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Short-pulse high-intensity laser-generated fast electron transport into thick solid targets
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The transport of fast electrons generated by 1 gsilwavelength laser pulses focused to spot diameters of
20 um and peak intensities of up tox210® W cm™2 on to solid aluminum targets is considered using a
relativistic Fokker-Planck equation, which is solved by reducing it to an equivalent system of stochastic
differential equations. The background is representedEbyrnj,, where 5 is the resistivity andy, is the
background current density. Collisions, electric and magnetic fields, and changes in resistivity due to heating
of the background are included. Rotational symmetry is assumed. The treatment is valid for fast electron
number densities much less than that of the background, fast electron energies much greater than the back-
ground temperature, and time scales short enough that magnetic diffusion and thermal conduction are negli-
gible. The neglect of ionization also limits the validity of the model. The intensities at which electric and
magnetic fields become important are evaluated. The electric field lowers the energy of fast electrons penetrat-
ing the target. The magnetic field reduces the radial spread, increases the penetration of intermediate energy
fast electrons, and reflects lower energy fast electrons. Changes in resistivity significantly affect the field
generation. The implications fd¢ o emission diagnostics are discussgstl063-651X97)10412-3

PACS numbdss): 52.40.Nk, 52.50.Jm, 52.70.La

I. INTRODUCTION ments have also been interpreted using Monte Carlo codes,
e.g.,[6,7]. These models ignore the effect of electric and
This paper considers the transport of fast electrtkis  magnetic fields generated in the target. In effect they assume
netic energiek >10 keV) into thick, solid targets in pico- that the target has zero resistivity and infinite electron den-
second laser solid interactions. Numerous experimental angity, so that the fast electron current remains exactly bal-
theoretical works have been published on the generation arehced by a cold electron return current which has no energy
transport of such fast electrons over the past 20 years. Aand generates no field. These will be reasonable approxima-
extensive summary of fast electron temperatures, determinagbns as long as the flux of fast electrons is small, which will
from x-ray emission measurements from laser solid experipe true at low intensities, and the target resistivity is low.
ments prior to 1986, is given by Gitomet al.[1]. Summa-  These approximations need careful evaluation in light of

ries including more recent experimental and theoretical demore detailed models. Here we will try to address the effect
terminations of fast electron temperatures are given by finjte resistivity.

Gibbon and Fwster[2] and Lee[3]. These show a general

' ’ > o= Luther-Davieset al. [5] mention that a magnetic field
trend in fast electron temperatures given by?) ¢, with

- N 17 Might be present in the target. They state that including a
a=0.3-0.5 and temperatures of order 100 keVxat~10 fixed magnetic field in their Monte Carlo code increased the

Wem “um*. No clear trend IS apparent in the fraction Of. enetration depth of low energy electrons, but they give no
absorbed energy found to be in the fast electrons, values i her details

— 0 i —
the range 1-100 % being suggesie@—14. However most PIC andViasov codes can model fast electron transport in-

fall in the range 10-50 %. ding electric and magnetic field generation, and serg
The results that are of interest here are measurements S'IJ'l g electric a agnetic Tield generation, and sefae

K« emission from layered targets, e.8-10. These show codes inplude cqllisions, e.d16,17. However, these code;
that electrons with energieskeV are present at depths of have difficulty with large scales, low temperatures, and high
many micrometers in solid targets. The interpretation 01denS|t|_es. Consequently their use h_as largely been limited to
these experiments requires a model for the electron transpoftodelling the fast electron generation, e.g., kg coronal
into the target. Most of these experiments have been inteffansport, e.g[18], and very thin targets, e.d17].

preted using models including only collisional effects. Spen- Tabaketal. [19] have considered the transport of fast
cer's result§ 15] for electron transport are commonly used. €lectrons including electric and magnetic fields, using the
These results are for an electron source in an infinite, unicodeANTHEM [20] and a simple one-dimensional model, but
form medium, whereas in laser solid experiments there i$or a very different situation form the ones considered here.
always at least one boundary, from which the electrons enter. The effect of electric fields has been considered in one-
Luther-Davieset al. [5] showed that the inclusion of reflec- dimensional models. Glinskj21] gives a one-dimensional,
tive boundaries in their Monte Carlo transport code, whichtwo-fluid model for fast electron transport through a cold
were consistent with their experimental results, produced reelectron background, which he compares witlsNEX [22]
sults quite different from Spencer's model. Other experi-simulations. He finds that the electric field dominates the
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transport at early times. He uses the Spitzer resistivity, which F=—e(E+VvXB),
is of limited validity at the high densities and low tempera-
tures in which we are interested. Balt al. [23] give an p p
analytic solution to a similar one-dimensional model of elec- (Ap)= ( (Ap)— §<A 02))—,
tron transport, including only the electric field. They assume P
that the resistivity is uniform and constant. For parameters
typical of solid density aluminum the mean penetration depth (ApAp)=p2(A 62)
they obtain is less than that from a purely collisional model
for absorbed intensities 10*” W cm ™2,

