
PHYSICAL REVIEW A VOLUME 29, NUMBER 2 FEBRUARY 1984

Angular distribution of hot electrons incident on a laser-irradiated target
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Angular distributions of bremsstrahlung emission are calculated for various energy and angular
distributions of hot electrons incident on a laser-irradiated plastic target. These theoretical results

are used to interpret experimental data of x-ray continuum emission from a CO2-laser-produced

plasma. It is shown that at low irradiance (IL (5&10' W/cm ) the incident electrons are normal

to the target surface but that at higher irradiance, the incident electrons angular distribution (spa-

tially integrated over the target surface) is semi-isotropic. The influence of the directional distribu-

tion of hot electrons on axial energy transport is also studied by comparing calculated continuum x-

ray spectra as well as energy-deposition profiles with experimental results.

I. INTRODUCTION

In laser-matter interaction, energetic electrons are gen-
erated mainly by resonance absorption at the critical den-
sity surface and also possibly by parametric decay process-
es. These hot electrons are emitted predominantly into the
corona, but space-charge electric fields draw them back
into the target. Hot electrons have been the subject of ex-
tensive studies' because their presence strongly influ-
ences the design and the performances of laser fusion tar-
gets. Ultimately, all these studies aim at determining and
controlling the energy dissipated by the hot electrons at
various locations in the solid material. The knowledge of
the energy dissipation rate requires a determination of
both the energy and the directional distribution of the in-
cident hot electrons. Moreover, recent theoretical and ex-
perimental results' "have shown the influence of self-
generated magnetic fields' on hot-electron trajectories
and consequently on energy transport. It is then particu-
larly important to study directly the angular distribution
of hot electrons incident on a laser-irradiated target. This
paper presents a detailed analysis of the direction of in-
cidence of hot electrons under various irradiance condi-
tions and shows that the energy-deposition characteristics
are strongly dependent on the directional distribution of
hot electrons.

In this paper, the directions of incidence of supra-
thermal electrons going into the solid target are inferred
from bremsstrahlung emission. Several experimental stud-
ies' have already investigated the intensity isotropy of
hard-x-ray bremsstrahlung. However, when significant
anisotropy of intensity was measured, there was no de-
tailed interpretation of this effect in terms of the direc-
tional distribution of incident hot electrons. Theoretical
anisotropies in a laser-produced plasma have also been cal-
culated, ' but this has been done for electrons at normal
incidence only and in the nonrelativistic approximation.
In this paper, we calculate bremsstrahlung angular distri-

butions obtained for various energy and directional distri-
butions of electrons incident on a plastic target. We take
into account retardation and relativistic effects' since the
nonrelativistic approximation severely deforms the angu-
lar distribution, even for electron energies as low as 10
keV. We present detailed calculations for the thin-target
case and apply the analysis to the thick-target case. We
are then able to consistently interpret measurements of x-
ray intensity anisotropy.

In Sec. II of this paper we describe the experimental ar-
rangement which has been used to study the directions of
incidence of hot electrons and the electron penetration
into the solid target. Section III gives the theoretical
bremsstrahlung angular distributions which enable us to
interpret experimental results of x-ray continuum emis-
sion from a CO2-laser-produced plasma and to determine
the direction of incidence of hot electrons under various
irradiance conditions. Section IV shows the influence of
the hot electrons' angular distributions on the axial energy
deposition. The axial energy-deposition features are i.n-
ferred from the hard-x-ray continuum emitted from a
high-Z tracing material covered with a plastic layer of
variable thickness. Finally, conclusions are presented in
Sec. V.

