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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 experimerKs gieltie
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1. INTRODUCTION been mainly devoted until now to fast electron propagation
in conducting media.
Recent experiments of laser interaction with solid targets in  After validation with computationdlDavieset al., 1999;
the regime of very high intensit§10'®~10°° W/cm?) have  Martinolli et al, 2004 and experimental(Pisaniet al,
evidenced the generation of relativistic electrons with a2000 results, our hybrid code has been used to analyze
conversion efficiency up to 30%ey et al,, 1998; Wharton recent experiments of heating of solid targets by fast elec-
et al, 1999; Kodameet al, 2001a). These electrons can trons. Those experiments are of great importance to assess
propagate distances of the order of hundreds of micronthe fast ignition of fusion targetéMeyer-ter-vVehn, 2001,
with beam currents several orders of magnitude above thKey et al, 2002; Martinolli et al., 2002, 2003, 2004
Alfvén limit (Kodamaet al,, 2001). Propagation of these However, full simulations including EM fields and multi-
huge currents is possible due to the generation of a returiayered targets have not been published until now. Simula-
current, which neutralizes almost perfectly the fast electrortions presented in this article allowed us to estimate the
current(Bell etal, 1997). Several issues of propagation are mean energy of fast electrons and the laser-to-fast-electron
not actually fully understood, such as energy deposition andonversion efficiency taking into account self-generated
heating of targets in femtosecond time scales, ionization oEM fields and the multilayered structure of the targets used.
the background and setting up of the return current inLimitations of standard collisional Monte Carlo simulations
dielectric media(Tikhonchuk, 2002 and generation of have been pointed out by Davi€z002.
electromagneti¢ EM) fields. In attempting to understand  The remainder of the article is organized as follows. First,
the complex phenomena of fast electron transport, a threex summary of our simulation code and a comparison with
dimensiona(3D) hybrid code has been developed in the lastother codes are presented. Validation with experiments has
few years(Antonicci et al,, 2001; Honrubia & Antonicci, been published elsewhet&acchi et al, 2003. Second,
2001 that takes into account the most important features ofast electron propagation is discussed with special emphasis
electron propagation. The goal has been to interpret expepn the effects of EM fields and refluxing from the viewpoint
iments, studying in detail the propagation of electrons, theof theK, diagnostics. Next, target heating calculations and
role played by self-generated EM fields, and heating by faseffects of electron thermal conduction are presented. Finally,
electrons. Because of the uncertainties still present in thdivergence of fast electrons when passing through inter-
resistivity of dielectrics at low temperatures and the limita-faces of layers with different resistivities is briefly discussed.
tions of the model used for field calculations, our work has

2. SIMULATION MODEL
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Fast electron transport is modeled in our code taking into S G 7S U YT S S 1
account separately collisional and collective effeM 60 E 100 6 E
fields) by means of time splitting. Collisions of fast elec- 3 3
trons with the background are computed as in the 3D Monte 3 3 3
Carlo code Penelog®aroet al., 1995. Effects of fields on — : 200 3
electron propagation are computed as in PIC codes. § E 3

Fast electrons are injected in the simulation box assuming N 30 — 3
a Gaussian distribution in space and time, and a relativistic 3 500 3
Maxwellian distribution in energy. The temperature of this 3 3
last distribution is obtained as a function of the local laser _ 2
intensity, also assumed Gaussian, by means of Beg’s law 3 3
(Beget al, 1997. EM fields are computed as in the model e et s e
of Davies et al(1999 and Gremillet et al(2002 based on 0 50
combining Ampere’s law without displacement current with r(pum)
the simplest form of Ohm’s law and Faraday’s law: Fig. 1. Temperature distribution in the target analyzed by Martirelkl.

(2009 1 ps after the laser pulse. Temperatures of isocontours are given in
1 electron volts.
jp=—ltrt —VXB (2)
Mo
E = mip 2 aluminum foil and the laser pulse is defined by a peak
irradiance of 16° W/cm?, 350-fs pulse lengthFWHM), a
dB/dt = —V X E, (3  focal spot of 10um (FWHM). The laser-to-fast-electron

conversion efficiency has been taken as 15%. The tempera-

wherej; andj, stand for fast and return current densities, ture distribution obtained in Figure 1 is quite similar to that
respectively, and) for resistivity. The physics involved in  obtained with the PaRIS co¢@&remilletet al., 2002 reported
these equations is well understood for conductors, that iy Martinolli et al. (2004). This figure shows the break out
the second term of the right-hand side of Ef). is small  of the fast electron heating front at the rear side 1 ps after the
and the fast electron current is almost perfectly neutralizeé&nd of the laser pulse.
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’s3' RESULTS
law. Spatial variations of the electric field contribute to the The experiments of heating of solid targets described by
growth of the magnetic field, as prescribed by Faraday'sKey et al. (2002 and Martinolliet al. (2002, 2003, 2004
law. Physics is somewhat more complicated in dielectrichave been analyzed. Targets consist of an aluminum trans-
materials. Due to the lack of background electrons at theport layer with thickness in the range of 10-326, fol-
beginning of the pulse, neutralization is only partial, spacdowed by a 20um fluor layer of copper, which absorbs
charge can become important, and fields grow until elecradiation coming from the laser interaction region, and a
trons are generated by field ionizatiofikhonchuk, 2002 20-um fluor layer of aluminum, as depicted in Figure 2. The

