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Scattering of light waves by electron electrostatic waves
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The propagation of light waves in an underdense plasma is studied using one-dimensional Vlasov—Maxwell numer-

ical simulation. It is found that the light waves can be scattered by electron plasma waves as well as other heavily and

weakly damping electron wave modes, corresponding to stimulated Raman and Brilluoin-like scatterings. The stimu-

lated electron acoustic wave scattering is also observed as a high scattering level. High frequency plasma wave scattering

is also observed. These electron electrostatic wave modes are due to a non-thermal electron distribution produced by

the wave—particle interactions. The collision effects on stimulated electron acoustic wave and the laser intensity effects

on the scattering spectra are also investigated.
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1. Introduction

The stimulated Raman scattering (SRS),!'=% a
resonant decay of an incident light wave into a scat-
tered light wave and an electron plasma wave (EPW),
has been widely studied. Kinetic effects on the
SRS have been investigated by particle-in-cell (PIC)
simulation,[>% and by solving the Vlasov-Maxwell
(VM) equations."=1% The electron acoustic wave
(EAW) is normally heavily Landau damped but ap-
pears when the plasma electrons can be separated into
hot and cold components, such as when there is stim-
ulated excitation, when there is anomalous heating of
electrons, or when electrons are trapped by large am-
plitude electrostatic waves or other structures.!*1—13]
EAW has dispersion relation w = 1.31kvye, where w,
k are the angular frequency and wavenumber, vy, =
\/m is the electron thermal velocity, Tt is the elec-
tron temperature and m, is the electron mass. The
interaction of light waves with the EAW has been ob-

(14]

served experimentally.l"*] In the experiment, the scat-

tering level (the ratio of scattering energy to incident

energy) is about 2x107°, and the EAW phase velocity
is 1.4v¢.. In the present paper, the excitation and scat-
tering of electron electrostatic wave is investigated us-
ing the VM model. SRS is observed in the early stage
of the propagation of the incident light wave. It is also
found that the heavily and weakly damping electron
electrostatic wave modes are also excited when a non-
Maxwellian electron distribution is formed during the
particle-wave interaction and the light wave can also
be scattered by these wave modes. High phase veloc-
ity electron plasma wave and EAW scattering are also
observed. The collision effects on EAW scattering and
laser intensity effects on the scattering spectra are also
investigated.

2. Physical model

The governing equations for the model™® are the
Krook equation!!8l and Maxwell equations:

atf + Umazf - mi (Er + Usz) av,f

e

= —lei (f_fo)a (1)
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(8, £ 8,) EF = 83 /'nydvxa (2)
0

_Ei = Ey + CBza (3)

meOivy = —eEy, (4)

(5)

OB, — / vp fdug,

where f is the electron velocity distribution function
(EVDF), v gives the electron—ion collision rate, fj is
the initial equilibrium distribution function, ¢ is the
light speed in vacuum, E, is the electrostatic field, £,
and B, are the light electric and magnetic fields, re-
spectively. v, is the electron quiver velocity in laser
field.

The light waves are linearly polarized in the y
direction. The VM equations are solved by the op-
erator splitting method. The space and velocity ad-
vections are performed using the third order van Leer
method.['”) The boundary condition in z direction is
periodic. We advance ET along their characteristics
and specify E¥ at the boundary for the pump (or seed)
light wave. To absorb the plasma waves generated by
the backward SRS, v,; is taken to be large on the right
side of the simulation box. Figure 1 shows the typical
profiles of electron density and ve; in the simulation.

3. Simulation results

We now consider the scattering of an incident
The in-
cident light has wavelength A = 0.527 pum and in-
tensity I = 1.6 x 10*® W/cm?, i.e., the normalized
amplitude a = eE,/mewr,c is 0.057, where wy, is in-

light wave by electron electrostatic waves.

cident light frequency. The total simulation length is
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Fig. 1. The profiles of plasma density ne and electron—ion
collision rate ve;. The z-axis is normalized by the incident
light wavenumber kp, in vacuum. The dashed line is the
electron density profile, which normalized by the critical
density nc, and the solid line is the electron—ion collision
rate, which normalized by the light angular frequency wr,.

