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A novel scheme to suppress both stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) by
combining an alternating frequency (AF) laser and a transverse magnetic field is proposed. The AF laser allows the laser
frequency to change discretely and alternately over time. The suppression of SBS is significant as long as the AF difference
is greater than the linear growth rate of SBS or the alternating time of the laser frequency is shorter than the linear growth
time of SBS. However, the AF laser proves ineffective in suppressing SRS, which usually has a much higher linear growth
rate than SBS. To remedy that, a transverse magnetic field is included to suppress the SRS instability. The electrons trapped
in the electron plasma waves (EPWs) of SRS can be accelerated by the surfatron mechanism in a transverse magnetic
field and eventually detrapped. While continuously extracting energy from EPWs, the EPWs are dissipated and the kinetic
inflation of SRS is suppressed. The one-dimensional particle-in-cell simulation results show that both SBS and SRS can be
effectively suppressed by combining the AF laser with a transverse magnetic field with tens of Tesla. The total reflectivity
can be dramatically reduced by more than one order of magnitude. These results provide a potential reference for controlling
SBS and SRS under the related parameters of inertial confinement fusion.

Keywords: stimulated Brillouin scattering, stimulated Raman scattering, alternating frequency laser, trans-

verse magnetic field
PACS: 52.38.-1, 52.38.Bv, 52.57.~z, 52.65.~y

1. Introduction

Laser plasma instabilities (LPIs), such as stimulated Bril-
louin scattering (SBS) and stimulated Raman scattering (SRS),
are critical issues in the realization of laser-driven inertial con-
finement fusion (ICF).['# SBS in plasmas is the decay of
an incident light wave into a scattered light wave and an ion-
acoustic wave (IAW). SRS is the process of incident light wave
decay into a scattered light wave and an electron plasma wave
(EPW).3] In these processes, the generation of scattered light
can lead to a loss of laser energy. In addition, the potential
generation of hot electrons from SRS can lead to target pre-
heating, causing a degradation of compression efficiency and
fusion energy gains, both of which are harmful to ignition. 6!
Therefore, in studies of laser-driven ICF, the effective manage-
ment of SRS and SBS at lower levels has always been one of
the most important research topics in the field of laser plasma
physics. At present, the suppression of LPI is mainly achieved
through two approaches: changing the plasma state and im-
proving the incident laser.

In the method of changing the plasma state, on the

one hand, the Landau damping of the plasma wave can be
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enhanced by using filler gases or doping ions to suppress
LPIL-%1 On the other hand, laser plasmas are commonly ac-
companied by a self-generated magnetic field or an external
magnetic field. In recent years, more and more attention has
been paid to the effect of magnetic fields on LPIs.!'*2!] Mont-
gomery et al. pointed out that an external magnetic field of
7.5 T can significantly increase the electron temperature and
improve the laser coupling in hohlraum plasmas.['3] Li ez
al. presented a new staged hot-electron acceleration mech-
anism involving the two-plasmon decay (TPD) instability in
the transverse magnetic field and showed that the hot elec-
trons generated by the forward EPW of TPD can be trapped
and accelerated again by the backward EPW of TPD, eventu-
ally obtaining higher energy.!'¥ Liu et al. studied the effects
of an axial magnetic field on the propagation of a linearly po-
larized laser in plasmas and found that the reflectivity level
of SRS was significantly decreased due to the Faraday rota-
tion effect.!'>l Pan e al. investigated SRS of a left-handed
circularly polarized laser in strongly axially magnetized plas-
mas. The results showed that the external axial magnetic field
can not only decrease the linear growth rate and the saturation
level of SRS, but also excite SRS instability in over quarter-
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5.1181 Winjum and Bailly-Grandvaux et

critical density plasma
al. showed theoretically and experimentally that a transverse
magnetic field with tens of Tesla can significantly reduce the
reflectivity of SRS in the kinetic regime because the electrons
trapped in EPWs propagating perpendicular to a magnetic field
can be accelerated by the surfatron mechanism; in addition,
the EPWs are strongly damped.!'”-!8] The research results of
Zhou et al.

