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Performance enhancement of direct-drive shock-augmented ignition inertial fusion implosions
through shock timing optimization
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Shock-augmented ignition (SAI) [R. H. H. Scott et al., Phys. Rev. Lett. 129, 195001 (2022)] is an alternative
inertial confinement fusion concept that is designed to achieve high energy gain by combining improved
resilience to instabilities with enhanced fuel compression. In SAI, lower implosion velocities can improve
hydrodynamic stability and limited laser intensities reduce the excitation of detrimental laser-plasma instabilities,
enabling greater areal density accumulation. Here we report an experimental investigation of SAI using a series
of warm D, implosions. By timing the augmenting shock to arrive at the implosion center immediately prior to
peak compression, the areal density and hot-spot pressure increase by 50% and 112%, respectively, relative to
unoptimized designs. Ignition-scale simulations reproduce the observed timing dependence and demonstrate the

potential of SAI for inertial fusion energy.

DOI: 10.1103/z14y-4blx

I. INTRODUCTION

The direct-drive approach to inertial confinement fusion
(ICF) [1] illuminates a spherical capsule of fusion fuel di-
rectly with quasispherically arranged lasers. The capsule has
an outer shell of low-Z material, typically CH, containing a
layer of frozen deuterium-tritium (DT) ice and a core of DT
gas. The absorption of laser energy by the outer CH layer
causes it to ablate away and, through the conservation of mo-
mentum, the remaining target accelerates inwards. Spherical
convergence and compression via shocks that are launched
by increases in laser intensity raise the gas core temperature
and pressure, and a central “hot spot” is formed. This high
pressure hot spot resists the further influx of the fuel shell
and converts the capsule’s kinetic energy into internal energy.
For a hot spot with sufficient temperature, 2> 5 keV, and areal
density, pR > 0.3 g/cm?, the hot spot ignites and a burn wave
propagates through the compressed fuel [1]. Demonstrating
the ability to assemble and ignite such fusion plasmas pro-
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vides the potential for low-carbon, baseload power plants.
With the achievement of ignition at the National Ignition
Facility (NIF) [2,3] and the proximity to hydro-equivalent
direct-drive ignition [4,5], focus now turns to identifying
robust high gain designs that are relevant to inertial fusion
energy [6].

Shock-augmented ignition (SAI) [7] is a novel scheme that
aims to exploit the hydrodynamic stability and high areal
density fuel accumulation of low velocity implosions, where
ignition is triggered with an augmenting shock; a late-timed
shock wave launched without the need for high laser in-
tensities. In conventional implosion designs [1], ignition is
achieved through the kinetic energy of the shell alone, neces-
sitating high implosion velocities. This causes susceptibility
to hydrodynamic instabilities that can inject ablator material
into the DT fuel [8], and mix cold fuel with the hot spot that
quenches ignition [9]. Shock ignition (SI) [10] is an alternative
design that reduces the implosion velocity and compensates
by supplementing the internal energy with a late-timed shock
wave. This shock triggers ignition for an already assembled,
but subignition, hot spot. The promise of this scheme is that
implosions are predicted to be more hydrodynamically stable
and allow a greater mass of fuel to be assembled for the same
laser energy. However, launching the igniting shock requires a
sudden increase, or "spike," in laser intensity to values far be-
yond thresholds for laser-plasma instabilities (LPI). LPI direct
laser energy away from ablation and compression [11], and

Published by the American Physical Society
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cause the production of potentially detrimental suprathermal
hot electrons [12]. SAI offers the opportunity to realize the
benefits of SI with a lower exposure to LPI, as well as the
possibility for higher energy gains compared with conven-
tional implosion designs. These higher gains are predicted to
be more achievable due to the increased stability.

This article introduces direct-drive shock-augmented igni-
tion implosion experiments. We demonstrate experimentally
that key implosion performance metrics can be significantly
enhanced by optimizing the SAI laser pulse shape. This im-
provement in performance is attributed to the impact of the
augmenting shock wave and the precise tuning of its launch
time. The innovative SAI laser pulse shape features a fall and
rise in laser intensity, which allows for a controlled drop in
plasma pressure that facilitates the launch of a shock wave
in an extended ablation plasma. This occurs at substantially
lower laser intensities compared to shock ignition. The shock
launch timings yielding the greatest implosion performance
improvement are found to align with simulated predictions,
which replicate the trends in key implosion metrics inferred
from experiment.

