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Recent experiments on the National Ignition Facility [M.J. Edwards et al. Phys. Plasmas 20,
070501 (2013)] demonstrate that utilizing a near-vacuum hohlraum (low pressure gas-filled) is a
viable option for high convergence cryogenic DT layered capsule implosions. This is made possible
by using a dense ablator (high-density carbon), which shortens the drive duration needed to achieve
high convergence; a measured 40% higher hohlraum efficiency than typical gas-filled hohlraums,
which requires less laser energy going into the hohlraum, and an observed better symmetry control
than anticipated by standard hydrodynamics simulations. The first series of near-vacuum hohlraum
experiments culminated in a 6.8 ns, 1.2 MJ laser pulse driving a 2-shock, high adiabat (a ~ 3.5)
cryogenic DT layered high density carbon capsule. This resulted in one of the best performances
so far on the NIF relative to laser energy, with a measured primary neutron yield of 1.8 x 10*°
neutrons, with 20% calculated alpha-heating at convergence ~ 27x.

Inertial confinement fusion (ICF) experiments implode
millimeter-scale deuterium-tritium (DT) filled spherical
capsules, compressing and heating the DT fuel to fusion
conditions and releasing energy [1]. Indirect-drive ICF
places the fuel-filled capsule at the center of a high-Z ra-
diation enclosure (hohlraum) and strikes the inside walls
of the hohlraum with laser power. This produces an in-
ternal bath of x-rays - a radiation drive which ablates
and implodes the fuel-filled capsule. The National Ig-
nition Facility (NIF) [2, 3] drives this process using 192
frequency-tripled laser beams (351 nm at 3w), which en-
ter a cylindrical hohlraum through laser entrance holes
(LEHs) at each end. The laser beams are pointed through
the LEHs to provide various angles of drive to the capsule
such that the superposition of drives can be spherically
symmetric throughout the implosion time.

Typically, ICF experiments on the NIF have utilized
plastic (CH) capsules inside gold hohlraums filled with
helium at densities ranging from 0.96 mg/cm? [4] to 1.6
mg/cm? [5]. To reach ignition conditions with this cap-
sule, laser pulses on the order of 15 — 20 ns in length are
required [6]. Although vacuum hohlraums were initially
considered, the long pulse duration for CH capsules led
to choosing higher densities of hohlraum fill [7, 8] to min-
imize expansion of the interior gold wall (Fig. 1(a)) [9].
The intended effect is to maintain an open path for laser

propagation to the wall for the full pulse duration.

In this Letter, we report on the first experimental cam-
paign on the NIF using near-vacuum hohlraums (NVH)
to drive a high convergence cryogenic DT layered capsule
implosion. A NVH has a hohlraum fill density of 0.03
mg/cm? helium, more than an order of magnitude lower
density than conventional gas-filled hohlraums (0.96—1.6
mg/cm?). Symmetry of implosions driven with the NVH
is controlled through direct adjustments to the inner and
outer beam power balance rather than relying on beam
wavelength separations [10] and the resultant cross-beam
energy transfer [11, 12]. Unlike earlier research on true
‘vacuum’ hohlraums [13-15], the NVH maintains a non-
zero gas fill, confined by thin windows at the LEH, which
both allows for cryogenic layering operation and protects
the hohlraum axis from a stagnation feature caused by
wall expansion during the laser pulse. Usage of the NVH
for capsule implosions was first experimentally investi-
gated in single-shock, indirect drive plastic (CH) explod-
ing pusher experiments (IDEP) [16], demonstrating a
high efficiency platform for a 5x convergence round im-
plosion driven by a relatively short 4.5 ns pulse (325 TW
peak power, 0.93 MJ).

Here we report on our early success at pushing the
NVH to drive a 2-shock, high adiabat (o ~ 3.5 in
units of the Fermi degenerate pressure) cryogenic DT
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FIG. 1: (Color online) Simulated equatorial view of upper
halves of gas-filled (0.96 mg/cm®) and NVH hohlraums near
peak power in a 5 ns laser pulse, comparing: (a) material
boundaries and electron density to critical density ratio; the
higher density gas-fill (left halves) minimizes wall and win-
dow motion, while the low density NVH allows the wall and
window to expand (right halves). (b) electron temperature;
pressure equilibrium leads to a lower density and higher tem-
perature inside the NVH.

layered high-density carbon (HDC) implosion to conver-
gence ~ 27x, while keeping the implosion symmetry un-
der control. While such a design using a 6.8 ns laser
pulse cannot reach ignition (the adiabat is too high to
reach the requisite level of fuel compression at the de-
signed implosion velocity), current hydrodynamics cal-
culations support 2 or 3-shock HDC implosion designs
that could reach significant alpha-heating (or even igni-
tion) with laser pulses as short as 8 —9 ns (i.e., only 20%
longer) in a NVH.

