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We report one of the first measurements of induced heating due to the transport of a fast electron beam
generated by an ultrashort pulse laser interaction with solid targets. Rear-side optical reflectivity and emissivity
have been used as diagnostics for the size and temperature of the heated zone. A narrow spot has been observed
of the order of the laser focus size. Values up to,10 eV at the target back surface were inferred from the
experimental data and compared with the predictions of a hybrid collisional-electromagnetic transport
simulation.
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In the fast ignition[1] approach to inertial confinement
fusion (ICF), a few kJ of relativistic suprathermal electrons
produced by an ultraintense laser pulse should deposit their
energy in the dense fuel in a small area(<10 mm size) and
heat it to a high temperatures<10 keVd, enough to ignite
thermonuclear reactions[2]. Therefore, one of the key issues
is to study the energy transport in dense matter by laser-
accelerated fast electrons(FE) and to determine the tempera-
ture and geometry of the heated zone. Important results have
been already obtained: it has been shown[3–5] how electron
propagation is strongly influenced by self-generated electric
fields, as predicted theoretically[6]. A very few experiments
have been performed regarding a quantitative measurement
of the heating induced in the target by FE[7–9]. The occur-
rence of collimated propagation of fast electrons has been
shown[10–13], but the relevance to fast ignition is doubtful
since it is not clear what energy is effectively involved in the
“relativistic FE jets.” The diagnostic used in those experi-
ments[10–12] is sensitive to changes in the ionization of the
target, which could be induced by asmall numberof FE. It is
therefore much more important to detect a localized heating
which would directly prove the transport of the FE bulk
population. The heating is strongly coupled to the propaga-
tion geometry: a more collimated beam implies higher tem-
peratures[13]. In this paper we present one of the first ex-
periments providing a quantitative measurement of target
heating based on optical diagnostics. In order to detect the
perturbation due to FE energy deposition, we used space and
time-resolved measurements of rear surface reflectivity and
self-emission, previously used in laser shock experiments
[14,15]. We also used the so-called chirped pulse reflectivity
technique[16] (CPR) in order to obtain a ps time resolution
over a 100 ps time interval. The experiment was performed
at the LULI Laboratory on the 100 TW laser. A 350 fs,
1.057mm 10 J laser pulse was focused by anf /3 off-axis
parabola at normal incidence onto flat Al targets with thick-
ness ranging from 20 to 100mm. The laser focal spot was
<20 mm full width at half maximum corresponding to a

maximum incident laser intensity of<1019 W cm−2. The
ASE contrast ratio was,10−7, giving an intensity of
s2–3d31012 W cm−2 over 2 ns. Thanks to four Pockels
cells, no significant prepulse was present.

The rear surface reflectivity was measured with al
=0.528mm p-polarized 350 fs probe beam(Fig. 1). Specular
reflections45°d of the probe on the target was image-relayed
onto a visible CCD camera with a 10mm spatial resolution.
Two-dimensional(2D) snapshots of the target were obtained
at different timess0–40 psd after the interaction, by varying
the probe beam delay line(time precision<5 ps). Before
each shot, cold target reflectivity was measured as a refer-
ence. In order to better study the target heating dynamics, for
some shots the probe beam was only partially time-
compressed to 50 ps and used to obtain 1D time-resolved
images, with 2–3 ps time resolution over a 100 ps window,
by means of the chirped pulse technique. The reflected probe
beam was sent to the entrance slit of a visible imaging spec-
trometer coupled to a CCD camera, obtaining spatial resolu-
tion on the slit axis and time resolution by the probe chirp on
the other axis. Visible self-emissions350–800 nmd was also
used as a diagnostic for temperature and heating dynamics:
the target rear surface was image-relayed at 0 degrees onto

FIG. 1. Experimental setup(optical reflectivity and self-
emission diagnostics).
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the entrance slit of a streak camera(Fig. 1), with a 10 ns time
window and less than 100 ps time resolution. Filters stopped
spurious 2v light from the front plasma and the scattering of
the probe beam from the rear surface. The imaging system
transmission and the streak camera response were absolutely
calibrated with a spectral lamp and a ns probe laser,
respectively.

