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Abstract

We present findings from an experimental tuning campaign aimed at igniting larger DT
cryogenic layered implosions using a dual frustum shaped hohlraum, denoted “frustraum”. The
frustraum's distinctive shape reduces hohlraum wall losses while concurrently enhancing
minimum capsule clearance with the hohlraum wall and sensitivity to pointing changes. Compared
to current cylindrical hohlraum (6.4x11.3 mm), the frustraum has a wall area approximately 22%
smaller, resulting in a measured improvement in efficiency of around 14%. Consequently, 14%
less laser energy is required to implode a capsule within the same acceleration timeframe.

Conversely, directing the same laser energy into the frustraum yields higher ion temperatures



within symmetry capsules, along with increased radiation temperatures and reduced implosion
acceleration times compared to current cylindrical hohlraums.

l. INTRODUCTION

In indirect drive inertial confinement fusion (ICF) at the National Ignition Facility (NIF),
a deuterium-tritium (DT) filled capsule[1, 2] is imploded by the ablation pressure generated by x-
rays in a hohlraum with a peak radiation temperatures (T,) of approximately 300 eV. These x-rays
are produced by irradiating the interior of the high-Z hohlraum with 192 laser beams entering
through two laser entrance holes (LEHS) positioned on either end. For the DT hotspot to initiate
thermonuclear burn, it must attain high ion temperatures (Tion >5 keV) and high hot spot areal
densities (prrs > 0.2-0.3 g/cm?). The overall yield increases with confinement time, determined by
the total areal density of the DT and remaining ablator, typically between 1-2 g/cm?.

The objective of the National Ignition Facility (NIF) is to surpass the ignition threshold
and maximize the released fusion energy in inertial confinement fusion (ICF) experiments,
exceeding the input laser energy. We recently reported on layered implosions driven by a large
frustraum, measuring 9.26 mm in diameter and 12.24 mm in length, employing High Density
Carbon (HDC) capsules with an inner radius of 1.2 mm.[3, 4] This frustraum setup, illustrated in
Figure 1, achieved the highest capsule absorbed energy attained on the NIF with laser energies
below 2.05 MJ. Subsequent experiments utilizing 1.05 mm HDC capsules at 2.05 and 2.2 MJ
surpassed the absorbed energy levels observed in the larger frustraum trials conducted at 1.7 MJ
of laser energy (N210725). With the reduced laser energy of 1.7 MJ and the utilization of larger
capsules, these experiments resulted in implosions with extended coast times, defined as the time
between end of laser drive and bangtime, exceeding 1.8 ns. The prolonged coast times contributed

to a decrease in radiation flux within the frustraum by the time of peak implosion velocity, as



radiation drive in the hohlraum/frustraum diminishes exponentially once the laser is turned off.[3,
5] This diminished drive is correlated with the reduction in the down-scattered ratio (DSR) and
compression in these implosions, as depicted in Fig. 2. Fig. 2a shows the measured DSR divided
by the initial ice thickness and Fig. 2b shows the DSR with corrections for yield amplification,
mode 1 and mode 2. The figures illustrate that for coast times in excess of approximately 1 ns, the
maximum attainable compression diminishes exponentially with coast time across various HDC
campaigns. As highlighted in our previous work[3], these reduced DSRs necessitate higher yields
and ion temperatures to achieve ignition. Consequently, this motivated a transition to a smaller
and more efficient frustraum, and a smaller 1.1 mm inner radius capsules (still later than the 1.05
mm used to demonstrate ignition), to mitigate coast time and lower the thresholds required for
yield and ion temperature to achieve ignition. The data in Fig. 2 suggest, however, that for the
SQN campaign with a shorter hohlraum cooling time than the frustraum and a smaller capsule,
0.91 vs. 1.1 mm LR, that there is no apparent change in compression for coast times less than a
nanosecond.[6, 7] With the increased laser energy now available on the NIF, at 2.2 MJ, larger
frustraums and capsule sizes have become feasible for higher performance and larger-scale
implosions.

