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How wrong is collisional Monte Carlo modeling of fast electron transport
in high-intensity laser-solid interactions?
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The interaction of a high-intensity laser with a solid target generates a large current of fast electrons flowing
into the target. Due to the large value of the current, the fast electrons generate significant electric and magnetic
fields in the target and rapidly heat it to high temperatures. However, these effects were neglected in interpret-
ing x-ray emission experiments, so the details of the fast electron generation that were inferred could be
incorrect. This is considered, theoretically, for layered tarffet, emission experiments, by using a hybrid
Monte Carlo code that includes field generation. The code is used to model such experiments with aluminum
and plastic targets, using fast electron parameters taken from experimental results for average intensities of
around 168 W cm 2. These numerical results are then interpreted in the same manner as previous experi-
ments, using only the Monte Carlo part of the code. The field generation leads to lower total emission and to
an apparent two-temperature fast electron distribution. The laser absorption into fast electrons inferred by
Monte Carlo modeling is consistently lower than the actual value. The mean fast electron energy inferred could
be either higher or lower than the actual value, depending on the experimental setup and the cone angle and
energy distribution used in the Monte Carlo modeling. The errors caused by neglecting the fields are, in
general, greater for plastic than aluminum targets, leading to inconsistencies in results obtained by Monte Carlo
modeling.
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[. INTRODUCTION also been studied because of the x rays amdys that they

generatg6]. Apart from any specific applications, the gen-
When a high-intensity %10 W cm™?) laser interacts eration and transport of fast electrons is fundamental to the
with a solid target, the solid is rapidly ionized, forming a study of high-intensity laser-solid interactations, as they are a
plasma. The nonlinear laser-plasma interaction leads to th@ajor factor in the absorption and transport of the laser en-

generation of electrons with energies that can significantly?r9y- o . . .
exceed both the oscillation energy of an electron in the laser The main diagnostic on fast electrons used in laser-solid
field and the bulk plasma temperature. The study of this phe€XPeriments is x-ray emission. Fast eIectrpns in solids emit x
nomenon has a long history and many names: hot, fast, highi&ys directly due to bremsstrahlung and indirectly by excit-

energy, superthermal, and suprathermal electrons are all dif!9 &tomic tran:t;mons_ Bdretrr']"SStraZ[Un? gfe?ﬁrates at cont|r:1u-
cussed in the literature. We will use the designation fastOUS X-ray spectrum, an € gradient of this spectrum has

. ) . bften been used to infer a fast electron temperature
because in our theoretical model we consider electrons th

are movina much faster than the mean speed of the back: ,7,9,10. Atomic transitions produce line emission that is
9 ) . o P haracteristic of the emitting element. This has been used to
ground electrons. Using this definition, fast electron transpor

. . . ) ive measurements with spatial resolution by using targets
in solids _and plasmas has also been extensively studied ‘onsisting of layers of different materidl3,10—16, and it is
rectly using electron beams, rather than lag@r@]. Early  his giagnostic that we will concentrate on in this paper.

studies of fast electrons in laser-plasma physics were largelgiyen the electron energies of interest, the highest energy,
motivated by their detrimental effect in inertial confinementy ,, line emission is used. Typically, theéa emission from 1
fusion (ICF) [3—6]. The generation of fast electrons by the o 2 “fluor” layers is measured for varying first layer thick-
compression beams led to preheating of the fuel, reducingiesses, the first layer being that irradiated by the laser. The
the density that could be achieved. It was found that fask « yield as a function of depth is then used to infer the
electron generation was negligible forl\2<10% generated fast electron energy distribution and mean energy,
Wem 2 um? [6,7], where \ is the laser wavelength, so the latter being given by the gradient of the curve; the steeper
shorter wavelengths were used. More recently, fast electrorthe gradient, the lower the mean energy. The absolute yield
have been studied as a possible benefit to ICF, in the “fastan then be used to infer the total fast electron energy, which
ignitor” scheme[8]. This proposes to use the fast electronsis normally expressed as the absorption of laser energy into
generated by a short-pulse laser to rapidly heat the core offast electrons. In order to infer these quantities, from both
compressed fuel pellet to ignition, before pressure balance K« and bremsstrahlung emission, the experimental results
reached. This could lead to far higher energy gain and lessust be compared to results obtained from theoretical mod-
stringent symmetry requirements than the conventional tectels of the fast electron transport through the target. To model
nique of driving shocks into the target. This brings us back tchigh-intensity laser generated fast electron transport in sol-
earlier work with electron beanj&], where heating plasmas ids, previous work on the interaction of fast electrons with
to fusion conditions was also considered. Fast electrons hawnlids was used. This considered the interaction, or collision,
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of single electrons with atoms, electrons, and ions. The mosind subject to rotation through a random scattering aftjjle
sophisticated of these transport models take the form ofjiven by

Monte Carlo codes. However, the current of electrons gener- 1o

ated by a high-intensity laser is far higher than can be ob- do= E(@mA ) T(t)dit2 @
tained with an electron beam, and at these currents the gen- v s '

eration of electric and magnetic fields and the heating of the

target are significant effects. This has been demonstrated inwherep is momentumD =npe*/2me], ny, being the back-
number of theoretical studigd7—23, that repeated a lot of ground electron densitye the electron charge, ane,, the
previous work on electron beam propagation in plasf@as permittivity of free spacem is the electron mass; is the

and by many experimental resulf44-16,24—29 This electron velocityZ is the atomic numbedt is the time step,
means that collisional interpretations of experimental result$’(t) is a time varying random number with a Gaussian dis-
are wrong, so the results obtained on the fast electron geitribution, mean zero and variance 1, and the logarithmic
eration could be wrong. The objective of this paper is toterms depend on the background material. The equations are
assess these errors for layered tanget emission experi- solved numerically using explict, first order differencing, in
ments. To do this, we used a hybrid code that includes fieléhree-dimensional, Cartesian geometry. The random rotation
generation in a Monte Carlo code by using Ohm’s law tois evaluated using the full cosine and sine terms, as large
model the response of the target. The code was used ®gcattering angles can occur. Equatigqig and (2) tend to
model such experiments and the numerical results were thenfinity as velocity tends to zero, as they only applyfast
interpreted in the same manner as previous experiments, uglectrons, so particles whose energy falls below a set value
ing only the Monte Carlo part of the code to infer the meanare removed, in effect becoming part of the background elec-
fast electron energy and absorption of laser energy into fagtons. The collisional part of the code is thus a simple Monte
electrons. These quantities could then be compared with th€arlo code that neglects large angle scattering and brems-
actual values. The code is described in Sec. Il and the detaigrahlung, similar to many that have been used in interpreting
of our numerical experiment in Sec. Ill. The results are therKa emission experiments.

presented and analyzed using the Monte Carlo part of the The background is described by the simple Ohm’s law
code in Sec. IV. The effect of varying some of the more )

important fast electron parameters is considered in Sec. V E=7lp, ©)

and some of the effects that were neglected are considered \'theren is the resistivity, which is a specified function of the

Sec. VI. Section VII then gives conclusions and Companson%ackground temperatufg, . andjy is the background cur-
with experimental results. . . ) L
rent density. In using this equation it is assumed that the
background electrons respond instantly to the fast electrons
Il. THE CODE and that their dynamics are dominated by collisions. Substi-
tuting this into the Ampere-Maxwell equation and neglecting

Th Is th i istributi f . . g
e code models the transport ofgven distribution o the displacement current gives the electric field

fast electrons through a uniform solid or plasitiae back-
ground. It is assumed that the number density of the fast 7
electrons is very much less than that of the background elec- E=—-7j;+ —VXB, (4)
trons and that the fast electron velocity is very much greater Mo
than the mean background electron velocity. These cond
tions are clearly fulfilled by high-intensity laser generated
fast electrons propagating in solids.

