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Absorption and Hot-Electron Production for 1.05 and 0.53 p,m Light on Spherical Targets
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J. D. Simpson, - D. Sullivan, J. A. Tarvin, and C. E. Thomas
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(Received 8 December 1980)

Laser-plasma interaction experiments have been performed with both 1.05-.and 0.53-
p, m-wavelength light incident on spherical glass targets. Comparisons. of hard x-ray
spectra and fast-ion energy imply a substantial reduction of hot-electron levels at the
shorter wavelength. Increased absorbed energy fractions at the shorter wavelength are
in agreement with the expected scaling of inverse bremsstrahlung absorption.

PACS numbers: 52.25.Ps, 52.40.Db, 52.50.Jm

The intera, ction of high-intensity laser light with
dense plasma has been studied extensively with
high-power, short-pulse Nd: glass lasers operat-
ing at wavelengths near 1 pm. In the target irra-
diance regime from 10" to 10" W/cm' that is of
interest to laser fusion, a number of plasma
processes have been observed that are detrimen-
tal to the goal of achieving net energy release
with the smallest possible laser energy input. In
the underdense plasma stimulated Brillouin scat-
tering can prevent light from reaching the absorp-
tion region. Resonance absorption, which is an
important absorption mechanism, generates pen-
etrating hot electrons at the critical density sur-
face."' These and other problems have fostered
interest in the use of shorter wavelength laser
light that offers substantial improvements based
on our present understanding of wavelength scal-
ing. In general, nonlinear interaction processes
increase as the ratio (v,/v, )' increases, where
v, is the electron oscillatory velocity in the elec-

- tromagnetic field and v, is the electron thermal
velocity. This ratio is proportional to Iz'/T, ,
where I and ~ are the laser intensity and wave-
length and T, is the electron temperature. The
a pyioyi expectation is that for shorter wavelength
light the plasma will exhibit less collective be-
havior. Max a.nd Estabrook have recently re-
viewed wavelength scaling for a, wide variety of
processes related to laser fusion, and they con-
clude that strong benefits exist at wavelengths
considerably less than 1 p, m. Absorption meas-
urements at 0.53 pm have been made on a, variety
of planar targets' ' and on spherical glass-shell
targets. ' Hot-electron temperatures have been
measured on pla. nar CH ta.rgets. '

The experiments presented here provide data
on hot-electron production and energy absorption
at 1.05 and 0.53 p, m. Target parameters, laser
pulse parameters, and focusing optics were care-

fully matched to facilitate detailed comparisons
at the two wavelengths. Data were taken in two
pulse-length regimes, 80-100 and 350-500 psec,
and over a range of irradiance levels, from 6
x 10"to 1x 10"W/cm'. The targets were spher-
ical glass shells filled with approximately 2 mg/
cm' of DT gas. Most of the targets had dia, m-
eters in the range from 75 to 89 p, m. Sma.ller-
diameter targets (52 to 59 pm) were used on
about 20%%uo of the shots to reach the highest de-
sired irradiances. The target wall thicknesses
for all of the longer pulse shots were in the range
from 4 to 6 pm. For the short pulse shots the
target wall thicknesses were in the range from
0.9 to 1.2 p. m. These wall thicknesses were
chosen so that the target collapse time would be
approximately equal to the laser pulse length.

The CHROMA I laser system at KMS Fusion is
a Nd:glass laser operating at 1.053 p, m. The os-
cillator produces a single pulse with full width at
half maximum of 80 to 100 psec. The longer
pulses were obtained by combining four or five
single pulses. Laser light was converted to the
second harmonic by 14-cm type-II potassium di-
hydrogen phosphate crystals. Beam quality wa, s
quite similar at the tmo wavelengths. At the tar-
get-equivalent focal plane the peak-to-average in-
tensity variation was 2.5+ 0.8 at 1.05 pm and 2.5

+ 0.5 at 0.53 p, m. Minimum focal-spot diameters
for 90%%uo enclosed energy were 9.2+ 2.9 pm in the
infrared and 15.5+ 2.8 p. m in the green. The tar-
get illumination optical, system consists of two
lens-ellipsoidal-mirror pairs which provide
nearly uniform illumination on spherical ta,rgets. '

