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Finite-beam, two-dimensional particle simulations of single- and double-frequency laser-plasma
heating are presented. In the single-frequency case, Raman backscatter and side scatter initially
heat the plasma. Even in the absence of strong forward Raman scattering, strong subsequent elec-
tron heating is observed. When two collinear laser beams with Aw = w, are used, a coherent plasma
wave heats the electrons to many megaelectronvolts. In the latter case, ion dynamics eventually

disrupts the heating process.
PACS numbers: 52.65.+z, 52.25.—b, 52.50.Jm

Recently there has been a great deal of interest in
underdense plasma heating by intense laser beams.!
In order to understand the various processes occurring
in such a plasma, we have carried out two-dimensional
(2D) mobile ion particle simulations using finite laser
beams incident onto a large-scale highly underdense
plasma. Previous 1D simulations have indicated that
Raman backscattering (RBS) and forward scattering
(RFS) can play an important role in heating the elec-
trons to high energies in such plasmas. An important
question is whether the heating process is altered by
2D effects. Some of the 2D phenomena are Raman
side scattering (RSS), self-generated magnetic fields,
Weibel instabilities, whole beam self-focusing, and
filamentation. In this Letter we show that these com-
peting effects do indeed occur. Furthermore, at very
high laser intensities electrons can be strongly heated
even in the absence of coherent forward Raman
scattering.

In order to understand the energies of electrons pro-
duced in wave-particle interactions, 2D simulations of
beat heating of the plasma by two collinear lasers with
frequency difference equal to the plasma frequency
have been carried out. In this case a very coherent,
large-amplitude plasma wave is set up at wave number
k, =ko— k;. The time to saturation and the saturation
amplitude of the plasma wave electric field is in
reasonable agreement with Rosenbluth and Liu’s?
theory. This coherent plasma wave heats the electrons
to many megaelectronvolts and produces maximum
electron energies predicted by single-particle theory.3

The simulations were carried out using the particle
code wavE on a Cartesian grid in the x-y plane. The
plasma is 60c/w, long in both x and y. The laser beam
has a cos?y transverse profile with zero amplitude at
10c/wpand 50c/w, in y. Other parameters are
T,/T,=1, m;/m,=1836, and (2kT/mc*)Y?=0.1.
Simulations were carried out with different laser and

plasma parameters to cover the parameter regime of
interest in both laser fusion and the plasma beat-wave
accelerator.® As representative of these simulations,
we discuss two particular cases in this paper.

First, a single-frequency laser beam with an rms in-
tensity vo/c =0.8 and a rise time 7 of 800/w, is inject-
ed from the left-hand boundary in the x direction into
a plasma with wo/w, =5. Here Vy/c = eE,/mcw is the
quiver velocity in the laser field E, and wo/wp is the ra-
tio of the laser frequency to the plasma frequency. Ra-
man backscatter/stimulated Compton scatter (SCS) is
first to appear with a broad frequency spectrum peaked
at frequency wo—w, at time 300/w,. The RBS/SCS
plasma wave with vg/vy, ~ 1.5 does trap and heat a
few electrons to a maximum energy of — 100 keV.
An interesting feature revealed by the 2D simulations,
as shown in the contour plot of Fig. 1(a) even at this
early stage, is the generation of a magnetic field in
such an underdense plasma. At this early time, 300
Xw, !, the magnetic field is typically w./w,~ 0.1
(~200 kG for CO, parameters) and has a pattern
characteristic of hot-electron filamentation due to the
Weibel instability,* as shown in the slice plot of Fig.
1(b). On the other hand, later in time when direct
laser heating dominates, the magnetic field can reach
wc/wl, ~ 0.6 and it is indicative of a current pattern
produced by a single beam of energetic electrons mov-
ing down the axis and a relatively colder return current
of electrons on the outside of the directed electron
beam.

