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A B S T R A C T   

We report on numerical simulations of laser-driven convergent plasma fusion targets. These “inverted corona” fusion targets are useful for the study of counter- 
streaming and converging rarefied plasma flows, and previous experiments have demonstrated their potential as neutron sources. The scheme consists of a fuel layer 
lined along the interior surface of a hollow plastic shell that is laser-ablated and expands inward towards the target center. The plasma streams generated in these 
targets are initially nearly collisionless as they converge, leading to wide interaction length scales and long interaction time scales as the jets interpenetrate. Such 
kinetic effects impact mixing of constituent ions - a phenomenon not properly captured by single-fluid hydrodynamic simulations. Here we conduct numerical 
simulations using two different methods: (1) single-fluid simulations in HYDRA, and (2) kinetic-ion, fluid-electron hybrid particle-in-cell (PIC) simulations in the code 
Chicago. It is shown that the initially nearly collisionless plasma fronts interpenetrate deeply and lead to broader interaction regions in space and time resulting in 
significant beam-beam fusion. The two approaches make different, testable predictions for the effect of fuel-layer thickness on neutron yield.  

1. Introduction 

Laser-driven neutron sources are used for a variety of purposes, 
including testing of electronic component vulnerability at high neutron 
fluxes [1], nuclear-cross-section and nucleosynthesis measurements  
[2], and neutron radiographic applications. Conventional implosions of 
a DT capsule by direct drive [3,4] and indirect drive [5] offer high 
yields, but require high levels of uniformity for strong convergence and 
are susceptible to instabilities. Exploding pusher targets [6] can achieve 
high yields with relaxed convergence requirements, but still must be 
illuminated symmetrically. 

Recently, there has been renewed interest in the use of “inverted 
corona” fusion targets as neutron sources [7,8]. These targets, origin-
ally explored by Daido et al at the GEKKO XII laser system [9] and 
Bessarab et al at the Iskra-5 laser facility [10], 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 (LEH), where they illuminate the interior 
surface, generating a plasma that is accelerated inwards towards the 
target center. During this phase the expanding corona can reach velo-
cities greater than 1000 km/s. The converging plasma stagnates at the 
origin, converting directed kinetic energy into thermal energy, 
achieving plasma temperatures approaching 10 keV and resulting in 
significant neutron yield. In gas-filled targets with windows covering 

the LEH’s, rather than undergoing free expansion, the ablated fuel layer 
generates an inward-propagating shock that compresses and heats the 
fill gas. 

Inverted corona targets have a number of advantages that make 
them attractive as potential neutron sources. They can achieve high 
yield: 3.5 × 109 DD neutrons have been achieved with laser energies of 
6.3 kJ and scaling suggests that 1.8 MJ experiments at the National 
Ignition Facility (NIF) could achieve DT yields in excess of 1017 neu-
trons [7]. The areal density of the hot spot is low, leading to reduced 
neutron downscattering and a nearly monoenergetic energy spectrum. 
The neutrons are produced over a relatively long timescale, on the 
order of nanoseconds (compared to tens of picoseconds for traditional 
Inertial Confinement Fusion (ICF) targets). They also do not rely on 
high convergence and so the yields are highly repeatable and relatively 
insensitive to any asymmetries, non-uniformities, and instabilities that 
may arise in the system. Corona targets can even be driven by single- 
sided illumination [9,11], allowing the unused laser beams to drive 
experiments to be imaged. Finally, because the target is illuminated on 
the interior surface, experiments and samples can be positioned in 
closer proximity to the source, increasing the neutron flux even further. 

Beyond applications as a neutrons source, inverted corona targets 
also offer a novel platform for studying kinetic physics in ICF. 
Computational simulations of ICF plasmas have historically focused on 
the hydrodynamic approach whereby the Knudsen number, defined as 
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the ratio of the mean-free-path of a particle to the scale length of the 
system, is assumed to be small ( = < <K L/ 1n mfp ). In this case, the 
plasma is highly collisional and the velocity distribution function (VDF) 
can be assumed to be Maxwellian. However, recent work has shown 
that this assumption is often violated in many ICF conditions of interest  
[12–15]. These results have prompted an expanded effort to model and 
understand various kinetic effects and their impact on ICF experiments, 
including interpenetration [16], species separation [17], diffusive 
mixing [18], tail depletion [19], and beam-beam fusion [20]. By ma-
nipulating the fuel layer configuration and gas-fill composition and 
density, inverted corona targets are capable of generating a wide range 
of plasma conditions to study kinetic behavior. 

