Characterization of Direct-Drive-lmplosion Core Conditions
on OMEGA with Time-Resolved Ar K-Shell Spectroscopy

Introduction

In the direct-drive approach to inertial confinement fusion
(ICF), capsules are directly irradiated by a large number of
symmetrically arranged laser beams.12 Time-resolved Ar
K-shell spectroscopy has been established as areliable tech-
nigue to diagnose the compressed core of direct-drive implo-
sions,310 as well as indirect-drive implosions.811-16 This
technique has been used on the 60-beam OMEGA laser sys-
tem?’ to characterizethe core conditionsof direct-driveimplo-
sions. Plastic shells with an Ar-doped deuterium fill gas were
driven with a 23-kJ, 1-ns sguare laser pulse smoothed with
phase plates,1® 1-THz smoothing by spectral dispersion
(SSD),19-21 and polarization smoothing (PS) using birefrin-
gent wedges.?? Laser beam smoothing reduces the effects of
the ablative Rayleigh-Taylor hydrodynamic instability by
reducing theinitial imprint levels.23 Thetargetsin this experi-
ment are predicted to have a convergence ratio of ~15. Mea-
sured convergence ratios of 14 have been reported for similar
capsules on OMEGA .24 The emissivity-averaged core elec-
tron temperature and density wereinferred from the measured
time-dependent Ar K-shell spectral line shapes.

Two propertiesof theAr K-shell spectrum emitted from hot,
dense plasmas (n, > 1022 cm™3; T, > 1 keV) are exploited to
infer a unique combination of emissivity-averaged core elec-
tron temperature and density: (1) The line shapes depend
strongly on density and arerelatively insensitive to variations
in electron temperature. (2) The relative intensities of the Ar
K-shell linesandtheir associated L-shell satellitesaresensitive
to variations in electron temperature and density.8 The Stark-
broadened line profiles for the Ar Heg (1s31-1s9), He, (1s4l-
15%), Hes (1s51-1s%), and Ly  (3l1s) resonant transitions and
associated satellites were calculated using a second-order
quantum mechanical relaxation theory.8 These line profiles
were combined using relative intensities derived from a de-
tailed non-LTE kinetics code corrected for the effects of
radiative transfer using an escape-factor approximation. The
Stark-broadened line profiles were corrected for the effects of
opacity using a slab opacity model.
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Inthisarticle we present time-resolved Ar K-shell spectro-
scopic measurements of adirect-driveimplosion on OMEGA.
The following sections (1) describe experimental setup, in-
cluding the photometric calibration of the spectroscopic diag-
nostics, (2) describetheatomic physicsmodel andtheline-fitting
procedure; (3) comparethemodel ed spectrawith the measured
data; and (4) give the inferred temporal evolution of the
electrontemperatureand density. Conclusionsarepresentedin
the last section.

Experimental Setup

The layout of the experimental setup on OMEGA and a
schematic of the target are shown in Fig. 86.1. The 20-um-
thick, 954-um-diam plastic shell with an Ar-doped deuterium
fill gaswasdrivenwitha24-kJ, 1-nssquarelaser pulse, and the
Ar K-shell emission was recorded with time-resolved and
time-integrated flat crystal spectrometers. The total fill pres-
surewas 15 atmwith anatomicAr percentage of 0.18 resulting
in apartial pressure of Ar of ~0.05 atm. The impact of the Ar
dopant on the capsule performance reduces the primary neu-
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Figure 86.1

The layout of the experimental setup on OMEGA and a schematic of the
target. The plastic shell with an Ar-doped deuterium fill gaswas driven with
a 23-kJ, 1-ns square laser pulse. The tota fill pressure was 15 atm with an
atomic Ar percentageof 0.18resultinginapartial pressureof Ar of ~0.05atm.
Streaked and high-resolution, time-integrated x-ray spectra of Ar K-shell
emission were recorded with flat crystal spectrometers.
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tronyield to ~75% of an undoped target.24 The on-target beam
uniformity hasbeensignificantly improvedon OMEGA: single-
beam irradiation nonuniformity has been reduced with 1-THz
SSD and PS, and thebeam-to beam rmspower imbal anceis5%
or less for square laser pulses.24

The time-dependent Ar K-shell spectral line shapes were
monitored using time-resolved x-ray spectroscopy. Two X-ray
streak cameras were fielded for this experiment: one had an
~2-nstemporal window and was used to measure the spectral
line shapes with 25-ps temporal resolution; the other had an
~4-nstemporal window and was used to measure the absolute
timing of the Ar K-shell emission with an accuracy of 50 ps.

