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Evolution of the hot spot plasma conditions was measured using high-resolution x-ray spectroscopy at the
National Ignition Facility (NIF). The capsules were filled with DD gas with trace levels of Kr, and had either a
high-density-carbon (HDC) ablator or a tungsten (W)-doped HDC ablator. Time-resolved measurement of the
Kr Hef spectra, absolutely calibrated by a simultaneous time-integrated measurement, allows inference of the
electron density and temperature through observing Stark broadening and the relative intensities of dielectronic
satellites. By matching the calculated hot spot emission using a collisional-radiative code to experimental ob-
servations, the hot spot size and areal density are determined. These advanced spectroscopy techniques further
reveal the effect of W dopant in the ablator on the hot spot parameters for their improved implosion performance.

In inertial confinement fusion (ICF), a powerful driver is
used to rapidly compress the fuel to a stagnated plasma in
a central hot spot with fusion-relevant density and tempera-
ture conditions [1]. The stagnated state evolves dramatically
over time in real experiments, making accurate time-resolved
measurements of the plasma parameters in the hot spot of cru-
cial importance for assessing the implosion performance and
achieving ignition [2, 3].

In the majority of current ICF experiments, the elec-
tron temperature 7 is inferred from the slope of the
Bremsstrahlung spectrum emitted from the hot spot [4]. The
ion temperature 7; is measured from neutron time-of-flight
(nTOF) spectrometers [5] and the density 7. is deduced from
T; assuming uniform plasma conditions across the hot spot.
Besides being spatially and temporally integrated, the neutron
spectral measurements are affected by plasma flows and im-
plosion asymmetry resulting in ambiguity in the data infer-
ence [6].

High-resolution x-ray spectroscopy has been actively inves-
tigated at ICF facilities to expand the measurement capabili-
ties. By adding low- (Neon) or middle-Z (Argon) elements
in the capsule fuel and studying their characteristic line emis-
sions, important information such as hot spot plasma parame-
ters [7—11] and their spatial profiles [12, 13] were determined.
By embedding mid-Z dopant layers in the capsule ablator and
studying mix of the dopants into the hot spot, hot spot asym-
metries and mix were obtained [14].

A high-Z dopant material is required to approach and diag-
nose the hot spot created by implosions of the NIF scale, such
that their x-ray photons can propagate through the remainder
of the fuel as well as the dense compressed shell without sig-
nificant attenuation. To that end, a capsule with Kr-doped fuel
was developed utilizing the 13-16 keV Kr K-emission lines
from implosion cores [15]. A time-resolved, high-resolution

x-ray Bragg crystal spectrometer named dHIRES (DIM-based
high-resolution spectrometer) was developed to capture the Kr
emissions with a high resolving power (E /AE ~ 1000-2000)
[16]. In addition to record the Kr Heax + Ly and Hefl com-
plexes onto a streak camera, a simultaneous time-integrated
measurement provides in-situ calibrations for the streak cam-
era signals. The dHIRES was absolutely calibrated, with its
measured integrated reflectivity, energy dispersion, and en-
ergy resolution playing a decisive role in ensuring the success
of data acquisition and analyses for all channels [17].

This letter reports the first time-resolved simultaneous mea-
surements of the hot spot plasma density, temperature, size
and areal density for Kr-doped capsule implosions at their
stagnation phase using high-resolution x-ray spectroscopy at
the NIF. The capsules had either a high-density-carbon (HDC)
ablator or a tungsten (W)-doped HDC ablator enclosing Kr-
doped DD gas. Time-resolved Kr Hef3 spectra measured by
dHIRES allow inference of the electron density and temper-
ature through observing Stark broadening and the relative in-
tensities of dielectronic satellites. The high spectral resolu-
tion enables detailed line-shape study and comparison to Stark
broadening calculations, here fully treating ion dynamics ef-
fects. By matching the calculated hot spot emission using
a collisional-radiative code to experimental observations, the
hot spot size is determined, which then allows inference of the
hot spot areal density. Compared to the undoped HDC implo-
sion, the W-doped HDC capsule is shown to have higher hot
spot density, temperature and areal density as well as smaller
hot spot size, providing direct evidences of increased stagna-
tion pressure and thermonuclear performance by using a high-
Z dopant in the ablator. These measurements, showing tempo-
ral profiles of the core plasma parameters with high precision,
are essential to benchmark numerical simulations aiming for
ignition.
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FIG. 1.  (color online). (a) Hohlraum parameter. The rectangle
indicates the viewing window for dHIRES. The yellow dot indicates
the capsule. (b) Pie diagrams of the undoped HDC capsule and W-
doped HDC capsule. (c) Laser pulses delivered to the capsules.

