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Nonlocal Energy Deposition in High-Intensity Laser-Plasma Interactions
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Electrons heated by the absorption of laser energy on planar targets generate megagauss magnetic
field which, together with the coproduced electric fields, transport the electrons away from the laser
spot. We present a computational model showing that these superthermal electrons deposit their
energy into plasma thermal energy in an expanding annular region in the target plane centered at
the spot. The model provides a quantitative explanation for some complex and heretofore poorly

understood lateral transport phenomenology.

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

Recent experiments on lateral transport in high-
intensity laser interactions with planar foil targets have
shown that a significant fraction of the laser energy
deposited in the target is subsequently transported
large distances (millimeters) from the laser spot along
the target surface prior to conversion to plasma ther-
mal energy.!=* The location of electron thermal ener-
gy in a target in relation to the laser spot has important
implications for laser-driven inertial-confinement
fusion, as it is the thermal energy which produces the
ablation and resultant implosion of a fusion target. In
particular there is the important issue of the drive sym-
metry’ provided by a given pattern of laser spots.
Consequently, it is essential that mechanisms for non-
local thermal energy deposition in laser-irradiated tar-
gets be well understood.

For a target subjected to high-intensity laser irradia-
tion, superthermal electrons, produced near the critical
surface by resonance absorption and some parametric
processes, emerge from the laser spot in a plume
directed back toward the laser. Recently, particle-in-
cell (PIC) computer simulations of the transport of su-
perthermal electrons in a plasma of near-critical densi-
ty have shown that these electrons can carry a signifi-
cant amount of energy away from the focal spot.> The
mechanism is simple: A megagauss magnetic field
directed parallel to the target surface is produced with
an initial growth rate proportional to Vn,xVé,,
where n, is the hot-electron density and 6, is the hot-
electron temperature. Additionally, the usual
outward-normally directed electric field of a thermally
expanding plasma is produced.” The superthermal
electrons ejected from the plasma undergo Ex B drift
away from the laser spot in the coronal region in front
of the target. The PIC simulation showed for the case
of 10'*-W/cm? CO,-laser irradiation (A=10.6 um)
that some tens of percent of the hot-electron energy
deposited into the target could be transported 100-um
distances away from the focal spot on a time scale of
tens of picoseconds.®

Unfortunately, even the most sophisticated self-
consistent plasma simulations cannot be compared

directly with experiment. They encompass too small a
spatial region over too short a time interval. To do
otherwise is impossible with present computer capabil-
ities. We present here a model which treats the larger
(millimeter) spatial distances and the longer (100-ps)
time scales of the laboratory, bridging the gap between
the PIC model and experiment. This is done by giving
up the strict field-particle self-consistency of PIC,
while imposing close agreement with that model to the
extent possible. Our model is the first to produce nu-
merical results for detailed comparison with lateral
transport data and, in fact, is in close agreement with
the data. The model is essentially a sequence of
superthermal-electron trajectory computations in
specified electric and magnetic fields.® It is directed
toward longer-wavelength (=1 wm), high-intensity
irradiations, where a significant fraction of the energy
deposited on target takes the form of superthermal
electrons produced by resonance absorption.

More precisely, electrons sampled from a hot aniso-
tropic half-Maxwellian, with v, > 0, are launched from
random locations within a cylindrical laser-deposition
region (with radius ry and ends z;,z,). See Fig. 1.
The source region is imagined to be near the critical
surface. The electron distribution has a temperature
of §,=20 keV in the outward-normal direction and
0,=2.5 keV parallel to the target surface. The energy
introduced per unit time is held fixed to simulate a
constant-intensity laser pulse. The trajectory of each
electron in the region in front of the target is comput-
ed until the electron intersects the target surface,
where the density is substantially supercritical, taken
to be the z =0 plane.

The electric field employed is the quasineutral self-
similar solution for isothermal expansion of a plasma
into a vacuum, E,= (8,m;/Z)V?/ et, where my is the
ion mass, e the electron charge, Z the ionization, and ¢
time.”

The magnetic field near the laser spot is taken from
cylindrical PIC simulations,® which showed, for 10-um
irradiation, growth on a 10-ps time scale to a quasisat-
urated configuration, where the magnetic pressure is
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balanced by the plasma pressure. The field here is parametrized according to

r/rO)

B} (r,z) = Byexp{— [(z~zo)/Az]2}><{ro/,,

where ro < r1~ 100 um.

for ro<r<rn,

for r < ry,

(1a)

At larger r, beyond the PIC mesh, where superthermal electrons penetrate the target interior, the r dependence

is modified by use of Ampere’s law:

By(r,z,0)/B§ (ry,2) = (rl/r)J;rJ,(r’,t)r’ a’r’/j:)’1 L(r't)r dr (1b)

for r > ry, where J,(r',t) is the hot-electron current
density at z=0. The falloff is thus faster than r~! at
large r. Equations (1), appropriately rescaled for 1-um
irradiation, are supported by laboratory measurements
of the self-generated magnetic field.1?

The model computation is iterative. The J,(r',1)
obtained from one set of trajectory calculations is used
in Eq. (1b) to obtain an improved estimate of the field
B for use in a successive set of trajectory calculations.
The procedure is found to converge rapidly so that no
essential changes are obtained after the third iteration.
The electric field contains the dominant time depen-
dence in the model, producing even for an r~! static
magnetic field the basic features of the hot electron
trajectories. (The time dependence of B simply gives a
more sharply defined deposition annulus.)

