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Time-Resolved Observation of Ultrahigh Intensity L aser-Produced Electron Jets
Propagating through Transparent Solid Tar gets
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We report on shadowgraphic measurements showing the first space- and time-resolved snapshots of
ultraintense laser pulse-generated fast electrons propagating through a solid target. A remarkable result
is the formation of highly collimated jets<20-ux.m) traveling at the velocity of light and extending up
to 1 mm. This feature clearly indicates a magnetically assisted regime of electron transport, of critical
interest for the fast ignitor scheme. Along with these jets, we detect a slewet2] and broader (up
to 1 mm) ionization front consistent with collisional hot electron energy transport.

PACS numbers: 52.35.—g, 52.40.—w, 52.60.+h

The fast ignitor scheme, which claims to relax some ofenhanced electron energy deposition at the target/vacuum
the constraints hampering the standard approaches to inenterface [6]. This effect has also been detected in other
tial confinement fusion, has triggered a worldwide interesexperiments [7]. Though very encouraging, these studies
since its inception [1]. It hinges on the rapid additionalstill provide an incomplete experimental picture of the phe-
heating of the core of a precompressed thermonuclear patomena arising in the bulk of the target.
let due to the slowing down of a bunch of relativistic Inthe present paper, we report on optical shadowgraphic
electrons generated by an ultraintense laser pulse. Nowesults showing what is, to our knowledge, the first com-
the highly overcritical plasma surrounding the core shoulgrehensive set of space- and time-resolved snapshots of
prevent any laser pulse from reaching it, whatever highfast electrons propagating through a solid target. In order
intensity penetration mechanisms are at work (relativisto bypass the classical limitation of optical probing into
tic self-induced transparency [2] or ponderomotive holean overcritical solid target, we use transparent glass slides.
boring [3]). An encouraging point is that particle-in-cell Our measurements pinpoint the existence of two types of
simulations predict a rather peaked hot electron distribufast electron propagation occurring simultaneously. First,
tion in the vicinity of the laser-solid interaction zone [4]. a flament-shaped structure is clearly evidenced on a sev-
However, an efficient heating of the core requires the eleceral hundred-micron scale length. As has been stressed
tron beam to remain collimated up to its final absorptionabove, this is the long-awaited confirmation of a feature
zone, i.e., on a distance of several hundreds of microngarticularly critical for the fast ignition. Along with this
This can be achieved only through the pinching effect ofcollimated jet, a more standard collisional propagation is
the beam-driven magnetic field competing with multiple seen to take place. The purpose of this paper is to set the
scattering. Therefore, fast electron transport from modexperimental basis for a numerical modeling that will be
erately to extremely dense regions appears as a key issdeveloped in a future publication.
for the success of fast ignition, which must be thoroughly The experiment was performed with the new LULI
tackled both experimentally and theoretically. 100 TW laser based on chirped pulse amplification. A

Over the past year, there has been a growing body @50 fs, 0.53-um laser pulse with an energy up to 10 J
experimental evidence pointing to the existence of verywas focused by & /3 off-axis parabola at normal inci-
collimated high intensity laser-produced electron jets travdence onto thé00-um-wide edge of a fused silica plate
eling through solid targets. Tataraldsal. have recently as shown in Fig. 1. Low-energy equivalent-plane mea-
observed a narrow expanding plasma at the rear surface sfirements showed & xm full width at half maximum
thick plastic slabs irradiated by a 1 p€)'® W/cn? laser (FWHM) focal spot. Pinhole imaging of the x-ray emis-
pulse [5]. By using a 2D Fokker-Planck hybrid code, theysion (<1.5 keV) monitored the focal spot size for each
interpreted this localized rear heating as a magnetic fieldfull-energy shot. With a5-um aperture and a&0-um
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FIG. 1. Experimental setup.

Al filter, an average 8-um FWHM focal spot was ob-
tained. From K, measurements on multilayered targets
performed during the same experimental runs and show-
ing an average hot electron temperature of 400 keV, we
can estimate an incident laser intensity of the order of
10" W/cm? [8]. The regime considered here is there-
fore moderately relativistic.