Glinsky [21] estimates the magnetic field generated by &or the fast electron probability densifyr,p,t) [25], where
cylinder of fast electrons entering a target. The radial varia{ ) signifies the mean change per secofids the identity
tion in the axial electric field leads to a rapidly growing, tensor(Ap) is the drag terny A .92> is the angular scattering
azimuthal magnetic field. The force exerted by the magnetigerm, and the other symbols have their usual meanings.
field on the fast electrons can rapidly exceed that of the electhere is no diffusion in the fast electron energy due to ne-
tric field. A consistent calculation of the magnetic field re- glect of the motion of the background particles. Equatibn
quires a two-dimensional treatment. is valid for fast electron speeds much greater than the mean

The propagation of electron beams in plasmas, includingpeed of the background particles.
only the electric and magnetic fields, has been the subject of We require expressions for the drag and angular scattering
much study. These treatments were concerned with the firingerms for transport through solid density matter, at tempera-
of charged particle beams through preformed plasmas angres relatively low by plasma standards. So we will consider
they differ from our situation in which the electrons are gen-the terms for transport through solids. For electrons with
erated from the plasma. Miller's boolR4] reviews such energies from 10 keV to a few MeV the standard result for
treatments. Magnetic fields have a major effect on the dythe drag ternj26] is
namics of such beams, causing pinching of the beam, fila-

p

mentation, kink(or hosing, and sausagé@r bunching insta- Zné K Zné
bilities. (Ap)y~— szl— =— TZ|I’IA| , 2
To model the effects of fields and collisions we treat the dmegmov® lex  Amegmu

fast electrons relativistically, using a Fokker-Planck equation hereZ is the atomi b is the back d at
expressed by a formally equivalent system of stochastic dif!/ '€ £ 1S the alomic numbem 1S the background atom
ferential equation§SDES, which we solve using the stan- number densitym is the electron masg is the fast electron

dard Monte Carlo—type method. The background electron&in€tic energy, ande, is the mean excitation energy, which
are represented = 7], , as in the treatments of field gen- Is determined by the binding of the atomic electrons. We use

eration mentioned abo@1,23,24. In effect, the fast elec- N values forl ¢ given in [26]. At energies greater than a
trons are treated as particles and the background electrons MeV addl_tlonal effects, .SUCh as radiation and thg density
a cold, stationary fluid. Changes in resistivity due to OhmicSTTect correction, become importaf@6]. The only differ-
and collisional heating of the background are included. wenee between qu) and the_exp_ressmn for a plasma is the
assume rotational symmetry, as appropriate to the case ofappearance dfe, n the ngarlthm|c term. - .
circular laser spot. The laser interaction is not dealt with, a _ Angular scattering will be caused by collisions with the
specified distribution of fast electrons being generated. A&IOMS. An approximate model for the field of an atom is an
this distribution is not well known, we cannot make detaileg®*Ponentially screened potential, with a screening distance
predictions and instead try to establish what sort of effecté®) given by a~4meqh?/Z**me? [27]. The de Broglie
could be expected and when they would be important. ~ Wavelength Rqg) of the fast electrons is much less than
The equations used are discussed in the next section afypica! interatomic spacings, so the atoms may be considered
the computational approach is outlined in Sec. Ill. The trans@S independent scattering centers. Using the first Born ap-
port of fast electrons generated by a picosecondu&0di- ~ Proximation for the scattering formula,
ameter laser spot, at a range of intensities, incident on a solid o 4 > 4
aluminum target is discussed in Sec. IV. Section V summa- (A~ Z°ne 7m|n47Ta:Z ne’ ym

rizes the main points. 2mel F Nag  2msl F

InA;, (3

where v is the Lorentz factor. The Born approximation re-
IIl. THE MODEL quires[27]
Neglecting the motion of the background particles, colli-
sions between fast electrons and large angle scattering gives Z_“|nﬁ<1
a Fokker-Planck equation, vlc 2 '
where a (~1/137) is the fine structure constant, so this is
ot 9 d not valid at highZ (typically >30). Angular scattering by
G- g W= a_p'[(F+<Ap>)f] electrons is neglected. The only difference between this and
the treatment for a plasma is the appearance iof place of
" E i i'((ApAp)f) (1) the Debye length, which only appears in the logarithmic term
20pdp’ ' and therefore makes only a small difference.
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Changes in the density of the background electrons due tmodeled in this approach. The effect of microinstabilities
the presence of the fast electrons have been neglected, thasuld be approximately accounted for by a suitable choice of
we require the fast electron number density to be much lowethe resistivity.
than that of the background. We now consider aluminum targetZ£ 13, n=6x10%