EPWs is caused by the external transverse magnetic field, the

indicated that since the nonlinear damping of

magnetic field can reduce the trapped electrons, limit the ki-
netic nonlinear frequency shift and narrow the autoresonance
region of SRS; thereby, the reflectivity of SRS in inhomoge-
neous plasma can be effectively controlled.[!°]

In the early stages of laser development, a number of
strategies for incident laser processing were proposed. They
include various laser smoothing technologies, such as ran-
dom phase plates,??! continuous phase plates,!?*>* smooth-
ing by spectral dispersion,!*>! and polarization smoothing. 6]
All these methods or combinations of them have been widely
used to control the peak intensities of laser spatial speck-
les and hence to suppress instabilities in ICF, but they can-

27281 Recently, some

not reduce LPIs to a tolerable level.!
new theoretical schemes for suppressing LPIs by changing
lasers have also been proposed, including various broad-
band technologies,??=3?! two-color incident light, 33331 spike
trains of uneven duration and delay (STUD),[?6-3%1 rotat-
ing polarization,!**#?] alternating polarization,*>** the dis-
cretely changing phase,*! etc. It can be seen that in order
to reduce the development of LPIs, existing schemes focus on
changing the laser frequency, amplitude, polarization direction
and phase. These parameters describing the light field can be
modulated continuously or discretely. The STUD technique
proposed by Afeyan et al. transfers laser energy through a
short but strong pulse sequence separated by interval periods,
which can periodically suspend the interaction time of three
waves, thereby reducing the growth of plasma waves and the

.33 Liu et al. reported the reduc-

level of scattered ligh
tion of alternating-polarization light on the scattering levels of
SRS and SBS, and the scattering level could be dramatically
decreased by more than one order of magnitude under proper
alternating-polarization parameters.*3] Yang et al. proposed
a method in which the phase of incident light was discretely
changed. It was shown that the method could broaden the light
spectrum and detune the three-wave coupling process; the re-
flectivity of SRS was observed to decrease significantly. ]
The above three studies correspond to the cases of discretely
changing laser amplitude, polarization and phase, respectively.
However, the situation of discretely changing frequency re-
mains to be developed.

Moreover, it should be noted that different LPI processes

may be simultaneously excited in many ICF experiments.

They will gain energy for growth from the incident laser and
compete with each other for their own development space.
In addition to their competition for the pump laser, there are
also other competitive mechanisms. For example, the [AWs
excited by SBS can modulate the density of plasmas, which
suppresses the development of SRS.[®! The coexistence of
SBS and SRS has been observed in many experiments and
simulations.!*’=!1 When attempting to reduce one of the in-
stabilities, it may increase another one, which has an unsat-
isfactory effect on the overall control of the LPI process. For
instance, the suppression of the SBS by a laser with a moderate
fractional bandwidth may enhance the SRS and TPD, and then
lead to a significant increase in the hot-electron generation. [48]
The use of ion doping can improve ion-wave damping, thereby
reducing the growth rate of SBS; however, it can also cause
difficulties in terms of the development of Langmuir decay in-
stability (which is one of the saturation mechanisms of SRS)
and lead to the reflectivity of SRS being maintained at a high
level. In some experiments, it has been observed that the level

(49501 In supersonic flowing

of SRS increases after doping ions.
plasmas, a divergence of plasma flow velocity leads to a strong
reduction of the SBS spatial gain and then makes a conducive
environment for the growth of SRS, ultimately leading to an
increase in the overall reflectivity of the system.>!! Therefore,
the competition between SBS and SRS needs further attention
and they both need to be suppressed simultaneously in ICF.
Solutions to these problems are urgently required.

In this paper, we propose a new theoretical scheme that
combines an alternating frequency (AF) laser and a transverse
magnetic field to simultaneously suppress both SBS and SRS
in laser fusion conditions. This AF laser allows the laser fre-
quency to change discretely and alternately over time. It can
suppress SBS and is a useful complement to existing changing
laser methods in LPIs. As the AF difference increases and the
alternating time decreases, especially when the AF difference
is greater than the undamped growth rate y of SBS or the alter-
nating time is smaller than the undamped growth time 27/7,
the reflectivity of SBS can be reduced markedly. However, the
AF laser is ineffective to suppress the SRS that usually has a
much higher linear growth rate than the SBS. To remedy that,
we also propose to suppress SRS by using an external trans-
verse magnetic field. The EPW propagating perpendicularly
to the magnetic field can be damped by the surfatron electron
acceleration mechanism. The one-dimensional (1D) particle-
in-cell (PIC) simulation results show that the scattering level
of both SRS and SBS can be significantly reduced by combin-
ing an AF laser and a transverse magnetic field with tens of
Tesla.