The central design features of SAI is a reduction in laser
intensity after the main compression drive which precondi-
tions the ablation plasma, followed by a rapid increase in
laser intensity to launch a late-timed shock wave. A substan-
tially reduced laser intensity of 1.3 x 10'> W /cm? is required
compared with ~1 x 10'® W/cm? for SI [7]. This plasma
preconditioning aids the shock launching through a slight
relaxation of the ablation plasma, lowering the electron and
then ion temperature through electron-ion equilibration. This
lowers both the ion-acoustic speed and the local pressure [13],
reducing the threshold needed to form a shock. The augment-
ing shock is subsequently launched in this preconditioned
plasma by a rapid rise in laser power. The strength of the
shock increases as it spherically converges on the capsule
center. After colliding with the return shock from the main
compression drive within the in-flight shell, it is designed to
supplement the hot-spot internal energy and trigger ignition.

Implosion designs that incorporate a dip and rise similar
to SAI are currently in use on OMEGA for high perform-
ing shots [14]. Though not used for shock formation, these
features are implemented to reduce the growth of Rayleigh-
Taylor instabilities due to the larger density scale lengths and
increased in-flight aspect ratio from a slightly decompressed
shell—benefits also captured by the dip in SAI implosions.
The dip depth and rise height provide additional parameters
for optimizing implosions, significantly increasing the design
space and effectively bridging the gap between these high per-
formance shots and conventional SI. A generative Al model
[15] has predicted that, compared with SI, SAI has a wider
parameter space for producing high gains, which would make
it more appropriate for implementing in power plants. Simu-
lations [16] that use a nonlocal model for the heat conduction
predict an increase in the shock launching capabilities over
simulations that only use a flux limiter. These models, which
are expected to be more accurate, suggest that the require-
ments for the laser temporal shaping can be reduced, lowering
laser complexity and offering the potential for higher gain.

Plasma preconditioning, alternatively referred to as
decompression-recompression [17], is anticipated to have sig-
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FIG. 1. Equal energy laser pulse designs (~21 kJ) for dip times
of 1.6-2.1 ns given in the legend. Each uses an identical picket, foot,
and ramp gradient. Overlaid on the 1.6-ns dip time design is the
delivered laser pulse. Also shown is a schematic of the target design.
An 876-um outer diameter capsule, with a 28-um-thick plastic shell,
coated with 100 nm of aluminum, and a deuterium gas fill.

nificant utility beyond direct-drive SAI It has been proposed
for use in indirect drive, where greater areal density can
be achieved while limiting hydrodynamic instability growth
[7,18,19]. Simulations have suggested that introducing a dip
and spike in the x-ray radiation temperature to marginally
subigniting implosions can nearly triple the gain, while also
lowering the implosion velocity and improving the stability
of the ice-ablator interface [7]. There is ongoing research into
the use of heavy-ion beams as efficient drivers for SAI, where
substantial improvements in gain are predicted for optimally
timed shock launches [20]. Plasma preconditioning is also
predicted to aid in shock-induced fuel assembly for the fast
ignition implosion scheme [21].

II. EXPERIMENTAL SETUP

The experiment presented here was carried out at the
OMEGA Laser Facility at the Laboratory for Laser Energet-
ics [22]. The near-spherically arranged 60 beams illuminated
capsules, whose design is depicted in Fig. 1. Various beam
smoothing techniques were utilized, including maximum
bandwidth SSD [23], SG5-850 phase plates [24], polariza-
tion smoothing [25], and distributed polarization rotators [26].
These room temperature capsules had a thin 100-nm outer
coating of Al, an outer diameter of ~876 um, an ~28-um-
thick 1.04-g/cm? plastic shell, and a deuterium gas-filled core
at ~18 atm.

The laser pulse designs are also shown in Fig. 1 where
each used an equivalent ~21 kJ of laser energy. The pulses
begin with an identical picket and foot at 150 and 400 ps,
respectively, followed by the main compressive drive with a
constant gradient power rise. The late-time dip in laser power
and subsequent rise is progressed from 1.6 to 2.1 ns, spanning
the simulated optimal timing window. The duration of the
shock launching spike was extended for the earlier dip-timed
shots in order to maintain energy equivalence across all pulse
shapes. An example delivered laser pulse is also shown where,
despite the decrease in spike energy, simulations indicate that
strong shocks were still launched across all delivered pulses.

065210-2
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FIG. 2. Implosion performance metrics against dip time (common x axis), shown with scaled simulated values. Ion temperature and areal
density are neutron-averaged values, and the hot-spot radius is the 17% contour. The dashed lines are a spline interpolation of the simulation
data points to guide the eye and do not represent actual simulation results. The shaded region indicates values that lie within the mean

experimental uncertainty of the interpolation line.