Although our code is three dimensional, cylindrical sym- K, lines emitted by the fluorescent layers at room tempera-
metry has been assumed for the EM fields, in such a manneure (cold K,) and the shifted lines corresponding to the
that onlyE,, E;, andB, components are considered in the ionized states of the Al fluor laydihot K,) were recorded
current version. Resistivity of conducting materials is com-in a spectrograph. Thieot K, emission together with the
puted as in the model of Eidmaret 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 taljlgon et al,, 1992 are
used to get temperature and ionization of the background
plasma from collisional energy deposition and ohmic heat- CPA
ing due to the return current. Because the duration of the fast electrons
laser pulse is greater than 1 ps in the experiments analyzed b
in this article, thermal electron energy conduction has been
taken into account by means of one-group flux-limited
diffusion.
. Asan example.Of validation, the temperature dISt_nbUtlonFig. 2. Target used in the simulations. The thickness of the transport layer
in the target considered by Martinodt al. (2004 obtained s in the range of 10-320m, and the thickness of the fluor layers of copper
with our code is shown in Figure 1. The target is ag@+  and aluminium is 2Qum.
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imaging of the rear side thermal XUV emission allowed us thickness (um)
to estimate the temperature at the rear surface of the targets. 100 200 250
The laser beam parameters assumed in simulations were a 50 0 A

laser irradiance of X 10*°W/cm?, a pulse duration of 1 ps
(FWHM) and a focal spot diameter of 14m (FWHM). A

2% 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 simulatiofBavieset al., 1999;
Davies, 2002; Gremillett 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 -50
simulations presented in this section. -50 “
The numerical parameters were as follows: The time step —P@ o™,

size was 1.5 fs and the size of the cells to compute the fields
was 1um in both axial and radial directions. We injected
10° particles in 2 ps, with a peak rate of 1400 particles pefrig. 3. Fast electron trajectories in the target of Figure 2 with a 260-
time step at 1 ps. The boundary conditions applied to thehickness of aluminum and a 2&m thickness of aluminum and copper
fields were to assume that fields at each ghost cell surroundlor layers.
ing ther-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 fieldet al, 2000. The electric fieldE, decelerates low energy
at the boundaries. The boundary conditions used for fasélectrons, impeding some of them from reaching the fluor
electrons are discussed in the next sections. layers. The inhibition effect takes place mainly at the front
of the electron pulse, where temperatures are relatively low
(tens of electron voljsand resistivity reaches peak values.
Boundary conditions are important to model fast electron
Electrons entering the target are first scattered by collisiongropagation. If a free boundary is used at the front side,
untilthe azimuthal magnetic fiel, grows enoughtobe sig- some fast electrons can turn back and escape from the
nificant. This magnetic field pinches fast electrons, forcingsimulation box due to thé&, field. Spectra of electrons
electron propagation through a low resistiviyannelwith  |eaked out from the 15@m target with and without fields
a diameter of the order of the laser focal spot. Thannel  are compared in Figure 5. Notice how electron leakage at the
advances in the propagation direction up to, approximatelyront side increases significantly when the azimuthal mag-
150um, witha mean speed of4 while the laserisof2ps.  netic field is taken into account. It is commonly accepted
Fast electron trajectories are shown in Figure 3, where thghat fast and cold electrons leaked out by the front side are
beaming of electrons becomes evident. Trajectories of tw@ccelerated and pushed back into the dense layer by the laser
electrons are highlighted in the figure. The electron withfield. However, modeling of those electrons is difficult
trajectory shown as a solid line is trapped by the magnetigecause it requires coupling of multidimensional PIC codes
field until it is finally scattered and absorbed. The electronto hybrid codes in order to account for electron acceleration,
with the dashed line escapes from ttteanneland propa-  with the subsequent difficulties in treating the different

gates through the transport and fluor Iayers until it hits thespace and time scales used in each type of code. An approx-
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<—350 T, minimum—21090 T) gener-
ated in the first 15@:m. The filamentation depicted near the ] ]
laser spot can be explained by the turning back of electronsg’ 20 4 E
caused by th@, field. Low energy electrons generated in = 1
the outermost part of the spot are more prone to be “back-= 1035
scattered” by the magnetic field, their trajectory being bent
toward the axis of the beam. This effectis closely relatedto o 1228l 15 S
the current limit for propagation in conductors recently 0 100 150
studied by J.R. Davie€003. z (Hm)

Elecmc inhibition plays a_n importf_;mt role i'n the .propa- Fig. 4. Isocontours of the azimuthal magnetic figlidh Tesla in the Al
gation of electrons, as evidenced in experimgiRg&ani  transport layer 1 ps after the end of the pulse.