The most striking difference between the 1D and
2D simulations, however, is the occurrence of RSS in
the latter. RBS evolves very quickly into RSS as the
plasma begins to heat up and damping for the short-
wavelength plasmons increases. Initially, RSS occurs
in the backward hemisphere over a broad range of an-
gles but at later times occurs predominantly in the for-
ward hemisphere. In Fig. 1(c) the contour plot of the
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FIG. 1. (a) The contours of the self-generated magnetic field at 390/w, by RBS. (b) The corresponding slice plot of B, vs y.
(c) The potential contour at 420/w, showing clear evidence of RSS in the forward direction. (d) The frequency and k, spec-

trum of the forward-scattered light.

plasma potential is shown at 420/wp. The most dom-
inant side scatter mode is clearly visible at a scattering
angle 6=150°. For wy>> w,, from k matching the
plasma-wave wave number is given by

k, =kocosb + (k¢ cos?0 — 2w, w/c?)V/? )

where + refers to backscatter and — to forward
scatter. The maximum value of k, for forward scatter
(it is actually RSS in the forward direction) is
(2w,w¢)/?/c and occurs for cos= (2w,/w()/? where
0 is the angle between the laser and the plasma wave.
For our case, 6 should be 51°. Thus, the most dom-
inant RSS mode observed in simulations is the largest
wave-number forward-scatter mode where forward and
backscatter become indistinguishable. The spectrum
of the light leaving the right-hand boundary is shown
in Fig. 1(d). From the upper part it is clear at this
time that most of the scattered light is red-shifted
(Stokes), although there is some blue-shifted (anti-
Stokes) light, which is indicative of four-wave Raman.
In the lower part of Fig. 1(d) the large peak in the
center corresponds to the incident beam while the
broad side-scattered peaks correspond to the sideband
frequencies. At this time vy/c ~— 0.4, and the ion den-
sity contour plot as well as the laser beam contour plot
show no evidence of laser self-focusing. In Fig. 2(a)
we show a 3D plot of the laser beam at 950w, . Evi-
dence of both whole beam self-focusing and breakup
into filaments can be seen. In simulations for which
ions are held fixed, self-focusing and/or filamentation
occur because of relativistic effects’ on a similar time-
scale and they enhance the local laser intensity. In
mobile ion simulations, relativistic effects enhance the
ponderomotive self-focusing.

Interestingly, as previously noted, even without sig-
nificant forward scattering energetic electrons and sub-
stantial heating are still observed. The source for the
energetic electrons can be identified from the x-
momentum P, vs z-momentum P, phase-space plot
shown in Fig. 2(b) where electrons with the largest P,
also have large + P,. This is consistent with the equa-

tions describing an electron’s motion in the fields of a
single intense laser,®

P.=(—k>+m??+P})/2k; P,=f+ed,/c (2)

where A4, is the vector potential and f and k are the
constants of motion. These equations by themselves
do not give rise to particle heating. However, the
presence of additional waves can lead to stochastic
motion. In particular, it has been shown both analyti-
cally and numerically® that the inclusion of a second,
counter-propagating, electromagnetic wave leads to
stochastic behavior if threshold conditions are exceed-
ed. We have observed such heating both with and
without a density jump exceeding n. that reflects the
incoming light, although with reflection the heating

-25 I
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FIG. 2. (a) The 3D plot of the electric field of the laser at
950/w, showing laser beam self-focusing. (b) Electron P, vs
Py phase space at 480/ w,,.
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occurs earlier. Energies as high as 5-7 MeV have ulti-
mately been observed leaving the right-hand boun-
dary.

In order to quantitatively understand the energies of
electrons produced by particle trapping in a plasma
wave, we have carried out 2D simulations of beat exci-
tation in underdense plasmas.?> Two collinear laser
beams of equal amplitude and a total rms vy/c =0.8,
7=800/w,, and frequencies wy= 5w, and w,= 4w, are
injected in a homogeneous plasma. Before showing
the details of the simulations, we indicate fluid and
single-particle theory results which are confirmed in
our 1D and 2D simulations.? First, we find that for
lasers with a finite rise time the time for the plasma
wave to reach saturation can be described by a straight-
forward modification of the fluid treatment of Rosen-
bluth and Liu.2 The time to saturation can be found
by solving the following equation for time ¢:

wa’L‘[al(t')az(t’)]dt’
— (2 oy (D iy ()13 3)

