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Abstract

Experiments of heating of solid targets by fast electrons have been analyzed by means of simulations with a recently
developed hybrid code. Electron propagation, refluxing effects, relative importance of self-generated fields, and heating
of targets are presented. We found a good agreement between simulations and experiments on theKa yield.
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1. INTRODUCTION

Recent experiments of laser interaction with solid targets in
the regime of very high intensity~1018–1020 W0cm2! have
evidenced the generation of relativistic electrons with a
conversion efficiency up to 30%~Key et al., 1998; Wharton
et al., 1999; Kodamaet al., 2001a!. These electrons can
propagate distances of the order of hundreds of microns
with beam currents several orders of magnitude above the
Alfvén limit ~Kodamaet al., 2001b!. Propagation of these
huge currents is possible due to the generation of a return
current, which neutralizes almost perfectly the fast electron
current~Bell et al., 1997!. Several issues of propagation are
not actually fully understood, such as energy deposition and
heating of targets in femtosecond time scales, ionization of
the background and setting up of the return current in
dielectric media~Tikhonchuk, 2002!, and generation of
electromagnetic~EM! fields. In attempting to understand
the complex phenomena of fast electron transport, a three-
dimensional~3D! hybrid code has been developed in the last
few years~Antonicci et al., 2001; Honrubia & Antonicci,
2001! that takes into account the most important features of
electron propagation. The goal has been to interpret exper-
iments, studying in detail the propagation of electrons, the
role played by self-generated EM fields, and heating by fast
electrons. Because of the uncertainties still present in the
resistivity of dielectrics at low temperatures and the limita-
tions of the model used for field calculations, our work has

been mainly devoted until now to fast electron propagation
in conducting media.

After validation with computational~Davieset al., 1999;
Martinolli et al., 2004! and experimental~Pisani et al.,
2000! results, our hybrid code has been used to analyze
recent experiments of heating of solid targets by fast elec-
trons. Those experiments are of great importance to assess
the fast ignition of fusion targets~Meyer-ter-Vehn, 2001;
Key et al., 2002; Martinolli et al., 2002, 2003, 2004!.
However, full simulations including EM fields and multi-
layered targets have not been published until now. Simula-
tions presented in this article allowed us to estimate the
mean energy of fast electrons and the laser-to-fast-electron
conversion efficiency taking into account self-generated
EM fields and the multilayered structure of the targets used.
Limitations of standard collisional Monte Carlo simulations
have been pointed out by Davies~2002!.

The remainder of the article is organized as follows. First,
a summary of our simulation code and a comparison with
other codes are presented. Validation with experiments has
been published elsewhere~Macchi et al., 2003!. Second,
fast electron propagation is discussed with special emphasis
on the effects of EM fields and refluxing from the viewpoint
of theKa diagnostics. Next, target heating calculations and
effects of electron thermal conduction are presented. Finally,
divergence of fast electrons when passing through inter-
faces of layers with different resistivities is briefly discussed.

2. SIMULATION MODEL

Hybrid codes combine a kinetic description of fast electrons
with a simple resistive MHD description of the background.
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Fast electron transport is modeled in our code taking into
account separately collisional and collective effects~EM
fields! by means of time splitting. Collisions of fast elec-
trons with the background are computed as in the 3D Monte
Carlo code Penelope~Baróet al., 1995!. Effects of fields on
electron propagation are computed as in PIC codes.

Fast electrons are injected in the simulation box assuming
a Gaussian distribution in space and time, and a relativistic
Maxwellian distribution in energy. The temperature of this
last distribution is obtained as a function of the local laser
intensity, also assumed Gaussian, by means of Beg’s law
~Beget al., 1997!. EM fields are computed as in the model
of Davies et al.~1999! and Gremillet et al.~2002! based on
combining Ampere’s law without displacement current with
the simplest form of Ohm’s law and Faraday’s law:

j p 5 2j f 1
1

m0

¹ 3 B ~1!

E 5 hj p ~2!

]B0]t 5 2¹ 3 E, ~3!

wherej f and j p stand for fast and return current densities,
respectively, andh for resistivity. The physics involved in
these equations is well understood for conductors, that is,
the second term of the right-hand side of Eq.~1! is small
and the fast electron current is almost perfectly neutralized
by the background medium from the beginning of the laser
pulse. The electric field is then estimated as the field neces-
sary to drive the return current density by means of Ohm’s
law. Spatial variations of the electric field contribute to the
growth of the magnetic field, as prescribed by Faraday’s
law. Physics is somewhat more complicated in dielectric
materials. Due to the lack of background electrons at the
beginning of the pulse, neutralization is only partial, space
charge can become important, and fields grow until elec-
trons are generated by field ionization~Tikhonchuk, 2002!.