\ivherejf is the fast electron current density apg is the
permeability of free space. The first term on the right-hand

) side of Eq.(4) generates an electric field that opposes the fast

. The ffngt electrons are described b_y a Fo.kker-PIanpk. €AY%ectron current. The second term represents the separation
tion. '_rhls models the effect of muItlpI_e, distant collisions. of the fast electron and background currents, typically it
Collisions bgtween fast electrons are |gnqred and_the backs akes a negligible difference to the electric field on the fast
ground particles are assumed to be stationary, giving onl}électrons. The equation f&F - E is not used as quasineutral-

drag and _random angular scattering terms._The equation |§y is assumed. It could be used to find the net charge density,
solved using the equivalent Ito stochastic differential equa- hich is assumed to be very much less than that of the back-

tions[30]. These give the sample paths, or characteristics, 0 R, :
the Fokker-Planck equation, thus providing a formal basi arvc\)/und electrons. The magnetic field is given by Faraday's

for solving it using particle methods, which are commonly

used to solve the Vlasov equation in particle in ¢eit) [31] JB ” 1

codes. In practice, this means that we have computational i PV Xji+VyXji+—V?B——VyxB. (5
particles, each representing a specified number of fast elec- Ko Ko

trons, or, more accurately, a specified part of the distributionrhe first term on the right-hand side of E€F) generates
function, that are moved according to the relativistic equaagnetic field from gradients in the fast electron current den-
tions of motion, with a drag term sity. It acts to increase these gradients, leading to pinching
and filamentation. The second term generates magnetic field
from gradients in the resistivity, which normally result from

D
dp=- In Ay dt, @ heating of the target. If the resistivity increases with tempera-

2mo?
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ture this term generates a magnetic field that enhances thptaced sufficiently far away so that their effect was negli-
first term, if it decreases with temperature this generates gible. This left only the boundary condition at the front sur-
field with the opposite sign, which acts to push the fast elecface =0), where the electrons were generated, to be con-
trons outwards. The third and fourth terms represent diffusidered.

sion and convection of the magnetic field, respectively. In

solving the field equations rotational symmetry is assumedChanges in the collision coefficients with background tem-
giving fieldsE,(r,z), E,(r,z), andB(r,z) that depend only perature, changes in th€a line energy due to ionization,
on the radial(r) and axial coordinate&z). The equatiorV. and excitation of emission by photons were also neglected.
-B=0 is automatically satisfied. Assuming rotational sym-These are expected to be relatively small effects. We will
metry means that the kinor hosing, orm=1) instability =~ now detail the setup of our numerical experiment.

cannot be modeled. Pinching, filamentation, and saugage
m=0) instabilities are included, though filamentation is lim-
ited to the formation of concentric cylinders. The field equa-
tions are solved on a regular grid, using centered spatial dif- The fast electron generation was calculated from a sup-
ferencing and first order, implicit time differencing. The posed “laser” intensity

incomplete Choleski conjugate gradient method is used to

solve the resulting five diagonal matrix equati82]. The I=1ye
fast electron current density on the grid is found by linear

weighting from the computational particles to the four near-yjith peak intensity | ,=2x 10" Wem 2 spot radius R

est grid points, and the fields on the particles are found using- 10 um, and pulse duration=1 ps. The time at which the
the same scheme in reverse, just like an ordimagycode  pyise peaks,,, is just a computational parameter, determing
[31]. The temperature on the grid is calculated from the enzt what intensity the fast electron generation is turned on. It
ergy deposition, found from the Ohmic heating”(7) and  \as set equal ta. Similarly, the fast electron generation was
the energy loss to collisions of particles in the grid cells, andyrned off after a time 2and at a radius of R. It should be

a specified heat capacity, which may be a function of backstressed that the laser interaction is not modeled, thete is
ground temperature. Thermal conduction is neglected. Thigyser just a fast electron beam, thus it is the fast electron
limits the time scales that can be considered, quite severelyyrrent density used that is important, not the precise laser

so for small spot radii and high fast electron current densigongditions that it may correspond to. An exponential energy
ties, due both to the high temperatures reached and the ogistribution (e—K/<K)) was used with mean energy.

curence of filamentation. The field generation is essentially
tacked onto the end of the collisional routines. The electric
field is applied to the particles in the same manner as the
drag term and the rotation due to the magnetic field in the
same manner as that due to the angular scattering. ThesdereK is kinetic energy] is the intensity from Eq(6) in
equations for the fields have been used before to model fa¥ cm™2, and\ is the laser wavelength inpm, taken to be 1.
electron propagation in plasmas, in models where the colliThe energy distribution was cut off afK(r,t)). This cut
sions were ignore@2]. Thus we have combined two differ- off only affected the results at relatively large depths, which
ent, well established, models to give a hybrid code. we will not consider. Various fast electron energy distribu-
tions are encountered in the literature, for examples see Refs.
[3,11,12,15. No justification can be given for choosing this
particular distribution over any other. The effect of varying
To evaluate the errors that could be caused by ignorin he distribution is considered in Sec. V. Energy scalings simi-
field generation in the interpretation of layered targety ~ lar to Eq.(7) have been found from numerous experimental
emission experiments, we used the code to model such dfsults [3,5-7,9,10,12,38 However, these experimental
experiment, using parameters taken from experimental rescalings were based on averaged values from a series of dif-
sults for the fast electron generation. We then interpreted thiérent experiments, whereas we are obtaining a space and
results from this numerical experiment in the same mannelime dependent mean energy from a space and time depen-
as previous experimental results, using the collisional, Montélent intensity. The overall average energy is
Carlo part of the code. The results obtained could then be
compared directly with the actual values. In the modeling we (K)=0.1681 ,09) R eV, )
made two major simplifications.

