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A laser-fusion target’s support fiber is heated at large distances from the laser plas-
ma principally by Ohmic heating due to an electrical return current, Optical and electri-
cal measurements demonstrate that return-current heating dominates over other heating
mechanics such as hot-electron propagation along the fiber, thermal conduction, and line-

of-sight plasma radiation.

Much attention has been directed toward the
problem of energy flow into the interior of laser-
produced plasmas,'”® but little work has been
done on the problem of lateral energy conduction
in the target and its support structure.*® Trans-
verse energy flow can improve the symmetry of
energy deposition in a laser-fusion target, but it
can also conduct energy away from the focal re-
gion through support structures and modify the
hot-electron spectrum.® It may also affect the
interpretation of laser-plasma experiments, such
as shock generation.’” ”*® Several theoretical and
experimental studies indicate that the effective
energy density in the focal region may be reduced
as a result of a large lateral energy flow.?" % °
Although this reduced intensity can be used to in-
terpret such experiments as foil burnthrough,'”3*°
no mechanism that justifies this assumption has
been proposed.

We report results of an experiment that deter-
mines the dominant mechanism for heating due
to lateral energy flow along a support fiber at
large distances (i.e., more than several focal ra-
dii) from the laser-produced plasmas. The domi-
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nant mechanism is Ohmic heating due to electri-
cal return current that is driven by hot-electron
emission from the laser-produced plasma. We
found that the return-current heating may deposit
a significant amount of energy relative to other
support-fiber—heating mechanisms at large dis-
tances from the focal region. This energy deposi-
tion is usually a small portion of the energy ab-
sorbed at the target.

We determined the importance of return-cur-
rent heating by measuring its dominance over
three other mechanisms of lateral heat flow:

(1) thermal conduction (i.e., a thermal wave with
no flow of electrical current), (2) plasma radia-
tion (i.e., line-of-sight irradiation by particles

or photons emitted from the plasma), and (3) hot-
electron propagation along the support structure.
An optical experiment discriminated between heat-
ing by electrical current, thermal wave, and plas-
ma radiation, while an electrical measurement
distinguished between heating by return current
and hot-electron propagation. The optical experi-
ment also demonstrated that scattered laser radi-
ation does not significantly heat the support fiber.
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These experiments are described below and fur-
ther detail will be presented in a subsequent com-
prehensive article. Following the experimental
details we discuss an analytical model that inter-
prets the data.

The optical experiment consists of a relatively
complex target with simple diagnostics. The
basic target design consists of a tortuous path of
10-pm-diam glass fibers. The fibers provide
alternative paths of energy flow from the laser-
irradiated region to the massive target holder
attached to the chamber ground. The target is
shown schematically in Fig. 1(a). A single beam
of the Los Alamos Scientific Laboratory’s Gemini
(two-beam) CO,-laser system irradiated the tar-
get with a 300-J, 1.2-ns full width at half maxi-
mum (FWHM), 10.6-pm-wavelength light pulse
having an intensity of 3x10'®* W/cm?. The laser
beam impinges on a glass microballoon at loca-
tionA.

The principal plasma diagnostic was a time-
integrated optical photograph of the self-luminous
target. The axis of the f/15 camera was 14° from
the incident laser-beam’s direction. Typical data
are shown in Figs. 1(b) and 1(c). The large lumi-
nous region is plasma blowoff from the shield X,
believed to be unimportant here. The critical ob-
servations involve relative luminosities of the
fiber segments.

The results indicate that heating by an electri-
cal current dominates heating by a propagating
thermal wave, by plasma radiation, and by scat-
tered laser light. The target shown in Fig. 1(b)
had fiber J present, but this fiber was absent in
the target of Fig. 1(c). One clearly sees that the
most luminous path is from the irradiated region
to the nearest ground (i.e., the massive target

holder). We exclude purely thermal conduction
as the dominant mechanism by observing that in
Fig. 1(b) the heat flow follows the ground path J
rather than the alternative path D. Similarly, we
assert the insignificance of plasma radiation and
scattered laser light by observing that region D,
which was protected from plasma emissions and
scattered light by the shield K, is not luminous
in Fig. 1(b), but it is quite bright in Fig. 1(c).
However, plasma radiation may produce heating
as evidenced by the luminosity of segment H.

The greater width of this segment’s image, a re-
sult of expansion, indicates either that its heating
occurs later than the heating of segments B and C
or that scattered laser light heats its low-density
blowoff.

These results indicate the importance of an
electrical current. To obtain quantitative results
and to distinguish between hot-electron flow
—which is balanced by an opposing current—and
hot-electron emission into vacuum, we measured
current flowing in the target’s support structure.
An aluminum target 12 mmX15 mmX6 mm thick
was mounted at the end of the center conductor of
an RG-223 50-Q coaxial cable, and the outer con-
ductor was grounded to the target chamber. The
aluminum slab was illuminated with 133 J of CQO,
laser light on a 1.2-ns-FWHM pulse in a focal
area of 7.9X107° cm®. The voltage was measured
with a 5-GHz-bandwidth oscilloscope and 119 dB
of wide-bandwidth attenuation was placed between
the oscilloscope and the target. The observed
electrical pulse, shown in Fig. 2, was positive,
indicating a net flow of electrons toward the tar-
get region (i.e., the conventional current flows
from target to oscilloscope). Therefore, the elec-
trical current in the support fibers is the return

(c)

FIG. 1. The target shown schematically in (a) produced the time-integrated optical photographs in (b) and (c).
The fibers are coplanar, but the massive shield K extends out of the plane. In (c) the fiber J was intentionally ab-
sent. Note that the most luminous regions extend from the glass microballoon at position A to the nearest ground.
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FIG. 2. This oscillograph of the target’s voltage dem-
onstrates a net return current.