Although our code is three dimensional, cylindrical sym-
metry has been assumed for the EM fields, in such a manner
that onlyEz, Er , andBu components are considered in the
current version. Resistivity of conducting materials is com-
puted as in the model of Eidmannet al. ~2000!, with the
additional assumption that the plasma is described by a
single temperature instead of the two temperatures consid-
ered in that reference. Sesame tables~Lyon et al., 1992! are
used to get temperature and ionization of the background
plasma from collisional energy deposition and ohmic heat-
ing due to the return current. Because the duration of the
laser pulse is greater than 1 ps in the experiments analyzed
in this article, thermal electron energy conduction has been
taken into account by means of one-group flux-limited
diffusion.

As an example of validation, the temperature distribution
in the target considered by Martinolliet al.~2004! obtained
with our code is shown in Figure 1. The target is a 70-mm

aluminum foil and the laser pulse is defined by a peak
irradiance of 1019 W0cm2, 350-fs pulse length~FWHM!, a
focal spot of 10mm ~FWHM!. The laser-to-fast-electron
conversion efficiency has been taken as 15%. The tempera-
ture distribution obtained in Figure 1 is quite similar to that
obtained with the PaRIS code~Gremilletet al., 2002! reported
by Martinolli et al. ~2004!. This figure shows the break out
of the fast electron heating front at the rear side 1 ps after the
end of the laser pulse.

3. RESULTS

The experiments of heating of solid targets described by
Key et al. ~2002! and Martinolli et al. ~2002, 2003, 2004!
have been analyzed. Targets consist of an aluminum trans-
port layer with thickness in the range of 10–320mm, fol-
lowed by a 20-mm fluor layer of copper, which absorbs
radiation coming from the laser interaction region, and a
20-mm fluor layer of aluminum, as depicted in Figure 2. The
Ka lines emitted by the fluorescent layers at room tempera-
ture ~cold Ka! and the shifted lines corresponding to the
ionized states of the Al fluor layer~hot Ka! were recorded
in a spectrograph. Thehot Ka emission together with the

Fig. 1. Temperature distribution in the target analyzed by Martinolliet al.
~2004! 1 ps after the laser pulse. Temperatures of isocontours are given in
electron volts.

Cu AlAl

fast electronsbeam
CPA

Fig. 2. Target used in the simulations. The thickness of the transport layer
is in the range of 10–320mm, and the thickness of the fluor layers of copper
and aluminium is 20mm.
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imaging of the rear side thermal XUV emission allowed us
to estimate the temperature at the rear surface of the targets.

The laser beam parameters assumed in simulations were a
laser irradiance of 23 1019 W0cm2, a pulse duration of 1 ps
~FWHM! and a focal spot diameter of 14mm ~FWHM!. A
208 initial angular spread of fast electrons was also assumed.
The laser-to-fast-electron conversion efficiency was esti-
mated by fitting simulations to the experiments. The re-
sulting 20% conversion efficiency is consistent with the
efficiencies used in other simulations~Davieset al., 1999;
Davies, 2002; Gremilletet al., 2002! or obtained in experi-
ments~Key et al., 1998!. The parameters of the laser and
fast electron pulse just pointed out have been used in all
simulations presented in this section.

The numerical parameters were as follows: The time step
size was 1.5 fs and the size of the cells to compute the fields
was 1mm in both axial and radial directions. We injected
106 particles in 2 ps, with a peak rate of 1400 particles per
time step at 1 ps. The boundary conditions applied to the
fields were to assume that fields at each ghost cell surround-
ing the r-z physical domain are equal to the fields at the
nearest cell of the domain, in such a manner that there is no
magnetic field generation nor diffusion of the magnetic field
at the boundaries. The boundary conditions used for fast
electrons are discussed in the next sections.

3.1. Fast electron propagation

Electrons entering the target are first scattered by collisions
until the azimuthal magnetic fieldBu grows enough to be sig-
nificant. This magnetic field pinches fast electrons, forcing
electron propagation through a low resistivitychannelwith
a diameter of the order of the laser focal spot. Thechannel
advances in the propagation direction up to, approximately,
150mm, with a mean speed ofc04 while the laser is on~2 ps!.

Fast electron trajectories are shown in Figure 3, where the
beaming of electrons becomes evident. Trajectories of two
electrons are highlighted in the figure. The electron with
trajectory shown as a solid line is trapped by the magnetic
field until it is finally scattered and absorbed. The electron
with the dashed line escapes from thechanneland propa-
gates through the transport and fluor layers until it hits the
rear side of the target, where it is reflected.

