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We report on the first layered deuterium-tritium (DT) capsule implosions indirectly driven by a
“high-foot” laser pulse that were fielded in depleted uranium hohlraums at the National Ignition
Facility. Recently, high-foot implosions have demonstrated improved resistance to ablation-front
Rayleigh-Taylor instability induced mixing of ablator material into the DT hotspot [Hurricane et
al., Nature 506, 343 (2014)]. Uranium hohlraums provide a higher albedo and thus an increased
drive equivalent to an additional 25 T'W laser power at the peak of the drive compared to standard
gold hohlraums leading to higher implosion velocity. Additionally, we observe an improved hotspot
shape closer to round which indicates enhanced drive from the waist. In contrast to findings in
the National Ignition Campaign, now all of our highest performing experiments have been done in
uranium hohlraums and achieved total yields approaching 10'® neutrons where more than 50% of
the yield was due to additional heating of alpha particles stopping in the DT fuel.

PACS numbers: 52.57.Fg, 52.70.La, 52.70.Nc

In indirect-drive inertial confinement fusion (ICF) [1,
2], laser energy, converted to thermal x rays inside a
high-Z cavity (hohlraum), ablatively drives the implo-
sion of a spherical capsule containing a deuterium-tritium
(DT) fuel layer. A high-velocity, low-entropy, highly-
symmetric implosion is required to form a hotspot of suf-
ficiently high density and temperature from a combina-
tion of PdV work and alpha particle deposition. Above
the ignition threshold, a self-sustained nuclear burn wave
is launched igniting the surrounding compressed fuel
layer. Ignition and burn is predicted for stagnation pres-
sures above 300 Gbar [3].

Experiments during the National Ignition Campaign
(NIC) [4] demonstrated high implosion velocities (~ 360
km/s) [5], and high areal mass densities of 1.34-0.1 g/cm?
[6], which were predicted to be sufficient to reach igni-
tion [7]. However, some of them showed evidence for sig-
nificant amounts of CH ablator material mixing into the
hotspot [8, 9], degrading the implosion performance. To
increase the resistance to hydrodynamic instabilities [10],
the “high-foot” drive design was developed [11, 12], which
has demonstrated an order-of-magnitude improvement in
neutron yields with first evidence for additional heat-
ing from alpha particle stopping [13]. The high—foot

raises the hohlraum temperature to 90 eV during the
foot, launching a stronger first shock and sets the im-
plosion on a higher adiabat. Among the benefits are a
larger ablator density scale length (reducing susceptibil-
ity to ablation front Rayleigh-Taylor growth [14]), and a
shorter, simplified laser drive (three shocks rather than
four). These benefits come at the price of lower fuel areal
density, which requires higher implosion velocity com-
pared to the low-entropy design [7] to achieve ignition.

The first high-foot DT implosions [12, 13, 15] were
done in gold (Au) hohlraums. These experiments in-
crementally increased laser peak power, Plaser, and thus
total laser energy from 351 TW/ 1.3 MJ on N130501 to
428 TW /1.9 MJ on N131119, which is at the current laser
energy limit of the NIF laser. Optimization of the target
design is required to further increase the implosion ve-
locity. Another constraint is the shape of the imploded
hotspot [16]. With increasing drive it was found that the
equatorial shape tends to become more oblate due to re-
duced inner beam propagation to the hohlraum waist. To
counteract this trend, crossbeam energy transfer (CBET)
from the outer to the inner beams can, within a certain
limit, be enhanced by increasing the wavelength sepa-
ration, A\, between these laser beam groups [17-19].
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FIG. 1: Experimental setup for layered DT implosions in DU
hohlraums showing the hohlraum wall (b) and the capsule
geometries (d). The laser drives (c) are shown for Au - DU
comparison experiments with TO and T-1 CH ablator cap-
sules.

