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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 pulsk gm, 300 fs, 10" W/cm?) 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

With the progress of compact short-pulse multiterawatmeasurements that show an increase of the transmission
laser systems [1], it has become possible to produce MeWith the pulse intensity.
electrons in a plasma as seen in recent experiments with The experiments are performed with the P102 laser
solid targets [2], preformed plasmas [3], or pulsed gasystem [1] at CEA/LV. A creation laser beam is focused
jets [4]. The fast ignitor concept [5], relevant to the in- by a f/6 lens through a random phase plate onto a thin
ertial confinement fusion (ICF), enhances the interest implastic foil (CH 3000 A), 38 above the target normal
this process as well as in laser propagation and channédee Fig. 1). Thd.058 um-750 ps FWHM laser pulse
formation. In an underdense plasma, electrons and iorsas an average intensity §—5) X 10'2 W/cn? (90%
tend to be expelled from the focal spot by the ponderoof 5 J contained in @00 um focal spot). After a time
motive pressure of an intense laser pulse, and the chanmd¢lay, the subpicosecond laser interaction beam is focused
[6,7] can act as a propagation guide for the laser beanwith a f/3 off-axis parabola at normal incidence onto
Depending on the quality of the laser beam, the cumulathe rear side of the heated target. Thi858 wm 300—
tive effects of ponderomotive and relativistic self-focusing500 fs FWHM interaction beam has an energy up to 15 J,
[8] can significantly increase the laser intensity. For thes@an elliptical focal spot of5 X 10 um? containing 20%
laser pulses, the laser electric and magnetic fields reach fegf the laser energy. This leads to a peak intensity of
hundreds of GYm and megagauss, respectively, and thel0'® W/cn?. The rest of the energy is spread over a
electron quiver velocity in the laser field is closed to thelarge area and does not contribute to the high-intensity
light speed. The component of the resulting Lorentz forcenteraction. The intensity contrast ratio between the short
(—ev X B) accelerates electrons in the longitudinal direc-pulse and the background light, including the prepulses,
tion, and energies of several tens of MeV can be achieves 10%:1 up to about 50 ps before the maximum. A
[9]. 3D particle-in-cell (PIC) simulations have also shownprobe beam(53 xm, 1 ps) is fired 10 to 20 ps after the
these features [10]. Besides the direct electron accelerationteraction beam. It is used for transverse shadowgraphy
by the laser fields, the forward Raman scattering instabilityf the plasma. The energy of the intense beam which is
(FRS) can also accelerate electrons to MeV energies in theansmitted through the plasma is collected by 4.3
underdense plasma [4]. The efficiency of the latter procesgptics and focused on a fast photodiode (100 ps rise
strongly depends on the laser intensity [11-13] and on the
density profile of the surrounding medium (hollow channel irobe CH
or weakly perturbed plasma) [12,14,15]. It is thus directly t+AL cam P 3000 A
related to the ability of the short pulse to be transmitted.  Interaction t .