II. EXPERIMENTAL ARRANGEMENT

The experimental study is carried out with a CO2-laser
facility delivering 50 I in a 1.2-ns full width at half max-
imum (FWHM) pulse. The laser beam, incident at 28, is
focused onto the target by an f/1. 5 off-axis parabolic mir-
ror. At best focus, 50% of the energy is contained within
a 120-pm-diam spot. The experiments are made at energy
levels up to 15 J corresponding to a maximum irradiance
of 6)& 10' W/cm . The time- and space-integrated con-
tinuum x-ray emission is recorded with nine K-edge filter
detectors covering the 1—70-keV range. ' The angular x-
ray distribution is obtained by using four detectors at vari-
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ous polar and azimuthal angles to measure the hard-x-ray
emission of thick plastic targets. Spatially resolved x-ray
spectra are obtained from the local hard-x-ray emission
detected with high-Z tracing material techniques. The
targets are composed of plastic films of various
thicknesses deposited on a thick gold substrate; the inward
resolution is obtained by measuring the substrate hard-x-
ray continuum emitted by hot electrons after deceleration
in the plastic layer.

E.= 100 keV

III. BREMSSTRAHLUNG ANGULAR
DISTRIBUTION

In this section we first calculate continuum x-ray angu-
lar distributions which are directly related to the direction
of incidence of electrons. Then we use the theoretical re-
sults for the interpretation of measured x-ray angular dis-
tributions.

A. Monoenergetic electrons

Highly elaborate computations of emission due to
single-electron —ion collisions, including all relativistic ef-
fects and screening due to atomic electrons, have been re-
cently performed. ' ' In the present work, we will use an
expression of x-ray emission taken from Ref. 19, which is
valid for pure Coulomb fields and moderate electron ener-
gies. The angular x-ray distribution thus obtained for
monoenergetic electrons is shown to be in very good agree-
ment with theoretical' and experimental results for in-
termediate electron energies ( (200 keV).

Consider an electron of velocity u& and energy E&,
which collides with an ion at rest of charge Ze. The elec-
tron is incident in the positive z direction. A photon of
energy hv is emitted at an angle 0 with respect to the
direction of the incident electron; the outgoing electron
has velocity U2 and energy E2. We have

E( ——mc (1 P, )
'~ =hv—+E2

=hv+mc (1—Pq)

where P, z
——u, 2/c.

The expression for the emitted intensity is'

(1—P&)sin 8Ii (O, h v, E i ) =I„
(1—PicosO)

I» (1—Pf)sin 8
+ ', 2—,, (1)

(1—P,cosO) (1—P,cosO)

Iq(hv, Ei)= —,'m(1 Pi) '(I„+—2I») . (2)

The angular x-ray distribution obtained from (1) is com-
pared in Fig. 1 to more elaborate calculations of Tseng
et al. ' for Z =8 and for electron energies of 10 and 100
keV. Clearly, it appears that for low-Z materials and for
intermediate energies, we obtain a very good agreement.
In Table I, we see that the results of Eq. (1) are very close
to the experimental values of Rester et al. on aluminum.
We will now use this model to calculate the emission for
incident electrons with various energy and angular distri-
butions.

B. Incident electrons with various energy
and angular electron distributions

We consider an electron of velocity u& and energy E~
impinging in the direction O', P' on an ion; a detector in
the direction 8",{t"will receive an intensity I&(O,hv, E&),
given by Eq. (1), where 8 is the angle between the two
directions (see Fig. 2) such that

cosO =cos(P' P")sin8—'sinO" +cosO'cosO" .

We assume that the electron distribution is the product
of an energy distribution and a directional distribution:

F(E„O')=f(E,)g(8') .

0 30 60 90 120 150 180

0 (deg)

FIG. 1. Comparison of angular x-ray distributions obtained
from Eq. (1) (solid line) and results of Ref. 18 (dashed line) for
Z=8 and electron energies of 10 and 100 keV. Values I(0)
are normalized such that I (0)sin0 d 6 = 1.

