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The transport of an intense electron beam produced by ultrahigh intensity laser pulses through metals
and insulators has been studied by high resolution imaging of the optical emission from the targets. In
metals, the emission is mainly due to coherent transition radiation, while in plastic, it is due to the
Cerenkov effect and it is orders of magnitude larger. It is also observed that in the case of insulators the
fast-electron beam undergoes strong filamentation and the number of filaments increases with the target
thickness. This filamented behavior in insulators is due to the instability of the ionization front related to
the electric field ionization process. The filamentary structures characteristic growth rate and character-
istic transversal scale are in agreement with analytical predictions.
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The understanding of the transport of fast electrons
through dense matter is of crucial importance for both
the fast ignition (FI) scheme of the inertial confinement
fusion and the optimization of laser-driven proton sources
[1]. In the FI concept, the ignition of a precompressed
pellet containing the fusion fuel is initiated by laser-
produced electrons with energies in the MeV range [2]. It
is crucial for this scheme that the energy of the ignitor laser
be efficiently converted into an intense electron beam that
can propagate through the high density overcritical plasma
and initiate the thermonuclear burn in the core [3]. The
transport of the electrons to the precompressed core in-
volves currents of the order of 100—1000 MA which largely
exceeds the Alfvén limit. Their propagation is possible
only if return currents formed by the background electrons
of the material balance the incoming fast-electron current
and cancel the charge separation. However, under these
conditions (two counterstreaming intense currents), kinetic
instabilities such as two-stream or Weibel-like instabilities
[4,5] may develop and particle-in-cell simulations predict
that the transport of the relativistic electron beam leads to
filamentation.

In this context, a number of experiments investigating
the propagation and filamentation of laser-produced rela-
tivistic electron beams have been performed using metal
and plastic foils, foam targets, and glass slabs [6—9].

Filamentary structures have been reported in [8], but
their observation was very indirect, far from the target,
where propagation and filamentation take place. The fila-
ments and electron jets have been directly observed in
[6,10] but only in insulator targets. From these data, it is
not possible to conclude whether the filamentation is due to
a volumic mechanism (like two-stream or Weibel instabil-
ity) or whether it is connected to the ionization instability
taking place at the electron beam front. Moreover, no
parametric study has been performed by systematically
changing target and/or laser parameters.
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In insulators, the charge separation at the edge of the
propagating intense electron beam produces a strong elec-
trostatic field [11,12], which very rapidly ionizes the ma-
terial. Free electrons are then set in motion and they
establish a return current. Thus, effectively, the bulk of
the fast-electron beam propagates in a dense plasma, the
conductivity of which is only marginally different from the
conductivity of a metal. However, according to [13], the
ionization front becomes unstable because its velocity
increases with the electron beam local density. This enhan-
ces small corrugations of the ionization front which grow
in time. Therefore, if the Weibel instability is the dominant
filamentation process, it should act in a similar way in
insulators and conductors. On the contrary, a ionization
instability takes place only at the fast beam edge (ioniza-
tion front) during the electron beam propagation through
an insulator.

Another important point is the detection of such insta-
bilities. Recently, optical transition radiation (OTR) and
coherent transition radiation (CTR) diagnostics have been
largely used for direct observation of fast-electron trans-
port [9,14-16]. However, in transparent dielectrics one
should also take into account Cerenkov emission [17].
Cerenkov light can be emitted by fast electrons from the
ionization front only, because the ionized plasma is not
transparent and it has a smvall refraction index n < 1. Thus,
a diagnostic based on Cerenkov emission is naturally
adapted for detecting ionization instabilities in dielectrics.

In this Letter, we present a detailed study of fast-electron
propagation through insulators and conductors, performed
by using the target rear side optical radiation as a diag-
nostic tool. We show that in the case of plastic targets the
optical emission is several orders of magnitude greater than
in metals. The target rear side emission has been imaged
with high spatial resolution, clearly demonstrating a uni-
form fast-electron propagation in conductors and a beam
filamentation in dielectrics. The transverse scale length and
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the growth rate of this instability are in good agreement
with analytical predictions based on a model of electric
field ionization and ionization front instability.

