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Laser Irradiation of Disk Targets at 0.53 um Wavelength

W. C. Mead, E. M. Campbell, K. G. Estabrook, R. E. Turner,
W. L. Kruer, P. H. Y. Lee, B. Pruett, V. C. Rupert, K. G. Tirsell,
G. L. Stradling, F. Ze, C. E. Max, and M. D. Rosen

Lawrence Livermore National Laboratory,

Livermore, California 94550

ABSTRACT
We present resulis and analysis for laser—irradiaticns of Be, CH, Ti,
and Au disk targets with 0.53 um light in 3-35 J, 600 ps pulses, at
nominal intensities from 3 X 10!3 to ~4 X 10'% W/cm®. The measured
absorptions are higher than observed in similar 1.06 um irradiations,
and are largely consistent with modeling which shows the importance of
inverse bremssirahlung and Brillouin scattering. Observed red-shifted
back-reflected light shows that Brillouin is operating at low to
moderate levels. The measured fluxes of multi-keV x-rays indicate low
hot~electron fractions, with temperatures which are consistent with
resonance absorption. Measurements show efficient conversion of
absorbed light into sub-keV x-rays, with time-, apgular-, and spatial-
emission distributions which are generally consistent with non-LTE

modeling using inhibited thermal electron transport.

*Work performed under the auspices of the U.S. Depariment of Energy

by the Lawrence Livermore National Laboratory under Contract No,

¥-7405-ENG-48.
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[. Introduction

In this report, we present highlights of the wavelength—scaling
experiments performed on ARGUS to date.! We report mew results for
irradiations with 0.53 um, 600 ps pulses at ~10!3-10'° W/cm?,
discussing the results in some detail in terms of hydrocode
simulations and theory. Analogous experiments are in progress at 0.35
and 1.06 um, however, results from these experiments are not yet
available. Where appropriate, we will call upon previous 1.06 um
experiments and calculations which have somewhat different irradiation
parameters. This will enable us to see the more evident
wave length-scaling trends, although improved quantitative reliability
aust await completion of the entire set aof scaling experiments. The
results to date are very imteresting: we find considerable support
for theoretical predictions, and several areas where improved

understanding is needed.

The report is organized as follows. In See. [l the important
features of the LASNEX computer-code modeling used to simulate these
experiments are reviewed. Section 1581 presents LASNEX
wavelength-scaling calculations and discusses some of the major trends
of using shorter—than~i-um irradiation wavelengths. Section IV gives
the experimental irradiation conditions. Results of the experiments

and simulations are then presented: absorption and scattering (Sec.
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V), multikilovolt x~rays and suprathermal electrons {Sec. VI), and
sub—kilovolt x-ray emission (Sec. VII). The role of electron
conduction is discussed in Sec. VIII. Finally, the key results are

summarized in Seec. [X.

1. Features of the LASNEX Modeiing

Extensive computer simulations of these wavelength-scaling
experiments have been performed wusing the LASNEX? Lagrangian
hydrodynamics code to solve the equations for the bulk evolution of
the laser—target interactions. The LASNEX modeling wused for the
calculations presented here 1is largely consistent with that employed
for many previous simulations of experiments.3+#:5 We mention here
some of the key features and discuss their importance to the present

calculations.

Most calculations have been performed in 1-dimensional spherical
geomeiry, using a radius of curvature which is equal to twice the
laser spot diameter. These pseudo-two-dimensional calculations have
been compared in detail with several full two-dimensional
calculations. We find that the pseudo-2-D calculations are quite
adequate for most of the piasma characteristics and diagnostic

properties of interest in these experiments.

The absorption mode! includes classical absorption due to inverse
bremsstrahlung, collective absorption via resonance absorpiion, and,

most recently, a model for stimulated Brillouin back-scatter. The
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ponderomotive force is included, but is found to be negliglble
compared with thermal plasma pressures resclting from localized

energy—deposition and ablation near the critical surface.

The inverse bremsstrahlung modeling wused for calculations
presehted in this work uses the classical absorption cross—section.
We did not include the non-linear opacity reduction reported by
Langdon.8 However, we have estimated the expected effect: a reduction
of the inverse bremsstrahlung absorption opacity by a factor of ~0.6
for the gold disk tarpgets at 2 X 10'° W/em? (reducing absorption by
~10% for this ecase), and considerably less change elsewhere. We
believe other absorption mechanisms which are also neglected in the

?  could

modeling, such as short-wavelength ion  turbulence,
approximately compensate for the moderate non-linear reduction of
inverse bremsstrahlung calculated for these plasmas. In addition, the
strong dependence of the inverse bremsstrahlung opacity on the plasma
density, temperature, and ionization state leads to significent
quantitative uncertainty in the model, probably larger than the
omitted non-linear effects.

The model for resonance absorptiona'9

is very simple. A
specified fraction (fd) of the light reaching the critical density
surface is deposited into a suprathermal electron distribution. The
value of f, can be motivated by theory or by matching observed hard
x-ray fluxes. The temperature of the suprathermal-electron source is

set by a semi-empirical scaling law which matches both experiments and

plasma simulations.