Neutron time of flight diagnostics [27] were used to mea-
sure the total neutron yield and neutron-averaged hot-spot ion
temperature [28]. Areal density was determined from wedge
range filter (WRF) diagnostics [29] by the downscatter of
secondary protons. The neutron emission rate and bang time
(peak emission) were recorded by the neutron temporal diag-
nostic (NTD) [30]. The hot-spot radius was estimated from
a self-emission profile, recorded by the SLOS-TRXI (single
line-of-sight time-resolved x-ray imager) diagnostic [31,32].

II1. IMPLOSION PERFORMANCE METRICS

At subignition scales, the overall performance of an inertial
fusion implosion cannot be described by one single metric. In
this work, we are evaluating performance based on three key
metrics: neutron yield, areal density, and hot-spot pressure.
An implosion will be considered high performing if it attains
high values across all three parameters, where one cannot be
degraded in favor of maximizing another. This is because to
underachieve in one metric would inherently limit the over-
all performance of an implosion when scaled to an ignition
platform.

In the design of the experiment, emphasis was placed upon
demonstrating a clear overall performance increase when op-
timizing the SAI pulse shape, rather than maximizing a single
metric such as yield. Further performance, including yield,
may be gained from optimizing the compression drive, target
specifications, and dip and spike characteristics. According
to simulations, a key benefit of SAI is the increase in areal
density at stagnation which results in the overall yield en-
hancement being most effectively seen for implosions at or

near ignition scale. On a subignition platform such as this, the
efficacy of the scheme can be best demonstrated through the
relative improvement in overall performance metrics within
the experiment.

Figure 2 depicts experimental and simulated values for
several key implosion metrics, plotted against the timing
of the dip’s minimum laser power. The implosion simula-
tions were performed with HYADES, a Lagrangian radiation-
hydrodynamics code [33,34]. These one-dimensional (1D)
simulations present an idealized model of an implosion that
do not fully capture all the mechanisms that can degrade ex-
perimental performance metrics compared with simulations.
These include, but are not limited to, laser energy coupling
to laser-plasma instabilities, as well as higher-dimensional
effects such as hydrodynamic instabilities and drive asymme-
tries. In order to account for this degradation and to improve
the ability to compare the predicted and experimental trends,
certain simulated values have been multiplied by a scaling
factor. This assumes that the degradation mechanisms can be
characterized by a single value and are independent of dip
timing, the validity of which is discussed later. Though the
scaling factors themselves have been applied individually, the
mechanisms that cause them are interconnected, and it was
found that the relevant scaling factors were largely consistent
with the others. It should be noted again that it is the trend in
the metrics with respect to dip timing that is most important,
rather than the absolute agreement, as this best highlights the
ability to model the impact of the timing of the shock launch
on an implosion.

The total neutron yield and neutron-averaged hot-spot tem-
perature that are given in Figs. 2(a) and 2(d) are specifically
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hot-spot metrics since for these noncryogenic targets all
fusion reactions occur in the hot spot. A neutron yield-
over-clean (YOC) ratio, defined as the ratio of measured to
predicted yield, of 0.3 was achieved here. Yield is thought
to be strongly degraded by hydrodynamic instabilities, first
during the acceleration phase where target defects and laser
imprint act as seeds for instability growth [35], and the de-
celeration phase where cold shell material is mixed with
the high-temperature hot spot, lowering the temperature and
quenching yield [36].

Areal density is shown in Fig. 2(b) and acts as a proxy
for the fuel assembly capabilities. The simulated results
have been corrected for the impact of the hot-spot mix that
quenches the yield [37,38], the method for which is outlined
in Appendix A. Areal density estimates were well aligned
with simulations, with a small 10% degradation observed,
potentially due to hydrodynamic instabilities during the ac-
celeration phase.

Hot-spot pressure, shown in Fig. 2(c), is an effective mea-
sure of the implosion performance as a whole, requiring both
a high-temperature hot spot and large areal densities. It can
be estimated from measurable implosion characteristics [39],
following the method outlined in Appendix B. Equation (B1)
in Appendix B predicts that the hot-spot pressure reduces by
a factor of 0.41 due to a YOC of 0.3 and a hot-spot radius of
1.2 times larger. An Additional reduction in the experimental
hot-spot pressure from 0.41 to 0.3 will arise from other degra-
dation sources.

The hot-spot radius given in Fig. 2(e) is compared against
postprocessed simulations using SPECT3D [40] that models the
self-emission profile. The hot-spot radii were ~20% larger
than simulations, similar to previous warm plastic shelled
implosions [41], and consistent with the reduced compressive
piston action from a slightly degraded areal density.

The neutron emission duration is plotted in Fig. 2(f). It
is expected that high performing implosions have a narrow
emission duration [42], where larger durations can be an
indication of poor kinetic to internal energy conversion at
stagnation [43].