The experiments described herein used the existing BigFoot
platform to create a well-behaved hot spot [18, 19]. The Big-
Foot approach aims at good control of hohlraum symmetry
and hydrodynamic instabilities with short pulse shapes and
at high adiabat, thus improving the implosion predictability
and performance. The target is a symmetric capsule (sym-
cap), which is an ignition capsule surrogate that has the ap-
propriate ablator thickness and fuel gas to achieve symmetric
implosions [20]. Figure 1 illustrates the experimental details.
192 NIF laser beams heat a Au hohlraum generating a radi-
ation bath to implode the capsule suspended at the center of
the hohlraum. Two campaigns were performed at very simi-
lar laser conditions. Both capsules had the same dimensions
and were filled with Kr-doped DD gas at 0.01 atomic percent
(at.%). The Kr fielding temperature was 80 K maintaining
the gaseous phase for both Kr and DD. One capsule had an
ablator shell made of HDC, refereed to as the undoped HDC
capsule, while the other had 0.21 at.% of W in a 18-um-thick
layer, referred to as the W-doped HDC capsule. Previous NIF
experiments using the NIF X-ray spectrometer (NXS), while
not being able to provide measurements on n. and T; due to
the low resolving power (E/AE > 60), demonstrated the fea-
sibility of using Kr to extract x-ray spectroscopic information
emitted from the hot spot [21]. The 0.01 at.% of Kr was shown
to have a minimal perturbation on the implosion [15].

The dHIRES was fielded at an equatorial line-of-sight at
(90, 315) to acquire a clean Kr emission without contribu-
tions from the Au hohlraum [15]. There is a viewing win-
dow cut out of the hohlraum wall and replaced with a 80-pm-
thick HDC foil along the signal line-of-sight to contain the
hohlraum plasma and transmit the x-ray emission from the
capsule. The window is 1.7 mm x 0.5 mm, large enough to
cover the entire x-rays diffracted from the crystals. The Kr
Hea + Lya, and Hef3 complexes are focused by two coni-
cal crystals onto a streak camera with a temporal resolution of
~25 ps [22]. A third cylindrical crystal in the von Himos con-
figuration diffracts x-rays of the entire energy range onto an
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FIG. 2. (color online). (a) The cross-calibrated streak camera data
for the Hefl complexes from undoped HDC experiment N171102.
(b) The time-integrated streak camera data is overlaid on top of the
simultaneous image plate measurement.

image plate providing a simultaneous time-integrated spectral
measurement. The analyses here focus on the Hef3 spectra
that are optically thin allowing inference of hot spot plasma
parameters.