él) Ignolre Ilay((ajr e:eCtﬁ' Uniform targetlz xvere tEnC)de1!edwhich is 212 keV for our parameters. This falls roughly in
and we calculated what the emission would have been frorg, o, \iq4je of the rather wide range of values indicated by the

a sefies of Iayers_throughout the target. This allqwed_all_ t_heexperimental scalings. The number of fast electrons gener-
results to be obtained from a single run and avoided mﬂmtedted was given by

gradients in the resistivity between lay¢2®]. This could be
considered as an idealized experiment, as the transport is
diagnosed without being affected. fand (r,1)

(2) Remove the far boundaries. The boundaries were N(r’t):e<K(r,t)>2mdrdt’ ©)

A. Setup

—rZ/RZe—4(t—tp)2/72’ 6)

(K(r,1))=0.308 I (r,t)\?]*3 eV, (7)

IIl. ANUMERICAL EXPERIMENT
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with absorptionf,,s=0.3. A wide range of absorption values assumptions of this model are that the initial electrical break-
are given, this value falls roughly in the middle of this range.down is instantaneous and requires a negligible fraction of
The fast electrons entered the target frem0 in a random the fast electrons’ energy. For the heat capacity, we used an
direction within a cone of half angle 30°, having both posi- approximate fit to the heat capacity at constant volume given
tive and negative values of radial and azimuthal velocityby the Thomas-Fermi modgB6]|. Writing it asCn,, where
with equal probability(full solid angle of 47/9 si. The cone ny is the background electron density, we have

angle was not determined in most experiments. It is in gen-

eral agreement with measurements of the cone angle of , 2.2+4T,,

bremsstrahlung emissidri2,29 and radially resolveK « C:O-3+1-2Tbm' (14)
measurementgl3]. A fixed number of computational par-

ticles were generated each time step with a uniform, randofyhere T/ =z 43T, eV. The temperature at the previous

distribution in radius and energy, the desired distributionsjme step is used to calcula@ In plastic, the averaged
functions were achieved by varying the number of fast elec(2_67) was used. For low temperatures Ed4) gives C
trons that they represented. To represent continuous generay 3 gnd forT,>2.22%3 eV it gives C=1.5, the result for

tion of fast electrons, the particles were advanced by a rany, igeal gas.

dom fraction of a time step when they were first generated. ¢ computational parameters were; radial grid spacing 1
For the targets we used aluminul) and plastic(poly- um, axial grid spacing Zm, time step Jum/c, 200 radial

ethylenei CH). The colligiongl proper_ties are specified by g3nq axial grid points, 1500 time steffs ps, and 2400 com-

the d_ensny and the logarithmic terms in E¢b. ano_l(2)._ For putational particles generated per time step. Particles were

In Ay in Eq. (1) we used the term for a cold solid given in gpecylarly reflected from the front surface, allowed to cross

Ref. [1] the radial boundarybeyond which they generated no fields

K 1 0.909 0818 and were removed at the farboundary. The particles were
INA=In—+=In(y+1)+ — — —— —0.246, removed when their energy fell below 10 keV.

lex 2 Y Y This leaves only the&K« emission to be determined. As

10 e only wish to compare results, an estimate of the relative
yield is sufficient, for which we used the energy loss to col-
lisions, given by Egs(1) and (10), on the computational
grid. To give an idea of how the results would be affected by
varying the line energy, we also calculated this usipg
=20keV in Eq.(10).

The main reason for choosing this specific set of param-

whereK is the fast electron kinetic energy=1+K/mc? is
the Lorentz factor, and., is the mean excitation energy,
which is 166 eV for aluminum and 57.4 eV for plastly-
ethylene. For InAg we used an approximate model for an-
gular scattering from atoms given by Joachi@H]

4goh? eters was that we have already published results for similar
In As:mm, (1) parameter§18—20. We considered them a sensible choice

as there exist extensive, published experimental data for such

whereh is Planck’s constant andg is the de Broglie wave- laser parameters, at significantly lower laser intensities field
length of the fast electron. For plastic we added the scattegffects will be negligible, and because there are practical
ing terms for carbon and hydrogen. reasons for not considering significantly higher laser intensi-

For the field generation the target is Speciﬁed by its resisties. For significantly hlgher fast electron energies, excitation
tivity and heat capacity. For the resistivity of aluminum we of Ka emission by bremsstrahlung would have to be in-

used an approximate fit to the results of Milchbetaal.[35]  cluded. For significantly higher fast electron current densi-
ties, thermal conduction would have to be included in order

Ty to consider sufficiently long time scales. This also limits the
7= 5% 10f+ 170T§’2+3>< 10°T,,’ (12) pulse duration that can be considered. A similar reasoning
also went into the choice of target materials. A metal and a

where T, is the background temperature in eV. This in- plastic were also chosen because experimental results show
creases linearly at low temperature, reaches a peak value differences between these materials that cannot be explained
2.2x10°% ) m at 53 eV, and tends to the Spitzer resistivity, by purely collisional model$12,16. Though this was only
with ZIn A=59, at high temperature. An initial temperature detected at higher intensities, where we expect the effect of
of 1 eV was used, giving an initial resistivity of 1.9 the fields to be greater, in our more precise “measurements”
X107 Q m. For plastic, we do not have suitable measure-any differences should become obvious at a lower intensity.
ments, so we developed a simple heuristic m¢ii8|21] that

gives IV. RESULTS AND INTERPRETATION

B 1 The results are given in Figs. 1 and 2, along with the total
7= 43X 10+ 1.3% 103752 (13 energy loss and results from runs without fields included,
which we will refer to as the collisional results. The results
where the initial temperature is taken to be zero, giving arshow a series of separate curves, instead of the simple curves
initial resistivity of 2.3x10°® O m. At high temperature it of the collisional results, with a rapid initial fall followed by
tends to the Spitzer resistivity, withIn A=7.7. The basic a much slower fall that closely follows the collisional results.
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FIG. 1. ModelK « yields for aluminum given
by the actual energy loss to collisiofsolid line)
and that calculated with.,=20keV (dashed
line). These results have been normalized to give
----------- the same total yields. The dashed-dotted line is
"""""" N 3 ' the total energy loss. The results labeled colli-
sional were obtained with the fields switched off.

Yield (arb. units)

10k R VTR SRR L L s 0 ove.

Comparing the total energy loss to the collisional energy los$all in emission at small depths will give a much lower mean
shows that the sharp initial fall corresponds to the regiorenergy than the actual value, while the curves at large depths
where the fields dominate, while at large depths the colliwill give a similar value. To quantify this we used the Monte
sions dominate. Although the yields at small depths are mucfarlo part of the code to model the results. As the space and
higher than in the collisional results, those at large depthd§me dependence of the fast electron distribution is now ir-
and the total yields are both lower. From these comparisondelevant, all the fast electrons were generated at the begin-

we can conclude that collisional modeling of the results willing of the runs and at the origin. As the total yield is now
show the following features: proportional to the total fast electron energy, this was set

equal to 1. 16 computational particles were used and the

(1D A “two-temperature” fast electron distribution. code was run for 7 ps. Otherwise the setup was the same as
(2) Lower mean energy than the actual value. described in Sec. lll A. We ran the code for a series of mean
(3) Lower absorption than the actual value. energies at 5 keV intervals, normalized these results to give

the same total yield as the results being analyzed, and found
By two-temperature distribution we mean that we will re- the mean energy that gave the best fit. The absorption was
quire two groups of fast electrons with considerably differentthen found from the normalization factor, which gave the
mean energies to reproduce the separate curves. The steefal energy of the fast electrons. Fitting the results, consis-

=
S,
b

FIG. 2. Same as Fig. 1, but for plastic.

