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ABSTRACT

We report on the first indirect-drive implosions driven by a dual conical frustum-shaped hohlraum denoted “frustraum” and the experimen-
tal tuning campaigns leading up to two layered implosions. The campaign used 1.2 and 1.4mm inner radius high density carbon (HDC) cap-
sules and represented the largest HDC capsules to be imploded on the National Ignition Facility via indirect drive. Several techniques were
successfully implemented to control the Legendre mode 2 capsule symmetry of the implosions, including changing the wall angle of the frus-
traum, which is not possible with cylindrical hohlraums. A mode 4 feature was observed and its implications for hotspot mix discussed. Two
layered implosions were conducted with 1.2mm inner radius capsules, the latter of which achieved the highest layered capsule absorbed
energy on the National Ignition Facility using only 1.74MJ of laser energy. The layered implosion results, along with generalized Lawson
parameters, suggest that increasing the energy absorbed by the capsule at the expense of long coast times makes it more challenging to
achieve ignition and that further reducing coast time (time between end of laser pulse and bang time) closer to the 1 ns level is warranted to
improve the areal density and make it easier to achieve the hotspot temperature, alpha heating, and yield amplification required for ignition.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0163396

I. INTRODUCTION

In indirect drive inertial confinement fusion (ICF) at the National
Ignition Facility (NIF), a deuterium–tritium (DT) filled capsule1,2 is
driven by the ablation pressure from x rays at peak radiation tempera-
tures Tr of around 300 eV. These x rays are produced by irradiating the
inside of a high-Z hohlraum with 192 laser beams entering through two
laser entrance holes (LEHs) on either end. The DT hotspot must reach
high ion temperatures, Tion > 5keV, and high areal densities,
qr> 0.2–0.3 g/cm2, to initiate thermonuclear burn, and the total yield
depends on the confinement time provided by the total areal density of
the DT and remaining ablator, typically designed at 1–2 g/cm2.

The goal of the NIF is to increase the liberated fusion energy in
ICF experiments well past the ignition threshold and the input laser
energy. Most recent ICF efforts have focused on increasing the capsule
size to increase the capsule absorbed energy3–7 and this paper follows
in this vein using a frustraum8 to drive a 1.2mm inner radius high

density carbon (HDC) capsule and setting the record for the maxi-
mum capsule absorbed energy achieved on the NIF for laser energies
less than 2.05MJ. Recent experiments with 1.05mm HDC capsules at
2.05MJ have surpassed this capsule absorbed energy seen in the frus-
traum at 1.7MJ of laser energy (N210725). This large capsule size in a
relatively large frustraum, however, results in longer coast times,
>1.5 ns, which limits the performance of the implosions.

In Sec. II, we review the experimental parameters from the frus-
traum campaign. This campaign used a frustraum hohlraum that mea-
sured 9.76mm in diameter at the capsule equator by 12.24mm in
length with 23� wall angles to drive most of the implosions. In Sec. III,
we discuss the experiments conducted to test several methods to con-
trol the capsule symmetry in preparation for cryogenically layered
implosions. The layered implosions on the NIF contain a thin cryo-
genic deuterium–tritium (DT) ice layer, 40–65lm thick, on the inside
of the capsule with a very low vapor density of DT, �0.44mg/cm3,
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internal to the ice layer. This differs from symmetry capsules, which
use a gas fill internal to the ablator at densities of �4mg/cm3 without
an ice layer. In Sec. IV, we discuss the two layered implosions carried
out in the frustraum platform. We compare the frustraum to the other
cylinder hohlraum campaigns, which use HDC ablators on the NIF to
better understand the effects of capsule absorbed energy, dopant level,
and coast time on the performance of these implosions. We also derive
generalized Lawson criteria, which enable us to define a minimum
yield and ion temperature as a function of coast time necessary to
reach ignition and indicate how far these frustraum-driven implosions
are from reaching ignition. In Sec. V, we summarize the results of this
Frustraum platform and describe potential improvements to increase
the performance of this platform in the future.

II. EXPERIMENTAL DETAILS

The hohlraum configuration used in the experiments described
in this article was a frustraum8 geometry, as shown in Fig. 1. The frus-
traum used to drive these experiments, in all but one experiment, mea-
sured 9.76mm in diameter at the capsule equator and was 12.24mm
in length. These hohlraums were built with 23� wall angles with a wall
area Awall¼ 270mm2 and had a laser entrance hole (LEH) that was
3.1mm in diameter on either end of the frustraum. The wall area for
this frustraum is slightly larger than the 6.4mm diameter by 11.24mm
long cylindrical hohlraum used in the HyE campaigns,
Awall¼ 257mm2. The wall material for the hohlraums was gold at
lower laser energies and gold-lined uranium at higher laser energies.
The HDC capsules placed in the center of the frustraum had an inner
radius of 1.2mm and an overall shell thickness of�81 lm. The capsu-
les consisted of a clean HDC layer on the inside of the shell followed
by a doped layer which contained 0.35% tungsten (W) dopant. The
outer layer of the shell was again composed of clean HDC material.
The symmetry and 2D-ConA experiments described below primarily

used capsules that were filled with deuterium at 1817Torr or a mixture
of 67%/33% D3He at 2164Torr to give an initial mass density inside
the capsule of 4mg/cm3 at the fielding temperature of 32 �K. The lay-
ered implosions used 5lm fill tubes with 45nm thick tents to hold the
capsule in the target. In all cases, the frustraums were filled with
0.3mg/cm3 of 4He gas. The implosions were driven by a three-stage
laser pulse shape that generated three primary levels of x-ray drive in
the hohlraum and, therefore, x-ray ablation pressure on the capsules,
sending three primary shocks into the HDC ablator.

III. SYMMETRY CONTROL EXPERIMENTS
A. Legendre P2 mode sensitivity

Experiments were conducted to determine the sensitivity of the
platform to various methods used to control the Legendre P2 mode
asymmetry.9 These experiments were designed using the Lasnex radia-
tion hydrodynamics code.10 One technique for controlling P2 is to
adjust the inner beam cone fraction, defined as the energy in the inner
cones divided by the total laser energy. While this technique is most
useful in the first, foot, and second stage of the laser pulse, it can be
used in the third stage, at peak laser power; however, it can prevent
full delivery of the laser energy to the target when it is used at peak
power and the inner and outer beams are on for the same duration.
Thus, we conducted experiments to test other methods to control the
capsule drive symmetry in the peak of the laser pulse, which included
changes in the wavelength separation between the inner and outer
beam cones, outer beam pointing, and the angle of the frustraum wall.

