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The new hohlraum experimental platform and the quasi-3D simulation model are developed to enable
the study of the indirect drive experiment using the six-cylinder-port hohlraum for the first time. It is
also the first implosion experiment for the six laser-entrance-hole hohlraum to effectively use all the laser
beams of the laser facility that is primarily designed for the cylindrical hohlraum. The experiments
performed at the 100 kJ Laser Facility produce a peak hohlraum radiation temperature of ~222 eV for
~80 kJ and 2 ns square laser pulse. The inferred x-ray conversion efficiency # ~ 87% is similar to the
cylindrical hohlraum and higher than the octahedral spherical hohlraum at the same laser facility, while the
low laser backscatter is similar to the outer cone of the cylindrical hohlraum. The hohlraum radiation
temperature and M-band (>1.6 keV) flux can be well reproduced by the quasi-3D simulation. The
variations of the yield-over-clean and the hot spot shape can also be semiquantitatively explained by the
calculated major radiation asymmetry of the quasi-3D simulation. Our work demonstrates the capability
for the study of the indirect drive with the six-cylinder-port hohlraum at the cylindrically configured
laser facility, which is essential for numerically assessing the laser energy required by the ignition-scale

six-cylinder-port hohlraum.
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In inertial confinement fusion [1], a spherical capsule
filled with deuterium and tritium fuel is imploded at high
velocity (300 — 400 km/s). The compressed capsule con-
sists of a low-density and high-temperature hot spot
surrounded by a high-density and low-temperature shell.
The thermonuclear ignition occurs when the central hot
spot achieves the ignition condition expressed by the
Lawson criterion [2] or its similar forms [3,4]. The
imploding capsule is usually driven by either intense laser
beams (direct drive) [5] or soft x rays produced by laser
irradiation of a high-Z hohlraum (indirect drive) [6].

Conventionally, the cylindrical hohlraum with two laser
entrance holes (LEHs) is used to convert laser energy into
x rays for indirect drive [6], which naturally has even modes
asymmetry described by the Legendre P, modes. The
current laser facilities, such as the National Ignition
Facility (NIF) [7] and the 100 kJ Laser Facility [8,9], are
primarily designed for the cylindrical hohlraum with laser
beams arranged into inner and outer beams to control the low
mode radiation asymmetry. However, due to the complexity
of the laser-plasma interaction (LPI) and the plasma status
inside the hohlraum, the low mode radiation asymmetry was
still one of the major obstacles for achieving ignition at NIF
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in the past twelve years [10]. Various tuning techniques,
such as the cross beam energy transfer (CBET) [11], have
been used to minimize the radiation asymmetry in the
cylindrical hohlraum, which contributes to the great
progress of the indirect drive at NIF. Recently, it is reported
that the marginal ignition regime has been achieved at NIF
with fusion yield ~1.3 MJ [12].

Meanwhile, new hohlraum design is explored to improve
the radiation symmetry, such as the rugby-shaped hohlraum
[13], the Frustraum [14], and the I-Raum [15]. These
designs still use two LEHs for the hohlraum and can be
easily applied at the current laser facilities. Recently, the
octahedral hohlraums with six LEHs are also proposed for
indirect drive [16—19]. Theoretically, the six-LEH octahe-
dral hohlraum, with P, radiation asymmetry naturally
mitigated, has robustly better symmetry than the two-
LEH hohlraum with respect to laser pointing errors, capsule
offset, and laser energy imbalance [20-22]. No complex
symmetry tuning techniques are needed for the octahedral
hohlraum. The octahedral spherical (OS) hohlraum [16,17]
and the six-cylinder-port (SCP) hohlraum [18,19] are two
branches of the octahedral hohlraums, which have different
hohlraum geometry and laser injection [22]. The SCP

© 2022 American Physical Society
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FIG. 1. The schematic scheme of the indirect drive experiment
with the SCP hohlraum. The beams in orange (55°) and green
(49.5°) are the outer beams of the cylindrical hohlraum, while the
beams in blue (28.5°) and cyan (35°) are the inner beams.

hohlraum consists of six cylinder parts jointed like a six-
way cross pipe (Fig. 1). For the ideal laser injection, the
laser beams are incident in each LEH with the same angle
to form a laser cone similar like the outer beams of the
cylindrical hohlraum. The SCP hohlraum can provide
similar excellent radiation symmetry and requires less laser
energy compared to the OS hohlraum due to greater energy
coupling efficiency [22]. It is also expected that significant
stimulated Raman scattering (SRS) could be avoided for
the SCP hohlraum at ignition-scale due to the absence of
the inner beams.