The reduced wall area of the smaller frustraum enhances its efficiency compared to the
current cylindrical hohlraum utilized on the NIF, leading to decreased losses. The power balance
within a hohlraum can be succinctly expressed as shown in Eq. 1.[8, 9] The x-rays imploding the
capsule within the hohlraum are produced by the laser power, Py, entering the laser entrance holes
and interacting with the wall. The level of x-rays produced is simply the laser power multiplied by

the conversion factor of laser power into x rays, n. Losses to the hohlraum walls are expressed as

the x-ray flux inside the hohlraum, oT/*, multiplied by the wall area, Awan, and the factor (1 - cwa),



representing the fraction of x-ray power lost to the walls where awan is the reemitted fraction or
wall albedo. Likewise, power lost to the capsule is the x-ray flux within the hohlraum multiplied
by the capsule's surface area, Acap, and the absorption factor (1-owcap), Where ocap represents the
capsule albedo. The x-ray power lost through the laser entrance holes is simply the x-ray flux

inside the hohlraum, multiplied by the surface area of the laser entrance holes, ALgn.

nP, = oTH (1 — acap)Acap + (1 — twa) Awan + Aven)- (1

The effective loss area of the hohlraum is then equal to [(1 — acap)Acap + (1 —apa)Awan +

ALEH]-
The efficiency improvement between the two configurations can be quantified by

comparing the ratio of their effective loss areas. The wall area of a cylindrical hohlraum Acyi, with
length Lcyi, main body radius Reyi, curved ends of radius Rend, and LEH radius Rien is given by
2 2 2
Acyl = Zchyl(Lcyl - 2Rcyl) + 21 ((Rcyl - Rend) - RLEH) + 2 (T[ Rcleend -
T[ngl(T[ - 2)). (2
The wall area of a frustraum hohlraum, A, with an equatorial radius, Req, radius at the LEH
plane, Rpole, and walls at an angle 6 is given by

2m(R%q - Roe)

AFr = sin(0)

+ 21 (Rpote — Rign) @3

The reduced size frustraum, featuring a 25° wall angle, has a wall area of 2.05 cm?, while the
cylindrical hohlraum used for igniting capsules has a wall area of 2.57 cm2. Consequently, the
1100 frustraum campaign reduces the wall area by approximately 22% compared to the HyE
campaign and simultaneously increases capsule size by 5% to enhance coupling. With the same
3.1 mm laser entrance holes (LEH), the overall efficiency gain is estimated at around 14%,

assuming a peak averaged wall albedo (cwan) of 0.85.



In Section 11, we describe the experimental parameters of the frustraum 1100 campaign.
This campaign encompassed two frustraum geometries: the first measuring 7.8 mm in diameter at
the capsule equator by 9.7 mm in length, with 23° wall angle, and the second measuring 8.2 mm
in diameter at the capsule equator by 9.7 mm in length, with 25° wall angle. Section Il presents
the hotspot shapes observed in both campaigns and elucidates how this information guided our
transition from the 7.8 mm frustraum to the 8.2 mm frustraum. In Section 1V, we scrutinize the
efficiency enhancements observed in the two frustraum scales, examining changes in acceleration
time, ion temperature, and peak Dante flux relative to laser energy. Section V outlines the capsule
intended for use in a layered implosion and presents 1D capsule-only simulation results comparing
it to a HyE experiment. Finally, in Section VI, we summarize the findings of this frustraum

platform and propose potential enhancements to bolster its future performance.

l. EXPERIMENTAL DETAILS

The experiments detailed in this article employed a frustraum geometry for the hohlraum
configuration.[3, 4] Although two different frustraum geometries were utilized for these
experiments, both incorporated laser entrance holes (LEH) measuring 3.1 mm in diameter at each
end of the frustraum, and both employed 1.1 mm inner radius (I.R.) HDC capsules. Both
frustraums measured 9.7 mm in length with Rpole = 1.84 mm, differing in wall angle (23° versus
25°), Req (7.8 vs 8.2 mm) and hence Awan (1.95 vs 2.05 cm?). For comparison, cylindrical
hohlraums used in the HyE campaign measured 6.4 mm in diameter by 11.3 mm in length, with

Awall = 2.57 cmz.