The experiment was performed on the “salle jaune”
Ti:Sapphire laser at Laboratoire d’Optique Appliquée
(LOA), which operates in the chirped-pulse amplification
mode at the wavelength of 815 nm [18]. The laser delivers
40 fs (FWHM) pulses with on-target energies up to 0.7 J.
The laser beam was focused with a f/5 off-axis parabolic
mirror at normal incidence onto thin foils of aluminum (Al)
or plastic (CH) with thicknesses ranging from 10 to
100 pwm. The waist of the focal spot was 6 pwm, resulting
in focused intensities in vacuum of the order of 6 X
10" W/cm?, and a contrast ratio better than 107,

The target rear side was imaged on axis by means of a
~f/2 optical system on a (256 X 1024 — 16 bit) CCD or
on an intensified (1024 X 1024 — 16 bit) CCD (ICCD)
camera as shown in Fig. 1, configurations (A) and (B).
These cameras were adequately filtered using BG38 and
BG39 filters to suppress the undesirable 815 nm light from
the laser beam. In some shots, the spectral window of the
camera was limited to a bandwidth of 10 or 90 nm around
two wavelengths [405 £5 nm and 546 =5 nm for
configuration (A); 430 =37 nm and 525 = 45 nm for
configuration (B)] by using narrow-band filters. The sensi-
tivity of the imaging system was obtained with an abso-
lutely calibrated blackbody radiation lamp. The spatial
resolution of the system was <5 pum.

The measurements of the optical emission for alumi-
num and plastic targets vs thickness L are presented in
Fig. 2 for two spectral bands: around 405 and 546 nm.
These spatially resolved and time-integrated (over 5 ns)
results where obtained with full energy shots (~0.7 J on
target) and narrow-band interferometric filters (AA ~
10 nm) coupled with an ICCD camera [see Fig. 1,
configuration (A)]. The signals (total collected energy per
spectral increment) at both wavelengths are about
100 times more intense in CH than in Al. Also, apart
from the range of the thin targets (L <50 um), for grow-
ing thickness both signals decrease in Al (the 546 nm
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signal faster than the 405 nm signal) and increase in CH
(with no remarkable difference between the 546 and the
405 nm signals).

In our experiment, the interaction laser pulse was pre-
ceded by a ~3 ns amplified spontaneous emission (ASE)
pedestal with an intensity contrast better than 107°. The
effects of such a long and intense prepulse have been
estimated in hydrodynamic simulations performed with
the hydrodynamic code MULTI-1D [19,20]. We found that
this ASE level is sufficient to evaporate ~2 wm of material
and to generate a shock wave with a pressure of ~1.6 Mbar
[21]. After the shock breakout, the target might be accel-
erated and displaced to a distance of a few tens of um
depending on the thickness. In particular, the thinnest
13 wm CH foils may move to about 40 um (to be com-
pared with the ~100 um focal depth of the laser beam)
before the arrival of the main pulse. Such a motion might
change the interaction conditions for thin targets but it
should not affect the foils thicker than ~30 wm where
no shock breakout from rear side is possible before the
main pulse arrival.

Concerning the intensity of the optical emission ob-
served in Fig. 2, three mechanisms have to be considered:
(i) the transition radiation, i.e., the light emitted by elec-
trons crossing the rear target boundary, (ii) the thermal
emission from the rear target surface, and (iii) the
Cerenkov radiation.

