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Stimulated Raman scattering (SRS) is one of the main instabilities affecting success of fusion ignition. Here, we study
the relationship between Raman growth and Landau damping with various distribution functions combining the analytic
formulas and Vlasov simulations. The Landau damping obtained by Vlasov—Poisson simulation and Raman growth rate
obtained by Vlasov—Maxwell simulation are anti-correlated, which is consistent with our theoretical analysis quantitatively.
Maxwellian distribution, flattened distribution, and bi-Maxwellian distribution are studied in detail, which represent three
typical stages of SRS. We also demonstrate the effects of plateau width, hot-electron fraction, hot-to-cold electron temper-
ature ratio, and collisional damping on the Landau damping and growth rate. They gives us a deep understanding of SRS
and possible ways to mitigate SRS through manipulating distribution functions to a high Landau damping regime.

Keywords: stimulated Raman scattering, Landau damping, distribution functions
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1. Introduction

Stimulated Raman scattering (SRS), in which an incident
laser decays into a scattered light wave and a Langmuir wave,
is one of the most significant instabilities in inertial confine-
ment fusion (ICF). It can not only scatter the pump energy,
but also produce hot electrons,!3! degrading the implosion of
fuel capsule. Therefore, understanding the evolution of SRS in
the whole stage of laser plasma interaction, during which the
distribution of plasma changes, is crucial for controlling SRS
to an acceptable level.

It is well-known and well-understood that SRS is of-
ten triggered in an equilibrium plasma, or the so-called
Maxwellian distributed plasma. Research in early years was
mostly based on the Maxwellian distribution functions, such
as the use of fluid equations.!*-%! However, researchers found
that modification of the distribution function due to nonlin-
ear evolution of SRS has non-negligible effects on SRS. Us-
ing kinetic simulations, Vu et al. revealed that when parti-
cles are trapped, it changes the Landau damping of Lang-
muir wave, which then leads to an inflation of SRS.[7#] The
trapped-particle distribution function always has an plateau
This modified
distribution function can trigger new wave modes other than

near the phase velocity of Langmuir wave.

the Langmuir wave in the Maxwellian distribution, such as
the beam acoustic mode (BAM)!~11l and the electron acous-
tic wave (EAW),!'2-16 and it also evolves to new trapping in-

duced nonlinearities, such as nonlinear frequency shift, [7.17]

fCorresponding author. E-mail: xiaocz@hnu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac3ba7

[18,19 20-23]

modulation instability, I sideband instability, | wave-

[24] etc.

front bowing,

As electrons are trapped by the Langmuir waves, heating
of plasma occurs at later stage, giving rise to a further mod-
ification of the distribution function with a hot electron tail.
Suprathermal tails also exist in space plasmas, where the col-
lisional effect is weak, and a stable superheat distribution or

d.125-291 However, in the laser-

kappa distribution can be forme
plasma environment, due to a relatively short time scale and
the long-term impact of the collisional effect, a hot electron
tail with Maxwellian distribution is commonly observed in
experiments and simulations. 933! This hot Maxwellian tail
is formed due to SRS or two-plasma decay instability, and
the effective temperature is roughly approximated by Ty ~
%mvé where vy is the phase velocity of the excited Lang-
muir wave.?"! This is the so-called two-temperature plasma
or bi-Maxwellian distribution function, which is often resulted
from the nonlinear wave—particle interaction and thermaliza-
tion due to collision. Some studies have also found anoma-
lous heating by rescattering instabilities of SRS leading to a
multi-temperature plasma.3*31 Although intermediate distri-
butions such as kappa distribution may exist in the transition
from trapping-induced flattened distribution to bi-Maxwellian
distribution, there is no direct observation of such distributions
in laser-plasma environment. Thus, in this paper we mainly
concentrate on the Maxwellian, flattened, and bi-Maxwellian