The ability of any hohlraum to drive the fuel-filled cap-
sule to fusion-relevant conditions can be modeled by a
source-sink relation: Pp o 0TA..,, where Pp, is the
laser input power, oT* is the spectrally-integrated radia-
tion flux inside the hohlraum, and A.q), is the area of the
capsule. In practice, not all of the input laser power is
available to drive the capsule, so the source-sink equation
becomes [13, 17]:

nCE(’YPL - PBS) = UT;((]- - a)Awall + ALEHs + Acap)
(1)

In Eq. (1), ncg is the laser to x-ray conversion effi-
ciency and encompasses energy stored in the hohlraum
gas and corona. Ppg accounts for laser power scattered
out of the hohlraum via stimulated Brillouin or stim-
ulated Raman backscatter [18] and no longer available
for conversion to x-ray drive. A,qy is the area of the
hohlraum wall, and « is the wall reflectivity (albedo)
[19]. Argps is the area of the LEHs. The ncg term
is calculated self-consistently in radiation hydrodynamics
simulations and was inferred to be 90% at peak power in
empty hohlraum experiments on the NIF [14, 20]. Mea-

sured x-ray flux at peak drive in the NVH is consistent
with Eq. (1), ncg ~ 90%, a ~ 90% in line with [14]. We
use v as an empirical degradation factor, v < 1 [21, 22],
required to match experimentally measured capsule im-
plosion performance to simulations with the radiation-
hydrodynamics code HYDRA [23].

For gas-filled hohlraums, Pgg is typically on the order
of 15% Py, reducing laser-hohlraum coupling to 85% (Fig.
2(a)) [24]. Figure 1 shows a key feature of NVH evolu-
tion: the hohlraum does not stay near empty for long,
but reaches a pressure equilibrium at roughly half the
electron density (Fig. 1(a) with an electron temperature
50% higher (5 — 6 keV versus 3 —4 keV) than a gas-filled
hohlraum (Fig. 1(b)). Consequently, stimulated Bril-
louin and stimulated Raman linear gain estimates, which
scale as 7¢ [25] are reduced. The measured Pps is re-
duced to 1 —3%P;, for pulse lengths varying from 4.5 —7
ns with laser energies from 0.93 — 1.6 MJ (Fig. 2(a)),
allowing the NVH to achieve 97 — 99% laser-hohlraum
coupling.

Furthermore, in gas-filled hohlraums, an empirical and
time-varying -y coefficient is required to match exper-
imental measurements with 2D integrated hohlraum-
capsule HYDRA simulations using a detailed configura-
tion accounting high flux model [21, 26]. The v coefficient
is typically of order 0.72 — 0.78, degrading the flux avail-
able to drive the capsule by nearly 30%. The origin of
this disagreement between simulations and experiments
is not presently well-understood and is an area of active
research; the work reported here suggests that it is re-
lated to the hohlraum gas fill. Potential sources of this
disagreement include: lower than expected (by current
models) electron heat conduction or energy stored in the
hohlraum through heating the gas, in Langmuir waves, or
in suprathermal electrons. In all our NVH experiments,
a 7 coeflicient of order 0.9 is suitable for matching mea-
sured implosion parameters. The small remaining devia-
tion from unity is likely compensating for uncertainty in
the modeling of atomic physics and equations of state.

As a result, the NVH provides 30 — 40% more x-ray
drive to accelerate the capsule relative to high gas den-
sity filled hohlraums with similar laser energies. This
efficiency increase can be seen in Fig. 3, which com-
pares laser pulses of similar peak power and energy (250
TW, 700 kJ, HDC capsule) used for gas-filled hohlraum
(red) and NVH (blue) experiments with the resulting
hohlraum internal radiation temperature tuned to exper-
imental measurements (here, shock velocities and accel-
erations). Laser drive in the NVH results in a peak ra-
diation temperature more than 20 eV higher than the
gas-filled hohlraum. This simulated temperature differ-
ence is confirmed by the different peak x-ray fluxes for
these two experiments measured through the hohlraum
LEH by Dante [27] and corrected for the LEH closure
measured by the soft x-ray imager [28, 29]. The rise to
peak radiation temperature is also faster in the NVH rel-



ative to the gas-filled hohlraum, resulting in 2.5x more
flux during the rise to peak power and 1.5x more flux at
peak.