A modeling effort has begun to better understand these systems. 
Preliminary 2D simulations were run using the single-fluid radiation- 
hydrodynamics code HYDRA [21], described in more detail in  
Section 2. HYDRA simulations of a vacuum target indicate that during 
the initial expansion phase of the ablated plasma (before stagnation has 
occurred) the fronts of the converging jets can reach velocities of more 
than 1000 km/s at densities of only 1020/cm3. At these conditions, the 
mean-free-path of the plasma can be estimated using the formula de-
scribed in [22]. For a cold plasma streaming against itself at relative 
velocity vd the mean-free-path = v / ,mfp d where the collision fre-
quency is: 
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Here Z and Zp represent the charge states of the streaming ion and 
target plasma, A is the mass number, =E Am v k/(2 )ctr p d B

2 is the energy of 
the streaming ion, and log Λctr is the Coulomb log. From this formula 
the mean-free-path of the plasma in the leading edge of the converging 
front is estimated be more than 50 mm, significantly larger than the 
radius of the target. The plasma in this region is nearly collisionless and 
the hydrodynamic approximation is no longer valid. 

The potential for strong kinetic effects in inverted corona targets has 
motivated the present study. Here we model an example experiment 
using two methods: (1) a single-fluid hydrodynamic approach (HYDRA) 
and (2) a kinetic-ion, fluid-electron hybrid particle-in-cell approach 
using the simulation code Chicago [23–25]. 

In the following section, we describe the simulation methods in 
more detail. Next we verify that the early laser-plasma interaction and 
plasma acceleration agrees well between the two cases. We then com-
pare and contrast the evolution of the system in each case as kinetic 
effects become more significant, highlighting how the density, phase 
space, and fusion profiles are affected. Finally we discuss possible fu-
ture directions for follow-on studies. 

2. Simulation description 

We consider three target configurations in this study to investigate 
the structure of the stagnation process and where the neutrons are 
generated. All three targets are spherical shells with two LEH’s (as in  
Fig. 1) made of partially deuterated plastic with an inner radius of 895 
µm and thickness of 25 µm. The layers of deuterated (CD) vs. non- 
deuterated (CH) plastic are varied between the three cases: (1) 10 µm 
CD at the interior surface, (2) 2 µm CD at the interior surface, and (3) 2 
µm CD recessed behind 1 µm CH (see Fig. 2). The mass density is 1.1 g/ 
cm3 and the number ratio is 1:1 for both CD and CH layers. Only the D 
ions will undergo the d(D,3He)n fusion reaction, and so by varying the 
location of deuterated layers and examining the yield we can better 
understand how the system evolves and the importance of kinetic ef-
fects. 

The simulations described here are carried out in 1D. Though the 
capsule is spherical, the system is quasi-cylindrical due to the large 
LEH’s required at each end ( =R 500LEH µm), and so cylindrical geo-
metry has been chosen for the present study. We simulate the conver-
ging flows using the hybrid particle-in-cell code Chicago and the ra-
diation-hydrodynamic code HYDRA. HYDRA is a 3D multi-physics code 
that contains much of the physics needed to simulate laser-driven ICF 
experiments. The laser is represented in 1D as a single ray launched 
from inside the vacuum region towards the ablator. The laser is ab-
sorbed by inverse Bremsstrahlung heating until the ray reaches the 
critical density, at which time the remaining power is fully absorbed. 

The bulk of the liner uses 0.05 µm-thick zones, with smaller zones 
(ablative zoning) in the first 0.5 µm of the liner. The HYDRA simulation 
is initially Lagrangian, with the central zones transitioning to Eulerian 
after liner stagnation. The central vacuum region of the target is re-
presented by a region of CD with thermonuclear reactions turned off 
and very low density, 10 6 g/cm3. This material is compressed and 
heated by the incoming liner, but its mass is so low (<1% of the ablated 
liner mass) that it does not impact the overall dynamics of the ablation. 
Models for species diffusion and ad hoc mix are available in HYDRA, 
but these are not used here—each zone contains a single material (CD, 
dudded CD, or CH), and each node moves at a single velocity. Electron 
and ion thermal conduction are also treated, as well as multi-group 
radiation diffusion, although this is not likely to be important for this 
problem. 