distributions that may be encountered by SRS.
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There remain fundamental questions on the evolution of
SRS in such phases, e.g., how does SRS response to these
modified plasma distribution functions and what is the es-
sential role of Landau damping acting in these processes?
For Maxwellian distribution, the SRS growth rate and Lan-
dau damping are well-known. For trapped-particle distribu-
tion, there are several individual models calculating the Lan-
dau damping and explaining its role in the SRS.3°1 How-
ever, they all applied to fluid models and no kinetic simula-
tions are discussed. While for the bi-Maxwellian distribution,
its effect on SRS is seldom studied, except that Rose et al. 4]
studied the Landau damping under such distribution functions.
In addition, collisions are considered to be ignored in many
cases for it is always considered small. Nevertheless, in 1958,
Lenard et al. were among the first works to study the effect
of collisions on Landau damping using a Fokker—Planck-type
equations.*!! In 1992, Epperlein et al. have shown that colli-
sions increase the damping.!*?! In 2003, Peng et al. proposed
that the presence of collisions in the high electron density re-
gion greatly reduces the growth of SRS.!*3! These prompted
us to include the collision term in this paper to consider its
impact on our research.

Therefore, in this paper we study the relationship be-
tween Raman growth and Landau damping with different dis-
tribution functions which occur in three representative stages:
Maxwellian distribution representing the very early stage of
SRS, flattened distribution aimed at showing effects of par-
ticle trapping, and bi-Maxwellian distribution for the very
late stage. The Landau damping and growth rate are ob-
tained through analytic solutions and kinetic Vlasov simula-
tions. Since in a fully kinetic laser-plasma simulation, one can-
not distinguish the damping from the growth behavior, we nu-
merically solve the Vlasov—Poisson equations to find the Lan-
dau damping under different distribution functions and com-
pare with the growth rate of SRS obtained from the Vlasov—
Maxwell simulations under the same conditions.

Generally, the Landau damping prevents SRS from grow-
ing, and thus reverse trends of Landau damping and growth
rate are observed all over the simulations regardless of which
plasma distribution function it is, and in agreements with our
theoretical predictions. For specific distribution functions,
we obtain the properties of Landau damping or growth rate
on their determining quantities. For example, Landau damp-
ing decreases when increasing the width of plateau, showing
the enhancement of SRS as particle trapping becomes severe.
The Landau damping in a bi-Maxwellian distribution function
is more complicated, which depends on the choice of hot-
electron temperature and hot-electron fraction. It shows a con-
stantly increasing of Landau damping when the hot-electron
fraction increases and a maximum damping existing at an op-

timal hot-electron temperature. In addition, we also study

the effect of collisional damping on the whole damping and
growth rate.

This paper is organized as follows. In Section 2, we give
the theoretical derivations of Landau dampings and growth
rates under three different distribution functions and the ba-
sis of our Vlasov simulations. Then we illustrate how to ob-
tain the simulated Landau damping and growth rates in Sec-
tion 3. In Section 4, the analytic Landau damping is compared
with the simulation results from electrostatic Vlasov simula-
tion, and Section 5 shows the numerical studies of the relation-
ship between Landau damping and Raman growth rate under
different distribution functions. Effects of collisional damping
on the whole damping and growth rate are discussed in Sec-
tion 6. Lastly, conclusions are given in Section 7.

2. Theoretical and numerical basis
2.1. Landau damping

When a Langmuir wave propagates in the collisionless
plasma, particles with velocity close to the phase velocity of
Langmuir wave will be resonant with the wave. Those with
velocities higher than the phase velocity give excess energy
to the wave, while those with velocities lower than the phase
velocity gain energy from the wave. Therefore, if more reso-
nant particles have velocities lower than the phase velocity, the
total energy of the wave will decrease, which is the so-called
Landau damping. Landau damping can be analyzed using the
linearized Vlasov—Poisson theory. According to the standard
procedure, [**] the dispersion relation of a electrostatic wave in
a Vlasov—Poisson plasma is

2
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where @,y and Fyq represent the plasma frequency, and ini-
tial velocity distribution of « particle, respectively. P repre-
sents the principal value, k and @ are the wavenumber and
frequency. The dispersion function D(®, k) is a complex func-
tion which has a small imaginary part, indicating that the wave
has a small damping v. After Taylor expansion and approxi-
mation, theoretical formula of Landau damping with arbitrary
initial distribution function is