The two snapshot sequences(Fig. 2) show a dark, low
reflectivity spot, which expands at an average radial speed of
s2–3d3106 m/s. At the center, reflectivity drops to values
below 0.3. For thin targetss20 mmd, the spot diameter in-
creases from 30 to 150mm during the first 35 ps after the
main pulse. At the earliest times10 psd, the spot size is only
slightly larger than the laser focal spot, which suggests some
beaming of the FE current. For thicker targetss75 mmd, the
spot is bigger at the same time delay and has less sharp
contours. Chirped pulse data(Fig. 3) allow us to observe
more in detail dynamics of the spot. Reflectivity starts to
decrease after the main pulse interactionst=0d and drops to
a minimum in 5–10 ps. At the same time, the spot expands
with a high initial radial velocity<s8–9d3106 m/s, de-
creasing to<106 m/s after 30 ps(Fig. 3, bottom). The time-
averaged value of the expansion velocity is consistent with
that estimated from snapshot sequences.

A low reflectivity indicates heating of the rear surface,
which we relate to FE energy deposition. This occurs on the
FE transit time scales,1 psd, i.e., instantaneously compared
to our time resolution. Other processes, which may contrib-
ute to heating, do not play a significant role here: prompt
x-ray preheating(from front side plasma) would be too weak
and spatially spread, while ASE shock preheating can be
discarded, as we will show in detail. The electron-deposited
energy heats the rear surface above the aluminum vaporiza-
tion temperature, thus creating a plasma which expands to
vacuum and cools down on a ns time scale. For a steplike
gradient, the reflectivity dependence versus temperature
shows a broad minimum between 1 and 100 eV, using
Drude’s model and Lee and More’s electron-ion collision
frequency[17] to link reflectivity to conductivity. Experi-
mental reflectivity values at spot centers5–30%d correspond
to such a range of temperatures. However, on our ps time
scale, the steplike approximation no longer holds, due to
hydrodynamic expansion. This was therefore calculated us-
ing MULTI hydrodynamic code[18], for different initial elec-

tron temperatures of the target. At each time step during
expansion, we calculated the reflectivity by solving Helm-
holtz’s equation[19] for the incident and reflected probe
beam through the density gradient given by the code
(multilayer dielectric approximation[15,20]). In Fig. 4, we
compare the experimental points with simulated reflectivity
curves. Snapshots data are consistent with a broad tempera-
ture range(from a few eV up to<100 eV).

For what concerns the radial expansion of the heated spot,
the observed high velocity 1000 km/s cannot be due to any
shock-driven hydrodynamic expansion, which typical veloc-
ity is ø10 km/s. Moreover, a radial conduction wave or a
blast wave model cannot reproduce the observed velocities
assuming a realistic energy source. Such a fast expansion
rather suggests other processes, related to FE transport dy-
namics, which are not completely understood so far and are

FIG. 2. Snapshots of aluminum target rear side reflectivitys45°d
obtained with a 350 fs probe beam. Main beam irradiance was a
few 1018 W cm−2. Target thickness: 20mm (top), 75 mm (bottom).

FIG. 3. Chirped pulse reflectivity on a 25mm aluminum target.
Reflectivity (top) drops to low values after the interaction time,
while the spot expands radially(bottom).

