excited by incoherent light is studied via particle-in-cell simulations. It is shown that a large bandwidth of
incoherent light can reduce the growth of SRS and electron heating considerably in the linear stage. However, different components of the
incoherent light can be coupled by the Langmuir waves, so that stimulated Raman backward scattering can develop. When the bandwidth of
incoherent light is larger than the Langmuir wave frequency, forward SRS can be seeded between different components of the incoherent light.
The incoherent light can only increase the time duration for nonlinear saturation but cannot diminish the saturation level obviously.
© 2017 Publishing services by Elsevier B.V. on behalf of Science and Technology Information Center, China Academy of Engineering Physics.
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1. Introduction

Stimulated Raman scattering (SRS) in plasma is simply a
pump laser decay into an electron plasma wave and a scattered
light [1]. It may cause significant laser energy loss and hot
electron production, where the latter can preheat the fusion
targets. Therefore, SRS has been one of the key problems in
laser-indirect-driven inertial confinement fusion [2e4].
Several methods have been proposed to suppress the SRS,
such as introducing laser bandwidth [5,6] or polarization
rotation [7], laser smoothing technique (smoothing by spectral
dispersion, induced spatial incoherence and polarization

smoothing) [8e11]. It is also shown that initial high temper-
ature of plasma electrons can reduce the SRS growth [12,13].

In our previous work, we have studied the effects of finite
bandwidth of incident lasers on SRS [6]. A considerable
reduction of linear growth of SRS is found when the band-
width is much larger than the SRS growth rate. In that work,
the finite bandwidth is modeled by a sinusoidal-frequency-
modulation around the central laser frequency. Recently, it is
shown by theory and simulation that such modulated lasers
with large bandwidth may be produced with a type of plasma
optical modulators for intense lasers [14]. On the other hand, it
is noted that such modulated lasers cannot completely sup-
press the SRS growth at later stage. Therefore it is necessary to
investigate other possible schemes. Here we consider a type of
partially incoherent light, which is composed of a large
number of beamlets, each of which has different frequencies
within a certain range, a random phase, and even a random
polarisation. The SRS growth with such light beams is studied
via particle-in-cell (PIC) simulations. Comparison of the
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results with those obtained with frequency modulated lasers of
large bandwidth is made. The mechanisms of the SRS devel-
opment due to the coupling between different frequency
components of the incoherent light are analyzed.

2. Model of incoherent light beams

It is proposed that there are several schemes to model an
incoherent light beam, such as spectral combining, short pulse
stacking, and a mosaic of beamlets [15]. Here we consider a
simple case where it is composed of a large number of
coherent beamlets, each with a different frequency and a
different phase:

asum ¼
XN
i¼1

aicosðuitþfiÞ; ð1Þ

where ai is the field amplitude of the beamlet i normalised by
meuic=e, which is related to the laser intensity with

ai ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IiðW=cm2Þ½liðmmÞ�2=1:37� 1018

q
. ui and li are the

corresponding frequency and wavelength, fi is a random
phase in [-p,p], and N is the number of beamlets typically
around a few hundreds. The frequency ui can be defined
within certain bandwidth Du0 around a central frequency u0.
If the frequency of the beamlets ui is uniformly distributed,
the frequency gap of neighboring beamlets is simply
dui ¼ Du0=ðN � 1Þ. One can also let ui be randomly selected
within ½u0 � Du0=2;u0 þ Du0=2� in numerical simulation.
Comparing with the model of sinusoidally modulated lasers
with certain bandwidth used before [6] in the form of
a tð Þ ¼ a0cos½u0t þ bsinðumtÞ �, the present model can be
considered as an extension now with arbitrary amplitude,
frequency, and phase for the beamlets. Fig. 1 shows an
example of the temporal structure and corresponding spectrum
when taking ai ¼ 0.004, Du0 ¼ 15%, and N ¼ 100. It
shows that there are some fluctuations in the envelope
profile, but overally the amplitude appears around a0 ¼
ðPN

i¼1

��ai��2��ui

��2Þ1=2 ¼ 0:04, which is expected according to

energy conservation. Note that the coherence length between
different components is just a few laser wavelengths, which is
much shorter than that of the conventional laser light.