The paper is structured as follows. In Section 2, the AF
laser is introduced. In Section 3, the suppression of SBS us-
ing the AF laser is discussed. In Section 4, the simultaneous
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suppression of both SBS and SRS is achieved by using the AF
laser and a transverse magnetic field in a coexisting SBS—SRS
system. The paper is concluded in Section 5.

2. Alternating frequency laser

The schematic diagram and frequency spectrum of the AF
light are depicted in Fig. 1. It is composed of two linearly po-
larized light beams with the same laser intensity but slightly
different frequencies, and the two lights are alternated over
time. Here, the vacuum wavelengths of these two lights are
set to Ag and A, corresponding to the orange module and blue
module in Fig. 1(a), and their laser periods are Ty and 77, re-
spectively. In Fig. 1(a), the AF difference Af = 1000 GHz
(A4 =0.351 um, A; = 0.351411 pum) and the simulation dura-
tion is 60007y (Th = Ao/c == 1.17 fs, ¢ is the light speed in the
vacuum). The laser frequency is changed suddenly for every
200 laser periods, so the alternating period is 200(7p + T3 ).

0.3520
(@ o
A
0.3515 .
~< 03510
0.3505
0.3500
0 1000 2000 3000 4000 5000 6000
t/ Ty
12+b) — Monochromatic light
—— AF light
1.0+
< 08}
3
h=t
i 0.6
<E 04
0.2
0 il
0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04
w/wo

Fig. 1. (a) Schematic diagram of the time evolution of alternating
frequency (AF) light. The orange and blue modules represent differ-
ent wavelengths of light, respectively, and alternate periodically over
time. (b) The red and blue solid lines are the spectra of AF light and
monochromatic light, respectively. Here, A9 = Ay = 0.351 um, 4; =
0.351411 pm, the corresponding frequency difference Af = 1000 GHz,
and the alternating period is 200(Tp + 7).

The red solid line in Fig. 1(b) is the spectrum of AF laser,
while the blue solid line displays the spectrum of monochro-
matic light (A, = 49 = 0.351 um) for comparison. It can be
seen that the AF laser spectrum has a certain broadening com-
pared to that of monochromatic light and the laser energy is no
longer concentrated on a single frequency but dispersed over
the frequency spectrum. In addition, the dispersed frequencies
appear in pairs and the difference between each pair of fre-
quencies is equal to that of the given AF laser. As shown in

Fig. 1(b), Aw = 0.117% y (ay is the angular frequency of
light with Ag), the corresponding Af = 1000 GHz is the same
as the frequency difference of AF light in Fig. 1(a). This AF
laser can be the combination of two STUD lasers for a single
beam[>?) and there is no need to increase the intensity of the
incident laser to avoid optical damage when using high power
lasers compared to the STUD laser.

3. Supperssion of SBS by alternating frequency
laser

In this paper, we mainly carry out 1D numerical simu-
lations via the PIC code EPOCH.®3 The influence of an AF
laser on SBS is investigated in this section. Referring to the
physical parameters in the ICF experiments, the plasma den-
sity is set to ne = 0.06 n¢, where ne (ne = 1.11 x 10" /A o
in cm™3) denotes the critical density of the 3w light. The
plasma is homogeneous, collisionless and in equilibrium at
the beginning. The initial electron and He ion temperatures
are T = 1.5 keV and 7; = 0.3 keV, respectively. The ion
charge Z = 2 and the ion mass m; = 7344 me (me is the
electron mass); it can be calculated that ZT,/T; = 10. The
wavelengths of two p-polarized light beams in AF lasers are
Ao and Ay, respectively. For convenience, A9 = 0.351 pum
remains unchanged in the simulation, the selected range of
Ay is around 0.351 um-0.352 um. The simulation box is
L =680 Ay and divided into 28646 cells (120 cells per micron),
there are 600 electrons and 400 He ions per cell at the ini-
tial time. The total simulation time is 200007y ~ 23.4 ps and
the alternating period of the AF laser is between 100(7p + 77)
and 6000(7y + T1). The intensities of these two lights are all
Io1 = 6.0 x 10'* W/cm? and the normalized vector potential
ag = eEy/(mewpc) = 0.0073 (e denotes the electron charge),
which alternately enter the box from the left boundary and
propagate along the x-direction. At the same time, the cor-
responding seed light also alternately comes from the right
boundary with the intensity I ; = 1/500 I ; to quickly excite
SBS. The wavelength A ; of seed light (4 = 0.35168 pm
for g = 0.351 pum) is given from the three-wave matching
condition ko | = kqo,1 + kio,1 and a1 = @01 + Wio,1, Where
the subscripts 0/1, s0/s1 and i0/il represent the pump, scat-
tering (seed) and ion acoustic wave, respectively. The dis-
persion relations of different modes are a)&so = a)ge + czk(z)’so,
(1)120 = cgkizo, where @pe = +/ 47nee? /me is the plasma fre-
quency, ¢g = \/m is the ion acoustic velocity.
The thermal boundaries for particles and the absorbing bound-
aries for fields are used in the simulation.

