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In DT cryogenic implosions, hot-spot x-ray self-emission is observed to begin at a larger shell
radius than is predicted by a 1-D radiation-hydrodynamic implosion model. Laser-imprint is shown
to explain the observation for a low-adiabat implosion. For more-stable implosions the data are not
described by the imprint model and suggest there are additional sources of decompression of the

dense fuel.

On the 30-kJ OMEGA laser, experiments are con-
ducted on spherical implosions so as to create conditions
relevant to inertial confinement fusion. Plastic capsules
(~1 mm in diameter) containing a cryogenic shell of solid
deuterium—tritium (DT) fuel are directly imploded by
~20 TW of laser power arriving via 60 beams. The dense
shell acts as a piston to create a fusion-relevant pres-
sure (~100 Gbar) and temperature (~3 to 5 keV) in DT
plasma termed the hot spot. The OMEGA experiments
are interpreted by hydrodynamic scaling to the ~2-MJ
National Ignition Facility (NIF) for which the implosion
dimensions would be sufficiently large that hot-spot fu-
sion reactions can cause runaway self-heating. Substan-
tial progress has occurred [1] but the hot-spot conditions
are not yet sufficient to trigger a self-sustained fusion
reaction [2]. An impediment to progress is that well-
supported hypotheses for the underperformance in these
directly laser-driven implosions have not yet emerged.

A specific challenge of the direct-drive approach, in
which laser light directly impinges on the ablator, is that
the coherent speckle of the laser light acts as a source of
perturbations at the ablation surface. While the rapid
formation of a plasma conduction zone limits the seed-
ing to the earliest times of the drive, the small pertur-
bations are amplified by the Rayleigh—Taylor instability.
If this growth is sufficient, the spherical shell of periph-
eral dense fuel is decompressed and creates a low-density
tail extending into the hot spot; these factors reduce the

dynamic pressure pq = pshvzh and stagnation hot-spot

pressure pps ~ pg/ 3, where pg, and vy, are shell density
and velocity, respectively [3]. A limit on the shell den-
sity arises from entropy, which is determined in direct-
drive implosions mainly by laser pulse shape and result-
ing shocks. It is characterized by adiabat «, defined as
the ratio of the pressure to the Fermi-degenerate pressure
at the shell density. Implosions having a higher adiabat
and thicker fuel layers tend to be more robust at the
expense of ideal 1-D performance. Experiments in fully
plastic ablators without cryogenic layers have suggested
imprint as modeled is a sufficient input to account for
shell decompression [4-7]. As compared to warm implo-

sions, the ignition targets are cryogenic and have only
a very thin outer layer of plastic. Interior to this is a
much thicker shell of DT ice, which functions as both
ablator and dense fuel. In the cryogenic case, ablation in
the solid-density DT mitigates the growth of the imprint
induced perturbations due to increased ablative stabiliza-
tion [8]. Other factors, such as debris (for which growth
is highly non-linear) [9, 10], shock mistiming [11], and
details of the DT shock-release physics (studied to date
in plastic [12, 13]) may become important to the fuel
decompression. However, testing such modeling in the
cryogenic case is technically challenging as compared to
the warm implosions given negligible opacity of hydrogen
and an absence of a material interface to define the hot
spot. This Letter describes the first such study made in
DT targets.

In this work we diagnose hot-spot formation in in-
tegrated DT cryogenic implosions based on a detailed
study of nascent x-ray self-emission from the hot-spot.
The diagnostic signature arose from the observation that
time-resolved images of soft x-ray self-emission showed
an onset of the hot-spot emission at less convergence as
compared to 1-D radiation-hydrodyanamic modeling. As
noted by Hu et al. [7], such earlier onset of emission re-
sults from a relaxed, or thickened, density profile as may
be caused by imprinting. By detailed comparison with
3-D radiation hydrodynamic modeling which includes a
diffraction based model of the laser imprint, our time-
gated work provides the first indication of laser-imprint
damage of hot-spot assembly in a low-adiabat DT cryo-
genic implosion. However, we also find a persistence of
the emission turn-on discrepancy in more-stable implo-
sions for which it is not predicted by the model. The
discrepancy is shown to reduce as the implosion stability
is increased. These spatially resolved and time-integrated
measurements suggest a modeling gap specific to the fuel
assembly and its profile relaxation as the implosion enters
deceleration.