In addition to introducing random amplitude, frequency,
and phase, one may introduce random polarization in the
beamlets:

asum ¼
XN
i¼1

ai
�
cosð2ppiÞbey þ sinð2ppiÞbez �cosðuitþfiÞ; ð2Þ

where pi is a random number in [0,1], bey and bez are unit
vectors in the transverse directions, assuming that all the
beamlets propagate along the x-direction. Then the light wave
can be considered to have two components polarized along the
y and z directions, respectively. Averaged over assembly, it is
obvious that each component contains half of the total power.
This is equivalent to that each component appears with an
amplitude of ai=

ffiffiffi
2

p
in the y and z directions.

In the following, we carry out one dimensional PIC simu-
lation to examine the effects of finite bandwidth and light
incoherence on the generation of stimulated Raman scattering
in both homogeneous and inhomogeneous plasmas.

3. SRS of incoherent light in homogeneous plasma

Numerical simulations using the PIC code KLAP [16] have
been performed firstly in one-dimensional (1D) homogeneous
plasma. We write the center frequency of asum as u0, and the
corresponding wavelength is l. In our simulations, we take the
number of beamlets N ¼ 100. The beamlets are semi-infinite
with a 25l rising edge in the front, each with the peak ampli-
tude ai ¼ 0.004. The bandwidth Du0 of the incoherent light
beam is normalized by u0. Here we take Du0 ¼ 15%. As a
comparison, simulations for a coherent or partially coherent
laser with sinusoidal modulation and the same laser power are
also carried out, where its amplitude is a ¼ 0.04 and its band-
width is taken to be either Du0 ¼ 0 or 15%, respectively. The
length of the simulation box is 600l, where the plasma occupies
a region from 100l to 500l with a linear density ramp 10l in the
front. The homogeneous plasma density is ne ¼ 0.08nc with nc
to be the critical density, and the initial temperature is
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Fig. 1. (a) Temporal envelopes of the incident lights for both coherent and

incoherent light, where the bandwidth of incoherent light is 15%, the red lines

indicate the laser field amplitude level for coherent light. (b) Fourier transform

of the incident light.
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Te0 ¼ 100 eV. The ions are stationary with a charge Z ¼ 1. We
have taken 100 cells per wavelength and 50 particles per cell.

Fig. 2(a) shows the temporal envelops of the backscattering
light in three cases. For the sinusoidal-frequency-modulation
light with Du0 ¼ 15%, the growth of the backscattered light
is significantly reduced under the same power due to its large
bandwidth. In the case of the incoherent light with the same

bandwidth 15%, the growth rate of backscattered light is much
slower than the case of frequency-modulation light. This
shows additional suppression effects of the SRS of random
phase. However, after certain time about t ¼ 500t with
t ¼ 2p=u0, the backscattered light starts to grow quickly.
Finally at t ¼ 1000t, the scattered light saturates at the same
level as produced by normal coherent lasers.

Since backward SRS can develop a large amplitude
Langmuir wave to trap numbers of electrons. The trapped
electrons are accelerated to a high temperature, and then SRS
evolves into nonlinear stage. One can use the plasma electron
temperature to diagnose the strength of nonlinear SRS [12,17].
The phase-space plot of electrons are shown in Fig. 2(b),
where large numbers of electrons are trapped by the Langmuir
wave at t ¼ 350t for coherent light. Due to reduced linear SRS
growth, Langmuir wave-breaking occurs at t ¼ 900t for
incoherent light [1]. The trapped electrons lead to a reduced
Langmuir wave frequency [18,19], as discussed later. Re-
scattering of Raman will develop at longer time, which can
heat the electrons to higher temperature [17].

The heated electrons typically show quasi-thermal distri-
butions with an effective temperature. In the linear stage of
SRS, little growth of the electron temperature can be found.
When the SRS enters the nonlinear stage, the temperature
appears to grow almost linearly. In the case with a coherent
laser, this occurs after t ¼ 400t as shown in Fig. 2(c). On the
contrary, in the case with incoherent light, the nonlinear SRS
is delayed until t ¼ 900t for Du0 ¼ 15% and t ¼ 1300t for
Du0 ¼ 50%. Here we take N ¼ 333 and ai ¼ 0.0022 for the
incident laser with Du0 ¼ 50%, to keep the same energy and
dui with Du0 ¼ 15% case. The temporal evolution of the
electron temperature is thus consistent with the results shown
in Fig. 2(b) that the growth rate of backward SRS is reduced
with incoherent light. On the other hand, the continued in-
crease of the electron temperature suggests that nonlinear SRS
cannot be suppressed by incoherent light even if a large
bandwidth is adopted. Note that this is similar to our previous
work with modulated lasers with finite bandwidth [6], where
the finite bandwidth is introduced by the sinusoidal modula-
tion of the carrier wave frequency.