D k
v= —7a£in’ ) @

(W)O):(DR
where Dg and Dy are the real and imaginary parts of D(®,k),
and @ is the solution of Dg (@R, k) = 0. This shows that Lan-
dau damping is related to the derivative of the velocity distri-
bution function. Therefore, we can substitute different distri-
bution functions into the above formula to get their Landau
dampings.
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The most common velocity distribution is the Maxwellian
distribution, which is seen in the equilibrium plasma. Its dis-
tribution function is presented in Eq. (3). Substituting it into
Egs. (1) and (2), the Landau damping under Maxwellian dis-
tribution is given by

(1) = ————ex (—”2> 3)
" Vamoe P\ 202)
v T 1 1 3
v __ " - 7)),
Wpe 8 (khp)® exp ( 2(kAp)* 2) @

where U = \/T./me is the electron thermal velocity, T, and
me are temperature and mass of electron, Ap = /T, /47nce?
is the electron Debye length with n. being the electron den-

sity and e the charge of the electron, and @pe = /4Tne.e2 /me
is the electron plasma frequency. The Landau damping with

ﬁﬁ

Maxwellian distribution only depends on the value of kAp.
When laser interacts with plasma, the particle distribution
changes, and so does the Landau damping. Due to the effect
of particle trapping, the plasma velocity distribution forms a
plateau near the phase velocity of Langmuir wave. There-
fore, the ideal Maxwellian velocity distribution evolves into
a flattened distribution. To simulate this change in distribu-
tion, we assume a spatial-uniform velocity distribution func-
tion in Eq. (5),[*) where the derivative of the velocity distri-
bution function at phase velocity v, is 0 and Av represents
the width of the plateau. According to the formula of Landau
damping, it should be a case that Landau damping is 0,

_ VL (v
FO) = o e"p< 2vé> TV
B (U—Up)2> (_ v )
xexp( “a0)? exp 302 ) &)
v
= 0. (6)
Wpe

In later stage, plasma heating dominates. The plasma par-
ticles consist of a small amount of high-temperature electrons
and a bulk of cold electrons. Thus, two-temperature plasma
characterized by the bi-Maxwellian distribution is formed.
The distribution function and the corresponding Landau damp-

ing read 4!

2
F(v) (1f)\/2—7lwce p(z”vz)

+f#ex (02) @)
V21o, P 202 )’
1% T 1 1 3B;
e i L E G )
3
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where Uee = /T /me and vy = /T},/me. T is the temperature

of the cold electrons and 7y, is the temperature of the hot elec-

trons. Here, f is the ratio of the number of hot electrons to the

total electrons, and B, = 1 — f(1 —T;,/T;). The Landau damp-
ing can be simplified to the case of Maxwellian distribution if
f=0. One should also note that this theoretical formula of
Landau damping can be approximated by applying to the limit
of 12(kAp)?B, < 1, according to Ref. [40].

2.2. Raman growth rate

The process of SRS satisfies the three-wave coupling
equations. As is well-known, the kinetic dispersion relation
of SRS is obtained by solving the linearized three-wave cou-

pling equations in the kinetic regime, 10!

s
2

DD_ = (D-1), C)]
where D_(@,k) = (& — ax)? — a)ge + (k — ko)?c? is the scat-
tered light wave dispersion function and D(w, k) is the Lang-
muir wave dispersion function defined in Eq. (1). Here, ay, ko,
¢, and Dy are the frequency, wavenumber of the pump light,
the speed of light, and the quiver velocity of electrons in the
pump light, respectively.

Assuming @ = @, + iy with @, being the frequency of
Langmuir wave and 7y the growth rate of SRS, and substituting
Egs. (1) and (2) into Eq. (9), the dispersion relation is readily
simplified to y> + yv = yg with the approximations y < @i,
and D — 1 =~ —1. Then the Raman growth rate with kinetic
Landau damping is given by

2 2
y=—NA (10)
vI+y/ve+an
where
o kvos wge

="\ ooy — )

is the undamped growth rate under the Maxwellianian velocity
distribution.

Equation (10) shows that the Raman growth rate is anti-
correlated with the magnitude of Landau damping. Moreover,
we can substitute the Landau dampings of different distribu-
tion functions into the formula to obtain the approximate Ra-
man growth rates.