The hohlraums discussed in this article were constructed with gold walls. However, for
future higher-energy shots, we plan to transition to more efficient, higher albedo gold-lined

uranium walls. The HDC capsules positioned at the center of the frustraum had an inner radius of

5



1.1 mm and an overall shell thickness of approximately 77 um. These capsules comprised a clean
6.7 um-thick HDC layer on the inner shell, followed by a doped layer containing 0.35% tungsten
(W) dopant 23.4 um-thick, with the outer layer consisting of clean HDC material 47.4 pum-thick.
In the symmetry tuning experiments detailed below, the capsules were primarily filled with
deuterium at 1817 Torr or a mixture of 67%/33% D3He at 2164 Torr, yielding an initial mass
density inside the capsule of 4 mg/cm? at the fielding temperature of 32° K. Additionally, all
frustraums were filled with 0.3 mg/cm3 of “He gas also used in current cylindrical hohlraums. The
implosions were driven by a three-stage laser pulse shape designed to generate three primary levels
of x-ray drive in the hohlraum, thus exerting x-ray ablation pressure on the capsules and sending
three primary shocks into the HDC ablator. These pulse shapes were modeled after the igniting

HyE design.[10, 11]
A) THE 780 CAMPAIGN

The first frustraum 1100 campaign used the 23° wall angle version, as previously
described, to drive the implosions. This campaign included an experiment aimed at measuring
shock velocities and shock symmetry in the liquid deuterium in the interior of the HDC ablator
utilizing a "keyhole" platform. Figure 3 illustrates a comparison of the measured shock velocities
along the equator for the keyhole experiment, denoted as N220608, depicted as a dashed red line,
juxtaposed with velocities from the HyE keyhole, labeled as N211031, represented by the dashed
black line. Additionally, figure 3 includes the pulse shapes utilized to drive the experiments for
the frustraum shot N220608 depicted as the solid red line and for the HyE N211031 shown as the
solid black line. N220608 is able to achieve the same first shock velocity as the HyE N211031
with a 34% lower picket energy due to the increased efficiency of the frustraum 780 geometry

relative to the cylindrical hohlraum used in N211031.



A gas-filled capsule implosion experiment denoted symcap (N220627) and an inflight x-
ray radiography experiment denoted 2-D convergent ablator or 2D ConA, (N220523) were also
conducted. The 2D ConA experiment employed a wavelength separation (at 1) of 0.8 A and 0.1
A between the inner and 50° cones and between the 45° and 50°, respectively. The later symcap
experiment increased that to 1.4 A and 0.4 A given that the core shape was strongly oblate.
N220523 utilized 1.4 MJ of laser energy into the frustraum, while N220627 employed 1.54 MJ of
laser energy. Since the hotspots measured in the two experiments were both oblate, as depicted in
Fig. 4a and 4b, it was decided to increase the wall angle of the frustraum from 23° to 25°, which
by geometry moves the outer spots laser deposition region closer to the equator to drive the capsule
more prolate. This had been already demonstrated in the larger-scale frustraum where transitioning
from a 23° to a 25° wall angle resulted in implosions that were more prolate by approximately 45

um.

This campaign also experimented with various quad splitting levels to assess their impact
on the uniformity of wall illumination. Each quad, consisting of four beams, was split into two
groups of two beams separated in azimuth, with each group containing two orthogonally polarized
beams. This separation, known as quad splitting, was implemented to reduce wall intensity and
mitigate stimulated Brillouin scattering. Figure 5 provides a view from the polar axis at 6 ns,
looking through the laser entrance holes (LEH), illustrating three different quad splitting levels.
Figure 5a shows no quad splitting, while Figure 5b features +275 um of quad splitting, and Figure
5c¢ displays +400 um of quad splitting. Lineouts of the emission at 6 ns show that the 50% peak
emission of the radial average occurs at 0.99 mm from the equator with no quad splitting(5a), 1.17

mm with +275 um quad splitting(5b) and 1.14 mm with +400 um quad splitting(5c). This indicates



a reduced radial bubble velocity in the case of the +275 and +400 um quad splitting relative to the
case of no quad splitting,