1. Wavelength separation between the inner and outer
cones

One technique that is commonly used to change the P2 drive
asymmetry for implosions on the NIF is to change the wavelength
between the inner and outer beams,11 which changes the level of cross
beam energy transfer (CBET) between the beam cones. To move more
energy from the outer beams to the inner beams, the wavelength of
the inner beams is typically set to a longer wavelength than the outer
beams. As the wavelength difference is increased, more energy is trans-
ferred from the outer cones to the inner cones and the drive at the
equator of the capsule is increased, making the P2 mode capsule shape
more positive. To determine the sensitivity of this method for control-
ling the P2 mode in the frustraum, a pair of implosion experiments
were conducted, N200108 and N211017, with a change in the wave-
length between the inner and outer beams. N200108 had the same
wavelength on both the inner and outer beams and measured the hot-
spot shape at the implosion’s stagnation time. N211017 had a wave-
length separation of 0.5 Å between the inner and outer beams and this
experiment radiographed the ablator shell as it was imploding, as well
as measuring the hotspot shape at the implosion’s stagnation time.
This wavelength separation is at 1-omega, approximately 1053nm,
before frequency tripling of the laser beam. As shown in Fig. 2, P2
increased from�1 to 24lmwith the application of 0.5 Å longer wave-
length on the inners. Both of these two experiments had the same aver-
age stagnated radius P0¼ 83lm. Taking into account the differences
in inner beam cone fraction at peak power, the measured P2 sensitivity
was �44lm/Å. One other difference between the two experiments
was that N211017 used a gold-lined depleted uranium (DU) frustraum
and N200108 used a gold frustraum. These configurations behave the

FIG. 1. Drawing of the frustraum used on the NIF. It consists of two conical
frustum-shaped hohlraums joined together along the equator of the capsule.
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same in the first, foot, and second stages of the laser pulse, but the
gold-lined DU frustraum reaches a higher effective peak power,
�6.5%, due to the higher wall albedo when the Marshak wave breaks
through the 700 nm thick gold liner. Comparison experiments in the
previous BigFoot campaign, however, indicated that there was no
meaningful change in the hotspot Legendre P2 mode between gold
(N180128) and gold-lined DU (N180930) hohlraums. Simulations
indicate that gold-lined DU hohlraums can result in a slightly more
prolate implosion, few micrometers, compared to the same shot in a
gold hohlraum. That would be in the direction of reducing the mea-
sured 44lm/Å by 4–6lm/Å.

2. Outer cone pointing change

Another technique that has been successful in changing P2 in
cylindrical hohlraums is to change the outer beam pointing as shown
in Fig. 3(a). Moving the outer beams closer to the capsule makes the
P2 mode capsule shape more positive and moving it closer to the LEH
to makes it more negative. To determine the sensitivity of this method
of controlling P2 in the frustraum, two pairs of implosions were con-
ducted. Between the experiments N200108 and N200217, a change in
the outer beam pointing of 200lm in z (along the frustraum axis) was
made. In another set of experiments, N200721 and N201018, a change
in the outer beam pointing of 100lm in z was made. Figure 3(b)
shows the hotspot shapes for N200108 and N200217, which both used
the same laser pulse shape, symmetry platform, wavelength, and frus-
traum wall material. Taking into account changes in the inner beam
cone fraction, this pair of experiments resulted in a P2 change of
24lm or�12lm/100lm of pointing change in the outer beams.

Figure 3(b) also shows the hotspot shapes for N200721 and
N201018, which both used the same laser pulse shape, symmetry plat-
form, and frustraum wall material. One difference in this pair was that
N201018 had a 0.4 Å shift between the 44.5� and 50� cones with the
inner beams set to the average of these two wavelengths. The reason
for this is that in the majority of the campaigns on the NIF the highest

levels of stimulated Brillouin scattering (SBS) are driven by the 50�

outer cones. This SBS can be mitigated by imposing a small wave-
length difference between the two outer cones, typically, 0.4 Å, which
transfers energy from the 50� outer cones to the 44.5� outer cones to
reduce the SBS levels on the 50� beams and increase it slightly on the
44.5� beams.12 This wavelength change was applied as the laser energy
was increased to ensure that the platform could reach high laser ener-
gies without driving damaging levels of SBS, >1 J/cm2. Taking into
account changes in the inner beam cone fraction, this pair of experi-
ments resulted in a P2 change of 7lm/100lm pointing change in the
outer beams. The four color wavelength present in N201018, however,
made this experiment slightly more prolate than it otherwise would
have been such that this latter pair of experiments is also consistent
with a pointing change sensitivity of 10 to 12lm/100lm pointing
change in the outer beams.

3. Wall angle change

Another technique that can be used in a frustraum to change the
Legendre P2 mode is to alter the angle of the walls themselves. To
determine the sensitivity of this method of controlling the Legendre
P2 mode in the frustraum, a pair of implosions were conducted,
N210608 and N210724, with a change in the wall angle of the frus-
traum between the two shots. The geometry for the experiments is
shown in Fig. 4(a) with N210608 and N210724 performed in frus-
traums with a 23� (red) and 25� (black) wall angle, respectively. The
increase in wall angle reduces the intensity of the outer beams on the
wall by �12% reducing the gold bubble velocity. It also moves the
outer beam spots closer to the midplane and at a larger radius, provid-
ing more drive to the capsule equator. The effective pointing change in
the outer beams for the two degree increase in the wall angle is
�0.13mm in z and þ5� in spot angle subtended to capsule with
respect to the laser axis. The increase in wall angle also changes the
plasma flow direction from the wall, which is then predicted to
increase the cross-beam-energy-transfer from the outer to inner beams
for the case of a positive Dk. As seen in Fig. 4, increasing the wall angle
by 2� increased the core P2 measured from neutron imaging by
45lm. The DP2 has been corrected by �15lm for a known mode 1

FIG. 2. Effect of a change in delta lambda, 0 (N200108)–0.5 Å (N211017), between
the inner and outer cones on the P2 mode of the hotspot shape from neutron imag-
ing. The black points represent the raw data and the blue points represent a correc-
tion due to the measured hotspot velocity.