With the above plasma and laser parameters, the un-
damped growth rate of SBS for the monochromatic light
(Af = 0) is ¥ = kivos@pi / (4v/0kics) ~ 3.2 x 10~ * ey, where
Vs 18 the oscillating velocity of the electron in the driven laser
and @p; is the ion plasma frequency. The Landau damping rate
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of the IAW Viyy, & 6.2 x 107 @y. In this case, SBS can be ex-
cited significantly. By performing a fast Fourier transform on
the longitudinal electric field, the dispersion relation of the E,
field is obtained in Fig. 2(al) corresponding to the monochro-
matic light, which shows the SBS is dominant in the system.
By using three-wave matching conditions, it can be calculated
that the frequency of the IAW is @,y = 1.93 x 103 @y, which
is also consistent with the simulation results. The blue solid
line in Fig. 2(b) represents the temporal evolution of the SBS
reflectivity (measured from the left boundary of the simulation
box) for the monochromatic light, corresponding to the same
parameters in Fig. 2(al). From Fig. 2(b), the linear growth and
saturation stage for the scattered light of SBS can be clearly
observed. In the growth interval, its linear growth time is about
40007p. At this time, the IAW grows to a large amplitude and
begins to trap the ions, which leads to the nonlinear frequency
shift of the IAW. Then, the SBS is no longer growing rapidly
and begins to saturate. The reflectivity of SBS is about 25%
when it reaches its peak at around 80007, and then enters the
nonlinear saturation stage.

7.0

6.5

1.5 2.0

ky/ko
T 0.4 P
(b) —Monochromatic light (¢) —Monochromatic light
0.3F —AF light —AF light
.*? 3 0.3
2 o2f 2
+ = 0.2}
L £
T o0l <
o=t 0.1
L > 0
4000 8000 12000 16000 20000 0.95 1.00 1.05
t/To w/wo

Fig. 2. (al) and (a2) Plots of the dispersion relation for the longitudinal
electric field. The white dotted lines represent the dispersion relation of
IAWs. The colorbars for (al) and (a2) are in arbitrary units. (b) Evolution
of reflectivity for SBS at the left boundary. (c) Frequency spectrum corre-
sponding to (b). The frequency difference of AF light is Af = 500 GHz and
the alternating period is 200(7p + 77 ).

Figure 2(a2) shows the spectrum map of the IAW with the
AF difference 500 GHz and an alternating period 200(Tp+T1).
It can be seen that the intensity of the IAW in Fig. 2(a2) is
prominently weakened compared to Fig. 2(al). The corre-
sponding evolution of reflectivity is shown by the red solid
line in Fig. 2(b). It is shown that for the AF laser, the reflec-
tivity of SBS is controlled at an extremely low level, which
means that SBS is not significantly excited during the entire
process. For this case in Fig. 2(b), the undamped growth time
for monochromatic light is about #, = 27/y = 31257 and the
alternating time for the AF light is about 2007y. When the al-
ternating time is shorter than the undamped growth time, the
frequency of the laser is changed before SBS has grown suf-
ficiently and the SBS that occurred in the previous period is

unable to effectively couple in the new stage. This method can
break the three-wave matching of SBS, reduce the laser plasma
interaction time and disrupt the sustained growth of instability,
as shown in Fig. 2(b). Moreover, it can also be seen from the
frequency spectra of the reflectivity [as shown in Fig. 2(c)] that
when using the AF laser, the amplitude obviously decreases
and the spectrum widens slightly.

By comparing the monochromatic and AF light in Fig. 2,
it is clear that the AF laser can effectively suppress SBS in
both linear and nonlinear stages.

