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In summary, our work on He+ is the first use
of an ion for precision g&-factor comparisons. It
offers the most promising opportunity to test the
Z dependence of the g~-factor theory for a hydro-
genlike system. Using our current apparatus, we
hope to improve the precision of our value to a
few parts in 10' so that we will be able to criti-
cize the radiative correction term (ct/4&)(Zo. )' to
about 10'%%uo.
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Demonstration of Resistive Inhibition of Fast Electrons from Laser-Produced
Plasmas in Low-Density Gold Targets
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A numerical model is used to show that the range of suprathermal electrons from laser-
produced plasmas can be significantly reduced by the electric field needed to drive a re-
turn current of cold electrons. Direct experimental evidence of a reduction of preheat
by at least a factor of 3 is presented for targets containing a low-density gold layer.

PACS numbers: 52.50.Jm, 52.65.+z

It is now well established that when high-inten-
sity light is incident on solid targets, a consider-
able fraction of the laser energy is converted
into suprathermal electrons with a temperature
T~ much greater than that of the thermal plas-
ma. ' ' Some of the energy of these electrons
heats the target to comparatively large depths.
Experiments with 1.06- p,m lasers on layered tar-
gets containing K fluors4 have measured the range
of these suprathermal electrons and found that
the range was consistent with the hard x-ray
measurement of temperature and the Bethe-Bloch
formula' for energy loss with scattering included.
Preheat would have to be minimized for an abla-
tive compression, and the use of a vacuum gap'
might be one way of optimizing a target to pre-
vent preheat. In this Letter we demonstrate an
alternative target design for reducing the preheat
range by including a high-resistivity, low-volume-
'density material within the target. The effect is
explained simply; it is confirmed by a numerical
simulation and by direct experimental measure-
ments.

Consider a laser beam incident on a semi-infi-
nite plane target. A fraction of the absorbed
laser power is converted into suprathermal elec-

trons flowing into the target carrying a current
density j» which is typically 10' A cm . The
very-high-energy deposition rapidly ionizes the
target which becomes a high-electron-density
(N, -1023 cm '), low-electron-temperature (z',
-200 eV) plasma of resistivity q. Because such
a plasma has a very small skin depth for the time
scale of the laser pulse, a return current j,
must flow so that

ja+j.= o.
The resistive electric field, E= gj, =-gj~, decel-
erates the suprathermal electrons, converting a
part of their energy into Ohmic heating, gj, '. If
the collisional range of the suprathermal elec-
trons is r, (mass per area) and the target density
is p then in the absence of electric field inhibi-
tion the suprathermal electrons will go a distance
r, /p, and the electrostatic potential a distance
r, /p into the target will be —

qj„r,/p. However
if gj„r,/p ~kTs/e the resistive electric field
will appreciably impede the suprathermal elec-
trons. The potential within the target is estimat-
ed in Table I for solid-density gold and for gold
at l%%uo of its solid density (0.2 g cm '), with j„
= 10"A cm ' for 100 ps as suggested by experi-
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TABLE I. Estimates of the potential within the target for the density of solid gold
and for 1% of that density.
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FIG. 1. Computational results for solid and low-
density targets. At the rear of the low-density target
-50% of the deposition is due to J E heating by the
return current.

ment. ' The resistivity is calculated for local
thermodynamic equilibrium (LTE)' and Spitzer
resistivity. It is clear that in normal gold, the
target potential is negligible compared with the
electron energy, whereas in low-density gold the
target potential will be large and thus the supra-
thermal electrons will be inhibited by the resis-
tive electric field. The three factors in low-den-
sity gold which enhance this inhibition are (i) the
large stopping distance r, /p at low density,
(ii) the high state of ionization (-30) achieved for
small temperature rise in gold, and (iii) the
larger LTE state of ionization at lower electron
density for a given T, .

To predict the effect of the resistive electric
field we have used a Monte Carlo calculation with
a self-consistent electric field. Hydrodynamics
and thermal and radiation transport are neglected.
The transport of the fast electrons at any one
time is solved iteratively by a time-independent
Monte Carlo transport calculation in slab geom-
etry. The scattering is represented by a random
Rutherford scattering from Fermi-screened nu-

clei and Debye-shielded ions. In between the scat-
tering events, electrons follow parabolic trajec-
tories representing the effect of the resistive
field. A new electric field is determined from
Ohm's law with a resistivity given by the equa-
tion of state for the local energy deposition and
Ohmic heating up to that time, and j,= -j„is
determined from the transport calculation. The
electron transport is then iterated to find a con-
sistent E and j„. The collisional energy deposi-
tion is calculated with use of the continuous slow-
ing-down approximation accounting for bound elec-
trons' and plasma electrons. '

The calculation was used to simulate typical ex-
perimental parameters. Experiments at I= 3
&10"W cm ' indicate that the fast-electron en-
ergy spectrum is of the form f(u) =u'i'exp( —u/
kT„) with T„=14 keV, with 8 of the incident en-
ergy in this distribution. Figure 1 shows that in
the solid-density gold targets the resistive field
has a negligible effect, whereas for low-density
gold the range is reduced because of the resis-
tive electric field.