25

3.1. Fast electron propagation
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102 : : : : : Figure 6. The energy deposited by ohmic heating is greater
front 1 than the energy deposited by collisions for layers thinner than
side s 300 um. Ohmic heating increases for thickness lower than,

> cotsions approximately, 15Qum, which is consistent with the pen-

%" - etration of the fields in the target. We emphasize that energy
53 deposition and ohmic heating refer to all layers of the target
ER depicted in Figure 2. For instance, in the case of thin trans-
g % port layers, most of the collisional energy deposition takes
g E place in the dense copper layer. In this case, the collisional
L= energy deposition, which is proportional to the areal density

ofthe target, prevails over the energy deposited by joule heat-
ing, which is proportional to the thickness of the target.

3.2. K, emission

energy (MeV)

, , _ ~Results ofcold K, yield are shown in Figure 7. Simulations
F!g. 5. Spe_ctra at the front S|qe and th_e rear side of the target dgplcted "ﬁave been done with fields and electron heat flux on. The
Figure 2 with 150um of aluminum taking into account only collisions, . . .
collisions and magnetic fieltB), and collisions and electric and magnetic €XPerimental points were fitted by a mean energy of fast
fields (E + B). Free boundary conditions have been used at both sides of thelectrons of 520 keV, averaged over the FWHM of the pulse
target. 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 tKg yield assuming
imate treatment consists of using a reflective boundaryan electron range of 300m is also shown for comparison.
condition at the front side, with electrons escaping from andrhe good fitting of hybrid simulations to experiments is
reentering in the simulation box with the same energy. Weemarkable.
have used as reference the free boundary at the front and theThe effect of self-generated fields df, emission is
reflective boundary at the rear of the target. This last dealshown in Figure 8. The same mean energy and laser-to-fast-
with the physical effect that electrons that cross the targetelectron conversion efficiency have been used in hybrid and
vacuum interface at the rear side reenter in the target due tdonte Carlo simulations. Inhibition of electron propagation
space charge effect®ukhov, 2001 Because the penetra- is given by the difference between tKe curves with and
tion of electrons in vacuum is of the order of the Debyewithout fields. Notice that inhibition takes place for thick-
length, the process is very fast and can be representatkess lower than 150.m, as expected. For thicker targets,
approximately by a reflective boundary. collisions are dominant and the slope of the curves with and

The relative importance of collisions and fields as awithout fields is quite similar. The large inhibition that can

function of the thickness of the transport layer is shown inbe observed in the reference case labeled-as is appar-
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Fig. 6. Relative importance of collisions and fields in the energy depositedFig. 7. K, yield of the copper and aluminum fluor layers as a function of
in the target shown in Figure 2. Fraction of the pulse energy refers to thehe thickness of the transport layer. Experimental results have been taken
energy deposited in all layers. from Martinolli et al. (2003.
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Fig. 8. Ka yield_ of thg aluminum Iaye_r obtained bY hybrid and collisional Fig. 9. Temperature at the rear side of the target sketched in Figure 2 as a
Monte Carlo simulations as a function of the thlckne_ss of the transportfunction of the thickness of the transport lay@narked with squares
layer. f + r stands for_ free boun_dary at the front side and reflective Experimental results reported by Key et €002 for single aluminum
b_oundary at the rear side, arefluxingfor reflective boundaries at both targets and the corresponding simulation temperatoragked with crossgs
sides. are also shown.