It is essential to investigate the SCP hohlraum at the
current laser facility to assess its performance at ignition-
scale. Although the cylindrical hohlraum [6,23-25] and the
OS hohlraum [26-28] have been intensively investigated,
the SCP hohlraum is little investigated mainly because,
first, the configuration of the current laser facility is
primarily designed for the cylindrical hohlraum, not ideal
for the SCP hohlraum. The laser pointing and hohlraum
size should be designed together to ensure that the laser
beams can be incident into the SCP hohlraum. Second, the
geometry of the SCP hohlraum is three dimensional (3D). It
is hard to infer the radiation drive to capsule without 3D
simulation. Third, new techniques are needed for target
fabrication since the current technique is mainly for the
cylindrical hohlraum.

In this Letter, by developing the new hohlraum exper-
imental platform at the 100 kJ Laser Facility, the indirect
drive experiments with the six-LEH SCP hohlraum are
performed for the first time. Figure 1 shows the laser
pointing adjustment and the schematic scheme of the
experiment with the SCP hohlraum. In the experiments
with the cylindrical hohlraum (Fig. 1), the inner cone of
each LEH side consists of four beams at 28.5° and four
beams at 35° relative to the hohlraum axis. Meanwhile,
eight beams at 49.5° and eight beams at 55° are injected

into each LEH side to form the outer cone. In the current
experiments with the SCP hohlraum, the laser pointing and
the hohlraum size are designed correlatively to ensure that
each LEH has eight beams incident. The SCP hohlraum has
a diameter of 1.4 mm and a length of 3.4 mm in each
direction. The LEH is fully opened to ensure that the laser
beam can be incident into the hohlraum. For each LEH in
the polar direction, four 49.5° and four 55° beams (outer
beams of the cylindrical hohlraum) are incident to approxi-
mately form a cone. For the four LEHs in the equatorial
direction, two 28.5° and two 35° beams (inner beams of the
cylindrical hohlraum) are incident in each LEH along with
two 49.5° and two 55° beams. The incident angles relative
to its own cylinder axis are 62.1°, 61.5°, 47.9°, and 50.7°,
respectively. In this case, all the 48 laser beams of the
cylindrically configured laser facility can be effectively
used for the six-LEH hohlraum for the first time, while the
OS hohlraum only uses 32 laser beams unequally injected
to the six LEHs [27,28]. Four flat response x-ray detectors
(FXRDs) [29] and M-band (1.6 to 4.4 keV) flat-response
x-ray detector (MXRDs) [30] are used to measure the time-
resolved radiation flux F and the M-band flux at different
view angles. The radiation temperature (7',) is calculated by
Tt = F/sum(cA; gy cos 8;). Here, A gy is the area of the
LEH. 6; is the polar angle between the ith LEH and the
FXRD. o is the Stefan-Boltzmann constant. The stimulated
Brillouin scattering (SBS) and the SRS are measured by the
full aperture backscatter station [31]. The Kirkpatrick-Baez
(KB) microscope is used to measure the time-integrated
self-emission shape of the hot spot. The time-integrated
image of the hohlraum interior and the LEH are recorded
with the static x-ray imager, which indicates that the laser
beams can be fully injected into the LEHs.

A series of implosion experiments are performed using
both vacuum and gas-filled SCP hohlraums. The gas-filled
hohlraum is filled with 0.4 atm neopentane (CsH;,). In the
experiment, each laser beam delivers a 2 ns square laser
pulse. The incident laser energy is from E;, =76 kJ to
E; = 86 kJ. Figure 2(a) shows the measured peak T',. The
overall peak T, varies from 220 to 230 eV for different
FXRDs due to the different viewed area of the LEHs,
capsule, and laser spots. The measured 7, is about 40 eV
higher than the OS hohlraum [27], mainly because the SCP
hohlraum has higher laser power, higher x-ray conversion
efficiency, and smaller hohlraum wall area. Since the
FXRD-3 views only the hohlraum wall and does not view
the capsule or the other LEHSs, the T, of FXRD-3 is more
appropriate to represent the overall hohlraum 7',. It is
indicated by the FXRD-3 that the 7', of the SCP hohlraum
is about 222 eV for E}* = 80 kJ. Here, E}* is the net
incident laser energy excluding the backscattered laser
energy. The laser backscatter is dominated by SBS. The
backscatter fraction is about 2% and 5% for the vacuum and
gas-filled hohlraums, respectively. The laser backscatter
property is similar to the outer beams of the cylindrical
hohlraum at the same laser facility.
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FIG. 2. (a) The normalized peak 7', by the FXRDs with view

sight shown at the bottom. The different colored symbols
represent different shots. The laser spots on the wall are shown
by the colored spots. The polar direction is shown by the
black arrows. Here, T, is normalized to E}® =80 kJ by
T, = (80 kKJ/EM)O5T™  (b) The peak T, versus E™ for
FXRD-3. The error bar of the T, is £2.5%.