Across all metrics, a general trend emerges in both the
simulated and experimental results. Optimal values occur for
dip timings of ~1.85-2.0 ns, and diminish away from this
peak. Shots timed close to this optimum typically achieve
the highest values in all key metrics, with exceptions dis-
cussed later. The experimental trends are well modeled by
the simulations, with deviations away from the scaled values
being within experimental uncertainties, suggesting that the
degradation mechanisms mentioned above cause systematic
decreases. The correlation of the optimal range between the
experimental results and the simulations highlights our ability
to model the effectiveness of the dip and spike, increasing our
confidence in our ability to accurately simulate the scheme
as a whole. The relative flatness of the experimental hot-spot
pressures within the range of optimal timings suggests that
there is a robust high performance window for the timing of
the shock launch such that it does not require exceptionally
stringent timing requirements.

It can be seen in Fig. 2(b) that the areal density increased
by ~50% when the dip timing was progressed from the early
timed 1.6 ns shot to the more optimally timed 2.0 ns shot.

When comparing dip times of 2.0 and 2.1 ns in Fig. 2(c),
the hot-spot pressure saw a dramatic improvement of 2>110%.
Despite only a small change in the dip timing, this improve-
ment in hot-spot pressure highlights the effectiveness of the
shock and the importance of its timing. According to Fig. 2(a),
the yield of the 2.0-ns dip-timed shot saw an increase of 65%
compared with the later timed 2.1 ns shot, though a much
larger increase of ~130% was seen for 1.9 ns which, while
not the highest performing shot overall, is still firmly within
the region of optimal timings.

Despite the high yield of the 1.6-ns dip-timed shot, it is
not considered to be high performing given its low areal
density and hot-spot pressure. The high yield can be under-
stood by the impact of the earlier timed shock launch. The
early shock launch increases the entropy of the capsule ear-
lier in the implosion. The increase in entropy improves the
shell’s hydrodynamic robustness, making it less susceptible
to the higher-dimensional degradations. The implosion then
performs closer to the 1D simulation and the yield is elevated
compared with the later dip times. The increased entropy,
however, limits the areal density that can be reached at peak
compression, suggesting that areal density was compromised
in favor of yield. Additionally, the neutron emission duration
was over twice as large as the more optimally timed 1.9 ns
shot and with a 30% lower peak emission rate. These features
combined illustrate that, despite the high yield, it was overall
a low performance implosion, suggesting that the shock was
launched too early for it to provide maximum benefit.

The launch and timing of the augmenting shock are in-
ferred from simulations, constrained by the delivered laser
pulses and measured observables, that are then used to in-
terpret the measured performance metrics. The correlation
between the experimental trends and the modeled predictions,
in the absence of an alternative explanation consistent with
the observed timing dependence, strongly suggests the ex-
istence of the augmenting shocks. Appendix C provides an
assessment of the impact of dominant implosion degradation
mechanisms on performance. It is found that, for all mech-
anisms considered, the magnitude of degradation was either
minimal or showed no correlation with dip timing. This im-
plies that, consistent with both pre- and postshot simulations,
the variation in the augmenting shock timing is the causal
factor behind the observed performance trends.

With the exceptions to the performance trends noted
above, the agreement between the simulated and experi-
mental results, combined with the elimination of alternative
degradation mechanisms, provides justification for the use of
the single-valued scalings. This suggests that these assumed
degradations are systematic and independent of shock launch
timing.

IV. TEMPORAL REMAPPING OF SHOCK LAUNCHING

Upon interrogation of the simulated shock dynamics, the
time at which the shock arrives at the hot-spot center with re-
spect to the compressive yield was found to be a central factor
in determining its performance benefit. The augmenting shock
must be timed such that it arrives at the hot-spot center imme-
diately preceding the peak in yield generated through com-
pression alone. At ignition scales, the supplementary internal
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FIG. 3. Implosion performance metrics, as shown in Fig. 2, against the predicted arrival time of the augmenting shock at capsule center
with respect to the time of the peak in compressive yield (common x axis). The mapping of dip timing to shock arrival time is given in plot (f).

energy increase due to the shock pushes the hot spot beyond
the threshold where o bootstrapping will initiate ignition.
Shocks that arrive too early will require much higher strengths
and with greater energies to ignite due to the limited hot-spot
areal density at that early time. For shocks that arrive after
the peak in compressive yield, the energy loss from capsule
disassembly that immediately follows peak compression is
greater than the supplementary shock energy, and no benefit
is gained.

