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Suprathermal Electron Generation and Channel Formation by an Ultrarelativistic Laser Pulse
in an Underdense Preformed Plasma
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Relativistic electrons are produced, with energies up to 20 MeV, by the interaction of a high-intensity
subpicosecond laser pulse (1 mm, 300 fs, 1019 Wycm2) with an underdense plasma. Two suprathermal
electron populations appear with temperatures of 1 and 3 MeV. In the same conditions, the laser
beam transmission is increased up to 20%–30%. We observe both features along with the evidence
of laser pulse channeling. A fluid model predicts a strong self-focusing of the pulse. Acceleration in
the enhanced laser field seems the most likely mechanism leading to the second electron population.
[S0031-9007(97)03893-3]

PACS numbers: 52.40.Nk, 52.25.Rv, 52.50.Jm, 52.70.Kz
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With the progress of compact short-pulse multiterawa
laser systems [1], it has become possible to produce M
electrons in a plasma as seen in recent experiments w
solid targets [2], preformed plasmas [3], or pulsed ga
jets [4]. The fast ignitor concept [5], relevant to the in
ertial confinement fusion (ICF), enhances the interest
this process as well as in laser propagation and chan
formation. In an underdense plasma, electrons and io
tend to be expelled from the focal spot by the ponder
motive pressure of an intense laser pulse, and the chan
[6,7] can act as a propagation guide for the laser bea
Depending on the quality of the laser beam, the cumu
tive effects of ponderomotive and relativistic self-focusin
[8] can significantly increase the laser intensity. For the
laser pulses, the laser electric and magnetic fields reach
hundreds of GVym and megagauss, respectively, and th
electron quiver velocity in the laser field is closed to th
light speed. The component of the resulting Lorentz forc
s2ev 3 Bd accelerates electrons in the longitudinal direc
tion, and energies of several tens of MeV can be achiev
[9]. 3D particle-in-cell (PIC) simulations have also show
these features [10]. Besides the direct electron accelerat
by the laser fields, the forward Raman scattering instabil
(FRS) can also accelerate electrons to MeV energies in
underdense plasma [4]. The efficiency of the latter proce
strongly depends on the laser intensity [11–13] and on t
density profile of the surrounding medium (hollow channe
or weakly perturbed plasma) [12,14,15]. It is thus direct
related to the ability of the short pulse to be transmitted

In this Letter, we present direct measurements of Me
electrons produced by the interaction of an intense sub
cosecond laser pulse with an underdense plasma in the r
tivistic regime (nync ø 0.1 0.2, wheren is the electron
density andnc is the critical density,nc ø 1021 cm23 for
a1 mm laser wavelength). We also present shadowgrap
showing channel formation, and laser pulse transmissi
0031-9007y97y79(11)y2053(4)$10.00
tt
V
ith
s

-
in
nel
ns

o-
nel
m.
a-
g
e

ew
e
e
e
-
ed

ion
ty
the
ss
he
l

y

V
pi-
ela-

hs
on

measurements that show an increase of the transmiss
with the pulse intensity.

The experiments are performed with the P102 las
system [1] at CEA/LV. A creation laser beam is focuse
by a fy6 lens through a random phase plate onto a th
plastic foil (CH 3000 Å), 35± above the target normal
(see Fig. 1). The1.058 mm 750 ps FWHM laser pulse
has an average intensity ofs3 5d 3 1012 Wycm2 (90%
of 5 J contained in a400 mm focal spot). After a time
delay, the subpicosecond laser interaction beam is focus
with a fy3 off-axis parabola at normal incidence onto
the rear side of the heated target. This1.058 mm 300–
500 fs FWHM interaction beam has an energy up to 15
an elliptical focal spot of5 3 10 mm2 containing 20%
of the laser energy. This leads to a peak intensity o
1019 Wycm2. The rest of the energy is spread over a
large area and does not contribute to the high-intensi
interaction. The intensity contrast ratio between the sho
pulse and the background light, including the prepulse
is 108:1 up to about 50 ps before the maximum. A
probe beam (0.53 mm, 1 ps) is fired 10 to 20 ps after the
interaction beam. It is used for transverse shadowgrap
of the plasma. The energy of the intense beam which
transmitted through the plasma is collected by afy1.3
optics and focused on a fast photodiode (100 ps ris

FIG. 1. Top view of the experimental setup.
© 1997 The American Physical Society 2053
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time). High-energy electrons in the range 0.5–30 Me
are measured by a mirror spectrometer [16] and eig
thick silicon diodes at 45± from the laser propagation axis
and with an acceptance solid angle of5 3 1024 sr. The
electron density profiles are calculated from the creatio
laser pulse using the 1D hydrocode (CHIVAS) [17]. By
the time the interaction takes place (500–850 ps aft
the maximum of the creation pulse), the plasma is ful
ionized, the maximum density is approximately equal
0.2nc and 0.1nc, respectively, and the plasma is severa
hundred microns long. These estimates compare favora
with the shadowgraphs at different delays.