Figures 3(al) and 3(a2) show the spatial evolutions of
IAWs under monochromatic and AF light, respectively. From
Fig. 3(al), it can be seen that a strong IAW can be excited in
the plasmas and the density perturbations of the IAW gradu-
ally increase with time. In contrast, for the AF laser, there is
no significant ion acoustic disturbance in the plasma and no
fluctuation over time [see Fig. 3(a2)]. By performing Fourier
transform on Figs. 3(al) and 3(a2) in the space, the corre-
sponding wavenumber spectrum of the IAWs can be obtained
in Figs. 3(b1l) and 3(b2). The wave number region of the [AW
for the monochromatic light in Fig. 3(bl) is wide and it has
large amplitude. The ions will be trapped when the IAW grows
to a large amplitude, resulting in a nonlinear frequency shift of
the IAW. However, the ITAW amplitude evidently decreases af-
ter the SBS is suppressed by the AF light in Fig. 3(b2). The
nonlinear frequency shift no longer occurs and the spectral
width becomes very narrow. The above results indicate that
the AF laser can suppress the instability growth of SBS.

—20007,
— 40007,
— 60007,
—8000T,

—2000T,
—4000T,
—6000T,
—8000T,

0 200 400 600 Oo 200 200 600
/Ao /Ao

001 (b1) —2000T, 001 (b2) —20007,

—4000T, —4000T,

— 0.010F —6000T, | 0.010} — 60007

= —8000T, —8000T,

7
= 0.005} 0.005}
W«

0 " Y n 0 N N :
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k;x:/k[] kl/ko

Fig. 3. (al) and (a2) Spatial evolutions of the ion density disturbance for
the monochromatic light and AF light, respectively, at different times. Here
On; = (n; — njo) /nijp. (b1) and (b2) Wavenumber spectrum of the ion density
disturbance corresponding to (al) and (a2). In (al) and (b1), Af = 0 GHz.
In (a2) and (b2), Af = 500 GHz and the alternating period is 200(Tp + T ).

Figure 4 shows the effects of the AF laser on the time-
averaged reflectivity of SBS with different parameters. The
results indicate that the AF laser has sufficiently suppressed
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SBS. In Fig. 4(a), we investigate the variation of SBS reflec-
tivity as a function of the AF difference for a fixed alternating
period of 2000(7p+ T ). It is found that because the alternating
time here is shorter than the undamped growth time 7, of SBS,
even if there is a small frequency difference (such as 50 GHz)
in the AF laser, a certain suppression effect on SBS can also
be achieved. The SBS reflectivity decreases as the AF differ-
ence increases. Specially, when the AF difference is greater
than the SBS growth rate ¥ = 3.2 x 10~*@y [the correspond-
ing frequency is 273.5 GHz, see the dashed line in Fig. 4(a)],
the suppression effect on SBS is significantly enhanced and
then gradually stabilizes as it continues to increase the AF dif-
ference.

0.16
(a) 2000(Ty+T})
0.14
0.12
0.10

0.08

Reflectivity

0.06

0.04
0.02

0.00 0 0.51.01.52.02.53.03.54.04.55.06.07.08.09.0 10 15 20 25 30
Af (100 GHz)

0.16
b) Af=500 GH
0.14 (b) Af ”
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0.08
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1000(Ty+T})

Fig. 4. The impact of the different AF light on SBS reflectivity.
(a) Time-averaged reflectivity of SBS for different frequency differ-
ences with the alternating period 2000(7p + 71). (b) Time-averaged
reflectivity of SBS for different alternating periods with Af = 500 GHz.

Figure 4(b) plots the variation of SBS reflectivity with
different alternating periods for the fixed AF difference Af =
500 GHz, which is greater than the undamped growth rate of
SBS. It can be seen that as the alternating period decreases,
the scattering level of the SBS can be significantly reduced.
Specifically, an obvious decreasing SBS for the AF laser is
observed when the alternating time is less than the undamped
growth time [calculated by 27/y = 3125Ty, corresponding to
the dashed line in Fig. 4(b)], and the level of scattered light can
be dramatically reduced by more than one order of magnitude.
As the alternating time is greater than the undamped growth
time, the suppression on SBS becomes less obvious and the
scattering level tends towards the case of monochromatic light
gradually. Due to the fact that the growth rate of SRS is much
higher than that of SBS, the impact of the AF laser on SBS is
much more sensitive than that of SRS. Of course, the AF laser
still limits the development of SRS when the AF difference

is large enough, especially when the AF difference is greater
than the growth rate of SRS. We have already verified the re-
sults and do not delve into a discussion here. In brief, this
section has demonstrated that the AF laser has a significant
suppression effect on SBS.