As mentioned in Sec. 2, pure incoherent light has also
random polarizations described by Eq. (2). We compare the
case of randomly polarized incoherent light with the case of
linear polarized incoherent light under the same light intensity
and the bandwidth. It turns out that the development of SRS
instabilities in these two cases is similar, as shown by the
scattered light waves, the electron density perturbations and
the electron temperatures. The latter is shown in Fig. 2(c) from
our PIC simulation. This may be attributed to the fact that the
ponderomotive forces are comparable for the two cases under
the same light intensity. As a result, the random polarization
does not lead to additional suppression effects on the SRS
instability.

To understand the physical mechanism responsible for SRS
with incoherent light, it is necessary to examine the Langmuir
wave structure. Fig. 3 shows the distribution of wavenumber-
frequency space (kL,uL) under different driving laser
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Fig. 2. (a) Temporal profile of the backscattered light waves. The incoherent

light and sinusoidal-frequency-modulation light are denoted as “inc” and

“sin”, respectively. Both of them have the same bandwidth Du0 ¼ 15%. (b)

Phase-space plot of electrons for incident light with different bandwidth at

different time. (c) Temporal evolutions of the electron temperature for the

incident light with different bandwidth or polarization. Linear polarization and

random polarization are denoted as “lp” and “rp”, respectively.
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conditions, where uL and kL are respectively the frequency
and wavenumber of the Langmuir wave. Note that the electron
plasma frequency at the given plasma density is upe ¼ 0.283
and the Langmuir wave frequency is given by

uL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
pe þ 3k2Lv

2
e

q
with ve the thermal velocity of electrons.

In the case with a coherent laser at a0 ¼ 0.04, the backward
SRS instability (indicated by the peaks at kL ¼ 1.62) has been
developed from t ¼ 101t to t ¼ 300t as shown in Fig. 3(a).
From t ¼ 301t to t ¼ 600t, electron trapping (related to the
nonlinear Landau damping) and subsequent electron heating
lead to the down-shift of the Langmuir wave frequency as
shown in Fig. 3(b) [12,13,18e20]. When a large number of
electrons are heated to high energy, the relativistic electron-
mass increase can also contribute to the frequency down-
shift [12,13].

Fig. 3(c) and (d) present the (kL,uL) distributions in the
linear and nonlinear stage for incoherent light, respectively.
Drastic nonlinear frequency shift occurs during [601,1000]t.
The frequency down-shift is found both for coherent and
incoherent light, where the mechanisms are similar as due to
electron trapping (or nonlinear Landau damping) and electron
heating. However, the backward SRS has not been strongly
developed during [201,600]t. The frequency of the Langmuir
waves is mainly around 0.29 expected for linear waves. The
bandwidth of Langmuir wave duL is small. On the other hand,
the distribution for kL is relatively broad. According to the
phase matching conditions for the backscattered SRS, the
wavenumber of the Langmuir waves is given by

kiL ¼ ki þ c�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

i � 2uiuL

q
ð3Þ

with ki ¼ c�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
i � u2

pe

q
for an incident beamlet with light

(ki,ui). When the incident light frequency changes between
[0.925, 1.075]u0, one finds that kiL changes between [1.46,
1.78]u0=c, taking uL ¼ 0.29. This can explain the instability-
region in k space shown in Fig. 3(c).

One critical issue is whether there is coupling between
different beamlets during the SRS development. In this case,
the coupling between different beamlets is weak if there is no
bandwidth of the Langmuir wave duL ¼ 0. However, if there
is a finite bandwidth of the Langmuir waves with duLs0, the
beamlets of incoherent light could be coupled with each other
to develop backward SRS. According to the expression of kiL
given above, its change with frequency is given by

dkiL
dui

¼ ui

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

i �u2
pe

q þ ui �uL

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

i � 2uiuL

p ; ð4Þ

dkiL
duL

¼� ui

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2

i � 2uiuL

p : ð5Þ

When duLa2dui, there may be dkiL ¼ ðdkiL=duiÞduiþ
ðdkiL=duLÞduL ¼ 0. Under this condition, neighboring
beamlets of the incoherent light can be coupled with the same
Langmuir wave.

For the coupling between two beamlets, one may consider
the simplest case, where two lasers with the same amplitude
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ai ¼ 0.02 (for i ¼ 1,2) with some frequency difference dui to
interact with plasma under the same conditions. When
dui ¼ 0:15%, they are easier to be coupled with each other
than dui ¼ 1%, as shown in Fig. 4. With a smaller frequency
difference of the driving lasers, the produced Langmuir waves
are easier to serve as the common density perturbations for
wave scattering.

