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X-ray ablation rates in inertial confinement fusion capsule materials
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X-ray ablation rates have been measured in beryllium, copper-doped beryllium, germanium-doped
plastic (Ge-doped CH), and diamondlike high density carbon (HDC) for radiation temperatures 7 in
the range of 160-260 eV. In beryllium, the measured ablation rates range from 3 to 12 mg/cm?/ns;
in Ge-doped CH, the ablation rates range from 2 to 6 mg/cm?/ns; and for HDC, the rates range
from 2 to 9 mg/cm?/ns. The ablation rates follow an approximate 7° dependence and, for 7 below
230 eV, the beryllium ablation rates are significantly higher than HDC and Ge-doped CH. The
corresponding implied ablation pressures are in the range of 20—-160 Mbar, scaling as 7. The
results are found to be well predicted by computational simulations using the physics packages and
computational techniques employed in the design of indirect-drive inertial confinement fusion
capsules. An iterative rocket model has been developed and used to compare the ablation rate data
set to spherical indirect-drive capsule implosion experiments and to confirm the validity of some
aspects of proposed full-scale National Ignition Facility ignition capsule designs. © 2011 American

Institute of Physics. [do0i:10.1063/1.3566009]

I. INTRODUCTION

Thermonuclear ignition via indirect-drive inertial con-
finement fusion' (ICF) is the goal of the U.S. National Igni-
tion Campaign (NIC) and is one of the primary motivations
for the construction of the National Ignition Facility (NIF).”
In indirect-drive ignition experiments, the ~500 TW com-
bined peak power of the 192 NIF laser beams will be ab-
sorbed in a high-Z enclosure (or “hohlraum”) that surrounds
a low-Z spherical shell (or “capsule”) containing a layer of
solid cryogenic deuterium-tritium (DT) fuel. The hohlraum
walls will be heated with a carefully controlled sequence of
laser pulses to radiation temperatures of up to 270-300 eV.
The soft x rays emitted by the hohlraum walls freely traverse
the region between the wall and the capsule and are strongly
absorbed by the capsule, rapidly ablating the low-Z capsule
material. As this ablated material expands outward, the re-
maining mass is accelerated inward by a spherical, ablation-
driven rocket effect. As the implosion progresses, the rocket
payload is continually decreasing due to the ablation process.
For success at the NIF, it is thought that the spherically im-
ploding rocket must be tuned so that 90-96% * 1% of the
original ablator (the percentage of ablated mass depends on
ablator type and capsule design details) is removed at the
time when the rocket payload (the DT fuel plus remaining
ablator mass) reaches a peak implosion velocity, which must
be in excess of 350 um/ ns.>* If the ablation rate is lower
than anticipated, there will be too much remaining payload
and the peak velocity (and, hence, the required hot spot en-
ergy density at stagnation) will not be achieved. On the other
hand, if the ablation rate is higher than anticipated, the abla-
tor will either burn through or feed through hydroinstabilities
and the DT will be preheated and will not compress to the pR
required for ICF ignition. Thus, accurate knowledge of the
x-ray ablation rates of low-Z capsule materials is an essential
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component for successful indirect-drive ICF ignition experi-
ments.

Il. EXPERIMENTAL TECHNIQUE AND
MEASUREMENTS

In the present work, x-ray ablation rates have been mea-
sured in beryllium, copper-doped beryllium, germanium-
doped CH, and diamondlike high density carbon (HDC) for
radiation temperatures in the range of 160-260 eV. These
materials are the leading ablator candidates for proposed NIF
ignition capsules.5 Beryllium samples used in these measure-
ments were fabricated via the same two methods proposed
for NIF ignition capsule ablators—machined, hot isostatic
pressed powder alloy6 and sputter-coated alloy.7 The Ge-
doped CH samples were prepared using a plasma polymer
deposition process very similar to process to be used in NIF
ignition capsules.8 The HDC samples were prepared using
the same synthetic CVD-diamond process9 proposed for NIF
ignition capsules.