B) THE 820 CAMPAIGN

The initial 780 frustraum campaign drove oblate implosions, prompting a redesign with
25° wall angles. Both designs maintain the same width in the LEH plane, leading to a slightly
wider frustraum (8.2 mm) at the equator of the capsule for the 25° wall angle. This campaign also
measured the shock velocities and symmetry. Figure 6 depicts a comparison of the measured
shock velocities along the equator for the keyhole, N221005, represented by the dashed red line,
with the velocities from the HyE keyhole, N211031, represented by the dashed black line. The
pulse shapes used to drive the experiments are also shown, with the frustraum N221005
represented by the the solid red line and the HyE N211031 by the solid black line. N221005 is able
to achieve the same first shock velocity as the HyE N211031 with a 19% lower picket energy due
to the increased efficiency of the frustraum 820 geometry relative to the cylindrical hohlraum used

in N211031.

A symcap (N221113) and 2D ConA experiment (N221220) were then conducted. The
symcap experiment employed a wavelength separation (at 1) of 2.4 A and 0.4 A between the
inner and 50° cone and between the 45° and 50°, respectively. Based on getting a prolate
implosion, the later 2DConA experiment decreased the inner to outer cone A to 1.25 A. N221113
utilized 1.4 MJ of laser energy into the frustraum, while N221220 employed 1.6 MJ of laser energy.
The hotspots observed in both experiments were prolate, as depicted in Fig. 7a and 7b, indicating
that the wall angle change was successful in shifting the implosions in the intended prolate

direction.



The 2D-ConA platform utilizes two quads of the laser, totaling 8 beams, to drive a
backlighter foil, as illustrated in Figure. 8b. This setup enables the imploding capsule to be
radiographed using a 9 keV zinc line emission backlighter. However, the backlit image in Fig. 8a
revealed an x-pattern superimposed on top of the expected absorption features from the imploding
capsule, thereby hindering the measurement of the inflight P4 of the imploding capsule. We
hypothesize that this anomaly is caused by gold plasma flow collisions that emanate from just
outside the corner regions of the diagnostic window cutout, as depicted in Fig. 8c. Notably, this
phenomenon is not observed in singly curved cylindrical hohlraums or in the larger-scale
frustraums where the drive duration was shorter. To validate this hypothesis, we intend to utilize
a circular window in future 2D-ConA experiments as shown in Fig. 8d, to facilitate the

measurement of both the inflight P2 and P4 of the imploding capsule.

. CORE SHAPE CHANGES BETWEEN THE FRUSTRAUM 780 AND 820
PLATFORMS

The changes observed in the hotspot shape were consistent with measurements from larger-
scale frustraum experiments.[3] In these larger-scale frustraums, a +45 um change in the hotspot
P2 was measured when the wall angle was increased from 23° to 25°. Additionally, a sensitivity
to cross-beam energy transfer of approximately 40 um/A was measured for two colors applied
between the inner and outer cones, at 1 o. Figure 9 illustrates the hotspot shapes from three of the
experiments. The hotspot from the 780 campaign experiment N220627 is depicted in the lower
left of the plot. This experiment exhibited a very oblate shape with a P2 of approximately -55 pum,
a two-color delta lambda of 1 A, and a wall angle of 23°. The 2D-ConA experiment, N221220, in
the middle of Fig. 9 was prolate with a P2 of approximately 14 um, a two-color delta lambda of

1.25 A, and a wall angle of 25°. The difference of ~69 pum in P2 between these two experiments



is consistent with the expected 45 um increase from transitioning from a wall angle of 23° to 25°
and the expected 40 um/4 = 10 pm increase from going from 1 A to 1.25 A, totaling ~55 um. The
additional increases in P2 arose due to the fact that N221220 was a 2D-ConA experiment in which
two of the outer quads were removed to drive the backlighter foil. Similarly, the experiment in the
top right of Fig. 9, N221113, had a two-color delta lambda of 2 A relative to the 1.25 A for
N221220. The ~36 um change between these two shots is primarily attributed to the expected 40
um(3/4) = 30 um increase in P2 in going from 1.25 A to 2 A of two-color between the inner and

outer cones.