Figure 2(a) shows the cross-calibrated streak camera data
for the Hef3 complexes from the undoped HDC experiment
N171102. The entire x-ray emission at stagnation was cap-
tured showing an overall duration of Kr emission of ~300
ps. Pre-shot simulations with rad-hydro code LASNEX [23]
post-processed with the collisional-radiative code Cretin [24],
combined with the measured spectrometer throughput, al-
lowed an optimal selection of filtering and therefore signal
counts on the camera. Details of the Hef3 resonance and satel-
lite lines are clearly seen; this is contrast to previous measure-
ments with NXS in which these separate peaks could not be
resolved. By integrating the streak camera data in both time
and energy and accounting for the filter transmission, the to-
tal signal count represents the source emission in the Kr Hef3
region, which is equal to that obtained from the simultane-
ous image plate measurement taken the image plate channel
filter transmission into account and integrated over the same
spectral energy range. This process provides the conversion
factor of the streak camera data from counts per pixel area to
a physics value in J/st/keV/ns as shown in Figure 2(a). The
vertical axis is time measured on shot. The horizontal axis
represents x-ray energy calculated from the calibrated spec-
tral dispersion [17]. Figure 2(b) shows the time-integrated x-
ray spectrum from streak camera overlaid on top of the image
plate measurement for the same energy of interest confirm-
ing the validity of the calibration process. The streak camera
spectrum has a higher valley between the Hef3 resonance line
and the Li-like satellite line and a tall tail on the blue side of
the resonance line. This is due to its lower resolving power
as well as small contributions from the space-charge effect
among the streak camera pixels. X-ray continuum emissions
were subtracted and only the Kr line emissions were used in
the cross-calibration process in Figure 2(b). Another inde-
pendent cross-calibration process including both continuum
and line emissions provided a same conversion factor for the
streak camera data confirming no contribution from the Au
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FIG. 3. (color online). History of the high-resolution Kr Hef3 spec-
tra for N171102. E; and E, denotes the energy thresholds at which
the widths of the Stark broadened Kr Hef complexes were deter-
mined for the spectrum at 7.05 ns (green). The inset shows the de-
rived He/Li line ratios (blue) and the Stark widths (red).

emission was observed by dHIRES.

Figure 3 shows the time-resolved Kr Hef3 spectra every 50
ps directly deduced from the calibrated streak camera image.
Each spectrum represents the averaged signal from 48 consec-
utive spectral lineouts of the streak camera image to account
for the 25-ps temporal resolution. The peak Kr emission is
seen at 7.05 ns, consistent with the x-ray bang time (BT) mea-
sured from SPIDER (Streaked Polar Instrumentation for Di-
agnosing Energetic Radiation) [25]. The x-ray BT is the time
when peak x-ray emission from the implosion core occurs.
The central peak of the Hef3 resonance line near 15.43 keV
continues to shift to lower energies until ~ 7.15 ns and then to
higher energies. The width of the resonance line and its line
intensity with respect to the dielectronically excited Li-like
line near 15.29 keV also vary in time. All are clear signatures
of the evolving plasma conditions during this phase.

At our estimated hot spot plasma conditions, the Stark
broadening of the Kr Hef3 complex largely depends on the
plasma density [26], while the intensity ratio between the He3
complex and the Li-like Kr line is sensitive to the electron
temperature [21]. The inset of Figure 3 presents the exper-
imentally measured He/Li line ratio and Stark width of the
Hef3 complex as a function of time calculated from the time-
resolved Hef spectra. The He/Li line ratio is determined by
the total line intensity of the Hef3 complex from 15.37 keV
to 15.5 keV relative to that from the Li-like 15.23-15.37 keV
satellite features. With time, the He/Li line ratio increases to
a peaked value at ~7 ns followed by a decay until the end of
the emission. Accurately identifying the Stark broadening ef-
fect is more complicated. The Hef3 complex is comprised of
three components: a strong central peak at ~15.43 keV and
two relatively weaker peaks at its low and high energy sides.
A Li-like spectral line is underneath the low energy peak con-
tributing to the entire low-energy features in the vicinity of

x 1024

T T T T T

== Undoped HDC
== W-doped HDC

T, (keV)

1 1

69 695 7 705 7.1 715 72 725
Time (ns)

FIG. 4.  (color online). The experimentally measured n. and Tg
(solid lines) for the undoped and W-doped HDC capsules compared
with the spatially averaged, x-ray weighted calculations (dashed
lines).

15.42 keV. To avoid the uncertainties in line broadening from
the Li-like satellite line, the Stark width is determined as the
energy range between E; and E,, where E| is the energy cor-
responding to 90% of the central peak height and at E, the
spectral height falls to 20% of the peak height. A slow in-
crease in the measured Stark width is seen until ~7.13 ns.
The error bars associated with each line ratio and width in-
clude statistical errors directly from the measured counts and
~5% systematic errors primarily from uncertainties in cali-
brating the streak camera data.