On the other hand we want to keep AX low to min-
imize backscatter and hot electron generation through
stimulated Raman scattering (SRS) [20]. Higher-Z (than
Au) hohlraums are predicted to help increasing the cap-
sule drive at given Paser and provide a more symmet-
ric hohlraum drive [4]. However, DT experiments using
uranium hohlraums during the NIC gave mixed results
— they showed one of the best [6] and some of the worst
performance, which led us to question the benefits of ura-
nium as a hohlraum material. Herein we will show the
benefits of depleted uranium (DU) hohlraums for drive
and hotspot symmetry control compared to standard Au
hohlraums in fully-integrated DT implosion experiments.

Uranium provides higher opacity and lower specific
heat capacity for the hohlraum wall compared to gold
[21, 22]. Therefore, less laser energy is required to
heat the DU hohlraum wall. Any reduction in wall
loss increases its re-emission (albedo ay,) and thus the
hohlraum radiation temperature T},q through the rela-
tion

Py =0Tq [(1 - aw) Ay

+ALEH + (1 - acap)Acap] - PLEH - Pcap (1)
with P and A being the powers incident on and areas of
the wall, capsule, and LEH, respectively; cca, the cap-
sule albedo and o the Stefan-Boltzmann constant [22].
The first DU hohlraum experiments during the NIC were
reported in Refs. [5, 19], which quantified the drive en-
hancement from DU to be equivalent to an additional
6.5% of laser power (= 25 TW) at the peak of the drive
compared to Au hohlraums. The impact on hotspot

shape was inconclusive because Au—DU companion im-
plosions were either very prolate [19] or, in the case of
high convergence DT implosions, strongly perturbed by
jets that originate from the contact ring with the thin
plastic tent that is holding the fusion capsule [23].

For the experiments reported here, we use gas-filled
hohlraums (Fig. 1a) cooled to 18.6 K at shot time [15, 24]
containing plastic capsules with 2.25 mm outer diam-
eter and 175 pm (“T-17) or 195 pm (“T0”) thickness
(Fig. 1d). Inside the capsule a smooth, (69+1) pm thick
equimolar DT ice layer is grown. The hohlraums are
9.43 mm long and 5.75 mm in diameter and filled with
4He at 1.6 mg/cm®. They are heated with 192 laser
beams, frequency-tripled to A**) = 351 nm, through two
laser entrance holes (LEHSs) of 3.1 mm diameter. The
beams are arranged in two cones; the inner cone at 23.5°
and 30° and the outer cone at 44.5° and 50° from the ver-
tical hohlraum axis. The wavelengths of the 23.5° beams,
A23, the 30° beams (A3p), and the outer beams (Aouter)
can be set independently.

In uranium hohlraums, a nominal 7.0 pm-thick DU
layer is encapsulated by gold as shown in Fig. 1b. The
inside surface is lined with 0.7 gm Au, and 22.3 pm gold
is added on the outside for structural integrity. The total
wall thickness is 30 um, the same as in Au hohlraums.
The thin inside gold layer serves two purposes. First, it
acts as a barrier to protect DU from oxidation, which
would reduce hohlraum performance. Secondly, the gold
layer is to keep the hohlraum performance the same as in
pure Au hohlraums until the main laser pulse arrives. In
particular, it allows the use of the same shock-timing as in
pure Au hohlraums, thus avoiding the need for additional
tuning experiments.

Here we focus on the comparison of two layered DU ex-
periments with their companions in Au hohlraums, done
with TO (N131119 vs. N140120) and T-1 thickness CH
ablator capsules (N140311 vs. N140520). Fig. lc shows
the delivered total laser drive for these experiments; the
corresponding companions used the same pulse shape re-
quest. The T-1 experiments had a slightly shorter drive
due to the reduced shock transit time through the abla-
tor [26]. Au and DU experiments are shown with thin
and thick solid lines, respectively. While the delivered
laser profile for the T-1 experiments matches very well,
it turns out that on N131119 (Au T0) the delivered Plaser
was 12 TW higher than in the DU experiment N140120
(see Table I). The laser-to-hohlraum coupling 7y, is in-
ferred from backscatter measurements [27], where inner
beam SRS is the dominant contribution [5]. 7, is slightly
reduced on N140120 (DU) vs. N131119 (Au) although
the difference is within the £3% error bar [28]. Lower
laser delivery and coupling almost compensate the ad-
ditional drive gain from DU on N140120. As a result,
within error bars (£ 1.4 %), the soft x-ray spectrometer
DANTE [29] measured the same peak hohlraum radia-
tion temperature Tg, whereas a TR increase is seen for