In this Letter, we present direct measurements of MeV ~ beam Creation

. . . . beam
electrons produced by the interaction of an intense subpi-
cosecond laser pulse with an underdense plasma in the rela- Lens —ag——p
. . . 0.5-30 MeV
tivistic regime @/n. = 0.1-0.2, wheren is the electron ; electron
density andh,. is the critical densityp, =~ 10! cm™3 for spectrometer
al wm laser wavelength). We also present shadowgraphs CCD
showing channel formation, and laser pulse transmission FIG. 1. Top view of the experimental setup.
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time). High-energy electrons in the range 0.5—-30 MeVstandard paraxial wave propagation in cylindrical geome-
are measured by a mirror spectrometer [16] and eightry (for details see [18]). The code simulates the propa-
thick silicon diodes at 45from the laser propagation axis gation of a high-intensity laser pulse in a flat underdense
and with an acceptance solid anglesok 10~* sr. The plasma [beginning by a tafd) ramp]. This code includes
electron density profiles are calculated from the creationliffraction and relativistic change of the electron mass. In
laser pulse using the 1D hydrocodeH(vAs) [17]. By  addition, we take into account the self-consistent density
the time the interaction takes place (500-850 ps afteperturbation due to the laser pulse. In the hydrodynamic
the maximum of the creation pulse), the plasma is fullymodel used for this purpose, both ions and electrons are
ionized, the maximum density is approximately equal tomobile, and full nonlinearity of the fluid equations is taken
0.2n, and0.1n., respectively, and the plasma is severalinto account. The thermal pressure is neglected since, at
hundred microns long. These estimates compare favorabtose intensities, the ponderomotive pressure near the laser
with the shadowgraphs at different delays. axis is far above the kinetic pressure. The evolution of the
The channeling, produced by the interaction laser pulsgeak pulse intensity along the propagation axis is presented
is observed on the probe beam shadowgraphs. For the shiotFig. 3 for the same parameters as in Fig.nidn,. =
in Fig. 2, the time delay after the creation beam is 500 ps).2 and/ = 6 X 10'® W/cn? at the vacuum waist posi-
corresponding to a maximum electron density alio2t..  tion). The calculation shows the self-focusing of the laser
Clear diffraction fringes are seen parallel to the interactiorpulse which increases the laser intensity up to a few times
beam path. This is probably caused by a strong optical0** W /cn?, two hundred microns before reaching the fo-
index perturbation due to the plasma depletion under theal position in vacuum. In this code, the plasma density
action of the interaction beam. It is not due to a densityreaches fast and complete cavitation as soon as the pulse
increase on axis since the plasma is already fully ionizedntensity exceeds a few timé8'® W /cn?. We emphasize
The channel is approximatedy) um wide, a few times the that, in order to obtain intensity levels abd@°® W /cn?,
laser focal diameter. This expansion is due to a supersontwoth the initial laser intensity and plasma density have to
radial shock wave propagating between the interactioe sufficiently high (abou?2 x 10'®* W/cn? at the edge
beam and the probe beam [7]. of the interaction zone anth®® W/cm3, respectively).
Since, at these high intensities, the density depletiotJsing these results, the features in Fig. 2 can be better un-
occurs during the interaction, we expect ponderomotivelerstood. The diffraction fringes become stronger along
self-focusing [8] to occur. It could be further enhancedthe path since plasma depletion increases along the laser
by relativistic self-focusing. Indeed, the laser power ispropagation. The strong second harmonic self-emission
far above the critical power=1 TW) [8]. Of course, as due to the interaction beam is also understood to appear at
self-focusing occurs through the plasma, the beam intensitihat location (near the end of the channel) since it is maxi-
increases and strengthens the density depletion as the pulsézed where radial index gradients are maximum.
moves inward. The transmission of the interaction beam through the
To look at the variation of self-focusing with laser in- entire length of the preformed plasma is shown in Fig. 4
tensity and plasma density, we developed a code usinipr a 850 ps delayrmax = 0.1n.). Up to an interaction
beam intensity of4 X 10'® W/cn?, where only one
electron temperature is observed [see Fig. 5(b) discussed
below] and where the simulated self-focusing process

ey
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fringes appears weak, the transmission stays about 5%. At higher
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FIG. 2. Transverse shadowgraph of the plasma 500 ps, after
the creation beam, showing the channeling in the underdendelG. 3. Simulation of Gaussian interaction beam intensity
plasma. Creation beam energy: 4.5 J; interaction beam eralong the propagation axis. Dashed line: vacuum propagation
ergy: 8 J {max = 6 X 10'"® W/cm?), CH 3000 A. The delay (the waist position is at 0); solid line: underdense plasma
between the probe beam and the interaction beam is 10—20 ppropagation. Same parameters as in Fig. 2.
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FIG. 4. Interaction beam transmission in the underdense &
plasma versus intensity. The strong increase in transmission E 100L— i ]
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is correlated with the appearance of a second hot electron
temperature and the consistent calculation of self-focusing. . .
Experimental conditions are creation beam energy about 5 J Kinetic electron energy (MeV)

(Imax = 3.5 X 10> W/cn?), 3000 A CH target. The delay FiG. 5. Electron populations:af Circles= data and solid
between the interaction beam and the creation beam is 850 B$e — fit. The two beams are used with a delay = 500 ps.