Yield (arb. units)
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tently, with a number of different fast electron populations isdepths was marginally lower for aluminum than plastic.
difficult, and such detailed results are also not of much interHowever, this is not the end of the story, because these re-
est, so we just considered results at small and large depthsylts were obtained using the same cone angle and energy
independently of one another. For small depths, we preseslistribution as used in the original runs, but in a real experi-
results obtained fromz<40 um in aluminum andz  ment these are also unknown. To make a more detailed in-
<25um in plastic, as these were the greatest depths thatestigation of these, and other effects, we used only the re-

could be reasonably fitted by an exponential distribution. Fogults at large depths. _
large depths, we present results obtained from The cone angle cannot be determined from results at large

—100—300xm in aluminum andz=160-360um in plas- depths, as the net effect of the angular scattering dominates,

tic, as at these depths the fields are negligible. The results dRP We can only obtain a range of mean energies and absorp-
depend on the region chosen, though very weakly at larghons dependent on the cone angle. Cone half angles of
depths, so these results should only be considered as es#=90° gave mean energies of 180—-210 keV for aluminum
mates of the lower and upper values of mean energy théi"d 160-215 keV for plastic, and absorptions of 10.7-
could be obtained by collisional modeling. At small depths,11.7 % for aluminum and 11.2-12.7 % for plastic. This un-
we obtained a mean energy of 50 keV in both cases and afrtainty is only significant for the mean energy, gnd brings it
absorption of 14.3% for aluminum and 11.1% for plastic. AtCloser to the actual value. The greater variation in the result;
large depths, we obtained a mean energy of 185 keV fofor plastic redupes th_e apparent differences between gluml—
aluminum and 170 keV for plastic, and an absorption of?um a}nd pIa_stlc. Th|s_ occurs as the gngular scattering is
10.9% for aluminum and 11.2% for plastic. The actual valuedoWwer in plastic due to its loweZ. Increasing the cone angle
were 212 keV and 30%. The results obtained usipg significantly increased the yield at small depths, but'nowhe;re
—20 keV at small depths gave a mean energy of 40 keV anf€ar enough to repr(_)dL!ce our results, we would still require
an absorption of 25.9% for aluminum, but the results for® two-temperature distribution. _

plastic could not be well fitted in this region. At large depths, = The energy distribution could be determined from the
they gave a mean energy of 190 keV for aluminum and 18(yield curves of a series of monoenergetic dllstr|.but|ons, and
keV for plastic and an absorption of 11.1% for both. The'€Peated for different cone angles or combinations of cone
results at large depths are similar to the previous ones as boff'des. However, in interpreting many experiments, a Max-
20 keV and the mean excitation energies are much |owew_elllan distribution was assumed and the _temp_erature was
than the mean energy. The significant differences at smaffiven rather than the mean energy, so we will limit ourselves
depths, where the results are dominated by lower energgp conS|der|n.g th|s.d|str|but|on. However, it de_p_en.ds on the
electrons, are the first indication of an inconsistency in thé'Umber of dimensions and whether the relativistic form is
collisional modeling. The total absorption that would be ob-US€d. The relativistic Maxwellian energy distribution i
tained from these results is lower than the total of thosélimensions is

given above, as the fits were carried out independently of one

another. The reduction in the energy lost to collisions is just F(K)oey(y? =12 te MK, (15

the energy lost to the electric field, which was 32.2% of the

total energy for aluminum and 38.1% for plastic, indicatingwhere y=1+K/mc? andkT is temperature. In the nonrela-
that total absorptions of 20.3% for aluminum and 18.6% fortivistic limit K<md?, this tends td&K"'?~ e ¥/XT and in the
plastic would be obtained. The total absorption obtainediltrarelativistic limitk>mc?, to KN~ e ¥/¥T. The mean en-
from the results usingle,=20 keV would probably be ergy of a distribution of the fornK"e™*/k'is (1+n)kT. In
slightly higher. As the yield from the low-energy group is the nonrelativistic limik T<mc?, this gives the classical law
negligible at large depths and that from the high-energyof equipartition of energyK)=NkT/2. In the ultrarelativis-
group varies much more slowly with depth, the main differ-tic limit kT>mc?, this changes t¢K)=NKkT. For interme-
ence in fitting consistently with two groups would be to diate temperatures, the mean energy lies between these two
lower the absorption into the low-energy group. Figures ofextremes. If the type of Maxwellian is not clarified, this
roughly 9.4% for aluminum and 7.4% for plastic would thus gives a wide range of possible values of mean energy for a
be expected. Although the mean energy and total energy a@fiven temperature. Our exponential distribution is now seen
the fast electrons are underestimated, the total numbdo be a two-dimensional, nonrelativistic Maxwellian and a
(< faps/(K)) is overestimated; the number of electrons inone-dimensional, ultrarelativistic Maxwellian. Given the
just the low-energy group exceeds the actual value, whilenean energy used, it would be best described as a two-
that of the high-energy electrons is lower. The overall meartdimensional Maxwellian. Its temperature is equal to its mean
energy is reduced by a greater factor than the total energy, @nergy, so in this case the terms are interchangeable. To see
absorption as we have expressed it. However, the apparetite effect of using such distributions on the mean energy
two-temperature distribution means that the absorption couldbtained, we ran energy distributions of the foike ~K/KT,

be more considerably underestimated than the mean energyith n equal to—1/2, 0, 1/2, 1, 3/2, and 2, for aluminum
The mean energies obtained from the results at large depthargets with a cone angle of 30° and a mean energy of 185
are at most 20% lower than the actual value, while the abkeV, the value that gave the best fit fior=0 (exponentigl.
sorptions are around a third of the actual value. These resulfBhe results at large depths were broadly similar, except for
also show that field generation has a greater overall effect in=—1/2, where a temperature of 185 keV, that is, a mean
plastic than aluminum, only the absorption obtained at largenergy 92.5 keV, was clearly much closer. Some of these
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FIG. 3. Yields, given by the energy loss to
collisions, for aluminum from collisional runs us-
ing energy distributions given bi"e™ /KT with
n=—1/2 (dotted ling, n=0 (dashed ling n
=1/2 (solid line), andn=2 (dashed-dotted line
for a mean energy of 185 keV, except for=
—1/2, which has a temperature of 185 kéWean
energy 92.5 keY