In order to cope with the sensitivity of the silica plate
to any prepulse that might either propagate unaltered if
below the damage threshold or create a plasma that one
might wrongly construe as a fast electron-induced ioniza-
tion, each target was coated with a 10-um Al foil. This
is enough to prevent any transmission of the laser light.
Moreover, frequency doubling of the laser beam alows a
contrast ratio better than 10'°:1 in the frequency doubled
beam. The use of four dichroic mirrors located between
the potassium dihydrogen phosphate crystal and the target
decreases the level of a nonconverted 1.057-um pulse by
afactor of 108.

A probe beam uses a small energy fraction of the non-
converted interaction beam. After compression, this short
pulse allows a 2D transverse imaging of the backlit target
on a 1.057-um-filtered charge coupled device (CCD) de-
tector, with spatial and time resolutions, respectively, of
the order of 5 wm and 600 fs. The region that has been

vacuum—>

ﬁmam beam

FIG. 2. Shadowgraphic images of the silica target at three times, (a) 1.2 ps, (b) 2.2 ps, and (c) 3 ps after the interaction pulse.
Note that in (a) the fringes inside the cloud are an artifact of the image subtraction process (the diffraction pattern at the target edge
being present only in the reference image).
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ionized up to afraction of the critical density of 1.057-um
light becomes opague to the probe. By varying the time
delay between the probe and the main beam, we are able
to analyze the ionization dynamics occurring within the
glassslab. The very high contrast of the interaction beam
was confirmed by the lack of any preplasma absorption
for negative time delays between the probe and the main
pulse.

The shadowgraphic images of the target at three succes-
sive times are presented in Fig. 2. The first picture (see
Fig. 2a) istaken 1.2 ps after the interaction pulse. In or-
der to enhance the contrast of this particular image, we
subtracted from it the image of the unperturbed target in
the presence of the probe beam alone. Thus, we can clearly
see two narrow (=20-um), 350-um-long jets originating
from the focal spot. Their length corresponds to avelocity
very closeto the velocity of light. Also visible, if less sur-
prising, is the shape of a roughly isotropic cloud centered
on the focal spot, and extending up to 180 um. Thisfea
ture becomes even more conspicuous on the two following
images recorded, respectively, at 2.2 and 3 ps. The extent
of the cloud front is plotted as a function of timein Fig. 3.
By fitting aline to this plot, we infer an expansion velocity
of the order of 1.6 X 10'° cm/s. This velocity exceeds
by more than 1 order of magnitude the velocities charac-
terizing electron thermal conduction [9] or radiation driven
thermal transport, as has been recently reported with a
similar diagnostic but at lower intensities [10].

Given the 10-um Al coating and the high contrast ratio
of the laser pulse, we can arguably rule out the presence of
any laser light within the target and thus assume that the
only processes to be looked upon are due to fast electrons
or hard x rays. The latter may be split up into two groups:
the thermal emission at thetarget Al surface dueto the laser
heating itself and the discrete (mostly K, ) and continuous
(bremsstrahlung) x-ray generation by the fast electrons
either in the Al foil or the silicaslide. The 1D hydro code
MULTI [11] was used to model the transport of the laser-
generated photons. The MULTI simulations reproduced
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FIG. 3. Cloud front penetration as a function of time: mea
sured values (circles), linear fit of the experimental values
(dashed line), simulation with 1 J total energy and 200 keV
Maxwellian temperature (down triangles), with 100 keV Max-
wellian temperature (squares), and with 70 keV Maxwellian
temperature (up triangles).

the measured ionization front velocity over the first two
picoseconds. Y et, the radiative scenario was dismissed by
a series of shots on targets comprising a 200-um vacuum
gap that allowed the regions of generation and transport of
the electrons to be separated. We found that the presence
of vacuum dramatically affects the energy transport into
silica, as exhibited in Fig. 4. These two images were
recorded 6 ps after the interaction beam: on theleft, that is,
with the standard Al/SiO, target, alarge (=1 mm) cloud
isseen, aswell asmany jets. Ontheright, that is, with the
200-um vacuum gap, we cannot see any ionized structure
into the transparent region. This demonstrates, first, that
the bulk of the electrons are stopped in vacuum owing to
space-charge or magnetic field effects, and, second, that the
ionized features are not of radiative nature, the vacuum gap
being no obstacle for the x rays.