4. Simultaneous suppression of SBS and SRS by
the alternating frequency laser and transverse
magnetic field

In many experiments and simulations, the coexistence of
SBS and SRS has been observed, and they may compete and
influence each other. Generally, taking a single measure to re-
duce one instability may actually increase another, resulting
in an unsatisfactory overall effect.[4’->!] Therefore, both SBS
and SRS need to be suppressed as much as possible in ICF.
In this section, we propose a theoretical scheme that combines
AF light and a transverse magnetic field to simultaneously sup-
press SBS and SRS. Firstly, the impact of a transverse weak
magnetic field (less than 100 T) on SRS is investigated, as
shown in Fig. 5. Here, the selection of physical parameters is
as follows. The initial temperatures of the electron and the He
ion are setto I, = 1.2 keV, T; = 0.6 keV. To focus on the SRS
instability, the He ions are immobile in this case.

The intensity of the incident laser is Iy = 1.2 x
10" W/cm? and the corresponding seed light intensity is
1/500 of the incident light. The wavelength of seed light is
given from the three-wave matching condition, which gives
As = 0.4955 pum, and the total simulation time is 50007;. Here,
the dimensionless parameter kjAq = 0.3255, where k; is the
Langmuir wavenumber and A, is the Debye length. These pa-
rameters are chosen in the kinetic region and the wave—particle
coupling is important. The other parameters are consistent
with the previous section.

Figure 5 shows the influence of the transverse magnetic
field on SRS. Figures 5(al) and 5(a2) correspond to the un-
magnetized case, while Figs. 5(bl) and 5(b3) correspond to
the magnetized case. The evolution of SRS reflectivity in these
two cases is displayed in Fig. 5(c). The transverse magnetic
field in Fig. 5 is B, = 60 T, the electron cyclotron frequency
0. =1.96 x 103y (0. /@y < 1) and the influence of an ex-
ternal magnetic field on the dispersion relations of electromag-
netic waves and EPWs is negligible.!'”) The spectrum signal
of SRS with B, = 0 T is shown in Fig. 5(al). There are the
obvious backward scattering and weak forward scattering sig-
nals for SRS. The white dashed line represents the dispersion
relation of the Langmuir wave f = 0 (1+ 3kfA7) and the
wave numbers of the forward scattering and backward scatter-
ing are kj_¢ = 0.256 ko and kj_p = 1.645 ko, respectively. Fur-
thermore, the EPW has a significant nonlinear frequency shift,

which is induced by the electron trapping. The clear electron
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trapping structure can also be seen from Fig. 5(a2) in p,—x
space at t = 2400Tp. In the kinetic regime (kiAq = 0.3255),

the electron trapping effect can significantly reduce the Lan-
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dau damping and if it exceeds the kinetic inflation threshold,
the SRS reflectivity will reach a very high level, as shown by
the blue solid line in Fig. 5(c).
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Fig. 5. (al) and (b1) Plots of the dispersion relation for the longitudinal electric field; the white dashed lines represent the dispersion relation of
EPWs. The colorbars for (al) and (b1) are in arbitrary units. (a2) and (b2) Electron distribution in py—x space at t = 22007p; the black dashed
lines denote the phase velocity of the prime EPWs. (b3) The track of one electron in p,—py space over t = 30075—1300Tp. (c) The evolution of
reflectivity for SRS at the left boundary. In (al) and (a2), B, =0 T. In (b1)—(b3), B, =60 T.

When considering an external transverse magnetic field,
the results indicate that it has a significant suppression on SRS.
As shown in Fig. 5(bl), the amplitude of the EPW is obvi-
ously weakened and the electron trapping-induced nonlinear
frequency shift is also limited. Compared with Fig. 5(a2), in
the external magnetic field, Fig. 5(b2) exhibits that the trapped
electrons can escape from the potential well and eventually de-
trap. In addition, the kinetic inflation of SRS is also suppressed
[see the red solid line in Fig. 5(c)]. Essentially, the elec-
trons trapped around the EPW phase velocity vy, can be accel-
erated perpendicularly across the wavefront by the surfatron
mechanism, continuously extracting energy from the wave,
and meanwhile the EPWs are heavily damped.’*3! This is
also the fundamental reason for suppressing SRS. Figure 5(b3)
shows the track of one electron trapped by the EPW in p,—p,
space over t = 3007p—13007p under an external magnetic field.
It can be seen that the trapped electron has a longitudinal os-
cillation near the phase velocity (v = 0.17 ¢); meanwhile it

is accelerated in the transverse direction. Eventually the par-
ticle detraps after accelerating to the escape speed and then
continues executing cyclotron motion in p,—p, space.!!’]