0

where I~ and I„ involve integrations over all angles of the
outgoing electron waves. ' The intensity I~ defined as
b,P/J Eve.Q is the power bP radiated into the solid angle
AQ and in the frequency interval Av for an electron
current of density j bombarding an ion, and is expressed
in erg s cm /sr. The intensities I„and I» are calculated as
in the nonrelativistic case, ' but they are u tip ied by
the factor y =(1—p ) . This factor permits us to
avoid large overestimates' ' of the emission which re-
sults from merely including the retardation correction.
Integration of Eq. (1) over emission angles gives (in
ergscm )

0 (deg)

20
30
40
60

120

Ref. 20

5.3
5.2
4.8
4.2
1.6

k d2o.
Z' dkdn

5.3
5.5
5.4
4.5
1.5

TABLE I. Comparison of data from Ref. 20 and calculations
for aluminum (values of (k/Z )d cr/dkdQ where k =2@v/c
are obtained after dividing I~(O, hv, E&} [Eq. (1}] by
6.63 X10-'4Z').
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FIG. 2. Definition of coordinates. Angles 8' and P' give the
direction of electron incidence on the ion. Angles 8" and P"
determine the direction of observation.

We also assume the azimuthal symmetry.
The normalizations expressions are

f f(EI )dEI ——1,
2' f g(8')sin8'd8'=1 .

The energy distribution is taken to be of the form

f(EI ) =HEI exp( —E, /kT, ),

(4a)

(4b)

where T, is the electron temperature and n the parameter
characterizing the distribution.

We consider electrons incident along directions 0' such
that 0& 0 & 02, and we write the directional distributions
as follows:

g(8') = .
8 =const, 0' & 02

0, 0'&02 (6)

Angular distributions of x-ray emission obtained for a
monodirectional electron distribution incident in the z
direction (82 ——0) are shown in Fig. 3 (for a given tempera-
ture and various frequencies) and in Fig. 4 (for a given
emission frequency, and different temperatures). Chang-
ing n has little effect on the angular distribution (Fig. 3),
but a considerable effect on the absolute intensity (Fig. 5).
We must note that the x-ray angular distribution is practi-
cally independent of Z for low Z ((20); but, of course,
the absolute intensity varies approximately as Z .

where B is chosen to satisfy the normalization condition
in Eq. (4). The values 82 ——0', 90', and 180' mean, respec-
tively, a monodirectional, a semi-isotropic, and an isotro-
pic distribution. When electrons are all incident at the
same angle 02 with respect to the z direction one has

g (8')=5(8' —8,)/2' sine, .
The intensity emitted, per electron, by the distribution

given by Eq. (3) is then (in erg/sr)

I(T,B",hv)
OQ 82

=2 f vIf(E, )dEI f g(8')sin8'd8'

X f II(8,hv, EI)dp'. (8)

0 30 60 90 120 150 180

0"(deg)

FIG. 3. Normalized angular x-ray distributions for various
emission frequencies, the electron distribution being monodirec-

tional. Solid lines correspond to the case n = —
2 and the

dashed lines to n =
2 .

Figure 6 presents the x-ray angular distribution ob-
tained for various 82 angles, the electron angular distribu-
tion being given by Eq. (6). We see that the anisotropy,
defined as the ratio I(8")/I(180') for any value of 8", de-
creases when 82 increases. It is verified for 82 ——180' (iso-
tropic distribution), that we obtain an isotropic brems-
strahlung emission. Since the curves are normalized to
the 8"=180' emission, the absolute values for 8"=180'
are given in Table II. Figure 7 shows the variation of the
angular distribution, calculated for k T, =20 keV and
8z ——90' (semi-isotropic distribution), with the emission
frequency. The normalization values (8"= 180 ) appear in
Table III. Figure 8 gives the x-ray angular distributions
obtained when electrons are all incident at 45' with respect
to the z direction. The curves are normalized to 0"= 180
and the absolute values at this angle are given in Table IV.

A comparison of Figs. 3, 7, and 8 shows clearly that the
x-ray angular distribution is very sensitive to the direction
of incidence of electrons. The calculations which have
been presented can be directly applied to thin targets. We
will show in Sec. IIIC that they also can be used to
analyze low-Z thick-target results.

g~) 10
~ I I

H

H

1 I I

0 30 60 90 120 150 180

e"(deg)

FIG. 4. Normalized angular x-ray distributions for various
hot-electron temperatures. Electron distribution is monodirec-

tional with n = —2.
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10
T,= 20 keV
Z= 6

TABLE II. X-ray emission intensities at 8"=180' for elec-

trons having directions of incidence in various cone angles 02

(T, =20 keV, h v=40 keV, n =
2 ).