An additional benefit of the NVH is the observed min-
imal generation of suprathermal (> 170 keV) electron
preheat. These energetic electrons are believed to be
generated through two-plasmon decay [30] and stimu-
lated Raman scattering in gas-filled hohlraums and may
degrade implosion performance of a cryogenic fuel layer
by decompressing the fuel [31]. The Filter-Fluorescer
Experiment (FFLEX) diagnostic measures hard x-ray
Bremsstrahlung emission over specific energy bands and
is used to infer suprathermal electron generation [32]. A
conventional gas-filled hohlraum with a 1.2 MJ (4-shock)
drive generated nearly 1 kJ of suprathermal electrons; in
comparison, 1.2 MJ (2-shock) drive in the NVH gener-
ated approximately 10 J. Suprathermal electrons also in-
troduce a high background on diagnostics, limiting mea-
surement capabilities; the low x-ray background of the
NVH improves signal measurements, presenting new im-
plosion diagnostic opportunities, for example with Comp-
ton radiography or proton time-of-flight detectors [33] to
measure fuel-ablator density variations.
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FIG. 2: (Color online) (a) Comparison of experimental laser-
hohlraum coupling for NVH (average of 97.8% with a stan-
dard deviation of 0.011) relative to gas-filled cryogenic cylin-
drical hohlraum experiments (average of 85.4% with a stan-
dard deviation of 0.022) measured through NIF’s suite of
backscatter diagnostics [24, 34]. (b) Comparison of measured,
time-integrated hard x-ray FFLEX data (see text) for a NVH
(N131212, blue) and a gas-filled hohlraum (N130628, red)
HDC experiment with similar laser energies; the NVH shows
approximately 100X reduction in suprathermal electron gen-
eration.

Because HDC is more than three times as dense as CH
(3.42 g/em? vs. 1.1 g/cm3 relatively) [35], thinner cap-
sules can be driven by shorter drives to ignition-relevant
conditions [22], making HDC a natural ablator choice for
cryogenic layered implosion in the NVH. For this proof-
of-principle campaign, we chose a 2-shock drive (dotted,
blue trace in Fig. 3) that has very low growth for ablation
front Rayleigh-Taylor instabilities [36-38] and is robust
to shock mistiming. The resulting cryogenic DT layered
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FIG. 3: (Color online) Comparison of laser pulses (a) and
resulting simulated hohlraum internal radiation temperature
(b) from a recent 3-shock, gas-filled HDC shock-timing ex-
periment, N131202 (red), with a 2-shock, NVH HDC shock-
timing experiment, N130916 (blue). The 3-shock plots have
been shifted in time to align the rises to peak power. Despite
using similar peak laser powers and energies, the NVH peak
drive is > 20 eV higher than the gas-filled drive, resulting in
50% more hohlraum flux in the NVH. The dashed blue traces
denote the laser and temperature for the DT cryogenic layer
experiment N131212.

implosion - shot N131212 - utilized an 85 pm undoped
HDC capsule with a 6.8 ns laser pulse (305 TW peak
power, 1.164 MJ) to achieve a neutron yield of 1.8 x 1015
[39] with no evidence of capsule material mixing into
the hot spot [40]. This yield is consistent with an en-
hancement due to alpha-heating of approximately 20%,
inferred from the measurement-based hot spot model [41]
as well as from HYDRA calculations. The increased effi-
ciency of the NVH is evident by noting that the gas-filled
hohlraum experiments with comparable neutron yields
required laser energies greater than 1.5 MJ, nearly 30%
higher than used for N131212. Shot N131212 achieved
27x convergence with an inferred hot spot pressure of
100 Gbar. Laser-hohlraum coupling remained high at
99% (11.7 kJ measured backscatter out of 1164 kJ of in-
cident laser energy) with negligible suprathermal electron
generation (Fig. 2(b)).