The model has been extended recently in one major area: the 1-D
absorption model now has a calculation of the level of stimulated
Brillonin back~scatter.!® The model calculates the evolution of
Brillouin ion-waves based on the LASNEX-calculated plasma profiles.
The backscatter fraction is then calculated from a model based on
theory and plasma simulations. The backscattered light is tracked
outward through the plasma and may rescatter once, a process which can

become signiiicant at the highest Brillouin levels.

The atomic physics model used for the LASNEX calculations
discussed here is identical with that employed previously by Rosen, et
al.® It includes a solution of the time—-dependent ionization and
radiation rate equations, in an average—atom approximate treatment.!!
The use of a full non-LTE model is essential for the mid— to high-Z
target irradiation parameters in these experiments, since very steep
density and temperature gradients are produced by the absorption near
the critical surface, and the high-Z plasmas have very high radiative
rates. Large errors would be made in calculating the ionization state

and temperatures in the corona if LTE were artificially enforced.

The electron conduction modeling used here is the same as that
used for modeling many previous experiments.3:4-3 Thermal electrons
are modeled by a single Maxwellian group, transported by fiux-limited
diffusion. The thermal flux limit is taken as f, = 0.03. This
provides flux-limitation at essentially the same level as the
fon—acoustic turbulence model in LASNEX. A large body of evidence

supports using this value for LASNEX simulations of 1.08 um
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experiments.?:5:12 The suprathermal electrons are modeled using
multigroup flux-limited diffusion with no anomalous [lux limit
reduction, but with fairly self-consistent electric field coupling

(via J;,, = 0) to the thermal electrons.

1Il. Wavelength Scaling Trends

Most of the advantages of using shorter wavelength lasers to
drive fusion microimplosions accrue because the shorter wavelength
light deposits its energy in higher plasma densities. Hence, corona
temperatures (at a given intensity) are lower, and collision rates are
higher. Most of the collective laser—plasma interaction effects then
have higher thresholds and lower growth rates.!3 Inverse
bremsstrahlung absorption becomes increasingly effective. Thus, at
sub-micron wavelengths, we expect to obtain higher absorption, reduced
suprathermal electron production, and higher thermal and hydrodynamie

coupling efficiencies.!*

As an example, we show in Fig. I a set of early LASNEX
wavelength-scaling predictions. The plet shows the total absorption,
the fractional absorption into suprathermal electrons by resonance
absorption at the critical surface, and the conversion efficiency of
absorbed energy into x-rays for gold disk target irradiations at
3 X 10'% W/em?, 12 J, and B00 ps. The LASNEX model used for these
cajculations is identical with that wused tc analyze previous
experiments at  1.06 um wavelength.5 This model used a fixed

resonance-absorption f; = 0.30 and did not include the effects of
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stimulated Brillouin scattering. A modei for Brillouin back-scatter
is incorporated in the more recent LASNEX calculations discussed in
the remainder of this report, but it affects this modest-intensity
case only slightly. ‘The qualitative trends associated with increased

collisionality are shown quantitatively by the simulations.

In Fig. 2, we show LASNEX—calculated plasma profiles for a gold
disk target irradiation at 3 X 10’4 W/em®, 25 J, and 600 ps with
0.53 um laser wavelength. Qualitatively, the profiles are quite
similar to those calculated for 1.06 um wavelength. The temperature
at the critical surface has dropped from 2.0 to 1.1 keV, and the peak
temperature in the corona has decreased from 2.6 to 2.1 keV. The peak
corona temperature scales as Ao'a, in rough agreement with simple
scal ing arguments for inverge bremsstrahlung in the
moderate-absorption regime.15 At the criticai surface, the temperature
scales more strongly, Tc ~ lo". since the intensity at critical drops
steeply a= the light is more efficiently absorbed in the underdense

plasma.

The calculations also show an increase inm x-ray conversion
efficiency at shorter laser wavelengths. As the laser wavelength
decreases, the critical surface lies at higher density, so that more

energy is carried into the high density plasma, where sub-keV x-rays

are emitted most effectively.

Next, we discuss key features of the ARGUS wavelength-scaling

.
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experiments to date in terms of LASNEX simulations and these expected

trends.

1V. Experimental Irradiation Conditions

The experiments discussed here have irradiated isolated 600-im
diameter by 20-um thick disk targets of Be, CH, Ti, and Au with
0.53 pm light from the frequency—doubled Argus Nd-glass laser.
Nominal intensities of 3 X 10'3, 3x 104, 2x1'% and
~4 X 1013 W/cm? were obtained at energies of 3-35 J by varying the
target position with respect to the f/2 focusing lens, using spot

diameters of 450 to 50 ym. Gaussian 600 ps pulses were used.

Very complete laser energy distribution measurements were made
using both equivalent-plane and chamber—transmission techniques. The
energy is incident on the target with RMS intensity fluctuations of a
factor of 1.4-2., with 5-25 um spatial structures. Below, we present
the data in terms of “nominal” intensities, together with intensity
“bars” which show the range of intensities containing 60% of the

incident energy.

