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It is demonstrated by experiments and supporting particle simulations that the forward
Raman instability is capable of producing extremely high-energy electrons in an under-
dense plasma. The instability has a high saturation level for the electrostatic wave com-
ponent. Its consequences and applications to the laser electron accelerator and the
laser-fusion pellet preheat are discussed.

PACS numbers: 42.65.Cq, 52.35.Mw, 52.25.ps, 52.60.+ h

Although Raman backscatter has been under ac-
tive investigation lately, ' the Raman forward scat-
tering (RFS) instability has hitherto received rela-
tively little attention. We demonstrate, however,
in this Letter that RFS can dominate backscatter
when the pump is reasonably strong and/or the
electron temperature is high for underdense plas-
mas. Furthermore, extremely relativistic elec-
trons are produced by the nonlinear damping of
the high-phase-velocity electron plasma waves
(EPW) characteristic of the RFS process. In this
Letter we present results from an experiment
which looks directly at forward-emitted electrons
f rom a high-temperature, underdense plasma ir-
radiated by an intense CO, -laser pulse. Relativis-
tic electromagnetic particle simulations of the
experiment indeed confirm that RFS is responsi-
ble for the observed electron acceleration to rela-
tivistic energies.

The role of BFS in ultrahigh-energy electron
generation was investigated experimentally and
checked against particle simulations by using the
same relevant parameters. 130-A-thick, self-
supported carbon foils were irradiated at normal
incidence by intense, v,/c-0. 3, 700-ps full width
at half maximum, CO, -laser pulses. v, =eE,/
m~0 is the quivering velocity in the laser field.
1%-5% of the incident energy was backscattered
and roughly 50%%uo of the incident energy was trans-
mitted by the plasma. Thus it can be assumed
that the foil plasma becomes underdense around
the peak of the laser pulse. The electron temper-
ature of the bulk distribution was deduced from
the slope of the ion spectra, recorded absolutely

by use of Thomson parabolas, to be —20 ke V for
both front and rear expansions. The angular dis-
tribution of the electrons escaping the plasma was
measured with two absolutely calibrated electron
spectrometers in the range 0.4-1.5 MeV.

Figure I shows the absolute electron spectra
measured at 0 = 5' in the forward direction and
0 = 15' in the backward direction from the thin
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FIG. l. Experimental electron energy distributions
in the forward and backward directions. Three different
shots are represented.
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carbon foil plasmas. If a Maxwellian distribution
is assumed then these distributions can be char-
acterized by temperatures of 90-100 keV in the
forward direction and of 40-50 keV in the back-
ward direction. Electrons with energies up to
1.4 MeV were observed in the forward direction.
The highest energy electron emission (& 1 MeV)
was strongly peaked in the direction of the laser.
Electrons up to 400 keV were observed nearly
isotropically, however, probably attributable to
2~~ decay and Raman sidescattering. By integra-
tion over the measured angular distribution, as-
suming azimuthal symmetry, —10" electrons
with energy greater than 400 keV are found to
escape the plasma. Although no direct measure-
ments of the target potential due to this loss of
electrons were made, we note that target poten-
tials of -200 keV have been measured under sim-
ilar irradiance conditions. '

A simple estimate shows that RFS is important
in our experiment. The growth rate for the RFS
process' is given by y = &(U,/c)&u~'/~, and the fi-
nite-length limit on growth is yL/(cv, )'"&1,
where U, =3k~u, '/~~ and L is the interaction
length. Assuming U,/c —0.3, T, —20 keV, and
~~/&u, -0.46, we obtain for L/A —50, y/~, -0.03,
and we have nearly 27 e-folding growths from the
initial noise level. If instead of the resonant
three-wave process we assume induced scattering
by the resonant electrons (stimulated Thomson
scattering) then the growth rate is smaller by a
factor v,/c. For backscatter the growth rates
are comparable to those for the forward scatter
but backscatter suffers much more severe Landau
damping due to the shorter wavelength and the
lower phase velocity of the backward EP W. The
assumption of a homogeneous plasma with L/A.
—50 is reasonable, since we expect the instability
to occur in the density plateau region, separating
the front and the rear expansions. This region
has a density scale length somewhere in between
the focal spot diameter (150 p, m) and the ion
acoustic speed times the pulse-length full width
at half maximum (1000 p, m). ln any case the
depth of focus of the laser beam was —50 wave-
lengths.

Simulations were carried out on the one-dimen-
sional relativistic electromagnetic particle code'
with the periodic boundary conditions where simi-
lar wave setups were used as before. ' The plas-
ma was initially thermal, T, -20 keV, and uni-
form, ~~ /cu, -0.46. The propagating electromag-
netic pulse has vo/c-0. 3. The distribution func-
tion f(p ~~) as well as the electrostatic wave spec-
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FIG. 2. Simulation (under the same conditions as in
Fig. j.) of electron energies (a) at t =250„as well
as (b) the electrostatic mode spectra at t =100~~

tra are displayed in Fig. 2. The temperature and
the maximum electron energy observed in the
simulation distributions were similar to the ex-
perimentally measured values. For instance,
simulations show electrons with (e „)~=1.3
MeV and (Th„)F—100 keV in the forward direction
compared to experimental values (~ „)~-1.4
MeV and (Tz„)~-90-100keV. Similarly, simula-
tions show (~,„)~—0.9 meV and (T»,)~-60 keV
in the backward direction compared to experimen-
tal values of (&,„)~-0.8 MeV and (Tq„)~-40-50
keV. In view of the possible influence of the tar-
get potential on the experimentally measured elec-
tron distributions, this rather excellent agree-
ment between the experiment and the simulations
may be rather fortuitous, particularly for the
maximum electron energy, unless the target po-
tential was indeed much smaller than & „.The
electrostatic wave spectrum [Fig. 2(b)] shows
that the backscatter mode 0, (which grows initial-
ly) is swamped by other modes with a smaller
wave number, the most intense of which is the
plasma wave associated with forward scatter,
k~. In addition, there are some wave numbers
which are less than A~.

