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The effects of laser bandwidth on stimulated Raman scattering (SRS) instability in underdense plasma are studied by
particle-in-cell simulations. In the simulations, sinusoidal frequency modulation of the incident laser pulse is used. By
changing the size of bandwidth, it is shown that the linear growth of SRS can be suppressed considerably, provided
the laser bandwidth is much larger than the SRS linear growth rate. Simulations also show that by choosing the proper
frequency modulation parameters or decreasing the linear growth rate of SRS, the inhibitory effects become more
obvious. The plasma electron temperature tends to weaken the bandwidth effects especially when it is over a keV
level. The laser bandwidth can only increase the time duration for linear growth but cannot diminish the instability
completely.

I. INTRODUCTION

Stimulated Raman scattering (SRS) in plasma is a subject
which has been widely investigated in the last decades1. It
is related to a variety of applications, such as inertial con-
finement fusion2, high field nonlinear optics3, laser-plasma
accelerators4 and new radiation source5. A key nonlinear phe-
nomenon in SRS is the pump laser scattered by the electron
density perturbation of a plasma wave,6 which is usually dis-
advantageous for inertial confinement fusion since it causes
significant laser energy loss and can produce harmful hot elec-
trons to preheat fusion targets7–10. In the past decades, several
methods have been proposed to suppress the SRS, and most
of them rely on the manipulation of laser pulses, such as tem-
poral and spatial laser beam smoothing1,11–13.

In 1974, Thomson and Karush proposed to use finite
laser bandwidths to suppress parametric instabilities12. Later,
Obenschain et al. experimentally confirmed the suppression
effects of bandwidth on instabilities. Due to the limitation
of the laser technology, the bandwidth used in the experiment
was △ω = 3×10−3, where △ω is normalized by the frequen-
cy of the incident laser ω0.14 In 1991, Guzdar et al. studied
the bandwidth effects in inhomogeneous plasmas.15 In 2001,
Evan et al. found that a linear frequency chirp with 12% band-
width can eliminate Raman forward scattering for a plasma
density that is 1% of the critical density.6 Besides the temporal
modulations of the laser pulses, effects of spatial modulations
on parametric instabilities have been also studied11.
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Recent developments on laser technology suggest that it is
possible to generate laser pulses with broad bandwidths by us-
ing noncollinear optical parametric chirped-pulse amplifica-
tion technology16,17. However, the bandwidth effects on SRS
have not yet received sufficient attention so far in the context
of inertial confined fusion. Also even though it is found that
the laser bandwidth can reduce the linear growth rate of SRS,
it is still not clear how the laser bandwidth would affect the
nonlinear process of SRS. In this paper, we study all these
bandwidth effects via particle-in-cell (PIC) simulations.

II. THE COMPARISON BETWEEN PIC SIMULATIONS
AND ANALYTICAL MODEL

A. The introduction of laser bandwidth model

To study the effects of laser bandwidth on SRS, and com-
pare the simulations with the analytical model, sinusoidal fre-
quency modulation is used in our PIC simulations. The tem-
poral part of the incident laser is as follows

Ez = a0 cos[2πt+ b sin(2πfmt)], (1)

where a0 is the amplitude of the laser vector potential, which
is normalized by meω0c/e, with c the speed of light, ω0 the
laser frequency, e and me the electron charge and mass, re-
spectively. t is normalized by the laser period τ = 2π/ω0.
The relation between the laser intensity I0 and a0 is a20 ≃
7.3×10−19[λ(µm)]2I0(W/cm2). Under the inertial confine-
ment fusion conditions, a0 should be limited to the range from
0.01 to 0.1, so the corresponding intensity of the laser is much
smaller than the relativistic threshold. The bandwidth of Ez
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FIG. 1. Fourier transform of the incident lasers with finite bandwidth
under different (b, fm) parameters.

can be approximated as △ω = (2b + 1)fm. There are sev-
eral peaks in the frequency spectrum, and the interval of each
peak is fm. When △ω is a constant, too large fm leads to
small number of peaks in spectrum, while fm is too smal-
l, the discrete spectrum becomes approximately continuous.
Figure 1 shows an example of the spectra of incident laser
with finite bandwidth in the form of Eq. (1). The maximum
bandwidth shown is 10%, which corresponds to the parameter
(b, fm) = (4.5, 0.01), and the minimum bandwidth is 0, i.e.,
(b, fm) = (0, 0). The gap between two neighboring spikes is
δω = fm = 0.01.

