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In a few last decades experimental and theoretical studiiearmsecond intense laser beam
propagation through the plasma corona became very intens@ér to understand what pro-
cesses influence the formation of plasma corona. This krimelés very important for numer-
ous experimental situations including the thermonuclaaioh experiments, particularly with
the indirect drive, where the laser beam after entering tidraum faces a developed well un-
derdense plasma inside [1], and the production of high &ang, in which an electrostatic
waves growing due to parametric instabilities acceleratéigdes which, in turn, speed up the
plasma corona expansion and thus contribute to the enhaheegde freezing effect [2]. This
paper is devoted to a numerical study of stimulated Ramaresiceg of impinging laser beam.
During the propagation of laser pulse through a well undesdeplasma in a self-generated
corona, a high-amplitude longitudinal electron plasmaevand a transverse electromagnetic
wave are resonantly generated. In a 1D geometry two saajtprocesses are possible: forward
(SRS-F) and backward (SRS-B), where in both the processesdtteosl plasma wave (in the
case of SRS-B with the trapping ability) is propagating indivection of the laser beam. The
particle trapping effects the wave propagation in a dual:Whyby a modification of the col-
lisionless damping. The wobbling motion involves altemmgiacceleration and deceleration of
the trapped electrons in the frame moving with the wave argitiius invalidating the Landau
damping mechanism, which is intrinsically connected whi# &cceleration of electrons by the
potential crests of the wave. With the damping absent theggrm®ming from the primary wave
is leading to a growth of the scattered wave and consequiertyises a secondary scattering
can occur - cascading [3]. (2) by a modification of the disjpersurve. The trapped electrons
are closely tied to the potential troughs of the carriertetestatic wave causing thus in their in-
terval of the phase space a substantial deviation from tamt\Waxwell velocity distribution.
This, in turn, means a different dynamic description oftimeotion reflected in a perturbation
of electrostatic potential of the carrier wave modulatedH®wobble frequency. This may lead
to the trapped particle instability (TPI) and a growth ofefidnds [4, 5], which is translated in
the appearance of a new branch of dispersion curve of the@déatic plasma wave, [3]. Due to
the TPI the sidebands with a lower wave number grow prefedgnmainly because of a higher
Landau damping rate of the wave modes with higher wave nusnsra consequence the elec-
trostatic peak is broadening during the simulation and maving to the left of the spectrum.
These wave modes have a somewhat higher phase velocityhtbaagonant wave mode, but
lie well within the bulk of pre-accelerated electrons. Thesmles influence then quite a large
amount of electrons in the phase space, which results iméisant broadening of plateau on
the electron distribution function. Other situation occur the case of SRS-F, whose electro-
static daughter wave has usually the phase velocity comiganath the speed of light, thus it
cannot influence the electrons in the non-relativisticpias directly but only via its non-linear
combination with the SRS-B plasma wave. Thus is leading tamdtion of the electrostatic
guasi-modes [6] with the “phase velocity” lying within thalk of the electron distribution.

The presented results are based on the spatially 1D periddiegtic model solving the
Vlasov equation together with the full set of Maxwell eqoas. The fundamental 1D equa-
tion set for a weakly collisional homogeneous laser plasamabe written as follows
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In the Vlasov equation the velocity in the perpendiculaediion is replaced by the mean os-
cillatory velocity in the field of incident laser light, = eA/m. The simplified Fokker-Planck
collision term on the right-hand side of the Vlasov equativas included, where. is the ef-
fective collision frequency. Numerically such a term alsoyides a satisfactory stabilization
of the method, which is helpful in carrying the solution tdfsiently long times. (1)-(4) is a
closed set of equations, which was solved numerically byréresform method [7].