Yield (arb. units)

results are given in Fig. 3. The gradients at large depthshanges our initial conclusions, the mean energy could be
increase withn, so a higher value ofi would give a higher overestimated. However, the temperature obtained is lower,
mean energy, but a lower temperature. We investigated and it is often this that is quoted. We use mean energy as this
=1/2 (three-dimensional, nonrelativistic Maxwellianin s the important factor in determining the field generation
more detail. For cone half angles of 0-90°, this gave mea@and its meaning is clear, whatever the distribution. Tempera-
energies of 220-255 kelkT of 147-170 keV and absorp- tyre is only a meaningful parameter in the context of a par-
tions of 9.83-10.8 % , compared to 180-210 keV and 10.7+jcylar Maxwellian distribution. This is also true of the term
11.7% obtained witm=0. This shows that the energy dis- to temperature, for example, if you interpreted the results
tribution can significantly affect the mean energy obtained¢y, n= —1/2 (Fig. 3 using any of the other distributions you
while having a relatively small effect on the absorption, asq 4 require two temperatures. However, our results would

Eoifd ft.?’thHar??t aI.. [3].|The n=1t/.2|<éi_sttri.tt))utti.on Qra"g ? require two temperatures, whichever of these distribution
etter it than e onginal exponential distribution. 10 deter,, .o seq. The overall energy distribution indicated by our

mine which of the energy distributions would give the bestresults has two distinct peaks, rather than two different gra-

fit, we fitted the curves at large depths with the function : T
exp(— (2/25)), taken from the results of Harrach and Kid- dients. T_he effe_ct of varying the energy distribution in the
full runs is considered in Sec. V.

7 Wienk A i h I
der [37] and Wienke[38]. According to these results, and Another factor that affects the collisional modeling is the

ours, we expect the value effor a given material to depend o
largely on the energy distribution, remaining roughly con-Poundary condition. The electrons were specularly reflected

stant over a wide range of mean energies and cone angle%t. the front surface, as they were in the full runs. Removing
Forn=—1/2 to 2 we obtained values af(to two significant the.electrons gave, for cone half angles of 0-90°, mean en-
figure9 of 0.47, 0.55, 0.63, 0.73, 0.82, and 0.82. The func-€rgies of 175-195 keV for aluminum and 160-195 keV for
tion was a good fit in the region consider&D0—300um),  Plastic, compared to 180-210 keV and 160-215 keV ob-
but did not fit well at small depthé&ypically z<z,). From tained previously, and absorptions of 11.1-14.5% for alu-
the full results for aluminum, we obtained a value of 0.69,minum and 11.1-14.3 % for plastic, compared to 10.7-
closer to the result fon=1 thann=0. Fitting with n=1 11.7% and 11.2-12.7 % obtained previously. The total
would give a significantly higher mean energy, and a lowerabsorptions now varied with the cone angle, as energy was
temperature, than obtained witi=0. For plastic, we ob- escaping from the boundary, and were 20.5—-25.6 % for alu-
tained 0.90 compared to 0.69 from the collisional result, alsaminum and 18.1-21.6 % for plastic, compared to 20.3% and
indicating that a higher value of, and hence a higher mean 18.6 % obtained previously. This is the only factor we have
energy, would give a better fit. The main difference betweerconsidered that has a significant effect on the absorptions,
the indicated energy distribution and the original exponentialncreasing the values obtained for large cone angles. The
distribution is that it contains far fewer electrons at low en-reduction in the mean energy is not significant. As the effect
ergies. Fon>0, the distribution peaks akT and is zero at is greater for aluminum, due to its highgy the differences
zero energy, while fon<0, the distribution peaks at zero between aluminum and plastic are significantly reduced by
energy. It is this lack of lower energy electrons that gives aemoving the electrons at the boundary. The effect of remov-
higher mean energy, the results do not indicate that the fieldsg the electrons at the boundary in the full runs is consid-
have increased the apparent energy of the electrons. The&sed in Sec. V.
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Of the two extreme cases that we have considered, that iglectrons are turned back by the magnetic field. The magni-
the results at small and large depths, only the last case cotude of this effect can be seen from the number of electrons
responds to any actud« emission experiments. In real returned to the front surface. In aluminum this was 49.3% of
experiments, the emission at small depths is often not medhe total number generated, accounting for 37.8% of the total
sured, the fluor layers are much thicker thanu@, fewer energy, compared to 16% and 8.1%, respectively, for the
points are obtained, and there are normally considerable ecollisional run (backscatter due to angular scattejinn
ror bars on the results. This would tend to hide the distincplastic, 22.5% of the electrons and 11.4% of the energy re-
curves seen in our results, thus a two-temperature distribtturned to the front surface, for the collisional run the figures
tion would not necessarily be obtained and the results couldiere 3.8% and 1.5%, respectively. This, roughly, factor of
lie somewhere between these two extremes. The experimertigo difference between aluminum and plastic is also seen in
that would be most affected by the emission at small depthshe maximum values of the magnetic fields of 1.30 B
and thus would give the lowest mean energy, are those thaiG) and 0.627 kT(6.27 MG), respectively. This explains the
used two fluor layers without a first layer. As an example, Wesmaller differences between the results obtained for alumi-
considered the yield from a first fluor layer of 30n and &  \ym and plastic than indicated by the energy loss to the
second fluor layer of 100um in aluminum for le,  glectric field. It is not correct to simply state that the effect of
=20 keV, based on the type of set up used by Be@l. ¢ fields is greater in plastic than in aluminum, it is differ-
[10]. For an exponential energy d'lstrlbutlon, a cone.angle Obnt. The magnetic field greatly complicates the situation, as
0 gave a mean energy, determined from the ratio_of th?‘ts effect cannot be so simply quantified as that of the electric

1 1 0, 0, -
yleld_s, of 70 keV an_d absorptlon§ of 22.3% and 21.2% defield and it is far more sensitive to the parameters used.
termined from the yields of the first and second layers, re-

spectively. A cone half angle of 90° gave a mean energy 0plearly, the boundary condition is one of these parameters,

85 keV and absorptions of 19.9% from both layers. Thisand we investigate this in Sec. V. To confirm this simple

gives a mean energy close to the lower limit and an absorp(gxplanatlon we reran the aluminum run with the magnetic

tion close to the total value given above. In this case, thdi€ld switched off. It did indeed give a curve that could be

increased emission at small depths can be accounted for bydgcounted for by a single temperature, with the reduction in
large cone angle instead of a two-temperature distribution"éan energy and absorption both adequately accounted for
The use of thex= — 1/2 distribution considered aboyEig. Y the energy loss to the electric field.
3) would probably account for this with a somewhat smaller The reason for the magnetic field being much higher in
cone angle. These less precise measurements lead toakminum than in plastic is that its resistivity initially in-
greater uncertainty as to the fast electron distribution. creases with temperature. In terms of Ef), the second

To summarize, we have found that by varying the targeterm on the right-hand side is enhancing the first term. In
material, the line energy, the region of the measurementderms of the currents, there is a more rapid separation be-
and the assumptions used in the collisional mode{t@ne tween the fast electron and background return currents, as the
angle, energy distribution and boundary conditjone can  background current can more readily flow in the colder,
obtain mean energies of 50—255 keV and absorptions of 10tewer resistivity region around the fast electron beam. The
26% from original values of 212 keV and 30%. continual fall in resistivity with temperature in plastic, and

We will now attempt to understand these results in termqhat at h|gh temperatures in a|uminum’ has the Opposite ef-
of the effect of the fields on the fast electrons. If we followedect. |t leads to the background return current concentrating
electrons that were travelling against an electric field that wg), the axis and the fast electron current in an annular region

did not know about, we would conclude that they had ay.qnq it. It also lowers the electric field, but to a far lesser

lower energy. However, we would get the number of eleCgyiont  the maximum electric field in plastic was 10.9

trons right, the total and mean energies would fall by the Vm~! compared to 13.0 GV At in aluminum. It should

same factor. The effect of the electric field could be simply/be remembered that their maximum resistivities were very
0.

