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ABSTRACT

Gas-filled, laser-driven “inverted corona” fusion targets have attracted interest as a low-convergence neutron source and platform for study-
ing kinetic physics. At the fill pressures under investigation, ejected particles from the shell can penetrate deeply into the gas before colliding,
leading to significant mixing across the gas–shell interface. Here, we use kinetic-ion, fluid-electron hybrid particle-in-cell simulations to
explore the nature of that mix. Simulations of the system demonstrate characteristics of a weakly collisional electrostatic shock, whereby a
strong electric field accelerates shell ions into the rarefied gas and reflects upstream gas ions. This interpenetration is mediated by collisional
processes: At higher initial gas pressure, fewer shell particles pass into the mix region and reach the hotspot. This effect is detectable through
neutron yield scaling vs gas pressure. Predictions of neutron yield scaling show excellent agreement with experimental data recorded at the
OMEGA laser facility, suggesting that 1D kinetic mechanisms are sufficient to capture the mix process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0059763

I. INTRODUCTION

There has been an expanded effort over the last several years to
investigate the impact of kinetic behavior in inertial confinement
fusion (ICF) targets, including interpenetration,1,2 species separa-
tion,3,4 diffusive mixing,5 tail-depletion,6 and beam-beam fusion.7

Though work to understand mix in ICF has historically focused on
hydrodynamic mechanisms, such as Rayleigh-Taylor and Richtmeyer-
Meshkov instabilities,8–11 experiments and simulations on exploding
pusher platforms have demonstrated that significant mix can occur in
situations where hydrodynamic instabilities are weak.12 Kinetic effects
are also suspected to play a role in the evolution of near-vacuum hohl-
raums (NVH), which allow for improved laser coupling but which
deviate strongly from hydrodynamic simulations.13

Recently, “inverted corona” fusion targets have generated interest
as a low-compression neutron source as well as a platform for investi-
gating kinetic physics.14,15 Inverted corona targets consist of a fuel layer
lined along the interior surface of a hollow or gas-filled plastic hohlraum
(see Fig. 1). The laser beams enter the hohlraum through one or more
laser entrance holes, where they illuminate the interior surface. The first
studies of inverted corona targets focused on vacuum targets,16–18 but in
this work, we study targets that include windows covering the laser
entrance holes and a fill gas. In gas-filled targets, the ablated fuel layer
generates an inward-propagating shock that compresses and heats the

fill gas, resulting in temperatures approaching 10 keV and significant
neutron yield. A key practical advantage of inverted corona targets is
their low symmetry requirements: They can even be driven by single-
sided illumination without significant yield degradation.14

Inverted corona targets enable the study of the interaction
between a laser-ablated shell with a low-density background gas. The
degree of mix and interpenetration as the ablated plasma converges
will alter the composition of the plasma at the stagnation point. In this
work, we perform numerical simulations of these targets using a
kinetic-ion, fluid-electron hybrid particle-in-cell approach to investi-
gate the nature of mix and predict experimental results.

The remainder of this work is organized as follows: Sec. II provides
a description of the one-dimensional (1D) hybrid simulations as well as
the experimental configuration that motivates our computational stud-
ies. The evolution of the system and nature of the mix process are dis-
cussed in Sec. III. In Sec. IV, we compare the neutron yields predicted
by the simulations to the results of recent experiments conducted at the
OMEGA laser facility. The conclusions are presented in Sec. V.

II. SIMULATION DESCRIPTION

The inverted corona targets under present investigation are
shown in Fig. 1, designed for testing at the OMEGA laser facility.19

These are spherical targets with an inner radius of 895lm and a shell
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thickness of 20lm. The shells are either fully deuterated (CD) or non-
deuterated (CH) plastic. In this case, the targets also include a D2 fill-
gas. The mass density is 1.1 g/cm3, and the number ratio is 1:1 for
both CD and CH shells. Real targets have one or two laser entrance
holes covered by 1lm thick transparent polyimide windows, but those
are not included in 1D simulations. 18 kJ of laser energy is delivered
by 40 laser beams in a 1 ns square pulse to the interior surface of the
shell. Ejected plasma from the shell compresses and heats the fill gas,
generating high-energy neutrons through the DD-n fusion reaction
Dþ D!3Heþ n.