V. Absorption and Scattering

The results of 0.53 um absorption measurements! made using the
"box—-calorimeter” for Be, CH, and Au disk targets at normal incidence

are shown in Fig. 3. The measurements show that absorption increases
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at decreasing intensity and increasing target Z, qualitatively as

expected for collisional absorption by inverse bremsstrahlung.

We observe increased absorption at 0.53 um compared with similar
1.06 um experiments using goid disk targets. For example, the
absorption measured at 3 X 10'% W/em® is B0 £ 5% for 0.53 um
wavelength and 600 ps pulse duration, while earlier 1.06 um
experiments5 obtained 53 + 5% at 900 ps. The 1.06 pm absorplion would
probably be somewhat reduced at the shorter 600 ps pulse duration,
based upon other 1.06 um experimenis and calculations. Thus, for gold
disk targets at 3 X 1014 W/cn® and 600 ps., the absorption for 0.53 um

light is higher by roughly a factor of 2 than that at 1.06 um.

Lower 7 targets show significantly higher absorption at 0.53 um
wavelength, as well. Measurements for CH-disk targets irradiated at
1.06 pm, 5 X 1014 W/cm?, 75 J, and 300 ps using the Cyclops laser
showed 25% absorption.# The recent 0.53 um experiments show again an
increase of about a factor of 2 at this intensity. Short-puise
wavelength~scaling experiments performed by Amiranoff, et al., exhibit

similar absorption trends for low-Z targets.!®

In the LASNEX modeling of these experiments, we reduced the
amount of absorption via collective processes (f,) in order to match
the measured high-energy x-ray fluences (discussed below). Except
where otherwise stated, we have used f; = 0.03 throughout this work.
This is considerably lower than the value (0.3) which has usvally been

motivated on the basis of plasma kinetic simulations of resonance
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absorptiona'9 and short pulse laser—plasma interaction expcriments.3
We note that earlier work at 1.06 um has shown similarly reduced hard
X-ray fluxes.3:17:18 4 similarly reduced f,; was motivated by Rosen, et
al.,5 on the basis of estimates of three effects: a broad range of
incidence angles, stimulated Brillouin scattering, and extended
density scale lengths at the critical surface. In the present work,
using {/2 optics, we find no detectable (factor of ~3) variation of
the high-energy x-ray flux between incidence angles of 0° and 30°. As
discussed below, we find the effects of Brillouin and extended density
scale-lengths to be quite likely contributors to the reduced

hot-electron levels.

We calculate significant levels of Brillouin scattering in the
2 X 1019 W/cm2 beryllium disk simulations. This case has the longest
gradient—lengths in the underdense plasma, and its laser intensity
lies farthest above threshold. Here we calculate that 70% of the
incident light is backscaitered on its way to the eritieal surface.
Of course, when the Brillouin level becomes this high, significant
multiple scattering is encountered: about 30% of this
Brillouin—scattered light is rereflected inward, giving a net

backscatter of 50% of the incident light.

The absorptions caleulated by LASMEX using f; = 0.03 and nominal :

inverse bremsstrahlung opacity are plotted in Fig. 3, for comparison

with the data. The calculations reproduce the observed behavior to
within about 10~15% of the absorption. The largest errors occur for

the high-intensity irradiations of beryllium targets. This |is ;

i
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precisely where additional collective absorption would occur if we had
employed [, = 0.3. We discuss this puzzie further in connection with
the multi~kilovolt x-ray measurements and simulation results. For the
present purposes, we reiterate that other prcecesses could also provide
the required additional 10-15% absorption: short-wavelength ion
turbulence;”? slightly increased thermal electron Lransport (which
would make inverse breusstrahlung more effectivej; or a reduction in
stimulated Brillouin scatter {relative to the calculated levels, as

discussed belouw).

Experimentally, we oblain evidence for the presence of stimulated
Brillouin scatter from measurements of the spectrum of the
back-reflected light.! We find behavior at 0.53 i wavelenglh which is
qualitatively similar to that séen at 1.06 um. However, we observe
striking qualitative differences between the backscatter spectra of
low- and high- Z targets. The backscatter spectrum has been reported
previously,!” so here we simply note that at 3 X 10!% W/em?, CH disk
targets show a blue-shifted platean from -1.2 to -0.3 nm, and a peak
from 0.3 to +0.1 nm, whereas the gold disk targets show mainly a
single broad red-shifted peak from ~0 to +0.5 nm (wavelengths are
relative to that of the incident IJaser light). Quantitative
interpretation of these spectra and the strong Z-dependence is
elusive, and remains a subject for continued effort. Al present,
simulations seem to imply somewhat stronger blue-shifts than are
measured. This much is quite clear: the backscatter spectra show

indications that Brillouin scattering 1is indeed  operating at

B
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significant levels in the higher-intensity irradiations, even for

these relatively short scale-length plasmas.