The temperature of hot electrons produced by
resonance absorption is expected to scale as
(Ix')~, where 5 = 0.3 to 0.4." Lower hot-elec-
tron temperatures are preferred for laser fusion
because the penetration depth of hot electrons in-
to the target is proportional to the square of the
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FIG. 1. Hot-electron temperature from x-ray con-
tinuum spectrum for (a) shorter pulse length and

(b} longer pulse length.

temperature. Hot-electron temperatures a,re de-
duced from the slope of hard x-ray spectra meas-
ured with an array of nine p-i-n diodes with vari-
ous K-edge filters in the range from 4 to 40 keV.
All of the spectra could be reasonably well fitted
with a. two-temperature bremsstrahlung model.
The higher temperature component is plotted in
Fig. 1. The incident irradiance is taken to be the
incident laser energy divided by the pulse length
(full width at half maximum), divided by the tar-
get surface area. Each datum point is the aver-
age over a group of three to ten shots with simi-
lar irradiance levels, weighted by a goodness-of-
fit pa, rameter from the spectrum fitting routine.
The error bars indicate one standard deviation
from the group average and do not include any
estimate of systematic error. The solid line on
the figure represents the best fit to data obtained
at 1.06 pm on glass-shell ta, rgets at the Lawrence
Livermore Na.tiona. l Labora, tory. " The slope of
this line is 5 =0.39, in good agreement with reso-
nance absorption theory and CH target data. '

Gther indications of reduced hot-electron lev-
els are obtained by compa, ring the total energy in
the hard x-ray spectrum and the total fast-ion en-
ergy at the two wavelengths. Figure 2(a) shows
the fraction of the absorbed energy in the hard
x-ray spectrum, obtained by extra, polating the
high-temperature x-ray component to zero x-ray
energy and integrating to obtain the total energy.
The comparison of 1.05- and 0.53-pm data sug-
gests approximately a fourfold reduction in supra-

O
CQ

K0
LQ

z0

~10

ik

'1 I
I]

II

1014
I I I I I I I I

101~
IRRADIANCE (W/cm )

I I I I I I I I I

10'6

FIG. 2. (a) Total hard x-ray energy fraction and

(b) total fast-ion energy fraction vs laser irradiance.
Error bars are statistical only and do not include cali-
bration uncertainty.

thermal energy in the latter. A similar reduction
in the total energy carried by fast () 10' cm/sec)
ions is evident in Fig. 2(b). The fast-ion data
are from charge collectors that were calibrated
at 1.05 pm for charge-to-mass ratio and secon-
dary electron emission. They are supported by
Thomson parabola ion spectra recorded on cellu-
lose-nitrate foils. The wavelength comparison
again shows substantial reduction of suprather-
mal energy at 0.53 pm. The reduction in the en-
ergy carried away from the target in the form of
fast ions implies substantially increased momen-
tum transfer to the ta, rget and hence increased
implosion efficiency for the shorter-wavelength
incident light. The only significant pulse-length
dependence in Fig. 2 is in the 1.05-pm ha, rd x-
ray data. The hard x-ray fraction is reduced by
a, factor of 1.4 for the longer pulses.

The absorbed energy wa, s determined with a dif-
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FIG. 3. Absorbed energy fractions vs laser irradi-
ance for (a) shorter pulse length and (b) longer pulse
length.

ferential plasma calorimeter mounted toward the
top of the vacuum chamber away from the target
mounting stalk. Measured absorbed energy frac-
tions are shown in Fig. 3. The results are aver-
ages of several shots with nearly identical target
and incident pulse parameters. At both pulse
lengths the 0.53 p. m absorption is substantially
greater at the lower irradiances and decreases
with increased irradiance. This scaling is char-
acteristic of inverse bremsstrahlung absorption.
The 1.05 pm absorption is much less sensitive
to irradiance as would be expected for resonance
absorption. '

It is possible to estimate the resf~ ~ance absorp-
tion fraction from the data in Figs. 1-3. The hot
electrons produced by resonance absorption lose
energy primarily in collisions with other elec-
trons and by accelerating ions in the corona. The
energy loss to corona expansion is observed as
fast-ion energy. When collisional losses domi-
nate, the suprathermal electron energy can be
estimated from the hard x-ray bremsstrahlung
spectrum. " The treatment by Brysk avoids the
difficulty of differentiating an extrapolated exper-
imental spectrum. " Brysk's Eq. (7) can be read-
ily evaluated with a Maxwellian electron distribu-

tion, for which the suprathermal electron energy
is proportional to the total hard x-ray energy di-
vided by the suprathermal temperature. The hard
x-ray energy can be obtained from the data in