TABLE I: Summary of target and drive characteristics along with experimentally measured and inferred (*) performance
parameters [25]. Shape metrics are reported from time-integrated hotspot x-ray emission images.

T0 Comparison Shots

T-1 Comparison Shots

N131119 N140120 N140304 N140311 N140520
Hohlraum Au DU DU Au DU
CH capsule thickness (pum) 193.9 195.2 194.1 177.2 178.4
Support tent thickness diens (nm) 48.1 16.4 45.8 44.5 46.5
Laser peak power Plaser (TW) 426 414 442 391 393
Laser energy (MJ) 1.908 1.852 1.863 1.745 1.764
Wavelength separation Ao 23 (A) 8.8/9.5 8.8/9.5 8.8/9.5 6.2/6.9 6.2/6.9
Laser—to-hohlraum coupling 7, 0.871+0.03 0.846£0.03 0.855£0.03 0.857£0.03 0.863+0.03
Peak radiation temperature Tr (eV) 32244 320+4 327+4 317+4 32244
X-ray bangtime {5 (ns) 16.40 £0.02 16.37+0.03 16.224+0.02 16.14+£0.02 15.91+£0.02
X-ray burn width (ps) 152 £33 161 £ 28 120+ 30 115£29 111 £25
Py (pm) (x-ray) 375 14 329+£1.3 371+£1.2 33.8£1.0 276+£14
P2/ Py (x-ray) —0.28£0.04 —-0.02£0.03 —-0.12£0.02 —-0.254+0.02 —0.144+0.02
Ion temperature Tion (DT) (keV) (nToF) 4.83£0.15 5.14 £0.15 5.85£0.15 5.36 £0.15 5.564£0.15
Downscattered ratio DSR (%) 3.40+0.27 3.71+0.19 3.40+0.22 3.97+0.23 4.08 +0.20
DT neutron yield (13-15 MeV) (x 10'%) 5224010  7.98+£0.14  810£0.15 51742009  7.63+0.13
Total DT neutron yield” (x 1015) 5.98+£0.13 9.25£0.17 9.28+0.19 6.06 £0.12 8.98£0.17
Compression yield (kJ)* 9.92+£0.50 12.5 +£0.66 12.3£0.77 9.14+0.44 11.44+0.62
Self-heating yield (kJ)* 6.87£0.64 13.5+£0.87 12.8+0.97 7.94+0.57 13.94+0.85
Yield amplification™ 1.69£0.10 2.08£0.13 1.96 £0.13 1.87+0.10 2.22+£0.13
Hotspot pressure P, (Gbar)” 1234+19 152 425 159429 140 22 226 £ 37

the T-1 experiments when going from Au to DU. These
trends are corroborated by the times of peak x-ray emis-
sion (bangtime t51~). While it is the same within mea-
surement error for the TO comparison experiments, ¢t
is clearly advanced for the T-1 DU experiment indicating

a higher implosion velocity as a result of using DU.

N140120 was the first high-foot DT implosion with a
DU hohlraum. Despite the effective hohlraum drive be-
ing nearly equal to N131119 (Au) its performance greatly
improved (see Table I): The primary neutron yield in-
creased by 50% from 5.2 to 8.0 x 10'°, and the ion tem-
perature Tion from 4.8 to 5.1 keV. One of the key observ-
ables that clearly improved along with implosion perfor-
mance was the shape of the hotspot, see Fig. 2 for time-
integrated x-ray self emission (top) and primary neutron
emission (bottom). The latter is overlaid with the down-
scattered neutron image visualizing the cold DT fuel [30].
The same positive trend for implosion performance and
hotspot shape is observed for the T-1 companion experi-
ments (right panel in Fig. 2). The DU experiments show
a 15-20% higher convergence, and the hotspot is closer
to round. As a result, its size from the polar view (M,) is
largely reduced and the doughnut-shaped structure seen
on N131119 and N140311 is much less prominent.