where «;(#) =v¢/c. The left-hand side is the plasma
wave amplitude and the right-hand side is the instan-
taneous relativistic saturation amplitude. Assuming a
linear rise time 7 for the two lasers, the time to satura-
tion ¢ is

wpts=3.68(wp7)4/7(a1a2)_2/7 4)

where «;(z) =a;t/7. The saturation amplitude
e= (eE,/m,cw,) can be obtained by substituting #; for
t in the left-hand side of Eq. (3) provided that £, < 7.
Here E, is the longitudinal electric field of the plasma
wave. Second, single-particle theory® shows that an
electron trapped in a plasma wave of amplitude € and
moving at vy can acquire a maximum amount of ener-
gy 4ey3mc? where for a plasma wave excited by beat-
wave excitation y4 = (1 —v3/c?) "2~ wg/w,.

Figure 3(a) is a 3D plot of the scalar potential of the
plasma wave at 330w, 1" In contrast to single-
frequency simulations, a very coherent plasma wave,
k, =ko— k1, is now set up through optical mixing. Ac-
cording to Eq. (3), when actual rise times are used, the
plasma wave amplitude should be e=0.55 at t =330/
w,. In simulations we observe e=0.5 in good agree-
ment with the fluid theory. Although it is not present-
ed here, the longitudinal electric field begins to decay
after reaching saturation in both our 1D and 2D simu-
lations, as predicted by the fluid theory.>?

The evolution of the electron phase space is compli-
cated because the plasma wave builds up to saturation
and decays several times before trapped particle damp-
ing and ion dynamics disrupt the acceleration process.
During the first buildup phase, although the longitudi-
nal field is extremely large in absolute terms because it
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FIG. 3. (a) The 3D plot of the plasma wave electric field
at 330/w, excited by optical mixing. The electric field
reaches a maximum value €= 0.5 at the left-hand boundary.
(b) The electron distribution function at 450/w, showing
electron heating to 11 MeV.

is only about half the wave-breaking limit, very few
electrons can be trapped from the background 2.5 keV
plasma. By the time the plasma wave has built up for
the second time, the background plasma is already
heated up because of RBS and direct laser heating and
a significant number of electrons can therefore be
trapped and accelerated. In contrast to the single-
frequency simulation, electrons with large P, have
small P,. It is therefore simple to determine whether
acceleration is resulting directly from longitudinal or
transverse waves. In simulations a quantitative mea-
sure of the electron heating is obtained from the elec-
trons striking the right-hand boundary. The accelerat-
ed particles at 450/w, have a truncated 1D ‘‘Maxwel-
lian” distribution [Fig. 3(b)] with a temperature
Ty ~ 5.5 MeV and a cutoff energy at 11 MeV. In oth-
er simulations® in which shorter rise times were em-
ployed, the maximum energies were in very good
agreement with the single-particle theory. For longer
rise times the plasma wave loses coherence by scatter-
ing off ion flucutations at wavelengths peaking around
one-half of the plasma wavelength.

The plasma wave begins to lose coherence and even-
tually disrupts as competing phenomena come into
play. On an w, ! time scale, RBS, RSS, RFS, and the
laser itself heat up the plasma and produce bandwidth,
while relativistic self-focusing enhances the on-axis
laser intensity. On somewhat longer time scales,
parametric decay destroys the plasma wave and finally
ponderomotive self-focusing destroys the resonance
condition and eventually terminates the heating pro-
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cess.

At times when the plasma wave is very effectively
accelerating electrons, the overall absorption can be as
high as 15 percent over the computational box. At
later times, when competing mechanisms reduce the
plasma wave coherence and acceleration is relatively
inefficient, the absorption drops to a few percent.
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FIG. 2. (a) The 3D plot of the electric field of the laser at
950/w, showing laser beam self-focusing. (b) Electron P, vs

P phase space at 480/w,.
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FIG. 3. (a) The 3D plot of the plasma wave electric field
at 330/w, excited by optical mixing. The electric field
reaches a maximum value € = 0.5 at the left-hand boundary.
(b) The electron distribution function at 450/w, showing
electron heating to 11 MeV,