2.3. Vlasov solver

The simulations are performed through a Vlasov code.
Considering a one-dimensional case and assuming laser prop-
agates along the x direction, the following equations can be
used to describe the kinetic interactions between laser and
plasma. They are the Vlasov equation, Maxwell’s equation,
Poisson equation and momentum equation,

oF, oF, e 2
W"‘vxx_m*e(Ex‘f'vsz)Tm—_Vel(Fe_FeO)»(ll)
JE* O0E* _ J(E,+B.) J(E,+B.)
o C e T T 1
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JE,
= 1
o P (13)
av
mea—ty = —eEy — Mg Vei Uy, (14)

where F; is the electron distribution function, Fyg is the ini-
tial distribution function, and Ey, Ey, and B, are the electro-
static, transverse electric fields and magnetic field, respec-
tively; v, is the quiver velocity in the laser field, ve; ~ 3 x
107%1.ZInA / Tev% is alleged electron-ion collision frequency
with the Coulomb logarithm InA = 22.36 + %ln Ty — %lnne,
the electron temperature 7Ty in eV, the electron density n. in
cm 3 and the ion charge state Z. Jy is the transverse current
and p is the charge density.

Details of the
elsewhere,[*47l and the code is applied to many physical

Vlasov solver are displaced
situations. [*3-3!1 Here we just briefly introduce the algorithms.
The Vlasov equation, Eq. (11), is solved through splitting it
into separate spatial and velocity space®?! and then adopted
the third-order van Leer method.5*#! Also, Eq. (12) is split
into % = —Jy and % + 35: = 0, and then solved by
the forward Euler difference scheme and the Lax—Wendroff

scheme, respectively.’>! Equation (13) is solved using the
finite difference method and the fast Fourier transform (FFT).

Equation (11) with B, = 0 and Eq. (13) form our numeri-
cal basis of studying the Landau damping, and Eqgs. (11), (12),
and (14) constitute the basic equations of SRS. Also, note that
although collisional damping is included in the solver (right
hand side (RHS) of Eq. (11)), we neglect it during most of
the time to study the non-collisional cases. In Section 6, we
include this term to discuss the growth and damping with col-
lisional effect under consideration.

3. Data processing

Note that in a fully kinetic laser-plasma simulation, one
cannot distinguish the damping from the growth behavior.
Therefore, two types of Vlasov simulations are implemented
to study the relationship between the Landau damping of
Langmuir wave and the Raman growth under various distri-
butions. A Vlasov—Maxwell or electromagnetic Vlasov code
is used to measure the growth rate of SRS extracted from the
reflectivity, and a Vlasov—Poisson or electrostatic Vlasov code
is used to obtain the Landau damping of Langmuir wave un-
der the same condition of electromagnetic simulation. Here
the same condition means that the Langmuir wave exited by
SRS is the right wave in electrostatic Vlasov simulation, so
kAp of the Langmuir waves in both simulations must keep the
same. There are some fixed parameters in our electromagnetic
Vlasov code. The number of total space grids is N, = 6000,
and L = 95.5)1,pump is the scale of plasma with the wave length
of pump laser Apymp = 351 nm. The space grids of speed is
Ny = 256 and the maximum speed of electron Vmax = 0.8c,

step size of time is df = 0.1y~ and the total length of time
is Ny = 100000ds.

Figure 1 shows typical data from our electrostatic and
electromagnetic Vlasov simulations. The Landau damping is
measured from the slope of the initially decreasing logarithm
of the electrostatic field as shown in Fig. 1(a). Similarly, we
take a logarithm of the SRS reflectivity and measure the slope
of its linear part as shown in Fig. 1(b). Since the reflectivity
represents field energy which is the square of the amplitude,
the amplitude growth rate is half the slope of logarithm of the
reflectivity. Both of the damping and growth rates are mea-
sured in the linear stage. In addition, we have also evaluated
the average reflectivity through averaging the linear part of re-
flectivity in Fig. 1(b).