We also observed the spectrum of reflected light near uinc/2 for
the 6.53 um irradiations in order to determine a lower limit for the
level of Raman scattering occuring.18 For these plasmas, the energy
observed in the wavelength band from 0.6 to 1.0 um was less than ~1075
of the incident energy.! Based on the LASNEX-calculated density and
temperature profiles, we estimate that the highest irradiation
intensities employed in these experiments exceed the Raman
side—scatter threshcld by less than a factor of ~3, so these low
levels seem reasonable.

The threshold for the two-plasmon decay instability!? is about a
factor of 10 lower than that for Raman side-scatter, so it is possible
that some Zmpe is oceuring in these experiments. However, no means of

isolating this process is avaiiable in the present measurements.

Y1. Multi-kilovolt X-rays and Suprathermal Electrons

The fluence of multi-kilovolt x-rays has been measurad to permit
inferrence of the levels of suprathermal electrons generated by the

laser—plasma inieractions.!

The detectors span the x-ray energy range
from about 5 to 70 keV. K-edge filtered detector signals have been
unfolded to determine the spectra emitted by the targets. We find

shot—to-shot variations about the mean of a factor of about 2 to 3 in
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fluence, but only about 20% in slope or “effective temperature” (based

on the highest two channels).

The spectra measured for varying irradiation intensity and target
Z are shown in Fig. 4. Tpe high energy ax-ray fluence increases
dramatically with increasing irradialion intensity, as shown for gold
disk targets in Fig. 4a. This has been cualitatively observed in many
other experiments. (We note that the intensity modulalion of the
incident light affects the inferred hot-eleciron temperatures to some
exlent, however, this effect has not been considered in detail.) At
2 X 10'5 W/em?, we observe an inerease in both x-ray fluence and
spectral hardness as the target Z increases, Fie. 4b, also in accord

with previous 1.06 mn results. 20

Comparing these spectra to measurements performed pre\'iously20
using similar irradiation conditions at 1.06 um (3-5 X 10'4 W/em?,
400 J, 900 ps), we note some curvalure in the 20-70 keV photon energy
range. Instead of the constant exponential drop-off generally seen in
this spectral regime at 1.06 um, the spectrum from 0.53 um
irradiations shows a distinct shift in siope between adjoining x-ray
channels. This qualitative feature is seen in the LASNEX simulations,
although the calculated spectrum shows some quantitative departures
from that measured (discussed below). The emission ai intermediate
photon energies in high-Z plasmas arises from heating of the thermal
background electrons in the underdense plasma by efficieni collisional
absorptinn and subsequent free-bound emission. These processes are

more pronounced at shorter wavelengihs because the "underdense” plasma
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has higher density, and hence, higher free-bound emission rates than

at longer laser wavelengths.

We also have weak evidence from comparing the filter—fluorescer
and K-edge detectors that the spectrum may harden further at photon
energies above 70 keV. This is seen mainly in the gold disk.
3 X 10'* W/em® irradiations where the hard x-ray fluences are very low
and may indicate the presence of a very small amount of the 2wpe

instability.19®

Order-of-magnitude estimates of the electron populations required
to produce the hard x-ray emission seen here have been made assuming
the radiaiion is produced by bremsstrahlung?! from a Maxwellian
component of the electron distribution function. The x-ray flux (in
keV/keV-4n) at the photon energy equal to the hot electron temperature
(hw = kT,) is given by

¢, 6.3X10°2E, ,
where Z is the atomic number of the matter in which the electrons are
slowing down and E, is the energy (in J) contained in the hot
Maxwellian distribution. In this simple estimate, we neglect losses
of suprathermal electron energy to hydrodynamic piasma expansion, but
we generally find that these estimates agree with LASNEX calculations

to within a factor of 2 to 4.

To estimate the hot electron populations for the experiments
here, we must deal with the spectral survature discussed above. We

analyze a (Z-dependent) region of the spectrum which is as free as

APl L St
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possible of free-bound background emission, extrapolating the high-hv
fluence to hv = kT, wusing the T, inferred from the highest two
detector channels available. The results are presented in Table 1.
The table entries indicate the spectral region analyzed to obtain the

T, and Ey values.

The hot electron temperatures and populations both increase as
the irradiation intensity increases. The levels inferred fluctuate to

some extent, but are generally quite low, less than ~1% in all cases.

The temperaiures and populations at 2 X 10'° W/em® for 0.53 um
wavelength irradiations are the same (within uncertainties) as
observed in the cited 1.06 um experiments?? at 5 X 10'* ¥/cm®. This
is in accord with the expected behavior of heating by resonance
absorption, since 1A%, the relevant scaling parameter, is
approximately the same for the two sets of experiments. We empharize
that more reliable waveleﬁgth—scaling compar isons of the suprathermal
electron populations must await completion of directly comparable

experiments.

The results at 2 X 10'5 W/cn® also suggest some increase in T,
with increasing target Z, with scaling roughly as Ty, ~ 29-25, This is
consistent with scaling observed in previous 1.06 um experiments.2?
Theoretically, this can be at least partially explained. Plasma
kinetic simulations®® suggest that the combined effects of albedo and
reheating of the hot electrons nearly cancel, yielding no significant

Z-dependence for the resonance-absorption T, from these effects.

i
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LASNEX simulations for these experiments which do not include an
explicit Z-dependence in the T, resonance absorption model do,
however, show a weak Z-dependence, roughly T, ~ 2%-'5. This results
from Z-dependent conduction®® and inverse bremsstrahlung heating
rates'® which raise the background temperature in higher-Z plasmas.
The resonance absorption T, is in turn increased by this increased
background temperature. Thus, theory suggesis a weaker Z-dependence
than is tiypically observed. This discrepaney is not large mor is it

clearly outside the bounds of reasonable experimental errors.