The J,(r,1) given by the model is taken to be a mea-
sure of the energy-deposition profile in the target inte-
rior and, hence, the x-ray emission, because an elec-
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FIG. 1. Schematic diagram of the geometry of the model.
The z axis is the cylindrical symmetry axis. The surface of
the target where the density is supercritical is taken to be the
z=0 plane. The hot-electron source region near critical
density is a cylinder with radius ry and ends at z; and z,.
The directions of the electric and magnetic fields are indicat-
ed. A typical computed electron trajectory is shown. (The r
dimension has been compressed by a factor of 10 relative to
the z dimension.) zg is the axial position of maximum B,.
The apparent reflection of the trajectory off the z axis
represents a passage near r =0.
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tron penetrates the z =0 surface after it has fallen out
of the influence of the magnetic field to be drawn deep
into the target by the electric field as a return-current
effect.!! The model parameters are set equal to values
near those of the experiments: ro=70 um, r; =400
pum, zo=50 um, Az=20 um, z;=34 um, z,=44 um,
By=0.8 MG, Z=1, and 6.,=10 keV. The electron-
deposition profiles for a succession of equally spaced
time intervals are shown in Fig. 2. A clearly expand-
ing annular deposition region is indicated by the in-
creasing radius of the second deposition maximum
outside the laser spot. There is a decreasing velocity
of expansion with time as indicated by the decreasing
rate of change of the deposition pattern from the initial
velocity of ~ 10° cm/sec. These features are in strik-
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FIG. 2. Electron target deposition profiles for equally
spaced 25-ps time intervals. We have plotted the number of
electrons reentering the target in each 400-um-wide annulus
during the indicated time interval. The general deposition
pattern consists of a large central circular contribution at the
laser spot with a second maximum in an expanding annular
region. The rate of expansion of the annulus decreases with
time from an initial value of ~ 10° cm/sec.
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FIG. 3. Normalized time-integrated angular distributions
for electrons reentering the target at r < 0.4 mm and at
20< r <24 mm. Time has been integrated over 500 ps
starting from ¢t=0. The angle # is that between the reen-
trant electron trajectory at z=0 and the inward-directed nor-
mal. The solid-line plot for r < 0.4 mm shows a predom-
inantly normal angular distribution near the laser spot. The
dashed-line plot for 2.0 < r < 2.4 mm shows penetration
well away from the laser spot occurring predominantly at an-
gles greater than 50°.

ing agreement with x-ray streak-photograph data for
10-um laser irradiation! with 7 ~ 5% 10* W/cm? and
1-um irradiation? with 7 ~ 3x10® W/cm?. When we
consider the time-averaged angular distribution of
electrons entering the target, we find that the electrons
penetrating near the laser spot are predominantly nor-
mally directed, but with increasing radial distance from
the spot the predominant angle of penetration become
increasingly oblique. This trend, which is in agree-
ment with the data of Kieffer er al,* is illustrated in
Fig. 3 where the normalized time-integrated angular
distributions of the model for penetration at r < 0.4
mm and at 2.0 mm < r < 2.4 mm are plotted.

The time-integrated energy spectrum of electrons
entering the target softens with increasing distance
from the spot. This result, in agreement with the data
of Decoste, Kieffer, and Pepin,’ is illustrated in Fig. 4
where normalized time-integrated spectra for penetra-
tion at »r < 0.4 mm and 2.0 mm< r < 2.4 mm are
plotted. The effect arises from the time dependence
of the electric field in the model, which acts for a
longer period on electrons transported far from the
source. Physically the superthermal electrons in the
target corona give up energy to fast ions. The soften-
ing of energy spectrum with distance from the focal
spot is not always the case, however. In Ref. 4 a spec-
tral hardening with distance is reported. This could
arise from the fact that the Ex B transport mechanism
favors electrons with sufficient initial energy to over-
come the electric field and reach the region of large B.
We found that holding E constant in the model, thus
turning off energy transfer to ions, can cause the
large-r spectrum to be harder than the focal-spot spec-
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FIG. 4. Normalized time-integrated energy spectra for
electrons reentering the target at » < 0.4 mm (solid line)
and 2.0 < r < 2.4 mm (dashed line). Time has been in-
tegrated over 500 ps starting from r=0. The spectrum near
the laser spot is seen to be significantly harder than the spec-
trum well away from the spot.

trum. Thus a choice of model parameters, physically
reasonable or otherwise, where energy transfer to ions
is suppressed relative to the initial-energy selection
process could give a spectral hardening at large dis-
tances from the laser spot. Further laboratory study of
the hot-electron spectrum, with an eye toward identifi-
cation of the experimental parameters determining
spectral modification with r, would be useful, provid-
ing a severe test for the model.

In summary, the important expanding deposition
pattern observed for laser-irradiated planar targets may
be explained with a simple physical picture. Super-
thermal electrons produced in the laser-target interac-
tion are transported away from the spot by the macro-
scopic electric and magnetic fields self-consistently
generated in front of the target. The time dependence
of the deposition is induced by the electric field in our
model. It has a much longer time scale than the
growth of the magnetic field to its maximum value.
This physical picture is in agreement with additional
experimental data on the angular distributions and en-
ergy spectra of hot electrons entering the target.

The author wishes to thank B. Bezzerides for several
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