2000k, L~ 168 pm, where ki, is the incident wavenum-
ber in vacuum. The plasma density is 0.03n., where
nc is the critical density, and located in the centre
with two descending edges. The collision rate v is
obtained by the formula'® with ion charge 1 and
Coulomb logarithm 8. We also set large v, on the
right part of the plasma to absorb the electrostatic
waves when they travel to the plasma—vacuum in-
terface. The configuration is also shown in Fig. 1.
The initial electron velocity distribution function is
Maxwellian with electron temperature 350 eV. The
effect of ion motion has not been considered.

The time-integrated spectra of scattered light is
shown in Fig. 2, where the z-axis is normalized by
the incident light frequency and y-axis is in relative
units. The incident light interacts with Maxwellian
plasma, the stimulated Raman scattering can be first
developed, as EPW is weakly damped. Other waves,
such as EAW, is heavily damped. The EPW scat-
tering is located 0.814wy, under our physical param-

eters. According to the EPW dispersion relation

w? = w2, 4 3k?vZ, the scattering light frequency
should be 0.809wr,.

EPW dispersion relation is not very exact for short
19 20]

However, it is noted that this

waves!'? and large amplitude waves,??) thus there is
quite small difference between our simulation and an-
alytical result. If the incident laser intensity is lower,
the scattering light frequency is more near the theoret-
ical results 0.809wr,. We also get the phase velocities
of EPW is 3.99v¢., where vy = 0.026¢ is the initial
electron thermal velocity. The heavily damped EAW,
which dispersion relation is w = 1.31kwvi, can also
scatter the light. Figure 2 shows that the frequency
of scattering light by EAW is 0.932wy,, and the corre-
sponding EAW phase velocity is 1.37vy.. The phase
velocities of EPW and EAW are nearly with the ex-
perimental data. The amplitude of EAW in Fig. 2 is
relative high and 0.06 times of that for EPW. Except-
ing the EPW and EAW scatterings, there are other
wave modes scattering the light. The phase velocities
of these electron electrostatic waves have values be-
tween 1.37vie and 5.48vi.. There are electron waves,
which frequency is higher and/or lower than that of
EPW, existing in the system. The scattering lights by
these modes are even stronger than that of EPW. The
scattering light frequency is varying with time. The
formation of these changing waves is due to the EVDF
changing during the wave—particle interactions.

The scattering light spectra in Fig. 2 is very
broadly. Laser intensity has also influence the scatter-
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ing spectra. We also plotted the scattering spectra for
laser intensity 4 x 10> W/cm? and 1 x 10*® W/cm?
in the middle and bottom panels. For lower inten-
sity laser light, the spectra width is less. For exam-
ple, the scattering light spectra are between 0.805wr,
and 0.825wy, for laser intensity 1 x 10*® W/cm? and
between 0.800wr, and 0.865wy, for laser intensity 4 x
10% W /cm?.
light spectra is less than 0.8wy, for laser intensity
16 x 10 W/cm?. It means that there are electro-

static waves whose frequency is larger than that of

Some components of the scattering

EPW. While these spectra do not exist in lower inci-
dent light intensity cases, just as showed in the middle
and bottom panels of Fig. 2.

105 L EPW
<— EAW
- — I =16x10" W/cm?
8 ' P 5 2
E Losl EPW — I =4x10° W/cm 1
a,
z
104 } / } I '
s EPW —I= ].)(].015 VV/CIII2
10°¢ E
104 - s .
0.7 0.8 0.9 1.0

w/wL

Fig. 2. The time-integrated spectra of reflected light with
different incident lights. The z-axis is normalized by the
incident light frequency wy, and y-axis is in relative units.

To explain these electrostatic modes, we show
the electron distribution function at four different
times in Fig. 3. It is found that high energy tails
appear for wrt = 10500, 12000, 60000. Since the
damping rate of electrostatic wave is proportional to
the slope 9f/0v,, in some velocity intervals the slope
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Fig. 3. The spatial averaged electron velocity distribution
functions for four different times around kpxz = 725.

is nearly zero. Thus the corresponding electrostatic
waves can be developed. However, when EVDF is
Maxwellian, these modes are heavily damped.

