
VOLUME 50, NUMBER 14 PHYSICAL REVIEW LETTERS 4 APRIL 1983

Hot-Electron Energy Deposition in CO2-Laser-Irradiated Targets Consistent
with Magnetic-Field-Induced Surface Transport
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Hard-x-ray continuum spectra from high-Z tracers are used to obtain lateral and axial
energy-deposition profiles by hot electrons in CO2-laser-irradiated slab targets. The in-
terpretation of the results emphasizes a local direction of incidence of the hot electrons
on the target and an energy-deposition pattern which are consistent with self-generated
magnetic fields.

PACS numbers: 52.25.Fi, 52.25.ps, 52.50.Jm

At sufficiently high intensities the interaction
of a long-wavelength laser beam with a target is
completely dominated by suprathermal electrons,
generated mainly through resonance absorption
at the critical density, and predominantly emitted
in the corona. The hot electrons which are drawn
back into the target by space-charge electric
fields transport inward a fraction of the incident
laser energy. Thus the hot-electron absorption
in a thick shell of low-Z material could in prin-
ciple be used as a driving mechanism for the
shell compression of laser fusion targets. Fea-
tures of the transport process have been ad-
dressed at least qualitatively in several experi-
ments. ' " Recently, the trajectories of hot elec-
trons in self-generated magnetic fields have been
computed and surface transport has been shown
to be dominated by these magnetic fields. " In
this paper we present a consistent set of quanti-
tative data on electron transport in CO, -laser-
irradiated slab targets which demonstrates the
effects of self-generated magnetic fields on the
hot-electron trajectories and on the energy-dep-
osition pattern.

Lateral and axial hot-electron energy-deposi-
tion profiles are inferred from the local hard-x-
ray continuum emitted by hot electrons decelerat-
ed in the dense target material. High-Z tracing-
material techniques are used to obtain the local
emission. Besides, angular distribution of x rays
yields direct information on the electron direc-
tion of incidence on the target surface. At high
irradiances, we find that the electrons deposit
most of their energy at oblique angles on the tar-
get surface and that the axial energy-deposition

profile is in good agreement with a planar semi-
isotropic source of incident electrons penetrating
the target surface. At low irradiances, the inci-
dent electrons appear to be normal to the target
surface. A consistent pattern of local energy dep-
osition at high irradiance is obtained from the
lateral transport measurements. Near the focal
spot, the hot electrons penetrate the target at
near-normal incidence, are less energetic, and
transport within 1 mm diam only 10~/p of the total
deposited energy. Away from the focal spot, over
a very large area (-1 cm'), the hot electrons are
increasingly energetic and incident at oblique
angles. All these results are consistent with
transport dominated by self -generated magnetic
fields.

The study was carried out with a CO, laser fa-
cility giving a 50-J, 1.2-nsec (full width at half
maximum) pulse. The experiments described
were made at energy levels up to 15 J with a
laser beam incident at 28', focused onto the tar-
get by a f/1. 5, 15-cm focal length, off-axis par-
abolic mirror. At best focus, 50'// ofOthe energy
was contained in a 120- pm-diam spot producing
irradiances up to 0.6&&10'4 W cm '. 30~/0 of the
laser energy is absorbed. ' The time- and space-
integrated continuum x-ray emission is recorded
with nine I|-edge filter detectors' covering the
1-70-keV range.

Hot electrons incident on the target surface are
characterized by their direction of incidence and
by their energy distribution which is assumed to
be of the form f(E,) =RE,'i'exp(-E, /kT, ). The
direction of incidence is determined by fitting
experimental data with calculated angular distrib-

1054



VOLUME 50, +UMBER 14 PHYSICAL REVIEW LETTERS 4 APRiL 1983

ution of hard-x-ray emission at various photon
energies. The calculation includes a relativistic
bremsstrahlung cross section differential in pho-
ton direction and energy, " involves electrons
with arbitrary direction of incidence, "and takes
into account electron energy and scattering loss-
es. The parameters A and T, can be inferred
from the x-ray spectra. Figure 1 presents, at
two irradiances, the angular distribution of hard
x rays spatially integrated over the target sur-
face and emitted in a plane normal to a thick CH
slab. At low irradiances, the strong anisotropy
is best reproduced (hatched region) with electrons
at normal incidence. This is consistent with the
existence of weak magnetic fields and subsequent
near-normal incidence of the returning hot elec-
trons. The slight anisotropy at higher irradianc-
es is best described by a planar semi-isotropic
source of hot electrons incident on the target. In-
deed, the electrons which are radially convected
by the magnetic fields penetrate into the target
in a manner which involves a considerable dis-
tribution of angles of incidence with respect to
the target normal; hence, the incident electron
source, spatially integrated over the target sur-
face, is measured to be semi-isotropic. We will
see below that the high-irradiance result is con-
sistent with most of the electrons being incident
at oblique angles away from the focal spot and a
small fraction of the electrons at normal inci-
dence near the focal spot.