The spectrum recorded with the faster streak camera is
shown in Fig. 86.2 with temporal streak distortions removed.
This spectral range includes the following Ar K-shell reso-
nance lines: Ar Ly, (21-1s), Heg (1s31-15?), He,, (1s41-15%),
Lyg (3-1s), Hej (1s51-1s?), He, (1s61-1s?), Ly, (4l-19),
Lys (51-1s), and Ly, (6l-1s). The prominent ones have been
identified in Fig. 86.2. The x-ray streak camera,?® which
utilized a flat RbAP (rubidium acid phthalate) crystal to dis-
perse the spectrum onto an Au photocathode, was timed (see
Fig. 86.2) to capture the coronal plasmaemission at the end of
the laser pulse just after 1 nsthrough the peak x-ray emission
at 2 ns. The slower streak camera recorded the same spectral
range with a similar spectrometer; however, as shown in
Fig. 86.3, it was timed to record the entire evolution of the
x-ray emission from the start of the coronal plasma emission
whenthelaser strikesthetarget to the peak x-ray production at
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peak compression. Temporal streak distortions have also been
removed from thetime-resolved spectrain Fig. 86.3. Thetime
axis of the slower streak camera was established with the
temporally modulated ultraviolet fiducial laser pulse (see
Fig. 86.3). Theexponential riseof thecoronal plasmaemission
was extrapolated back to the beginning of the laser pulse.

The absolute timing of the peak x-ray emissionin Fig. 86.2
was taken from Fig. 86.3. The average sweep speed of the
faster streak camera was measured to be 48 pmm on a
subsequent shot during the experimental campaign using a
temporally modulated ultraviolet fiducial laser pulse. As seen
in Fig. 86.2, the onset of the Ar K-shell line emission occurs
during the shock heating beginning at ~1.6 ns, and as the
impl osion proceeds, theamount of Stark-broadening increases.
Thedispersion of the streaked spectrum was determined using
the relatively narrow spectral features observed just after the
onset of the Ar K-shell emission lines at t = 1.77 ns (see
Fig. 86.4). The modeled spectrum also shown in Fig. 86.4 is
discussed in the next section. A portion of the streak camera’'s
x-ray photocathode was blocked, providing a wavelength
fiducial (seeFig. 86.2) to establish the orientation of the streak
axis. The spectra were recorded on Kodak T-max 3200 film.
The film was digitized using a PDS (Perkin-Elmer Photo-
metric Data Systems) microdensitometer and corrected for
film sensitivity.

The streaked spectrawere corrected for variationsin x-ray
spectral sensitivity and streak cameraflat-fielding effectsusing
the photometrically calibrated spectra of a time-integrated

Figure 86.2
The time-resolved Ar K-shell spectral measurement with

% 4.0 3.151-A Ar Ly an ~2-nster.npore'1I window for shot number 22507. Tgmpo-
X 3.200-A Ar H 3 ral streak distortions have been removed, and the orienta-
% tion of the streak axis is determined with the wavelength
acj 3.365-A Ar Heﬁ fiducial. The onset of the Ar K-shell line emission occurs
(I} during the shock heating beginning at ~1.6 ns, and the
35 ) ) Stark-broadening increases astheimplosion proceeds. The
' Wavelength fiducial dispersion of the streaked spectrum was determined using
the relatively narrow spectral features observed just after
3.734-A Ar Ly, the onset of the Ar K-shell emission lines.
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spectrometer. Thetime-integrated instrument utilized anADP
(ammonium dihydrogen phosphate) crystal to disperse the
spectrum onto Kodak DEF (direct exposure) film. Thisinstru-
ment was calibrated using a combination of measured and
published crystal reflectivities, 26 and the film was digitized
with the PDS microdensitometer and corrected for film sensi-
tivity. The bremsstrahl ung emission from an undoped capsule,
which was measured with the time-integrated spectrometer
and found to be characteristic of an electron temperature equal
to 0.68 keV, was used to calibrate the time-resolved spectra.
The streaked spectrum was integrated in time and compared
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with the bremsstrahlung emission. The ratio of these two
guantitiesis the photometric calibration of the streaked spec-
trum. The calibration, which is applied to each time-resolved
spectra, is shown in Fig. 86.5.