We modeled the cloud propagation using anew 3D elec-
tron transport code (PARIS) whose devel opment is currently
under way [12]. Derived from the hybrid scheme pre-
sented by Davies et al. [13], it aims at modeling both the

-
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FIG. 4. Shadowgraphic images taken 6 ps after interaction of
the main pulse with (left) a standard target and (right) a target
comprising a 200-um vacuum gap.

effects of collisions (i.e., multiple scattering and slowing
down) and self-generated magnetic fields. The very shape
of the cloud suggests amainly collisional regime of propa-
gation, which is supported by PARIS simulations where we
switched off the electromagnetic fields. The energy loss
due to the free and bound electrons of the plasma is cal-
culated over each time step in the continuous deceleration
approximation according to the Bethe-Bloch cross section
[14]. The contribution of the excitation of the plasma os-
cillations is accounted for by means of the Pines-Bohm
formula [15]. The multiple scattering is described using
the Moliere distribution [16]. To estimate the temperature
increase and the ionization rate into silica, we took advan-
tage of the scaling laws given by Vu et al. [17]. Asanin-
put, 1D relativistic Maxwellian electron distributions, with
atotal energy of 1 J (inferred from the K, measurements
showing a 10% conversion efficiency of laser energy into
fast electrons [18]) and a temperature varying from 70 to
200 keV, were injected over 300 fs into silica. Given a
simulated temperature map (see Fig. 5) and Vu's formula,
we performed ray-tracing calculations in the resulting in-
homogeneous electronic density profile so as to determine
the boundary of the region opaque to the probe beam and
better the comparison with the experimental pictures. We
found that it corresponds to the 0.2 eV frontier, indicated
by the solid line in Fig. 5. As a result, the cloud pene-
tration velocity was well reproduced by this purely col-
lisional model, the best fit being obtained for a 200 keV
hot temperature. For dlightly later times that were still
attainable with our simulations, the numerical results (see
Fig. 3) seem to reach a plateau, contrary to the quite mo-
notonous experimental trend. We attribute this discrep-
ancy to the absence in our code of some mechanisms as
electrical breakdown or the secondary electron generation
which may ease the expansion of the ionized region.

The observation of filamented hot el ectron structures ob-
viously pointsto the role of self-generated magnetic fields.
It has long been known that the interplay of magnetic fo-
cusing and collisionless pressure effects may result in a
self-guiding regime in tenuous plasmas [19]. In the case
of solid-density targets, the first numerical predictions of
such large-scale (up to 250-um) collimated transport were
obtained by Davies et al. [6,13], abeit they only consid-
ered preionized, and therefore low-resistivity, media. In-
deed, we might expect an important suprathermal transport
inhibition due to the initial insulator resistivity of silica
Fortunately, as shown in preliminary short-scale PARIS
simulations in high-resistivity matter (5 =~ 1072 Q m),
the electrostatic field generated in the very first femto-
seconds of the interaction reaches peak values far higher
than the breskdown field in silica (E, ~ 10® V/cm) [20].
Thus, the insulator resistivity of cold silica will rapidly
not apply. Besides a fast decrease in the electrostatic in-
hibition, the insulator/plasma transition allows an impor-
tant fast current neutralization by a cold return current.
This process is particularly crucial for a stable magnetic
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FIG. 5. Log of the simulated temperature increase in silica for a 1 J, 200 keV Maxwellian distribution of electrons emitted in
300 fs. Only collisional processes are taken into account. The solid line corresponds to the 0.2 eV boundary.

field-assisted regime, since the incident fast current largely
exceeds the well-known Alfvén limit [21].

The presence of several jets may be attributed to dif-
ferent breakup instabilities taking place al aong the hot
beam'’s path. In the laser-heated zone, where the distinc-
tion between fast and return currents is somewhat blurred,
the Weibel instability givesrise to afilamented pattern be-
fore subsequent coalescing of the trapping regions [4,22].
Deeper into the target, other instabilities due to the resis-
tive medium response may then take place as filamentation
[21], or Haines' electrothermal instability [23].

In summary, we experimentally confirmed the ability of
relativistic laser-pul se-produced fast el ectrons to propagate
over long distances into solid-density targets. Along with
this dramatic feature, another regime of ultrafast energy
transport, seemingly related to collisional electron propa-
gation, has been observed. Among the fast ignitor-related
issues that remain to be addressed is an explanation for this
dual electron behavior and an assessment of the dominant
process as regards the heating efficiency.
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