The formulation of Chicago used in this study follows the ions ki-
netically and treats the electrons as a massless fluid, assuming charge 
neutrality everywhere. The plasma is assumed to be non-magnetized 
and the electric field is described through a generalized Ohm’s Law (see  
[20] for more information). Ion-ion collisions are modeled using the 
Nanbu method [26] modified for unequally weighted macroparticles  
[27]. Ion-electron collisions use a model similar to Ref. [28]. A pairwise 
nuclear fusion algorithm has also been implemented in Chicago [29] 
that models fusion processes for arbitrary distributions of macro-par-
ticles and so is able to capture both beam-beam and thermonuclear 
fusion events. The target is initialized as a nearly cold ( = =T T 25e i eV) 

Fig. 1. Schematic of a cross-section of an example inverted corona target with 
two LEH’s (one at each pole). Lasers illuminate the interior surface of the shell 
and the resulting plasma stagnates at the target center. 

Fig. 2. The three types of targets investigated in this study. In all three cases, 
the inner radius of the shell is 895 µm and the total shell thickness is 25 µm. 
Note that although the targets to be studied are spherical, the system is quasi- 
cylindrical for a target with 2 LEH’s and cylindrical geometry has been chosen 
for the present study. 
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plasma and is assumed fully ionized at all times. Radiation is ignored. A 
purely Eulerian computational grid with a cell width of 0.5 µm is used. 
The simulation domain extends from the origin to =r 1025 µm. Macro- 
particles that exit the domain are removed from the simulation. 

The recent implementation of a ray-tracing algorithm in Chicago  
[25] allows laser-plasma interactions to be directly included in the si-
mulation. Previously these processes had to be decoupled, with HYDRA 
(or a comparable code) being used to model the initial laser-plasma 
interaction and HYDRA-generated plasma profiles used as initial con-
ditions for the kinetic simulations [17,20]. Now that both processes are 
integrated into Chicago, the pulse may continue to deliver energy to the 
system even after the plasma stagnation process has begun. The laser is 
represented as a series of photon macro-particles that are injected from 
inside the vacuum region and absorbed similarly through inverse 
Bremsstrahlung [30]. There is a smooth transition in density between 
the slab and vacuum to facilitate the initial absorption process. Starting 
at the inner radius, the plasma density decays exponentially away from 
the slab with a characteristic decay length of 1 µm. The mass in the fall- 
off region is included when calculating layer thicknesses. The speed of 
light Courant limit (required to resolve the photon macro-particles) is 
1.6 fs, and the CFL number is 0.9. 

When performing ray-tracing in one dimension, it is important to 
consider the effects of reduced penetration depth and absorption of the 
laser as a result of oblique incidence and shape effects. In these targets 
the difference in turning point position is found to be small ( ~ 5 µm) 
over the pulse lifetime and does not have a significant impact on the 
system evolution, so long as the total power absorbed is well-matched. 
Separate 2D HYDRA simulations were run to estimate the total power 
absorbed by the target as a function of time. As shown in Fig. 3, the 
OMEGA laser delivers  ~ 18 kJ of laser energy to the target in a 1 ns 
square pulse. Early in time a significant fraction of the laser power is 
being deflected, but by t ≃ 375 ps the incoming laser power is nearly 
completely absorbed. The input laser intensity in both 1D simulations 
(which is absorbed with 100% efficiency) was scaled to match the ab-
sorbed power over time (see Fig. 3) in the 2D simulation, assuming the 
laser is uniformly distributed over the area of a spherical target with the 
same inner radius. In reality the laser illumination is not uniform, but 
the effect of non-uniformity on plasma behavior is expected to be re-
latively low due to the low convergence requirements. The laser pulse 
begins at =t 0 and the systems are evolved for 3 ns. 

3. Results 

We first compare the initial laser-plasma interaction and coronal 
expansion away from the slab, before stagnation occurs and before kinetic effects are expected to impact the system. The ion density, ion/ 

electron temperature, and ion radial velocity profiles for the 10 µm CD 
layer target at =t 0.5 ns are shown in Fig. 4. Though the simulations are 
not in planar symmetry and the laser source is not exactly constant 
intensity, the key characteristics of the Fabbro et al. [31] self-similar 
analytic solution for a planar foil are present. The density profiles fall 
exponentially, the ions cool, and the radial velocity increases linearly 
away from the slab. The largest deviation is in electron temperature; Te 

in Chicago is less isothermal, likely due to an overly restrictive para-
meter controlling electron heat conduction. This does not strongly af-
fect the results because the majority of the energy in the system is 
carried by the streaming ions, which match well between the two si-
mulations. Lower-resolution Chicago simulations with identical para-
meters were also run, exhibiting isothermal electrons in the early ex-
pansion but otherwise resulting in equivalent behavior. Overall the 
results show good agreement between HYDRA and Chicago, validating 
the performance of Chicago’s ray-tracing package and confirming that 
the initial conditions before stagnation in the two simulations are 
comparable. 