Atomic Physics M odeling

Time-resolved Ar K-shell spectroscopy is a technique that
allowsthe emissivity-averaged el ectron temperature and den-
sity to be inferred. The Stark-broadened Ar K-shell spectral
line shapes are calculated with the Multi-Electron Radiator
Lineshape (MERL) code?” in the manner described in Ref. 8.

Coronal plasma emission

Laser strikes
Peak
the target compression
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The time-resolved Ar K-shell spectral measurement with an
~4-ns temporal window for shot number 22507 with temporal
streak distortions removed. The entire evolution of the x-ray
emission from the start of the coronal plasma emission when
the laser strikes the target to the peak x-ray production at peak
compression is recorded. The time axis was established with
the temporally modulated ultraviolet fiducial laser pulse, and
the exponential rise of the coronal plasma emission was ex-
trapolated back to the beginning of the laser pulse.
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The measured spectrum (blue curve) observed just after the onset of the Ar K-shell
emission lines at t = 1.77 ns is used to establish the photon-energy scale. The
inferred electron density and temperature from the model ed spectrum for the 3.5-
to4.0-keV range (red curve) are 0.3 (+0.03) x 1024 cm~3and 1.3 (+0.07) keV. The
background bremsstrahlung emission spectrumisrepresented by the dashed curve.
The vertical dotted lines represent the unshifted line centers of the Ar K-shell
resonance lines. At present only the 3.5- to 4.0-keV range is analyzed; however,
work isin progress for the spectrum above 4.0 keV, which is more challenging to
model due to the presence of the He-like and H-like bound-free edges.
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The photometric calibration of the streaked spectrato correct for variations
in x-ray spectral sensitivity and streak camera flat-fielding effects is deter-
mined by recording continuum emission from an implosion with no
Ar-dopant simultaneously on the time-resolved and time-integrated instru-
ments. The measured time-integrated spectrum was modeled with a
bremsstrahlung emission spectrum characteristic of an electron temperature
equal to0.68keV . Thetime-resolved measurement wasintegrated intimeand
compared with the modeled spectrum. The ratio of the modeled emission to
the measurement i sthe photometric calibration of the streaked measurement.

MERL utilizes the adjustable parameter exponential approxi-
mation (APEX)28 for ion microfield calculation, the theory of
Boercker, Iglesias, and Dufty (BID)2? for the ion dynamics,
and a quantum mechanical relaxation approximation for elec-
tron broadening.8

Ar K-shell spectrawere calculated for many combinations
of electron temperatures and densities. Collisional-radiative-
equilibrium population distributions including 1380 levels
(1 fully stripped, 25 H-like, 372 He-like, 918 Li-like, 28
Be-like, 15 B-like, 11 C-like, and 10 N-like) are solved using
the CRETIN code.3° The effects on the populations due to
radiativetransfer of theoptically thick Ly, and He, (1s2|-15%)
emissions are approximated using Mancini’s escape factors.3!
The Stark-broadened Ar K-shell resonance lines and satellites
are calculated with MERL 27 and opacity broadening iscalcu-
lated assuming uniform core conditions.

The best fit to the measured spectrain the 3.5- to 4.0-keV
range is determined using a least squares fitting routine. A
look-up table is generated for 4000 combinations of electron
temperature and densities in the range of interest. For each
time-resolved measurement, the bremsstrahlung emission in

50

the 3.5- to 4.0-keV rangeisfitted in the measured spectra and
added to the modeled Ar K-shell spectra. Modeled spectraare
convolved with the spectral resolution of the streaked mea-
surement, which was determined using the narrow spectral
features that are observed when the Ar K-shell linesinitially
light up. Thefitting routine searches the look-up table for the
best fit for each time-resolved spectrum. At present only the
3.5-104.0-keV rangeisanalyzed; however, work isin progress
for the spectrum above 4.0 keV, which is more challenging to
model due to the presence of the He-like and H-like bound-
free edges.

Experimental Results and Analysis

Significant changesin the Stark-broadened line widths and
therelativeratios of the Ar K-shell emissions occur during the
courseof theimplosion, making thisdiagnostic sensitivetothe
core electron temperature and density. A time history of emis-
sivity-averaged core el ectron temperature (triangles) and den-
sity (sguares) inferred from the time-resolved Ar K-shell
spectroscopy is shown in Fig. 86.6. The measured x-ray
continuum in the 3.50- to 3.55-keV range (blue line) is also
shown for reference. An examination of Fig. 86.6 revealsthe
electron temperature peaks first, then the electron density
peaks around the time of peak x-ray production. The electron
temperatureinferred from fitting the bremsstrahlung emission
inthe3.5-t04.0-keV spectral rangeslowly decreaseswithtime
from~0.8keV att = 1.77 nsto ~0.5 keV at 2.15 ns.