82 (deg)

0
30
45
60
90

I(0"= 180')

(erg/sr)

1.725 ~ 10-4'
2.073~10 4'

2.541' 10—4'

3.258 ~ 10-"
5.652 &( 10

0 20 40 60 80 100

hv {keV)

FIG. 5. X-ray spectra obtained at 0"=180' for a monodirec-
tional electron distribution. Solid and dashed lines correspond
to the case n = —

2 and 2, respectively.

C. Thick-target case

In a thick target, electrons undergo elastic and inelastic
collisions causing angular scattering and energy losses.
Because of these effects, the thick-target x-ray angular
distribution cannot, in the general case, be easily related to
thin-target results. However, for a low-Z target, it is pos-
sible to estimate these effects in a simple manner, since
the x-ray continuum emission is mostly produced by elec-
trons which have linear trajectories in the matter and since
backscattering is negligible.

In plastic, electrons having a range R are in a diffusive
regime after a length x~ ——0.7R. The electrons which
pass from their initial energy to an energy hv in a length
s (xa will contribute to the x-ray emission at hv in the
linear part of their trajectories. We can estimate, for the
angular integrated x-ray emission of a thick low-Z target,
the contribution to the total emission at a given energy h v

of electrons having not yet reached the diffusive regime.
For instance, for an electron energy distribution given by
Eq. (5) with normal incidence and kT, =20 keV, we find
that electrons having linear trajectories in the plastic pro-
duce 70% of the x-ray emission at hv=30 keV; 30% of
this emission comes from electrons which have undergone
large-angle or multiple small-angle collisions and which
have, consequently, an isotropic distribution in the materi-
al.

%'e can use these results to estimate a lower limit to the
x-ray anisotropy obtained with a thick plastic material.
For this purpose, we add the following two contributions,
with appropriate weighting factors obtained from thick
target calculations integrated over all angles: (i) the angu-
lar emission from the incident energy distribution with
electrons having linear trajectories, assuming negligible
electron losses and (ii) the angular emission from the same
incident energy distribution with an isotropic angular dis-
tribution of electron and also negligible electron losses.
We find that the lower limit to the x-ray anisotropy in the
thick-target case remains close to what is directly obtained
with thin targets, in agreement with recent experimental
results of low-Z targets irradiated by monoenergetic elec-
trons.

In Sec. III D the theoretical predictions of the x-ray an-
gular distribution from a thick target are represented by a
zone included between two theoretical curves, one being
the thin-target calculation result, the other being the lower
limit of the thick-target case as obtained above.

I I I

hv=100 keV

0 30 60 90 120 150 180

e" (deg)

1 I I I l

0 30 60 90 120 I50 180

0 deg

FIG. 6. Normalized angular x-ray distributions for electrons
having directions of incidence in various cone angles 02 (h v=40
keV, T, =20 keV, n = 2).

FIG. 7. Normalized angular x-ray distributions for various
emission frequencies. Electron distribution is now semi-
isotropic (02——90', T, =20 keV, n = 2).
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TABI.E III. X-ray emission intensities at 6"=180' for vari-

ous emission frequencies. Incident electron distributions are

sems-I[sotropic (02——90', T, =20 keV, n =
2 ).

TABLE IV. X-ray emission intensities at 0"=180 for vari-
ous emission frequencies. Electrons are all incident at 45' with
respect to the target normal (T, =20 keV, n =0).

hv
(keV)

20
40
60

100

I(0"= 180')

(erg/sr)

2.467 ~ 10-"
5.652 ~ 10-"'
1.457 && 10—"'
1.125' 10-'4

20
40
60

100

I(0"=180)

(erg/sr)

1.08 g10-"
1.744 ~ 10-"
3.578 ~ 10-
2.04 ~ 10-"

D. Interpretation of measured x-ray anisotropies

We study the behavior of the hard-x-ray angular distri-
bution when the laser irradiance is increased from 5 X 10'
Wcm to 5&10' Wcm . We use thick plastic targets
and are able to determine the angular distribution of elec-
trons using the previously calculated results of Sec. III B.