The basic experimental arrangement is illustrated in
Figs. 1 and 2. Fifteen of the 60 Omega laser beams'’ were
focused into the hohlraum, serving as a power source for the
hohlraum radiation field. The 15 input beams provided either
1 or 2 ns input pulses with a total of about 6 kJ of 0.35 um
laser light. The focus and pointing were arranged such that
the intensities of the laser beams on the interior hohlraum
wall were ~5X 10" W/cm?. Variations in laser power,
pulse shape, and hohlraum size were used to provide peak
radiation temperatures 7" in the range of 160-260 eV. The
cylindrical hohlraums were 1.05—1.65 mm in diameter, 0.80—
1.25 mm long, with laser entrance hole (LEH) diameters of
0.80-1.20 mm, and an Au wall thickness of 25 wm. In most
of the experiments, the ablator samples were 0.5 X 1.0 mm
and were mounted over a 0.80 mm diameter hole on the end
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FIG. 1. (Color online) Illustration of the hohlraum target (center), with
photographs of the sample end of the hohlraum (left) and the LEH (right).

of the hohlraum opposite the LEH. As shown in Fig. 1, a 0.5
mm long, 25 wm thick Au shield was used to separate the
samples.

X-ray diagnostics viewing the interior of the hohlraum
through the LEH included x-ray framing cameras (XRFC),"'
filtered photocathode x-ray detectors (the Dante time-
resolved soft x-ray spectrometer),]2 and achromatically fil-
tered diamond photoconductive detectors (PCDs)." The XR-
FCs, Dante, and PCDs were used to measure the time,
spatially, and spectrally dependent x-ray emission from the
hohlraum walls and from the x-ray driven side of the ablator
samples. The Dante diagnostic measures hohlraum x-ray re-
emission flux with an array of ten K-edge and L-edge filtered
photocathode detectors with grazing incidence mirrors on
three of the low energy channels. The Dante viewed the
hohlraum wall through the LEH at an angle of 37°. The
Dante data were unfolded to determine a time-dependent ra-
diation temperature using the procedure described in Ref. 14.

A streaked x-ray Imager (SXI) was used to provide a
highly time-resolved streaked image of the x-ray burn-
through flux on the exterior-facing side of the ablator
samples. The SXI includes an imaging slit, x-ray filter, trans-
mission grating, offset slit, and x-ray streak camera and is set
up to be sensitive to an x-ray energy band that is near the
peak of the hohlraum radiation spectlrum.15 The x-ray burn-
through pulse was imaged in the up-down direction and was
dispersed with a 2000 A period transmission grating oriented
perpendicular to the imaging slit. The photon energy at
which the burnthrough was monitored was determined by a
150 wm wide offset slit located behind the transmission
grating. Offsets in the range of 200-800 eV are available and
for each experiment, an offset was selected to provide sensi-
tivity near the peak of the hohlraum radiation spectrum. A
0.3 um Cu filter was also used to reduce the higher order
contributions to the burnthrough signal. In this manner, the
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x-ray burnthrough was imaged in one dimension with 3.1X
magnification onto the Au photocathode of an x-ray streak
camera. The images were recorded on film and scanned with
a microdensitometer. An exposure on the film made by a
phosphor-representative standard light source through a
wedge filter was also scanned and used to convert the streak
image into a record of exposure as a function of time and
position.

As illustrated in Fig. 2, two laser beams with known
time delays were focused on the top and bottom of the hohl-
raum exterior to provide x-ray spots that were used as time
fiducials to correlate the Dante radiation temperature history
with the SXI streaked image. This correlation was used to
determine the radiation temperature range during the time
interval at which the step thickness of the ablator sample
burns through. Since the ablator density and step thickness
are known quantities, the planar ablation rate at a particular
radiation temperature can then be determined. In this man-
ner, each hohlraum experiment can provide a measurement
of ablation rate (mg/cm?/ns) and the corresponding T (elec-
tron volts).

As shown in Figs. 3-6, a series of such experiments can
provide plots of ablation rate versus 7. For example, as
shown in Fig. 3, sweep-direction lineouts from the SXI im-
age taken through the two sample thicknesses indicates an
ablation front &t of 85 ps (by convention within the NIC
program, the ablation front is measured at 0.1 of the
intensity peak). Since the delta in HDC (3.51 g/cm?) sample
thickness in this example was 2 um, we determine that
the ablation rate during the time interval between 0.600
and 0.685 ns is (3510 mg/cm?)(0.0002 cm)/(0.085 ns)
=8.3 mg/cm?/ns at T=245 eV.