Our analysis shows that the first two mechanisms can ex-
plain the signal from Al targets. For thick targets (=30 um
for signals around 405 nm and = 75 pm for signals around
546 nm, respectively, black and gray circles in Fig. 2) the
emission is dominated by CTR produced by a micro-
bunched relativistic tail of the fast-electron distribution and
its intensity decreases with the target thickness. The emis-
sion from the Al thinner targets (=30 um and <75 pum,
respectively) is mainly due to the second mechanism—the
blackbody radiation emitted in consequence of the heating
induced by the ASE-induced shock wave and the return
electron current balancing the current of fast electrons. By
summing the contribution of these two mechanisms, one
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FIG. 1 (color online). Experimental
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FIG. 2. Data series for Al (circles) and CH (diamonds) targets
for the laser intensity 6 X 10'° W/cm?. Black symbols stand for
the signals around 405 nm and the gray symbols for the signals
around 546 nm. Aluminum data are completely fitted by the sum
contribution of CTR and thermal emission (dashed curves). For
the CH targets, one has to add the Cerenkov radiation and the
total emission from all radiative contributions fits correctly the
CH data (solid curve).

can explain all Al data as can be seen in Fig. 2. However,
these processes cannot describe the CH data where the
optical signal increases with the target thickness. Such
behavior can be explained only by the Cerenkov emission,
which is proportional to the particle path length and there-
fore to the target thickness.

In some shots, the front side of the CH targets was
covered by a thin (~30 nm) Al layer. However, this does
not change the results, showing that the larger signal from
the plastic target is not due to a change in the laser
interaction conditions on the front side. Furthermore, in
order to check that this increased signal intensity is not due
to OTR and to the difference in the refraction index be-
tween CH and Al, some plastic targets were shot with the
thin Al (~30 nm) layer on the rear side. The signals
recorded with these targets show a decrease but were still
higher than the OTR signals from Al targets. The decrease
in signal fits with the small absorption in the Al layer.
Other than that, the results were not affected, confirming
that the signal comes from Cerenkov radiation in plastic.

The optical Cerenkov radiation is emitted by an electron
propagating in a dielectric material with a velocity v = B¢
larger than the light phase velocity ¢/n [22]. However, it
cannot be observed in nontransparent materials such as
metals or dense plasmas because of strong absorption
and a small refraction index n << 1. The radiation is emitted
in a cone around the particle propagation axis with an angle
given by cosf) = 1/B8n. Given the ~ f/2 collection optics
and the CH refractive index in the 400—550 nm wavelength
range (n ~ 1.48), we can observe emission only in the
narrow cone within 6,,,, = 8° around the target normal.

Another important limitation on the Cerenkov emission
is imposed by the ionization process: the detected radiation
is due to relatively high energy electrons (8 ~ 0.85-0.95)
propagating with the head of the ionization front at large

angles = 30-40° (with respect to the target normal). This
is because (i) only electrons with velocities larger than the
ionization front (8 > B;) can contribute to the measured
signal, and (ii) electrons moving along the laser axis emit
radiation which is outside the collection angle.

The ionization of CH targets is triggered by the fastest
electrons, which travel at velocities faster than the ioniza-
tion front velocity v, = Byc and create the charge sepa-
ration electric field which ionizes the neutral atoms.
Estimates [11,13] show that the electric field at the ioniza-
tion front is of the order of 10% of the atomic electric field
E, and that about 10% of fast electrons participate in the
ionization process. Then, one can roughly estimate the
width of the ionization front from the Poisson equation
as Ay~ €yE,/en;, ~ 1-2 um. This length is about one-
tenth of the beam length, [, ~ ¢7 ~ 10 wm, where 7 is the
laser pulse duration, which is another way to estimate the
relative number of electrons participating in the ionization
process.

According to previous results [9,23], the fast-electron
population is assumed to have a relativistic Maxwellian
energy distribution with the temperature 7, =~ 1 MeV, a
Gaussian angular distribution with an angular divergence
~30° around the laser axis, and a total number of particles
N, =2 X 10" injected in a ry = 15 wm radius surface.
The initial density of the electron beam is of the order of
n, ~ 2.4 X 10%°° cm 3 and it decreases by 1 order of mag-
nitude at the rear side of a 100 wm thickness target as the
beam radius r; increases to a final value of ~70 um.