In addition, the forward SRS is slightly enhanced in the
external magnetic field, as shown in Fig. 5(b1). The phase ve-
locity of the forward SRS (vpn = 0.959 ¢) is very large; thus,
the number of electrons trapped by EPWs is small and the
nonlinear damping caused by the magnetic field has almost
no effect on it. Due to the competition for the pump light, the
backward SRS weakens and the forward SRS increases. For
SBS, the phase velocity of the IAW is very small and far lower
than the phase velocity of the Langmuir wave. The efficiency
of the energy loss for the electrostatic wave caused by the non-
linear damping is proportional to the phase velocity. The force
perpendicularly across the wavefront felt by the ions trapped
in [AWs is very small, so they cannot effectively obtain energy
from the wave. 553 Therefore, it is difficult to reflect the non-
linear damping caused by the external magnetic field on [AWs,
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leading to no suppression of SBS.
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Fig. 6. (a) and (b) Plots of the dispersion relation for the longitudinal electric
field; the white dashed lines in (a) and (b) represent the dispersion relation of
EPW and IAW in plasmas, respectively. The colorbars for (a) and (b) are in
arbitrary units. (c) The evolution of reflectivity at the left boundary.
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Based on the above analysis, utilizing the sensitivity of
SBS to the AF laser and the sensitivity of SRS to the mag-
netic fields, we propose a theoretical scheme combining the
AF laser and the transverse magnetic field to simultaneously
suppress SBS and SRS. Next, we will adopt the parameter set-
tings in Fig. 5 except that the ions are mobile. It is noted that
due to the small growth rate of SBS and the limitation of simu-
lation time, only the seed light of SBS is given here to quickly
excite SBS (A; = 0.35175 um) in the simulation and then re-
duce the time required for SBS growth. We first show the dis-
persion relation of the longitudinal electric field in Figs. 6(a)
and 6(b) when the AF laser is not used and there is no exter-
nal magnetic field. It is obtained by performing a fast Fourier
transform on the longitudinal electric field with the entire time
and space domain. It is clearly seen as the coexistence of SRS
and SBS. Due to the different frequency ranges and signif-
icant differences in the scattered light of SBS and SRS, the
evolution of their own reflectivity can be obtained separately
through filtering, as shown in Fig. 6(c). It can be calculated
that the time-averaged reflectivity of SBS is 6.07% and that of
SRS is 6.26%; so, SBS and SRS have comparable levels in the
system. The SRS develops before SBS and there is a kinetic
inflation behavior (here kiAg = 0.3255). Subsequently, SBS
also grows with time and the IAWs can excite a density mod-
ulation in the plasma. Due to the density modulation and the
pump depletion, the reflectivity of SRS decreases when SBS
increases. This indicates that there is a competitive relation-
ship between them.
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Fig. 7. The time evolution (al) and (a2) and the time average (bl) and (b2) of SBS and SRS reflectivity for different AF lights and magnetic fields.
(al) and (b1) B, = 0 T, the alternating period is 200(7p + 7 ), and Af = 500 GHz in (al). (a2) and (b2) Af = 0 GHz and B, = 60 T in (a2).
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The effect of the AF laser on the reflectivity of SBS and
SRS without an external magnetic field is investigated in this
system. In Fig. 7(al), the alternating period of the AF laser
is 200(Tp + T1), the frequency difference is 500 GHz and the
growth rate of SBS is y = 4.47 x 10~*@y. Where 2007y is less
than the undamped growth time of SBS (t; = 27/ y = 2237Ty)
and 500 GHz is also greater than the growth rate of SBS
(y = 4.47 x 10wy = 382 GHz). According to the analysis
in the previous section, this AF laser has a good suppression
effect on SBS. By comparing Figs. 7(al) and 6(c), the time-
averaged SBS reflectivity decreased from 6.07% to 0.52% and
the scattering level is dramatically reduced by one order of
magnitude. However, the reflectivity of SRS does not decrease
and even increases in the later stage due to pump competi-
tion. Eventually, the total time-average reflectivity of the sys-
tem only decreases from 12.3% to around 8.1%. Figure 7(b1)
shows the time-averaged reflectivity of the system (including
SBS, SRS and total) for different AF differences with the fixed
alternating period 200(Ty 4+ 7). The reflectivity of SBS sig-
nificantly reduces first and then stabilizes at a lower level as
the frequency difference increases. The SRS reflectivity os-
cillates slightly at the initial level and eventually slightly in-
creases. Therefore, the overall reflectivity has not decreased
significantly.