' Thus the heated electron
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distributions obtained by the experiment and the
simulations agree well with most of the electron
heating due to the BFS process (and/or multiple
RFS' processes since repeated k matching is pos-
sible only for the RFS process), but is not so
much due to the backward process.

The reason why the backscattering is sup-
pressed is the following: When the backscatter-
ing EPW is excited, heavy Landau damping or
electron trapping by this EPW saturates it at a
low level thus limiting the backscattering to a
small value. The phase velocity of the backscat-
tering EPW is v~ =& ~~/k, which for this case is
- 1.6v, . Thus this wave is heavily Landau damped
to begin with and as it grows in amplitude, more
and more particles will be trapped by it and the
damping will grow. The trapping width' is given
approximately by LV, = (2eE~&v~/mId~)"', where
E Ep~ is the electric field for the plasma wave.
The condition that a large number of electrons
are trapped is given" by v~ —Av I

~ 2v, —= 2(T,/~)"'. The maximum electrostatic wave intensity
is obtained for a cold plasma by setting e, = 0.
This gives for the saturation amplitude E~~ for
the longitudinal wave as (eE pp~/ll2(d&) =v~/2. For
our case, the phase velocity is O(v, ) and we ex-
pect little growth; in any case, the saturation in-

tensity for a cold plasma is less than 6')II of the
light waves. In addition the two-plasmon-decay
instability would also saturate at a low level even
if z~, were chosen to be 2(d~ because strong Landau
damping sets in much earlier for 2+~ decay than
it does for the forward Raman process. The RFS
process appears to be the last parametric proc-
ess to saturate in this hot underdense plasma. In
fact it can be argued that it will saturate only
when the original electromagnetic wave has com-
pletely cascaded by multiple RFS to waves near
M o —(dp.

Quite clearly, relativistic-energy electron pro-
duction by RFS is a phenomenon of possibly great
importance to a number of fields: laser fusion,
laser electron accelerator, ' cascade plasma heat-
ing of solenoid plasmas, ' traveling-wave pump
for x-ray lasers, and trident-pair production in
laser plasmas, to name a few. For very intense
laser irradiation of a large underdense plasma of
a laser-fusion pellet, relativistic electrons pro-
duced by RFS may penetrate and preheat any rea-
sonable amount of shielding around the D-T fuel.
However, in most applications (e.g. , the laser
electron accelerator) a narrow-divergence,
small-energy-spread electron beam is desired.
This can be achieved by injecting two parallel la-
ser beams ~„k,and cu„k,in the underdense
plasma with the condition ~~~ =~, —~,. In this
case, optical mixing" can generate an EPW at
k~ = k, —k, with phase velocity nearly equal to the
group velocity of the light waves.

We have also simulated this process using the
parameters w, =4.29&~, u, = 3.29~~, and each
beam amplitude v,. =eE;/mes; =c (i=0 or 1). Fig-
ure 3 shows the phase space of electrons acceler-
ated by the beat wave kp= ~~/c. High-energy
electrons are seen in every ridge of each wave-
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FIG. 3. Photon beat acceleration by two beams (('p,
kp) and (~~, k~). (a) The electron phase space (x, p, ) at
t =240& . The maximum &11 for electrons is 85 in
this case. (b) The logarithm of the electron distribution
function at t =135~
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FIG. 4. The electromagnetic energy distribution as
a function of mode numbers. Pumps &p and +~ are in-
dicated by arrows. (a) t =142.5&, (b) t =240~~
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length of the resonantly excited EPW. In this
case the parameters are v, = i~pa, c=10~p~, the
system length 10246., and 10240 particles, with
6 being the grid spacing. The maximum electron
energy reached was 85~a', which is a little high-
er than the theoretical value of e,„-2mc(m,/
&u~)'. One reason for this discrepancy may be that
we now have two intense electromagnetic waves
so that magnetic acceleration associated with v,
&B, and v, &B, also begins to play a role. " The
distribution function f (y ~~) is shown in Fig. 3(b),
exhibiting intense main body heating as well as an
extremely energetic tail. Figures 4(a) and 4(b)
show the electromagnetic energy spectra of the
system at two different times. At the earlier
time the originally two-peaked structure at k,
and k, already shows a downward cascade, while
some small amount of energy is up-converted.
The spectrum is sharply peaked at a particular
discrete wave number k ko nkp where n is an
integer. The spectral density S(k, cu) (not dis-
played here) for the electrostatic component
shows no significant energy in any frequency at
the backscattered wave numbers k, = 1.77k, or
1.3k,. This strongly suggests that all possible
backscattering processes are suppressed or sat-
urated at a very low level in our present problem.
The electrostatic spectral density S(k, co) at the
resonant plasma wave number k =kp is very in-
tense with some energy at the multiple harmon-
ics k =nkp. All these observations confirm that
the downward photon cascade is due to the multi-
ple forward Raman scattering.

In conclusion, experimental results and com-
puter simulations presented in this Letter demon-
strate that RFS is capable of producing extreme-
ly relativistic-energy electrons in hot, under-
dense plasmas. This instability may be an im-
portant source of preheat-causing electrons in
long-pulse laser-fusion experiments. On the oth-
er hand, it makes the two-beam-beat laser elec-
tron accelerator attractive.
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