As pointed out earlier in the Experimental Setup section,
theAr K-shell emissionlinesat early timesare used to establish
the photon energy scale (see Fig. 86.4). The narrow spectral
features that are measured (blue curve) in the 3.5- to 4.0-keV
range are modeled (red curve) with the spectral line shapes
characteristic of core conditions with electron density and
temperature of 0.3 (+0.03) x 1024 cm=3 and 1.3 (+0.07) keV.
The error analysis of the inferred electron temperature and
density isgivenbelow. Thelevel of continuumemissionisalso
shown in Fig. 86.4 (dashed line), and the vertical dotted lines
represent the unshifted line centers of theAr K-shell resonance
lines. Selected spectra from the hot, dense plasma are exam-
ined below.

The spectrum recorded at 1.89 ns is shown in Fig. 86.7
along with the modeled spectrum. The inferred electron den-
sity and temperature are 1.25 (+0.13) x 1024 cm=3 and
1.9 (+0.1) keV. Line shifts to lower photon energies'® can be
readily observed in the Heg, Lyg, and Ly, by comparing the
measured profileswith the position of the unshifted lines. The
atomic physics model shows good agreement with the mea-
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sured line shifts, which are observed throughout the high-
density portion of theimplosion. Compared with Fig. 86.4, the
Heg is now weaker than the Ly, and the level of continuum
emission has increased.

Simulations of the implosion with the 1-D hydrodynamic
code LILAC indicate that the peak neutron production occurs
at the same time as the peak emissivity-averaged electron
temperature. Therefore, peak neutron productionisassumedto
be simultaneous with the peaking of the electron temperature
at t = 1.93. The spectrum recorded at this time is shown in
Fig. 86.8. The electron temperature and density at the time of
peak neutron production are determined to be 2.0 (£0.2) keV
and 2.5 (20.5) x 1024 cm~3. Thisrepresentsthe highest combi-
nation of electron temperature and density measured with Ar-
doped deuterium gasfill capsulesinlaser-drivenfusion. Asthe
implosion proceeds to peak compression, which occurs at
t = 2.01 ns, theinferred electron density continuesto increase
to 3.1 (+0.6) x 1024 cm=3, while the electron temperature
decreasesto 1.7 (£0.17) keV. The spectrum measured at peak
compressionisshowninFig. 86.9. AscanbeseeninFigs. 86.8
and 86.9, the background bremsstrahlung emission is compa-
rable with the Lyg intensity and is stronger than the Heg
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Figure 86.6

The time history of the emissivity-averaged core electron temperature (tri-
angles) and density (squares) inferred from the time-resolved Ar K-shell
spectroscopy for shot number 22507 reveals that the electron temperature
peaks first, then the electron density peaks around the time the x-ray
continuum inthe 3.50- to 3.55-keV range (blueline) peaks. Astheimploding
shell decelerates, the emissivity-averaged electron temperature and density
increase to 2.0 (20.2) keV and 2.5 (£0.5) x 1024 cm=3 at peak neutron
production (t = 1.93 ns), which is assumed to be simultaneous with the
peaking of the electron temperature. Thisisfollowed by afurther increasein
the electron density to 3.1 (+0.6) x 1024 cm~3 and a decrease in the electron
temperature to 1.7 (+0.17) keV at peak compression (t = 2.01 ns).
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The measured spectrum (blue curve) observed at t = 1.89 nsand the model ed
spectrum (red curve) inthe 3.5- to 4.0-keV range are presented. Theinferred
electron density and temperature are 1.25 (£0.13) x 1024 cm~3 and
1.9(0.1) keV. The background bremsstrahl ung emission spectrum isrepre-
sented by the dashed curve, and the unshifted line centers of the Ar K-shell
resonance lines are represented by the vertical dotted lines. Line shifts are
observed in the Heg, Lyp, and Ly lines, and an increase in the linewidths
is observed.
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The measured spectrum (blue curve) observed at t = 1.93 nsand the model ed
spectrum (red curve) in the 3.5- to 4.0-keV range are presented. The back-
ground bremsstrahlung emission spectrum is represented by the dashed
curve, and the unshifted line centers of the Ar K-shell resonance lines are
represented by vertical dotted lines. The inferred electron temperature and
density are 2.0 (20.2) keV and 2.5 (+0.5) x 1024 cm=3. The peak neutron
production is estimated to occur at thistime with the peaking of the electron
temperature.
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intensity. Finally, as the compressed core disassembles, the
electron temperature and density rapidly decrease. The spec-
trum recorded at t = 2.15 ns is shown in Fig. 86.10. The
inferred electron density and temperature are 1.7 (£0.3) x
1024 cm=3 and 0.75 (+0.08) keV. The dominant feature of
the spectrumisthe HeganditsLi-like satellitesaround 3.55 to
3.75 keV.