We draw on six DT cryogenic implosion experiments
(see Table I) for which the emission turn-on was analyzed
from the framed image data and compared in detail to
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FIG. 1. (a) Observed soft x-ray self-emission at the onset
of hot-spot core emission a cryogenic implosions experiment.
The lower sector indicated by dotted white lines can include
emission related to stalk mounting and is excluded from anal-
ysis. (b) Angle-averaged radial profile from the experimental
image is shown by the solid black curve. The result from 1-D
modeling at matched position of the ablation front is shown
with the dotted black curve. The dashed cyan curve shows
the 1-D result obtained ~70 ps later at which time the center
emission reaches the prominence observed in the data.

models. The targets nominally had outer diameters of
870 pm with 8-um CD shell, DT layer thicknesses of 50
or 65 pm, and DT ratio of 50:50 or 70:30. The total on-
target laser energy varied between 17.5 to 21 kJ. Other
parameters of the 60-beam experiments at the OMEGA
laser such as phase-plates and beam smoothing were un-
changed from recent publications [1, 14]. The design
choices of the targets and specific details of the single-
picket pulse shapes provide for variations of stability via
both « and in-flight aspect ratio (IFAR), which is the
ratio of the shell radius to shell thickness at two-thirds
initial radius. A convenient single metric is an empiri-
cal instability parameter given by S = IFAR/a!! [3] for
which higher values indicate a less stable implosion .
An example of the aforementioned motivating observa-
tion is shown in Fig. 1. Figure 1(a) shows a 40 ps gated
pinhole image of soft x-ray self-emission (~800 ¢V) taken
from shot 94008. The image is corrected for 6x mag-
nification, film response, background and measurement
artifacts. As the thin shell of CD has been ablated away
by this phase of the implosion, the image shows a single

TABLE I. Summary of 1-D LILAC calculated «, IFAR, in-
stability parameter S=IFAR/a'!, and yield Y for the DT
cryogenic implosions for which the hot-spot emission onset
has been analyzed. Measured yield is noted in parentheses.

S Shot a IFAR Y (x10'%)
2.9 79626 5.8 19.9 0.3 (0.18)
3.4 79624 4.7 18.6 0.45 (0.21)
6.0 91547 3.3 22.3 1.7 (0.39)
6.9 94017 2.9 22.3 0.88 (0.12)
7.9 94008 2.8 24.5 1.7 (0.29)
21.8 94013 1.7 39 2.8 (0.14)
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FIG. 2. 3-D ASTER results. (a) Density for uniform (left)
and imprint simulations (right). (b) Angle average of mass
density (uniform, solid black curve; imprint, red dashed
curve). (c) Self-emission images and (d) angle-averaged emis-
sion profiles (same formatting as in (c). The dotted blue
curve excludes carbon emission interior to radial values less
than 200 pm.