FIG. 3. Effect of an outer beam pointing change, on the P2 mode of the hotspot
shape from neutron imaging. (a) shows a change in where the 50� beams hit the
wall as the pointing is changed. (b) Plot of the P2 from a 0.1 mm pointing change in
the outer 44.5� and 50� cones between the pair of shots, N200721 and N201018,
and a 0.2 mm pointing change in the outer 44.5� and 50� cones between the pair
of shots, N200217 and N200108.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 30, 092708 (2023); doi: 10.1063/5.0163396 30, 092708-3

Published under an exclusive license by AIP Publishing

 28 Septem
ber 2023 14:55:57

pubs.aip.org/aip/php


residual hotspot velocity on each of the shots. From Sec. IIIA 2, the
�0.13mm pointing change would represent a modest change in P2,
þ16lm, with the remaining þ29lm attributed to reduction in
impairment of inner beam transport by the gold bubble from the
reduced fluence on the wall and an increase in CBET.

4. Empirical mode P2 sensitivity

Previous papers have used empirical models to characterize and
predict the P2 shape in cylindrical hohlraums.13,14 A series of 14
experiments measuring shape were carried out in different frustraum
configurations, which included wall angles of 21�, 23�, and 25�, diame-
ters at the equator of the capsule of 7, 9.26, and 9.76mm and capsule
inner radii of 1050, 1200, and 1400lm, In a similar fashion to cylin-
drical hohlraum empirical models, we have placed the 14 frustraum
experiments in a similar plot with the P2 at 33% cone fraction along
the y axis and the expression sqrt(Eout/A/q)

0.5(s/Rhohl)
2(CCR)0.5 along

the x-axis as shown in Fig. 5. Here, Eout is the energy in the picket of
the outer beams, A is the area of the outer beams, q is the density of
the hohlraum gas, and s is the time between the beginning and the
middle of the peak power of the outer beam. Rhohl is the radius, where
the 50� beams intersect the frustraum wall, and CCR is the minimum
case-to-capsule ratio, 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 (lm) and then subtracting off the
changes in P2. The first change subtracted off is due to the peak cone
fraction difference from 33%, �100�(0.33 � CF)�3.5. Another change
in P2 is due to cross beam energy transfer between the inner and outer
cones, �(dk in A)�38lm/A. In this empirical model, we assume that
there is no change in P2 due to the four color delta lambda (wave-
length difference between the outer cones) but only from the two color
delta lambda (wavelength difference between inners and average of the
outers). The final change in the P2 is due to the outer beam spot
motion from the initial average outer beam spot angle, hinit, to the
average outer beam spot angle at peak power, hpp, �6.5(hpp � 48.6�).
For this latter change, we assume that the walls are moving radially
inward at �71lm/ns and the value of 48.6� is just used to move all of
the data points along the y axis. Similar to the empirical plot for

cylindrical hohlraums, most points fall along a line in this phase space
for the frustraum experiments.

5. Smoothing effects of the large case-to-capsule ratio

The frustraum has a larger diameter at the equator than cylindri-
cal hohlraums and, thus, perturbations on the wall are smoothed rela-
tive to cylinder due to the smaller solid angle of the perturbation on
the capsule. This effect can be examined by comparing the perturba-
tion caused by the two uncoated diagnostic windows in convergent
ablator experiments that were carried out in each platform on the NIF.
The windows are uncoated HDC, 800 � 800lm2 in size and placed
180� apart on the hohlraum wall. These two windows cause an M2
mode to be generated on the capsule implosion, as viewed from the
pole, due to the local reduction in the x-ray drive along the axis of the
two diagnostic windows. Beam delivery is also a source of M2 but ran-
dom M2 for this mechanism is expected to be<0.2% from beam bal-
ance. Figure 6(a) shows a plot of the hotspot M0 vs the initial capsule

FIG. 4. Effect of a frustraum wall angle change on the P2 mode of the hotspot
shape from neutron imaging. (a) Schematic showing the wall angle change from
23� (N210608) to 25� (N210724). (b) Plot of the measured P2 vs wall angle (blue)
and P2 vs wall angle (red) corrected for hotspot motion for a measured hotspot vec-
tor of 130 km/s, h¼ 109, /¼ 239 for N210608 and 144 km/s, h¼ 139, /¼ 266
for N210724.

FIG. 5. Symmetry plot of the x-ray P2 shape in experiments conducted in the frus-
traum platform through calendar year 2021. These experiments include three differ-
ent capsule inner radii, 1050, 1200, and 1400 lm; three wall angles 21�, 23�, and
25�; and three frustraum equatorial diameters, 7, 9.26, and 9.75mm. A correction
of the P2 shape due to the hotspot motion for two of the experiments is shown as
the green circles with the red arrows showing the change in P2. The bubble size is
proportional to the inner radius of the ablator capsule to the fifth power.

FIG. 6. (a) Hotspot radius, M0, vs the initial capsule radius showing similar com-
pression ratios. (b) Capsule mode M2/M0 perturbation caused by to two 800 lm
square uncoated 2D-ConA windows at the equatorial hohlraum wall, at phi angles
of 78.75� and 258.75�, for different campaigns on the NIF as a function of the solid
angle of the windows from the capsule.
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radius for several platforms. The frustraum is represented by the
1200lm inner radius point. Figure 6(b) shows the M2/M0 of the hot-
spot caused by the window perturbation as a function of the initial
solid angle of the window on the capsule. The frustraum represents
the smallest M2/M0 perturbation on the capsule due to its large CCR.
There is roughly a linear effect with window solid angle on capsule
hotspot M2/M0.

B. Reduction in systematic mode 1 perturbations
in the hohlraum

Mode 1 also degrades the performance of layered implosions and
has numerous sources.15,16 These sources include a mode 1 driven by
the as delivered laser energy or beam pointing, mode 1 variations
in the capsule and ice thickness, and a capsule displaced from the
hohlraum center.17 Until recently, most layered implosions were car-
ried out in hohlraums with diagnostic windows, which introduced a
systematic mode 1 in all of these implosions. The second frustraum
layered implosion, N210725, incorporated three diagnostic windows
into the hohlraum with the placement of the windows in azimuth cho-
sen to mitigate this systematic mode 1 perturbation that had been pre-
sent in previous layered implosions. The windows are located at (90,
83.88), (90, 213.75), and (90, 315), roughly 120� apart from one
another.