In the analytical model, the SRS linear growth rate is Γ ∼
Γ2
0/△ω, provided that the bandwidth △ω is much larger than

the linear growth rate Γ0 without bandwidth12. It indicates
that the growth rate can be significantly reduced by using a
large bandwidth. The maximum growth rate of stimulated
Raman backscattering is Γ0 =

√
3(ω0ω

2
pa

2
0/16)

1/3.18 For ex-
ample, if taking the laser amplitude a0 ∼ 10−2, the plasma
density is ne ∼ 10−2, where ne is normalized by critical den-
sity nc = meω

2
0/4πe

2, then the linear growth rate of the SRS
is Γ0 ≃ 0.007. In this case, when the bandwidth △ω >∼ 10−2,
the suppression of the SRS growth will be obvious. To verify
the analytical model, we set the bandwidth to be 2%, 5%, and
10% in our simulations, and compare the SRS growth pro-
cess with the case without bandwidth. Analytical theory is
compliant only when △ω ≫ Γ0. However, in the real appli-
cations, this theory is valid only for the limited laser-plasma
parameters. Therefore, PIC simulations are very necessary to
study the suppression of the SRS by using laser pulses with
finite bandwidths. In the following, our simulations show that
the bandwidth suppression effects using different laser-plasma
parameters. The larger bandwidth, the stronger suppression
we can see. It is also found that when the growth rate clos-
es to the bandwidth, the simulation results do not fit with the
analytical model well.

B. One-dimensional PIC simulations

Numerical simulations using the PIC code KLAP19 have
been formed both in one-dimensional (1D) and two-

dimensional (2D) cases. We start with the 1D simulation. The
length of the simulation box is 1260λ with 100 cells per wave-
length, where λ is the incident laser wavelength in vacuum.
We put 50 particles per cell. Left vacuum and right vacuum
occupy 230λ and 30λ, respectively, and the rest is occupied
by plasma. In the front of the plasma, a 10λ linear density
ramp is added. The normalized homogeneous plasma density
is ne = 0.08, and the temperature is Te = 100 eV. The semi-
infinite pump laser is s-polarized with the uniform amplitude
a0 = 0.05, with a 25λ rising edge in the front. The ion mass
is mi = 1836me. The pump pulse duration used in ICF is
typically about a few nanoseconds10, the saturation of SRS
can be found at a few picoseconds. Therefore our simulation
presented below is limited to t = 1500τ .

The backward lights are diagnosed at x = 5λ, and the tem-
poral evolution of the backscattering light is given in Fig. 2(a).
It shows that there are very small differences between cas-
es with 0 and 2% bandwidth. However, when △ω = 5%, the
amplitude of backscattering light grows slowly as compared to
the case without bandwidth. This shows that the growth rate
of SRS is reduced by using a 5% bandwidth. It grows even
slower when △ω = 10%. These results are in good agree-
ment with the theory, i.e., when the bandwidth is much larger
than Γ0, the SRS can be suppressed obviously, and the larger
bandwidth, the stronger suppression effects are. The frequen-
cy spectra of the backscattering lights are shown in Fig. 2(b).
One can see that the spectra contain two parts: one located at
0.72 is produced by the SRS, and the other located near 1.0
is produced by the stimulated Brillouin scattering (SBS). One
may note that the spectrum is broadened when the bandwidth
is added, which can be explained as ωn = ω0 − ωp ± nfm,
with ωp the frequency of plasma wave and n an integer. It is
clearly seen that the intensity of the SBS spectrum is reduced
when △ω ≥ 5%, indicating that the bandwidth can suppress
the SBS.12,20–22 Figure 2(c) describes the forward light spec-
tra at x = 400λ. There are two peaks at ω = 0.71ω0 and
ω = 1.25ω0 that correspond to the Stokes and anti-Stokes
SRS forward scatteringn. Their intensities are reduced when
the bandwidths become larger. We can also see a peak near
ω = 0.41ω0, which comes from the backscattering of sim-
ulated Raman backscattering23,24. It can be deduced from
ω = ω0 − 2ωp = 0.43ω0. The slight frequency difference be-
tween theoretical value and simulation result can be attributed
to the thermal frequency up-shift of the Bohm-Gross wave by

a factor of
√
1 + 3k2v2th/2ω

2
p.25,26 The corresponding wave

vector is k = k1+ | k2 |= 0.98 which is normalized by ω0/c,
where k1 is the wave vector of the backscattering light at the
first time, k2 is the wave vector of the backscattering light at
the second time. This is shown later in Fig. 3(b).