Density profiles for each species of the 2 µm CD target are shown in  
Fig. 5 at three different times. At =t 0.8 ns the converging plasma has 
just reached the origin. The 2 µm layer of CD has been burned through, 

Fig. 3. Blue curves show estimated delivered (solid line) and absorbed (dotted 
line) power for an OMEGA square pulse with total energy 18.5 kJ. This was 
used as the basis for the simplified pulse shape used in both 1D comparison 
simulations (red curve).(For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Comparison of (a) number density, (b) temperature, and (c) radial ve-
locity profiles of the plasma for the 10 µm CD layer target at =t 0.5 ns. Note 
that in the single-fluid treatment of HYDRA, =n n ,C D =T T ,C D and =v vC D ev-
erywhere in the CD plasma. Each of these curves are plotted only once in each 
figure and are labeled ni, Ti, and vi respectively. The temperature spike and drop 
in velocity are both typical artifacts of single-fluid expansion into near-vacuum 
and do not significantly impact the results. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this 
article.) 
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and H ions are just starting to be ejected from the target wall. In the 
hydrodynamic case, the plasma stagnates immediately and a reflected 
shock forms that propagates outward. In the kinetic case, on the other 
hand, the shock has not yet formed. Instead a large spike in density is 
visible on-axis due to the nearly free-stream behavior, where, for per-
fect 1D symmetry in the collisionless limit, the plasma would converge 
to a singularity in density at the origin. The C species has a larger 
density spike on-axis, consistent with previous investigations into spe-
cies separation [32]. 

At =t 1.1 ns, the density spike on-axis is still visible. By =t 1.8 ns, 
the system appears to become more collisional, and the kinetic density 
profiles approach the hydrodynamic values. By this time H has also 
reached the stagnation region and significant mixing is visible between 
the D and H layers. 

The density profiles only give a partial picture of the plasma be-
havior. To investigate the kinetics in more detail, we plot each species 
in velocity phase space (see Fig. 6). Here, for simplicity, we examine the 
10 µm CD target. The thicker CD slab does not burn through and no 
significant amount of H penetrates into the interaction region. At early 
times, both D and C species are observed to be nearly collisionless, as 
the converging plasma streams pass through the origin and inter-
penetrate against the incoming plasma from the opposite side. By 

=t 1.8 ns, the more collisional C species has appeared to thermalize and 

a clear shock has formed. Fig. 6c plots the 1D radial velocity distribu-
tions on either side of the shock and plots the best-fit Gaussian for each. 
Both populations are well-represented by Maxwellian distributions at 
different temperatures and average velocities. We find that TC ≃ 4.5-5 
keV inside the shock, and TC ≃ 2 keV just outside of it. 

1D velocity distributions of the D populations in the same regions 
(see Fig. 6f) illustrate that within the shock, the D plasma appears to 
have thermalized and equilibrated with C at the same temperature. The 
VDF is well-represented by a Maxwellian, and we observed no apparent 
tail depletion in the vicinity of the Gamow peak. For vacuum targets, 
the effect of tail depletion is likely reduced compared to a typical DD or 
DT exploding pusher due to the presence of the C species. 

D ions outside the shock, on the other hand, have still not therma-
lized more than a nanosecond after the interaction has begun. A sig-
nificant number of fast D ions have passed through the stagnation re-
gion and are streaming against the converging jets. These ions will 
undergo beam-beam fusion reactions that extend beyond the interior 
hot spot. These fusion reactions are not captured by a fluid code. 

The difference between the 10 µm CD layer target and the other two 
configurations can be illustrated in phase space. Fig. 7 shows phase 
space plots for D and H species in the other two target configurations, 
both at =t 1.8 ns. These plots can be directly compared with Fig. 6e. As 
the carbon distribution does not change amongst the configurations, the 
phase plots for C are similar to that in Fig. 6b and are not reproduced 
here. From the plots for the 2 µm target (Figs. 7a and 7 c), it is clear that 
much of the incoming, lower-velocity plasma jet is now comprised of 
non-reactive H ions. The fast D ions no longer react as they counter- 
stream against these ions, and the amount of beam-beam fusion will be 
significantly diminished. 