ently due to theelectric inhibitioneffect. However, a more The effect of thermal conduction on temperatures at the
detailed analysis reveals that electron leakages by the fromear side is also depicted in Figure 9, where it can be shown
side play also arole in this “inhibition.” This can be seen bythat thermal conduction does not very significantly modify
comparing the curves with and without fields labeleflux- ~ temperatures, but its effect is not negligible in the experi-
ingin Figure 8. In this case, the differences are not as big aments analyzed here with a pulse length of 2igss FWHM).
in the reference case and are due toehextric inhibition The temperatures measured by the XUV diagnostic for
effect only. targets with a single aluminum layer are also shown in
TheK, curve is steeper in the caserefluxing givinga  Figure 9. As was pointed out by Kest al. (2002, temper-
shorter electron rang210 um instead of 30wm). Hence, atures at the rear side should be greater than 100 eV for a
if refluxing is taken into account, the fitting to the experi- thickness less than 4@m, greater or of the order of 30 eV
mental points can result in a higher mean energy and &r 100 um, and under the detection limit for a thickness
slightly lower conversion efficiency. This, together with the greater than 20@.m. We can see in the figure that simula-
not too high sensitivity of the electron range to changes irtions overestimate the temperatures by a factor of 2-3. This
the mean energy of the fast electrons and the error bars of threay be due to a poor characterization of the electron source,
experimental points give some uncertainty in the determiwhich may lead to an excessive collimation of the beam.
nation of the energy of fast electrons Ky spectroscopy.

3.4. Divergence

3.3. Target heating One of the most intriguing issues of the experiments ana-

Ohmic heating due to the return current is the most impordyzed is the evidence of divergence and breakup of electrons
tant mechanism of energy deposition in the target. Temperafter passing through the copper lay&ey et al, 2002.
atures of the order of a few kiloelectron volts are reached irMagnetic field generation at the Al interfaces (Bell

the first tens of microns of aluminum, decreasing up to 50et al,, 1998 has been proposed as a possible explanation.
eV at 150um, just when field effects start to be negligible, Divergence of the electron was not seen in simulations of
and up to 5 eV at 20@m depth, where collisional energy targets with the configuration pointed out by Key al.
deposition is the main mechanism of heating. Temperature®002; 100um Al /20 um Cu/100 wm Al). It can be seen,

at the rear surface are depicted in Figure 9, where temper&owever, in targets with the resistivity of copper artificially
tures have been averaged over an area giitOdiameter increased or reduced. If the resistivity of the copper layer is
centered at the axis of propagation. Notice how collisionakeduced, a magnetic field appears at th¢ @l interface,
simulations give much lower temperatures than hybrid simpushing electrons out of the propagation “chanrndiver-
ulations for transport layers thinner than 1o®n. This  gence. The magnetic field developed at the @uinterface
shows the importance of collective effects in conductingtends to filament the electron bedisreak up. If the resis-
media when current densities as high as tens of kA?> tivity of the copper layer is increased, the same phenomena
propagates through. can be seen, but in the reverse order.

https://doi.org/10.1017/50263034604222078 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034604222078

134 J.J. Honrubia et al.

4. CONCLUSIONS EIDMANN, K., MEYER-TER-VEHN, J., SCHLEGEL, T. & HULLER, S.
(2000. Hydro-dynamic simulation of subpicosecond laser inter-
Hybrid simulations of heating of conducting targets by fast  action with solid-density mattePhys. Rev B2, 1202-1214.
electrons have been presented. The mean energy and tRBEMILLET, L., BoNNAUD, G. & AMIRANOFF, G. (2002. Fila-
conversion efficiency depend significantly on the details of ment_ed trans_port of laser-generated relativistic electrons pen-
modeling, and, specifically, on the boundary conditions Strating a solid targePhys. Plasmas, 941-948.
. . HoNRrRUBIA, IJ. & ANTONICCI, A. (2001). Simulations of fast
used. Assuming free boundary at the front side and reflec- | ion in solid | 5
tive boundary at the rear side, we found a mean energy of - ectron propagation in solid targeGS| Annual Report 2000
y - _ o 9y Darmstadt, Germany.
520 keV at FWHM and a conversion efficiency of 20%. This Key, MH., CABLE, M.D., CowaN, TE., EstaBrook, K.G.,

mean energy would be increased and the conversion effi- yavmer, B.A., HaTcuETT, S.P., HENRY, E.A., HINKEL, D.E.,

ciency slightly reduced if reflective boundary conditions at
both sidegrefluxing) were considered.
The K, yield is well reproduced by simulations. How-

KiLkENNY, ].D., KocH, J.A., KRUER, W.L., LANGDON, A.B.,
Lasinsky, B.F., LEE, R.W., MACGOWAN, B.J.,, MACKINNON,
A., Moopy, J.D., MorAN, M.]J., OFFENBERGER, A.A., PEN-

ever, the agreement is not so good in the temperatures at the NINGTON, D.M., PErRrY, M.D., PHILIPS, T.J., SANGSTER, T.C.,
rear surface, which are overestimated by simulations. This SINGH, M.S., STOYER, M.A., TaBAK, M., TieTBOHL, G.L.,
may be due to an excessive collimation of the beam, which TSUkamoTo, M., WHARTON, K. & WiLks, S.C.(1998. Hot

is still being investigated.
Beam divergence induced by the/&u interfaces can be

increased. A detailed study of this effect is in progress.
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