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Short-pulse high-intensity laser-generated fast electron transport into thick solid targets
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S. M. Guérin
Centre de Physique The´orique, CNRS, Ecole Polytechnique, 91128 Palaiseau Cedex, France

~Received 9 July 1997!

The transport of fast electrons generated by 1 ps, 1mm wavelength laser pulses focused to spot diameters of
20 mm and peak intensities of up to 231018 W cm22 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 represented byE5h jb , whereh is the resistivity andjb 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 forKa emission diagnostics are discussed.@S1063-651X~97!10412-3#

PACS number~s!: 52.40.Nk, 52.50.Jm, 52.70.La
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I. INTRODUCTION

This paper considers the transport of fast electrons~ki-
netic energiesK.10 keV! into thick, solid targets in pico-
second laser solid interactions. Numerous experimental
theoretical works have been published on the generation
transport of such fast electrons over the past 20 years.
extensive summary of fast electron temperatures, determ
from x-ray emission measurements from laser solid exp
ments prior to 1986, is given by Gitomeret al. @1#. Summa-
ries including more recent experimental and theoretical
terminations of fast electron temperatures are given
Gibbon and Fo¨rster @2# and Lee@3#. These show a genera
trend in fast electron temperatures given by (Il2) a, with
a50.3–0.5 and temperatures of order 100 keV atIl2;1017

W cm22mm2. No clear trend is apparent in the fraction
absorbed energy found to be in the fast electrons, value
the range 1–100 % being suggested@1,3–14#. However most
fall in the range 10–50 %.

The results that are of interest here are measuremen
Ka emission from layered targets, e.g.,@3–10#. These show
that electrons with energies.keV are present at depths o
many micrometers in solid targets. The interpretation
these experiments requires a model for the electron trans
into the target. Most of these experiments have been in
preted using models including only collisional effects. Spe
cer’s results@15# for electron transport are commonly use
These results are for an electron source in an infinite, u
form medium, whereas in laser solid experiments there
always at least one boundary, from which the electrons en
Luther-Davieset al. @5# showed that the inclusion of reflec
tive boundaries in their Monte Carlo transport code, wh
were consistent with their experimental results, produced
sults quite different from Spencer’s model. Other expe
561063-651X/97/56~6!/7193~11!/$10.00
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ments have also been interpreted using Monte Carlo co
e.g., @6,7#. These models ignore the effect of electric a
magnetic fields generated in the target. In effect they ass
that the target has zero resistivity and infinite electron d
sity, so that the fast electron current remains exactly b
anced by a cold electron return current which has no ene
and generates no field. These will be reasonable approx
tions as long as the flux of fast electrons is small, which w
be true at low intensities, and the target resistivity is lo
These approximations need careful evaluation in light
more detailed models. Here we will try to address the eff
of finite resistivity.

Luther-Davieset al. @5# mention that a magnetic field
might be present in the target. They state that includin
fixed magnetic field in their Monte Carlo code increased
penetration depth of low energy electrons, but they give
other details.

PIC andVlasov codes can model fast electron transport
cluding electric and magnetic field generation, and somePIC

codes include collisions, e.g.,@16,17#. However, these code
have difficulty with large scales, low temperatures, and h
densities. Consequently their use has largely been limite
modelling the fast electron generation, e.g., see@2#, coronal
transport, e.g.,@18#, and very thin targets, e.g.,@17#.

Tabak et al. @19# have considered the transport of fa
electrons including electric and magnetic fields, using
codeANTHEM @20# and a simple one-dimensional model, b
for a very different situation form the ones considered he

The effect of electric fields has been considered in o
dimensional models. Glinsky@21# gives a one-dimensional
two-fluid model for fast electron transport through a co
electron background, which he compares withLASNEX @22#
simulations. He finds that the electric field dominates
7193 © 1997 The American Physical Society
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7194 56J. R. DAVIES, A. R. BELL, M. G. HAINES, AND S. M. GUE´ RIN
transport at early times. He uses the Spitzer resistivity, wh
is of limited validity at the high densities and low temper
tures in which we are interested. Bellet al. @23# give an
analytic solution to a similar one-dimensional model of ele
tron transport, including only the electric field. They assu
that the resistivity is uniform and constant. For paramet
typical of solid density aluminum the mean penetration de
they obtain is less than that from a purely collisional mo
for absorbed intensities.1017 W cm22.

Glinsky @21# estimates the magnetic field generated b
cylinder of fast electrons entering a target. The radial va
tion in the axial electric field leads to a rapidly growin
azimuthal magnetic field. The force exerted by the magn
field on the fast electrons can rapidly exceed that of the e
tric field. A consistent calculation of the magnetic field r
quires a two-dimensional treatment.