0 ’
) ' [V/wpe] =3.9%X1072 (a) (b)
l»'l)ly _9
—~ i ‘
B 4 c —4
5 g
S —6
—6 !
=8] /' v/wpe =4.5x10-3
B 00 300 0 2000 4000 6000 8000
twpe two

Fig. 1. (a) Plot of logarithmic electrostatic field with bi-Maxwellian
distribution at vee = 1, kAp = 0.2911, T;,/T. = 5 and f = 0.06. (b)
Plot of logarithmic SRS reflectivity with Ipymp = 2.5 x 101 W/cm?,
T. = 2.5 keV, ne = 0.12n¢, kAp = 0.2911, T;,/T. = 5, and f = 0.06.
The growth rate is measured from the slope of the red line.

4. Verification of analytic Landau damping rate
through Vlasov simulation

The comparison of analytic Landau damping and simu-
lated results are shown in Fig. 2. Figure 2(a) shows the images
of the Maxwellian distribution, flattened distribution, and bi-
Maxwellian distribution evaluated from the Egs. (3), (5), and
(7). Compared with the Maxwellian distribution, the other two
distributions have a large fraction of electrons with higher ve-
locities.

Figure 2(b) demonstrates the dependence of Landau
damping on kAp under the Maxwellian distribution. The
subscript n, t, and s represent the Landau damping obtained
from numerically solving the dispersion relation by using the
Hilbert transform (HT) and fast Fourier transform (FFT),[%!
analytic formula, and Vlasov simulations, respectively. As
is seen, three curves match and show that the Landau damp-
ing increases with kAp. The numerical solution is close to
the simulated solution, but the theoretical value is slightly
higher since the analytic formula (Eq. (4)) is not accurate for
kAp 2 0.3.

Figure 2(c) shows the Landau damping under the flat-
tened distribution. As kAp changes, v, changes accordingly,
and we keep the plateau width constant, AV = V. The Lan-
dau dampings in these simulations are slightly smaller than
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that of Maxwellian distribution, since the number of resonant
particles with velocities higher than the phase velocity is in-
creased. However, no net zero damping is expected from the
theoretical analysis, since the flattened distribution we used to
simulate the effect of particle trapping is spatially uniform. It
does not belong to an undamped BGK equilibrium,”! so it
still has a non-negligible Landau damping.

Figure 2(d) presents the Landau damping under the bi-
Maxwellian distribution varying with different kAp. The trend
that Landau damping increases zigzag is the same as the three
curves, while with the increase of kAp, the gap between the
theoretical curve and the other two curves becomes larger
since the parameter 12(kAp)?B, now exceeds the limit of be-

ing a small parameter. [*°]
X10~2
12
(b)  —uvn
9 - Uy
- —- Vg
o
3 6
2
3
0
0.30 0.35 0.40
kAp
2
10 xX10
8
sy 2
& 3
3 4 3 6
< s
3 4
2 2
0.30 0.35  0.40 0.2 03 04
kAD kAD

Fig. 2. (a) Velocity distributions. M means Maxwellian velocity distri-
bution. F means flattened distribution with vp = 3.34110¢e, AV = Vg,
and Bi-M means bi-Maxwellian distribution with f = 0.05, T;, /T, = 10.
(b) Landau damping under Maxwellian velocity distribution, where vy,
W, and Vg represent the numerical solution, theoretical solution, and
simulated solution, respectively. (c) Landau damping under flattened
distribution with AV = V. (d) Landau damping under bi-Maxwellian
velocity distribution with f = 0.05, T, /T, = 10.

5. Relationship between Raman growth and
Landau damping

5.1. Maxwellian distribution

Both Landau damping and Raman growth in a
Maxwellian distribution have been well studied, and here we
evaluate these quantities to compare with other distributions.
Figure 3 is a plot of analytic and simulated Raman growth
rate, obtained from Eq. (10) and the electromagnetic Vlasov
code, respectively. Here, the laser intensity is Joump = 2.5 X
105 W/cm?, wavelength is 351 nm, and plasma density is
ne = 0.12n;. In order to show the dependence of growth rate
on kAp, we change the electron temperature 7, from 1.2 keV
to 5.3 keV. It is observed that two curves match very well and
the growth rate decreases with kAp. This is consistent with

Eq. (10) such that the growth rate is reverse to the trend of
Landau damping. It also verifies the mitigation effect of Lan-
dau damping on the Raman growth.