The x-ray conversion efficiency of the SCP hohlraum is
further assessed using the power balance equation

77(PL - Px) = [(] - aw)Aw + (1 - acap)Acap + ALEH]UT;t .

Here, P; and P, are the incident and backscattered laser
power, respectively. A,, is the area of the hohlraum wall and
Acqp 18 the area of the capsule. a,, and a,, are the albedo of
the hohlraum wall and the capsule, respectively. For the
current experimental parameters, a,, = 0.89 is used similar
like in Ref. [25] and ag, = 0.3 since the laser pulse
shape and the beam power are quite similar for the two
experiments. The inferred x-ray conversion efficiency is
n ~ 87 = 5% for both vacuum and gas-filled SCP hohlraum
[Fig. 2(b)], similar to the cylindrical hohlraum [25]
and higher than # ~ 80% of the OS hohlraum [27] at the
laser facility. We speculate that the SCP hohlraum may
have similar x-ray conversion efficiency as the cylindrical
hohlraum at ignition-scale while the laser backscatter by
SRS may be significantly reduced since the laser-wall
interaction for the SCP hohlraum is similar to the outer
beams of the cylindrical hohlraum.

The hohlraum radiation field is further investigated by
the quasi-3D simulation model. Here, “quasi-3D” means
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FIG. 3. (a) The schematic scheme of the quasi-3D simulation.
The laser incident angle and the laser trajectory are also shown.
(b) Comparisons of the 7, and the M-band flux between the
experiment and the simulation for N166.

that the 3D hohlraum radiation field is constructed based on
a series of 2D simulations. In the quasi-3D simulation, the
SCP hohlraum is divided into six cylindrical parts with
axial symmetry [Fig. 3(a)]. Each cylindrical part is simu-
lated separately by the 2D radiation hydrodynamic code
LARED [32]. In each 2D simulation, the laser energy of the
same incident angle is equally divided to the 2D laser cone
with the same pointing region. The reflected boundary
condition is used for the joint region inside the hohlraum.
The 3D radiation field of the whole SCP hohlraum is
approximately constructed by jointing the six cylindrical
parts together. It should be noted that a small piece of the
connecting region [white regions in Fig. 3(a)] are not
included in the quasi-3D simulation model. Since the area
of the missing regions is only about 3.6% of the whole
hohlraum area, it affects little of the overall hohlraum
energy. When constructing the whole hohlraum radiation
field, the plasma status of these regions is extrapolated from
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FIG. 4. The postprocessed capsule 7', and radiation asymmetry
for N166 (a) and N176 (b).
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FIG.5. The yield degradation by radiation asymmetry for N166
(a) and N176 (b).

the simulated regions. The shot N20180705166 (N166) is
used as an example to show the validity of the quasi-3D
simulation on describing the radiation field of the SCP
hohlraum [Fig. 3(b)]. It is shown that the postprocessed T,
and the M-band flux for FXRD-3 agree with the experiment
except for the slight disagreement of M-band flux before
0.5 ns. Similar results are also found for the other shots,
indicating that the quasi-3D simulation is valid to describe
the radiation field inside the SCP hohlraum.