Spatially resolved x-ray spectra are inferred

from the local hard-x-ray emission detected
with high-Z tracing-material techniques. The
inward resolution is obtained with increasing
thickness of low-Z plastic deposited on a high-Z
substrate [inset in Fig. 2(a)]. The lateral resolu-
tion across the target surface is obtained with
gold disks of various diameters deposited on a
lower-Z aluminum substrate [Fig. 2(b)]. In all
cases, a 0.1-pm-thick CH overcoat guarantees
that the plasma dynamics is always controlled
by C and H ions. Figure 2 shows reduced x-ray
spectra emitted from the gold material only, for
various thicknesses of plastic overcoats or for
gold disks of various diameters. The experi-
mentally measured x-ray data, taken at 45 from
the target surface, are reduced to the x-ray
emission from the gold only by use of the pre-
scription described in Ref. 9. One can directly
obtain the local electron energy distribution g(E)
below various plastic depths and/or within a
given radius around the focal spot by fitting spa-
tially resolved x-ray spectra such as those of
Fig. 2 with bremsstrahlung emission calculations
involving g(E). The calculations are performed
with the bremsstrahlung cross section" integrat-
ed over all directions, and take into account the
electron energy and scattering losses, the effec-
tive Z seen by an electron along its path, and
photon reabsorption within the high-Z target.
When required, a correction must be introduced
for the anisotropy of x-ray emission. The hot-
electron energy locally deposited is obtained by

10
40z
LJJ
I—z

5
CC

X
LLI

I~

CC I

45
0 (deg)

, ln

90

FIG. 1. Experimental and theoretical angular distri-
butions of 30-keV x rays emitted from a thick CH slab.
A perpendicular source of incident electrons with T,
=11 keV gives the best fit to the data at low irradiances.
A semi-isotropic source with T, =17 keV is required
at higher irradiances. In both cases the energy distri-
bution is f(EO) =AE~ ~ exp(-F. PAT, ). The hatched re-
gion for the theoretical predictions reflects the uncer-
tainty due to scattering and energy losses of the elec-
trons in the solid.
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FIG. 2. Local hard-x-ray gold spectra obtained with
the high-Z tracing material technique. (a) Various
layers of low-Z plastic are deposited on a gold-slab
substrate. (b) Gold disks of various diameters are
deposited on an aluminum-slab substrate. A O. l-p, m-
QH overcoat guarantees that the hot-plasma dynamics
is always controlled by C and H ions.
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integration of g(E)E.
The results obtained with axial resolution en-

able us to characterize the incident electron
source spatially integrated over the target sur-
face. Figure 3 shows the electron energy de-
posited in a gold substrate below various thick-
nesses of CH. The solid lines are theoretical pre-
dictions of the incident hot-electron energy trans-
mitted below a given depth of plastic, for two
types of incidence of the electrons on the target
and for the same energy distribution, f(E,)
=AE, ' 'exp(-E, /AT, ). The planar semi-isotropic
source energy-deposition curve is obtained by
use of the electron transport calculation of Spen-
cer, "'" For the normal incidence we use a
simple analytical model, "which gives values of
transmitted energy in agreement with those ob-
tained from the Spencer method, At I-4 &10" QJ

cm ', the experimental values agree very well
with the predictions of the semi-isotropic model.
The hot electrons trapped i.n the magnetic field
over large distances penetrate the target mostly
at oblique incidence and deposit inward approxi-
mately 9% of the laser energy or 30% of the ab-
sorbed energy; the balance of the absorbed en-
ergy appears essentially in fast ions. At I- 5
&10"W cm ', we verify that the normal-inci-
dence model describes the experimental results.
The fraction of laser energy carried inward is
now -15%, in agreement with the fact that the
electrons return directly back towards the target
losing less energy to the ions. "

The energy-deposition pattern across the target
surface is obtained from measurements involving
both axial and lateral resolution. Figure 4(a)
shows the hot-electron energy deposited within a
given radius either below 11 pm of plastic or on
the target surface (0.1 pm CH) at 4x10" W
cm '. In either case the lateral transport ex-
tends up to 6 or 7 mm from the local spot. Fig-
ure 4(b) gives the radial dependence of hot-elec-
tron temperature on the target surface; the inci-
dent electrons appear to be colder near the focal
spot. The comparison of the two curves in Fig.
4(a) shows that electrons incident at large dis-
tances from the focal spot lose more energy in
11 pm of plastic than colder electrons incident
at small distances from the focal spot. In other
words, the fraction of energy transmitted below
11 pm of plastic is greater near the focal spot
than further away. Therefore, referring to Fig.
3, it appears that electrons are incident normal
to the target near the focal spot but that they
penetrate at an oblique incidence away from the
laser axis. This pattern of energy deposition is
perfectly consistent with magnetic-field-induced
surface transport. Indeed, lower-energy elec-
trons are reflected back to the target near the
focal spot without being caught in the magnetic
field; they will have a near-normal incidence and
the local electron temperature will be reduced.
More energetic electrons are convected far away
and penetrate the target obliquely. Since at high
irradiances most of the incident hot-electron en-
ergy is delivered to the target away from the
focal spot, the spatially integrated source is
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FIG. 3. Fraction of incident hot-electron energy
transmitted below various plastic thicknesses. The sol-
id lines are theoretical calculations with two types of
sources (perpendicular and semi-isotropic) and the
same energy distribution, f(EO) =AE'~2exp(-EO/kT, ).
At I=4& 10'3 W cm ', T, =17 keV and 9% of the incident
laser energy is transported inward by hot electrons.
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FIG. 4. (a) Radial distribution of electron energy at
the target surface (circles) and 11 pm below the sur-
face (triangles) in relative units. FI is the incident
laser energy. (b) Radial dependence of T, across the
target surface.
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measured to be semi-isotropic. Self -consistent-
ly, at low irradiances, we find that the incident
electrons remain close to the focal spot with a
near-normal incidence, since the magnetic field
should be quite reduced.

In short, the x-ray angular-distribution and
axial-transport measurements show the sensitiv-
ity of energy deposition to the direction of inci-
dence of the electrons, and hence to the magnetic
fields. Results obtained with both axial and lat-
eral resolution give the local energy-deposition
pattern which can be consistently interpreted in
the light of the self-generated magnetic fields.
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