All symcap and 2D-ConA experiments can be incorporated into the empirical shape model
developed for the larger-scale frustraum shots. In Fig. 10, the three experiments from the 780
campaign are depicted as green circles, while the two experiments from the 820 campaign are
shown as red circles. The y-axis represents P2 at 33% cone fraction, while the x axis represents
the expression sqrt(Eou/A/p)®>(t/Rnoni)>(CCR)%?, as illustrated in Fig. 10. Here Eou is the energy
in the picket of the outer beams, A is the area of the outer beams, p is the density of the hohlraum
gas, and t is the time between the beginning and the middle of the peak power of the outer beam.
Rnoni is the radius where the 50° beams intersect the frustraum wall, and CCR is the minimum case-
to-capsule ratio, calculated as the outer radius of the capsule, rcap, divided by the closest radius of
the frustraum to the capsule surface. The y value is calculated using the measured P2(um) and then
adjusting for the changes in P2. The first adjustment accounts for the peak cone fraction difference
from 33%, calculated as -100*(0.33-CF)*3.5. Another adjustment accounts considers the impact
of cross beam energy transfer between the inner and outer cones, calculated as -(8A in A)*38

um/A. In this empirical model, it is assumed that there is no change in P2 due to the four-color
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delta lambda (wavelength difference between the outer cones), but only from the two-color delta
lambda (wavelength difference between the inner and average of the outer cones). The final
adjustment in P2 accounts for the outer beam spot motion from the initial average outer beam spot
angle, Oinit, to the average outer beam spot angle at peak power, that depends on pulse length,
calculated here as Opp, -6.5(0init- 48.6°). For this adjustment, it is assumed that the walls are moving
radially inward at ~71 um/ns, and the parameter currently set 48.6° is used to shift all of the data
points along the y axis. As this parameter is changed all of the data shifts by the same amount
along the y-axis. The value of 48.6° puts the frustraum data at approximately the same y value as

their cylindrical counterparts

II. EFFICIENCY IMPROVEMENTS

The efficiency improvements of the smaller wall area frustraum compared to the HyE
cylindrical hohlraum are evident in several measurements. For example, Figures 3 and 6
demonstrate that the same first shock velocity can be obtained in the Frustraum 780 and 820
geometries with less picket power compared to what is required for a capsule driven in the HyE
cylindrical hohlraum, 11.24 mm long by 6.4 mm in diameter, with the same 3.1 mm LEHSs. This
efficiency gain is further highlighted by examining the peak x-ray flux measured by the Dante
diagnostic, which observes the plasma heated by the lasers hitting the hohlraum wall, and the x-
ray emission from the hohlraum walls and the plasma as shown in Figure 11. The data indicates
that the frustraum 780 platform exhibits a 25% higher (peak x-ray flux)”® at the same equivalent
gold laser energy as the HyE hohlraum, while the 820 platform shows a 14% higher (peak x-ray

flux)”e.
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A campaign denoted hohlraum scan was conducted on the NIF, in which an 1100 um L.R.
HDC capsule was placed inside the same cylindrical hohlraum as the current HyE campaign, but
with varying LEH sizes. This setup allowed for a direct comparison of the efficiency by measuring
the acceleration time of capsules originating from the same batch as the hohlraum scan campaign.
Figure 12 displays the acceleration times from the 780 and 820 frustraum campaigns, as well as
from the hohlraum scan campaign. The acceleration time, tac, represents the time from the
beginning of peak power to 400 ps before bang time and signifies the acceleration time of the
capsule. In simulations, the implosion time of the capsule, vimp, can be expressed in terms of the