: : . .
summarized by the energy loss to the field, which was 32.2 Similar. The electric field is far less affected by where the

for aluminum and 38.1% for plastic, but this only applies to turn current flows. b whatever it d the ener
the total absorption. The apparent mean energy of the elelStUMM current Tlows, because whateve 0€s, the energy
required to drive it must come from the fast electrons. The

trons is further reduced by the magnetic field, without low- o : X
ering the total energy, as it reduces an electron’s penetratio?]vera" effecF of the electric f|<_ald was lower in aluminum as
depth by increasing the curvature of its trajectory. This effecfi€!d generation only became important when it began to heat
is greater, the lower an electron’s energy; electrons with &P, which initially occurred due to collisions, whereas in
low enough energy are turned around by the magnetic fielgplastic the fast electron propagation depended on heating the
while electrons with a much higher energy can even havéarget. This can be seen in the much more rapid convergence
their penetration depths increased, as the field can redud¥ the total energy loss with the collisional energy loss in
their initial angle to the axis. The folding up of electron aluminum, Fig. 1, than in plastic, Fig. 2. In plastic, the dif-
trajectories by the magnetic field can only be accounted foference between the total energy loss and the collisional en-
in collisional modeling by a larger number of much lower ergy loss initially increases with depth, before eventually
energy electrons. This is the origin of the two-temperaturefalling, leading to a more complex series of curves than for
distribution. The apparent mean energy at large depths ialuminum. This is because the fall in resistivity due to
increased and the absorption decreased because lower ene@jymic heating led to the electric field falling with increasing
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FIG. 4. Yields, given by the collisional energy
loss, divided by the absorption for aluminum and
absorptions of 20%(dashed-dotted ling 30%
(dashed ling and 40%(solid ling). The result
labeled collisional was obtained with the fields
switched off, it is independent of absorption.

(arb. units)

abs

Yield/A

0 20 40 60 80 100 120 140 160 180 200
z (um)

fast electron current densifi21]. This also occured in alu- cal, only the absorptions changed. For cone half angles of
minum, but not to a sufficient extent to affect these radially0—90°, absorptions of 8.89-9.58 %, 10.7-11.7 %, and 12.3—
and time integrated results. 13.4 % were obtained, which represent reductions from the
The effect of the fields may have been underestimated iactual values of 56—52 %, 64—61 %, and 69—66 %. How-
plastic at large depths, as the resistivity we ufigd. (13]  ever, the functional form of the curves did change, fitting the
gs;umed that the initial electrical breakdown required a negresylts with the function exp- (z/2p)®) (Sec. IV in the col-
ligible fraction of the fast electronler_nergy. For the lower f_aStIision dominated region gave values @fof 0.65, 0.69, and
electron fluxes at large depths, this is not a good approxima g5 Fitting with the indicated energy distribution would
tion. The fast electron flux that can propagate without breakg, ;5 give higher mean energies at higher absorptions. These
ing down the plastic is, for our purposes, negligible. This;eg s show that we are in a regime where the field effects
could lead to a sudden fall in emission at large depths.  jncrease with increasing current density, however, the overall
effects of the fields are not directly proportional to the ab-
sorption. In doubling the absorption from 20% to 40%, the
energy loss to the electric field only increased by a factor of
We will now consider the effect of varying the fast elec- 1.20, and the maximum magnetic and electric fields by fac-
tron generation and the boundary condition in the full runstors of 1.10 and 1.24, respectively. This shows us that the
As we only wished to establish general trends, we only coneventual reduction in the resistivity due to target heating is
sidered aluminum targets and the yield given by the colli-having a significant effect. The relatively weak variation in
sional energy loss, comparing the results to the previous rehe results with the fast electron current density means that
sults, rather than making further extensive analyses. the results obtained here will be typical of a wide range of
For the field generation, the most important parameter oparameters.
the fast electrons is their current density, which is propor- Another factor that could affect the results, but that does
tional to f,d /{K). To change this directly without altering not alter the generated current density, is the energy distribu-
the collisional effects, we varied the absorption, consideringion. We considered K%~ X/XT (three-dimensional, nonrel-
values of 20% and 40%, in addition to the original 30%. Theativistic Maxwelliar) energy distribution with the same mean
collisional energy losses divided by the absorptions are giveenergy[Eq. (7)] as before. For this run, the energy distribu-
in Fig. 4, the collisional results are identical as they are protion was cut off at 9K) (6kT) instead of 4K), as it does
portional to the absorption. The only significant change innot fall off so rapidly. The results are given in Fig. 5. They
the results with absorption is in the total emission at largeshow the same features as the previous results. The overall
depths, which falls with respect to the collisional result aseffects of the fields were not significantly changed, the en-
absorption increases. The energy loss to the electric field waargy loss to the electric field was 33.6% compared to 32.2%
28.4%, 32.2%, and 34.2% for absorptions of 20%, 30%, andor the exponential distribution and the number of electrons
40%, respectively, indicating that total absorptions of 14.3%yeturned to the front surface was 51.4%, accounting for
20.3%, and 26.3% would be inferred. The mean energied1.0% of the energy, compared to the previous 49.3% and
inferred at small depths would be slightly lower, the higher37.8%. The maximum magnetic field was identical, but the
the absorption, but those obtained at large depths, by fittinghaximum electric field was 50% higher. The energy loss was
with an exponential energy distribution, were almost identi-similar as it was maintained for a shorter time, the magnetic

V. FURTHER EXPERIMENTS
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FIG. 5. Yields, given by the collisional energy
loss, for aluminum using K*%e~*/kT energy dis-
tribution (solid line) and an exponential energy
distribution(dashed lingwith the same mean en-
ergies. The results labeled collisional were ob-
tained with the fields switched off.