Figures 3(a)-3(e) show the same metrics as shown in Fig. 2
where the timings now reflect the predictions of the shock
arrival time at the hot-spot center relative to the peak in
the compressive yield, such that positive values represent the
shock arriving late. The mapping of the dip timing to the
shock arrival time is given in Fig. 3(f). This shock arrival time
must be extracted from simulations and thus uncertainties
associated with simulation accuracy must be applied. The
same trends in performance metrics largely reemerge with
this new timing where the optimal range occurs near shock
co-timing with compressive yield. The trends in yield and ion
temperature are less defined, though still somewhat apparent,
with both peaking at ~0-50 ps before being co-timed. The
areal density appears to reach its peak values at or just before
co-timing, though it is acknowledged that the late-time shock
region is not extensively explored by these experiments. The
larger neutron emission durations of the 1.6- and 2.1-ns dip-
timed shots shown in Fig. 2(f) can now be understood as the
result of the compressive yield duration being extended by a
mistimed shock-induced yield.

HYADES is able to model the bang time of these implosions
with a mean accuracy of ~75 ps and standard deviation of
~30 ps. However, bang time is an absolute measurement and

this temporal reordering tracks the relative timing of two
features. As such, it is expected that the uncertainty for the
retiming will likely be less than the uncertainty in the bang-
time estimation, and differences will largely be systematic.
The timing uncertainty given in Fig. 3 is 30 ps to reflect
the standard deviation of bang-time differences. The inherent
minor deviations of the delivered laser pulse compared with
the requested design, as seen in Fig. 1, have impacted the even
distribution of shock arrival times.

V. IGNITION-SCALE SIMULATIONS

Ignition-scale SAI implosion simulations were performed
using the capsule and laser design outlined in [7]. Reproduced
here are the neutron yields for implosions where the power of
the dip was reduced to zero, and the timing of the dip and spike
were scanned. The capsules had a 3502 um outer diameter,
with a 51-um CH ablator and a 165-um DT ice fuel layer, and
a total laser energy of 1.9 MJ. The shock arrival time at the
implosion center was similarly extracted from simulations.

These ignition scale simulations highlight the potential
capabilities of the SAI scheme and further emphasize the
importance of shock timing. Figure 4 depicts (a) the fusion
energy output against shock launching time and (b) against
shock arrival time with respect to the «-off compressive yield.
or something similar, wanting to indicate which is figure (a)
and (b). The high yields of >100 MJ that are predicted are
of strong relevance to inertial fusion energy. The ignition
window for launching the shock, defined as the time interval
where 80% of the maximum yield is achieved, is ~500 ps,
similar to SI window durations [44] and importantly within
the capabilities of contemporary laser systems.
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FIG. 4. Simulations of direct-drive SAI implosions using 1.9 MJ
of laser energy. Fusion energy yield against (a) dip timing with
respect to the optimal value and (b) arrival time of the augmenting
shock relative to the peak in the «-off compressive yield. The dashed
gray line represents (a) the input laser energy and (b) a gain of 1.

Figure 4(b) effectively illustrates that the timing of the
shock arrival is essential for optimizing implosion designs.
A gentle rise in yield is seen for early arrival time shocks
(2200 ps before peak compression), as seen in SI [44]. Here,
the shock simply adds to the conventional implosion mecha-
nism and so provides little benefit, similar to the experimental
1.6-ns dip-timed shot. For timings of between ~200 ps before
peak compression and co-timed arrival, the shock is able to
provide the necessary energy at the correct time and triggers
ignition, with the peak in yield occurring at ~30 ps before the
shock is co-timed with peak compression. This corresponds
with the best performing window of 1.8-2.0-ns dip-timed
shots. For shock arrival later than peak compression, there is
insufficient time to ignite the hot spot before the capsule disas-
sembles and ignition fails, similar to the 2.1-ns dip-timed shot.

Much of the SI literature discusses the importance of the
igniting shock colliding with the return shock near the inner
edge of the compressed fuel [10]. The sharp cutoff of yield
at ~0 ps seen in Fig. 4(b) illustrates that the timing of the
shock arrival at the implosion’s center with respect to peak
compression must also be considered alongside the location of
the shock collision as an essential aspect of implosion design.
A similar reasoning has been provided for determining the
location of an SI ignition cliff [44].

A limiting factor in the scaling of SI implosions to ignition
scale is the uncertainty in the impact of LPI for laser-plasma
conditions predicted for a larger energy platform. SAI is un-
likely to be impacted as strongly as SI at ignition scales due to
the reduced laser intensity, therefore there can be greater con-
fidence in the correspondence of subscale implosions such as
those presented here, with the high gain predicted in ignition
scale simulations. Furthermore, realizing SI with current laser
capabilities would require separate beams to supply the com-
pressive drive and the high intensity spike due to power deliv-
ery limitations [45]. Since SAI can launch the igniting shock
with significantly reduced intensities, these additional beams
are not needed, which may decrease the cost of a power plant.