X103

—— "Vt
—— s |

020  0.25 0.30 0.35 0.40
EAp

Fig. 3. Growth rate: % means theoretical growth rate, % means sim-
ulated growth rate. The parameters are lpump = 2.5 X 105 W/cm?,
ne = 0.12n, and T, from 1.2 keV to 5.3 keV.

5.2. Flattened distribution

For the flattened distribution, we change the width of the
plateau to see how the plateau width affects SRS and to re-
veal the effect of particle trapping. The Landau damping in
Fig. 4(a) is obtained using the electrostatic Vlasov code. Fig-
ures 4(b) and 4(c) show the dependences of Raman growth
rate and average reflectivity, respectively, on the width of the
plateau using the electromagnetic Vlasov code.

~=kAp=0.33 kAp = 0.23
%10-2 ——kAp=0.29 —k\p=0.26

4 T .
H\E\E\ﬂ\e\eﬁu
3 .

v/ wpel

12 : I (b) I'

=
=)
4
4
A
A
2

v/ Wpe
s o
i X\QQx A

0 02 0.6 1.0 1.4
Av/ Ve

Fig. 4. (a) The Landau damping, (b) Raman growth rate, and (c)
average reflectivity. The electromagnetic parameters used here are
Toump = 2.5 X 1015 W/cm2 and T, = 2.5 keV. The densities of the elec-
tron are 0.1n¢, 0.12n¢, 0.14n. and 0.16n. to have kAp = 0.33, 0.29,
0.26, and 0.23, respectively.

As the plateau width increases from 0.1V to 1.4V, the
Landau damping decreases, leading to the increasing growth
rate and average reflectivity. The increase of the plateau width
essentially comes from the increase of the resonant particles
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whose velocities are greater than the phase velocity, therefore
Landau damping decreases and, according to Eq. (10), the Ra-
man growth increases. When kAp < 0.26, the Landau damping
is too small to measure and is therefore not given here. At the
same time, it is observed that the average reflectivity and the
growth rate at small kAp do not change much because Lan-
dau damping at small kAp has no significant influence. When
we compare these curves with different kAp, it is shown that
in the large kAp regime, the Raman growth is more sensitive
to the plateau width, and the trends of kAp is consistent with
Fig. 2(c).

In the cases of kAp>0.29 and Av>0.8V with fixed Jpump
and T¢, we find a strange phenomenon: as the growth rate in-
creases with the width of plateau, the average reflectivity de-
creases reversely. We present the evolutions of two reflectiv-
ities in Fig. 5, where (a) kAp = 0.33, AV = 0.8V, and (b)
kAp = 0.33, Av = 1.40. Although growth rate in (b) is in-
deed higher, it saturates quickly, while the growth in (a) suf-
fers from two-stage growth and it finally has a higher aver-
age reflectivities. The behavior reminds us that distribution
with larger plateau width would excite new eigenmodes in
plasma,®!?! and can detune the SRS, [°! which may attribute to
this quick saturation. The discussion proves the fact that parti-
cle trapping can enhance the level SRS, while opposite effects
tranquilizing the SRS could set in when the trapping width is
large enough.

X10-3

5 X10-3
(a)

(b)

5
3200 0 1600

0 1600
two two

3200

Fig. 5. Plot of SRS reflectivity with (a) AU = 0.8V, and (b) Av =
1.4v¢. The parameters used here are Ipymp = 2.5 X 1015W/cm2, T. =
2.5keV, ne = 0.1n¢ and kAp = 0.33.

5.3. Bi-Maxwellian distribution

Next, the effect of bi-Maxwellian distribution on the Ra-
man growth is studied. In Fig. 6(a), the bi-Maxwellian dis-
tributions of different hot-to-cold electron temperature ratios
are plotted with a fixed hot-electron fraction, f = 0.06, and it
is observed that the fraction of resonant particles with higher
velocity increases with this ratio, but the cold bulk is not sen-
sitive to the quantity. In Fig. 6(b), distributions of different
hot-electron fractions are drawn with a fixed hot-to-cold elec-
tron temperature ratio, 7 /7. = 10, and the fraction of resonant
particles with higher velocity increases with hot-electron frac-
tion.