The characteristics of the Cerenkov emission have been
revisited recently in Ref. [24]. It should be largely coherent
because the ionization front thickness A ; is comparable to
the emission wavelength. The radiation intensity was esti-
mated from the following equation [24]:
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FIG. 3. Optical emission (counts/um?) images obtained using
10 and 50 um Al [(a),(b)] and 12, 100 wm CH targets [(c),(d)].
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where AQ =~ 762, is the acquisition solid angle, k =
27n/A, N, is the total number of electrons, and the ex-
ponential factor accounts for the coherence length in the
front plane. This equation was averaged over the electron
propagation directions and over the electron energies (only
for B > By) and integrated over the target. The results are
presented in Fig. 2. Because of the limitations discussed
above, only a few percent of electrons contribute to the
Cerenkov emission. However, it is indeed the dominant
radiation mechanism and it fairly well reproduces the CH
data.

We also performed a detailed study of the spatial distri-
bution of the rear side target emission. A series of typical
optical images are shown in Fig. 3 for ~0.45 J laser energy
on Al and CH targets with thicknesses varying from 10 to
100 wm. A spectral region around 525 nm was selected
using a AX ~ 90 nm GG495 SCHOTT filter [see Fig. 1,
configuration (B)].

Concerning the thin targets, one observes a similarity
between Fig. 3(a) (Al) and Fig. 3(c) (CH). This is related to
the fact that those targets were strongly perturbed by the
ASE before the main pulse arrival creating similar con-
ditions in both materials for the generation and transport of
fast electrons.

A significant difference between conductors and insula-
tors can be seen for targets thicker than 30 um. As ex-
pected in Al targets, the signal is spatially homogeneous.
There is only a moderate increase in beam size and reduc-
tion in signal for larger thicknesses. On the contrary, in the
CH targets, the electron beam is split into filaments
[Fig. 3(d)] with sizes of ~13 pwm. According to analytical
predictions [13], this beam filamentation can be related to
the corrugation instability of the ionization front. The
ionization front is unstable and it splits into filaments
because the velocity of the ionization front increases with
the electron beam density. Indeed, a small increase in the
electron beam density accelerates the ionization and ad-
vances further the ionization front. This further increases
the electron concentration and provokes the beam splitting
into filaments. The instability growth rate maximum cor-
responds to the wavelengths of the order of the front
thickness, A, ~ 27A . This estimates agrees with the ex-
perimentally observed size of filaments. The predicted
instability growth rate I'. ~ 103 s™! corresponds to a
beam filamentation distance of about ~100 um which is
of the same order as that observed experimentally
[Fig. 3(d)]. This maximum growth rate is achieved for
the current density ~100 A/um?, which agrees rather
well with the estimate of 7 MA for the total current in
our experiment. This is in agreement with the current
estimates in other experiments [9,23]. On the contrary,
producing filaments on the distance of 100 um with the
dissipative Weibel instability would require current den-
sities above 1 kA/um?, which are not realistic in our
conditions. Let us also note that, assuming a filament

size of ~13 um (as measured in the experiment), one
would get ~40 kA of current per filament, which is quite
close to the Alfvén limit.

In conclusion, we have studied the propagation of fast
electrons through conductor and insulator targets, showing
beam filamentation in plastic. The optical emission from
the target rear side is ascribed to coherent transition radia-
tion and to thermal emission for Al targets [25], while for
CH targets Cerenkov emission is the dominant mechanism.
The Cerenkov diagnostic clearly shows that the electron
beam breaks up into filaments with a growth rate and a
characteristic transversal scale in fair agreement with ana-
lytical predictions based on the ionization front instability.
This large scale (~10 wm) and relatively slow (I', ~
10'* s71) filamented behavior is completely absent in met-
als, and therefore it cannot be explained with a volumic
instability such as the Weibel or two-stream instabilities.
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