current. The peak voltage was 175 kV,

The effect of return-current heating on lateral
conduction can be seen in Fig. 3. A 1-cm-long,
10-pum-diam glass fiber was illuminated at its
center by a laser pulse as described above. Fig-
ure 3 is an x-ray pinhole-camera photograph of
the fiber emission in the 1-2-keV range. The
brightness of the fiber implies a temperature of
~100 eV, and the heated region at the center of
the fiber extends for ~400 pm although the focal-
spot diameter was <100 um. The increased area
of the heated region can, therefore, reduce the
energy density by a factor of 5 to 10 for extended
targets. The precise role of the return current
is not well understood; it may provide the heating
directly or prepare an energy-deposition path for
another mechanism.® The bright spots along the
fiber are not well understood, but they are con-
sistent with a “sausage” instability driven by cur-
rent flow along the surface of the fiber.!® The
fiber target demonstrates these effects more
graphically than an infinite-plane target because
it approximates a linear system where the tem-
perature varies as 1/d rather than 1/d%, where d
is the distance from the laser-produced plasma.

Energy deposition from current flow in a laser-
heated target can be estimated from a simple
model of electron emission into vacuum from the
laser focal spot,!! which is balanced by a return
current flow., The model yields a useful scaling
relation as well as estimate of the voltage pulse.
We assume a Maxwellian hot-electron distribu-
tion f(u), at a temperature T, given by®

T =a(pr®)Vs, ; @)

where ¢ is the laser intensity and A is the wave-
length. For ¢ (W/cm®X2(um) expressed in units
of 10 W um?/cm? and T in keV, @=30. This is
the internal distribution, which is not necessarily
that of Ref, 11, The emitted-hot-electron cur-
rent I is

I=neAfu°:uf(u) du, 2)
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FIG. 3. This x-ray photograph of a single irradiated
fiber shows that significant energy is transported many
focal radii from the laser-irradiated region.

where u, = (2Ve/m)¥2, A is the area of the laser
focal spot, = is the hot-electron density, u is the
electron velocity, V, is the target potential, e is
the electron charge, and m is the electron mass.
It should be noted that V is not necessarily the
potential of the target substrate because of sheath
fields, but for eV,>kT the sheath potentials can
be ignored. Charge continuity and small target
size, however, guarantee that the emitted current
and the substrate current are equal. Measure-
ments of substrate potential for an isolated tar-
get have been reported by Pearlman and Dahl-
backa'? and for a grounded target by Ehler,'?
Using Eq. (1) and equating the hot-electron
flux to the absorbed laser flux, we implicitly cal-
culate n from

ap =z nm f:qu(u) du, 3)

where a is the fraction of the laser intensity ab-
sorbed. Combining Eqs. (1) through (3) and evalu-
ating the integral, one obtains an expression for
the hot-electron current that is equal to the re-
turn current. Assuming that the fiber or sub-
strate can be characterized by a resistance R

and that sheath potentials are negligible, the tar-
get potential V|, (in kilovolts) is given by

0.464aP¥3AY3R exp(- V,/T)

Vo=IR = a3 ’ 4)

where P =@A is the measured laser power in
watts., For a 10-pm-diam glass fiber with a
length of 5 mm at a temperature of 100 eV, as-
suming a strong magnetic field,* the resistance
is ~50 Q. The inductance is ~7 nH, which gives
a time constant L/R~ 140 ps, which is much less
than the laser pulse. Inductive effects can there-
fore be ignored. For the conditions of the alumi-
num-slab experiment, with a=0.3," P=1,1x10"
W, T=33.5 keV from Eq. (1), and R =50 , the
estimated value of V, is 187 kV, which is in good
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agreement with the experimental value of 175 kV,
Measurements at lower power were consistent
with P¥3 gcaling, suggesting the usefulness of
Eq. (4) as a scaling relation.

We conclude that the observed heating of the
target’s support structure at large distances is
dominantly the Ohmic heating caused by the re-
turn electron current. The description of the
hot-electron-driven return current given above
also implies that the electrons on the high-ener-
gy tail of the Maxwellian electron distribution
are emitted, thereby modifying the distribution
function in‘the plasma. These reported measure-
ments should be useful in modifying computer
simulations that presently lack net return-cur-
rent flow. The magnitude of the net current flow
is large enough to affect magnetic field distribu-
tions that have been reported in laser-heated tar-
gets,
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Extended fine structure, equivalent to extended x-ray—absorption fine structure, has
been observed on carbon K-ionization edges obtained with electron energy-loss spectros-
copy utilizing 0.75- to 5-nm radius probe sizes, and sampling as few as 10 atoms in
times as short as 4 min. Radial distribution functions show the expected behavior for
graphite and an amorphous carbon sample. A second “amorphous” sample, however,
shows structure which suggests the existence of local tetrahedral coordination.

There has been interest recently in the use of
the inelastic scattering of fast electrons (elec-
tron-energy-loss spectroscopy or EELS) as a
probe of the inner core excitations of materials
to determine electronic band structure® 2 and

area-averaged structural information from ex-
tended electron-energy-loss fine structure
(EXELFS)®"® equivalent to extended x-ray—absorp-
tion fine structure (EXAFS) in the photon absorp-
tion experiment. In addition, it has been re-
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FIG. 1. The target shown schematically in (a) produced the time-integrated optical photographs in (b) and (c).
The fibers are coplanar, but the massive shield K extends out of the plane. In (c) the fiber J was intentionally ab-
sent, Note that the most luminous regions extend from the glass microballoon at position A to the nearest ground.
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FIG. 3. This x-ray photograph of a single irradiated
fiber shows that significant energy is transported many
focal radii from the laser-irradiated region.