Quantitative accounting for the measured hard x-ray {luence
proves too challenging for the current LASNEX absorption/hot-electron
modeling. Figure 5 shows a comparison of LASNEX calculations using
various f —values with the hard x-ray data from gold disks Irradiated
at 2 X 1015 w/cma, 0.53 um. We note that all these simulations show
excessive emission for intermediate photon frequencies in the
10-30 keV range. A similar diserepancy can be seen in earlier 1.06 um
experiments.’ Best agreement with the high-energy photon spectrum is

obtained using f4 = 0.03.

As discussed in the preceeding section, when we perform LASNEX
caleulations with the usual f; = 0.3 (uppermost curve in Fig. 5), the
calculated hard x-ray fluences are about a factor of 10 too large
compared with measurements. A similar discrepancy in the hard x-ray
flux was seen ir short-pulse, high-intensity 1.06 um experiments,24
LASNEX simulations of those experiments calculated

resonance—absorption values nearly equal to the chosen f;-value, and
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fq = 0.3 yielded calculated x-ray fluxes considerably higher than

measured.

These discrepancies wonld be resolved if the absorption processes
are generating considerably fewer suprathermal electrons, or, perhaps
if the suprathermals which are produced are confined to low densily
regions of the plasma so that the bremsstrahlung radiation produced is
much reduced. We have found that the latter hypothesis is very
difficult to support since the ratio of the radiative- to
hydrodynamic— energy loss rate must be altered by a very large factor
to reduce the hard x-ray em ssion by a factor of ~10. Using the
suprathermal eiectron modeling of LASNEX, even with a very large
(~i00-fold) reduction in suprathermal titransport coefficient, we are
unable to adequately reduce ithe hard x-ray emission. Furthermore,
two-dimensional calculations which inelude thermoelectric magnetic
field generation do not show the required severe inhibition of
suprathermal eleciron transport, so it seems difficult to provide a
sufficiently strong confinement mechanism for the suprathermals.
Stepping for a moment outside the LASNEX suprathermal~transport model,
estimates based upon suprathermal orbiting25 suggest that electrons
would be inadequately confined to low density plasma unless the corona
were considerably larger than calculated by LASNEX or by estimates
based upon isothermal expansion. Thus, for this work, we have adopted
the reduced resonance-absorption hypothesis, using fy=0.03. We
siggest that resonance absorption may be efficient only for
ultra-short laser pulses (say, 7, < 60 ps at ~10'5 W/em? and 1.06 ym)

since slower rise-times create longer density gradienls as the plasma
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develops. This longer scale-length could in turn make the resonant
region inaccessibie,? reducing the momentum deposited by hot-electrons
ejected down the densily gradient by resonance absorption, and further
inhibiting self-steepening at the critical surface. Quantitative
estimates suggest that a scale-length at the critical surface of
several microns, which is long enough to inhibit resonance absorption,
could be easily obtained. In any case, improved understanding of

suprathermal electiron production and transport is necessary.

VIl. Sub-kilovolt X-ray Emission

We have performed extensive measurements of the time—dependence
of sub-keV x-ray emission using a streak camera with time resolution
of about 15 ps.26 This allows observation of plasma heating and
cooling processes in more detail tham has been possible heretofor.
Fig. 6 shows the observed emission-power time—dependence for three
gold disk irradiations at 3 X 10'* W/em®, 25 J, 600 ps using 0.53 pm
wavelength light. The rise- and fall- times are reproducible to
within about 10%. We note that the rise-time corresponds quite
closely to that of the incident laser pulse, whereas the fall-time is
longer, since the plasma continues to radiate the absorbed energy as
it cools. The correspending results from LASNEX simulations are
overlayed with arbitrary time and peak-power normalizations.
Agreement is good to about 20%, with the calculated emission time
somevhat longer than that measured, paritcularly for the low enmergy

{100-200 eV) carbon-filtered channel.
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The emission-time measuremenis show two systematic trends which
are also seen in the LASNEX simulations. First, as shown in Fig. 7a,
the radiated emission power FWHM decreases at increasing sub-keV
photon energies. This is expected for a cooling, rovghly-equilibrium
plasma. Second, as shown in Fig. 7b, the radiation emission FWHM
increases with inereasing irradiation intensity. The  LASNEX
caleculations track this trend. However, Lhe result is rather subtle.
The code shows that the dominant cooling processes are radiation and
hvdrodynamic expansion, and that the ratio of these cooling processes
shifts from 2:1 at 3 X 103 W/cm® to 1:2 at 2 X 10'S ¥/cn®. The small
shift in net cooling time results from the differences between these
two strong, but nearly-compensating effects, and the somewhat weaker,
but uncompensated effect of electron conduction cooling. With this
complexity, the small quantitative discrepancy is less remarkable than

the surprisingly good scaling.