The extent to which ions comprising the shell extend into the fill
gas is probed experimentally by running experiments with and with-
out deuterated shells. During compression, some amount of shell
material penetrates into the central hotspot before bang time, i.e., the
time of peak neutron generation rate. If the shell is CD, then the D
ions that mix in contribute to the neutron yield. H ions from CH shells
do not react, and only yield from the initial fill gas will be produced.
The difference in neutron yield between CH and CD targets at a given
pressure, thus, provides a measure of how much shell material has
reached the hotspot. Similar techniques to infer mix from fusion prod-
ucts are common in ICF.5,12,20,21

The system is simulated in 1D spherical symmetry using the par-
ticle-in-cell (PIC) code Chicago,22–24 and compared against the multi-
physics radiation hydrodynamics code HYDRA.30 In Chicago, the
ions are treated kinetically and the electrons as a massless fluid. The
ions are treated kinetically and the electrons as a massless fluid. The
plasma is assumed non-magnetized, and the electric field is described
through a generalized Ohm’s Law (see Ref. 7 for more information).
Ion–ion collisions are modeled using the Nanbu method25 modified
for unequally weighted macro-particles.26 Ion–electron collisions are
modeled similarly to Ref. 27. Fusion reactions are modeled using a
pairwise algorithm28 that can handle arbitrary distributions of ion
macroparticles. The plasma is assumed fully ionized at all times and is
initialized at Te ¼ Ti ¼ 25 eV. The choice of initial temperature may
affect the evolution of the shock passing outward through the cold
shell, but is expected to have a small effect on the inwardly propagating
ablated plasma, which heats rapidly into the keV range and carries

most of its kinetic energy in its drift velocity. Radiation losses are
expected to be small due to the relatively low-Z species present, so
radiation is ignored in these simulations. Equivalent HYDRA simula-
tions performed with and without radiation showed yield differences
of only �3%, and we perform an a posteriori estimate of this effect in
the kinetic case in Sec. IV. An Eulerian computational grid with a cell
width of 2lm is used. The simulation domain extends from the origin
to r¼ 1025lm. Macroparticles that exit the domain are removed
from the simulation.

Laser propagation is modeled in Chicago using a ray-tracing
algorithm.24 Laser macroparticles (k¼ 351nm) are injected inside the
shell and absorbed through inverse bremsstrahlung.29 The input laser
intensity (which is absorbed with 100% efficiency) is scaled to match
the absorbed power over time in equivalent 2D HYDRA30 simulations
(see Ref. 15 for more details). The maximum time step is limited by
the Courant condition for the transit of photons across a cell (6.67 fs).
The time step of the simulation is 6 fs, sufficient to resolve this time-
scale. The laser package and early plasma expansion of vacuum targets
have previously been benchmarked against equivalent HYDRA simu-
lations, showing good agreement.15 The laser pulse is applied from
t¼ 0 to t¼ 1ns, and the system is evolved until t¼ 3ns. Similar previ-
ous studies of exploding pusher targets3,4 decoupled the laser, using
profiles from hydrodynamic simulations at the end of the laser pulse
as initial conditions for kinetic simulations. The integrated laser pack-
age in Chicago enables kinetic modeling from the start of the pulse.

It should be noted that the behavior of the deuterated and non-
deuterated targets is not exactly hydro-equivalent due to the different
atomic mass of D and H. However, this effect is small: The mass in the
shell is dominated by C, and the overall evolution of the systems is
comparable. Simulations of CH shells and artificially non-reacting CD
shells show yield differences of less than 9% over the pressure ranges
of interest. Figures in this work depict the evolution of a target with a
CD shell, where the shell deuterium and gas deuterium are treated as
separate species.

III. SYSTEM EVOLUTION

Contour plots of the number density of each species (gas D, shell
D, shell C) in space and time are shown in Fig. 2 for 1 atm (a-c) and
6 atm (d-f) fill densities. At t¼ 0, the shell begins to absorb laser
energy. The bulk of the shell is accelerated outward, but the plasma
blowoff is ejected from the surface and expands toward the axis, com-
pressing the gas until stagnation and rebound. Black contour lines
indicate where most of the fusion yield is generated.

For comparison, two trajectories from equivalent HYDRA simu-
lations are shown with dotted cyan curves. The inner cyan curve,
which terminates at the target center, represents the position of the ini-
tial shock in HYDRA. The outer cyan curve, which converges and
then slowly moves outward, represents the position of the gas-shell
interface in HYDRA.