Beside delivering high hohlraum efficiency and little
signature of laser-plasma interaction processes, a com-
bination of neutron and x-ray images demonstrate an
adequate level of symmetry control during the stagna-
tion phase of the implosion. Earlier work [7] anticipated
uncontrollable symmetry swings in vacuum hohlraums
(due to fast and non-uniform expansion of the hohlraum
wall) and early loss of inner beam propagation (due to
hohlraum filling). However, the time-integrated x-ray
emission measured a 24% prolate hot spot (as fit with
the 27? Legendre moment, P2), (Fig. 4), with a ra-
dius P0=35.9 pm, indicating that the drive to the cap-
sule waist from the inner beams was not only adequate
but needs to be reduced in subsequent implosions to
achieve a round hot spot. This measurement is consistent
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FIG. 4: (Color online) Measured P2/P0 during x-ray emis-
sion, showing minimal symmetry swing of the hot spot dur-
ing x-ray emission. Left image is measured time-integrated
equatorial x-ray emission, showing a prolate hot spot. Right
image is measured time-integrated neutron emission, showing
a prolate core.

with better propagation of the inner cone laser beams
inside the hohlraum relative to 2D integrated hohlraum-
capsule HYDRA simulations. This is confirmed by time-
integrated soft x-ray images of the hohlraum wall through
the LEH [29], which show brighter inner cone laser spots
at the hohlraum waist relative to simulations as well.
The primary DT neutron image (Fig.4) is of similar size
and shape (P0=32.9um, P2/P0= +39%) to the time-
integrated x-ray image, suggesting that the hot spot
shape is representative of the symmetry of the burning
volume. More importantly, the time-resolved x-ray imag-
ing of the implosion during burn (x-ray burn width = 170
+ 14 ps, neutron burn width = 161 + 30 ps, as measured
by GRH, gamma reaction history diagnostic [42]) shows
minimal change (on the order of +5%) in symmetry. This
result suggests that the assembled burning volume un-
derwent minimal symmetry distortions near the time of
stagnation.

Overall, implosion metrics, summarized in the table
below, are well matched by 2D integrated hohlraum-
capsule HYDRA simulations using a detailed configura-
tion accounting high flux model, adjusted for enhanced
inner beam propagation.

To summarize, we have reported on the first high con-
vergence cryogenic DT layered capsule implosion driven
by a near-vacuum-hohlraum. By using a high density
ablator (HDC) material, the 2-shock 6.8-ns drive used,

“Inferred from measured neutron spectrum width
bBurn-averaged weighted by the burning volume
“Inferred from integrated hot spot model [41]

TABLE I: N131212 implosion metrics

2D Postshot Sim. Data
Neutron yield 1.8 x 10%° 1.8 x 10%°
Yield /simulated 99% NA
Bang time (ns) 8.48 8.51 £ 0.03
DT Tion (keV) 3.1 3.5+ 0.15 °
Fuel vel (km/s) 350 NA
Neutron burn width (ps) 149 161£30
X-ray burn width (ps) 139 170 £+ 14
Infer. stag. pressure (Gbar) 103 ° 92 £7°

while non-igniting by design, has most of the character-
istics of an igniting design that would require a finely
tuned 8 — 9 ns pulse. Observables demonstrate the high
efficiency and low level of laser plasma interaction ef-
fects, while showing implosion performance consistent
with 2D HYDRA simulations. Implosion symmetry is
controlled well, and inner cone beams propagate better
than expected to the waist of the hohlraum, suggesting
longer laser pulses (with corresponding lower adiabats
and higher compression) are possible.

Because of its high efficiency, low hot electron preheat,
and better symmetry than expected, a broad range of ex-
periments utilizing the NVH are currently being planned
for physics studies on the NIF, as well as a tuning cam-
paign using the NVH with HDC capsules which seeks
to achieve alpha-heating dominated neutron yields. A
family of 2-shock ignition designs has been developed
with adiabats ranging from 2.5 — 3.5 and pulse durations
from 6.5 — 8 ns with simulated 1-D yields from 100 kJ—4
MJ. The NVH opens the potential to explore this range
of designs with a highly efficient system in a regime of
hohlraum performance not previously predicted by sim-
ulations.

The authors would like to thank the NIF operations,
laser, target fabrication, and diagnostic teams for their
efforts during these experiments. This work was per-
formed under the auspices of the U.S. Department of En-
ergy by Lawrence Livermore National Laboratory under
Contract DE-AC52-07NA27344.
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