First, we note (Fig. 9) that the x-ray emission presents a
very good azimuthal symmetry. Figure 10 shows the ex-
perimental and theoretical polar angle x-ray distributions
at low and high irradiances for h v=30 keV. The theoreti-
cal predictions are represented by the hatched regions as
explained in Sec. III C. At a given irradiance, the parame-
ters 3 and T, of the distribution given by Eq. (&) are in-
ferred by fitting the experimental x-ray spectra taken at
0"=45' with calculated angular integrated x-ray spectra
given by (in erg/keV)

From Fig. 10 one sees that, at low irradiance, the x-ray
angular distribution calculated for normal electron in-
cidence is in very good agreement with the experimental
results. At II &10' Wcm, the electrons no longer
have an incidence normal to the target; a semi-isotropic
angular distribution of hot electrons has to be used to cal-
culate an anisotropy which agIees with the experimental
values. The same type of results are also obtained for oth-
er x-ray energies. Figure 11 shows the behavior of the ra-
tio of x-ray emission at 0"=110' to the emission at
8"=180' as a function of laser irradiance. When II in-

creases, one sees that the experimental values decrease fas-
ter than the calculated predictions performed with elec-
trons at normal incidence. The incident electron source,
spatially integrated over the target surface, becomes semi-
isotropic at IL )3&10' Wcm

IV. HOT-ELECTRON PENETRATION

where dl/dx is the mean electron energy loss per unit
path length, which can be approximated by the expres-
sion dE/dx =aE, a and b being constants for a given
material (for polystyrene one has a = 1.185 X 10
keg'7~cm2g ' and b =-0.72). I2(hv, E) [from Eq (2)] is.
the thin-target emission integrated over all angles given
for low-Z targets such as plastic (Z=3.5). A correction
factor which takes into account the anisotropy of x-ray
emission is also introduced.

I I

p-100 keV

In this section we will demonstrate the importance of
the direction of incidence of hot electrons for the deter-
mination of axial transport properties. By comparing cal-
culated continuum x-ray spectra as well as energy-
deposition profiles with experimental results, we show the
influence of the angular distribution of hot electrons on
axial deposition characteristics and we corroborate the
conclusions derived above on the dependence of the angu-
lar distribution of hot electrons upon irradiance.

The axial transport properties are inferred from the
substrate hard-x-ray continuum emitted by the hot elec-
trons after being decelerated in plastic. The inward reso-
lution is obtained with increasing thickness of low-Z plas-
tic deposited on a gold substrate. The x-ray emission Ig
from the gold only, is obtained by using the relation

Ig/Io ——[1 c(I,/Io) J(1—C)— (10)

hv=30 keV

4x10 w/cm2

0 30 60 90 120 150 180

e" (deg)

FIG. 8. Normalized angular x-ray distributions for various
emission frequencies. Electrons are all incident at 45 with
respect to the target normal (T, =20 keV, n =0).

0
0

l

180
w" deg

270

FIG. 9. Azimuthal variation of the experimental hard-x-ray
emission (h v=30 keV).
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FIG. 10. Experimental and theoretical angular x-ray distribu-
tions (h v=30 keV) emitted from a thick plastic target. A per-
pendicular source of incident electrons with T, = 11 keV and
n =

2 gives the best fit to the data at low irradiance. A semi-

isotropic source, with T, = 17 keV and n = 2, is required at high
irradiance. Hatched region for the theoretical predictions re-
flects the uncertainty due to scattering and energy losses of the
electrons in the solid plastic.

T(x/8) = 1.29(1—x/R)" —0.29(1—x/R) (12)

The emission in the gold tracer is calculated with in-
clusion of the electron backscattering losses. The x-ray
spectrum is the sum of the emission due to absorbed elec-
trons (in erg/keV)

abs

(13a)

and backscattered electrons (in erg/keV)

dE I" ( ) JE I'(hv, E')
d

h v g dE'/dx

T(x/R) is the electron transmission law, which in the
case of normal incidence on plastic is given by the sem-
iempirical relation

where I, is the total x-ray emission, C is the contrast de-
fined as the ratio between the emission from bare gold (Io)
and a thick plastic material.