VI. CONCLUSIONS

To conclude, we have conducted direct-drive shock-
augmented ignition implosions. It has been shown that

optimally timing the launch of the augmenting shock provides
a clear performance improvement whose range aligns with
simulated predictions. SAI uses a lower implosion velocity
than conventional implosion designs and a lower intensity
than SI, reducing hydrodynamic and laser-plasma instabili-
ties, respectively. These results establish SAI as a promising
route to improved implosion stability and higher gains, with
the potential to expand the viable parameter space, providing
a compelling pathway towards the realization of inertial fusion
energy.
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APPENDIX A: SIMULATED AREAL
DENSITY CORRECTION

Secondary protons produced through the D(d, p)T reaction
escape the hot spot and are collected by WRF diagnostics.
As they travel through and collide with the compressed shell
material, they downscatter in energy and the amount of energy
loss can then be used to calculate the shell areal density.
Proton production is closely matched with the neutron produc-
tion rate from the primary D(d, n)He reactions [47] which is
recorded with the NTD detectors. The resulting areal density
is a “neutron-averaged” value, which is to say an averaging
over the neutron production history, as calculated by Eq. (A1).

[nsim(t) x pRS™(¢)dt

R ‘ — rate -
(PR) simutated [ e (e)d

(AL)
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FIG. 5. Experimental and simulated neutron emission rates, with
the simulated shell areal density. The areal density peaks later in time
compared with the neutron emission rate. The experimental neutron
emission is quenched by mixing the shell material into the hot spot
due to deceleration phase hydrodynamic instabilities.

Here, (0R)gimulated 1 the simulated neutron-averaged areal
density and n8 is the simulated neutron emission rate.

Figure 5 depicts the simulated and experimental neutron
emission rates close to stagnation, along with the simulated
shell areal density. It can be seen that the peak in areal density
occurs slightly later in time than that of the neutron emis-
sion rate. Even without any areal density specific degradation
mechanisms, experimental areal densities are typically lower
than simulations would predict. This is in part due to experi-
mental fusion rates peaking even earlier than in simulations,
resulting in a probing of the areal density earlier when it
is comparatively lower. This earlier, and indeed lower, peak
in neutron rate is thought to be due to deceleration phase
hydrodynamic instability that mixes shell material into the hot
spot and quenches fusion reactions.

Hydrodynamic instabilities can be seeded on the inner sur-
face of the shell due to surface roughness or feedthrough from
additional instabilities on the outside of the shell. During the
deceleration phase where the low density hot spot resists the
influx of the high density shell, these instabilities grow and
lead to mixing of cold and high-Z shell material into the hot
spot, quenching fusion reactions and truncating the emission
profile in time [37,41]. This can readily be seen from the close
alignment of the leading edges of the neutron emission rate
and the rapid curtailment of the peak rate and an eventual
complete quenching of reactions.

In order to compensate for this, the experimental neutron
production rate can be used in place of the simulated rate,
along with the simulated areal density. By averaging over the
experimental rate, the protons are predicted to travel through
a lower, but still idealized, areal density and result in a lower
and more relevant predicted value. This corrected value is
calculated with Eq. (A2).

J Mo (1) X pRE™(t)ds
: .

J Mo ()t
Now, (pR)corected 18 the corrected neutron-averaged areal

density prediction, based on the simulated areal density,

> . L t
PpRS™, and the experiment neutron emission rate, 7 .
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FIG. 6. A comparison of hot-spot pressures from simulations.

The x axis gives the simulated neutron-averaged hot-spot pressure

and the y axis gives the calculated hot-spot pressure using Eq. (B1)

and the simulated implosion outputs. The dashed line represents a
perfect agreement.

This value is highly sensitive to the timing of the neutron
emission rate. As such, given the timing uncertainty for the
NTD is ~50 ps, the uncertainty for the predicted values given
in Figs. 2(b) and 3(b) are found from ni.b (1 & 50 ps).

rate

APPENDIX B: HOT-SPOT PRESSURE ESTIMATION

Hot-spot pressure, Py, estimation was originally derived
for use in cryogenic DT implosions [39]. It has been adapted
here for warm D, implosions, given by Eq. (B1),

1/2
phw{mym / [At / dV(<av>DD/T2)“ :
Vi

hs

(BD)

where Y is the total neutron yield, and At is the neutron
emission duration. The hot-spot volume Vi is assumed to
be spherical with a radius Rps = 1.06R|; where the 17%
intensity contour radius is used as this best aligns with
postprocessed hydrodynamics simulations [39]. The D-D fu-
sion reactivity (ov)pp is given in Ref. [48], where only
the neutron-producing D(d, n)He reaction channel is used.
The hot-spot ion temperature is given by T (r) = T.[1 —
(r/Rps)*(1 — 0.15%2)1?/3 [49] where T, is the maximum hot-
spot temperature, constrained by the neutron-averaged ion
temperature.