The channeling, produced by the interaction laser puls
is observed on the probe beam shadowgraphs. For the s
in Fig. 2, the time delay after the creation beam is 500 p
corresponding to a maximum electron density about0.2nc.
Clear diffraction fringes are seen parallel to the interactio
beam path. This is probably caused by a strong optic
index perturbation due to the plasma depletion under t
action of the interaction beam. It is not due to a densi
increase on axis since the plasma is already fully ionize
The channel is approximately40 mm wide, a few times the
laser focal diameter. This expansion is due to a superso
radial shock wave propagating between the interacti
beam and the probe beam [7].

Since, at these high intensities, the density depleti
occurs during the interaction, we expect ponderomoti
self-focusing [8] to occur. It could be further enhance
by relativistic self-focusing. Indeed, the laser power
far above the critical powersø1 TWd [8]. Of course, as
self-focusing occurs through the plasma, the beam intens
increases and strengthens the density depletion as the p
moves inward.

To look at the variation of self-focusing with laser in-
tensity and plasma density, we developed a code us

FIG. 2. Transverse shadowgraph of the plasma 500 ps, a
the creation beam, showing the channeling in the underden
plasma. Creation beam energy: 4.5 J; interaction beam
ergy: 8 J (Imax ø 6 3 1018 Wycm2), CH 3000 Å. The delay
between the probe beam and the interaction beam is 10–20
2054
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standard paraxial wave propagation in cylindrical geom
try (for details see [18]). The code simulates the prop
gation of a high-intensity laser pulse in a flat underden
plasma [beginning by a tanhszd ramp]. This code includes
diffraction and relativistic change of the electron mass.
addition, we take into account the self-consistent dens
perturbation due to the laser pulse. In the hydrodynam
model used for this purpose, both ions and electrons
mobile, and full nonlinearity of the fluid equations is take
into account. The thermal pressure is neglected since
those intensities, the ponderomotive pressure near the l
axis is far above the kinetic pressure. The evolution of t
peak pulse intensity along the propagation axis is presen
in Fig. 3 for the same parameters as in Fig. 2 (nync 
0.2 andI  6 3 1018 Wycm2 at the vacuum waist posi-
tion). The calculation shows the self-focusing of the las
pulse which increases the laser intensity up to a few tim
1020 Wycm2, two hundred microns before reaching the f
cal position in vacuum. In this code, the plasma dens
reaches fast and complete cavitation as soon as the p
intensity exceeds a few times1019 Wycm2. We emphasize
that, in order to obtain intensity levels about1020 Wycm2,
both the initial laser intensity and plasma density have
be sufficiently high (about2 3 1018 Wycm2 at the edge
of the interaction zone and1020 Wycm23, respectively).
Using these results, the features in Fig. 2 can be better
derstood. The diffraction fringes become stronger alo
the path since plasma depletion increases along the l
propagation. The strong second harmonic self-emiss
due to the interaction beam is also understood to appea
that location (near the end of the channel) since it is ma
mized where radial index gradients are maximum.

The transmission of the interaction beam through t
entire length of the preformed plasma is shown in Fig
for a 850 ps delay (nmax ø 0.1nc). Up to an interaction
beam intensity of4 3 1018 Wycm2, where only one
electron temperature is observed [see Fig. 5(b) discus
below] and where the simulated self-focusing proce
appears weak, the transmission stays about 5%. At hig

FIG. 3. Simulation of Gaussian interaction beam intens
along the propagation axis. Dashed line: vacuum propaga
(the waist position is at 0); solid line: underdense plasm
propagation. Same parameters as in Fig. 2.
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FIG. 4. Interaction beam transmission in the underden
plasma versus intensity. The strong increase in transmiss
is correlated with the appearance of a second hot elect
temperature and the consistent calculation of self-focusin
Experimental conditions are creation beam energy about
(Imax ø 3.5 3 1012 Wycm2), 3000 Å CH target. The delay
between the interaction beam and the creation beam is 850
(peak density about0.1nc).

intensitiess$5 3 1018 Wycm2d, in the conditions where
two electron temperatures are observed and where
simulations show both a strong self-focusing up to a fe
times1020 Wycm2 and the formation of a hollow channel
transmission increases up to 20%–30%. Such behav
could be related to channel formation and a weakening
Raman scattering, as discussed below.