The propagation of electron beams in plasmas, includ
only the electric and magnetic fields, has been the subjec
much study. These treatments were concerned with the fi
of charged particle beams through preformed plasmas
they differ from our situation in which the electrons are ge
erated from the plasma. Miller’s book@24# reviews such
treatments. Magnetic fields have a major effect on the
namics of such beams, causing pinching of the beam,
mentation, kink~or hosing!, and sausage~or bunching! insta-
bilities.

To model the effects of fields and collisions we treat t
fast electrons relativistically, using a Fokker-Planck equat
expressed by a formally equivalent system of stochastic
ferential equations~SDEs!, which we solve using the stan
dard Monte Carlo–type method. The background electr
are represented byE5h jb , as in the treatments of field gen
eration mentioned above@21,23,24#. In effect, the fast elec-
trons are treated as particles and the background electro
a cold, stationary fluid. Changes in resistivity due to Ohm
and collisional heating of the background are included.
assume rotational symmetry, as appropriate to the case
circular laser spot. The laser interaction is not dealt with
specified distribution of fast electrons being generated.
this distribution is not well known, we cannot make detail
predictions and instead try to establish what sort of effe
could be expected and when they would be important.

The equations used are discussed in the next section
the computational approach is outlined in Sec. III. The tra
port of fast electrons generated by a picosecond, 20mm di-
ameter laser spot, at a range of intensities, incident on a s
aluminum target is discussed in Sec. IV. Section V summ
rizes the main points.

II. THE MODEL

Neglecting the motion of the background particles, co
sions between fast electrons and large angle scattering g
a Fokker-Planck equation,
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F52e~E1v3B!,

^Dp&5S ^Dp&2
p

2
^Du2& D p

p
,

^DpDp&5p2^Du2&S I2 pp

p2 D ,

for the fast electron probability densityf (r,p,t) @25#, where
^ & signifies the mean change per second,I is the identity
tensor,̂ Dp& is the drag term,̂Du2& is the angular scattering
term, and the other symbols have their usual meanin
There is no diffusion in the fast electron energy due to
glect of the motion of the background particles. Equation~1!
is valid for fast electron speeds much greater than the m
speed of the background particles.

We require expressions for the drag and angular scatte
terms for transport through solid density matter, at tempe
tures relatively low by plasma standards. So we will consi
the terms for transport through solids. For electrons w
energies from 10 keV to a few MeV the standard result
the drag term@26# is

^Dp&'2
Zne4

4p«0
2mv2

ln
K

I ex
52

Zne4

4p«0
2mv2

lnL l , ~2!

where Z is the atomic number,n is the background atom
number density,m is the electron mass,K is the fast electron
kinetic energy, andI ex is the mean excitation energy, whic
is determined by the binding of the atomic electrons. We
the values forI ex given in @26#. At energies greater than
few MeV additional effects, such as radiation and the den
effect correction, become important@26#. The only differ-
ence between Eq.~2! and the expression for a plasma is t
appearance ofI ex in the logarithmic term.

Angular scattering will be caused by collisions with th
atoms. An approximate model for the field of an atom is
exponentially screened potential, with a screening dista
(a) given by a'4p«0\2/Z1/3me2 @27#. The de Broglie
wavelength (ldB) of the fast electrons is much less tha
typical interatomic spacings, so the atoms may be conside
as independent scattering centers. Using the first Born
proximation for the scattering formula,

^Du2&'
Z2ne4

2p«0
2

gm

p3
ln

4pa

ldB
5

Z2ne4

2p«0
2

gm

p3
lnLs , ~3!

whereg is the Lorentz factor. The Born approximation r
quires@27#

Za

v/c
ln

Ls

2
,1,

wherea ('1/137) is the fine structure constant, so this
not valid at highZ ~typically .30!. Angular scattering by
electrons is neglected. The only difference between this
the treatment for a plasma is the appearance ofa in place of
the Debye length, which only appears in the logarithmic te
and therefore makes only a small difference.
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Changes in the density of the background electrons du
the presence of the fast electrons have been neglected,
we require the fast electron number density to be much lo
than that of the background.

To calculate the fields we need a model for the respo
of the background. As the background electrons are hig
collisional compared to the fast electrons and have a t
perature much lower than the fast electron energies, we
E5h jb . Glinsky @21# discusses this approximation in mo
detail. Further, assuming that the background current
ances the fast electron current (j f) gives

E52h j f . ~4!

This is used by Glinsky@21# and Bell et al. @23#. The cur-
rents will remain approximately in balance for a magne
diffusion time @24#

tB5
m0

h
L2, ~5!

whereL is the radial scale length of variations inj f . Bell
et al. justify this approach by estimating the energy in t
magnetic field generated if the initial fast electron curren
not canceled, finding it to be vastly greater than the energ
the fast electrons. We calculate the magnetic field from

]B

]t
52¹3E5¹3h j f . ~6!