The initial density jump traveling through the gas is visible in the
density plots (a) and (d) and roughly tracks the shock from HYDRA
in both cases. This density jump reaches the axis at t¼ 0.68 ns for the
1 atm case and t¼ 0.84 ns for the 6 atm case. The electron temperature
is nearly isothermal at Te � 2 keV throughout the initial expansion, so
the ion sound speed in the unperturbed plasma is estimated to be
310 km/s, and the Mach number of the initial density jump is roughly

FIG. 1. Schematic of a cross section of an example gas-filled inverted corona tar-
get. Lasers pass through windows at the two poles to illuminate the interior surface
of the shell. The resulting plasma stagnates at the target center.
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M ¼ v=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZkBTe0=mi

p
¼ 4:25 for the 1 atm case and M¼ 3.44 for the

6 atm case.
The two white dashed trajectories track the point in kinetic simu-

lations at which the gas molar fraction nDgas=ðnDgas þ nDshell þ nCshellÞ
drops below 90% and 10%, defining the boundaries of the overlap
region where both gas species and shell species are present. We shall
refer to this area as the “mix region.” The mix widths predicted here
are larger than those of comparable exploding pusher targets.3–5,12

This is partially due to reduced fill pressures and partially due to inte-
rior illumination: Laser energy is initially deposited directly at the
gas–shell interface, and the plasma temperature increases rapidly as
soon as the pulse begins. By contrast, for targets illuminated on the
exterior surface, the interface remains cold until the complete ablation
of the shell (burnthrough).

In the 1 atm case, the mix region extends all the way to the initial
density jump and is more than 500lm wide when it reaches the target
center. In the 6 atm case, on the other hand, the mix region is nar-
rower. It never reaches the axis and only approaches the edge of the
hotspot (r � 300lm) toward the end of yield production.

The expected mix width from diffusive processes can be
roughly estimated using Fick’s Law. In this case, the mix width
Dx ¼

ffiffiffiffiffiffiffiffi
4Ds
p

, where D is the classical diffusion coefficient given by
D ¼ ðhZi þ 1ÞkBT=hmii�; hZi is the average charge state, hmii is the
average ion mass, � is the ion–ion collision frequency, and s is the dif-
fusion time.31 After 0.5 ns, the estimated mix width is 200lm for the
1 atm case and 80lm for the 6 atm case. These are of the same order
as the widths observed in the simulations, although the diffusion esti-
mate appears to underestimate the simulated width for the 1 atm case
(300lm) and overestimate the simulated width for the 6 atm case
(32lm).

Comparisons of number density, temperature, and velocity pro-
files for Chicago and HYDRA simulations of the 6 atm target at a sin-
gle point in time (t¼ 0.5ns) are shown in Fig. 3. Even at 6 atm, kinetic
behavior is evident and the profiles do not match one-to-one, but a
comparison is still informative. Different structure in the shocked gas
is visible in Fig. 3(a), with a smoother shelf near the initial density
jump in the kinetic case and more rapid compression of the outer edge
of the gas in the hydrodynamic case. The critical electron density of
the plasma is still far from the mix region in both cases and, in fact,
eventually moves outward with the bulk slab shortly after shock
breakout.

The ion temperature profiles [Fig. 3(b)] show slightly different
structure near the edge of the cold shell, but the temperature of the
shocked gas agrees reasonably well between hydrodynamic and kinetic
simulations. The electron temperature is nearly isothermal in both
cases, although it is lower in Chicago by around 25%, likely due to dif-
ferences in the laser packages. Despite this difference, the velocity pro-
files [Fig. 3(c)] appear to match reasonably well, deviating only near
the initial density jump, where fast ions are penetrating into the gas
and the system has not strongly thermalized yet.