The uncertainties in the ablation rate are due to a com-
bination of sample thickness and density measurement un-
certainties and the SXI instrument details such as sweep rate
and slit width. For example, the thicknesses of all HDC
samples were measured with an accuracy of better than 1%.
The best samples were determined to within =0.2% and the
worst were within £0.6%. The uncertainty in thickness
variation across the width of the sample step was in the range
of +1.0% to 1.5%. The SXI offset slit width is 150 pm. The
streak camera sweep rate was about 60 ps/mm in the center
region of the phosphor. Thus, the random uncertainty in the
image is about 9 ps. We digitize the image at 1 ps/pixel and
smooth the lineouts over 9 pixels. At 200 eV, this represents
an ablation rate uncertainty of about *2%. A few of the

Streaked X-Ray Imager (SXI)

t=05ns

B FIG. 2. (Color online) Schematic of
the Omega hohlraum geometry with
example SXI image of the x-ray burn-
through in a pair of Ge-doped CH
samples (right) and an example XRFC
image viewing the samples and Au
wall through the LEH.
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FIG. 3. (Color online) Examples of (a) SXI intensity-time lineouts and (b) Dante radiation temperature history for a ablation rate measurement at 243 +6 eV.
As described in the text, the ablation rate for this example is 3510 mg/cm? X .0002 c¢m/0.085 ns=8.3 mg/cm?/ns.

HDC data points in Fig. 5 have significantly reduced uncer-
tainties. These particular experiments were done with a
streak camera sweep rate that was twice as fast as in the
other measurements. The variation in hohlraum radiation
temperature during the burnthrough interval is usually well
within the absolute uncertainty in the Dante measurements,
which is about +3.5% in 7.

lll. COMPARISON WITH COMPUTATIONAL
SIMULATIONS AND IMPLIED ABLATION PRESSURE

In addition to experimental data points, the plots of Figs.
4-6 also contain results from computational simulations. For
each hohlraum scale size, a three-dimensional VISRAD (Ref.
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FIG. 4. (Color online) Measurements (circles) and computational simula-
tions (squares) of ablation rate (mg/cm?/ns) plotted vs radiation tempera-
ture (electron volts) for Cu-doped Be and pure Be. A plot of AR
(mg/cm?/ns)=0.75T> (heV) is shown as a solid line.
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16) viewfactor calculation was done to relate the measured
Dante x-ray flux to the x-ray flux at the ablator sample. For
each Omega experiment, two LASNEX (Ref. 17) radiation-
hydrodynamic computer code calculations were set up (one
for each ablator thickness) using the viewfactor-converted
Dante drive as input. These calculations use the same physics
packages utilized in the NIC ignition capsule design
calculations—as described in Ref. 18, the NIC opacity mod-
eling utilizes OPAL (Ref. 19) and sTA.? Each calculation was
postprocessed to provide simulated SXI intensity-time lin-
eouts and then the simulated data for each T is placed onto
the plot (the squares in Figs. 4—6). For the NIC, it is encour-
aging to note that the computational simulations produce re-
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FIG. 5. (Color online) Measurements (circles) and computational simula-
tions (squares) of ablation rate (mg/cm?/ns) plotted vs radiation tempera-
ture (electron volts) for diamondlike HDC. A plot of AR (mg/cm?/ns)
=0.507% (heV) is shown as a solid line.
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FIG. 6. (Color online) Measurements (circles) and computational simula-
tions (squares) of ablation rate (mg/cm?/ns) plotted vs radiation tempera-
ture (electron volts) for Ge-doped CH. A plot of AR (mg/cm?/ns)=0.35T>
(heV) is shown as a solid line.

sults that are largely within the uncertainties of the ablation
rate measurements.