A quantitative analysis of the equatorial shape for the
dominant Py Legendre mode is shown in Fig. 3. The plot
includes all no-coasting high-foot DT experiments up to
N140520. The ordinate for the T-1 experiments (top axis,
open symbols) is shifted by 30 TW to account for the fact
that the reduced payload of the thinner capsules requires
less drive to accelerate to comparable velocities as in T0O

experiments [26]. N130812 and N130927 were done at
smaller A\ than the subsequent TO experiments. Their
P5 values are scaled up as if they were done at the same
AX [31, 32] to highlight the Py trend with Plagse,. The
dashed black line is a linear fit to the Au experiments. It
has a slope of —20 pm/100 TW, i.e. with increasing Plager
the implosions become more oblate. For DU hohlraums
the data suggests the same slope. The offset between

N131119 TO N140120 N140311 T-1 N140520
Au hohlraum DU hohlraum Au hohlraum DU hohlraum
MO = 35.7 um
X-ray
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(Top)
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FIG. 2: Hotspot shape from time-integrated x-ray (top) and
neutron (bottom) images comparing experiments in Au vs.
DU hohlraums with 195 pm (TO0, left panel) and 175 pm thick
(T-1, right panel) CH plastic capsules. The lower row shows
primary (13-17 MeV, red) and down-scattered (6-12 MeV,
turquoise) neutron images overlaid on top of each other with
their corresponding shape metrics.
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FIG. 3: Laser peak power (Plaser) scaling of the hotspot P2
Legendre mode, measured from time-integrated equatorial x-
ray emission, for Au and DU hohlraums in layered DT im-
plosions using the high-foot drive with CH ablator capsules
of 175 pm (T-1, Plaser on top axis) and 195 um thickness (TO,
bottom axis). The DU trendline is 6.5 £ 1.5 pm above the
Au trend, i.e. DU allows to achieve round implosions (P2 =
0) at higher Paser-

Au and DU hohlraums is then APy = (6.5 £ 1.5) um
for a given Plagser and 11.5 pum if the Au-equivalent laser
peak powers is conserved, where P24 — 1,065 x PPU..
While we used the time-integrated images for consistency
with previous publications, we note that our findings are
reproduced when analyzing the time-resolved implosion

images at peak emission.

All implosions slightly swing towards oblate, typically
with dPs/dt ~-2pm/100ps. This can be explained by
a combination of impeded inner beam propagation and
reduced CBET starting at ~ 1.5ns before the end of the
laser drive [15]. N140120 stands out with a 4x larger
P2 swing and, coincidentally, a thinner capsule support
tent (16.4 nm vs. ~45 nm). While lower convergence
experiments and simulations show reduced shell pertur-
bations with thinner tents [23, 33], simulations have also
shown larger perturbations for steeper tent departure an-
gles from the capsule surface [34]. It is currently a topic
of discussion whether the larger Po swing on N140120 is
real or possibly a result of a stronger tent perturbation.

The hotspot shape is a very sensitive diagnostic of any
asymmetry in the radiation drive on the capsule. Be-
cause these implosions converge more than 30x, they am-
plify any imperfections in the symmetry of the radiation
drive. The symmetry is a complex integrated function of
all of the physics of the hohlraum — conversion of laser
light into x-rays, opacity of the high Z hohlraum wall,
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FIG. 4: Performance chart of layered DT implosion experi-
ments with CH ablator capsules on the NIF up to N140520
with iso-contours for yield amplification due to alpha particle
deposition (dashed lines). The highest yield performance was
exclusively achieved with uranium hohlraums.

heat conduction to the hohlraum wall, wall motion, laser
plasma interactions (e.g. stimulated Raman and Bril-
louin backscatter, and CBET), and laser beam propa-
gation. Hence experiments, like those reported in this
letter, are crucial to quantify the impact of hohlraum
design changes on the implosion shape.