The physical parameters of the model including the
effective collision frequency are inspired by conditions ,..J

SRS-B

relevant to the PALS facility. The initial electron tem- o.| sesey /
perature is thus chosefy = 10’ K ~ 0.9 keV, and the
density is 44 % of the critical density at the consid

/ electrostatic higher harmonics 1

0,084 quasi-modes b

ered laser wavelength in vacuukgye = 1.315 um. The & oo .
electron plasma frequency and the Debye length coiFes 1
sponding to these values asge = 3.0 x 10! s7t and ~ °= 1

Ap = 4.1 x 10°® m. The incident power density of the °*]
laser beam is estimated to be= 10?0 W/n?. For the "0 o o o5 & 0 2 T s
numerical stabilization of the method the collision fre- ‘o
quencyvc/c_oIoe =0.05is sufﬁment_, _Whlqh is a.rea!ISt'CFigure 1: A fully developed elec-
value for high-Z plasmas. The initial distribution is ai- . :

: . {rostatic k-spectrum in the non-
sumed to be Maxwellian and the initial electron densm .

. ) : mear stage of SRS with the spectral
perturbations are set as a low-level white noise. broadened peak of SRS-B due to
By solving the matching conditions for the SRS tq- P :

) . ) : : he present TPI. A shift of the cen-
gether with the linear dispersion relations for the par- .
S . tral EPW belonging to SRS-B to-
ticipating waves for SRS-B, one obtainsw( wpe = wards the lower side-band is clearl
4774, koAp = 0.192), s/ ope = 3618, kehp = 0.143), "7 ) y
(we/wpe = 1.156, keAp = 0.334). In the case of SRS- '
F the values of the frequencies and wave numbers
of the scattered electromagnetic wave and of the plasma veage(s/wpe = 3.771,
ksAp = 0.149), (we/wpe = 1.003, keAp = 0.042). Very similar results were obtained
from the full Vlasov-Maxwell numerical model, as it can besiéa seen in Fig. 1,
where the electrostatic k-spectrum is depicted capt = 300. At this time the non-
linear stage of SRS is reached and the electrostatic spectsurfully developed.
The most significant peak in the spectrum corresponds to tR8-B plasma wave.
This plasma wave has the phase velocity well within the bfiklectrons on the velocity dis-
tribution (von/vr = 3.45), so it is strongly interacting with a large amount of judes in the
vicinity of its phase velocity. As the amplitude of the plasmave grows, the trapping region
in the phase space is developing and the particles insislegdion are becoming trapped in the
potential minima of the wave. This is visualized as a stromgyvbation in the phase space near
the phase velocity, which is, however, changing in spacdiaral and the plateau on the distri-
bution is recovered only after a space averaging. The m@atistage of the Landau damping
(caused by the interaction of the trapped particles withplaema wave) leads to a saturation
of the wave growth (see Fig. 2).
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Since in the discrete k-spectrum of the numerical
model the matching conditions are not fulfilled exactly,
’ 1 a growth of several modes with their wave numbers near
the resonance is recorded. The energy of the laser pump is
thus distributed between these few modes. A high ampli-
® 1 tude of the mode, which is the closest to the resonance,
leads to a strong “wave-wave” interaction with nearby
———"—————————— modes and to their significant growth. Fig. 2 shows that at
ot wpet = 170 the SRS-B plasma wave amplitude decrease is
_ _ stopped, but soon after a following decrease of the ampli-
Figure 2: The temporal evolution oty,ge occurs. We interpret it in connection with the trapped
the SRS-B electron plasma wave. particle instability. In the resonant SRS-B electrostatic
wave the wobbling electron cause a strong modification
of the electron density which leads to a generation of uhstaldlebands of the main elec-
trostatic daughter wave, while the amplitude of the centratle is decreasing as its energy
is transfered to the sidebands (see Fig. 2). Due to the Laddawing, a stronger growth is
recorded in the case of sidebands on the left from the cemivde and also the center of the
wave packet moves to the left.
Since the electron motion in the potential trough
of the wave can be described by the monokinetic]
fluid approximation characterized by the boune-| | f) ]
ing frequencys = /€Ek/me we can estimate the , | | \ 1
half-width of the spectral line in the k-spectrumto. | |\ / | |
be ok ~ we/Vpn. This estimate calculation gives for = | —
the spectral broadening in our caSe\p = 0.049.
Iq fact, a more accurate description of the TIID—J(l)gure 3: (a) Imaginary part of TP dis-
gives a strong dependence of the spectral broad=".
. . . ersion curve expresses a dependence of
ening on the fraction of trapped particle [4]. Fol5

lowing the procedure of the paper [4] we can n he TPI growth rate on the wave number.
; b bap ) Temporal evolution of the sideband

merically calculate the TPI dispersion relation f - )
the conditions of the PALS experiment with the p [fAD - 0'2.35) ot_)talned from the Viasov-
axwell simulation.

rameters obtained from the numerical simulation.