This can be expressed as two separate terms,h¹3 j f and
¹h3 j f . The latter term is only present when there are va
tions in resistivity, which occur when the heating of th
background is taken into account. In solving the field eq
tions ~4! and ~6! we assume rotational symmetry.

The displacement current has been neglected, whic
only important for short time scales of order«0h, while the
return current establishes itself. The resistivity is assume
be isotropic and linear. The main effect which could lead
anisotropy is the magnetic field. We only considerj f perpen-
dicular toB so this is not a problem, although the magne
field could change the value of the resistivity. The resistiv
will be linear ~i.e., independent of the electric field! if the
drift velocity of the electrons carrying the background retu
current is much less than their mean speed. This requ
either the net drift velocity of the fast electrons to be sm
which will be the case with strong angular scattering, or
fast electron number density to be much less than that of
electrons carrying the return current.

There is a further restriction on the maximum fast ele
tron current for which the model is valid as a high curre
leads to rapid heating of the background~from h j f

2), violat-
ing the assumption that the fast electron speed is m
greater than the mean speed of the background electron
this case the distinction between fast and background e
trons rapidly vanishes and it would be better modeled b
PIC code. In such a case the electrons which then escap
heated region and enter the target could be modeled u
the approach given here.

The geometry used does not allow for kink instabilitie
Microinstabilities, such as two stream instabilities, are
to
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modeled in this approach. The effect of microinstabiliti
could be approximately accounted for by a suitable choice
the resistivity.

We now consider aluminum targets (Z513, n5631028

m23, I ex5166 eV! and spot diameters of 20mm. We choose
aluminum because its resistivity has been measured ov
wide range of temperatures@28# and it is frequently used in
experiments. Milchberget al. @28# found the maximum
resistivity of solid density aluminum to be approximate
231026 V m. This andL510 mm give tB563 ps @Eq.
~5!# and «0h50.02 fs. So for picosecond pulses, magne
diffusion and the displacement current may be neglected

The energy lost by the fast electrons goes into the m
netic field and heating of the background, which will chan
the resistivity. To calculate the resistivity we use a fit to t
results of Milchberget al. @28#, given by

h5
1

53106~kTb!211170~kTb!3/2133105
V m, ~7!

wherekTb is the background temperature in eV. Their me
surements extend to temperatures just over 100 eV. Equa
~7! reproduces the classical results of linear growth at lowTb

and theTb
3/2 dependence at highTb . The fit is not good at

temperatures less than 1 eV. It gives a maximum resisti
of '2.231026 V m at kTb'53 eV. To calculate the tem
perature from the energy loss we require the specific h
capacity. This is not well known for the conditions of intere
and, in general, is a function of temperature. We use a fi
specific heat capacity, using the value for aluminum at ro
temperature. The mean number of free electrons per ato
aluminum remains close to three at temperatures up to 50
@28#. The ionization energy required to produce Al41 is ap-
proximately 120 eV. Thus our model of the background w
be sufficiently accurate for our purpose of evaluating
importance of a finite, variable resisitivity for backgroun
temperatures up tokTb;102 eV. In calculating the back-
ground temperature, thermal conduction is neglected.

The target is assumed to be semi-infinite, with unifo
density and, initially, uniform temperature, although the
assumptions may easily be removed. A specified distribu
of fast electrons is assumed to enter from the target surf
placed atz5 0. Electrons are specularly reflected from th
boundary, as in the model of Luther-Davieset al. @5#. This
will be acceptable as long as the scale length of any pla
on the surface remains much less than the distances tha
fast electrons travel. It is possible that a small number
high energy electrons could escape the target, particul
when high energy ion emission@1# starts to occur.

III. COMPUTATIONAL MODEL

We use the equivalence of Fokker-Planck equations
SDEs to solve Eq.~1! with a Monte Carlo–type method
This method is well established and there are many texts
the subject, e.g.,@29#. It gives a particle approach to solvin
the Fokker-Planck equation. This type of approach is id
for highly localized and anisotropic distributions, which a
expected in laser plasma interactions. Finite element an
nite difference approaches have difficulty with such distrib
tions.
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We use the Ito SDEs@29# formulated in terms of a parti
cle’s position (r ), magnitude of momentum (p), and scatter-
ing angle (u). Neglecting the force from the fields for th
present, this gives

dr5vdt, ~8!

dp5^Dp&dt52
Zne4

4p«0
2mv2

lnL ldt, ~9!

du5^Du2&1/2dW5S Z2ne4

2p«0
2

gm

p3
lnLsdtD 1/2

G~ t !, ~10!

wheredW is the increment of a Wiener~diffusion! process
andG(t) is a time varying random number with a Gaussi
distribution, mean zero, and variance 1. Gaussian rand
numbers are generated using a Box-Muller transforma
method@30#. Equation~8! is the standard equation of motion
Equation~9! represents a deterministic loss in the magnitu
of an electron’s momentum. These equations are solved
merically using a first order difference scheme. Equat
~10! represents a random rotation in an electron’s direct
of motion, which is applied about an axis at a random an
perpendicular to the direction of motion. The rotation
evaluated exactly, using the previous momentum to calcu
du. The logarithmic terms are not assumed to be const
The collisional part of the code is executed in thre
dimensional Cartesian geometry.