The electron energy distribution obtainedfor the same
laser shotas in Fig. 2 is plotted in Fig. 5(a). For electron
with energies between 0.5 and 5 MeV, the temperature
equal to about 1 MeV. Electrons with energies high
than 5 MeV are characterized by a warmer temperatu
of 3 MeV. The maximum observed energy is 20 MeV
In the same plasma conditions, we observe a thresh
for the observation of the second temperature: Up
4 3 1018 Wycm2 (where the transmission is low), only
one temperature is observed as shown in Fig. 5(b). It
very interesting to note that 3D PIC simulations [10] wit
similar laser and plasma parameters (1019 Wycm2, 1 mm,
nync  0.36) show relativistic self-focusing, channel for
mation, and plasma cavitation, leading (i) to the increa
of the on-axis laser intensity up to2 3 1020 Wycm2 and
(ii) to accelerated electrons with a hot temperature b
tween 3 and 5 MeV. The two possible explanations f
these high-energy electrons are either a direct accelera
via the Lorentz force of the enhanced laser intensity in t
channel [10,19] or an acceleration in the plasma wav
generated by FRS in the channel.

The maximum energy gain of an electron accelerated
the plasma wave generated by FRS depends on its ph
velocity, e.g., on the density [20]. The maximum en
ergy of an initially slow electron doing a single trip in
the plasma wave isEmax  mc2gfgs1 1 bfbd, where
gf is the relativistic factor of the wave propagating at th
phase velocitycbffgf  1ys1 2 b

2
fd1y2g. The maxi-

mum energy of the electron in the wave frameg is given
se
ion
ron
g.

5 J

ps

the
w
,
ior
of

s
is

er
re
.

old
to

is
h

-
se

e-
or
tion
he
es

in
ase
-

e

FIG. 5. Electron populations: (a) Circles data and solid
line  fit. The two beams are used with a delayDt  500 ps.
The interaction beam intensity isImax ø 6 3 1018 Wycm2

(same shot as in Fig. 1).Th1 ø 1 MeV and Th2 ø 3 MeV.
(b) Squares data and dashed line fit. Same under-
dense plasma conditions butI ø 3 3 1018 Wycm2 and
Th ø 0.7 MeV. The data are fitted with single or double
Maxwellian distributions.

by g  1 1 2gfb
2
fa, wherea  dnyne is the normal-

ized amplitude of the electron density perturbation (a , 1
at wave breaking). In the case of FRS, we obtainbf p

xys
p

1 2 x 2

q
1 2 2

p
x d, wherex  neync. To ob-

tain a maximum energy of 20 MeV (as observed for th
second hot temperature) the density has to be lower th
nync , 0.07. In the channel, all plasma densities ar
explored, making it possible for the FRS instability t
play a significant role. However, for intensities excee
ing 1018 Wycm2 (near our transmission threshold), th
FRS relativistic growth rate is shown to decrease [11,1
Moreover, in a depressed channel, FRS is either elim
nated or greatly reduced [11,14] due to the nonreson
coupling between the laser field and the surface modes
already observed in [15] at similar laser intensities. Th
concept is in good agreement with our observations a
self-focusing simulations: High intensity and channel fo
mation (i) guide the laser pulse and (ii) reduce the FR
leading to a better transmission than at lower intensitie
We believe that these observations are indeed characte
tic of our high-density/high-intensity channeled propag
tion regime, and differ somewhat from the low-density
low-intensity regime observed elsewhere [21]. Furthe
more, 2D PIC simulations at ultrahigh intensities [19
show strongly heated electrons, even in the absence
significant FRS.

In the case of direct electron acceleration by an inten
laser field (I ø 1020 Wycm2) in vacuum [9], the emission
angle of the electrons is reduced as the energy g
increases. For an electroninitially at rest and accelerated
up to 20 MeV, the half-angle of the emission cone
limited to 12±, whereas we observe these electrons
2055
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45±. However, electrons with an initial kinetic energy
can cross the accelerating laser field at an angle and
ejected this way. Furthermore, electrostatic interactions
strong toroidal self-generated magnetic fields [10] due
the accelerated on-axis electrons [7] can curve the electr
trajectories and modify the ejection angles.

For the electrons with energies up to 5 MeV (first ho
temperature) accelerated by plasma wave breaking, a
using the previous formula forEmax, we see thatnync has
to be lower than 0.18. This corresponds to our plasm
conditions at the time when the interaction takes place. F
large delayss.800 psd, i.e., whennync , 10% and when
the plasma is longer, the warmer population disappea
This is in agreement with our calculations which show
that the self-focusing process is less efficient at low plasm
densities.

In summary, we observe in the interaction of a relativis
tic short laser pulse with a preformed underdense plasm
for the first time, two hot electron populations and en
hanced transmission. These observations are successf
modeled by simulations of channeling and self-focusing
the laser pulse. Similar features have already been sim
lated using a 3D PIC code in the same conditions as ou
[10]. Since the short pulse transmission increases with t
intensity, the FRS instability may not play a significant rol
in the formed channel. Therefore, the increasing laser fie
seems to be the most likely mechanism to lead to su
electron acceleration. These results are of great inter
in the context of the fast ignitor concept since (i) the for
mation of a channel facilitates the laser pulse propagati
through the corona of the ICF targets, (ii) the high trans
mission rate means propagation without significant ener
loss, and (iii) MeV electrons are required to produce th
hot spot in the compressed fuel.
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