To calculate the fields we need a model for the response 3, I .= 166 eV} and spot diameters of 20m. We choose
of the background. As the background electrons are highlaluminum because its resistivity has been measured over a
collisional compared to the fast electrons and have a temwide range of temperatur¢28] and it is frequently used in
perature much lower than the fast electron energies, we useperiments. Milchberget al. [28] found the maximum
E=7]j,. Glinsky[21] discusses this approximation in more resistivity of solid density aluminum to be approximately
detail. Further, assuming that the background current ba2x 10" Q m. This andL=10 um give t=63 ps[Eq.

ances the fast electron curremt)(gives (5)] and e47=0.02 fs. So for picosecond pulses, magnetic
_ diffusion and the displacement current may be neglected.
E=—nl;. (4) The energy lost by the fast electrons goes into the mag-

netic field and heating of the background, which will change
This is used by Glinsky21] and Bellet al. [23]. The cur-  the resistivity. To calculate the resistivity we use a fit to the
rents will remain approximately in balance for a magneticresults of Milchberget al. [28], given by
diffusion time[24]

1
= Qm, (@)
tB:%Lz, ®) 7 X 10P(KTy) 1+ 170(kTy) 32+ 3 10°
. . . N wherek T, is the background temperature in eV. Their mea-
whereL is the radial scale length of variations jp. Bell  g,rements extend to temperatures just over 100 eV. Equation

et al. justify this approach by estimating the energy in the 7) \eproduces the classical results of linear growth atTow
magnetic field generated if the initial fast electron current is, 4 theT2 dependence at highy,. The fit is not good at

not canceled, finding it to be vastly greater th_an_the energy emperatures less than 1 eV. It gives a maximum resistivity
the fast electrons. We calculate the magnetic field from of ~2.2x10°5 O m atkT,~53 eV. To calculate the tem-

JB perature from the energy loss we require the specific heat
— = —VXE=VX 5. (6)  capacity. This is not well known for the conditions of interest
ot and, in general, is a function of temperature. We use a fixed
) . specific heat capacity, using the value for aluminum at room
This can be expressed as two separate temp¥sxjs and  temperature. The mean number of free electrons per atom in
V7Xj¢. The latter term is only present when there are variazluminum remains close to three at temperatures up to 50 eV
tions in resistivity, which occur when the heating of the[zg]_ The ionization energy required to produce*Alis ap-
background is taken into account. In solving the field equaproximately 120 eV. Thus our model of the background will
tions (4) and (6) we assume rotational symmetry. ~ be sufficiently accurate for our purpose of evaluating the
The displacement current has been neglected, which ignportance of a finite, variable resisitivity for background

only important for short time scales of ordeg», while the  temperatures up t&T,~102 eV. In calculating the back-
return current establishes itself. The resistivity is assumed t9round temperature, thermal conduction is neglected.

be isotropic and linear. The main effect which could lead to" Tne target is assumed to be semi-infinite, with uniform

anisotropy is the magnetic field. We only consigieperpen-  density and, initially, uniform temperature, although these
dicular toB so this is not a problem, although the magneticassumptions may easily be removed. A specified distribution
field could change the value of the resistivity. The resistivityof fast electrons is assumed to enter from the target surface,
will be linear (i.e., independent of the electric figlif the  pjaced az= 0. Electrons are specularly reflected from this
drift velocity of the electrons carrying the background returnpoundary, as in the model of Luther-Daviesal. [5]. This
current is much less than their mean speed. This requiregil| be acceptable as long as the scale length of any plasma
either the net dr|ft Velocity Of the faSt electrons to be Sma”,on the Surface remains much IeSS than the distances that the
which will be the case with strong angular scattering, or therast electrons travel. It is possible that a small number of
faSt eIeCtron I’lumbel’ density to be mUCh IeSS than that Of thﬁ|gh energy electrons could escape the target, particu|ar|y

electrons carrying the return current. _ when high energy ion emissidi] starts to occur.
There is a further restriction on the maximum fast elec-

tron current for which the model is valid as a high current
leads to rapid heating of the backgrouffitbm 7] fz), violat-
ing the assumption that the fast electron speed is much We use the equivalence of Fokker-Planck equations to
greater than the mean speed of the background electrons. 8DEs to solve Eq(1) with a Monte Carlo—type method.
this case the distinction between fast and background eledhis method is well established and there are many texts on
trons rapidly vanishes and it would be better modeled by dhe subject, e.g[29]. It gives a particle approach to solving
PIc code. In such a case the electrons which then escape tilee Fokker-Planck equation. This type of approach is ideal
heated region and enter the target could be modeled usirfgr highly localized and anisotropic distributions, which are
the approach given here. expected in laser plasma interactions. Finite element and fi-
The geometry used does not allow for kink instabilities. nite difference approaches have difficulty with such distribu-
Microinstabilities, such as two stream instabilities, are notions.