As a comparison, Figs. 7(a2) and 7(b2) also provide
the situation when there is only an external transverse mag-
netic field. It can be seen that the reflectivity of SRS is
very sensitive to the transverse magnetic field, as mentioned
above. Although SRS is suppressed dramatically (from 6.26%
to 0.28%), SBS clearly increases [see the red solid lines in
Figs. 7(a2) and 6(c)], resulting in no significant decrease of
the total scattering level (from 12.3% to 9.5%). The effects
of the magnetic field on the time-averaged scattering level are
shown in Fig. 7(b2). The reflectivity of SRS can be reduced
remarkably with a magnetic field of only about 20 T. Under
the influence of the transverse magnetic field, while the re-
flectivity of the SRS decreases, the SBS reflectivity increases
obviously. The total scattering level still remains high for this
situation. Note that when the SRS reflectivity is at a lower
level, the reflectivity of SBS hardly fluctuates with the increase
of the external magnetic field, which is also evidence that the
transverse magnetic field has little influence on SBS.

Figure 8 shows the simulation results when the AF laser
and the transverse external magnetic field are used simulta-
neously. In Fig. 8(a), the AF difference is Af = 500 GHz,
the alternating period is 200(7p + T7) and the magnetic field
is B, = 60 T. It can be clearly seen that, in this situation,
both SBS and SRS can be reduced to very low levels, result-
ing in a significant decrease from 12.3% to 0.8% of the to-
tal reflectivity. In addition, due to the external magnetic field
limiting the nonlinear frequency shift of SRS and narrowing
the spectrum of SRS, the AF laser in magnetized plasmas has
a slightly greater impact on SRS, than that in unmagnetized

plasmas. Figure 8(b) illustrates the time-averaged reflectivity
of the system for different AF differences when the alternat-
ing period and magnetic field are fixed at 200(7p + T7) and
60 T, respectively. It can be seen that the reflectivity of SRS
is always at a low level under the impact of the magnetic field.
The SBS reflectivity decreases remarkably with the increase of
the frequency difference and subsequently remains at a lower
level. The result is that the total scattering level of the system
can be dramatically reduced by more than one order of magni-
tude. The above simulation results demonstrate that both SBS
and SRS can be suppressed by combining an AF laser and a
transverse external magnetic field.
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Fig. 8. (a) The time evolution of SBS and SRS reflectivity for an AF light
and a fixed magnetic field. (b) The time-averaged SBS and SRS reflectivity
for different AF lights and a fixed magnetic field. (a) and (b) B, = 60 T, the
alternating period is 200(7p + 71 ), and Af = 500 GHz in (a).

5. Conclusions

In summary, with the help of 1D PIC simulation, we in-
vestigate the suppression of SBS and SRS by using an AF laser
and a transverse magnetic field. A new method for reducing
the SBS is proposed by using the AF laser. This method alter-
nately changes the laser frequency through time modulation,
which can break the three-wave matching process of SBS and
then reduce SBS. As the alternating period decreases and the
AF difference increases, the suppression effects on SBS be-
come apparent. Especially, if the alternating time is less than
the undamped growth time of SBS and the AF difference is
greater than its growth rate, the reduction of SBS becomes
gradually significant. Due to the fact that the growth rate of
SRS is much higher than that of SBS, the impact of the AF
laser on SBS is much more sensitive than that of SRS. In addi-
tion, the coexistence of SRS and SBS has often been observed
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in simulations and experiments, and they may compete and
influence each other. Usually, when using a single method to
suppress one instability, another instability may increase due
to pump competition, resulting in unsatisfactory suppression
in the LPI. Based on the sensitivity of SBS to AF light, com-
bined with the characteristic that a transverse magnetic field
suppresses SRS while SBS is not sensitive to it, we propose
a theoretical scheme for simultaneously suppressing SBS and
SRS that combines AF light with an external transverse mag-
netic field. The results show that both SBS and SRS are sig-
nificantly suppressed after adopting this scheme and that the
scattering levels of SBS and SRS are dramatically reduced, al-
lowing the total reflectivity to be at a low level. Specifically,
when only the AF laser or the magnetic fields are considered,
although they can reduce SBS and SRS separately and dramat-
ically, the total reflectivity of the system only decreases from
12.3% to 8.1% and 9.5%. By combining the two methods, the
total reflectivity of the system is directly reduced from 12.3%
to 0.8% by more than one order of magnitude.
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