C. P4 effects

The experimental x-ray self-emission images from symmetry
capsule, symcap, experiments show a feature that is reminiscent of the
tent features seen in implosions with glow discharge plasma (GDP)
capsules.18–20 Integrated simulations with the tent included can repro-
duce the features seen in the experiments;21 however, these features
are also seen in hohlraum simulations with no tent present, though
reduced relative to the experiments and the simulations including the

tent. For these experiments, the z pointing of the 44.5� cone was fur-
ther away from the capsule than the 50� cone, which increased the P4
in these experiments. In simulations, this feature is due to a coupling
between the tent and a P4 mode driving the capsule in combination
with a higher growth factor in the design. The top of Fig. 7 shows
images of the hotspot as a function of time with time progressing from
left to right. In these images, we see the propagation of two lines on
the top and bottom of the hotspot penetrating further into the hotspot
as a function of time. The outer edge of the hotspot provides a measure
of the hotspot x-ray M0, from which we can deduce the center of the
hotspot and the distance between the center of the hotspot and the
leading edge of emission attributed to the P4/tent feature. The time
dependences of the radius are plotted in Figs. 7(b) and 7(c), where the
radius is the distance from the center of the hotspot to the inner radius
of either line on the top and bottom.We can then use models to repro-
duce the experimental observations of the motion of the P4 feature
into the hotspot and infer the mass injected into the hotspot from
these P4 features. We implemented two models to reproduce the P4
feature trajectory through the hotspot and in both models make the
simplifying assumption that the injected mass and cross-sectional area
are not changing with time and the hotspot density is uniform inside
the hotspot but varies in time. The first model is a snow-plow model
that can be expressed by the following equation:

MsVs ¼ Ms þ bq tð ÞAz tð Þð Þ dz tð Þ
dt

; (1)

where b is a parameter that allows some of the mass to not be accumu-
lated, q is the hotspot density, A is the area of the injected jet, Ms is the
initial mass of the injected jet, Vs is the initial velocity of the injected
jet, and z is the position of the edge of the jet relative to the center of
the hotspot. The time-dependent mass of the jet feature is given by
Ms þ bq tð ÞAz tð Þ; where Ms is the initial mass and bqðtÞAzðtÞ is the
additional accumulated mass. The only time-dependent quantities in

FIG. 7. Images of the x-ray hotspot shape as a function of time for the symmetry capsule experiment N201018 are shown in (a). The images show two bright �horizontal lines
converging toward the axis along with a bright feature injected into the hotspot from the fill tube. The mass attributed to the line features is estimated using both a snow plow
model (b) and a drag model (c).
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this equation are q and z with the initial value of z(tinit)¼ 0 and the
initial value of dz

dt tinitð Þ ¼ Vs. The only change from a traditional
snow-plow model22,23 is the addition of the b term that allows only a
portion of the hotspot mass to be swept up given that the time over
which the feature travels through the hotspot is larger than its cross-
sectional radius divided by the sound speed. The total accumulated
mass in this model is then given by bqADr, where Dr is the distance
traveled through the hotspot. The second model is a drag model,
which can be expressed by the following equation:23,24

Ms
dVs

dt
¼ CDAqV2

s =2; (2)

where Ms is the initial mass, Vs is the velocity of the horizontal feature,
A is the area of the jet, q is the mass density of the hotspot, and CD is
the drag coefficient slowing down the jet of material. The hotspot den-
sity is changing rapidly as the hotspot is being compressed by the abla-
tor and it can be fit with a simple polynomial, q ¼ q 0ð Þ þ Bt þ Dt2,
to enable an analytic form for the velocity of the feature in the hotspot

Vs tð Þ ¼ Vsð0Þ=ð1� CDAVsð0Þðqð0Þtþ 0:5Bt2 þ 0:33Dt3Þ=ð2MsÞÞ:
(3)

Other models have been developed to infer the level of high-Z material
mixed into the hotspot of layered implosions.25 This model measures
the total level of mix into the hotspot and assumes all of the x-ray
emission comes from the hotspot. As such this model is not typically
used for symcap implosions as discussed in this article where the
majority of the x-ray emission can come from the ablator. Likewise
this model assumes that the mix is in thermal equilibrium with the
hotspot which recent work has disputed.26 The models presented in
this paper do not rely on whether the mix is in thermal equilibrium
with the hotspot, whether the x-ray emission is only coming from the
hotspot and not the ablator, they do not require nuclear yield data and
they can look directly at the mix entering the hotspot from the feature
causing the mix.

Both the snow plow and drag models were applied to the data in
the top row of Fig. 7 to determine the quantities, A, Ms, Vs, r(t), and
q(t) in Eqs. (1) and (2). These values of the parameter b in the snow-
plow model and CD in the drag model used in Figs. 7(b) and 7(c) were

b¼ 0.44 and CD¼ 1. The snow-plow model is shown by the dashed
black line in Fig. 7(b) and the drag model is shown by the dashed black
line in Fig. 7(c). The level of injected mass estimated by these two
models is approximately 350ng for each of the two horizontal
features.

IV. LAYERED IMPLOSIONS
A. Frustraum implosion results

In this frustraum campaign, two layered implosions were carried
out on the NIF. These layered implosions had a high design adiabat, a
� 4.6, higher than the previous BigFoot platform(a � 4).3,27–38 This
was due to the first shock entering the DT fuel at �41 km/s and the
second shock reaching 72 km/s and merging with the first shock
approximately halfway into the ice layer, as opposed to the BigFoot
campaign which merged the first and second shocks just before the ice
layer and had the combined first and second shocks enter the ice at
�50 km/s. The two frustraum layered implosions were conducted at
two different laser energies, which enabled a further test of the effects
of coast time on the implosion performance, as has been done previ-
ously.15,39–43 The coast time is defined as the time between the point at
which the end of the laser pulse reaches half of its peak power and the
time of peak x-ray or gamma ray emission from the hotspot, the bang
time of the implosion. The pulse shapes used for the two experiments
are shown in Fig. 8 along with the bang times to show the difference in
coast times between the two experiments. As listed in Table I, the first
layered implosions had a 58.6lm thick ice layer and the second had a
50.0lm thick ice layer which also contributed to the change in the
coast time. The lower energy implosion, the black pulse shape in Fig.
8, had a coast time of 2.17 ns and the higher energy implosion, the red
pulse shape in Fig. 8, had a coast time of 1.75 ns. For the second implo-
sion, the peak power of the laser pulse was also reduced relative to the
first layered implosion and that energy placed at the end of the pulse
to further extend the pulse length and reduce the coast time. This tech-
nique has been used prior to N210725 (Ref. 40) and subsequently on
the N210808 shot5 which was the first shot on the NIF to achieve igni-
tion. These layered implosions had modest backscatter levels from
stimulated Brillouin scattering, �2% for N210117 and �6% for
N210725. Figure 9 shows the time history of the SBS from the 50�

cone for the two layered implosions (dashed lines) plotted against the

FIG. 8. (a) Laser pulse shapes used for the two layered implosions, N210117 (black) and N210725 (red). The second layered implosion, N210725, used more energy and
reduced the peak power, both of which reduced the coast time of the implosion. The flux, measured by the Dante diagnostic, for N210117 (green) along with the analytic (blue)
time dependent flux valid once the laser is turned off. (b) Peak implosion velocity (red) and coast time (blue) as a function of the radiation temperature at peak velocity, deter-
mined from a Rocket model of N210117 with increasing laser energy.
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laser pulse shapes (solid line). Further application of four color (using
different wavelengths on the two outer cones) is believed to be an ave-
nue for decreasing the SBS on the 50 cone and reducing the overall
level of SBS.