Fig. 5(a) presents the wavenumber of forward SRS for
incoherent light with different bandwidth. Here we take
N ¼ 200 and ai ¼ 0.0028 for incident laser with Du0 ¼ 30%,
to keep the same energy and dui with the other two band-
widths. One should note that the wavenumber of forward SRS
is mainly decided by the plasma parameters, i.e., kLc ¼ upe.
At t ¼ 400t, no forward SRS spectrum can be found for the
bandwidth Du0 ¼ 15%<upe, as shown in Fig. 5(a). As a
comparison, when the whole bandwidth of incident light is
larger than the frequency of plasma wave, i.e., Du0 �
upe ¼ 28:3%, seed forward SRS can be stimulated. For a
larger bandwidth, more components of the incoherent light are
coupled to seed the forward SRS, so the intensity of Langmuir
wave is much stronger for Du0 ¼ 50%. The phase velocity of
the Langmuir wave developed by forward SRS is close to
light, and it is difficult to accelerate the electrons as shown in
Fig. 2(b). Forward SRS plays a dominant role in the long time
interactions, since it is difficult to be damped. At t ¼ 600t, we
can find a peak at kLc ¼ upe ¼ 0.283 for the seed forward
SRS, but there is no backward SRS mode shown in Fig. 5(b).
At t ¼ 900t, the mode kL ¼ 0.283 grows larger, and the
backward SRS is developed.

4. Incoherent light in inhomogeneous plasma

In inhomogeneous plasma, the plasma density gradients
introduce additional intensity threshold of the driving laser for
the development of SRS. This adds to further reduction of the
SRS. In particular, for inhomogeneous plasma, the wave
vectors for incident and scattered light are functions of the
spatial coordinates. Therefore the parametric instability is al-
ways convective, i.e., it initially grows exponentially with
local phase match conditions satisfied, and finally it is satu-
rated due to the phase mismatching [21,22]. When incoherent
light incident with certain bandwidth, different frequency
components may still be coupled with each other locally. But
the growth rate and saturation level could be reduced as
compared to those in homogeneous plasma. In our 1D simu-
lations where the length of the simulation box is 1500l, the
plasma occupies a region from 150l to 1150l with a linear
density profile neðxÞ ¼ 0:05½1þ ðx� 150Þ=200�nc, and an
initial electron temperature Te0 ¼ 100 eV.

For any incident light (ui,ki), the linear instability region is
plotted in Fig. 6(a) with the white line, which is obtained by
substituting the upe(x) into the function kL given by Eq. (3).
For the coherent laser, broad k spectra have been developed
along the linear-instability region, as the convective instability
moves in the longitudinal direction. As a comparison, Fig. 6(b)
plots the instability region produced by incoherent light during
the same period of time. It shows that the intensity of SRS has
been reduced by incoherent light during this time. One way to
measure the strength of SRS is to study the energy of the
electrostatic fields stored in the plasma, i.e., E ¼ R ��EL

��2dx.
After t¼600t, an obvious reduction of E with incoherent light
can be seen in Fig. 7(a). The corresponding electron temper-
ature is plotted in Fig. 7(b), which shows a reduction of
electron heating by use of incoherent light. These results
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indicate that the linear convective SRS and electron heating
can be suppressed by incoherent light in the inhomogeneous
plasma due to its large bandwidth.

5. Summary

Stimulated Raman scattering excited by incoherent light
have been investigated using PIC simulations, where the inco-
herent light is modelled as composed of many beamlets with
random phases and different frequencies within certain band-
width. Our simulations indicate that the growth of SRS and
electron temperature can be reduced considerably in the linear
stage due to the large bandwidth of incoherent light. This
suppression effect is even stronger than that with a sinusoidally
modulated laser light under the same bandwidth. The coupling
between different beamlets with sharing the Langmuir wave can
excite the backward SRS. When the bandwidth of incoherent
light is larger than the frequency of Langmuir wave, seeded
forward SRS can be developed easily. The incoherent light can
only increase the time duration for linear growth but cannot
diminish the instability completely. When large amplitude of
Langmuir wave has been developed, the instability process

evolves into nonlinear stage, and the suppressions of SRS and
electron heating are weakened. The incoherent light interacts
with inhomogeneous plasma is also studied, which shows a
reduction of linear convective SRS and electron heating as
compared with the case of coherent laser light.
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