Figure 6 shows a comparison between the unscaled simu-
lated hot-spot pressure with that found from Eq. (B1), using
the simulated hot-spot characteristics. The estimations are
largely consistent with the simulated values, lower by a mean
of only ~7.5%. If applicable to the experimental values, the
pressures given above might be underestimations and so the
absolute performance of the implosions could be higher.

This model assumes an isobaric hot spot [50], which is
largely satisfied in the simulations after the augmenting shock
has rebounded within the core multiple times. The applicabil-
ity, however, of the 17% contour for extracting the hot-spot
radius has yet to be fully determined for warm plastic shelled
implosions. With these considerations, the uncertainties in the
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FIG. 7. The neutron yield-over-clean (YOC) degradation pre-
dicted for these shots from the mode-1 asymmetries. The magnitude
of the asymmetry is judged from the differences in measured ion tem-
perature as viewed along different lines of sight, and the degradation
is then calculated by the formula given in the figure title.

pressures have been increased, and we justify its use here,
given that it is a relative performance increase that is being
established rather than an absolute measure. These uncertain-
ties are expected to be systematic and so intra-experiment
comparisons are most likely valid.

APPENDIX C: ALTERNATIVE DEGRADATION
MECHANISMS

In order to eliminate them as potential causes for the trends
in the performance metrics, an assessment of alternative
degradation mechanisms that are common to ICF implosions
were performed; mode-1 asymmetries, low and mid-mode
asphericities, laser-plasma instabilities, and hydrodynamic in-
stabilities. This enables the conclusion that the main factor
driving the improvement was the timing of the shock launch. It
is shown that, out of the degradations investigated, the magni-
tude of the degradation is either minimal or has no correlation
with dip timing. This suggests that these mechanisms are not
driving the observed performance trends.

1. Mode-1 Asymmetries

Deviations from perfectly spherical implosions can be
characterized by decomposing the shape of the implosion
into spherical harmonics, with associated mode numbers. A
mode-1 asymmetry is the motion of the implosion center off
the initial capsule center and occurs typically by laser or
target mispointing. Mode-1 asymmetries reduce the coupling
of shell kinetic energy to hot-spot internal energy and can
drive bulk hot-spot flow (residual kinetic energy). Reduced
coupling lowers yield and inferred hot-spot pressure. This
bulk flow results in a Doppler shift in the ion velocities and
so can be assessed by the observed ion temperature across
different lines of sight. An experimentally inferred fusion
yield dependency model [51] produced from an extensive
ensemble of cryogenic OMEGA implosions found that ion
temperature asymmetries (7,7%/T.Min) of greater than 1.14

were needed to produce a statistically significant reduction in

Dip Timing (ns)

FIG. 8. The sum of the Fourier mode amplitudes for modes 2—10
against dip timing. No consistent relationship is seen between them.

yield. Given that cryogenic implosions typically reach higher
convergences and are thus more susceptible to hot-spot flow,
this cutoff may be even higher for warm implosions. Only the
2.1-ns dip-timed shot produced a ratio marginally beyond the
cutoff, as shown in Fig. 7, which would have led to a yield
reduction of only 2.5%, according to the statistical model. It
can therefore be concluded that mode-1 asymmetries did not
significantly impact the trend in experimental yield or hot-spot
pressure.

2. Low and MidMode Asphericities

Beyond the mode-1, the low and mid-mode asphericities
are defined here as those with mode numbers between 2 and
10. They can be estimated from the hot-spot self-emission
profiles. A Fourier transform of a hot-spot emission contour
provides the amplitudes of each mode. This aspherical com-
pression reduces the effective compression, lowering peak
areal density, broadening the neutron emission duration, and
lowering performance.

Figure 8 shows the sum of these Fourier mode amplitudes,
with greater values coming from greater asphericities which
lead to greater degradation. Minimal difference in these mode
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FIG. 9. Charge accumulated in the second channel of the HXRD
diagnostic. Greater charge implies a larger population of hot elec-
trons which can preheat the shell and limit peak areal density.
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FIG. 10. Key stability metrics against dip timing, evaluated from the postshot simulations at a time of 1.5 ns into the implosion. All metrics
show minimal variation with dip timing, as can be expected due to them all having the same requested laser pulse up to this point. Deviations
from each other only exist because of the inherent variations in laser pulse delivery. The minimal differences in stability parameter seen here

are not expected to significantly change the performance.

amplitudes is seen across the shots, and thus minimal impact
is expected on the performance. It should also be noted that
the low convergence ratios seen here (< 15) result in less sus-
ceptibility to low and mid-modes [51], ruling out the impact
of these on performance.