Many factors affect the accuracy of the electron tempera-
ture and density measurements. In this experiment strong
signals of the spectral lines of interest were recorded through-
out theimplosion; therefore, themost influential factorsaffect-
ing the accuracy are the determination of the background
bremsstrahlung emission spectrum and the accuracy of the
atomic physics model. As shown in the time-resolved spectra,
the Stark-broadened spectral lines have a significant con-
tinuum emission background, which must be accounted for in
the spectral line fitting procedure. Although the spectral fits
examined here show good agreement with the measured line
shapes and with the background levels between the spectral
lines, there is some discrepancy between the measured and
modeled line shapes at the peaks of the lines. The accuracy in
the electron density is estimated to be +10%, and the accuracy
intheelectrontemperatureisestimated to be+5%for therange
of electron densitiesbelow 2 x 1024 cm~3. Abovethis density

the accuracy in the electron density is estimated to be +20%,
and the accuracy in the el ectron temperatureis estimated to be
+10%. The precision of the least squares spectral line fitting
routine is well within the accuracy error.

Work is in progress to compare time-resolved Ar K-shell
spectroscopy measurements with the time-resolved neutron
burn history to establish the timing between the peak neutron
burn and peak x-ray production. Comparisons will be made
between fuel-pR measurements, gated x-ray images of the
core, and the emissivity-averaged core electron density mea-
surement to estimate the amount of mix in the core of shell
material with the fuel. In addition, lower dopant levels of Ar
were studied to minimize theimpact of the enhanced radiative
lossesonthetarget performance, while maintaining detectable
signals of the Ar K-shell emission. These results will be
presented in a separate publication for arange of targets with
predicted convergence ratios from 13 to 37.

Conclusion

Time-resolved Ar K-shell spectroscopy has been used to
diagnose the core conditions of direct-driveimplosionson the
60-beam OMEGA laser system. Plastic shells with an Ar-
doped deuterium fill gasweredriven witha23-kJ, 1-nssquare
laser pulsewith apredicted convergenceratio of ~15, and laser
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The measured spectrum (blue curve) observed at t = 2.01 nsand the modeled
spectrum (red curve) in the 3.5- to 4.0-keV range are presented. The back-
ground bremsstrahlung emission spectrum is represented by the dashed
curve, and the unshifted line centers of the Ar K-shell resonance lines are
represented by thevertical dotted lines. Peak compression occursat thistime,
and the inferred electron temperature and density are 1.7 (+0.17) keV and
3.1 (x0.6) x 1024 cm™3.

The measured spectrum (blue curve) observed at t = 2.15 nsand the modeled
spectrum (red curve) in the 3.5- to 4.0-keV range are presented. The back-
ground bremsstrahlung emission spectrum is represented by the dashed
curve, and the unshifted line centers of the Ar K-shell resonance lines are
represented by the vertical dotted lines. The compressed core is disassem-
bling, and the inferred electron temperature and density rapidly decrease to
0.75 (20.08) keV and 1.7 (+0.3) x 1024 cm™3.
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beams were smoothed with 1-THz SSD and polarization
smoothing using birefringent wedges. The measured time-
dependent, Stark-broadened, Ar K-shell spectral line shapes
were compared with modeled spectrato infer the emissivity-
averaged coreel ectrontemperatureand density. Astheimpl od-
ing shell decelerates, the emissivity-averaged electron tem-
perature and density increaseto 2.0 (£0.2) keV and 2.5 (x0.5)
x 1024 cm~3 at peak neutron production, which is assumed to
occur at the time of the peak emissivity-averaged electron
temperature. This is followed by a further increase in the
electron density to0 3.1 (+0.6) x 1024 cm~3and adecreasein the
electron temperatureto 1.7 (£0.17) keV at peak compression.
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