A. Low laser irradiance (5 &( 10' %'/cln )

A theoretical x-ray spectrum is obtained by calculating
the emission of the gold tracer under the bombardment of
electrons transmitted through a layer of plastic. A simple
approach can be taken for normal incidence and low-Z
material such as plastic.

The energy distribution g(E) transmitted through a
layer of material of thickness x can be related to the in-
cident distribution f(E,) by the expression

. b/( j+b)

f(Et), (11)g(E) =T x
R

where R is the electron range which is closely approximat-
ed by the expression 8 =Et+ /a (1+b). The parameter
s is the actual path length of an electron in the material of
thickness x. In plastic, s -x is a good approximation for
the electrons. E is the energy of an electron of initial en-

ergy E& which has traveled a distance s in the plastic. E is
approximated by the expression E =EI(1—s/R)' "+ '.

6
C)
CO

II

H

0 CH2

hv=30 keV

Q

10

semi-isotropic
J

10 10

LASER IRRADIANCE W/cm

FIG. 11. Variation of the normalized emission at 0=110'
with the laser irradiance, for a thick plastic target. Results cal-
culated for a normal incidence (with a law T, -II'. ) and for a
semi-isotropic incidence of electrons are represented by hatched
regions which reAect the uncertainty due to scattering and ener-

gy losses of the electrons in the solid plastic.
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hv (kev)

I 1

10 20 30

(CH)„THICKNESS(gm)

FIG. 12. Multilayer target results at low irradiance (5 & 10'
W/cm ). (a} Experimental (points) and theoretical (solid lines}
hard-x-ray continuum spectra; g is the plastic thickness normal-
ized to the range calculated for the hot-electron temperature:
s=x/It(T, ) with R(T, )=3. @5m. (h) Experimental (points)
and theoretical (solid line) values of transmitted energies by vari-
ous plastic layers. In (a) and (b) calculated results are obtained
for electrons at normal incidence (with n = -2 ).

For high-Z targets,

I'(hv, E')=Sn;e Z G(h vE')/3hm cE',

where G (b v, E') is the Gaunt factor taken in the Born ap-
proximation. The fraction g of the incident electrons
backscattered from a thick gold target is nearly indepen-
dent of E and has a value of 0.5. The backscattered elec-
trons travel only a small distance in gold and come out
with an energy E, =0.75E. The integration limit g is
max(hv, E,). The effective Z seen by an electron along its
path depends on the energy of the electron; it is estimat-
ed with the Thomas-Fermi model of the atom.

The photon reabsorption in the gold substrate is es-
timated to be about 20% for low-energy photons (-20
keV) and negligible for more-energetic photons. In order
to obtain the spectra at the angle of experimental observa-
tion and since the calculated spectra is integrated over all
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angles, we use an anisotropy correction factor deduced
from emission data' ' for high-Z targets bombarded by
monoenergetic electrons. Figure 12(a) presents the
theoretical spectra calculated with the incident distribu-
tion as given in Sec. III D (A =2&& 10' keV ~, kT, = 11
keV, n = —,). The experimental spectra are in very good
agreement with the calculations.

The axial hot-electron energy-deposition profile is
presented in Fig. 12(b). The theoretical curve which gives
the transmitted energy e through a CH layer of thickness
x is derived from Eqs. (11) and (12). The incident distri-
bution is given by Eq. (S). We have

(. ~ y" +'f (y,x)e «dy

I (n+2)
(kT, )'

P=[x/R(T, )], R(T, )=
a (1+b)

y =E1/kT, ,
1.74

f (x,y) =1.29 1—y' R(T, )

5.35

—0.29 1—
y1.72' ( T

where ep=e(x =0) is the total energy deposited inward by
hot electrons.