To emphasize the bandwidth effects, we compare the SRS
with △ω = 0 and △ω = 10%. To characterize the intensity
of the SRS, we study the electron density ne and longitudi-
nal electrostatic field Ex. Figures 3(a) and (c) show that at
t = 600τ , the amplitudes of density perturbation ne and lon-
gitudinal electric field Ex are reduced in the early stage of
laser propagation when △ω = 10%, implying that the growth
time has been delayed. Since the linear growth rate of the SRS
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FIG. 2. (a) Temporal evolution of the backscattering light with finite
bandwidth under different (b, fm) parameters at x = 5λ. (b) Fourier
transform of the backscattering light in (a), which is taken in the time
window from 500τ to 1500τ . (c) Frequency spectra of forward scat-
tering light at x = 400λ. The normalized amplitude of the incident
laser is a0 = 0.05 and the plasma density is ne = 0.08.

has been reduced, it can delay the developing time of rescat-
tering process as mentioned above. As shown in Fig. 3(b),
the wave vector of the rescattering light at k = 0.98 is found
only in the case without bandwidth, which is responsible for
the spectrum peak near 0.41 as shown in Fig. 2(c). At lat-
er time, however, SRS in the case with a large bandwidth is
found to grow to a level comparable to that without bandwidth
as shown in Fig. 3(d) for the longitudinal electrostatic fields
Ex at t = 1200τ . This indicates the suppression effects be-
come weaker with the increase of the laser-plasma interaction
time. The analytical model with finite bandwidth based on the
three wave interactions indicates that bandwidth can suppress
the SRS linear growth rate, however, the bandwidth is not a
damping mechanism to determine the saturation level. When
the laser-plasma interaction time becomes longer, SRS devel-
opment not only depends upon the three-wave interaction, but
also upon the wave-particle interaction. The SRS saturation
level appears to be determined by the interaction between the

FIG. 3. Comparison of the electron density, longitudinal momentum,
and longitudinal electric field with or without finite bandwidth. (a)
Electron density at t = 600τ . (b) Fourier transform of plot (a). (c)
and (d) Longitudinal electric field at t = 600τ and t = 1200τ ,
respectively. The normalized amplitude of the incident laser is a0 =
0.05 and the plasma density is ne = 0.08.

electron plasma wave and electrons1,27–30, i.e., the damping
of the electron plasma wave via electron trapping and subse-
quent heating determines its saturation amplitude. As shown
in Fig. 3(d), the saturation levels of the longitudinal electro-
static fields for the two cases with or without finite laser band-
width are similar. As shown later, in the nonlinear stage, elec-
trons are heated to the similar level between the cases with or
without frequency bandwidth.

Theoretical model predicted that the linear growth rate sat-
isfies the function Γ = Γ0J0(b),

12 where Γ0 is the SRS linear
growth rate without bandwidth, and J0 is the first kind Bessel
function with zero order. To compare the theory with simu-
lation results, we set the parameters as ne = 0.1, a0 = 0.08,
fm = 0.1, and b = 0, 0.2, 0.4, 0.6, 0.8, 1 that corresponds
to the bandwidths △ω = 0, 14%, 18%, 22%, 26%, 30%, re-
spectively. Figure 4(a) shows the temporal evolution of the
backscattering light. It is clearly seen that when the band-
width becomes larger, the amplitude of the backscattering
light grows more slowly. We use an exponential function
Ez = R + r exp( Γt) to fit the envelope of the backscatter-
ing light, where R and r are the fitting parameters, and t is
the laser-plasma interaction time. From the fitting, we obtain
the growth rate Γ, as plotted in Fig 4(b). It shows that the
linear growth rate as a function of the modulation parameter
b, which qualitatively agrees with the analytical model, but
quantitatively they are different. From the simulation, we get

