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We discuss the observation and data analysis of argon K-shell line spectra from argon-doped
deuterium-filled OMEGA direct-drive implosion cores based on data recorded with two streaked
crystal spectrometers. The targets were 8§70 um in diameter, 27 um wall thickness plastic shells
filled with 20 atm of deuterium gas, and a tracer amount of argon for diagnostic purposes. The argon
K-shell line spectrum is primarily emitted at the collapse of the implosion and its analysis provides
a spectroscopic diagnostic of the core implosion conditions. The observed spectra includes the Hea,
Lya, HeB, Hey, LyB, and Lyvy line emissions and their associated He- and Li-like satellites thus
covering a broad photon energy range from 3100 to 4200 eV with a spectral resolution power of
approximately 500. The data analysis relies on detailed atomic and spectral models that take into
account nonequilibrium collisional-radiative atomic kinetics, Stark-broadened line shapes, and
radiation transport calculations. © 2008 American Institute of Physics. [DOI: 10.1063/1.2965779]

I. INTRODUCTION

Diagnosing the temperature and density plasma condi-
tions of implosion cores is of current interest in inertial con-
finement fusion (ICF) experiments.l_4 We report here on the
determination of time-resolved and spatially averaged
plasma conditions from direct-drive experiments performed
at the Laboratory for Laser Energetics® OMEGA laser facil-
ity. Electron temperature and density are determined spectro-
scopically from the analysis of K-shell argon x-ray line spec-
tra recorded with streaked crystal spectrometers. The
spectroscopic analysis relies on the electron temperature and
density sensitivity of the argon line emission through the
density and temperature dependence of the atomic level
populations and the density sensitivity of the Stark broaden-
ing effect of the line shapes. A similar spectroscopic diagnos-
tic has been applied to indirect-drive ICF experimentsl’3 and
direct-drive implosions that used thinner wall (20 wm) plas-
tic targets.z’4 Here, we apply it to thicker plastic shells that
have a wall thickness of 27 um and a deuterium filling pres-
sure of 20 atm. In addition, the atomic and radiation physics
model employed to analyzed the data includes Stark-
broadened line shapes for satellite line transitions up to prin-
cipal quantum number n=4, and the radiative recombination
emission that results from the radiative recombination pro-
cess from H- into He-like argon ground states.
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Il. EXPERIMENTAL DETAILS AND DATA

The direct-drive experiments discussed here consisted of
imploding spherical plastic microballoon targets driven with
the OMEGA laser system. The microballoons had an initial
diameter of 435 um, a plastic wall thickness of 27 um, and
an outer Al layer of 0.1 um. They were filled with 20 atm of
D, and 0.072 atm of Ar, which was used as the spectroscopic
diagnostic, and they were driven with 1 ns squared OMEGA
laser pulses. The UV energy on target was 23 kJ and laser
beam smoothing included distributed phase plates, smooth-
ing by spectral dispersion and distributed polarization
rotators.

Radiation emission from the argon tracer becomes bright
at the collapse of the implosion when the deuterium gas
reaches keV-range electron temperatures and the electron
density order of magnitude is 10>** cm™3. The argon radiation
emission includes intense K-shell x-ray line transitions that
span the photon energy range from 3000 to 4200 eV. The
x-ray spectrum was recorded with two streaked crystal spec-
trometers: SSC1 and SSCA. SSC1 was used in a low-speed
mode (sweep speed 150 ps/mm) to survey the x-ray emis-
sion over a broad time interval while SSCA was used in a
high-speed mode (sweep speed 50 ps/mm) to unfold the de-
tails of the time history of argon line emission from the core
through the collapse of the implosion. The raw data were
recorded on film and processed with an IDL code to account
for film density to intensity conversion, Be filter transmis-
sion, and crystal reflectivity correction. Figure 1 displays ex-
amples of the data recorded for OMEGA shot 47477. The
increased sweep speed of SSCA relative to that of SSC1 is

© 2008 American Institute of Physics
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FIG. 1. (Color online) Image data recorded with streaked crystal spectrom-
eters SSC1 and SSCA in OMEGA shot 47477.

clearly observed in the image data. We note that the larger
time window afforded by the low-speed mode of SSCI
shows continuum radiation emission from plastic plasma
blow-off early in time and characteristic argon line emission
late in time (i.e., at the collapse of the implosion). On the
other hand, the larger time resolution of SSCA data shows
the gradual increment of line broadening effect as the core
goes through stagnation. With reference to the image data in
Fig. 1, horizontal lineouts represent time histories of radia-
tion emitted within a given photon energy range while verti-
cal lineouts represent time-resolved spectra. An example of a
time-resolved spectrum extracted from the image data of
SSCA is displayed is Fig. 2. The spectral resolution power
(N/AN) is approximately 500. Several line transitions of He-
and H-like Ar ions have been identified and labeled in the
spectrum, namely Hea 1s-152p, Lya 1s-2p, He 1s*-153p,
Hey 1s*>-1s4p, and LyB 1s-3p. Weaker, and sometimes

400 —
Lyo.