Ill. COMPUTATIONAL MODEL
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We use the Ito SDER29] formulated in terms of a parti- The various features of the co@eollisions, electric field,
cle’s position ¢), magnitude of momentunp], and scatter- magnetic field, variation of resistivity, and relativitsnay be
ing angle @). Neglecting the force from the fields for the switched on and off and have all been tested independently.
present, this gives The collisional part has been tested against known solutions
of the fast electron Fokker-Planck equat{@®]. The purely
dr =vdt, (8) collisional case has been extensively studied using this code
[33]. Pinching and filamentary instabilities, described by
Miller [24], have been reproduced in runs including only the

Zné' : . A
dp=(Ap)dt=— . zlnA,dt, (9) fields and fixed resistivity.
mEQHMY
I IV. RESULTS
20t
do=(A62)Y2dW= (i ne2 @In/\sdt r'(t), (10 We consider a nominal laser intensity given by
meg P

. . . . - =] pe*rleze*(t*tp)zlrz (11)
wheredW is the increment of a Wienddiffusion) process
andI'(t) is a time varying random number with a Gaussian
distribution, mean zero, and variance 1. Gaussian rando

numbers are generated using a Box-Muller transformatio lectron tem :
. . _ . peraturek{;) we use the result given by Beg
method30]. Equation(8) is the standard equation of motion. et al. [34] and Lee[3], obtained fromKa and bremsstrah-

Equation(9) represents a deterministic lOS.S in the magnitudqung emission measurements from picosecond, one microme-
of an electron’s momentum. These equations are solved NYa, wavelength laser solid experiments

merically using a first order difference scheme. Equation

(10) represents a random rotation in an electron’s direction 5

of motion, which is applied about an axis at a random angle KT, — 10({ I\
=

with a spot diameter R=20 um, pulse length 2=1 ps,
ulse peak at,=1 ps, and various values of . For the fast

1/3

perpendicular to the direction of motion. The rotation is 107 W em2 keV, (12

evaluated exactly, using the previous momentum to calculate

do. The _Io_garlthmlc terms are not a_ssumed to be_ ConStan%/'vhere we have included the usual wavelength scaling. They
The collisional part of the code is executed in three-

) . . assumed a fast electron energy distributiori’<t. Various
dimensional Cartesian geometry.

. . calculations of the absorbed fraction gave values in the range
The assumption of rotational symmetry allows nonzero,

. 20-80 %[ 3]. Their results are space and time averaged and
E,(r,2), E,(r,z), andB(r,z). The acceleration by the elec- ; ;
tric field is evaluated numerically using the same schem apply to the averaged intensity. Nevertheless we us¢lEy.

. "M% obtain a space and time dependktt(r,t) from the in-
;J_sed_for Eqs(8) a.nd (9). The rotation about the magnetic tensity given by Eq(11), which we then use to give the fast
ield is calculated in a manner similar to the angular scatter—elec,[ron enerav distribution- <7D The eneray flux of
ing [Bq. (10)]. The field equation4) and (6) are solved on fast electronsgrqukT) is assumed td be 30%{;(3.,)y of the
a uniformr-z grid, using centered spatial differencing and local. time de énderf'n intensit
first order time differencing. The=0 andz=0 boundaries ' b Y.

are reflective and the fields are assumed to be zero at the f?én-gg?nefndlrgnv?/h?éﬁ ?senen?c;[fr?ﬂ mgi\gtr; ?bllj?é% tir;eatacrgﬁé ac;[f a
boundaries. The currents on the grid and the fields on th 9 Y

particles are found by using a linear weighting system be_ﬁah‘ angle 20° about the normal. That the electrons travel

tween the four grid points nearest to a particle, as in standar@rore of less straight into the tar.get s in line with th_e results
Pic codeq 31]. The magnetic field at the first two radial grid of Rousseet al. [7], Luther-Davieset al. [5], and Kieffer

points is found by a linear fit from zero at=0 to the value et ilr.cgﬁf)]ihese arameters we can make estimates for the
obtained at the third radial grid point. ‘The electric field is relative ma nituzes of the various terms which affect the fast
smoothed over the first two radial grid points. This mini- 9

. . electron transport. Assuming that the resistivity is constant
mizes errors for particles near 0. .
nEnd the fast electrons enter parallel to the axis we have

The computational particles each represent a specifie (1) = e fupd (1.0)/KT,(r 1) at the target surface, if there

number of electrons. The particles are set up with a unifor s no return current of reflected fast electrons there. The
distribution over the desired region of phase spacé '

(r.2.p, ,p,) using the Sobel sequence number genefaok maximum value of this electric fiel(E,(0t,)) is
The particles are then assigned a number of electrons to give
the desired electron number density. This assures good sta- 7 f abs
0.3
213 2/3
| 1 um 1
2) ( X ) vm - (13

falls below a certain level it will rapidly thermalize with the
background, so particles with energy below a specified value
are stopped.