Adding a high-Z dopant in the ablator shell has been pro-
posed to improve the implosion performance [27]. Advan-
tages include reduction of the capsule preheat from the Au
M-band x-ray radiation and therefore increased capsule com-
pression and enhanced stability at the fuel-capsule interface.
The experiment reported here for the W-doped HDC target
(N180109) directly links to the first role as there is no DT fuel
layer in the capsule. The W-doped target was driven at almost
same laser conditions and probed with the same diagnostics as
the undoped experiment. The x-ray bang time was measured
at ~7.16 ns. Using the same data analysis processes, both im-
age plate and streaked channels show more broadened Hef3
resonance complex and larger He/Li line intensity ratios than
those from the undoped target, indicating the effect of the W
dopant on hot spot plasma parameters.

Figure 4 presents the inferred hot spot n. and T; as a func-
tion of time for both experiments, by comparing the experi-
mentally measured Stark widths and He/Li line ratios to the-
oretical calculations. All calculations were convolved with
12-eV Gaussian functions to correct for the instrumental re-
sponse. With increasing n., the amplitudes of the low and
high energy Hef peaks relative to that of the central peak
increase causing the entire complex broadened. By match-



TABLE I. Summary of the undoped and W-doped HDC experiments.

Laser Laser | X-ray BT X-ray BT DD Yield Ti PRy Te Hot-spot PO
Ablator energy power | SPIDER  dHIRES nTOF nTOF nTOF Continuum  Penumbral imaging
MJ ™ ns ns 1013 keV mg/cm? keV um
Undoped HDC | 1.08 327 7.05 7.05 1.0£0.04 3.27+£0.16 4444+1.92 2.564+0.25 73.5+0.5
W-doped HDC | 1.11 342 7.16 7.16 2.0£0.08 3.68+0.16 6524+2.56 2.90+0.25 60.0+0.5

ing the experimentally measured line width to detailed line-
shape calculations that include full ion dynamics effects [26]
at the same energy thresholds E| and E;, n. was inferred at
each measurement time. For the undoped HDC experiment,
ne slowly grows from 2 x 10%* cm™> at 6.9 ns to ~2.6 x 10?4
cm™3 at 7.13 ns, ~80 ps after the x-ray bang time. Details of
the line-shape studies and their comparison to our measured
spectral profiles for density inference are prepared in another
paper [28]. To infer T¢, calculations with a grid of n.-T. con-
ditions were performed using the collisional-radiative atomic
code SCRAM [29], generating He/Li line ratios as functions
of ne and T;.. Using n. from Stark broadening and the exper-
imentally measured He/Li line ratios shown in Figure 3, T
was inferred. For the undoped experiment, 7; increases from
~2.55 keV to ~2.93 keV at ~7 ns, and then slowly decreases
to ~2.23 keV at the end of the measurement.

Low signal levels obtained from the W-doped HDC exper-
iment N180109 due to purposely chosen thick filters for the
streaked channels lead to large statistical errors and fluctua-
tions in the analyzed data. Nonetheless several clear features
are presented comparing the two experiments. First, both
experiments exhibit the same evolution trend for n. and T¢,
where T peaks ~50-60 ps before the x-ray bang time and rn,
continues to grow afterwards. Secondly, compared to the un-
doped target, both n. and 7. are increased for the W-doped tar-
get, with peak n, approaching ~5.2 x 10%* cm~> and peak T,
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FIG. 5. (color online). Evolution of the hot spot radius Ry, and areal
density pRy; for the undoped and W-doped HDC shots.

approaching ~3.21 keV. This leads to an increase in the stag-
nation pressure for N180109 (peaked at ~48 Gbar) comparing
to N171102 (peaked at ~24 Gbar). The nTOF measurement
further supports these analyses. An increase in neutron yield,
fuel pRys and DD neutron burn averaged 7; was measured for
the W-doped HDC target, as shown in Table I that summarizes
the performance metrics for both shots. Our results therefore
show strong evidence of increased stagnation pressure as a re-
sult of increased both density and temperature and enhanced
thermonuclear output by using W dopant in the ablator.