Γ = Γ0J0(b)
2.5. (2)

In fact, the theory is applicable when fm ≫ Γ0. However, un-
der laser fusion conditions, the growth rate Γ0 could be close
to fm.
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FIG. 4. Temporal evolution of the backscattering light and corre-
sponding linear growth rate. (a) Temporal evolution of the backscat-
tering light, with a constant fm and different b. Plasma density is
ne = 0.1, laser parameters are a0 = 0.08, fm = 0.1. The dot in (b)
is the linear growth rate which is calculated from (a), the black solid
line is the fitting curve of the simulation data, and the red solid line
is the analytical model given in Ref. [12].

III. THE INFLUENCE OF LASER AND PLASMA
PARAMETERS ON SUPPRESSION EFFECTS FROM
TWO-DIMENSIONAL PIC SIMULATIONS

A. Bandwidth effects

There are some phenomena that cannot be observed by 1D
PIC simulations, such as SRS side scattering. So in this sec-
tion, we study the bandwidth effects in 2D PIC simulations,
and compare the results with 1D cases. Meanwhile we will
show the effects of the bandwidth on the SRS side scattering.

The length and width of our simulation box are 300λ and
60λ, respectively. We put 20 cells per wavelength in each
direction. The left and right vacuum occupy 35λ and 45λ, re-
spectively, and the rest is occupied by plasma. In the front of
the plasma, a 10λ linear density ramp is added. The homoge-
neous plasma density is ne = 0.08, and the inertial electron
temperature is Te = 100 eV. The semi-infinite pump laser is
s-polarized with the uniform amplitude a0 = 0.05, with a 25λ
rising edge in the front. The radius of the focal spot is 10λ,
and the center of it is located at y = 30λ. The transverse in-
tensity profile of laser satisfies Gaussian distribution. The ion
mass is mi = 1836me.

Figure 5(a) describes the early stage of side scattering with-
out bandwidth. Later at t = 500τ the intensity of the scat-

FIG. 5. Comparison of electric fields with or without finite band-
widths. (a) and (b) are the Ez distributions without bandwidth at
t = 300τ and t = 500τ , respectively. (c) and (d) are the Ez distri-
butions with 5% bandwidth at t = 300τ and t = 500τ , respectively.
(e) and (f) are the Ez distributions with 10% bandwidth at t = 300τ
and t = 500τ , respectively. The normalized amplitude of the inci-
dent laser is a0 = 0.05 and the plasma density is ne = 0.08.

tering light becomes stronger, as shown in Fig. 5(b). When
△ω = 2%, its effect is not obvious and the distribution of
Ez is almost the same as the one with △ω = 0. When the
bandwidth is increased to 5%, the SRS suppression becomes
obvious as shown in Fig 5(c) at t = 300τ . One may note that
at t = 500τ there is some side scattering, but its intensity is
still lower than the one with △ω = 0, as shown in Fig. 5(d).
When taking the bandwidth △ω = 10%, side scattering is
suppressed more significantly. We cannot see obviously side
scattering in Fig. 5(e) and (f). To study this in details, we
compare the spectra of the longitudinal electric field Ex in k
space, as shown in Fig. 6. One may note that the strongest re-
gion are around k = 1.62 which is the same as in the 1D case.
With 10% bandwidth, the divergence angle of Ex is much s-
maller than the one without bandwidth, indicating 10% band-
width can suppress the side scattering significantly. However,
as shown in Fig. 6(b), the side scattering does not disappear
even using a relatively large bandwidth.

Figure 7 gives the temporal evolution and the spectra of the
backscattering light with or without finite bandwidths. The
diagnosis position is located at x = 5λ and y = 30λ. The
results are quite similar to 1D simulations given in Sec. IIB.
With finite bandwidths, for example, △ω = 5%, the ampli-
tude of the backscattering light grows more slowly compared
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FIG. 6. The distribution of the longitudinal electric field Ex in the k
space. (a) Without laser bandwidth, at t = 500τ . (b) With △ω =
10%, at t = 500τ . The normalized amplitude of the incident laser is
a0 = 0.05 and the plasma density is ne = 0.08.

to the one without bandwidth. Meanwhile, the intensity of
the spectrum is lower. The larger the bandwidth, the stronger
the suppression effects. Compared with Fig. 2(b), it shows
that the scattered light near ω/ω0 = 1 due to the stimulated
Brillouin scattering (SBS) is much weak in Fig. 7(b). This is
because the simulation time in the 2D simulation is limited up
to 500τ , much shorter than that in the 1D simulation.