The energy loss on the grid, required for the temperature
calculation(Sec. I), is calculated by accumulating the en-
ergy lost by the particles in each time step in the grid celldntegratingdE,/dr from t=0 to o gives the maximum mag-
they are in at that time step. netic field[Eq. (6)]

tistics over the whole phase space. Once an electron’s energy Emax=6X 109( 2%10-° O m
X
10 Wem™
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FIG. 1. Log,o of the temperature in eV after 3 ps. The maximum temperatures are 9.6 keV and 4.2 keV with only collisions.

7 27 V(10 um\{fap for intensities less than this the electric field could be ne-
Bmax™ 23({ — (1 s)( R )(Oi:j glected. However, pinching of the electron flow by the mag-
2X1077 Om P : netic field could increase the maximum electric field thus

213 23 decreasing this intensity. This threshold intensity agrees well
x( I ) (1 '“m) T (14) with that given by Bellet al. [23], although the derivation
10 Wem 2 A differs.

To estimate the upper intensity at which the magnetic
atr = \/3R/2. These upper limits on the fields could be raisedfield may be neglected compared to the collisions, we com-
by the pinching of the electron flow by the magnetic field. pare the force from the maximum magnetic figy. (14)]

The magnetic field can also be increased by¥hex j; term  with the angular scattering contribution in tHap) term
[Eq. (6)], if the resistivity increases with temperature. With [ p(A 02)/2, Eq. (1)] giving
the variation in resistivity switched off the code agrees well

with these estimates, as long as the magnetic field does not o [ 2% 10° Om\|/1 ps R 0.3
get high enough for pinching and filamentation to be impor- lp~2.0% 10" ¥
ot 7 27 J\10 pm/\fgy,
The ratio of the force on the fast electrons from the mag- n 1 pm\¥3 2.8y2
netic field to that from the electric field is X — ( ) y
6x10°8 m3 A (1+ )32
B 2 10 um
v malez( TJ( M )(g)’ (15) 7\2 InA 6/7 B
E max 1p R c X 13 5 Wem™ <. a7

wherev is the fast electron speed. Hence the magnetic field ) o o

is important and can be significant when the electric field igJSing the maximum value of the resistivity this gives the

not. intensity below which a purely collisional model should be
To estimate the upper intensity at which the electric fieldaccurate. . .

may be neglected compared to the collisions, we compare 10 check |f_ this rough evaluation of when the_ fields can

the force from the maximum electric fie[&q. (13)] to the  be neglected is accurate, we performed a run Wjth 10/

(Ap) term[Eq. (1)]. They are equal when Wem~2,\x=1 um, and an initial temperature of 53 eV, at
which 7=2.2x10"% Q m and decreases with temperature.

2%10°% Om\/0.3 n The fast ellectrons lost 99.6% of their tqtal_ energy over 3 pS,

lp~1.3x 10" ——— P | Peopwcramer 8.7% of this loss was due to the electric field. The magnetic
abs | 6X10°° m field reduced the mean radial spread of the fast electrons

1.5v2\ [ Z\ [ INAN [ 14 ZINA -/ vInA after 3 ps by 32% from the purely colllglonal result. The
Sy )(_)( N nAs/vin ') cm 2, electric field reduced the mean penetration depth by 10%.
y+1/113/1 6 10 The penetration depth of intermediate energy electrons was

(16) increased slightly by the magnetic field. The maximum mag-
netic and electric fields were 240 T and 8.60° Vm ™1,
where we have substituted numbers suitable for aluminumespectively. This is lower than the values from E@k3)
and a fast electron kinetic energy of 100 keV. Bgtand the  and(14) (253 T and 6.6 10° V m 1) because the resistiv-
logarithmic terms depend ohj)\z, but only weakly.(Ap) ity drops. With the variation in resistivity switched off the
increases as the electrons slow down wiiilelecreases, so pinching of the electron flow significantly increased the
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FIG. 2. (a) Energy absorbed)) kinetic energy(c) energy loss

due to collisions,(d) energy loss due to the electric field.
lines are for the run including only collisions.

Dotted

fields, giving maximum fields of 1K and 1.1x 10 Vv
m~ L. In contrast with ,=10'® W cm ™2, the energy loss due current balance is maintained to within 1%. To evaluate the
to the electric field was only 0.2% of the total energy and theneglect of magnetic diffusion we estimate the magnetic dif-
magnetic field both decreased the mean radial spread ardsion time[Eq. (5)] from plots of the resistivity and mag-
increased the mean penetration depth by around 10%. Asetic field, its minimum value is=5.7 ps justifying the ne-
predicted by the estimates above, the electric field is not glect for 3 ps. The fast electron number density is assumed to
major effect at intensities of 6 and 10" W cm~?2 and the
magnetic field is only significant at the higher intensity.