First, we show the Landau damping and Raman growth
with different hot-to-cold electron temperature ratios. Fig-

ures 7(a), 7(c), and 7(e) show the dependences of Landau
damping, Raman growth rate, and average reflectivity on
Th/ T;.. The three curves are plotted with different kAp obtained
by changing n. at a fixed f = 0.06. Figures 7(b), 7(d), and 7(f)
show the same contents and plot three curves with different f
at a fixed kAp = 0.2911. In our Vlasov—Maxwell simulations,
Ioump = 2.5 % 10> W/cm? and T, = 2.5 keV. Different elec-
tron densities are used to change kAp in Figs. 7(c) and 7(e).

N\ (a) 7N\ (b)
, / 0\
AN S -3 / \
NN B J Y
AN & 4 %
C =Ty Te=5 N | & A B,
=T}/ T. =10 N T —6 P I."._ f=0 ) RS .
e Th/Tc =25 /' ,//'I f: 0.01"\\~
-=-T},/T.=60 SO T=005
—20 h/2c -9 —f=01; ™
-8 —4 0 4 8 -8 —4 0 4 8
U/ Ute U/ Vte

Fig. 6. (a) Bi-Maxwellian distributions of different 7}, /7; and a fixed
f =0.06. (b) Bi-Maxwellian distributions of different f and a fixed
T,/ T = 10.

These curves have similar peak shapes where Landau
damping increases rapidly and then decreases slowly with the
hot-to-cold electron temperature ratio. Correspondingly, the
Raman growth rate and average reflectivity are reverse to the
trend of Landau damping. We can also observe that the turning
point of the Landau damping and Raman growth rate slightly
changes with kAp and f near T,/T. ~ 7. The critical point
that makes growth rate or damping reach extreme value can be
captured by the analytic formula of Landau damping. Figure 8
shows the derivative of Eq. (8) with different (a) kAp and (b)
f. As is shown, the turning point (diff(|V/wpe|) = 0) slightly
decreases with kAp, and is a constant when changing f, which
agree with our simulation results. The value of turning point
is slightly smaller than the simulated result maybe due to the
inaccuracy between theory and simulation. Since there is a
negative correlation between the Landau damping and Raman
growth rate, this shows that, when hot-electron temperature is
about 7 times of the initial temperature, the growth of SRS
is minimum. The hot-electron temperature detected by ex-
periments is about 15 keV to 100 keV,[8! which is within
the range our discussion, and 7; with maximum damping is
about 17.5 keV (T, = 2.5 keV), which could be a possible hot-
electron temperature in the real experiments.

Second, we discuss the relationship between Landau
damping and growth rate with different hot-electron frac-
tions. Figures 9(a), 9(c), and 9(f) show the dependences of
Landau damping, Raman growth rate, and average reflectivity
on f, with a fixed T, /T, = 10, while Figs. 9(b), 9(d), and 9(f)
show the corresponding contents with a fixed kAp = 0.2911.
The electromagnetic parameters used here are Ipymp = 2.5 X
10W/cm? and ne = 0.12n.. We obtain different kAp by
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Fig. 7. The Landau damping [(a), (b)], growth rate [(c), (d)], and average reflectivity [(e), (f)] as a function of T}, /T;.. We use Iymp = 2.5 X 10 W / cm?
and T; = 2.5 keV in electromagnetic simulations. In (c) and (e), f = 0.06 is a constant. In (d) and (f), we change f, but keep a fixed kAp = 0.2911.
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Fig. 8. Derivative of Eq. (10) for different (a) kAp and (b) f.

changing the electron temperature in Figs. 9(c) and 9(e). X102
2
For the general trend, the Landau damping increases with (a)
the hot-electron fraction. The growth rate and average re- ié 1
3
flectivity have the same trend, which decreases with the hot- B
electron fraction. It can be seen from Figs. 9(c)-9(f) that % Of----2
growth rates and average reflectivities gradually approach to
small values with increasing the hot-electron fraction, which 1=
indicates that large fraction of the hot electrons is good for
mitigation of SRS.
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Fig. 9. The Landau damping [(a), (b)], growth rate [(c), (d)], average reflectivity [(e), (f)] as a function of f. We use Iymp = 2.5 X 10" W/ cm? and ne = 0.12n,
in electromagnetic simulations. 7, /T. = 10 is a constant in (c) and (e). In (d) and (f), we change T;,/T¢, but keep a fixed kAp = 0.2911 with T, = 2.5 keV.