Phase-space plots of each species at the same point in
time (t¼ 0.5 ns) are shown in Fig. 4 for both the 1 atm (a-c) and
6 atm (d-f) cases, illustrating that the mixing process is highly kinetic.
The cold shell is visible on the right of each plot for the shell species.
Ions have been ejected from that shell and are streaming inward
toward the axis, passing through the gas without significantly ther-
malizing. In fact, the jets seem to roughly agree with the self-similar
solution for plasma expansion into vacuum:32 The density decreases
exponentially and the velocity increases nearly linearly with distance
from the critical density. The gas species at large radius has been

FIG. 2. Density contours for each species for two cases: 1 atm (a–c) and 6 atm (d–f). White dashed lines show the edges of the mix region. Cyan dotted curves show the position
of the initial shock and the gas–shell interface in equivalent HYDRA simulations. At 1 atm, the mix region extends to the initial shock. At 6 atm, compression is slower and the
growth of the mix region is reduced. Black contour lines show where fusion yield is generated. The levels represent 25%, 50%, and 75% of the peak fusion rate (neutrons/s/lm).
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accelerated along with the jet and is counterstreaming back against
the near-stationary gas at smaller radius. The two distinct popula-
tions of gas ions are visible in Fig. 4(a) between r¼ 350 and
r¼ 500lm. The tip of the jet marks the initial density jump propa-
gating into the plasma, and the turning point of the gas species marks
its outer edge.

The collisional mean free path for fast shell ions streaming into
and slowing against a target plasma can be estimated by kmfp ¼ vd=�s,
where vd is the shell ion drift velocity and the stopping frequency �s is
given by33

�s � 9� 10�8
nipA1=2Z2Z2

p

lE3=2
ctr

lnK: (1)

Here, nip is the target number density, Z and Zp are the streaming
ion and target ion charge state, A is the mass number, l is the reduced
mass, and Ectr ¼ Ampv2d=ð2kBÞ is the energy of the streaming ion.
From this, the estimated mean free path of both C and D ions stream-
ing into the 1 atm gas is greater than 300lm. They are nearly free-

streaming across the mix region, and the mix width is limited by the
position of the initial density jump in the gas. At 6 atm, on the other
hand, the mean free path is estimated to be 90lm for shell D ions and
30lm for shell C ions. This pressure range roughly covers the range of
weakly collisional systems, where the Knudsen number is of order
unity. Estimated mean free paths agree reasonably well with the
observed mix width (see Fig. 4), suggesting that collisions are mediat-
ing the growth of the mix region at higher pressure.

The non-Maxwellian behavior at the gas-shell interface bears
resemblance to the formation of an electrostatic collisionless shock.34

In an electrostatic shock, the shock is not formed through particle col-
lisions, but instead through the bulk electric field generated by charge
separation. The shock width can be much shorter than that of a colli-
sional shock, which is typically on the order of the mean free path.
Electrostatic shocks are often studied in the context of high-velocity
counterstreaming flows that collide,34–36 but can also be driven at the
interface of two regions of plasma initially at rest.36–39 They may be
relevant to some aspects of ICF plasmas.40,41

In this case, there are two populations of plasma: the high-
density shell and the low-density gas. In the simulation, they are
initialized as fully ionized, but the temperature is low so they are essen-
tially stationary. Starting at t¼ 0, laser energy is continuously depos-
ited into the electrons near the critical density. The electron
temperature quickly increases to the keV range. Electron thermal con-
duction is rapid due to their large thermal velocities, and so the elec-
tron temperature is nearly isothermal everywhere in the neighborhood
of the critical density and throughout the low-density gas.

The electron temperature gradient is near zero across the inter-
face, but the density difference at the interface leads to a large electron
pressure gradient. Hot electrons from the high-density shell expand
into the low-density gas, generating a strong ambipolar electric field
that pulls the ions along with them. Charge neutrality is enforced in
our simulations, so no actual charge separation occurs, but the acceler-
ation due to the electric field is still captured and will be proportional
to ðZ=AÞrPe=ne,24 where Z is the ion charge state, A is the mass num-
ber, and Pe and ne are the electron pressure and number density. In
this manner, thermal energy from the electrons is transferred into the
directed kinetic energy of the ions.

The electric field acts on the plasma in the gas as well. Gas ions
that begin near the interface will join the shell particles first ejected
from the surface to form the front of the incoming jet. The tip of the
jet represents the initial density jump in the gas. The inward expansion
of these ions generates a broader pressure gradient that propagates
along with the jet and accelerates all ions downstream of that density
jump, bending the gas species distribution in phase-space and causing
it to counterstream against itself. The edge of the gas would roughly
correspond to the position of a collisionless shock: In this reference
frame, the unperturbed gas is the upstream species, which flows
toward the shock until it is reflected at the interface. The Mach num-
bers of this interface areM¼ 2.3 and 1.6 for the 1 atm and 6 atm case,
respectively. These are somewhat higher than those observed in previ-
ous numerical studies, which could be due to additional compression
from collisions.