Data on transmitted energy are obtained by integrating
Eg,„~,(E) where g,„„,(E) is the experimental electron ener-

gy distribution obtained below various plastic depths.
This distribution is found by fitting axially resolved exper-
imental spectra such as those of Fig. 12(a) with brems-
strahlung emission calculations [Eq. (13)], involving

g,„pt(E).
A very good agreement is found between the predictions

of the model and the experimental results. This corro-
borates the conclusions derived from x-ray angular distri-
bution, that the energetic electrons are normally incident
at low laser irradiance.

B. High laser irradiance (4&(10' W crn )

The theoretical x-ray spectra of the gold tracer at high
irradiance can be simply obtained only in the case of nor-
mal incidence since the transmission law T(x) is not
analytically known for other angular distributions. As a
point of comparison, we can calculate the tracer spectra

I

10

LIJ Ih,

4x10 IN/cm

I l

0 10 20 30

4x10 VV/cm

10 20 30 40 50
hv{ kev) (CH }„THICKNESS {gm)

FIG. 13. Multilayer target results at high irradiance (4& 10"
%/cm ). (a) Experimental (points) and calculated (solid lines,
obtained for electron normal indicence) hard-x-ray specta; g is
the plastic thickness normalized to the range calculated for the
hot-electron temperature: g=x/R (T, ) with E (T, )=6 pm. (b)
Experimental (points) and theoretical values of transmitted ener-
gies by various plastic layers. Solid and dashed lines are, respec-
tively, for a normal and a semi-isotropic incidence.

under various plastic layers at normal incidence following
the same procedure as described in Sec. IV A, with an ini-
tial distribution at high irradiance obtained as explained in
Sec. IIID (A =3.6&&10' keV ~, kT, =17 keV, n = —,').
The results are shown in Fig. 13(a). There is a difference
between calculated and measured spectra as the plastic
thickness is increased, indicating clearly that at high irra-
diance the incident distribution is no longer normal to the
target surface.

Figure 13(b) shows the fraction of incident hot-electron
energy transmitted below various plastic thicknesses at
4)& 10' W cm . The solid lines are theoretical calcula-
tions with two types of electron angular distributions (nor-
mal and semi-isotropic) and the same energy distribution

f (E~ ) =AE I exp( Et /kT, ). —The energy-deposition
curve in the planar semi-isotropic case is obtained by us-
ing the electron transport calculations of Spencer. ' In
this case the fraction of incident energy transmitted
through a CH layer of thickness x is

x/A{T )f t( (x /R ( T, ) )dx
e/ep= 1 — ca (1S)J 1((x/R (T, ))dx

P'(x/8 (T, ))
P( /xR( )T)= J, y

' e ~ 1—
e y

For the normal-incidence curve we use the analytical
model of Sec. IVA.

The experimental values agree very well with the pre-
dictions of the semi-isotropic model. This conclusion is in
complete agreement with the x-ray angular distribution re-
sults.

V. CQNCLUSION

We have shown that the hot electrons which are reflect-
ed at the plasma cloud boundary and come back on the
target are characterized by an energy distribution as well
as by a directional distribution. In this paper, emphasis
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has been put on the calculation of the hard-x-ray angular
distribution and on the determination of the spatially
averaged directional distribution of incident hot electrons
at various irradiances. The importance of this directional
distribution in regards to axial transport has also been
analyzed in detail by means of a comparison between ex-
perimental hard-x-ray spectra and theoretical models.

Different types of spatially integrated directional distri-
bution of hot electrons can be simply related to the ex-
istence of induced magnetic fields, since the presence of
such fields will affect the trajectories of the electrons. At
low irradiance, in the presence of weak magnetic fields,
incident hot electrons will have near-normal incidence. At
high irradiance with stronger magnetic fields, electrons
will be more easily radially convected and will penetrate
into the target in a manner which involves a considerable
distribution of angles of incidence. Spatially averaged
features of the electron distribution at high irradiance are

also consistent with a small fraction of the electrons at
normal incidence near the focal spot and most of the elec-
trons being incident at oblique angles away from the focal
spot. " A precise knowledge of the direction of incidence
of hot electrons gives an important insight in the physics
of the laser-matter interaction and allows a quantitative
determination of hot-electron energy deposition.
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