3. Laser-Plasma Instabilities

HXRD [52] is a hard x-ray detector that is sensitive to
Bremsstrahlung emission from LPI produced hot electrons
that slow down within the shell. These hot electrons can pre-
heat the shell, increase its adiabat and limit peak compression.
Higher levels of recorded x-rays indicate greater levels of
hot electrons and thus more preheat [53]. Figure 9 shows the
relationship between the hot-electron signal (determined from
the charge accumulated on channel 2 of the HXRD detector)
and dip timing. This suggests that, in fact, the more optimally
timed shots were experiencing greater levels of preheat. Not
only would the improvement in performance (increase in areal
density) not be explained by the hot electron production, if
techniques were implemented to reduce hot electron produc-
tion (high-Z dopants [54], improved laser smoothing [55],
increased laser bandwidth [56]), then further improvements
in areal density might be seen. It should be noted though,
that these hot-electron signals are much weaker than those for
typical OMEGA shots [53], meaning their impact, positive or
negative, is likely minimal.

We note here that it is currently unclear what role hot
electrons will have on the augmenting shock, which may
in fact be enhanced by their energy deposition and increase
overall performance despite their preheating effect. However,
as noted above, a low hot-electron signal was observed for
these shots so we can again conclude that they did not signifi-
cantly impact the performance.

4. Hydrodynamic Stability

The hydrodynamic stability of an imploding capsule is
typically judged by the adiabat of the shell, ogpen, and the
in-flight aspect ratio (IFAR), combined to give a single-valued

stability parameter, I,, as shown in Eq. (C1) [36].

1.1
Xshell

IFAR’

High adiabats improve resilience to Rayleigh-Taylor insta-
bility growth [57], and low IFARs decrease the penetration
of these instabilities through the shell [58], such that high
stability parameters result in greater stability. The constant of
proportionality has been empirically determined for cryogenic
DT shots but is not included here since it has not been verified
for warm plastic shelled implosions.

It has been demonstrated experimentally that below a crit-
ical value for this parameter, performance is significantly
impacted, and that above an additional upper threshold, im-
provements in the stability parameter do not provide added
benefit [59]. It should be noted that there is not one universal
method for calculating the IFAR and adiabat—in particular
the boundaries for the integration for the mass averaging of
the shell adiabat and the time in the implosion where each
metric should be judged. Combining this with the added com-

(ChH

a

9
o
Q
8 84
ke
2%
2_ 74
V3
o § X
oS
6 «
o
5 X X
n 51 )|( ’l‘
©
=
41— : : : . :
1.6 1.7 1.8 1.9 2.0 2.1
Dip Time (ns)

FIG. 11. Mass-averaged shell adiabat against dip timing, evalu-
ated at 2.3 ns when all shocks have been launched and the hot spot
is nearing stagnation. The higher adiabats of the earlier timed shots
decrease the mixing of the shell within the hot spot but limit peak
areal density.
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plication of comparing DT cryogenic shots with warm plastic
shelled implosions, the absolute values given for the cutoff
for stability provided by the statistical model are likely in-
appropriate for this experiment. Nevertheless, comparing the
predicted values from the implosions within this dataset can
help identify any outliers in terms of impact on performance.
With this in mind and in the absence of a verified constant of
proportionality for Eq. (C1), the stability parameter has been
normalized to the mean value of all the shots.

Figure 10 shows the adiabat, IFAR, and normalized sta-
bility parameter against dip timing, evaluated at t = 1.5 ns,
chosen to be before any dips in laser power. The variation oc-
curs because of the inherent slight differences in the delivery

of the laser pulses. It can be readily seen that, prior to any dips
and spikes, they all exhibit very similar stability values.

Figure 11 gives the adiabat when evaluated at = 2.3 ns,
after all the shocks have been launched. The larger adiabat of
the earlier dip-timed shots can readily be seen. This increased
adiabat improves the stability during hot-spot assembly and
minimizes the quenching effect discussed earlier. This ele-
vates the YOC, improving the yield relative to the other shots,
but will ultimately hold back the overall performance when
moving to an igniting platform. The remaining shots are all
very similar to each other, indicating that they are experienc-
ing similar levels of hot-spot mix and thus a single-valued
scaling (i.e., a single YOC) is most likely appropriate.
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