A contour of the electric field in space and time is shown in Fig. 5
for both fill pressures. There is a strong electric field �20lm wide
near the edge of the shell, and the broad pressure gradient is visible
moving with the initial jump in density. During the initial expansion,

FIG. 3. Comparison of (a) number density, (b) temperature, and (c) radial velocity
profiles of the plasma for the 6 atm target at t¼ 0.5 ns. HYDRA profiles are repre-
sented by dashed curves, and the red dot in (a) indicates the gas–shell interface.
Note that in the single-fluid treatment of HYDRA, ni � nD ¼ nC; Ti � TD ¼ TC ,
and vi � vD ¼ vC everywhere in the shell plasma. In the gas plasma, there is no
C present. For k¼ 351 nm, the critical electron density nc ¼ 9:1� 1021/cc.
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the broad region of the electric field fluctuates around a roughly steady
2� 107 V/m. For E / rPe=qene, a constant electric field with isother-
mal electrons corresponds to a density profile that decays exponen-
tially in space, consistent with the self-similar vacuum solution in the
underdense plasma.

A common characteristic of electrostatic shocks is a plateau
downstream of the shock interface where ion acoustic oscillations are
excited.34 In the present case, this region is faint and no significant ion
acoustic waves are observed. This is due to the large density ratio
between the two initial regions, which has been shown to reduce the
amplitude of these oscillations.36 As the density ratio goes to infinity,

the solution should smoothly converge to the self-similar vacuum
solution.

These simulations show that increasing the gas pressure causes
both the initial density jump and the turning point interface of the gas
to propagate more slowly and less shell material penetrates into the
gas. This is a combination of two effects: the increased collisionality
and the increased mass in the gas. Even ignoring collisions, targets at
two different pressures are not hydro-equivalent. To isolate the effect
of collisions, additional simulations were run in which the pressure
was kept constant but the coulomb log was artificially scaled by a con-
stant factor from its standard value.

FIG. 4. Phase-space plots at t¼ 0.5 ns for each species for two cases: 1 atm (a–c) and 6 atm (d–f). The shell species penetrate into the gas, which is reflected and accelerated
inward. In (a) between 350 and 500lm, two distinct populations of gas ions with different mean velocities are visible. This effect is reduced at higher fill pressure. The mix
region (indicated by the white dashed lines) is 300 lm wide for the 1 atm case and 32 lm wide for the 6 atm case.

FIG. 5. Contours of the electric field in space and time. There is a spike in the field at the edge of the bulk shell, and a broad region of roughly constant field throughout the
inwardly expanding plasma. The electric field begins to accelerate gas particles once they are passed by the initial jump in density. The broad field provides an acceleration of
roughly 1000 (km/s)/ns. The black dashed curves depict the edges of the mix region.
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Phase-space diagrams of each species are shown in Fig. 6 for the
less collisional (a–c) and more collisional (d–f) system at 6 atm at
t¼ 0.5ns. Compare these to the unmodified results in Figs. 4(d)–4(f).
In the less collisional simulation [Figs. 6(a)–6(c)], the gas has been
reflected without any significant thermalization, and both shell species
are streaming through all the way to the front of the initial density
jump. In the unmodified case [Figs. 4(d)–4(f)], the spread of the
reflected gas distribution is wider (indicating increased heating) and
the gas appears to be starting to thermalize at the interface. The lighter
D species [Fig. 4(e)] is still able to penetrate�200lm into the gas, but
the more collisional C species [Fig. 4(f)] is stopped within �30lm of
the gas–shell interface. In the more collisional case [Figs. 6(d)–6(f)], a
region of the shocked gas has clearly thermalized, and a sharp interface
is formed at the edge of the gas region, through which neither shell
species is able to penetrate.