The reactivity of the target with the recessed CD layer will be re-
duced even further (see Figs. 7b and 7 d). Because the first micron is 
CH, D ions have only just begun to enter the hot spot at =t 1.8 ns. By 
this point, the reflected shock has formed and much of the energy has 
already dissipated. Additionally, there are few fast-streaming D ions 
passing through the stagnation region, so the distribution function of 
the D ions never deviates as strongly from a Maxwellian and the ma-
jority of the yield is thermonuclear in origin. 

The details of the fusion process can be studied from spatiotemporal 
neutron production plots (Fig. 8), shown for both 10 µm CD and 2 µm 
CD targets, for both the HYDRA and Chicago simulations. In these plots 
the x-axis represents time, the y-axis represents radius, and the intensity 
of the contour plot corresponds to the number of neutrons produced at 
that radius during that time period. Each cell is 30 ps  ×  8 µm. At =t 0,
plasma is ejected from the target slab in the upper left-hand corner of 
the plot. The plasma stream reaches the axis at around =t 0.75 ns and 
the stagnation process begins. Significant fusion starts to occur around 

=t 1 ns. The reflected shock is clearly visible in the HYDRA plots. With 
the fluid treatment, essentially all neutrons are produced through 
thermonuclear fusion reactions within the shocked region. The slope of 
the shock agrees well with the reflected shock speed inferred from the 
density profiles. The CH layer does not reach the hot spot until after 
burn has nearly ended, and so there is very little difference between the 
two configurations. 

The shape of the primary hot spot in the kinetic simulation ap-
proximately agrees with the fluid result, but there are several notable 
differences. The edges of the hot spot are not as sharp. The initiation of 
burn is also slightly delayed compared to the fluid case. Finally, the 
overall fusion profile is much broader in space than for the fluid case. 
Fusion of fast D ions are visible at large radius during the interaction 
time frame. These are almost entirely produced through beam-beam 
fusion. And because neutrons are produced over such a large spatial 
scale, the effect of the shorter CD layer is more pronounced. Fewer 
beam-beam reactions occur as the CH layer expands into the interaction 
region, and the overall yield is reduced. 

The cumulative yield over time for all cases is shown in Fig. 9. The 
yields are normalized to a characteristic axial length of 1562 µm, the 

Fig. 5. Number density comparisons of the plasma for the 2 µm CD layer target 
at (a) =t 0.8 ns, (b) =t 1.1 ns, and (c) =t 1.8 ns. The 2 µm CD target is depicted 
to show mixing at the D/H interface and H penetration into the hot spot. The 
filled red circle indicates the interface between CD and CH layers in HYDRA. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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height of a 2-LEH target. For the thick CD layer, fluid and kinetic si-
mulations show good agreement in total yield, although the start of 
neutron production for the kinetic simulation is initially delayed and 
continues for longer times compared to the fluid case. Compared to the 
10 µm CD targets, the yields for the recessed targets are reduced by 
more than a factor of 10 in both treatments. 

The agreement between the two treatments for the 10 µm CD target 
is somewhat surprising. In the kinetic case, fast ions pass through the 
stagnation region and counter-stream against the incoming plasma, 

where they undergo beam-beam fusion. In the fluid treatment, on the 
other hand, these fast particles are prevented from escaping: at stag-
nation their directed kinetic energy is converted to thermal energy, 
which leads to an increase in temperature and reactivity within the 
shocked region. It is not obvious that these different processes would 
result in the same yield. 

There is significant disagreement between the simulations of the 2 
µm CD target. As shown in the previous plots, fluid simulations predict 
that all the neutrons are produced within the hot spot. This region is not 

Fig. 6. Phase space diagrams for the 10 µm CD layer target, in arbitrary units (equal across plots). (a) and (b) show velocity vs. radius for the C species at =t 1.1 ns 
and =t 1.8 ns. (c) shows 1D velocity distribution lineouts of the population from (b) on either side of the shock at x = 300 µm. (d-f) show the same information for 
the D species. In (c) and (f), dashed and dotted black lines correspond to best-fit Maxwellian distributions for the lineouts at R = 200 µm and R = 400 µm, 
respectively. 