It is important to understand that the time-dependent n and
T. measured by dHIRES are spatially averaged over the entire
hot spot and x-ray weighted. Hot spot spatial profiles can be
directly measured using monochromatic x-ray line images of
the entire core and novel spectroscopic analyses [12, 13]. The
BigFoot HDC symcap implosions used in dHIRES measure-
ment were well modeled, controlled and reproducible. It is
sufficiently accurate to use the isobaric model by Betti et al.
[30] to calculate the spatiotemporal profiles of the hot spot n,
and T, with their central values calculated using a 1-D thick-
shell model [31]. An emissivity database was generated for
a grid of ne and T; using SCRAM. The spatially averaged,
x-ray weighted n.(¢) and T(¥) were then calculated using the
radial profiles of the hot spot and the associated x-ray emis-
sivity at each position of the hot spot along the measurement
line of sight. Here  represents time. Figure 4 shows that the
simulated 7. () and T..(f) are benchmarked to the experimental
measurements.

The absolutely calibrated Kr Hef3 spectra allow accurate
determination of the hot spot size. This is because the cold
shell can not excite such high-energy x rays and dHIRES mea-
surement are purely from the Kr homogeneously mixed in the
DD fuel. Taking the spatiotemporal profiles of the hot spot 7,
and T; that match the experimental observations, the hot spot
size is determined by matching the measured Kr Hef signals
in simulations (Figure 5(a)). Details of the spectral compar-
ison and error bar analysis for the inferred hot spot size are
shown in the Supplemental Material [32]. Despite large error
bars for the W-doped HDC experiment, their hot spot sizes
are consistently smaller than those from the undoped HDC
shot. The x-ray weighted, time-averaged hot spot size was
also calculated, 51.54+4.0 um and 40.6£20.1 um for the
undoped and W-doped HDC experiment respectively, signifi-
cantly smaller than those measured from the penumbral x-ray
imaging technique [33].

Combining the experimentally measured n(f) and Rys(%),
hot spot areal density pRys(#) was calculated assuming equal



ion density to electron density. As shown in Figure 5(b), evo-
lution of pRy¢ predominantly follows n.(7) since the measured
Rps(7) remains about constant which is expected at the stag-
nation phase of the implosions. Relative to the undoped HDC
experiment, pRy(¢) for the W-doped HDC shot is consis-
tently larger with the inferred increase in stagnation pressure.
The x-ray weighted, time-averaged hot spot pRy was also cal-
culated, significantly lower than those measured from nTOF
(34.4+3.95 mg/cm? vs 44.4+1.92 mg/cm? for the undoped
experiment and 45.3428.42 vs 65.242.56 mg/cm? for the
W-doped experiment). Inference of pRyg from nTOF relies
on accurate evaluation of 7; in their modeling and could be
affected by material mixing in the fuel [34].

In summary, evolution of the hot spot was measured for
Kr-doped capsule implosions at the NIF, made possible by
detailed line-shape studies from high-resolution x-ray spec-
troscopy. The NIF dHIRES provides time-resolved, abso-
lutely calibrated Kr Hef3 spectra allowing simultaneous in-
ference of the hot spot electron density, temperature, size and
areal density. The time-averaged hot spot size and areal den-
sity based on time-resolved dHIRES measurements point to
overestimation of these critical parameters by traditional x-
ray imaging and nTOF. The experiments that were executed,
with and without W dopant in the HDC shell, show consis-
tent evolution trend for the electron density and temperature.
Our measurements also provide direct evidence that using a
high-Z dopant in the ablator increases the stagnation pressure
and enhances thermonuclear performance, as a result of in-
creased hot spot electron density and temperature. Precision
measurements of the core plasma parameters with high tem-
poral resolutions, as shown in our technique, will be of crucial
importance for benchmarking numerical simulations aiming
for ignition.
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