To confirm the effect, an experiment was per-
formed with tracer layers to detect fast elec-
trons by the Kn radiation they produced. 4 Tar-
gets were normally irradiated with 20-J, 90-ps,
1.05- pm laser pulses focused with an f/I lens to
a 100- p,m-diam spot, at an intensity of 2.8 & 10"
W cm '. The targets consisted of 1.5 p.m Al,
3 pm KCl, gold, and 3 pm CaF„and were fabri-
cated by evaporating the various layers onto the
aluminum substrate. The gold layer was deposit-
ed at various densities. Solid gold layers were
made by vacuum evaporation; low-density layers
(-1@solid density) were made by slowly evaporat-
ing the gold in an atmosphere of 50 mbar of argon,
thus creating voids in the gold. The targets were
constructed in pairs of similar area mass density
but with solid- and -0.6% solid-density gold. The
area density of the low-density targets was deter-
mined by weighing and measuring their depth
with a scanning electron microscope. The struc-
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FIG. 2. Microdensitometer tracings in the region
of the calcium K& line for a typical pair of targets
with -1 mg cm 2 of high- and low-density gold. The
sensitivity is the same in both cases. The potassium
K& yield measured by the front spectrometer was
slightly higher for the low-density case.

ture of the low-density gold is of a submicron
scale length. Expansion velocities are sufficient-
ly high that it becomes uniform before the peak
of the laser pulse.

The laser was incident on the aluminum which
provided a flat and well-characterized ablation
plasma. The Ca in CaF, and K in KCl acted as
fast-electron detectors by the Kn emission that
was induced in them. ' The gold acted as a vari-
able-density electron filter. However, as shown
below, the depth within the target of the gold re-
duced the resistive inhibition effects.

The Kn emission was recorded by two minia-
ture flat-crystal spectrometers. One spectrom-
eter, at the front of the target, recorded the K
Kn emission and the Al plasma radiation. The
other, at the rear, recorded the Ca Kn emis-
sion.

A typical tracing of the Ca Kn line for low- and
high-density gold of the same area density is
shown in Fig. 2. With low-density gold there is
no observable Kn line. The yields either side of
the gold are shown in Fig. 3. For one shot 0.05
p,m of KCl was deposited on the front of the tar-
get. From the attenuation of the heliumlike reso-
nance lines, the area density of the gold was con-
firmed. It is clear that low-density gold reduces
the Kn yield, and therefore the energy deposi-
tion by fast electrons, by at least a factor of 3
over the same area density of high-density gold.
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FIG. 3. Ratio of rear to front Kn emission for pairs
of targets with high- and low-density gold. The pair
shown in Fig. 2 is represented by stars. The pre-
dicted inhibition is shown and is less than the observed
inhibition.

The Kn yields predicted by the Monte Carlo
calculation are also shown in Fig. 3. The inhibi-
tion predicted for low-density goM is small com-
pared with the case in Fig. 1, because of the
large amount of material that electrons have to
pass through before they reach the gold. The
predicted inhibition in Fig. 3 is also less than ob-
served experimentally. This is probably due to
defects in the model, the most noticeable being
the application of the Spitzer formula to a low-
lnA (-2) partially stripped plasma where the mini-
mum impact parameter is less than or about the
size of the atoms. The modeling was repeated
with increased coefficients of resistivity. A
factor-of-3 increase in resistivity brought the
low-density Ca Kz yields just inside the experi-
mental error bars.

In conclusion we have shown both theoretically
and experimentally that specific fast-electron en-
ergy deposition can be greatly increased by the
use of a suitable low-density target material.
This effect could be advantageous in ablative type
compressions. For targets with high- and low-
density layers of similar area mass density, a
large irradiance may be used with the low-density
target before preheat becomes important.

The experiment described in this Letter was
performed at the Rutherford Laboratory Central
Laser Facility.
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