Fig. 7. Phase space plots at =t 1.8 ns for D (top) and H 
(bottom) species for the 2 µm CD layer (left) and recessed 
CD layer (right) targets. Units are arbitrary but equal for 
all plots. 
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impacted by the layers beyond 2 µm, and so the overall yield does not 
change. The inclusion of kinetic physics reveals that a significant 
number of neutrons are produced far from the axis, and these events are 
affected by changes to the deeper layers of the slab. As a result, there is 
a clear and measurable difference in yield between the targets with the 
2 µm CD layer and those with the 10 µm CD layer. In this case, Chicago 
predicts a  ~ 25% difference in yield between the two cases. 

To roughly quantify how much of the yield difference is due to the 
loss of beam-beam fusion, we estimated the fraction of thermonuclear 

yield in each simulation. This value is not exact: when there is sig-
nificant overlap between counter-propagating beams in velocity space, 
there is no clear distinction between a thermonuclear and a beam-beam 
fusion event. To perform the calculation, the phase data is binned into a 
set of cells (dx = 12.5 µm, dt = 100 ps). At each cell, we compute the 
best-fit approximation of the phase data as two counter-propagating 
Maxwellian distributions, yielding a density, temperature, and velocity 
for each. A degree of thermalization is computed, defined as the ratio of 
the thermal velocity of the hotter Maxwellian to the relative velocity 
between the two beams. When this value is above 1, the cell is con-
sidered to be thermalized and is treated as a single Maxwellian. 
Otherwise the two beams are treated separately. The total estimated 
thermonuclear yield is then the sum of the contributions of each in-
dividual Maxwellian in each cell, using the Bosch-Hale formula for DD 
reactivity [33]. 

From this calculation the normalized thermonuclear yield for the 10 
µm CD target is estimated to be roughly 3.4 × 1010, or about 50% of 
the total yield of 6.9 × 1010. For the 2 µm CD target, the thermonuclear 
contribution is estimated to be 2.9 × 1010 (out of 5.1 × 1010). These 
results suggest that more than 70% of the difference in yield between 
the two simulations is due to the loss of beam-beam fusion reactions. 
The yield in the recessed case is estimated to be entirely thermonuclear 
in origin. 

4. Conclusions 

We have performed 1D simulations of inverted corona fusion targets 
and evaluated the importance of kinetic effects during the inter-
penetration and stagnation of the flows. We have validated that laser- 
plasma interactions and the initial plasma blow-off computed by 
Chicago agree well with HYDRA results. We have demonstrated that the 
plasma evolution is similar before stagnation begins, but that non-col-
lisional effects lead to stagnation behavior that is qualitatively and 
quantitatively different than what is predicted using a single-fluid 

Fig. 8. Spatiotemporal yield plots. (a) and (b) show the results for single-fluid HYDRA simulations for the 10 µm CD layer and 2 µm CD layer targets, respectively. (c) 
and (d) show the corresponding results for the kinetic-ion simulations from Chicago. 

Fig. 9. Overall yield vs. time for all three target types, for both single-fluid 
(blue) and kinetic-ion (red) simulations. Kinetic simulations show yield differ-
ence between the 10 µm CD layer (red solid line) and 2 µm CD layer (red dashed 
line) target. Note that the absolute yields are normalized assuming the burn 
width extends across the entire axial length of the target (1562 µm). (For in-
terpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.) 
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approximation. In particular, deep interpenetration by fast D ions re-
sults in a broader fusion profile in space and time, as well as significant 
beam-beam fusion reactions. These reactions are extinguished when the 
CD layer thickness is reduced from 10 µm to 2 µm, and the yield drops. 

The next step in this study is to expand the simulations to multiple 
dimensions. 2D simulations will allow us to capture non-uniformities in 
the laser illumination, asymmetries in the target shape (accounting for 
gaps from the LEH’s), and imperfect convergence at the target center. 
These features are possible sources of increased mixing between the 
layers and will alter the evolution of the plasma compared to the 
idealized 1D case. 

Further experiments of inverted corona targets will take place at 
both OMEGA and NIF. In addition to 2-LEH vacuum targets relevant to 
the present study, experiments at OMEGA will investigate the effects of 
fill density on interpenetration and total yield, as well as the interac-
tions between ions ejected from the liner and ions within the fill gas. 
These studies will support the design and analysis of NIF experiments, 
which are focused on single-LEH gas-filled targets for high-fluence 
neutron radiography applications. 
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