Because of the low opacity of the heated ablator exhaust,
the energy absorption rate (J/cm?/ns) at the hohlraum-facing
side of the ablation front is approximately proportional to
(1-a)T*, where « is the ablator albedo (which has been
measured to be in the range of 20%-30%)." Since the ab-
lated plasma is nearly isothermal (and at nearly the hohlraum
temperature), the increase in specific energy (J/mg) required
to advance the ablation front into cold material is approxi-
mately proportional to 7. Thus, over a range of temperatures
for which the ablator ionization state and albedo are approxi-
mately constant, the ablation rate (mg/cm?/ns) should scale
roughly as 7°. As can be seen from Figs. 4—6, the ablation
rate data are approximately in agreement with the 7° scaling
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expectation. If nearly full ionization is assumed for the Be or
C, the sound speed of the ablated plasma can be assumed to
be proportional to 7°3. With this assumption, the ablation
rocket exhaust pressure is proportional to 7°- and the impli-
cation is that the pressures in these experiments are in the
range of 20-160 Mbar. The Be and HDC ablation pressures
are plotted versus 7 in Fig. 7. It is interesting to note that for
Cu-doped Be, the scaling of P (Mbar) ~57% (heV) implied
by the data in Fig. 7 is in agreement with the indirectly
driven Be shock velocity measurements that were previously
described in Ref. 15.

IV. APPLICATION OF ABLATION RATE
MEASUREMENTS IN A SPHERICAL ROCKET MODEL

As a capsule implodes, the surface area of its ablation
front will be reduced and the mass removal rate will decrease
even if T remains constant. An iterative spherical rocket
model (ISRM) can be used to relate the planar ablation rate
data of Figs. 4-6 to converging geometries. The spherical
rocket behavior can be expressed as

dM/dt = — 47R*m,,, (1)

Md?R/dt* = — 47R?P,,, (2)

where M is the unablated shell mass, R is the shell radius, m,
is the mass ablation rate, and P, is the ablation pressure. In
the ISRM, the initial capsule dimensions and densities are
known and the T versus time behavior of the hohlraum is
either specified or measured. A fit to the ablation rate data in
Figs. 4-6 is used to provide a calculation of mass removed at
each incremental time step. At each time step, the shell ra-
dius, mass, and ablation pressure combine to provide the
inward acceleration and, hence, a new velocity for the next
time step. The next time step uses the new shell radius, mass,
velocity, and 7. The ISRM produces a radius-time implosion
trajectory, along with an estimate of remaining mass as a
function of radius or time. Of course, this model becomes
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FIG. 7. (Color online) The ablation pressures implied by the Be and HDC ablation rate measurements plotted in Figs. 4 and 5.
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FIG. 8. (Color online) Illustration of the experimental setup for the Be
hemishell burnthrough experiments.
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invalid near the end of the implosion, when stagnation pres-
sures approach the ablation pressure. This ISRM has been
tested and confirmed by direct comparison with R-t measure-
ments of the ablation front of imploding Be (undoped) hem-
ishells, and high-energy photon backlighter R-t measure-
ments of imploding Be capsules containing an internal layer
of Cu-doped Be.?"*? The hemishell measurements employed
an Omega experimental setup similar to the one used in the
ablation rate measurements. A beryllium hemishell was in-
serted into the sample hole, replacing the step sample (Fig.
8), and an imaging pinhole was used in place of the imaging
slit on front end of the SXI (Fig. 9). Figure 10 shows an
example x-ray streak image illustrating the spatial and time
fiducials along with a computationally simulated streaked
image for the experiment. An example of the resulting streak
image of the converging ablation front along with radius-
time points taken from that image are included in Fig. 11.
The radius-time trajectory from an ISRM employing fits to
the Be data of Figs. 4 and 7 is shown as the solid curve. This
result represents an example of an experiment in which the
ablator burns through prior to complete convergence. The
backlit experiment (Hicks ef al.>') shown in Fig. 11 was done
as a test of the streaked radiography technique that will be
employed in the NIC as the final ablation tuning technique at
the NIF. The backlit data shown here, together with the cor-
responding ISRM result, are an example of an implosion in
which a substantial portion of the capsule remains unablated
at stagnation. In these comparisons, the 7 history for an
ISRM was provided by Dante measurements of the hohlraum
radiation field and the initial capsule dimensions and densi-
ties were from target characterization measurements.

Hohlraum Pinhole

Streak-Tube

Grating  photocathode

FIG. 9. (Color online) For the hemishell experiments, pinhole SXI imaging
(rather than slit imaging) was required.
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FIG. 10. (Color online) An example x-ray streak image illustrating the
spatial and time fiducials along with a computationally simulated streaked
image for the convergent hemishell ablation rate experiment.