A summary of the shot performance is given in Table I for both
frustraum shots, as well as the best performing shots in the BigFoot,
HDC, and HyE1100 campaigns. The 3D reconstructed hotspot neu-
tron images for the two frustraum layered implosions are seen at the
bottom of Fig. 10. The first implosion was nearly round with a P0 of
45lm and a P2 of 4.5lm. The second implosion was oblate with a P0

of 46lm and a P2 of�21lm. Above and to the left of each of the two
reconstructed neutron hotspot images in Fig. 10 are the fluence com-
pensated hotspot images. Looking at all the shots listed in Table I, we
see a monotonic increase in hotspot size, P0, capsule absorbed energy,
burn width, and hotspot energy with initial capsule diameter.
Likewise, as the initial capsule radius increases, we see a decrease in
the hotspot pressure, yield amplification, and ion temperature across
most of the campaigns. Post-shot integrated hohlraum simulations
predicted a yield�3.5� higher than measured in the experiments.21

B. Hohlraum cooling and coast time

To isolate the effects of coast time on implosion compression and
performance, it has been recognized that this is tied to the hohlraum
cooling time after the laser is off.15,39–43 With a few simplifying
assumptions, we can calculate the time dependence of the hohlraum
radiation temperature once the laser is turned off.44 The energy stored
in the hohlraum wall during the time that the laser is at peak power
can be approximated as Ewall ffi rT4

r t0ð ÞAwall 1� awallð Þtp where tp is
the time duration over which the laser is at peak power. To approxi-
mate the time dependence of the hohlraum radiation temperature,
once the laser is turned off, we can set the change in energy stored in
the wall over a time Dt, T4

r t0 þ Dtð Þ � T4
r t0ð Þ

� �
rAwall 1� awallð Þtp,

equal to the energy lost to radiation exiting the LEHs and absorbed by
the capsule, rT4

r tð Þ Aleh þ Acap 1� acapð Þ
� �

Dt, and the energy lost to
heating deeper into wall, rT4

r tð ÞAwall 1� awallð ÞDt; such that

1
T4
r tð Þ

dT4
r tð Þ
dt

¼ �
Aleh þ Acap 1� acapð Þ þ Awall 1� awallð Þ

Awall 1� awallð Þtp
; (4)

where Tr is the radiation temperature of the cavity, Aleh is the total
area of both laser entrance holes, Acap and acap are the area and albedo

TABLE I. Summary of target and drive characteristics along with experimentally measured and inferred performance parameters for the frustraum shots and the best performing
BigFoot, HDC, and HyE1100 layered implosions.

Frustraum
N210117

Frustraum
N210725

HyE1100
N191110

BigFoot
N180128

HDC
N170827

HDC capsule I.R. (lm) 1200 1200 1100 950 910
W dopant areal density (%lm) 7 7 5.4 6 6.6
Ice layer thickness (lm) 58.6 50 65.5 49.4 55
Laser energy (MJ) 1.6 1.7 1.9 1.8 1.8
Coast time (ns) 2.17 1.76 1.77 0.91 0.53
Neutron image, P0 (lm) 44.9 46 41.9 31 28.4
Neutron image, P2 (lm) 4.5 �20.7 �4.4 0.6 �7.7
Burn width (ps) 209 197 166 152 154
Ion temperature Tion (DT) (keV) 4.26 4.44 4.69 4.88 4.7
Down-scattered ratio DSR (%) 2.44 2.59 3.4 3.09 3.14
DSR/(initial ice thickness) (%/lm) 0.042 0.052 0.052 0.063 0.058
DT neutron yield (13–15MeV) (�1016) 1.4 1.9 1.71 1.73 1.66
Yield amplification 1.8 2.2 2.4 2.9 2.9
Capsule absorbed energy Ecap (kJ) 234 256 223 166 164
Hotspot energy Ehs (kJ) 7.6 9.6 7.8 5 4.5
Hotspot pressure Phs (Gbar) 132 140 168 271 301
GLC (Phs/420)sqrt(Ehs/30) 0.16 0.19 0.2 0.26 0.28

FIG. 9. Plot of the laser power (solid lines) and SBS (dashed lines) for N210117
(red) and N210725 (blue).
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of the capsule after the laser is turned off, and Awall and awall are the
area and flux weighted time-averaged albedo of the wall during peak
power. If we ignore the time dependence after the laser is turned off in
each of the terms on the right-hand side of the equation, then the solu-
tion is simply

T4
r tð Þ ¼ T4

r tpð Þe
� AlehþAcap 1�acapð ÞþAwall 1�awallð Þð Þt

Awall 1�awallð Þt0 ¼ T4
r tpð Þe

�t
tcool ; (5)

where

tcool ¼
Awall 1� awallð Þtp

Aleh þ Acap 1� acapð Þ þ Awall 1� awallð Þ

� tp
1þ Aleh=Awall 1� awallð Þ

and the last expression recognizes that the capsule area has greatly
shrunk by the time the laser drive is off. One can derive the average
albedo of the wall, awall, for the usual case of a constant peak power
pulse for which Tr rises as t

0.115.45 The time average of the wall loss,

Tr
4(1 � awall), gives a awall¼ 1 � 0.66/(Tr

0.7tp
0.38) for Au, awall¼ 0.83

for N210117, with Tr at the end of the laser drive in hectoelectron volts
and tp in ns.45 A more complete analysis leads to a slightly higher
albedo, awall¼ 0.89, as the foot heats the hohlraum so that the albedo
at the start of peak power is already significant.46–48 For the higher
albedo unlined or Au-lined DU based hohlraums49 used for most of
the DT shots, the 0.66 factor reduces to 0.5 and 0.55, respectively, at
Tr¼ 3 heV. So, for example, for the Au-lined DU frustraum shot
N210117 with peak Tr¼ 2.9 heV, tp¼ 2ns and (Aleh þ Acap(1
� acap))/Awall¼ .05, awall¼ 0.89, and tcool¼ 1.4ns. This analytic esti-
mate of the time dependent flux (blue) agrees very well with the mea-
sured flux for N210117 (green) shown in Fig. 8(a).