[

Yield (arb. units)
=)

field also changed more rapidly in time. The differences arehanges this indicates in the energy distribution inferred at
due to the lack of low-energy electrons in this distribution,large depths are the same; removal of low-energy electrons
which are readily turned around by the magnetic field toand a slight reduction in the energy of high-energy electrons.
form part of the return current. Fitting the yield at large In Sec. IV, we saw that a significant fraction of the fast
depths using &%~ X/kT distribution and cone half angles electrons was returned to the front surface by the magnetic
of 0—90° gave mean energies of 200—230 K&V of 133— field, the effect being most significant for aluminum. This
153 keV) and absorptions of 9.20-10.1 %. For the exponenmeans that the reflective boundary has a significant effect, so
tial distribution fitting with the original distribution gave we considered the effect of removing the electrons instead of
180-210 keV and 10.7-11.7 %. The valuexadbtained was reflecting them. For this run, 4000 computational particles
0.61, compared to 0.63 for the collisional run, for the expo-were generated per timestep. The results are given in Fig. 6.
nential distribution the value was 0.69, and 0.55 for the col-They show the same features, but the yield is much lower;
lisional run. The energy distribution indicated at large depthst2.0% of the energy escaped and 17.9% was lost to the elec-
is not significantly different from the original distribution tric field, compared to the 32.2% lost to the electric field
and has a slightly lower mean energy, quite unlike the resultashen the electrons were reflected. As a fraction of the energy
obtained with the exponential distribution. However, thethat remained in the target, the energy loss to the electric

-1

10

FIG. 6. Yields, given by the collisional energy
loss, for aluminum with electrons removed at the
front surface(solid lines and reflecteddashed
lines). The results labeled collisional were ob-
tained with the fields switched off.

Yield (arb.
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field was greater. This indicates that a total absorption ofind this is independent of the scale length, so this does not
12.0% would be obtained, compared to the previous 20.3%have to be considered. Such an approach was taken by Bell
The yield has steeper gradients, so the mean energies ist al. [20], who showed that this magnetic field could be
ferred would be higher. Fitting an exponential energy distri-significant, and comparable to that generated by gradients in
bution to the results at large depths for cone half angles ofhe fast electron current density. However, the code cannot
0-90°, and still reflecting the electrons at the boundary, gaveepresent an infinite gradient, it would be determined by the
mean energies of 215-260 keV and absorptions of 7.82qyig spacing. Whether the effects just mentioned will lead to
8.74 %, compared to 180-210 keV and 10.7-11.7% obe gverall effect being independent of the grid spacing has
tained before. As we saw in Sec. IV, removing the ele(:tron§/et to be fully investigated.

at the boundary in the collisional modeling would slightly * g4 t5r we have only considered the boundary condition at
reduce the mean energy and increase the absorption at largg, front surface, which could not be avoided as this is where
cone angles. The value afobtained was 0.61, as before, SO e fast electrons entered. Targets used in experiments are
the same energy distribution would be inferred from thetypically wide enough that the edges, or radial boundary in
yield at large depths. Thus, the mean energy would, in geng e code, can be reasonably ignored, and as this presents no
eral, be overestimated from results at large depths, but still,-hnical problem we will not consider it. However, in prac-
significantly underestimated from results at small depths. A?ice, the target cannot be made so thick that the rear surface
the lower energy electrons turned around by the magnetigypy pe ignored, as the emission is normally measured from
field are now lost, the total emission is reduced and the Meafhe hack of the target. The same basic considerations apply to

energy of the electrons in the target is increased. The maxinis houndary as to the front surface discussed in Secs. IV
mum magnetic and electric fields were increased by factorgn v/ | collisional modeling, removing the electrons would

of 1.60 and 1.32, respectively, this appears to be due 10 thg,q 15 4 Jower yield and to a steeper gradient in the yield

lower heating resulting in a higher resistivity. The boundary. e than reflecting them, and hence to a higher absorption
condition is thus the most significant of the effects we havey,4 4 higher mean energy being inferred, the effect being
considered so far and, therefore, merits deeper consnderaho&reateSt for the absorption. As the energy reaching the rear

For an isolated target in vacuum, all but a small fraction ofgtace can readily exceed that returned to the front surface
the highest energy electrons would be reflected by the elecﬁy angular scattering, this boundary condition could be a

trostatic field generated, though with some energy 10s 10 i0f, a0 “factor in determining the absorption in collisional
motion[17]. Only when there is an extensive plasma on Fhemodeling, and this has indeed been found to be the[da3e
front surface, due to a prepulse or a long pulse durationgq, the fyi| runs, the situation is more complicated, as re-
would we expect the removal of electrons to be a reasonablg, (ing the electrons will change the field generation due to
approximation. In this case, the transport of the fast electronge interaction between the incident and reflected currents. In
in the plasma should be modeled. However, the majority oz¢ [21], for 70—250um thick plastic targets and an inten-

electrons that returned to the front surface did so within thesity ten times higher than that used here, we reported that
assumed spot radius and pulse duration; by the peak of oWither specular or diffuse reflection of the electrons led to the

supposed laser intensifq. (6)] 23% of the energy depos- jycident electrons being pinched and the reflected electrons
ited had left the boundary and by the time the fast SIeCtrorbeing forced outwards by the self-generated magnetic field.
generation was turned off, the value had reached 41%. Thugye “energy deposition immediately behind the rear surface
most of the fast electrons returned to the front surface would, ;5 considerably enhanced, while the results in the bulk of

reinteract with the laser, and this interaction would determine[he target were unaffected. The reflected electrons did not
the boundary condition. The fast electron generation an@eely recirculate as in the collisional case. If the emission

transport in the solid target cannot be separated. Howevepe o the rear surface was not measured, this would lead to
this separation is dictated by what is computationally poSy,e apsorption being significantly underestimated in colli-

sible, not by physics. sional modeling, if the electrons were also reflected. In this
case, removing the electrons would give more accurate re-
VI. OTHER EFFECTS sults. For significantly thinner targets, the interaction be-

tween the forward and reflected fast electron currents would

We will now briefly discuss the two effects that we ne- be much stronger, and quite different results could be ex-
glected right at the beginning in Sec. lll, layer effects and thepected. This has not yet been investigated. To give an idea of
far boundaries. what thin and thick mean in our case, we considered the

The most significant effect of layers in terms of the field cumulative, total energy deposition as a function of depth.
generation is that they introduce infinite gradients in the reHalf of the energy was lost over a distance of i in
sistivity. This will lead to the generation of magnetic field at aluminum and 32um in plastic, so for targets of this thick-
the interface from the\ 7),(j), termin Eq.(5), thatis, fast ness or less, we expect the results to be dominated by the
electron flow parallel to the interface will lead to a growing rear boundary. 90% of the energy was lost over a distance of
magnetic field at the interface. The magnetic field will not in 140 um in aluminum and 18@m in plastic, so for targets of
fact be infinite, as its scale length will be determined bythis thickness or greater, we expect the results to be relatively
magnetic diffusion. However, the factor that determines theunaffected by the rear boundary. The effect of the target
importance of the magnetic field is the ratio of the Larmorthickness is further complicated as emission curves in real
radius of an electron to the scale length of the magnetic fieldexperiments are obtained from a series of different targets,