The dispersion relations of electrostatic wave can
also be derived from the permittivity. The permittiv-
ity € is define as

1 > O Vs
(k) = 1= 7 [p/_oo %w_fgj/;m
+170y, f (vx)] : (6)

where w and k are the frequency and wave vector of
electrostatic waves, P represents the Cauchy princi-
pal value and A\q is the Debye length. The roots of
e = 0 determine the weakly damping electrostatic
modes which can exist in system. The real part of
the permittivity based on the EVDF at wyt = 12000
in Fig. 3 is shown in Fig. 4. The black solid line shows
the electrostatic wave modes which can scattering the
incident light in backward. For kAgq < 0, there are only
two wave branches. They are the usually EPW and
EAW. But for kAq > 0, there are four wave branches
which all can scattering incident light. The EPW fre-
quency in this case is 1.4lwpe, and its phase veloc-
ity 5.45v4e is much higher than the thermal velocity.
And it corresponds the scattering frequency 0.755wy,
in Fig. 2. Comparing with EVDF Maxwellian case,
the EPW phase velocity is much higher for EVDF
distortion.
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Fig. 4. The real part of the permittivity € for the elec-
trostatic waves, here the EVDF is same as Fig. 3 at
wr,t = 12000. The electrostic wave number is normal-
ized by Debye length A4, and the frequency is normalized
by plasma frequency wpe. The gray line shows Ree = 0.
The black solid line shows the matched backward scat-
tering electrostatic wave. Its intersection points with the
gray lines have phase velocities 5.45vte, 4.36Vte, 1.99vte
and 0.70v¢c.

The phase velocities of some electrostatic modes
are in the plateau region of the EVDF (Fig. 4) or
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much higher than the thermal velocity. These modes
are weakly damped and can scatter the incident light,
so the scattering spectra in Fig. 2 are broadly and
even stronger than the EPW scattering. The phase
velocities of other three branches that scattering light
in backward are 4.36wvi, 1.99v¢ and 0.70v¢,. While
from Fig. 2, we obtain the electrostatic wave phase ve-
locities are between 1.37v¢ and 5.45v¢,. The EVDF
in Fig. 3 at 4.36v,, and 0.70v¢, has large slope, so
the electrostatic dispersion relations in Fig. 4 have
The EAW modes are heavily damped
and normally cannot scatter light unless certain con-

some errors.

ditions are satisfied. The trapped particles and the
modified EVDF can reduce the Landau damping, and
EAW can be developed. While EAW is very easy
damped by the collision effects. Taking the collision
rate ve/wr = 0,0.64 X 1074, we found the scatter-
ing light spectra changing. The EAW scattering light
amplitudes are 2.1 and 1.5 times larger than that with
Veifwy, = 1.28 x 10~%. For more heavily collision rate
Vei/wy, = 2.56 X 1074, we did not observed the stimu-
lated EAW scattering, just as showed in Fig. 5. The
collision rate can also affect other electrostatic waves.
The scattering spectra amplitudes by modified Lang-
muir waves and other waves are stronger with large
collision rate. Without collision effects, the EVDF is
rapidly changing, the reflected spectra are broad and
and low amplitudes. While with the weak collision ef-
fects, the EVDF is changing slowly, the scattering pro-
cesses have some time to grow, the scattering spectra
have large amplitude and narrow width. The spec-
tra without collisions have some components near wr,.
But these scattering light disappeared with collisions.
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Fig. 5. The reflected light spectra for incident light in-
tensity 1.6 x 10’6 W/cm? with different collision rates.

4. Conclusion

In conclusion, we have shown that lots of elec-
tron electrostatic waves can be excited when an in-
tense light beam propagates in a plasma because the
EVDF is modified by the particle-wave interaction.
It is found that the light waves can be scattered by
electron plasma waves as well as other heavily and
weakly damped electron acoustic modes, correspond-
ing to stimulated Raman and Brilluoin-like scatter-
ings. The stimulated electron acoustic wave scattering
is also observed as a high level. Laser intensity and
collision can both affect the EVDF during the interac-
tion processes, the scattering spectra are also affected.
The nonlinear frequency shift of Langmuir wave is red
shift for electron trapping effects. Here we observed
the blue shift of Langmuir wave for electron distri-
bution function changed by nonlinear wave—particle
interactions.
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