peak hohlraum temperature, T, as

Vimp ~ Tr#% ~ Rltace, (4
where R is the initial radius of the capsule.[12] The laser energy, EL, can also be expressed in terms
of the radiation temperature as E. ~ T:>°. Hence, the acceleration time should scale as tacc ~ EL”
2215 — £ 083 This scaling agrees very well with the data from the hohlraum scan campaign. For
this plot, the effective energy of the 2D-ConA experiments was reduced by 50 kJ to account for
losses in the two large uncoated windows in this platform compared with the symmetry or symcap
experiments. In the hohlraum scan campaign, the effective energy was also reduced for
experiments with larger LEH sizes than 3.1 mm, according to the effective loss area from Eq. 1,
assuming a wall albedo of 0.85. Fig. 11 demonstrates that the same acceleration time, for capsules
from the same batch, can be achieved in the 780 frustraum with ~18% less energy and in the 820
frustraum with ~14% less energy relative to the hohlraum scan experiment at 1.7 MJ and with the

same 3.1 mm LEH as the frustraum campaigns.

Similarly, we can compare the ion temperature obtained using the same gas fill and
pressure between the three campaigns, a mixture of 67%/33% D>He at 2164 Torr. Figure 13

12



indicates that there is an ~240 eV higher ion temperature, 3.96+0.14 vs. 3.7 keV+0.14, driven in
the frustraum 820 campaign compared to the hohlraum scan campaign at the same equivalent laser

energy.

IV. CRYOGENIC LAYER DESIGN

The frustraum layered implosion design is discussed in greater detail in another article.[13]
The design is an approximate hydroscale of the capsules used in the HyE experiment
(N221204)[14] and in the lIraum experiment (N211009). In a hydroscale, the capsule dimensions
are scaled with the scale factor, S, and the tungsten perentage (W %) is scaled inversely with the

square of the scale factor, S2.[8] Table 1 compares the three capsule designs.

All early experiments with HDC capsules utilized microcrystalline capsules, which have
larger grain boundary structures than nanocrystalline HDC capsules. However, they were easier to
control in terms of capsule quality at that time. Nanocrystalline capsules offer several advantages,
including smaller grain-boundary structures. Additionally, they exhibit an intriguing property
wherein the density decreases with increasing W dopant at low atom percentages of W, but then
begins to increase again around 0.3% W.[15] This characteristic allows for the selection of a W
dopant level of ~0.51%, which matches the density of undoped HDC. For the capsule designs in
the frustraum 1100 campaign, we opted for a doped layer of ~0.51% W to minimize the density
difference between the doped and undoped HDC regions of the capsule. This should mitigate
hydrodynamic instabilities at the interfaces between doped and undoped HDC regions of the
capsule in the initial shock traversal phase of the pulse before the M-band (> 1.8 keV) fraction is
large. The thickness of the layer is then chosen to achieve the desired areal density of W required
to maintain a stable Atwood number between ablator and fuel during peak power when the M-

band fraction reaches 20%.
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Integrated and capsule-only radiation hydrodynamic codes have been used to simulate both
the N221204 HyE implosion and the frustraum design featuring with the larger 1100 um capsule.
The 1-D capsule-only simulation results are presented in Table 2. The frustraum simulation utilizes
1.85 MJ of laser energy compared with 2.05 MJ for N221204. The yield increases by ~28% (S*#),
the capsule absorbed energy by ~15% (S%), and the hotspot pressure and energy by ~10%. The

overall generalized Lawson parameter experiences an increase of ~19%.

V. SUMMARY

In this article, we present our efforts to enhance the efficiency of the frustraum in
comparison to the cylindrical hohlraums currently employed at the National Ignition Facility. This
was achieved by reducing the overall size of the frustraum by approximately 15% compared to our
previous experiments.[3] Additionally, we decreased the capsule size to an inner radius of 1.1 mm
and employed a lower adiabat pulse shape, in contrast with our prior work in a larger scale

frustraum.