C. Stagnated areal density

The effect of the coast time on the down-scattered ratio (DSR)/
(lm of ice) is shown in Figs. 11(a) and 11(b). This includes all of the
campaigns on the NIF that used HDC ablators: BigFoot,3,27–38

HDC,50–55 Iraum,56,57 HyB,4,58 HyE 1100 (Refs. 59 and 60) and HyE

FIG. 10. Reconstructed 3D neutron hotspot shapes for the two layered implosions conducted in the frustraum. The upper left displays the fluence compensated images.

FIG. 11. (a) Down-scattered ratio divided by the initial ice thickness as a function of coast time. (b) Down-scattered ratio divided by the initial ice thickness as a function of
coast time corrected for yield amplification, mode 1 and mode 2. The bubble size depends on the tungsten areal density present in each of the capsules used in the
implosions.
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1050 (Refs. 5, 61, and 62) campaigns, as well as the frustraum shots
represented by the black points. The bubble size reflects the dopant
areal density qDR in units of %lm present in the capsules, where bub-
ble size¼ 1000(qDR)2 þ 0.5. In Fig. 11(b), the DSR values have been
slightly corrected based on fits to simulations for yield amplification as
detailed in Appendix A, DSRcor¼DSRmeas/(0.45/(1 þ (Yamp/
13.7)1.56)þ 0.55), for P2 mode correction and for P163 mode correc-
tion, DSRcor¼DSRmeas/(1 � DSRM1

2). The reduction in DSR with
increasing yield amplification is due to the fact that the fuel expands as
it burns and a mode 1 asymmetry in the implosion leads to a spatially
varying areal density which reduces the overall areal density and DSR
of the implosion. The P2 correction assumes DSR for a given fuel
mass and volume scales as volume2/3/(surface area) approximating
surface area-to-volume ratios using oblate and prolate spheroids,
which fit DSR vs down-scattered NI P2/P0 in simulations. A larger
surface area for a given volume results in a reduction in the areal den-
sity and hence in the DSR. As shown in Appendix B, this can be fit by
the expression DSRcor¼DSRmeas/(1þv�(3�(P2/P0)/(4þ(P2/P0)))2),
where the value of v¼ 0.69 is used for prolate implosions and
increases to v¼ 0.84 for oblate implosions. Plotted in this fashion, it is
clear that all of the HDC campaigns to date, with coast times>1ns,
are limited in their maximum achievable DSR by their coast time.
Figure 11 also shows that the maximum DSR/(lm of ice) and hence
effective minimum stagnation adiabat of HDC-based implosions are
similar for a given coast time across all campaigns as noted previ-
ously.64 So it is fair to fit the envelope of all campaigns as one universal
curve vs coast time, ignoring small variations in tcool. The envelope fit
as shown in Fig. 11(a) can be expressed as DSR/(lm of DT ice)-
¼ 0.145exp(�tcoast/1.8) %/lm.63 Coast time effects saturate in simula-
tions as the coast time of the implosions becomes smaller than the
sum of the sound crossing time in the capsule and the deceleration
time of the implosion, �1 ns.65 This is apparent in Fig. 10 where we
can see that the BigFoot campaign, for instance, has an approximately
constant peak DSR/(lm of ice) for coast times less than�1.2 ns.

To relate tcool to the effects of tcoast, an analytic model63 was
developed to relate the stagnated fuel areal density that is inferred
from the neutron down-scattered ratio (DSR) to tcoast. We can derive a
simplified version of this relationship. For adiabatic deceleration of the
shell, we have the following expression:

PsR
5
hs ¼ ahsM

5=3
hs ; (6)

where Ps is the pressure in the DT shell, Rhs is the hotspot radius, ahs is
the adiabat of the hotspot, and Mhs is the mass of the hotspot. We
assume a pressure equilibrium between the shell and the hotspot, Phs,
at stagnation such that Ps � Phs. The outer DT shell radius at stagna-
tion, Rs, is assumed to be proportional to the hotspot radius, Rs¼ (fdi/
Ri)

1/5Rhs. The parameter f represents the puffing up of fuel due to for
example ablator fuel mix preheat. The di/Ri term is the initial DT ice
thickness to radius ratio, verified by 1D simulations varying di for
fixed adiabat and implosion velocity. We assume an energy balance
between the material inside the outer radius of the shell at stagnation,
PsRs

3, and the peak kinetic energy in the fuel, MfVimp
2

PsR
3
s / Mf v

2
imp; (7)

where Mf is the initial mass of the DT fuel shell and vimp is the peak
implosion velocity. We can substitute Eq. (7) into Eq. (6) and arrive at
the following expression:

R2
i

R2
s

1
di
¼

v2imp

ahsM
5=3
hs

qiR
5
i

fdi
; (8)

where qi is the initial density of the ice layer, 0.25 g/cm3. Using mass
conservation, we can equate the initial mass in the DT shell,
Mf¼ 4pqiRi

2di and the vapor (4/3)pqgRi
3 with the mass in the shell at

stagnation, 4pqsRs
2ds, and the mass in the hotspot, (4/3)pqhsRhs

3. The
down-scattered ratio, DSR, is proportional to the areal density of the
DT and hence

DSR
di
� Ri

Rs

� �2

qi þ
qgRi

3di

� �
� Ri

Rs

� �2

qi: (9)

Inserting Eq. (9) into Eq. (8) then allows us to relate the DSR to the
peak implosion velocity, the hotspot adiabat, and the hotspot mass34,35

DSR
di
�

v2imp

ahsM
5=3
hs

q2
i R

5
i

f
�

v2imp

ahsf
; (10)

where the final expression assumes that the vapor mass inside the
shell, (4/3)pqgRi

3, has been augmented by a fixed fraction by ablation
of the inside DT shell, so Mhs

5/3 just scales as Ri
5.