The broad-band spectrum! of sub-keV x-rays emitted at 60° to the
target normal is shown in Fig. 8 for 0.53 um irradiations of gold disk
targets at 3 X 10'* ¥/cm®?, 25 J, 600 ps. The spectrum was obtained by
temporal—integration and spectral-unfold of the K- and L~
edge~filtered 10~channe]l Dante-T x-ray-diode detector system. At the
detected resolution, the spectrum is quite similar to thal observed in
previous 1.06 um irradiations.’ The LASNEX calculation plotted in
Fig. 8 yields closely corresponding specira! shape and fluence. The
calculation shows <significant contribution to the emission around
0.8 keV from the broad group of N-shell line transitions which are

excited in partially stripped gold at ~200 ev temperatures.
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In order to determine the total sub-keV x-ray conversion
efficiency, we have observed the emission at several angles with
respect to the disk normal by using several detectors and three angles
of incidence.! Two examples of measured angular distributions are
shown in Fig. 9 for gold disk irradiations at 0.53 um wavelength, with
intensities of 3 X 10! W/cm® and ~4 X 10'® W/em®. The temporally-
and spectrally— inlegrated fluence is plotted as a function of the
cosine of the angle f_  between the detector and the target normal.
The angles of incidence empleyed were less than 30° to ensure that
tilting the target medified the emission pattern as little as

possible.

The LASNEX-calculated angular distributions are shown in Fig. 9
for comparison. Both the (2-D) calulated and measured angular
distributions are flatter at ~4 X 10'% W/em® than at 3 X 10'* W/cm2.
This occurs because the smaller (30-50 um) spot diameter employed at
~4 X 1015 W/cm® makes the emitting region diameter comparable to its
thickness (calculated to be 50 um at this intensity). At
3 X 10!* W/cm?, the (150 um) spot diameter is considerably larger than
the time-integrated emission region thickness, yielding a more

sirongly peaked emission pattern.

Finally, we integrate over the angular distribution to obtain the
total energy emilied in x-rays above 0.1 keV. The results are plotted
in Fig. 10 for titanium and gold disks, normalized by the energy
absorbed in each case. We have estimated the absorptions for the

titanium points by interpolating the measured absorptions for CH and

R 1
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Au, and included the additional uncertainty in the conversion
efficiency error bars. The calculated x-ray conversion efficiencies
are seen to agree well with the measured values, except for the
3 X 10'3 w/em? gold irradiatjons. In general, the conversion
efficiency increases with increasing target Z and decreasing
intensity. These trends indicate generally improved conversion

efficiency as the plasma conditions become more collisional.

The discrepancy between calculated and measured conversion
efficieney for the 0.53 pm, 3 X 10!3 W/cm® irradiations is quite
interesting and has received considerable attention in the apalysis.
Numerically these calulations appear to be quite sound. Comparing the
simulations further with the experiments, we find most of the observed
features of the 3 X 1013 I’/cm2 irradiations to be in close
correspondence with calculations. For example, the absorption
characteristies, the sub-keV (broad-band) x-ray spectrum, and the
sub—keV x-ray temporal- and spatial- distributions ali appear to be
nominal. One suggestive clue has been found: the observed 2.5 keV
U-line emission drops by a factor of 5 between 3 X 10'* W/cn® and
3 X 10'3 W/em?. The calculated M-line yield drops oniy by a factor of
1.5. One possible source o¢f this discrepancy is an overestimate of
the ionization state of gold for the 3 X 10! W/em® caiculations.
This could also affect the total x-ray conversion efficiency. We will

investigate this area further.

We may draw on related 1.06 um experiments to obtain a rough idea

of the wavelength-scaling of the x-ray conversion efficiency. Earlier

v e
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1.06 um experiments® with slightly different parameters measured the
x-ray conversion efficiency somewhat more crudely at 3 X 1014 W/cmz.
400 J, 900 ps and obtained about 33%, compared with 52 : 15% fer the
current 0.53 um experiments at 3 X 10'* W/em®, 25 J, 600 ps. Although
considerable relinement is expected in the wavelength-scaling results,
we feel justified in concluding that the x-ray conversion efficiency
does increase as the laser wavelength decreases, at least

quaiitatively in accord with predictiens.

YIII. Role ~f Electron Conduction

As discussed at the outset, electron conduction carries the
energy froin the laser deposition regio: near the critical density into
the higher density plasma. Thus in low-Z plasmas, it determines the
mass ablation rate and the ablation pressure, while in high-Z plasmas,
it delivers the absorbed energy to the region where radiative
processes occur strongly. In general, the corona density- and
temperature~ profiles depend fairly sensitively on the electron
transport, so the laser-plasma interactions are affected by the

transport coefficients.