An ISRM can also be used to check proposed ignition
capsule designs for consistency with the ablation rate data
set. In this situation, there is a NIF ignition capsule design
together with the radiation temperature history proposed as a
suitable drive for the capsule design. Fits to the ablation rates
and ablation pressures from Figs. 4-7 are employed in the
ISRM. The proposed HDC NIF ignition capsule design23 is
used here as an example (Fig. 12). Three fits to the HDC
ablation rate and ablation pressure data set are used in the
ISRM and the corresponding results are shown in Fig. 13 as
plots of radius versus time with mass ablated indicated at a
sequence of positions during the implosion. The red curve is
the ISRM result based on a fit to the upper limits of the
uncertainties in the ablation rate and pressure data sets for
HDC (Fig. 5). The blue curve is based on a fit to the lower
limits of the ablation rate measurements. The green curve is
the result of an intermediate fit to the data. The correspond-
ing mass remaining values are also indicated at various radii
along the plot. It can be seen that only the blue curve, cor-
responding to an ablation rate (mg/cm?/ns) ~0.44T° (T in
heV) is an acceptable result, within the 95% =+ 1% ablator
mass remaining requirement for this capsule design. In the
mid-to-upper levels of the ablation rate data, this capsule
would burn through and suffer from excessive fuel preheat.
A plot of implosion velocity versus mass ablated for the blue
curve is shown in Fig. 14. It can be seen that the required
implosion velocity is reached with the required ablator mass
remaining. Hence, as proposed, this design has a possibility
of igniting, but it is more likely that it will not ignite due to
burnthrough. The overall conclusion is favorable, however,
since the capsule would be tunable via either an increase in
ablator thickness or a truncation of the peak drive. Similar
trends have been found (based on Fig. 4 and 6 data) for the
more complex Be and CH ignition capsule designs, which
employ layers of Cu-doped Be and Ge-doped CH. The pro-
posed NIF ablation tuning technique is described in Refs. 3
and 4 and based on the diagnostic described in Refs. 4, 21,
and 22.
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FIG. 11. (Color online) An ISRM using the data in Fig. 4 and radius-time measurements in converging shell implosion experiments: (a) hemishell self
emission experiment; (b) backlit implosion experiment described in Refs. 21 and 22.

V. CONCLUSIONS

Accurate knowledge of the x-ray ablation rates of low-Z
capsule materials is an essential component for successful
indirect-drive ICF ignition experiments. In the present work,
x-ray ablation rates have been measured in beryllium,
copper-doped beryllium, Ge-doped CH, and diamondlike
HDC, the three leading ablator candidate materials being
considered for use in NIF ignition capsules. The ablation
rates follow an approximate 7° dependence and, as illus-
trated in the data summary plot of Fig. 15, the ablation rates
in Be and Cu-doped Be are significantly higher than in Ge-
doped CH and HDC. As shown in Figs. 4-6, the results are
found to be well predicted by computational simulations us-
ing the physics packages and computational techniques em-
ployed in the design of indirect-drive ICF capsules.
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FIG. 12. (Color online) HDC NIF ignition capsule design and the proposed
radiation temperature drive (from Ho ef al., Ref. 23).

An iterative rocket model has been developed and used
to compare the ablation rate data set to spherical indirect-
drive capsule implosion experiments and to confirm the va-
lidity of some aspects of proposed full-scale National Igni-
tion Facility (NIF) ignition capsule designs. For a specific
NIF ignition design employing a HDC ablator, the ablation
rate data used with a ISRM indicates that an ablation rate
data fit (mg/cm?/ns) of ~0.447% (T in heV) leads to an
acceptable result, within the 95% * 1% ablator mass remain-
ing requirement. The overall conclusion is favorable, since
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FIG. 13. (Color online) Based on the experimental data of Fig. 5, the [ISRM
implosion history for the capsule design shown in Fig. 12.
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FIG. 14. (Color online) Implosion velocity vs % mass ablated for the curve
in Fig. 13 slowest trajectory in Fig. 13 (based on the lower bound of the
Fig. 5 ablation rate data).

the measured ablation rates are all slightly higher than this fit
and the capsule would be tunable (using the techniques de-
scribed in Refs. 3, 4, 20, and 21, via either an increase in
ablator thickness or a truncation of the peak laser input
power.
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