026407-11



J. R. DAVIES PHYSICAL REVIEW E 65 026407

whose thicknesses may vary. Furthermore, the target thick- Although any individual result maybe reproduced by col-

ness may affect the fast electron generation, not just becausisional modeling, the importance of field generation could
of its effect on the transport, but because electrons reflectelge inferred from a number of different results, as the results

from the rear surface could reinteract with the laser. Thisobtained for identical fast electron sources would vary with
makes it difficult to draw general conclusions. the target material and line energy used. However, for the
cases we considered, these differences were negligible com-

pared to the uncertainties in the Monte Carlo modeling and

VII. CONCLUSIONS typical experimental errors. The fields would be greater at

higher intensities, which might lead to a detectable differ-

Collisional Monte Carlo modeling of fast electron rans- o, i s qualitative agreement with experimental re-
port in high-intensity laser-solid experiments is incorrect due

to the neglect of field generation and, therefore, it will iveSUItS [12,14-18. Pisaniet al. [16] found that for roughly
) 9 9 ’ €etore, 1t will g comparable parameters to those considered here, there was
inaccurate results on fast electron generation in the interpr

. . . . Fo detectable difference between results obtained with plas-
tation of experiments. It is also incorrect to treat the target a%. and aluminum layers, but that when the intensity was
a cold solid, as it is rapidly heated to high temperatures bB{ncreased by a factor of '10 the mean energy inferred with
the(;csftr:sl,ﬁﬁtsr(;?]%w that collisional Monte Carlo modelin ofthe plastic layer was lower than with the aluminum layer, in
e . 9 9T accord with our results. To ensure an identical fast electron
layered targetK o emission experiments can reproduce thesource in both cases, a first layer of aluminum was always

Used. Keyet al. and Whartoret al. [12] also report a lower

:(r)o:]hse ?é%cljgﬁ] f'etlﬂerer?]lé(;is éﬂgrappgﬁmaigi:gﬁoog tir:]?efrleejgwean energy for plastic than metal targets, and a lower mean
' 9 9y P nergy for a lighter metal than a heavier metal, with similar

while not affecting the apparent number of electrons. Theabsorptions, as expected from our results. However, this was

reduction in penetration de_Pth by the magnetic field Iowersfo intensities up to 100 times higher than we considered,
the apparent energy and increases the apparent numbera d the differences could also be due to differences in the

electrons. This effect is far greater, the lower an electron Sfaser interaction with the different materials, so no definite

energy, Igading to an apparent separation of the energy di%’onclusions can be drawn from this apparent agreement. An-
tribution into two distinct peaks; a two-temperature dlstrlbu-Other example of differences between different materials

tion. This means that the absorption inferred can be EVeymes from the results of Hadt al.[14], where the transport
further reduced and the mean energy can be either und

estimated or overestimated. The exact errors will depend onrf fast electrons in ordinary and shock compressed plastic
) P as compared, using « emission. These results were ex-

th_e experl.mental setup and the assumptions used in the MOSfained in terms of electric field inhibition, using the hybrid
eling. Taking experimental results on fast electron generatio

as a whole, we expect the actual mean energy to fall within ode, by Dimitriet al. [15]. However, this case is somewhat
X b gy atypical as magnetic field inhibition normally dominates

o S ot gt o s et Scaia o 19, 35 i the cases considered hee. The tuo-emperare
9 g : 9 ast electron distribution and lack of low-energy electrons in

electron mean energy with intensity established from many, o distribution inferred at large depths, though they have

different experiments should not be significantly in error, atbeen frequently reportef¥,10,11,13,26,29 cannot be con-
least for cases where the field generation is comparable to Qered as indicative of f,ieloi g(,ane,rati,on as they could be

less than that for those considered here. This can be asses3&ltures of the fast electron generation. Another, more subtle,

from the results presented here. indication that field generation is significant could still come

The ’.‘eg'eCt of _f|e|d generation will have a s!m|lar effect from the apparent two-temperature distribution. Calculating
on the interpretation of bremsstrahlung emission measure;

ments, as bremsstrahlung is largely caused by angular scaP—E.3 mean number density of fast electrons generatgjl (

tering of fast electrons. The accelerations caused by the fields' 9 the results obtained at small depths in Sec. IV and the

are negligible in comparison. The effect should be less thaﬁquat'on

on Ka emission as the magnetic field will only affect the fapd

direction of the emission, not the apparent energy and num- nFW, (16)

ber of the electrons. However, it could lead to an apparent

low temperature, isotropic emission and a higher temperawherev; is the mean fast electron velocity into the target,
ture, beamed emission, though with a broader cone anglgives results of the order of ¥m~2. For the experiments
than in the collisional casg9]. This, of course, depends on being considered, the laser was absorbed in a plasma formed
the boundary condition, if the electrons escaped or lost enby the prepulse or rising edge of the main pulse, not directly
ergy on reflection at the front surface, the magnetic fieldby the solid, so the absorption occurred at a density less than
would lower the total energy and change the energy distribuer equal to the critical density of £0m~2 for a 1 um wave-

tion of the electrons in the target. Beg al. [10] reported  length. Thus, it is impossible for the electrons to have been
higher mean energies from bremsstrahlung measuremenggnerated with such a high number density.

than from layered target{ @ emission measurements, as  Another important conclusion from our results is that the
might be expected, however, they mention that this could béast electron transport in the solid target will affect the laser
due to differences in the laser conditions for the differentinteraction. The laser can only generate the large currents
experiments. and numbers of fast electrons observed because a return cur-
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rent is supplied from the target, therefore, the laser interaceomplex, quantum mechanical calculations. Evaluating them
tion is affected not only by the plasma conditions in theexperimentally is also not straightforward. It would thus
interaction region, but also in the region from which the seem sensible to attempt to avoid field generation when try-
return current must be drawn. In our modeling, the targetsng to determine the fast electron generation. This could be
were unable to provide the required current, so a significandone by using dense, high atomic number targets, by com-
part of it was provided by the fast electrons themselves, angressing the target and by preheating the target to lower the
they would reinteract with the laser. This extends the regiomesistivity. However, this becomes increasingly difficult at
from which the return current is drawn. It would lead to higher intensities, and creates the problem that the fast elec-
material and time dependent effects in the laser interactiortron generation itself may also be changed. The best method
An alternative to drawing electrons from the target is to ac-of overcoming the uncertainties in the modeling is to con-
celerate ions into it, which may help to explain proton emis-sider the results from many different diagnostics, thus cutting
sion from the back of targef7-29. down the number of possible interpretations. It is just such a
Using the hybrid code to determine the fast electron geneombination of diverse results that provides conclusive evi-
eration from experimental results is extremely difficult, asdence for field generation by fast electrons in solid targets.
the results depend on the time and spatial dependence of the
fast electron_ d_ls_trlbutlon function, the boundary conditions, ACKNOWLEDGMENT
and the resistivity and heat capacity of the target over an
extended range of temperatures. These last two parameters This work was supported by a grant from the Furatac
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