We will now consider, in some detail, a run witQ=2
X10¥Wem~2, A=1 um, and an initial temperature of 1
eV, giving »=1.9x10"" Q m. This corresponds to experi-
ments at quoted intensities of 10*® W cm ™2 (due to av-
eraging and with a prepulse sufficient to preheat the targeassuming three conduction electrons per atom, at maximum
but not to cause large scale hydrodynamic motion. For comthis is 7.2<10° ms™?! (kinetic energy 1.5 ey at a point

B (T) t=0.6ps

N
)
|

(']
T

parison, some results from a run including only the collisions
are given. At this intensity all the effects are expected to be
important.

The grid was 270um in radius and 40Q.m thick, the
grid spacings were 1.&m in r andz, the time step was
0.006 ps, and the code was run for 3 ps. 2800 computational
particles(each representing a different number of electrons,
see Sec. )l were generated per time step for the first 2 ps.
The maximum number of computational particles on the grid
was just over X 10°. Electrons were stopped when their
energy fell below 10 keV, when their collisional stopping
distance is 1.3.m [26].

First we consider whether the results are consistent with
the approximations used. The neglect of the displacement
current means that the energy in the electric fielgg?/2) is
assumed to be zero, in the code its maximum value is 1.6
X 10~ 4% of the total energy, so the neglect is consistent. To
check the assumption of current balance we compare the
magnetic field in the code to that given By<x B= wj¢, the
code value is at maximum 1% of this value indicating that

be much less than that of the background, the maximum fast
electron number density in the code is just under half that of
aluminum’s atom number density, thus the assumption is jus-
tified. If the peak intensity were increased to'4@ cm~?

this would be violated. To check the assumption of linear

resistivity we calculate the background electron drift speed
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FIG. 4. Vector plots of electric field. Dots indicate origins of vectors, the lines extend in the direction of the field, their length being
proportional to the magnitude. The magnitude of the largest vector shown is given. Every vectordrevery second one mare plotted.
The maximum electric field generated is .10V m~! at 0.8 ps.

where the background temperature is 6 keV and the electrion the grid. Methodii) gives results which are at most 5.5%
field is negligible. In regions where the electric field is sig- greater than method), indicating that the fields and currents
nificant the background electron drift speeds are much lesare well resolved by the grid. Increasing the grid spacings to
than 10 ms™ %, justifying the assumption of linear resistiv- 2 um made no difference in the overall results.
ity. The treatment of the background requires it to remain By the end of the run particles have reached g8 in r
relatively cold, by 3 ps a small region behind the laser spoand 600um in z, which is outside the grid used for the field
has reached temperatured keV (Fig. 1), when the neglect calculations. However, the fields are negligible well short of
of ionization and hydrodynamics is not justified, and athe boundaries so this does not cause any significant error.
roughly conical region of maximum radius 20m and depth  Moving the boundaries did not change the results. Particles
60 um has been heated to temperature®00 eV at which leaving the grid are included in all other calculations.
point the background model starts to break down. Ablation, We now consider the implications of the results. 90% of
ionization, and heat transport would reduce these temperdhe absorbed energy has been lost by the end of théHign
tures. The calculation of the fast electron transport at earlie?), compared to 78% with only collisions included. 70% of
times and greater distances in the target will not be signifithe energy loss is due to collisiofihis includes the energy
cantly in error. The high degree of heating near the targetf electrons that are stoppednd 30% is due to the electric
surface is the main source of error in the model. field. Thus the electric field is an important energy loss
The energy gain in the code over the course of the rumechanism. The energy loss due to the electric field is most
was 0.28%. Runs with a range of time steps showed that thienportant at early times and almost zero at later time£ (
energy error per time step scaled @, as would be ex- ps), as predicted by Glinskj21]. Thus the electric field low-
pected. Decreasing the time step by a factor of 7 made ners the energy of the electrons before they spread through the
difference to the overall results. target. The maximum energy in the magnetic field is 0.11%
The fast electron energy loss caused by the electric field isf the total energy, so the bulk of the energy lost by the fast
calculated in two ways(i) from the change in energy of the electrons heats the background.

particles given by the difference equations @mgfrom j;- E The fast electrons can roughly be divided into three cat-
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FIG. 5. Radial distribution of total energy reflected from the  FIG. 6. Energy weighted mean radius of electrons reflected from
target surface over 3 ps. Dotted line is for the run with collisionsthe target surface by a given time. Dotted line is for the run with
only. collisions only; it continues upwards to 3am.
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FIG. 7. Number density of fast electrons, excluding the stopped electrons, in the region behind the laser spot.
egories, determined by their energy. and angle of incidence of reflected electrons are calculated.

(i) Low energy electrons<40 keV). These rapidly lose The total number of electrons reflected over 3 ps is 32% of
their energy to the electric field and collisional drag, heatingthe total number, compared to 28% for the run including
a thin layer behind the spdfig. 1). They account for the only collisions. This increase is due to the magnetic field. A
temperature in the grid cells directly behind the spot beingew particles are reflected more than once. Hence the reflec-
much higher than elsewhere. tive boundary at the target surface has a significant effect.