Figure 7 shows how the boundaries of the mix region change
with collisionality for the 1 atm case. The dotted lines represent the
inner edge of the mix region, and the solid lines represent its outer
edge for different levels of collisionality. The outer edge of the gas
compresses more rapidly as collisionality increases due to the
momentum imparted from shell particles stopped at the interface.
As collisionality decreases the front of the mix region extends further
inward, but only up to a point: Reducing the Coulomb logarithm
below the unmodified case has no impact on its position. The front
is ultimately limited by the velocity of the initial density jump in the
gas. In the low-density limit, this can be estimated from the self-
similar solution to expansion in vacuum, by finding the speed of the
point where the density is equal to the initial gas density. Particles
will not accelerate beyond this point, even in the absence of colli-
sions: Once the density of the expanding jet falls below the density
of the background gas, the electron pressure gradient (and, therefore,
the electric field) goes to nearly zero. From Ref. 32, the velocity of
this density contour is

vg ¼ cð1� ln ðng=n0ÞÞ; (2)

where c is the sound speed of the shell, n0 is the initial shell density,
and ng is the initial gas density. Assuming Te � 2 keV, the estimated
front speed is 1300 km/s for 1 atm and 1000 km/s for 6 atm.

The results of the modified simulations show that although there
is significant counterstreaming and kinetic behavior present in these
systems, the interaction is not truly a collisionless shock. Collisions
mediate the behavior primarily by shrinking the mix region,

FIG. 6. Species phase-space plots for a 6 atm target at t¼ 0.5 ns with modified Coulomb logarithms: reduced by a factor of 6 in (a-c) and increased by a factor of 6 in (d-f).
Rapid thermalization and a sharp gas–shell interface is visible for moderate increases in collisionality.

FIG. 7. Boundaries of the mix region for 1 atm at different modified Coulomb loga-
rithms k: k ¼ k0=6 (blue), k ¼ k0 (orange), k ¼ 6k0 (green), k ¼ 100k0 (red).
Dashed lines represent 90% gas molar fraction, and solid lines represent 10% gas
molar fraction. Higher collisionality compresses gas more rapidly, increasing the
speed of its outer boundary. Reduced collisionality extends the front of the mix
region inward, but the maximum speed is limited by the initial density jump passing
through the gas, regardless of collisions. In this case, the front of the mix region
has reached the initial density jump for both k ¼ k0=6 and k ¼ k0.
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sharpening the gas-shell interface, and reducing the amount of mate-
rial that is mixed in.

IV. YIELD VS FILL PRESSURE

Figure 8 plots neutron yield vs pressure for CH and CD targets,
showing how mix is ultimately predicted to affect yield scaling. The
green curves show yield prediction for equivalent HYDRA simulations
of the targets. The HYDRA results represent the fully collisional, zero-
mix expectations: Because no shell material penetrates into the gas, the
majority of the yield depends only on the gas. As such, the scaling
behavior of the CH and CD targets is similar. For the CD targets, the
yield at 6 atm is 1.9 times above the yield at 1 atm. For the CH targets,
this ratio is 2.5.

The blue curves show the yield predictions based on the present
kinetic simulations. In this case, the CD and CH targets do not scale
similarly with pressure. At low pressure, there is significant mix, and
the yield of the CH target is reduced compared to that of the CD target
by a factor of 5. As pressure increases, mix is reduced by the mecha-
nisms described above, and the yields begin to converge. By 6 atm, the
relative yields of the CH and CD targets are comparable to the results
from the hydrodynamic case.

The absolute yields, however, are still somewhat lower than the
fully collisional case. This gap is due to a combination of two factors.
First, C ions mix into the hotspot and decrease the ion temperature.
Even at 6 atm, the mix region does expand at later times, eventually
extending into the edge of the hotspot [see Fig. 2(a) and 2(d)] and
extinguishing some fusion events at the tail end of the implosion. As
can be seen from the HYDRA trajectories of the gas–shell interface,
the C ions do not penetrate as deeply in the hydrodynamic case.
Second, some fast ions from the gas are able to escape the hotspot [see
Fig. 2(a) and 2(d)]. These ions carry energy that would otherwise be
converted into thermal energy, so the ion temperature is reduced.

It is possible that increased mix of C ions into the hotspot at
lower pressures will lead to increased radiation loss, altering the yield
scaling. Though radiation is ignored in these simulations, it is

worthwhile to estimate this effect. The approximate rate of brems-
strahlung energy emission can be calculated using Eq. (2.25) in Ref.
42. Given burn widths of�0.6 ns (�0.55 ns) for the 1 atm (6 atm) case
and hotspot conditions extracted from Chicago simulations, the total
energy radiated during burn should be about 4% (0.2%) of the total
hotspot energy density. If the ion temperatures are reduced by that
fraction, the yield rate should be reduced by �10% (�1%). Based on
these estimates, the inclusion of radiation is likely to lead to slightly
reduced yield for the low-pressure targets compared to that of the
high-pressure targets, but should not dramatically affect the overall
trends.