The 8.2 mm diameter frustraum with a 25° wall angle demonstrated a roughly 14%
improvement in efficiency relative to cylindrical hohlraum experiments conducted in a 6.4 mm
diameter by 11.24 mm long cylinders, both with 3.1 mm LEHs. During these experiments, the
backscatter from these frustraums remained low, with over 99% laser coupling, at the power level
of 430 TW and energy levels of 1.6 MJ. We observed an ~240 eV increase in the ion energy for a
given laser energy compared with the cylindrical experiments. By transitioning from a 23° to a 25°
wall angle and utilizing 1.25 A of delta lambda, we successfully demonstrated a prolate implosion

at 1.6 MJ.
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Future experiments will focus on improving inflight P4 measurements and refining the 2D-
ConA platform in preparation for layered implosions. Efforts will also be directed towards
understanding and mitigating P2 swings, inflight P4, and the formation of polar ice caps/jets

observed in integrated radiation hydrodynamics simulations.

Current one-dimensional capsule-only simulations predict a (1.1/1.05)*#* ~ 25% increase in
maximum yield over the current 1.05 mm capsules used in cylindrical layered implosions.This is
approximately the no-alpha increase in yield expected from hydroscaling.[16] Higher yield gains
are expected when include yield amplification by alpha heating. Additionally, these simulations
suggest improved robustness to mix and low mode perturbations, attributed to the higher

generalized Lawson parameter.
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Appendix A Mode 1 correction for the down-scattered ratio, DSR

In our previous article, we utilized a simplified expression for the mode 1 reduction in the
DSR, given by DSR = DSR_0/(1-(P1/P0)?). Figure A1 illustrates the simulated values of DSR
(black circles) as a function of P1/PO with increasing mode 1. The simplified expression
DSR_0/(1-(P1/P0)?) is represented by the dashed red line. A more accurate fit for the degradation
caused by mode 1 is achieved using the expression DSR = DSR_0/(1-1.5%(P1/P0)>’). This

improved expression is depicted as the dashed blue line in Appendix Figure Al.
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FIGURE CAPTIONS

Figure 1 llustration of the frustraum utilized at the NIF, comprising two conical frustum-shaped

hohlraums conjoined along the capsule's equator.

Figure 2 a) Down-scattered ratio divided by the initial ice thickness versus coast time. b) Down-
scattered ratio divided by the initial ice thickness versus coast time, adjusted for yield
amplification, mode 1, and mode 2 corrections. Bubble size reflects the tungsten areal density in

the capsules for each implosion.

Figure 3 Comparison of laser pulse shapes between a HyE keyhole (N211031) and the frustraum
780 keyhole (N220608) is illustrated by the solid black and red lines, respectively. The dashed
black (N211031) and dashed red (N220608) lines represent the unfolded shock velocity in liquid

deuterium for these experiments.

Figure 4 The measured hotspot shapes from the frustraum 780 campaign are depicted, showing
the x-ray image from the 2D-ConA N220523 in Fig. 4a and the neutron image from the symcap

N220627 in Fig. 4b.

Figure 5 X-ray images captured through the laser entrance holes (LEH) at 6 ns, showing the bubble
motion with varying levels of quad splitting on the 50° cones. Fig. 5a represents no quad splitting,
while Fig. 5b and Fig. 5c illustrate quad splittings of +275 um and +400 um, respectively, within

a given 50° quad.
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Figure 6 Comparison of laser pulse shapes between a HyE keyhole, N211031, and the frustraum
820 keyhole, N221005, depicted as solid black and red lines, respectively. The unfolded shock
velocity in the liquid deuterium for these two experiments is indicated by the dashed black

(N211031) and dashed red (N221005) lines.

Figure 7 Measured hotspot shapes from the frustraum 820 campaign, displaying the neutron image

from the symcap N221113 in Fig. 7a and the x-ray image from the 2D-ConA N221220 in Fig. 7b.