(i) Intermediate energy electrons. Their transport is domi-The distribution of the reflected enerdlig. 5 is strongly
nated by the fields that they generate. These dominate thgeaked at <20 wm due to lower energy electrons reflected
heating and field generation for<20 pm andz<<80 um by magnetic field and angular scattering. At largex small
(Figs. 1, 3, and ¥ number of higher energy electrons are returned to the surface

(iii) High energy electrons, on the tail of the energy dis-by angular scattering; the magnetic field is negligible at
tribution. Their low number density means they do not con->30 um (Fig. 3). The radius at which the majority of high
tribute significantly to the field generation. They lose someenergy electrons are returned to the surface by angular scat-
of their energy to the electric field, typically around 40 keV, tering and the time before they return increase with the elec-
and are deflected radially inwards by the magnetic field neatron energy[33]. Thus the radius at which the bulk of the
the spot(Fig. 3), then spread rapidly through the target. electrons is reflected increases late in titRay. 6). The en-
These account for the results further into the target havingrgy weighted mean radius of reflectitfiig. 6) decreases at
the same pattern as the collisional results, but characterizeshrly times due to the electrons reflected by the magnetic
by a lower fast electron energy. field. The x-rays that these high energy electrons would gen-

The division between these categories is not particulariyerate as they are reflected could explain the x-ray emission
distinct due to the radial and time variation in the fast elec-around the laser spot detected from the front of solid targets
tron temperature and density. It is further complicated by thén some experiments, e.g/36—39. The reason Bur-
magnetic field being a time integrated effect.

To determine the importance of the reflective boundary at B
the target surface, radial distributions of the energy, number,
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L T T field slowing the electrons. Runs excluding the electric field
showed an increased mean penetration depth over the colli-
sional result. As mentioned in Secs. Il and Il the magnetic
field can cause filamentation. However, a number of effects
act to prevent this heréi) the increased current density in a
filament leads to an increased electric field which acts to stop
the fast electron flow in the filamenj) the angular scatter-
ing acts to spread out the fast electrons, @ingithe spread in
the generated fast electron distribution opposes filamenta-
tion. The action of each of these effects in reducing filamen-
tation has been observed in test runs with the other effects
e turned off.
100 200 300 400 The higher electric field on axis could, at least partly,
z (um) explain the lower x-ray emission at sma_lfrom the back of
the layered targets found by Luther-Davegsal.[5], as men-
FIG. 10.r integrated distribution of energy loss on the grid after tioned by Bellet al.[23]. The lack of low energy electrons in
3 ps. Dotted line is for the run including only collisions. the fast electron distribution obtained by Luther-Daeesl.
[5] can be explained by the electric and magnetic fields pre-

gesset al. [37] detected a clear ring in their time integrated YeNting low energy electrons penetrating and the enhancing

measurements, where others just find an increase in the x-r% the penetration of intermediate energy electrons by the

emission region over the spot size, may be due to the ver agrl;letic field, as% tﬁe¥, T;”“O"?- domi db
small spot size{1 um) resulting in a clear separation be- The patterns of the fields at timesl ps are dominated by

tween the generation region and the radius at which the fa&‘e chang_es_ i_n res_istivity,_ as can be seen by comparing the
electrons return to the surface. This provides an additiondp!ot ©f resistivity (Fig. 8) with the field plots(Figs. 3 and 4

mechanism for the lateral transport of fast electrons to the:,rhe resistivity just behind Fh_e spot becomes so .'°V.V that the
coronal transport mechanisms previously considered, e. (_alectrlc field becomes negligible and the magnetic field there
[18] ' “"“Ceases to change. TRy X j; term[from Eq.(6)] causes the

We will now concentrate on the intermediate energy elecmagnetic field inside the region of peak resistiviyg. 8) to

trons. At early times the fields are not significant and the fas{"’_‘” and eventually to change_sigﬁig. 5) Hence the inclu-
electrons move inwards at a speed which is greater near t on of self—cqnslstent re&spwtyl 'S|gn|f|cantly changes the
axis, as the intensity is higher there, thus the electrons per@sullts' Th'z I'm'ts the ,aF_’P_"Cab"'t{c_ of the model of Bell
etrate further nearer the axis, as can be seen in Fig. 7. THe & [23] where the resistivity was fixed.