peripheral emission limb associated with laser absorption
and ablation in high-density DT fuel [15]. Interior to the
ablation-front emission is an annulus of reduced emission
at the position of dense fuel, and, finally, a center bright-
ening due to the heating of lower-density hydrogen which
forms the hot spot. The sector demarcated by the dashed
white lines encompasses the position of target mount-
ing and is excluded from analysis. After identifying the
best-fit circle for the emission limb, the image is aver-
aged around this center to produce the angle-averaged
profile shown as the solid black line in Fig. 1(b). The
result of synthetic image analysis based on 1-D radiation-
hydrodynamic code LILAC [16] and which accounts for
spectral response, 40 ps time-gating, and 20-um spatial
resolution of the experiment [17] is shown by the dotted
black line. The calculated image is chosen to match the
convergence of the experimental image and both images
are normalized to the limb peak. There is a prominent
discrepancy in the level of hot-spot emission at r <100
pm. The result from the 1-D simulation at a time 70
ps later is shown by the dashed cyan line. Additional
convergence is required in the simulation to reach a com-
parable hot-spot emission. Even then, the result from
the simulation shows a hot-spot emission profile with an
edge peaking that contrasts the center peaked result from
experiment. The onset of the hot-spot emission serves as
our diagnostic signature related to hot-spot formation
and is discussed extensively in the remainder of the Let-
ter.

We next consider modeling in which the dense fuel is
strongly perturbed by laser imprint to illustrate how en-
hanced hot-spot emission results from a relaxation of the
dense fuel profile. For this modeling we have used the



3-D radiation-hydrodynamic code ASTER [18], an Eule-
rian code that uses the speckle calculated from diffraction
theory to modulate the incident beams [19]. It has been
run so as to sufficiently resolve Legendre modes up to ¢ ~
200, as was previously used to study imprint [20]. The
model further accounts for all aspects of beam smooth-
ing deployed in the experiments: distributed phase plates
[21, 22], polarization smoothing [23], and smoothing by
spectral dispersion [24, 25]. The results from ASTER are
in qualitative agreement with additional 2-D simulations
using the DRACO code [26]. In Fig. 2 we examine results
from application of this model to low stability S = 21.8
implosion (o = 1.7) for which there is a neutron yield
reduction of ~90% when comparing the 3-D calculations
with and without imprinting. Figure 2(a) contrasts the
density profile determined from ASTFER for the uniform
(left) and imprint (right) models at a time at which the
hot-spot emission predicted with imprint becomes promi-
nent. Angle averages of these profiles (uniform, solid
black and imprint, red dashed curves) are shown on a
logarithmic scale in Fig. 2(b). The returning shock has
not yet collided with the inbound high-density fuel and
is clearly visible at r ~ 25 pym in both models. The den-
sity profile for the imprint case exhibits decompression,
which is accompanied by a density tail deep into the core.
The chord-integrated self-emission images are shown in
Fig. 2(c) and corresponding angle averages in Fig. 2(d).
The additional curve in Fig. 2(d) (dotted blue line) is
the result of a second imprint simulation excluding emis-
sion from mixed CD within a radius less than 200 pm
(the exclusion of the CD emission from the hot spot did
not further change the modeled neutron yield). The ad-
vance in emission onset relative to ablation radius for the
imprint model is the result of several contributions. Fore-
most, the density tail [Figs. 3(a) and 3(b)] leads to earlier
compressive work and pressure buildup. Other contribu-
tions are also attributed to the hydrodynamic instability:
a broadened and therefore weaker emission limb; carbon
enhancement of the emission; and an outward shift of the
ablation front.

To quantify the early onset of the hot-spot emission we
have tracked its increase as a function of ablation front
position. The detailed comparison of this evolution with
post-shot AST ER simulations is shown for two compan-
ion shots, with instability parameter S = 21.8 [Fig. 3(a)]
and S = 7.9 [Fig. 3(b)]. These shots occurred with nom-
inally identical targets and both implosions were driven
with single-picket pulses with nearly matched drive en-
ergy (25 kJ) and peak drive power (20 TW). For the
S = 21.8 implosion the picket power was ~2 TW giving
design o = 1.7. In contrast, the S = 7.9 case had approx-
imately twice the power in the picket and shorter delay
between picket and main resulting in @ = 2.8. The rela-
tive core emission is calculated from each framed image as