For the LASNEX calculations presented in this report, we have
utilized inhibited thermal transport with a flux-limit paramter of
f, = 0.03, which represents “ancmalous” inhibition by a factor of ~10
below "classical” expectations. This yields the best over-all
agreement with the current 0.53 um experiments for both low- and high-

Z targets.
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We present in Table 2 some comparisons of calculations performed
with and without inhibited thermal transport. Many aspects of the
simulations diverge from experimental results when transport is not
inhibited. We find that without thermal transport inhibition, the
abscrption calculated 1is generally too high, even when all non-linear
absorption reductions are taken into account. Further, the sub-keV
Xx-ray conversion elficiencies calculated for mid- and high-Z targets
at high intensity are too high. However, a few aspects of the
simulations improve with wuninhibited transport. For example,
calculations without inhibition do mnot exhibit the excessive
mid-energy x-ray emission which is seen in the inhibited-conduction

modeling.

Oz balance, the model with thermal transport inhibition prevides
better agreement with the dala. We emphasize that inference of
eleciron transport from general disk irradiations such as the present
experiments is somewhat uncertain. The convolution of many physical
effects makes the inference of electron tiransport coefficients
uncertain, especially for the high-Z targets whe.e the atomic physics
and radiative transport models are important. Experiments
specifically designed to determine the behavior of electron tramsport
at 0.35 um wavelength using layered targets have been designed and are

in progress.27

e
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IX. Summar

We have presented an overview of the results of
wavelength-scaling experiments irradiating Be—, CH-, Ti-. and Au- disk
iargets with 0.53 um light in 25 J, 600 ps pulses, and spanning the

intersity regime of 3 X 10'3 W/em® to ~4 X 10'5 W/em?.

We [ind efficient absorption of the light, with intensity- and
Z-scaling which inatches expectations for strong collisional absorption
by inverse bremsstrahlung The LASNEX absorpiion mode! including
classical inverse bremsstrahiung ard stimulated Brillouin scattering
tracks the absorption to within 10-15%. For beryllium targets at the
highest intensity, the absorption model requires either a resonance
absorption "dump fraction” of about 30% or about 10-15% of additional

absorption by some other means.

We observe some evidence that Brillouin scattering is operating
at moderate levels in these experiments. Measured spectra for the
back-reflected light show features which are difficult to interpret in
d«tail, but which indicate that Brillouin scattering occurs in the
higher-intensity irradiations. Large qualitative differences are
observed between low-Z and high-7 back-reflected spectra. The highest
caleulated levels of Brillouin scattering are about &§0% for the

2 X 1015 W/em? beryllium disk case.

Stimulated Raman scattering is also occurring, although- at very

. small (<10”%) fractions of the incident laser emergy. For the short

T
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scale—length piasmas investigated here, these levels seem

theoretically reasonable.

e have measured the intensity and Z-scaling of the hard x-ray
fluence and slope. The simplest interpretation of the measured flux
suggests that the suprathermal-electron population contains less than
about 1% of the incident emergy for all irradiation conditions
employed. The slopes of the hard x-ray spectra at 2 X 10!3 W/em? are
consistent with expectations for resonance absorpti=n.  LASNEX
calculations can be brought into ecruds agreement with the measured
hard x-ray fluence by assuming that about 3% of the light reaching the
critical surface is resonantly absorbed. Improved theoretical
understanding of the apparently~lcw levels of supratherma! populations

is a matter far continuing study.

¥We bave performed extensive temporal—, spectral-, and angular-
observations of the sub-keV x-ray emission from titanium and gold disk
targets. The x-ray emission time is slightly longer than the laser
pulse widih, with a slower fall-time than rise iime, reflecting the
plasma cool-down processes. The variation of emission time with
intensity and photon frequency are tracked remarkably well by LASNEX
simulations. Broad-band sub-keV spectral- and angular- distributions
are similar to those calculated and seem adequately understocd. We
have observed efficient conversion of abscrbed Iaser light inte
x-rays, using 0.53 um light to irradiate gold disks. Our LASNEX
calculations reproduce the Z~ and intensity-scaling of the toial x-ray

conversion efficiency quite well, except for the gold, 3 X 10!? W/cm?

e
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point. Surprisingly, we -measure lower conversion efficiency at
3 X 10'? W/em® than at 3 X 10%Y W/em® in  these 0.53 pm irradiations.

This remains to be investigated further.

¥e obtain the best overali LASNEX simulations of these
experiments using inhibited thermal tramsport (f, = 0.03). However,
the electron trasnport is tied closely enough to other physical
processes that the deconvolution of electron transport coefficients
from comparisons with the diagnosties is fairly uncertain. Other
experiments employing, for example, layered targets, are required to

more adequately isolate electron thermal transport.

¥With reference to similar 1.06 um experiments, we can form some
initial conciusions concerning wavelength-scaiing. We find absorption
increasing with decreasing wavelength. We infer suprathermal-electron
temperatures at 2 X 1015 w/cm® which are consistent with expectations
from resonance-absorption scaling. And we find that the efficiency of
conversion of absorbed light into sub-keV x-rays increases as the
wavelength decreases. More quantitative. wavelength-scaling results

will be forthcoming as the current ARGUS experiments continue.
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Table 1. Order-of-magnitude estimates o¢f hot—electron populations
derived from hard x-ray f{lux measurements. T, is Lhe "temperature”
inferred from the slope of the x-ray spectrum, while f, is the
fraction of the incident Jlaser energy contained in a Maxwellian
electron distibution which could produce the observed x-ray flux. The
estimate neglects hydrodynamic losses, which LASNEX shows to be a

factor of 2-4.