The assumption of rotational symmetry allows nonze
Er(r ,z), Ez(r ,z), andBu(r ,z). The acceleration by the elec
tric field is evaluated numerically using the same sche
used for Eqs.~8! and ~9!. The rotation about the magnet
field is calculated in a manner similar to the angular scat
ing @Eq. ~10!#. The field equations~4! and ~6! are solved on
a uniform r -z grid, using centered spatial differencing an
first order time differencing. Ther 50 andz50 boundaries
are reflective and the fields are assumed to be zero at th
boundaries. The currents on the grid and the fields on
particles are found by using a linear weighting system
tween the four grid points nearest to a particle, as in stand
PIC codes@31#. The magnetic field at the first two radial gri
points is found by a linear fit from zero atr 50 to the value
obtained at the third radial grid point. The electric field
smoothed over the first two radial grid points. This min
mizes errors for particles nearr 50.

The computational particles each represent a spec
number of electrons. The particles are set up with a unifo
distribution over the desired region of phase spa
(r ,z,pr ,pz) using the Sobel sequence number generator@30#.
The particles are then assigned a number of electrons to
the desired electron number density. This assures good
tistics over the whole phase space. Once an electron’s en
falls below a certain level it will rapidly thermalize with th
background, so particles with energy below a specified va
are stopped.

The energy loss on the grid, required for the temperat
calculation~Sec. II!, is calculated by accumulating the e
ergy lost by the particles in each time step in the grid ce
they are in at that time step.
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The various features of the code~collisions, electric field,
magnetic field, variation of resistivity, and relativity! may be
switched on and off and have all been tested independe
The collisional part has been tested against known solut
of the fast electron Fokker-Planck equation@32#. The purely
collisional case has been extensively studied using this c
@33#. Pinching and filamentary instabilities, described
Miller @24#, have been reproduced in runs including only t
fields and fixed resistivity.

IV. RESULTS

We consider a nominal laser intensity given by

I 5I pe2r 2/R2
e2~ t2tp!2/t2

~11!

with a spot diameter 2R520 mm, pulse length 2t51 ps,
pulse peak attp51 ps, and various values ofI p . For the fast
electron temperature (kTf) we use the result given by Be
et al. @34# and Lee@3#, obtained fromKa and bremsstrah-
lung emission measurements from picosecond, one micro
ter wavelength laser solid experiments

kTf5100S Il2

1017 W cm22D 1/3

keV, ~12!

where we have included the usual wavelength scaling. T
assumed a fast electron energy distributione2K/kTf . Various
calculations of the absorbed fraction gave values in the ra
20–80 %@3#. Their results are space and time averaged
apply to the averaged intensity. Nevertheless we use Eq.~12!
to obtain a space and time dependentkTf(r ,t) from the in-
tensity given by Eq.~11!, which we then use to give the fas
electron energy distributione2K/kTf (r ,t). The energy flux of
fast electrons (nfvkTf) is assumed to be 30% (f abs) of the
local, time dependent intensity.

The electrons are generated moving into the target a
random angle which is uniformly distributed in a cone
half angle 20° about the normal. That the electrons tra
more or less straight into the target is in line with the resu
of Rousseet al. @7#, Luther-Davieset al. @5#, and Kieffer
et al. @35#.

From these parameters we can make estimates for
relative magnitudes of the various terms which affect the f
electron transport. Assuming that the resistivity is const
and the fast electrons enter parallel to the axis we h
Ez(r ,t)5he fabsI (r ,t)/kTf(r ,t) at the target surface, if ther
is no return current of reflected fast electrons there. T
maximum value of this electric field„Ez(0,tp)… is

Emax'63109S h

231026 V m
D S f abs

0.3D
3S I

1017 W cm22D 2/3S 1 mm

l D 2/3

V m21. ~13!

Integrating]Ez /]r from t50 to ` gives the maximum mag
netic field @Eq. ~6!#
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FIG. 1. Log10 of the temperature in eV after 3 ps. The maximum temperatures are 9.6 keV and 4.2 keV with only collisions
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Bmax'230S h

231026 V m
D S 2t

1 psD S 10 mm

R D S f abs

0.3D
3S I

1017 W cm22D 2/3S 1 mm

l D 2/3

T ~14!

at r 5A3R/2. These upper limits on the fields could be rais
by the pinching of the electron flow by the magnetic fie
The magnetic field can also be increased by the¹h3 j f term
@Eq. ~6!#, if the resistivity increases with temperature. Wi
the variation in resistivity switched off the code agrees w
with these estimates, as long as the magnetic field does
get high enough for pinching and filamentation to be imp
tant.