Figure 8 a) Radiograph of the imploding hotspot on the 2D-ConA experiment N221220 showing
an x-pattern in the data. b) Drawing of the 2D-ConA platform depicting two 50° quads driving a
backlighter foil used to radiograph the capsule in flight. ¢) Drawing of the existing 2D-ConA target
with a square diagnostic cutout and window. d) Proposed 2D-ConA target with a circular

diagnostic cutout and window.

Figure 9 Plot showing the hotspot shapes and the level of hotspot P2 as a function of the frustraum

wall angle for several of the initial 1100 frustraum experiments.

Figure 10 Symmetry plot of the x-ray P2 shape in experiments conducted in the Frustraum platform
through calendar year 2022. These experiments include four different capsule inner radii (1050,
1100, 1200, and 1400 um), three wall angles (21, 23, and 25 degrees), and five frustraum equatorial
diameters (7, 7.8, 8.2, 9.26, and 9.75 mm). The bubble size is proportional to the inner radius of

the ablator capsule to the 5th power.

Figure 11 Peak Dante Flux as a function of effective laser energy (Adding 6.5% for Au-lined DU).
The frustraum experiments (7.8 mm diameter in red and 8.2 mm diameter in green) above 1.2 MJ

(symcaps and 2D-ConAs) are shown as red diamonds and green triangles, respectively. All of the
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HyE shots with a 3.1 mm LEH (DTs, THDs, symcaps, and 2D-ConAs) are shown as blue circles.
The ratio of the fits suggests a 14% increase in the peak Dante Flux to the 7/8 power as a function

of laser energy into the hohlraum for the 8.2 mm frustraum experiments relative to HyE

Figure 12 Plot of the implosion acceleration time versus effective laser energy into the hohlraums.

Figure 13 Plot showing the ion temperature driven in symcaps and 2D-ConAs as a function of

effective laser energy.

Figure Al Plot showing the simulated DSR degradation (black circles) due to mode 1. The dashed
red line represents a fit of (1-(DDSR/DSR/2)"2) to the degradation. The dashed blue line represents

the fit of (1-1.6*(DDSR/DSR/2)"2.7) to the degradation.

Table 1 Comparison of capsules used in the IRaum experiment N211009, the HyE experiment

N221204, and the capsule built for layered implosions in the frustraum 820 platform.

Table 2 Summary of 1-D capsule-only simulations comparing the HyE shot N221204 with a

simulated layered implosion in the frustraum 820 platform.
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N211009 | N221204 | Frustraum DT | Scaling
KC826 KC952 KC1116
Capsule inner radius (mm) 1 1.05 1.1 S
Layer 1 mass (mg) 0.211 0.236 0.267 s
Layer 1 thick. (um) 4.99 5.07 6.05 S
Layer 2 mass (mg) 1.004 0.790 1.299 S®
Layer 2 thick. (um) 22.9 16.239 23.6 S
Layer 2 W (%) 0.53 0.61 0.47 S?
Layer 2 W rR (um %) 12.14 9.91 11.1 St
Layer 3 mass (mg) 2.354 3.223 3.25 S®
Layer 3 thick. (um) 50.41 63.05 57.38 S
Total Mass (mg) 3.68 4.249 4.81 S3
Total thick. (um) 80.57 84.36 87.45 S

Table 1
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1-D simulations N221204 HyE Frustraum Percent
with preheat KC952 Kcl116 Difference
Cap. I.R. 1.05 mm 1.1 mm +5%
Laser Energy 2.05 MJ 1.85 MJ -10%
Abs. Energy (kJ) 243 280 +15%
Yield 1D (MJ) 14.1 18.1 +28%
PR (g/cm®) no a 1.4 1.5 +7%
DSR (%) no o 5.3 5.6 +6%
Tion (keV) no a 4.6 5 +9%
Phs (Gbar) no a 280 310 +11%
Ens (kJ) no o 10.4 11.3 +9%
GLP(PE®®) no a 1.6 1.9 +19%

Table 2
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