FIG. 4. Comparison between reflectivity data points vs time
(snapshots) and simulations(dotted curves) for different initial tar-
get temperatures.
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currently under investigation both from the theoretical and
the experimental point of view.(a) An effect related to the
FE “sheath potential” at target rear side(“fountain” effect).
This sheath[21] traps the electrons which, in principle, could
reflux and quickly heat the surrounding cold target, thus low-
ering the reflectivity.(b) FE propagate through the target as a
cloud [10]: the fastest, traveling on the laser axis, reach the
rear surface before the slower lateral ones, producing an “ap-
parent” expansion of the spot. The modeling of such a pro-
cess is beyond the scope of this paper. To refine the tempera-
ture measurement, we shall discuss the self-emission data
(Fig. 5). These show a three-phase time structure, which is
reproducible of shot to shot, independently of the target
thickness.(1) A short s,50 psd, bright prompt signal. This
peak is related to the arrival of FE at target rear side. This
signal can be explained in terms of optical transition radia-
tion (OTR) and synchrotron radiation(SR) [22]. (2) After the
peak, adecreasing emissivity, which we relate to thermal
(blackbody) emission following the rapid heating of the ma-
terial by FE. We detect the cooling/expansion phase of the
relatively hot plasma created at the target rear side. The spot
size of self-emissions100–150mmd corresponds to the re-
flectivity spot size at the end of the rapid expansion previ-
ously described, showing that both diagnostics are consis-
tent. (3) At later times, a few ns after the bright peak
depending on target thickness, emission intensity increases
again and lateral expansion is observed. This process, slower
than FE energy release, corresponds to the ASE shock
breakout. The time delay between the first bright peak and
this breakout is approximately 2 ns for 35mm and 6 ns for
75 mm targets. It increases with thickness giving a velocity
of ,10 km/s, which corresponds to LULI laser ASE shock
speed. According to detailed hydrodynamic simulations at
maximum ASE level(531012 W cm−2 over 2 ns), the shock
always reaches the rear surface wellafter the interaction, in
full agreement with emissivity data. At initial times, the
emissivity is directly related to the brightness temperature of
the surface, but it is masked by the huge OTR peak(1). We

therefore studied self-emissionafter the peak(phase 2). We
calculated the emissivity from the expanding plasma given
by hydrodynamic simulations, accounting for the absorption,
as in shock temperature measurements[14]. In Fig. 6, we
compare the emission calculated for differentinitial tempera-
tures(dotted lines) with the experimental profile(solid line)
taken at the center of the spot. We note that the fluctuation of
the emissivity value is not a significant feature. In the cool-
ing phase(2), results are consistent with an initial tempera-
ture of <10 eV for 35mm targets and 2–3 eV for thicker
75 mm targets, in agreement with reflectivity data.

We compared our experimental results with the predic-
tions of thePARIS [23] transport code, for conditions close to
the experimental ones. We assumed a 1D Maxwellian FE
source related to the laser irradiance through Beg’s scaling
law [24], a 15% laser-to-FE energy conversion[5], and a 20

FIG. 5. Time-resolved rear side optical self-emission for 35 and
75 mm Al targets. Vertical cross sections at spot center show a
three-phase time structure.

FIG. 6. Comparison between experimental self-emission vs time
and simulations (dotted curves) for different initial target
temperatures.

FIG. 7. 2D plot of simulated target temperatureseVd 1.7 ps after
the CPA pulse, with(top) and without(bottom) self-generatedE
andB fields. Size inmm.
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degrees initial angular spread[7,22]. The simulation corre-
sponds to the initial situation we can detect on our reflectiv-
ity diagnostic: Fig. 7 shows the spatial temperature distribu-
tion 1.7 ps after the laser interaction, with or without the
self-generatedE andB fields. A purely collisional propaga-
tion reproduces quite well the observed temperature and the
initial heated spot size, whereas in the presence of the fields
the temperature seems to be overestimated(additional energy
is deposited by the return current). Heating is calculated us-
ing an equation of state(EOS) [25], and the Lee and More
model[17] is used for ionization and conductivity, both sup-
posing thermodynamic equilibrium and a single temperature.
The validity of this approach at the short time scale consid-
ered is an open question.

In conclusion, in this paper we have reported a quantita-
tive measurement of target heating induced by the propaga-
tion of FE in solid density targets using optical diagnostics
(time-resolved reflectivity and emissivity). In our conditions,
the target is heated up to,10 eV after the breakout of the

FE front. A radial expansion of the rear side heated spot
s30−150mmd has been detected with a 2 ps time resolution,
giving a high radial velocity(a few 106 m/s) decreasing with
time. These results provide quantitative data on the geometry
and dynamics of the rear surface heating by FE energy trans-
port. However, in order to better understand the complex
phenomena taking place at the rear side(potential sheath,
refluxing, ion acceleration, hydrodynamic expansion), a
more direct measurement of target perturbation will be
needed, i.e., time-dependent x-ray absorption/emission(FE
current and heating) and proton radiography(hydrodynamic
expansion and electric fields). Moreover, a more realistic de-
scription of the FE breakout and energy relaxation needs to
be folded into FE transport codes to reproduce the observed
temperature level.
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