Distribution of the azimuthal magnetic field in the trans-
port layer is shown in Figure 4. It is worth pointing out the
huge magnetic field~,2350 T, minimum21090 T! gener-
ated in the first 150mm. The filamentation depicted near the
laser spot can be explained by the turning back of electrons
caused by theBu field. Low energy electrons generated in
the outermost part of the spot are more prone to be “back-
scattered” by the magnetic field, their trajectory being bent
toward the axis of the beam. This effect is closely related to
the current limit for propagation in conductors recently
studied by J.R. Davies~2003!.

Electric inhibition plays an important role in the propa-
gation of electrons, as evidenced in experiments~Pisani

et al., 2000!. The electric fieldEz decelerates low energy
electrons, impeding some of them from reaching the fluor
layers. The inhibition effect takes place mainly at the front
of the electron pulse, where temperatures are relatively low
~tens of electron volts! and resistivity reaches peak values.

Boundary conditions are important to model fast electron
propagation. If a free boundary is used at the front side,
some fast electrons can turn back and escape from the
simulation box due to theBu field. Spectra of electrons
leaked out from the 150-mm target with and without fields
are compared in Figure 5. Notice how electron leakage at the
front side increases significantly when the azimuthal mag-
netic field is taken into account. It is commonly accepted
that fast and cold electrons leaked out by the front side are
accelerated and pushed back into the dense layer by the laser
field. However, modeling of those electrons is difficult
because it requires coupling of multidimensional PIC codes
to hybrid codes in order to account for electron acceleration,
with the subsequent difficulties in treating the different
space and time scales used in each type of code. An approx-

Fig. 3. Fast electron trajectories in the target of Figure 2 with a 200-mm
thickness of aluminum and a 25-mm thickness of aluminum and copper
fluor layers.

Fig. 4. Isocontours of the azimuthal magnetic field~in Tesla! in the Al
transport layer 1 ps after the end of the pulse.
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imate treatment consists of using a reflective boundary
condition at the front side, with electrons escaping from and
reentering in the simulation box with the same energy. We
have used as reference the free boundary at the front and the
reflective boundary at the rear of the target. This last deals
with the physical effect that electrons that cross the target0
vacuum interface at the rear side reenter in the target due to
space charge effects~Pukhov, 2001!. Because the penetra-
tion of electrons in vacuum is of the order of the Debye
length, the process is very fast and can be represented
approximately by a reflective boundary.

The relative importance of collisions and fields as a
function of the thickness of the transport layer is shown in

Figure 6. The energy deposited by ohmic heating is greater
than the energy deposited by collisions for layers thinner than
300mm. Ohmic heating increases for thickness lower than,
approximately, 150mm, which is consistent with the pen-
etration of the fields in the target. We emphasize that energy
deposition and ohmic heating refer to all layers of the target
depicted in Figure 2. For instance, in the case of thin trans-
port layers, most of the collisional energy deposition takes
place in the dense copper layer. In this case, the collisional
energy deposition, which is proportional to the areal density
of the target, prevails over the energy deposited by joule heat-
ing, which is proportional to the thickness of the target.

3.2. Ka emission

Results ofcold Ka yield are shown in Figure 7. Simulations
have been done with fields and electron heat flux on. The
experimental points were fitted by a mean energy of fast
electrons of 520 keV, averaged over the FWHM of the pulse
in radius and time. The parameters of the laser pulse used in
simulations have been pointed out in the introduction to this
section. The exponential variation of theKa yield assuming
an electron range of 300mm is also shown for comparison.
The good fitting of hybrid simulations to experiments is
remarkable.

The effect of self-generated fields onKa emission is
shown in Figure 8. The same mean energy and laser-to-fast-
electron conversion efficiency have been used in hybrid and
Monte Carlo simulations. Inhibition of electron propagation
is given by the difference between theKa curves with and
without fields. Notice that inhibition takes place for thick-
ness lower than 150mm, as expected. For thicker targets,
collisions are dominant and the slope of the curves with and
without fields is quite similar. The large inhibition that can
be observed in the reference case labeled asf 1 r is appar-

Fig. 5. Spectra at the front side and the rear side of the target depicted in
Figure 2 with 150mm of aluminum taking into account only collisions,
collisions and magnetic field~B!, and collisions and electric and magnetic
fields~E1B!. Free boundary conditions have been used at both sides of the
target.

Fig. 6. Relative importance of collisions and fields in the energy deposited
in the target shown in Figure 2. Fraction of the pulse energy refers to the
energy deposited in all layers.