Increasing the collisionality changes the yield scaling to be more
consistent with the hydrodynamic case, as expected. For CD targets,
the yield ratio between the 6 atm and 1 atm cases is similar: Y(6 atm)/
Y(1 atm) is between 2 and 2.7 for all Chicago simulations. However,
the CH yield scaling changes rapidly: Y(6 atm)/Y(1 atm)¼ 4.4 for
k ¼ 6k0, 8.7 for the unmodified case, and 17.0 for k ¼ k0=6.
Additionally, the gaps in absolute yield compared to the hydrody-
namic case are smaller for k ¼ 6k0.

For comparison, measured yields from inverted corona experi-
ments conducted at the OMEGA laser facility are shown in red. 1D
simulations overpredict the absolute yield, so all simulated values have
been scaled down by a factor of 6.5 (matching experimental and simu-
lated yields for CH targets at P¼ 2 atm) to allow easier comparison of
relative values. After this correction, experimental data show excellent
agreement with simulated predictions: The steeper slope of the pres-
sure scaling for the CH target is reproduced, as is the relative yield
between CD and CH targets at P¼ 2 atm.

These results confirm that there is significant mix occurring in
these targets. Of course, 1D simulations cannot provide a complete
description of the evolution of the system. There is evidence that
multi-dimensional effects are weak (e.g., the low compression ratio
and the fact that yield is insensitive to illumination symmetry), but we
cannot rule them out with certainty. However, the experimental data
gathered to this point suggest that 1D kinetic effects are at least suffi-
cient to explain the observed yield behavior.

Previous higher-energy inverted corona experiments at the
National Ignition Facility demonstrated larger yields than anticipated
based on an expected scaling with laser energy.14 These predictions
were extrapolated from gas-filled targets with CH shells and ignored
potential yield degradation from mix. After correcting for this degra-
dation, the high energy shots are within a factor of two of predicted
values. In general, when designing targets to maximize yield, reactions
from ions in the shell must be considered in addition to the gas fill.

V. CONCLUSIONS

We have shown that capturing mix at the gas–shell interface is
critical to modeling the behavior of inverted corona fusion targets. The
mix region displays some characteristics resembling an electrostatic
collisionless shock. Though the system is highly kinetic, the mix is
mediated by collisional processes. Experiments with reactive and non-
reactive shell species display measurable differences in the scaling of
yield with fill pressure, and these comparisons can provide insight to
how a laser-ablated shell expands and mixes into a low-density back-
ground gas.

In the future, it would be informative to perform follow-up
experiments at higher and lower gas pressures to fill out Fig. 8 over a

FIG. 8. Total yield vs gas fill pressure for CH and CD shells, for hydrodynamic sim-
ulation in HYDRA (green) and kinetic ion simulation in Chicago (blue). Also included
are experimental data points (red). All simulated yields have been scaled down by
a factor of 6.5 to match Chicago/experimental yields for CH target at P¼ 2 atm.
Experimental data show excellent agreement with predicted pressure scaling and
relative CD/CH yield.
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wider range of mean free paths, especially for CD targets. Fill pressures
in inverted corona targets are currently limited to �3 atm or below
due to fabrication constraints, but higher densities can be reached in
cryogenically cooled targets (at the cost of increased complexity). In
addition, experiments with separated reactants allow for the isolation
of different categories of fusion events. Consider hydrodynamically
equivalent targets of (1) a CH shell with a DD gas fill, and (2) a CD
shell with 3He gas fill. DD-neutron yield from (1) measures only
fusion reactions between two gas ions. DD-neutron yield from (2)
measures only fusion reactions between two shell ions. D3He-proton
yield from (2) measures fusion reactions between one 3He ion in the
gas and one D ion in the shell and is a direct measure of mix.
Preliminary simulations suggest that these reactions peak at different
times during the implosion and at different plasma conditions, so the
fusion product spectra would provide further information on the tem-
poral evolution of the system.
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