We expect that using DU hohlraums to improve radia-
tion asymmetry and implosion shape because the higher
albedo wall reduces the contrast between the portion of
the hohlraum wall directly illuminated by laser beams
and portions that are not, and in particular reduce the
impact of radiation losses through the LEHs. A simple
model [4, 35] suggests that albedo accounts for +4 um
(see Eq. (44) in Ref. [4]) of the +11.5 um increase in
the Py Legendre mode seen in our data. The remain-
ing change in implosion symmetry is likely due to small
changes in the other pieces of hohlraum physics.

N140304 was an attempt to further increase the drive
for TO capsules using DU with 28 TW higher Pl ger com-
pared to N140120. While reduced ¢35 and increased
T;on are evidence for higher implosion velocity, the neu-
tron yield did not improve. Ref. [31] shows that this is
consistent with a model that predicts the yield to scale
with absorbed laser energy (rather than Pige;). How-
ever, it can not be excluded that other effects like higher
preheat from hot electrons or increased residual kinetic
energy also contributed.

Fig. 4 shows the performance chart of total DT
neutron yield versus the downscattered neutron ratio
(DSR). Since DSR is directly related to fuel areal den-
sity (pR) [37], Fig. 4 highlights the trade-off between in-



creased neutron yield at the price of reduced pR in high-
foot implosions compared to low-adiabat experiments
during the NIC (grey points). About 50% of the lat-
ter used DU hohlraums, however, with varying outcome.
This is highlighted by two pairs of Au-DU companion
experiments. N120205 and N120213 had the same laser
pulse request at Plager = 440 TW. While N120205 (Au)
performed comparatively well achieving Ty, of 3.4 keV,
on N120213 (DU) Tion dropped to 1.9 keV and yield
plummeted by a factor of 6x due to CH ablator material
catastrophically mixing into the hotspot [8]. Conversely,
the highest DSR and thus fuel pR reported so far was
achieved with a DU hohlraum on N120321 [6]. It had

the same Au-equivalent hohlraum drive at Pl/;uc;eq' =
370 TW as N120417 (Au), resulting in the same neutron
yield on these companion experiments. The higher DSR
on N120321 can be explained by details in the delivered

laser drive resulting in slightly different shock timing [36].

Thanks to the strongly reduced instability growth in
the high-foot drive design [14] the two-fold advantage of
DU hohlraums becomes visible. Not only that they help
to increase drive and implosion velocity, but they also
allow to achieve round implosions (P2 = 0) at higher
peak laser power. All three DU experiments discussed in
this letter each generated a total of 9 x 10'° neutrons,
ca. 50% more than any experiment in a gold hohlraum.
From experimental hotspot observables we infer [13] that,
for the first time, more than 50% of the neutron yield is
due to additional heating from alpha particles depositing
their energy into the hotspot. While it has to be cau-
tioned that this inference is based on 1D hotspot mod-
els, power scaling of yield with implosion velocity and
hotspot pressure is further evidence for this amount of
alpha particle contribution [31, 38].

These first DU experiments were a turning point in
the high-foot campaign. Despite significantly higher tar-
get fabrication requirements, all subsequent layered im-
plosion experiments aiming at highest performance have
used DU hohlraums. In the future, new hohlraum shapes
are explored that will allow better control of the implo-
sion shape at reduced CBET and hot electron generation
like Rugby-shaped hohlraums [39]. Additionally, modifi-
cations of the high-foot drive design are proposed, which
lower the laser drive after the picket in order to keep
the fuel at a lower adiabat allowing for higher final fuel
compression [40].

We would like to thank the entire NIF operations,
cryogenics, diagnostics, and target teams for outstand-
ing support. This work was performed under the aus-
pices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract No. DE-
ACH2-07TNA27344.
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