In Ref. 63, the authors used a Rocket model to relate the peak
implosion velocity to the hohlraum’s radiation temperature at peak
velocity. We have taken this same approach to model N210117 and
variations of N210117 which change the time duration that the laser
was at peak power in order to vary the coast time of the implosion and
the radiation temperature at peak implosion velocity, Trpv. The results
of this series of rocket model simulations are shown in Fig. 8(b), which
shows the coast time and peak implosion velocity as a function of Trpv.
For the coast times relevant to the current two frustraum shots,
�1.2–2.2ns, the peak implosion velocity as a function of the radiation
temperature at peak velocity can be fit to a power law, vimp � Trpv

0.9.
As such the DSR can be expressed as DSR� (vimp

2/ as)¼ (Tr
1.8/ as) or

with the tcool¼ 1.4ns for N210117 DSR � (Tr(0)
1.8/as)exp(�1.8t/

4tcool). This agrees reasonably well with the empirical fit to the NIF
data shown in Fig. 11(a) given in the preceding paragraph.

D. Hotspot performance

The large inner radius of the frustraum capsules, 1200lm, allows
them to absorb large amounts of energy, >250 kJ for N210725, even
with the relatively low laser energy of 1.74MJ. The capsule absorbed
energies for the different implosions are seen in Fig. 12, where the bub-
ble size for this plot is proportional to the yield amplification of the
implosion and again the two frustraum implosions are represented by
the black circles. From this figure, we can see that even though the cap-
sule absorbed energy is higher, the yield amplification remains fairly
low, �2, at these large coast times, similar to the HyE1100 (Refs. 59
and 60) campaign results.

Figure 13(a) shows the primary yield achieved for each of the
HDC layered implosions as a function of coast time. Figure 13(b) nor-
malizes the yield by the inner capsule radius to the 4.5 power and the
coast time by the capsule inner radius. The bubble size for this plot is
proportional to the capsule inner radius, bubble size¼ (Rcap)

5, of the
implosion and again the two frustraum implosions are represented by
the black circles and represent the largest two capsules used for
indirect-drive layered implosions on the NIF. The larger capsule radius
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and the large hohlraum size, however, contributes to the higher coast
times for these implosions. The yield for the two frustraum layered
implosions is similar to the maximum yield obtained in other HDC
campaigns, such as the BigFoot,3,28–38 HDC50–55 and Hy1100 (Refs. 59
and 60) campaigns, which all had a maximum yield of�2� 1016 neu-
trons. Correcting the shape of the N210725 layered implosion could
increase the yield to perhaps 3 � 1016. The implosions using 1200lm
I.R. capsules in the frustraum campaign, like the implosions using
1100lm I.R. capsules used in the HyE campaign tended to have
higher hotspot energies and lower pressures and yield amplifications
than seen in the HDC (910lm I.R. capsules) and BigFoot (950lm
I.R. capsules) campaigns even though they all achieved similar yields.

As reported in Ref. 30, the ignition threshold factor can be used
to formulate a generalized Lawson criteria, GLC, for ignition which
includes alpha heating and uses only the directly measured quantities
of DSR, primary neutron yield, Y13–15, and the initial ice mass,
Mfuel. In Ref. 30, this GLC was defined as GLC(ITFXmod)
¼ 0.27(ITFXmod)0.6, with ITFXmod � (19.7�DSR)2�(0.24�(4fDfT)
�Y13–15/(Mfuel)). Figure 14(a) shows GLC(ITFXmod) plotted against
GLC¼ (Pstag/420)(Ehs/30)

0.5. With GLC(ITFXmod) used in conjunc-
tion with the empirical fit of the maximum DSR vs time seen in Fig.
10(a), the minimum yield as a function of coast time can be defined

based on these quantities. The dashed line in Fig. 13 shows this mini-
mum yield required for ignition as a function of coast time. It should
be noted that all implosions with coast times less than �1ns and
many shots with coast times>1ns have DSRs lower than the demarca-
tion line. For these implosions the yields required to satisfy
GLC(ITFXmod) are higher than the dashed line in Fig. 13. The dashed
line in Fig. 13 could, therefore, be thought of as a necessary but not
sufficient condition for ignition. A GLC with Tion and DSR can also be
formulated from GLC(ITFXmod) in Fig. 14(a) by substituting the
yield dependence on DSR and temperature, similar to Eq. (39) of
Ref. 66, Y a (Mfuel) DSR

0.583(Tion)
5.83, into ITFXmod or GLC(DSR,

Tion)¼ (0.187)DSR1.55Tion3.5 as shown in Fig. 14(b). There is more
uncertainty in this definition of GLC than in the GLC(ITFXmod), but
it allows us to use the demarcation line in DSR along with GLC(DSR,
Tion) to determine a minimum Tion vs coast time for ignition which is
then plotted in Fig. 15.

Figure 15 shows the ion temperature from all of the HDC layered
DT implosions conducted on the NIF. Again, the two frustraum
implosions are represented by the black circles. The bubble size reflects
the dopant areal density as in Fig. 10. The larger hotspot size, due to
the larger initial capsule radius and the long coast time affecting the
compression, results in ion temperatures that are slightly lower than in
the HyE1100 campaign. The dashed line in Fig. 15 represents the min-
imum Tion required to reach ignition as a function of coast time.
Again, it should be noted that all implosions with coast times less than
�1ns and many implosions with coast times>1ns have DSRs lower
than the demarcation line and so the ion temperatures required to sat-
isfy GLC(DSR, Tion) for those implosions are higher than the dashed
line in Fig. 15.

V. SUMMARY

Most efforts to improve performance of layered implosions to
date have focused on increasing the capsule size to increase the surface
area and the capsule absorbed energy. In this article, we extend this
approach by fielding the largest HDC capsules, 1.2mm inner radius,
to date for indirect-drive inertial confinement fusion. Even at 1.74MJ
of laser energy, this surpassed the previous indirect-drive capsule
absorbed energies achieved in layered implosions on the NIF at ener-
gies less than 2.05 MJ. These larger capsules and frustraum sizes with
the limited energy available on the NIF, however, resulted in long coast
times, 	1.75 ns. The long coast times reduced the hohlraum drive
onto the capsule by the time of peak compression and resulted in

FIG. 12. Bubble plot of capsule absorbed energy vs coast time for all of the HDC
campaigns conducted on the NIF. The bubble size depends on the yield amplifica-
tion for each of the implosions.