ﬁ fORPk/Q rI(r)dr, where I(r) is the angle averaged

Normalized core emission
(98]
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FIG. 3. Central emission versus inferred ablation front radius
for (a) S =21.8,a =1.7,and (b) S = 7.9, @ = 2.8 implosions.
Data are indicated by solid circles with cyan line showing fit.
Results from uniform ASTER are indicated by dotted black
line for all three cases. High-resolution ASTFER with laser
imprinting is shown by dashed red line.

signal normalized to the peak at the emission limb and
Ry is the peak position of the limb. In the plots of Fig.
3, the solid black circles and cyan line correspond to the
experimental measurements and fit; the dotted black line
is the uniform ASTER calculation; and the red dashed
line is the ASTER model including imprint. The data
and simulation are fit using a delayed exponential with
constant offset. After correcting for slight variations of
the offset the emission onset is determined at the posi-
tion of unity normalized emission. We find for the lower
stability S = 21.8 case [Fig. 3(a)] this turn-on occurs at
Rpx=137+£2 pm (error is assumed dominated by the ra-
dial determination). The measured emission onset occurs
at a radius that is 38 pm larger than what is determined
by the identical analysis of the uniform ASTER calcu-
lation. For this lower stability case, the imprint calcu-
lation (dashed red line) shows an emission onset at 134
pm, in close agreement with the measurement. Figure
3(b) shows the corresponding evolution of the core emis-
sion for the S = 7.9 higher stability companion. The
onset of hot-spot emission from the experiment is at a
smaller radius of 11842 pm but remains discrepant with
the uniform calculation by 23 pm. As compared to the
90% reduction in calculated yield due to imprint for S
= 21.8, the yield reduction is 22% for the S = 7.9 cal-
culation. In the higher-stability case there is no signif-
icant modification of the calculated turn-on radius and
the imprint model does not provide an explanation for
the observation.

To examine this discrepancy over more shots and
greater range of the instability parameter S, the shift
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FIG. 4. Survey of six implosions of Table I showing differ-
ence in measured onset of hot-spot emission as compared to
models (ARemis) versus instability parameter (S). The com-
parison relative to 1-D LILAC is indicated by black circles
and relative to 3-D ASTER with imprint by the red squares
(two available cases only).

in emission turn-on (ARemis) was determined for the six
implosions of Table I as compared to their post-shot 1-
D LILAC simulations (see Fig. 4, black circles). The
comparison of the emission turn-on relative to the 3-D
ASTER simulations with imprint, for the two available
cases, is shown with the red squares. Imprint provides an
explanation, due to profile relaxation and shell breakup,
for the right-most point at S = 21.8. However, the im-
print model cannot explain any part of the measurement
at S = 7.9 (and by extension smaller values of S). At
present we cannot exclude the possibility of shock related
processes in causing a relaxed fuel profile; however, the
clear dependence on a stability parameter more strongly
supports unmodeled additional perturbations which seed
Rayleigh-Taylor growth such as debris (which may cause
rapid development of highly nonlinear phases of the in-
stability [10]) or ice roughness. To help differentiate these
hypothesis, future studies are being planned which will
use careful matching of shock driven adiabat for implo-
sions with contrasting layer thicknesses (thereby vary-
ing S). Furthermore, target characterizations using a
new capability to microscopically examine plastic debris
and damage following cryogenic fill [27] will be compared
against the experimental signatures.

In summary, we have presented time and space re-
solved characterization of the onset of x-ray emission
from the hot-spot plasma in direct-drive experiments of
cryogenic spherical implosions. The measurements are
taken in-flight at convergence ratio of ~3, thereby em-
phasizing conditions at the start of deceleration. With
respect to understanding current limitations on hot-
spot performance, the x-ray emission onset provides
first evidence of good agreement with a 3-D radiation-
hydrodynamic model of laser imprint in a low-adiabat,
integrated DT cryogenic implosion. However, as the
emission discrepancies are not explained for more stable
implosions, these results are also suggestive of an under-
standing gap specific to modeling of early fuel assembly
and profile relaxation.
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