Fig. 7. Ka yield of the copper and aluminum fluor layers as a function of
the thickness of the transport layer. Experimental results have been taken
from Martinolli et al. ~2003!.
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ently due to theelectric inhibitioneffect. However, a more
detailed analysis reveals that electron leakages by the front
side play also a role in this “inhibition.” This can be seen by
comparing the curves with and without fields labeledreflux-
ing in Figure 8. In this case, the differences are not as big as
in the reference case and are due to theelectric inhibition
effect only.

TheKa curve is steeper in the case ofrefluxing, giving a
shorter electron range~210mm instead of 300mm!. Hence,
if refluxing is taken into account, the fitting to the experi-
mental points can result in a higher mean energy and a
slightly lower conversion efficiency. This, together with the
not too high sensitivity of the electron range to changes in
the mean energy of the fast electrons and the error bars of the
experimental points give some uncertainty in the determi-
nation of the energy of fast electrons byKa spectroscopy.

3.3. Target heating

Ohmic heating due to the return current is the most impor-
tant mechanism of energy deposition in the target. Temper-
atures of the order of a few kiloelectron volts are reached in
the first tens of microns of aluminum, decreasing up to 50
eV at 150mm, just when field effects start to be negligible,
and up to 5 eV at 200mm depth, where collisional energy
deposition is the main mechanism of heating. Temperatures
at the rear surface are depicted in Figure 9, where tempera-
tures have been averaged over an area of 10mm diameter
centered at the axis of propagation. Notice how collisional
simulations give much lower temperatures than hybrid sim-
ulations for transport layers thinner than 150mm. This
shows the importance of collective effects in conducting
media when current densities as high as tens of kA0mm2

propagates through.

The effect of thermal conduction on temperatures at the
rear side is also depicted in Figure 9, where it can be shown
that thermal conduction does not very significantly modify
temperatures, but its effect is not negligible in the experi-
ments analyzed here with a pulse length of 2 ps~1 ps FWHM!.

The temperatures measured by the XUV diagnostic for
targets with a single aluminum layer are also shown in
Figure 9. As was pointed out by Keyet al. ~2002!, temper-
atures at the rear side should be greater than 100 eV for a
thickness less than 40mm, greater or of the order of 30 eV
for 100 mm, and under the detection limit for a thickness
greater than 200mm. We can see in the figure that simula-
tions overestimate the temperatures by a factor of 2–3. This
may be due to a poor characterization of the electron source,
which may lead to an excessive collimation of the beam.

3.4. Divergence

One of the most intriguing issues of the experiments ana-
lyzed is the evidence of divergence and breakup of electrons
after passing through the copper layer~Key et al., 2002!.
Magnetic field generation at the Cu0Al interfaces ~Bell
et al., 1998! has been proposed as a possible explanation.
Divergence of the electron was not seen in simulations of
targets with the configuration pointed out by Keyet al.
~2002; 100mm Al 020 mm Cu0100mm Al!. It can be seen,
however, in targets with the resistivity of copper artificially
increased or reduced. If the resistivity of the copper layer is
reduced, a magnetic field appears at the Al0Cu interface,
pushing electrons out of the propagation “channel”~diver-
gence!. The magnetic field developed at the Cu0Al interface
tends to filament the electron beam~break up!. If the resis-
tivity of the copper layer is increased, the same phenomena
can be seen, but in the reverse order.

Fig. 8. Ka yield of the aluminum layer obtained by hybrid and collisional
Monte Carlo simulations as a function of the thickness of the transport
layer. f 1 r stands for free boundary at the front side and reflective
boundary at the rear side, andrefluxing for reflective boundaries at both
sides.

Fig. 9. Temperature at the rear side of the target sketched in Figure 2 as a
function of the thickness of the transport layer~marked with squares!.
Experimental results reported by Key et al.~2002! for single aluminum
targets and the corresponding simulation temperatures~marked with crosses!
are also shown.
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4. CONCLUSIONS

Hybrid simulations of heating of conducting targets by fast
electrons have been presented. The mean energy and the
conversion efficiency depend significantly on the details of
modeling, and, specifically, on the boundary conditions
used. Assuming free boundary at the front side and reflec-
tive boundary at the rear side, we found a mean energy of
520 keV at FWHM and a conversion efficiency of 20%. This
mean energy would be increased and the conversion effi-
ciency slightly reduced if reflective boundary conditions at
both sides~refluxing! were considered.

The Ka yield is well reproduced by simulations. How-
ever, the agreement is not so good in the temperatures at the
rear surface, which are overestimated by simulations. This
may be due to an excessive collimation of the beam, which
is still being investigated.

Beam divergence induced by the Al0Cu interfaces can be
observed in simulations when the resistivity gradient is
increased. A detailed study of this effect is in progress.
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