effect of this early time variation in penetration can be seen FOr the determination of fast electron temperatures from
in the position of the leading edge of the magnéfilg. 3 <@ emission measurements from layered targets an impor-

and electri(Fig. 4) fields. As the intensity and, initially, the [@nt parameter is the energy lost at a given depth. Figure 10
resistivity increase, the electric field becomes significant an@!Ves thez distribution of the fast electron energy loss after 3
the higher intensity near the axis now leads to greater inhiPS: The energy loss in the purely collisional case is lower for
bition of the electron flow there, reducing the electron penZ<5> w«m and on average 42% higher for-80 um. The
etration near the axis, as can be seen in the plot of the ele€Urves are roughly the same shape=aB0 wm as the trans-
tron number density at 1.2 p&ig. 7). This is why the port of the h!gh energy electrons is collision dominated, the
temperature(Fig. 1), fields (Figs. 3 and % and resistivity lower value is from .the. energy loss of the fast ele;c.trons as
(Fig. 8 behind the laser spot do not vary so strongly with they pass_the electnq field at logv Thus purely collisional
radius closer to the target surface. In a run including only thénodels will underestimate the energy and number of fast
electric field (fixed resistivity, no magnetic field or coili- €l€ctrons generated. 16 5

siong the electrons penetrated significantly further at larger The calculation withl ;=2X10"" W cm~* has been re-

r. This does not occur here as the greater heating near tm@ate_cé with an initial temperature of 10 eV, giving=1.2

axis eventually lowers the resistivity there and hence the<10™ > @ m. As the temperaturéFig. 1) in the region
electric and magnetic field&igs. 3, 4, and B The eventual where thg fields are important is dominated by the fast elec-
lowering of the resistivity allows the intermediate energytron heating, the change in initial temperature does not h'ave
electrons to penetrate further than if the resistivity were? large overall effect. The energy loss due to the electric field
fixed. As can be seen from Fig. 4, the region of maximumWas mcrea_sed by 4.8%, resultmg in the fast el_ectrons losing
electric field moves inwards in time, this maximum corre- 91% of their total energy in 3 ps. The mean radius of the fast
sponding to the peak in the resistivity. As the magnetic fielge'ectrons after 3 ps was reduced by 4.8% and the mean pen-
builds up it pinches the electron flow reducing the radial€tration depth by 0.4%. Thus the results in this case are not
spread(Fig. 9) and increasing the penetration depth of inter-Strongly dependent on the initial temperature.

mediate energy electrons from the purely collisional case.
The effect of this pinching can be seen in the temperature
plots (Fig. 1). The mean radial spread of the fast electrons
over 3 ps is 59% lower than for the purely collisional case We have shown that electric and magnetic fields and vari-
(Fig. 9. The mean penetration deptRig. 9 after 3 ps is  able resistivity, as well as collisions, can all play an impor-
26% lower than the purely collisional case due to the electri¢ant role in fast electron transport through solid targets. The
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noncollisional effects are most important at high intensitiesghat have been obtained at high intensifieg,9,4q, as dis-
and resistivities. The magnetic field is higher in calculationscussed by Belkt al. [23].
with tighter focal spots and longer pulses. The major drawback of the code described here as a pre-

The electric field lowers the energy of the electrons adlictive tool is the need to specify the fast electron distribu-
they enter the target. The subsequent transport of the eletion, the background resistivity, and specific heat capacity,
trons which are not stopped is determined by the collisionsvhich are not well known parameters in laser solid experi-
and the magnetic field. The magnetic field reflects lower enments. More work needs to be done to determine these.
ergy electrons and acts to funnel in the intermediate energy The transport of fast electrons is of critical importance in
electrons. The highest energy electrons on the tail of thé¢he fast igniter conceftl9]. There are two major problems
energy distribution lose some of their energy due to the elecn using the code described here to model the fast ignter:
tric field and are deflected radially inwards by the magnetidhe high intensities proposed for the ignition pulse are likely
field near the target surface. Then they move rapidly througho generate a very high flux of fast electrons possibly violat-
the target, unaffected by the fields, spreading out due to anng the requirement that the fast electron number density be
gular scattering. The eventual decrease in resistivity as theuch less than that of the background, digthe behavior
target is heated increases the penetration of intermediate eof the background will be more complicated than the simple
ergy electrons. The variations in resistivity significantly af- model used here. There are also problems in specifying the
fect the magnetic field generation through e X j; term  resistivity; microinstabilities are likely to play an important
[Eg. (6)]. This dependence on resistivity introduces a strongole[24]. The implications of electric field generation for the
material dependence to the fast electron transport, as ttHast igniter have been discussed by Tabakl.[19] and Bell
magnitude and temperature dependence of resistivity vargt al. [23]. The collimation of the fast electron flow by the
significantly for different materials, e.g., the range of resis-magnetic field would be beneficial to this scheme increasing
tivities at room temperature covers around 20 orders of maghe energy reaching the core, as mentioned by Taiak.
nitude. [19].

The results obtained here indicate that the fraction of ab- More work needs to be done on the effects of field gen-
sorbed energy carried large distances ahead of the ablati@ration. To be more generally applicable the model presented
front by fast electrons will be lower at higher intensities andhere must be extended to include magnetic diffusion and a
resistivities. Effectively the inclusion of finite resistivity puts more realistic treatment of the background.

a limit on the fast electron current which can penetrate the
target. - ) . ACKNOWLEDGMENTS
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