Since SRS instability produces hot electrons through elec-
tron plasma wave excitations, therefore the level of hot elec-
tron generation is also a useful measure of the SRS develop-
ment. From Fig. 8(a) one can see that at t = 300τ , in the front
of the plasma, the maximum normalized longitudinal momen-
tum of the electrons px is close to 0.6 without introducing
bandwidth. In the case with △ω = 10%, the maximum px
is much reduced. However, at later t = 500τ , px in the front
of the plasma have similar values as the ones without band-
width, as shown in Fig. 8(b). This means the bandwidth only
delays the linear growth time of the SRS, but it cannot com-
pletely suppress the SRS. These results are very similar to the
1D cases. Since side scattering can drive transverse electron
plasma waves, they can heat electrons in the transverse direc-
tion. From Fig. 8(c) we can see that at t = 300τ , the trans-
verse momentum py of the electrons are relatively small with
△ω = 10%. At t = 500τ , py in the front of the plasma grow
to the same level as the case without finite bandwidth, which
also means the bandwidth can only reduce the side scattering
level at the beginning, but cannot eliminate it.

Generally the energy spectra of the hot electrons can reflect

FIG. 7. (a) Temporal evolution of the backscattering light with or
without finite bandwidth at x = 5λ and y = 30λ. (b) Fourier trans-
form of the backscattering light in (a). The normalized amplitude of
the incident laser is a0 = 0.05, and the plasma density is ne = 0.08.

the level of the SRS. Figure 9 shows the electron energy dis-
tributions at different times under the same laser and plasma
conditions as in Fig. 8. At t = 300τ , the spectra for △ω = 0
and △ω = 2% are almost the same, while the spectrum for
△ω = 5% is much lower than them. When the bandwidth up
to 10%, the electron energies are reduced significantly. This
agrees with the previous observation with the scattered light
that the larger the bandwidth, the stronger the suppression
effects of the SRS. However, with the increase of the laser-
plasma interaction time and the nonlinear development of the
SRS, the hot electron temperatures for △ω = 5% and 10%
increase so much that their spectra are approaching to those
found for △ω = 0, 2% at t = 500τ .

B. Effects of other laser and plasma parameters

Besides the bandwidth itself, other laser and plasma pa-
rameters can also affect the suppression effects on the SRS.
Analytical theory only gives the relation between the linear
growth rate and bandwidth magnitude. Via PIC simulations,
we find that for the same bandwidth, the suppression effects
will be different for the different frequency modulation pa-
rameter fm. It is found that there is a proper range for fm to
have the strongest suppression effects on the SRS. For a con-
stant △ω, a large fm leads to a small number of peaks in spec-
trum. Also if fm is too small, the discrete spectrum becomes
approximately continuous. Both of them are not advantageous
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FIG. 8. (a) and (b) are the longitudinal momentum of the electrons at
t = 300τ and t = 500τ , respectively. (c) and (d) are the transverse
momentum of the electrons at t = 300τ and t = 500τ , respectively.
The normalized amplitude of the incident laser is a0 = 0.05, and the
plasma density is ne = 0.08.

to bandwidth suppression effects. Here we fix the bandwidth
△ω = 10%, and change fm = 0.002, 0.005, 0.01. Again, we
use the hot electron energy spectrum as a measure of the SRS.
The comparison of the electron energy spectra are shown in
Fig. 10(a). It shows that at t = 500τ , the energy spectrum for
fm = 0.005 is the lowest, which indicates the best suppres-
sion effects on SRS. This calculation indicates that even with
the fixed bandwidth, different modulation parameter fm can
lead to different suppression effects.