FIG. 13. (a) Bubble plot of primary neutron yield vs coast time for all of the HDC campaigns conducted on the NIF. The bubble size depends on the radius of the capsule to
the fifth power for each of the implosions. (b) The y-axis has the yield/(capsule radius)4.5 vs the coast time/(capsule radius).
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lower DSR values. We presented the results of these implosions along
with all of the HDC layered implosions conducted on the NIF. This
allowed us to conclude that by looking at the DSR vs coast time results
that there is a maximum achievable DSR for all of the HDC campaigns
on the NIF, including the frustraum campaign. The maximum DSR/
(lm of DT ice) across the different campaigns was found to be
expressed as DSR/(lm of DT ice)¼ 0.15exp(�0.56�tcoast) %/lm and
for the long coast times in the frustraum layered implosions, both
experiments fell close to this line. We previously derived a generalized
Lawson criterion based on the ignition threshold factor and used that
in conjunction with maximum DSR as a function of coast time to
derive a minimum yield required for ignition as a function of coast
time. Similarly, we put the yield in terms of DSR and Tion which
allowed us to derive minimum ion temperature as a function of coast
time for ignition as well. These minima as a function of coast time sug-
gest that increasing the energy absorbed by the capsule at the expense
of long coast times makes it more challenging to achieve ignition and

that further reducing coast time closer to the 1 ns level is warranted to
improve the areal density and make it easier to achieve the hotspot
temperature, alpha heating, and yield amplification required for
ignition.

We are in the process of improving the performance of this plat-
form by reducing the overall size of the frustraum by �15% and the
capsule diameter by 9%, 1.1mm I.R., to enable higher radiation drive
and shorter coast times, �1ns. In addition, the laser pulse shape is
adjusted to reduce the design adiabat of the implosions from>4 in the
current platform to <3 to increase the DSR of the implosions. We
have also moved the 44.5� cone closer to the capsule and the 50� cone
further away, relative to the 44.5� cone, to reduce the level of P4 seen
in the current platform and we will report on this work in a later
article.
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APPENDIX A: CORRECTION OF THE DOWN-
SCATTERED RATIO (DSR) DUE TO YIELD
AMPLIFICATION

Simulations show that as the DT fuel burns it expands and this
expansion causes a reduction in the measured DSR.66 In Fig. 41(c)
of Ref. 66, the authors plotted the ratio of the DSR with alpha heat-
ing, DSRa, to the DSR without alpha heating, DSRno-a, as a function

of yield amplification to illustrate this effect. Figure 16(a) includes a
larger number of simulations and a fit to these data shows that we
can express the reduction in DSR with yield amplification as

DSRa

DSRno�a
¼ 0:55þ 0:45

1þ Yamp

13:7

� �1:56 : (A1)

We have also made modifications to our previous definition of yield
amplification with alpha heating30 to account for the behavior at
large levels of yield amplification. Figure 16(b) shows the simulated
yield amplification as a function of the experimentally observable
ignition threshold factor (ITFXmod). In Fig. 16(b), the maximum
yield amplification depends on the areal density of the design.66 We
keep the definition of ITFXmod in Ref. 30 as

ITFXmod ¼
19:7DSRð Þ2 0:24 4fDfTð ÞY13�15ð Þ

Mfuel
; (A2)

where DSR is the down scattered ratio (the ratio of the neutron
yield in the neutron kinetic energy range from 10–12MeV to the
13–15MeV range), fD is the deuterium number fraction in the hot-
spot, fT is the tritium number fraction in the hotspot, Y13-15 is the
primary neutron yield/1016, and Mfuel is the initial mass of the ice
layer in mg. We can then fit the simulated data in Fig. 16(b) with
the following expression:

Yamp�ITFXmod ¼ exp 0:85
ITFXmod

1þ 0:009 ITFXmodð Þ

� �0:46
 !

; (A3)

FIG. 16. (a) Ratio of the DSR with alpha
heating to the DSR without alpha heating
as a function of yield amplification. (b)
Yield amplification as a function of
ITFXmod. (c) Yield amplification as a func-
tion of ITFX.
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which is the definition for yield amplification used in this article.
We can also use the definition of ITFX in Ref. 32 to define an
expression for yield amplification that better fits implosions with
large yield amplification. In Ref. 32, ITFX with alpha heating is
defined as

ITFX ¼ 170
Mfuel

� �
Y13�15
4� 1015

� �
DSR
0:067

� �2:1

; (A4)

where DSR is the measured down scattered ratio (the ratio of the
neutron yield in the neutron kinetic energy range from 10–12MeV
to the 13–15MeV range), Y13-15 is the primary neutron yield, and
Mfuel is the initial mass of the ice layer in lg. We can then fit the
simulated data in Fig. 16(c) with the following expression:

Yamp ¼ exp 0:85
ITFX

1þ 0:01 ITFXð Þ

� �0:47
 !

(A5)

to better fit implosions across all yield amplification levels.

APPENDIX B: MODE 2 CORRECTION FOR THE DOWN-
SCATTERED RATIO (DSR)

The mode P2 degradation of the DSR for a given fuel mass
and volume scales as volume2/3/(surface area). One can numerically
solve for the surface area of the spherical harmonics67 used to
describe the hotspot or approximate the surface area-to-volume
ratios analytically using oblate and prolate spheroids and then relate
the Legendre polynomials to the equatorial and polar radius of the
spheroid as done below. For a spheroid with the z axis representing
the symmetry axis, the cartesian equation describing the surface is
given as

x2 þ y2

a2
þ z2

c2
¼ 1: (B1)

For a prolate ellipsoid, c> a, the surface area is given by

2pa2 1þ

c
a

� �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c
a

� �2

� 1

s sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� a

c

� �2
s0

BBBB@

1
CCCCA (B2)

and for an oblate ellipsoid, a> c, the surface area is

2pa2 1þ

c
a

� �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c

a

� �2
s ln

1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c

a

� �2
s

1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c

a

� �2
s

0
BBBBB@

1
CCCCCA

0
BBBBB@

1
CCCCCA: (B3)

The volume of an ellipsod is expressed as

4
3

pa2c: (B4)

The radii of the ellipsoid are related to the Legendre modes P2/P0
through the following relation:68

c
a
¼

1þ P2
P0

1� 0:5
P2
P0

� � : (B5)

We can then compare the analytic expression of the DSR degrada-
tion, volume2/3/(surface area), dashed red line, to the down-
scattered DSR vs NI P2/P0 seen in simulations, black circles, as
shown in Fig. 17. We can also fit a simplified expression to the sim-
ulations and the volume2/3/(surface area), which is what we use in
the paper to correct the DSR to mode 2. This fit, blue line, is shown
in Fig. 17 and is expressed as (1þv�(3�(P2/P0)/(4þ(P2/P0)))2),
where the value of v¼ 0.69 is used for prolate implosions and
increases to v¼ 0.84 for oblate implosions.
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