(peak density aboul.1n.). The interaction beam intensity igmax =~ 6 X 10'8 W/cn?
(same shot as in Fig. 1).T,; = 1 MeV and T}, = 3 MeV.
(b) Squares= data and dashed line fit. Same under-

. . . . dense plasma conditions buf =3 X 10'"®* W/cn? and
intensities(=5 X 10'® W/cn?), in the conditions where T, = 0.7pMeV. The data are fitted with single or double

two electron temperatures are observed and where th@axwellian distributions.
simulations show both a strong self-focusing up to a few
times10% W /cm? and the formation of a hollow channel, 5 _
transmission increases up to 20%—30%. Such behavid® ¥ = | + 274 By, wherea = &n/n, is the normal-
could be related to channel formation and a weakening df€d amplitude of the electron density perturbatian+ 1
Raman scattering, as discussed below. at wave breaking). In the case of FRS, we obtajn =

The electron energy distribution obtainém the same \/x/(/1 — x — /1 — 2y/x), wherex = n,/n.. To ob-
laser shotas in Fig. 2 is plotted in Fig. 5(a). For electrons tain a maximum energy of 20 MeV (as observed for the
with energies between 0.5 and 5 MeV, the temperature isecond hot temperature) the density has to be lower than
equal to about 1 MeV. Electrons with energies higher/n. ~ 0.07. In the channel, all plasma densities are
than 5 MeV are characterized by a warmer temperaturexplored, making it possible for the FRS instability to
of 3 MeV. The maximum observed energy is 20 MeV.play a significant role. However, for intensities exceed-
In the same plasma conditions, we observe a thresholgig 10'® W /cn? (near our transmission threshold), the
for the observation of the second temperature: Up t@FRS relativistic growth rate is shown to decrease [11,12].
4 X 10" W/cm? (where the transmission is low), only Moreover, in a depressed channel, FRS is either elimi-
one temperature is observed as shown in Fig. 5(b). It inated or greatly reduced [11,14] due to the nonresonant
very interesting to note that 3D PIC simulations [10] with coupling between the laser field and the surface modes, as
similar laser and plasma parameter8'{ W/cn?, 1 um,  already observed in [15] at similar laser intensities. This
n/n. = 0.36) show relativistic self-focusing, channel for- concept is in good agreement with our observations and
mation, and plasma cavitation, leading (i) to the increasgelf-focusing simulations: High intensity and channel for-
of the on-axis laser intensity up X 10°® W/cn? and  mation (i) guide the laser pulse and (i) reduce the FRS,
(i) to accelerated electrons with a hot temperature beteading to a better transmission than at lower intensities.
tween 3 and 5 MeV. The two possible explanations forwe believe that these observations are indeed characteris-
these high-energy electrons are either a direct acceleratiaiz of our high-density/high-intensity channeled propaga-
via the Lorentz force of the enhanced laser intensity in theion regime, and differ somewhat from the low-density/
channel [10,19] or an acceleration in the plasma wavekw-intensity regime observed elsewhere [21]. Further-
generated by FRS in the channel. more, 2D PIC simulations at ultrahigh intensities [19]

The maximum energy gain of an electron accelerated ighow strongly heated electrons, even in the absence of
the plasma wave generated by FRS depends on its phasgnificant FRS.
velocity, e.g., on the density [20]. The maximum en- |n the case of direct electron acceleration by an intense
ergy of an initially slow electron doing a single trip in laser field { = 10*° W/cm?) in vacuum [9], the emission
the plasma wave i€ma = mc?y4y(1 + B4 B), where  angle of the electrons is reduced as the energy gain
Y4 is the relativistic factor of the wave propagating at theincreases. For an electramitially at restand accelerated
phase velocitycBy[ys = 1/(1 — ,83,)1/2]. The maxi- up to 20 MeV, the half-angle of the emission cone is
mum energy of the electron in the wave frameés given  limited to 12, whereas we observe these electrons at
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