Target Irradiation Photon Ty Iy
material intensity requency
range
(W/cm?) (keV) (keV) (%)
Be 3x10'4 24.-48, 7.0£0.7 ~.
Ti 3x1014 24.-46. 6.4:1.5 ~0.1
Au 3x1014 46.-70. 12.44. ~0.3
Be 2xio!s 24.-46. 9.321.5 ~0.5
Ti 2x1013 24.-48. 13.46. ~0.5
Au 2x10%% 46.-70. 19.47. ~0.1
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Table 2. Comparison of LASNEX calculations using inhibited or
classical thermal electron transport with 0.53 ym observations at
3 X10'3 W/em®, 600 ps. We weight the x-ray conversion efficiency more
heavily in inferring electron transport properties, since it depends
fairly directly upon conduction into the dense plasma. The absorption
depends upon many compeling processes, so is less reliable in

determining transport cozfficients.

Quantity Experiment LASNEX

Mat’1 Inhibited | Classical

Absorption (%)
Be 35.+10. 22.! 4.1
Au 45.:10. 16.1 75.2

X~-ray conv. eff. (%)
Ti 17.2 7. 15. 34.
Au 33.110. 35. 45.

yalue .obtained using f, = 0.03, as suggested by the measured hard
x-ray fluxes. Using f; = 0.3 would raise the calculated absorption by
5-10%.

ZValue of fq affects this calculated absorption value little.
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FIGURE CAPTIONS

Figure 1. LASNEX wavelenglh-scaling predictions. Calculations
performed pre-shot for gold-disk target irradiations at
3% 104 W/cmz- Absorption fraction (EABS/EINC) and x-ray conversian
efficiency (ERAD/EABS) increase while energy into suprathermal
electrons decreases alt shorter wavelengths. The fractien of the
absorbed energy which produces suprathermal electrons (EHOT/EABS)

decreases at shorter wavelengths.

Figure 2. LASNEX calculated plasma profiles for gold disk target
irradiated at 0.53 pm, 3 X 10'* W/cm®, 25 J, and 600 ps. Steep
density, temperature fronts form at the ecritical surface. X-ray

emission peaks just inside critical.

Figure 3. Measured and calculated absorptions for 0.53 rn
irradiations of beryllium and gold disk targets. The horizontal bars
represent the 30-70% intensity spread on a given shot. This spread is
larger than the uncertainty in determining the intensity. Absorption
inerecses with decreasing intensity and increasing Z.  LASNEX
calculations with f, = 0.03 indicate need for added 10-15% absorption
for the 2 X10'9 W/cm? Be case.
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Figure 4. Measured high energy x-ray spectra for disk targets
jrradiated with 0.53 um light, 25 J in 600 ps Gaussian pulses: (a)
for gold disks at varying intensity; and (b) for disks of varying Z at

2 X 10!9 w/em®.

Figure 5. Comparison of measured and calculated high-energy x-ray
spectra for gold disks at 0.33 um, 2 X 1013 ¥/cm?, 25 1, 600 ps. The
calculations were performed wilh f,-values of 0.3, 0.03, and 0. Best
fit occurs for f, = 0.03, indicating small amounts of resonance

absorption.

Figure 6. Sub-keV x-ray radiated power vs. time, measured and
calculated: (a) for carbon-filtered channel (about 100-20Q eV); and
(b) for vanadiumfiltered channel (about 200-500 eV). The rise-time
corresponds to the laser pulse rise. The fall-time, which is longer,

shows Lhe rate of plasma cool-down.

Figure 7. Scaling of radiated sub-keV emission FWHM for 0.53 um,
3 X 104 W/em®, 25 I, 600 ps irradiations of gold disks: (a) as a
function of photon frequency; and (b) as a function of intensity, for

Lhe iron—filtered channel (600-700 eV).
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Figure 8. Broad-band, sub-keV spectrum emitted at 60° to the target
normal for gold disks irradiated with 0.53 um light at 3 X 19!¢ W/cmz.

25 J, and 600 ps. Overall agrecmenl with LASNEX calculation is good.

Figure 9. Measured and calculated sub-keV angular distributions for
0.53 um, 25 J, 600 ps gold disk irradiations at: (a) 3 X 10} W/em?;
and (b) ~1 X 15'" wjem®. Distribution for ~4 X 10!5 W/em® is [latter,
since, for this case, the emission region thickness is comparable to

the diameter of the focal spot.

Figure 10. Measured and calculated x-ray conversion efficiency as a
function of intensity for titanium and gold disks irradiated at 25 J,
600 ps with 0.53 um light. Excellent apgreement is seen except for the
surprizingly low measured conversion efficiency for the 3 X 10!? W/cm?

gold target irradiations.
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