As mentioned above, when the incident laser has a band-
width △ω, the growth rate of the SRS becomes Γ2

0/ △
ω. Therefore, besides increasing the bandwidth, one can
see stronger suppression effects of the finite bandwidth
by decreasing the linear growth rate Γ0. The maximum
growth rate of stimulated Raman backscattering is Γ0 =√
3(ω0ω

2
pa

2
0/16)

1/3.18 By decreasing the amplitude of the in-
cident laser or the plasma density, one can reduce Γ0. As
shown in Fig. 10(b), when the plasma density is reduced to
ne = 0.03, the reduction of the produced hot electron tem-
perature is more obviously, indicating the suppression effects
of the bandwidth on the SRS is stronger. When the ampli-
tude of incident laser is increased, the suppression effects of
laser bandwidth become weaker. As an example, Fig. 10(c)
shows that when the amplitude is enhanced to a0 = 0.08, the
bandwidth suppression effects appear not significant at all.

Analytical theory is usually given based on the cold plasma
model, but we find that the initial plasma electron temperature
has a significant impact on the bandwidth suppression effect-
s. As shown in Fig. 10(d) and (e), when Te = 1 keV, the SRS
can be suppressed considerably with a 10% bandwidth. While
with the increase of the plasma temperature up to 5 keV, the
bandwidth suppression effects become weaker. For the laser
plasma parameters under consideration, we found that when
the electron temperature is higher than 5 keV, the bandwidth

FIG. 9. (a) and (b) are the electron energy spectra with different
bandwidth parameters (b, fm) at t = 300τ and t = 500τ , respec-
tively. The normalized amplitude of the incident laser is a0 = 0.05
and the plasma density is ne = 0.08.

suppression effects become very weak. At this temperature,
the linear growth rate of the SRS does not yet change consider-
ably by the electron temperature26. However, at high electron
temperatures, the fluctuation fields in plasma become high-
er. These fluctuations and large-number electrons near the
phase velocity of plasma wave allow the SRS instability to
grow to the nonlinear stage in a shorter time, which cannot be
suppressed by the laser bandwidth. So the bandwidth effects
become weaker at high temperatures as shown above. In pass-
ing, in order to avoid possible overestimation of fluctuations
in PIC simulations due to numerical noise, one needs to adopt
high resolutions and more particles per cell for this problem.

IV. SUMMARY

The effects of the laser bandwidth on the SRS instabili-
ties have been investigated via PIC simulations. For the laser
pulse with sinusoidal frequency modulation under considera-
tion, both one and two dimensional PIC simulations indicate
that SRS can be suppressed significantly when the laser band-
width is much larger than the linear growth rate, in agreement
with the theory. In order to have strong suppression effects,
the laser bandwidth should be larger than 5% under the condi-
tions of inertial confinement fusion. The bandwidth can also
suppress stimulated Raman side scattering when the size of
the bandwidth is larger than 5%. On the other hand, simula-
tion results suggest that the bandwidth only reduces the linear
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FIG. 10. Electron energy spectra with different laser and plasma parameters at t = 500τ . (a) With different frequency modulation parameters
(b, fm), where the normalized amplitude a0 = 0.05, and the plasma density ne = 0.08. (b) With laser amplitude is a0 = 0.05 and plasma
density ne = 0.03. (c) With laser amplitude a0 = 0.08 and plasma density is ne = 0.08. (d) and (e) are the electron energy spectra with
different plasma temperatures at Te = 1 keV and 5 keV, respectively, where the laser amplitude a0 = 0.05 and the plasma density ne = 0.08.

growth rate of the SRS. With the increase of the laser-plasma
interaction time, the SRS still can develop to a high level com-
parable to that found without finite laser bandwidth.

Besides the bandwidth magnitude, the frequency modula-
tion parameter fm can also affect the suppression effects. It
has an optimal range for the suppression effects, i.e., if fm
is either too large or too small, the suppression effects will
get weaker or disappear. It is also found that by decreasing
the amplitude of laser or the plasma density, the suppression
effects can be made more significant by reducing the linear
growth rate of the SRS. Initial plasma electron temperature
can weaken the bandwidth effects. For the laser plasma pa-
rameters under consideration, when the plasma temperature is
larger than 5 keV, laser bandwidth effects almost disappear.
It should be pointed out that the bandwidth effects shown in
this work is based upon the particular model of laser fields.
For a given bandwidth but with different temporal structures
of the laser fields, the bandwidth effects need to be checked
separately.
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