The ratio of the force on the fast electrons from the m
netic field to that from the electric field is

vBmax

Emax
512S 2t

1 psD S 10 mm

R D S v
cD , ~15!

wherev is the fast electron speed. Hence the magnetic fi
is important and can be significant when the electric field
not.

To estimate the upper intensity at which the electric fi
may be neglected compared to the collisions, we comp
the force from the maximum electric field@Eq. ~13!# to the
^Dp& term @Eq. ~1!#. They are equal when

I p'1.331017S 231026 V m

h D S 0.3

f abs
D S n

631028 m23D
3S 1.5g2

g11 D S Z

13D S lnL l

6 D S 11ZlnLs /g lnL l

10 D W cm22,

~16!

where we have substituted numbers suitable for alumin
and a fast electron kinetic energy of 100 keV. Bothg and the
logarithmic terms depend onI pl2, but only weakly.^Dp&
increases as the electrons slow down whileE decreases, so
d
.

ll
ot
-

-

ld
s

re

m

for intensities less than this the electric field could be n
glected. However, pinching of the electron flow by the ma
netic field could increase the maximum electric field th
decreasing this intensity. This threshold intensity agrees w
with that given by Bellet al. @23#, although the derivation
differs.

To estimate the upper intensity at which the magne
field may be neglected compared to the collisions, we co
pare the force from the maximum magnetic field@Eq. ~14!#
with the angular scattering contribution in the^Dp& term
@p^Du2&/2, Eq. ~1!# giving

I p'2.031016F S 231026 V m

h D S 1 ps

2t D S R

10 mmD S 0.3

f abs
D

3S n

631028 m23D S 1 mm

l D 1/3S 2.8g2

~11g!3/2D
3S Z

13D
2S lnLs

5 D G 6/7

W cm22. ~17!

Using the maximum value of the resistivity this gives t
intensity below which a purely collisional model should b
accurate.

To check if this rough evaluation of when the fields c
be neglected is accurate, we performed a run withI p51017

W cm22, l51 mm, and an initial temperature of 53 eV, a
which h52.231026 V m and decreases with temperatur
The fast electrons lost 99.6% of their total energy over 3
8.7% of this loss was due to the electric field. The magne
field reduced the mean radial spread of the fast electr
after 3 ps by 32% from the purely collisional result. Th
electric field reduced the mean penetration depth by 10
The penetration depth of intermediate energy electrons
increased slightly by the magnetic field. The maximum ma
netic and electric fields were 240 T and 3.63109 V m 21,
respectively. This is lower than the values from Eqs.~13!
and ~14! ~253 T and 6.63109 V m 21) because the resistiv
ity drops. With the variation in resistivity switched off th
pinching of the electron flow significantly increased t
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7198 56J. R. DAVIES, A. R. BELL, M. G. HAINES, AND S. M. GUE´ RIN
fields, giving maximum fields of 1.2kT and 1.131010 V
m21. In contrast withI p51016 W cm22, the energy loss due
to the electric field was only 0.2% of the total energy and
magnetic field both decreased the mean radial spread
increased the mean penetration depth by around 10%
predicted by the estimates above, the electric field is no
major effect at intensities of 1016 and 1017 W cm22 and the
magnetic field is only significant at the higher intensity.

We will now consider, in some detail, a run withI p52
31018 W cm22, l51 mm, and an initial temperature of
eV, giving h51.931027 V m. This corresponds to exper
ments at quoted intensities of' 1018 W cm22 ~due to av-
eraging! and with a prepulse sufficient to preheat the tar
but not to cause large scale hydrodynamic motion. For co

FIG. 2. ~a! Energy absorbed,~b! kinetic energy,~c! energy loss
due to collisions,~d! energy loss due to the electric field. Dotte
lines are for the run including only collisions.
e
nd
As
a

t
-

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

The grid was 270mm in radius and 400mm thick, the
grid spacings were 1.8mm in r and z, the time step was
0.006 ps, and the code was run for 3 ps. 2800 computatio
particles~each representing a different number of electro
see Sec. III! were generated per time step for the first 2 p
The maximum number of computational particles on the g
was just over 53105. Electrons were stopped when the
energy fell below 10 keV, when their collisional stoppin
distance is 1.3mm @26#.