055201-7



Chin. Phys. B 31, 055201 (2022)

6. Comparison between collisional and non-
collisional cases

So far the simulations above are non-collisional, since
collisional damping under these parameters is relatively small.
As is well known, the collision damping rate depends on
the electron temperature, density, as well as the ion charge
state, some studies have found that the effect of the collisional
damping is important to SRS at particular parameters, [+3:47:48]
Therefore, here we turn on the collisional term on the righ-
hand side of Eq. (11) to see if it is important. The results with
and without collisional damping are compared in this section.
Table 1 lists the dampings and growth rates under three dif-
ferent distribution functions when 7, = 2.5 keV, Z =1 and
ne = 0.12n.. Here, v c and ¥ c represent the damping and
growth rates with collisional damping and Landau damping,
while v and ¥ are the non-collisional ones. From the data, we
know that under such parameters, the electron-ion collisional
damping is on the order of 10~*, which is so small compared
with the non-collisional damping and growth rate.

Table 1. Comparison of damping and growth rate under different distri-
bution functions with or without collision. Iymp = 2.5 x 1015 W/cm?,
T. =2.5keV, Z =1, ne = 0.12n, and InA = 9.88 in electromagnetic sim-
ulations, kAp=0.2911 in electrostatic simulations. AV = 0.6V in flattened
distribution, and for bi-Maxwellian distribution 7, /7 = 15 and f = 0.0.

Distribution v/ @pe Vic/ Ope Y/ Wpe e/ Dpe
Maxwellian 0.015693 0.016226 0.005524 0.005030
Flattened 0.022382 0.022942 0.006874 0.006816
Bi-Maxwellian 0.030062 0.030677 0.005561 0.005017
-3 X103
12.><10 T
L (a) No collision (b)x No collision
10 = Collision 6 > » Collision
o > *
& &
3 8 3 5
B = >
i >
6 4 g 1
| | ) e *
4 3
2 3 4 5 0.10 0.15 0.20
Te (keV) ne/nc
Fig. 10. Growth rate of SRS with intensity of lump = 2.5 X

101 W/cmz, Z =1 and wavelength of 0.351 um. (a) The change
of growth rate with temperature under the flattened distribution of
AV = 0.6V¢. (b) The change of the growth rate with the electron density
under the bi-Maxwellian distribution of f = 0.06, T;, /T = 30.

To further illustrate the effects of collisional damping, we
change the collision-related quantities, electron temperature
and density, and keep the ion charge state being Z = 1. Here
only the growth rates of SRS are plotted. Figure 10(a) shows
the growth rate with and without collisional damping under
the flattened distribution as a function of electron temperature.
As temperature goes up, the growth rate decreases due to the
increase of kAp as presented in Fig. 2(c). Since the collisional
damping is large when electron temperature is small, large de-
cline in the growth rate is observed. Figure 10(b) shows the

dependence of growth rate on the electron density under the bi-
Maxwellian distribution. The trend of growth rate is precisely
reversed to the trend of Landau damping shown in Fig. 2(d)
(large ne means small kAp). When increasing the electron
density, we observe a slightly greater impact on the growth
rate due to the increasing collisional damping. Overall, this
analysis show that, under our parameters, collisional damping
is only responsible for a slight modification on the results.

7. Conclusions

In summary, the Vlasov simulation results of Landau
damping and Raman growth rate well match with the theory. It
is revealed that the distribution function has a great influence
on Landau damping, and thus on SRS. The growth rate is basi-
cally consistent with the trend of average reflectivity, while the
Landau damping is roughly reverse to that trend. This means
that we can reduce SRS by increasing the Landau damping.
The detailed analyses show us the behavior of Landau damp-
ings on different quantities such as the width of plateau and hot
electrons. It gives us not only a deeper understanding of SRS
in the whole stage of laser-plasma interaction, but also a possi-
ble way to mitigate SRS through manipulating these quantities
to a high Landau damping regime.
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