Figs. 2(a) and 3, and the temperature read direct-
ly from Fig. 1. This procedure gives suprather-
mal electron energy fractions of 10-20%%u~ of the
incident energy over the full parameter range of
the data. If we add the fast-ion energy fraction
obtained from the data in Figs. 2(b) and 3, we get
an estimate of the total energy in the suprather-
mal electron energy, and thus the fraction of the
incident energy absorbed by resonance absorp-
tion. (The model of Refs. 11 and 12 assumes no

ion acceleration, so that simply adding these
terms is not strictly rigorous. ) For the short-
pulse data, the totals are 30% at 1.05 p, m and 15/0

at 0.53 pm. For the longer pulses, the totals
are 20-25/o at 1.05 pm and 15-20%% at 0.53 p, m.
These estimates support the general conclusions
that the absorption at 1.05 pm is due primarily
to resonance absorption, and that the increased
absorption at 0.53 p. m is the result of inverse
bremsstrahlung. They also suggest that the res-
onance absorption fraction is somewhat less at
the shorter wavelength.

Stimulated Brillouin scattering was not a signif-
icant factor in these experiments. Time-resolved
measurements of the spectrum of scattered laser
light taken during these experiments showed no
evidence of stimulated scattering. " Computer
simulations of these experiments with use of the
one-dimensional fluid hydrodynamic codes obtain
reasonable agreement with the data. ' '" In one
case, Brillouin scattering was not included in the
model. '~ Stimulated Brillouin scattering was
found to be small in simulations which did include
it."

In summary, the studies reported here support
the expectation that submicron laser light offers
important advantages in absorption and hot-elec-
tron production compared to 1-p, m light. Simula-
tion and experiment indicate that stimulated scat-
tering is not important for the laser and target
parameters of these experiments. Additional ex-
periments are required to investigate the wave-
length scaling of thermal electron transport and
of the hydrodynamic efficiency of the ablation
process.

This work was prepared for the U. S. Depart-
ment of Energy under Contract No. DE-AC08-
78OP40030.
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Thin plastic foils of various thicknesses (0.13-5.0 p, m) were irradiated by iodine-laser
pulses with an incident intensity of 4&& 10" W cm '. Time-of-flight charge collectors
and a Thomson parabola mass spectrometer were used to measure the asymptotic ion
velocity distribution at the back and the front (laser) sides of the target. Analysis of
these data yielded the ratios of the hot-electron densities and of the hot-electron tempera-
tures at both sides of the foil target. The results disagree with calculations based on
classical electron 'penetration into the foil.

PACS numbers: 52.50.Jm, 52.70.Nc

A major complication of the laser-target inter-
action problem in laser fusion derives from the
fact that a significant fraction of the absorbed
laser energy is coupled into a hot-electron com-
ponent. These hot electrons affect the target be-
havior in at least two important ways: (i) they
create a large electrostatic field in the corona,
thus causing fast-ion acceleration and (ii) be-
cause of their long range, they may deeply pene-
trate and preheat the target. These effects may
strongly modify the hydrodynamic response of
laser-irradiated implosion targets; thin-walled
shell targets, for example, have been found to
obey a so-called exploding, rather than ablative-
ly driven, pusher mode for the energy deposition
by fast electrons. Though the subject has been
studied for some time in the history of laser
fusion, ' it is still far from quantitative resolution.

For studying the penetration of fast electrons
into and through the wall of the target implosion
experiments have a certain disadvantage because
of their necessarily "closed" spherical geometry.

Experiments in planar geometry using thin-film
targets avoid this difficulty since the rear (inner)
side becomes accessible. In particular, it then
becomes possible to study energy transport
through a target by comparing ion emission from
both surfaces. Indeed, previous workers have
exploited this concept to some extent in studies
of reduced thermal conductivity' and, more re-
cently, wavelength dependence of laser-target
interaction. ' In this paper we present for the
first time detailed ion spectra from the front and
rear sides as a function of target thickness.
These data allow quantitative comparison with
continuing theoretical studies of fast electron
transport. We shall show on the basis of simple
models that the results greatly differ from ex-
pectations based on classical electron penetration
into the foil. We note that in scope—though not
in method —our investigation is similar to recent
spectroscopic studies of fast-electron —excited
Ko. radiation from layered targets. 4

The experiments were carried out with 65-J
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