First we consider whether the results are consistent w
the approximations used. The neglect of the displacem
current means that the energy in the electric field («0E2/2) is
assumed to be zero, in the code its maximum value is
31024% of the total energy, so the neglect is consistent.
check the assumption of current balance we compare
magnetic field in the code to that given by¹3B5m0j f , the
code value is at maximum 1% of this value indicating th
current balance is maintained to within 1%. To evaluate
neglect of magnetic diffusion we estimate the magnetic d
fusion time@Eq. ~5!# from plots of the resistivity and mag
netic field, its minimum value is'5.7 ps justifying the ne-
glect for 3 ps. The fast electron number density is assume
be much less than that of the background, the maximum
electron number density in the code is just under half tha
aluminum’s atom number density, thus the assumption is
tified. If the peak intensity were increased to 1019 W cm22

this would be violated. To check the assumption of line
resistivity we calculate the background electron drift spe
assuming three conduction electrons per atom, at maxim
this is 7.23105 ms21 ~kinetic energy 1.5 eV! at a point
FIG. 3. Magnetic field in teslas. The maximum magnetic field reached is 454 T~4.54 MG! at 1.8 ps. The maximum field is'6% lower
by 3 ps.
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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
proportional to the magnitude. The magnitude of the largest vector shown is given. Every vector inr and every second one inz are plotted.
The maximum electric field generated is 1.131010 V m21 at 0.8 ps.
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where the background temperature is 6 keV and the ele
field is negligible. In regions where the electric field is si
nificant the background electron drift speeds are much
than 105 ms21, justifying the assumption of linear resistiv
ity. The treatment of the background requires it to rem
relatively cold, by 3 ps a small region behind the laser s
has reached temperatures.1 keV ~Fig. 1!, when the neglect
of ionization and hydrodynamics is not justified, and
roughly conical region of maximum radius 20mm and depth
60 mm has been heated to temperatures.200 eV at which
point the background model starts to break down. Ablati
ionization, and heat transport would reduce these temp
tures. The calculation of the fast electron transport at ea
times and greater distances in the target will not be sign
cantly in error. The high degree of heating near the tar
surface is the main source of error in the model.

The energy gain in the code over the course of the
was 0.28%. Runs with a range of time steps showed that
energy error per time step scaled asdt2, as would be ex-
pected. Decreasing the time step by a factor of 7 made
difference to the overall results.

The fast electron energy loss caused by the electric fie
calculated in two ways:~i! from the change in energy of th
particles given by the difference equations and~ii ! from j f•E

FIG. 5. Radial distribution of total energy reflected from t
target surface over 3 ps. Dotted line is for the run with collisio
only.
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on the grid. Method~ii ! gives results which are at most 5.5%
greater than method~i!, indicating that the fields and curren
are well resolved by the grid. Increasing the grid spacings
2 mm made no difference in the overall results.

By the end of the run particles have reached 618mm in r
and 600mm in z, which is outside the grid used for the fiel
calculations. However, the fields are negligible well short
the boundaries so this does not cause any significant e
Moving the boundaries did not change the results. Partic
leaving the grid are included in all other calculations.

We now consider the implications of the results. 90%
the absorbed energy has been lost by the end of the run~Fig.
2!, compared to 78% with only collisions included. 70%
the energy loss is due to collisions~this includes the energy
of electrons that are stopped! and 30% is due to the electri
field. Thus the electric field is an important energy lo
mechanism. The energy loss due to the electric field is m
important at early times and almost zero at later times (.2
ps!, as predicted by Glinsky@21#. Thus the electric field low-
ers the energy of the electrons before they spread through
target. The maximum energy in the magnetic field is 0.1
of the total energy, so the bulk of the energy lost by the f
electrons heats the background.

The fast electrons can roughly be divided into three c

FIG. 6. Energy weighted mean radius of electrons reflected fr
the target surface by a given time. Dotted line is for the run w
collisions only; it continues upwards to 36mm.
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FIG. 7. Number density of fast electrons, excluding the stopped electrons, in the region behind the laser spot.
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egories, determined by their energy.
~i! Low energy electrons (,40 keV!. These rapidly lose

their energy to the electric field and collisional drag, heat
a thin layer behind the spot~Fig. 1!. They account for the
temperature in the grid cells directly behind the spot be
much higher than elsewhere.

~ii ! Intermediate energy electrons. Their transport is do
nated by the fields that they generate. These dominate
heating and field generation forr ,20 mm andz,80 mm
~Figs. 1, 3, and 4!.

~iii ! High energy electrons, on the tail of the energy d
tribution. Their low number density means they do not co
tribute significantly to the field generation. They lose so
of their energy to the electric field, typically around 40 ke
and are deflected radially inwards by the magnetic field n
the spot ~Fig. 3!, then spread rapidly through the targe
These account for the results further into the target hav
the same pattern as the collisional results, but character
by a lower fast electron energy.