From the simulation fraction of trapped patrticles at

wpet = 170 can be taken ag = 0.122. Under these conditions the computed dispersion curve
Is shown in Fig. 3 (a). As it is obvious in the Fig. 3 (a) that thedes with the wave num-
berskAp = 0.235 andkAp = 0.435 have the maximum growth. Their growth rates predicted
by the linear theory are approximateglywpe = 0.045. For a comparison we present temporal
behaviour of one of these modes obtained from the full Vlagaxwell simulation showed

in Fig. 3 (b). From this curve, the growth rate of sidebandsigneated to bey/wpe = 0.027.

A certain disagreement of the values obtained from the litteaory and from the full model

is caused by collisions added to the full model for the nuoarstabilization, which are not
accounted for in the linear theory.

More interesting is the significant shift in the phase veioof the sidebands. The phase ve-
locity increases considerably with the decreasing wavelbaurand the sideband with the high-
est growth rate on this side of dispersion curve has the prelseity approximatelyp,/vr =
4.5. It becomes clear that with the growing amplitudes of tlelsands the wave spectrum ex-
pands and the plateau on the electron distribution fundiroadens. This stage of the system
evolution a large amount of electrons is influenced by themeewnodes which results in their
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trapping and acceleration. This process is demonstratégjid. A formation of huge plateau
in the averaged electron velocity distribution with thecfran of trapped particle$r = 25.9 %
can be seen.

The narrow peak close to the beginning of the
1 horizontal coordinate corresponds to the electro-
static daughter wave of SRS-F. This plasma wave
has a very high phase velocity, which is compara-
ble to the speed of light (in our casg,/vr = 23.6).
It can interact with the particles only indirectly by
combining with the SRS-B electron plasma wave.
There are two possible quasi-modes. These modes
have the wave numbetsAp = 0.273 andkAp =
0.403 (see Fig. 1). A high frequency difference
o between SRS-B and SRS-F plasma wave causes
¢o8 8 2 2 02 e 6 8 0 yery different phase velocities of the both quasi-
modes Ypn/vr = 0.5 andvpy/vr = 5.7, respec-
Figure 4: The formation of huge plateaﬂvely)' While the phase velocity of the first of them
on EDF is demonstrated afyet = 110, lies in the region of the phase space, where most

130, 170, and 290 by spatially averaginé).f the electrc_)ns are present, the second one has its
phase velocity far away from the bulk of electrons

in the statistical equilibrium. However, at the mo-

ment when this electrostatic quasi-mode has a significaptitute (wpet ~ 250), the electrons
are yet accelerated by the processes described above gnchthénteract with it. Thanks to
this interaction the plateau on the electron distributigpasds as presented in Fig. 4.

The following mechanisms were illustrated by the resultshef numerical modeling and
some of them are interpreted by model calculations on tred tinear theories.
(1) The electrostatic daughter wave of the back-scatteredcaRavave leads to strong electron
trapping in its potential minima, which leads to a saturatid the wave growth. (2) The elec-
trostatic daughter wave of the forward-scattered Raman wamaot interact with the plasma
electrons directly owing to its high phase velocity, buteih@ombine with its partner generated
by the Raman back-scattering to form a non-resonant quadeapable of electron trapping.
(3) The wobbling of the trapped electrons in the potentiatima of the electrostatic back-
scattering daughter wave leads to a modulation of the eleatensity and to a generation of
unstable sidebands of the main electrostatic daughter Wéyén later times the lower side-
band takes over from the main wave, which is gradually omigr@nd the sideband even forms
its own quasi-mode with the daughter wave of the forwardtscat
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