Next, the implosion performance is investigated by
the 2D capsule-only simulations using the construc-
ted radiation drive. Two typical shots NI166 and
N20180710176 (N176) are simulated and compared with
the experiments. The shot N166 uses the gas-filled hohl-
raum. The capsule consists of 28.1 um thick plastic ablator
filled with 9.6 atm DD gas inside the radius of 307.7 um.
The shot N176 uses the vacuum hohlraum. The capsule
consists of 49.9 um thick plastic ablator filled with 5.6 atm
DD gas inside the radius of 309.5 um. The convergence
ratio is Cr ~ 10 for N166 and is Cr ~ 20 for N176, which
means that N176 is more sensitive to radiation asymmetry
than N166. Figure 4 shows the capsule 7', and the radiation
asymmetry from the quasi-3D simulation. For the SCP
hohlraum, the 3D radiation asymmetry on the capsule is
described by the spherical harmonic expansion F =
S Som=l a4y, Y 1, (0, @) with ay, the spherical harmonic
decomposition. The relative asymmetry is defined as Cyy =
lap|/ag and Cy,, = |a;,|/aq. For the current nonideal
laser injection, it is found that C,,, Cyg, and C,y4 are the
major asymmetry components. Cyq and Cyq are 2D asym-
metry components while C4.4 is a 3D asymmetry compo-
nent. It is shown that the evolution of C4y and C,, are
quite similar between the gas-filled hohlraum and the
vacuum hohlraum. The value of Cy, is about 1.8x larger
than C,y4. In the gas-filled hohlraum, C,, reaches a peak
value of 5% around 1.3 ns and decreases to negative. In the
vacuum hohlraum, C,, sustains around 3.5% from 1
to 2 ns.

The performance degradation by radiation asymmetry is
summarized in Fig 5. Since the C4.4 radiation asymmetry
cannot be self-consistently considered in the 2D simulation,
it is effectively considered by adding it to C,, through

Cft = /C5y + 2C3 ., similar to that in Ref. [33]. For shot
N166, the experimental neutron yield is 1.69 x 10°.

P0=33.71

P2=-0.304
P4=-0.001

P2=-0.099
P4=-0.013

FIG. 6. The equatorial hot spot self-emission images from the
experiments [(a) and (c)] and simulations [(b) and (d)]. The
dashed lines are the 30% contour. The 30% contour in panel
(d) is overplotted on panel (c) since the noise level is too
significant to analyze the asymmetry.

The yield-over-clean (YOC) is YOC,p = 59% [Fig. 5(a)],
which is close to the cylindrical hohlraum implosions with
the same Cr at the 100 kJ Laser Facility [34]. The yield
degradation by radiation asymmetry is small due to small
Cr. By taking into account all the radiation asymmetry
components in Fig. 3(a), the yield of the 2D simulation is
about 93% of that in 1D. Therefore, the 2D YOC
with radiation asymmetry is YOC,p 4y = 63%. For shot
N176, the experimental neutron yield is 1.0 x 10° and the
YOC,p = 37%. By taking into account all the radiation
asymmetry in Fig. 3(b), the yield of the 2D simulation is
about 65% of that in 1D, which is more degraded than
N166 due to larger Cr [Fig. 5(b)]. The 2D YOC is
YOC;pgym = 60% for N176 and is similar as the 2D
YOC for N166. Overall, the variation of YOC, between
N166 and N176 can be semiquantitatively explained by the
yield degradation of the major radiation asymmetry if all
other degradation contributions were equal. Other effects
should also be assessed to fully understand the yield
degradation.

The hot spot shape is also compared between the
experiments and the simulations (Fig. 6). The shot
N20191227335 (N335) is a repeat of N166 but with
0.3% Ar filled in the capsule to enhance the self-emission
signal. Therefore, the image of N335 is less noisy than
N176. It is shown that the experimental hot spot shape is
more deviated from 1D in N176 than that in N335. The
variation of the hot spot shape between the two shots can
also be semiquantitatively explained by the calculated
major radiation asymmetry of the quasi-3D model, indicat-
ing that the quasi-3D model can roughly describe the major
radiation asymmetry.

In summary, a new experimental platform is developed at
the 100 kJ Laser Facility to enable the study of the indirect
drive implosion using the SCP hohlraum and all the 48
laser beams. The experiments produce a peak radiation
temperature of ~222 eV for the ~80 kJ and 2 ns square
laser pulse. It is found that the inferred x-ray conversion
efficiency is # ~ 87%, similar to the cylindrical hohlraum
and higher than the OS hohlraum at the same laser facility.
The laser backscatter is dominated by SBS with its fraction
similar like the outer beams of the cylindrical hohlraum.
A quasi-3D simulation model is developed to investigate
the radiation field of the SCP hohlraum. The simulated 7,
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and M-band flux are consistent with the experiments.
The variation of the YOC,p and the hot spot shape can
also be semi-quantitatively explained by the calculated
major radiation asymmetry. Our Letter supports the assess-
ing that the ignition-scale SCP hohlraum with robustly high
radiation symmetry can be driven by about 2 MJ laser
energy [18,22].
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