The division between these categories is not particula
distinct due to the radial and time variation in the fast el
tron temperature and density. It is further complicated by
magnetic field being a time integrated effect.

To determine the importance of the reflective boundary
the target surface, radial distributions of the energy, num

FIG. 8. Resistivity att50 is 1.931027 V m. Maximum resis-
tivity is 2.231026 V m. Lowest resistivity is 4.031029 V m.
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and angle of incidence of reflected electrons are calcula
The total number of electrons reflected over 3 ps is 32%
the total number, compared to 28% for the run includi
only collisions. This increase is due to the magnetic field
few particles are reflected more than once. Hence the re
tive boundary at the target surface has a significant eff
The distribution of the reflected energy~Fig. 5! is strongly
peaked atr ,20 mm due to lower energy electrons reflecte
by magnetic field and angular scattering. At largerr a small
number of higher energy electrons are returned to the sur
by angular scattering; the magnetic field is negligible
r .30 mm ~Fig. 3!. The radius at which the majority of high
energy electrons are returned to the surface by angular s
tering and the time before they return increase with the e
tron energy@33#. Thus the radius at which the bulk of th
electrons is reflected increases late in time~Fig. 6!. The en-
ergy weighted mean radius of reflection~Fig. 6! decreases a
early times due to the electrons reflected by the magn
field. The x-rays that these high energy electrons would g
erate as they are reflected could explain the x-ray emis
around the laser spot detected from the front of solid targ
in some experiments, e.g.,@36–39#. The reason Bur-

FIG. 9. Mean position of all the fast electrons, including stopp
electrons. The initial value ofr av is set by the assumed spot radiu
@R in Eq. ~11!#. Dotted lines are for the run including only colli
sions.
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gesset al. @37# detected a clear ring in their time integrate
measurements, where others just find an increase in the x
emission region over the spot size, may be due to the v
small spot size (;1 mm! resulting in a clear separation be
tween the generation region and the radius at which the
electrons return to the surface. This provides an additio
mechanism for the lateral transport of fast electrons to
coronal transport mechanisms previously considered,
@18#.

We will now concentrate on the intermediate energy el
trons. At early times the fields are not significant and the f
electrons move inwards at a speed which is greater nea
axis, as the intensity is higher there, thus the electrons p
etrate further nearer the axis, as can be seen in Fig. 7.
effect of this early time variation in penetration can be se
in the position of the leading edge of the magnetic~Fig. 3!
and electric~Fig. 4! fields. As the intensity and, initially, the
resistivity increase, the electric field becomes significant
the higher intensity near the axis now leads to greater in
bition of the electron flow there, reducing the electron pe
etration near the axis, as can be seen in the plot of the e
tron number density at 1.2 ps~Fig. 7!. This is why the
temperature~Fig. 1!, fields ~Figs. 3 and 4!, and resistivity
~Fig. 8! behind the laser spot do not vary so strongly w
radius closer to the target surface. In a run including only
electric field ~fixed resistivity, no magnetic field or colli
sions! the electrons penetrated significantly further at lar
r . This does not occur here as the greater heating nea
axis eventually lowers the resistivity there and hence
electric and magnetic fields~Figs. 3, 4, and 8!. The eventual
lowering of the resistivity allows the intermediate ener
electrons to penetrate further than if the resistivity we
fixed. As can be seen from Fig. 4, the region of maximu
electric field moves inwards in time, this maximum corr
sponding to the peak in the resistivity. As the magnetic fi
builds up it pinches the electron flow reducing the rad
spread~Fig. 9! and increasing the penetration depth of int
mediate energy electrons from the purely collisional ca
The effect of this pinching can be seen in the tempera
plots ~Fig. 1!. The mean radial spread of the fast electro
over 3 ps is 59% lower than for the purely collisional ca
~Fig. 9!. The mean penetration depth~Fig. 9! after 3 ps is
26% lower than the purely collisional case due to the elec

FIG. 10. r integrated distribution of energy loss on the grid af
3 ps. Dotted line is for the run including only collisions.
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field slowing the electrons. Runs excluding the electric fie
showed an increased mean penetration depth over the c
sional result. As mentioned in Secs. II and III the magne
field can cause filamentation. However, a number of effe
act to prevent this here:~i! the increased current density in
filament leads to an increased electric field which acts to s
the fast electron flow in the filament,~ii ! the angular scatter
ing acts to spread out the fast electrons, and~iii ! the spread in
the generated fast electron distribution opposes filame
tion. The action of each of these effects in reducing filam
tation has been observed in test runs with the other eff
turned off.