300 —

Hep
200 — Lyp

Intensity (arb. units

100 — Heo

Hey

0 T | T | | | T | T | T | 1
3000 3200 3400 3600 3800 4000 4200
Photon energy (eV)

FIG. 2. (Color online) Time-resolved argon K-shell line spectrum integrated
over a subinterval of 50 ps recorded with SSCA in OMEGA shot 47477.
Several line emissions in He- and H-like Ar ions are labeled in the plot.
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heavily blended with parent lines, satellite line transitions
arising from autoionizing states in He- and Li-like Ar ions
are also present in the data.

lll. SPECTROSCOPIC DETERMINATION OF
TEMPERATURE AND DENSITY TIME HISTORIES

A set of time-resolved (contiguous) spectra was ex-
tracted from the SSCA image data covering the broad time
interval from early to late times. Each spectra lineout was
integrated over a time subinterval of 50 ps. This subinterval
represents a compromise between good signal-to-noise ratio
in the spectrum and a subinterval of integration small enough
to afford good time resolution to describe the time history of
electron temperature and density through the collapse (stag-
nation) of the implosion. The analysis of the spectrum uses
the detailed collisional-radiative atomic kinetics model and
code ABAKO.” For this application, an ABAKO model was
constructed including all ionization stages from C-like Ar
through the fully stripped ion including all nonautoionizing
and autoionizing states consistent with continuum lowering.6
For the temperature and density conditions studied here this
means that states with principal quantum number n up to 4 or
5 are typically included in the model. This permits account-
ing for the effects of high order satellites that overlap heavily
with the parent line transition thus affecting both the emis-
sivity and opacity of composite spectral features.” The popu-
lations in ABAKO are computed as a result of the population
and depopulation of atomic levels driven by several atomic
processes including electron collisional excitation and de-
excitation, electron collisional ionization and recombination,
autoionization and resonant electron capture, spontaneous ra-
diative decay, and radiative recombination. Radiation trans-
port effects due to line trapping in the plasma source are
taken into account via escape factors® and the emergent line
intensity distribution is computed using an analytical integra-
tion of the radiation transport equation for the case of a uni-
form spherical plasma.9 A plasma model of uniform distribu-
tion of temperature and density is employed in the analysis
since the x-ray spectrometers used in the experiments re-
corded time resolved but spatially integrated line spectra and
thus there is not enough information in the data to uniquely
unfold the spatial structure. Detailed Stark-broadened line
shapes play an important role in the analysis of the implosion
core spectra. A data base of line profiles was computed for
this application including the broadening effects due to
plasma electron and ion microfields, as well as natural and
Doppler broadening. Furthermore, since deuterium ions are
the dominant type of perturbing ion in the plasma core, ion
dynamics effects were also considered in the Stark line
broadening calculation.'” Thus, detailed Stark-broadened line
profiles have been included for line transitions arising from
excited states as well as satellite line transitions originating
from autoionizing states. As an illustration of the data analy-
sis, Fig. 3 shows a comparison between experimental and
theoretical spectra based on a weighted least-squares mini-
mization. A broad data base of electron temperature and den-
sity cases was considered for this procedure that yields a
single, absolute minimum from which the conditions for the
best comparison are extracted. The goodness of the fit is
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FIG. 3. (Color online) Comparison between theory (dashed curve) and data
(solid curve) of argon K-shell line spectrum over the spectral region of Hef3,
Hevy, and LyB line transitions. The comparison is based on a weighted
least-squares-minimization procedure; best fit parameters are 7,=1405 eV
and N,=5.2X10% cm™,

assessed by the value of the weighted Q? divided by the
number of degrees of freedom which is of order 1. A system-
atic application of this analysis to each of the lineouts in the
series results in a time history of electron temperature 7, and
density N, through the collapse of the implosion. Figure 4
displays the temperature and density time histories obtained
for OMEGA shot 47477. Early in the implosion core col-
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FIG. 4. (Color online) Time history of electron temperature 7, (circles) and
density N, (squares) extracted from the analysis of SSCA data from
OMEGA shot 47477 through the collapse of the implosion.
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lapse both temperature and density are increasing. The tem-
perature reaches a maximum of approximately 1400 eV and
then starts to drop. The density continues to increase after the
temperature reaches its maximum, eventually peaking at
1.3 X 10%* cm™. We note that since the fraction of argon ions
in the core is very small the electron number density of elec-
trons is approximately equal to the number density of deute-
rium ions, i.e., to within 4%, and thus can also be used to
extract the mass density.

IV. CONCLUSIONS

We have applied a detailed atomic kinetics, line shape
and radiation physics model to the analysis of time-resolved
x-ray line spectra emitted by an argon spectroscopic tracer
added to a deuterium-filled implosion core. Based on the
electron temperature and density sensitivity of the line inten-
sity distribution and the line shape broadening we have ex-
tracted the time history of temperature and density through
the collapse of the implosion. Beyond this application case to
thick-wall (27 wm) plastic shell targets, work is in progress
to apply this spectroscopic analysis to the spectra recorded in
low-adiabat implosion cores which have been designed to
optimize implosion core compression.
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