The higher electric field on axis could, at least part
explain the lower x-ray emission at smallr from the back of
the layered targets found by Luther-Davieset al. @5#, as men-
tioned by Bellet al. @23#. The lack of low energy electrons in
the fast electron distribution obtained by Luther-Davieset al.
@5# can be explained by the electric and magnetic fields p
venting low energy electrons penetrating and the enhan
of the penetration of intermediate energy electrons by
magnetic field, as they mention.

The patterns of the fields at times.1 ps are dominated by
the changes in resistivity, as can be seen by comparing
plot of resistivity~Fig. 8! with the field plots~Figs. 3 and 4!.
The resistivity just behind the spot becomes so low that
electric field becomes negligible and the magnetic field th
ceases to change. The¹h3 j f term @from Eq.~6!# causes the
magnetic field inside the region of peak resistivity~Fig. 8! to
fall and eventually to change sign~Fig. 5!. Hence the inclu-
sion of self-consistent resistivity significantly changes t
results. This limits the applicability of the model of Be
et al. @23# where the resistivity was fixed.

For the determination of fast electron temperatures fr
Ka emission measurements from layered targets an im
tant parameter is the energy lost at a given depth. Figure
gives thez distribution of the fast electron energy loss after
ps. The energy loss in the purely collisional case is lower
z,55 mm and on average 42% higher forz.80 mm. The
curves are roughly the same shape atz.80 mm as the trans-
port of the high energy electrons is collision dominated,
lower value is from the energy loss of the fast electrons
they pass the electric field at lowz. Thus purely collisional
models will underestimate the energy and number of f
electrons generated.

The calculation withI p5231018 W cm22 has been re-
peated with an initial temperature of 10 eV, givingh51.2
31026 V m. As the temperature~Fig. 1! in the region
where the fields are important is dominated by the fast e
tron heating, the change in initial temperature does not h
a large overall effect. The energy loss due to the electric fi
was increased by 4.8%, resulting in the fast electrons los
91% of their total energy in 3 ps. The mean radius of the f
electrons after 3 ps was reduced by 4.8% and the mean
etration depth by 0.4%. Thus the results in this case are
strongly dependent on the initial temperature.

V. CONCLUSIONS

We have shown that electric and magnetic fields and v
able resistivity, as well as collisions, can all play an impo
tant role in fast electron transport through solid targets. T
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noncollisional effects are most important at high intensit
and resistivities. The magnetic field is higher in calculatio
with tighter focal spots and longer pulses.

The electric field lowers the energy of the electrons
they enter the target. The subsequent transport of the e
trons which are not stopped is determined by the collisi
and the magnetic field. The magnetic field reflects lower
ergy electrons and acts to funnel in the intermediate ene
electrons. The highest energy electrons on the tail of
energy distribution lose some of their energy due to the e
tric field and are deflected radially inwards by the magne
field near the target surface. Then they move rapidly thro
the target, unaffected by the fields, spreading out due to
gular scattering. The eventual decrease in resistivity as
target is heated increases the penetration of intermediate
ergy electrons. The variations in resistivity significantly a
fect the magnetic field generation through the¹h3 j f term
@Eq. ~6!#. This dependence on resistivity introduces a stro
material dependence to the fast electron transport, as
magnitude and temperature dependence of resistivity v
significantly for different materials, e.g., the range of res
tivities at room temperature covers around 20 orders of m
nitude.

The results obtained here indicate that the fraction of
sorbed energy carried large distances ahead of the abl
front by fast electrons will be lower at higher intensities a
resistivities. Effectively the inclusion of finite resistivity pu
a limit on the fast electron current which can penetrate
target.

The purely collisional interpretations of fast electro
transport inKa emission experiments that have been us
previously will underestimate the number and energy of f
electrons. This could explain some of the rather low res
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that have been obtained at high intensities@5,7,9,40#, as dis-
cussed by Bellet al. @23#.

The major drawback of the code described here as a
dictive tool is the need to specify the fast electron distrib
tion, the background resistivity, and specific heat capac
which are not well known parameters in laser solid expe
ments. More work needs to be done to determine these.

The transport of fast electrons is of critical importance
the fast igniter concept@19#. There are two major problem
in using the code described here to model the fast igniter~i!
the high intensities proposed for the ignition pulse are lik
to generate a very high flux of fast electrons possibly viol
ing the requirement that the fast electron number density
much less than that of the background, and~ii ! the behavior
of the background will be more complicated than the sim
model used here. There are also problems in specifying
resistivity; microinstabilities are likely to play an importan
role @24#. The implications of electric field generation for th
fast igniter have been discussed by Tabaket al. @19# and Bell
et al. @23#. The collimation of the fast electron flow by th
magnetic field would be beneficial to this scheme increas
the energy reaching the core, as mentioned by Tabaket al.
@19#.

More work needs to be done on the effects of field ge
eration. To be more generally applicable the model presen
here must be extended to include magnetic diffusion an
more realistic treatment of the background.
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