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Abstract

We examine the performance of pure boron, boron carbide, high density carbon,

and boron nitride ablators in the polar direct drive exploding pusher (PDXP)

platform. The platform uses the polar direct drive configuration at the Na-

tional Ignition Facility to drive high ion temperatures in a room temperature

capsule and has potential applications for plasma physics studies and as a neu-

tron source. The higher tensile strength of these materials compared to plastic

enables a thinner ablator to support higher gas pressures, which could help opti-

mize its performance for plasma physics experiments, while ablators containing

boron enable the possibility of collecting additional data to constrain models of

the platform. Applying recently developed and experimentally validated equa-
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tion of state models for the boron materials, we examine the performance of

these materials as ablators in 2D simulations, with particular focus on changes

to the ablator and gas areal density, as well as the predicted symmetry of the

inherently 2D implosion.
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1. Introduction

The Polar Direct Drive Exploding Pusher (PDXP) platform was proposed

and developed as a platform for studying electron-ion temperature equilibration

and thermal conduction in the high energy density regime that is relevant to

inertial confinement fusion at the National Ignition Facility (NIF)[1, 2, 3] It

has since been applied in both nucleosynthesis experiments[4] and as a neutron

source.[5, 6] Our initial PDXP proposal for NIF called for a thin ablator, en-

abling full ablation of the capsule shell, which we believed would lead to better

uniformity of the plasma during the proposed time-resolved spectroscopic mea-

surements of the plasma temperature. Early design studies indicated that the

performance for heat flow measurements was optimized with a gas fill pressure

of 8-10 atm based on 500 kJ of laser energy incident on a 3 mm outer diameter

capsule. Because the proposed measurements of plasma temperature rely on

using Ar as a spectroscopic dopant, the platform required that the signal from

the Ar spectral lines must be significantly higher than the emission from the

background plasma, and the Ar mass in the target must be well known. We

had initially considered SiO2 or Be ablators for these measurements due to the

ability to fabricate thin capsules of either material. The SiO2 design was ruled

out due to calculations that showed high background emission, and thus low

Ar signal, during the proposed measurement, and Be was ruled out because the

sputtering process used to make Be ablators generally results in significant Ar

remaining in the shell. For these reasons, and the lack of capabilities to build

high density carbon (HDC) capsules of the desired size at the time, we based

our point design on glow discharge polymer (GDP) ablators, which necessitated
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capsules of ∼20 µm thickness for the desired fill pressure.[7] The initial shots

were thus fielded using 3 mm diameter GDP capsules with thicknesses of 18-

20 µm and ∼8 atm gas fill. The inflight implosion self-emission measurements

and post-shot simulations from these initial shots (N160920-003, N160920-005,

N160921-001, N170212-003, and N170212-004) indicated slight inflight asymme-

try early in the implosion and a very asymmetric shell at bang time.[1, 4, 8]

The laser pulse design in PDXP was motivated by the general concepts

associated with the design of exploding pushers; the optimal design results from

a rapid, impulsive ablation of the capsule, driving very high ion temperatures in

the fill gas.[9] The optimization of the pulse for the initial design of the heat flow

platform was completed by examining a series of 1D radiation hydrodynamic

simulations and choosing a pulse that optimized the window of time available for

electron and ion temperature measurements. This resulted in a 1.8 ns square

pulse and computed ablator mass remaining of about 30% at the end of the

pulse. All subsequent shots on this platform have similarly used pulse shapes

where the majority of the laser energy is delivered during a square pulse, and 1D

simulations of those shots indicate a similar amount of remaining mass, based on

the total mass contained within the contour of electron density corresponding to

the critical surface for laser absorption at 351 nm wavelength (∼ 9×1021 cm−3),

regardless of laser drive or capsule geometry. Although these capsules are driven

by relatively short laser pulses, 2D simulations show that the laser beams tend

to continually imprint a specific pattern on the imploding shell, and this imprint

appears to contribute to the observed capsule asymmetry at bang time based

on comparison of the self-emission images from N170212-003 and N170212-004

to 2D simulations.[4]

One possible route for mitigating the asymmetry, which would presumably

allow for the generation of more uniform plasma conditions, would be to design

capsules that have a thinner ablator with better coupling to the laser. Such

an ablator could potentially enable the use of a shorter pulse, and the higher

thermal conductivity of a higher density material could help to mitigate the non-

uniformity of the laser energy deposition. Due to the linear relation between
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tensile strength and capsule burst pressure,[7] materials such as boron (B), high

density carbon (HDC), boron carbide (B4C), and boron nitride (BN), which

have tensile strength 5-10 times higher than that of GDP, could presumably

support the 8-10 atm fill pressures of the nominal PDXP point design at substan-

tially reduced thickness relative to GDP. While HDC is now a common capsule

material, our interest in boron-containing materials is motivated by the possibil-

ity of collecting data to help constrain simulation models of the PDXP platform.

In PDXP capsules with a DT gas fill, high yields can be achieved, and thus

comparing gamma reaction history (GRH) measurements[10, 11] from implo-

sions using an ablator containing natural boron to measurements using a GDP

capsule could potentially provide constraining data for the gas areal density

during burn due to the impact of knock-on deuterons on the 11B(d,nγ15.1)12C

reaction on the GRH.[12] In addition, our best fitting simulations of previous

shots invoke a diffusive mix model for ablator-fuel mix.[1] The 10B(α,pγ)13C

reaction, which produces γ signals around 3.5 MeV, could provide data to help

distinguish between diffusive mix and hydrodynamic instabilities, potentially

validating the use of this diffusive mix model.[13] We note that our interest in

the pure B and BN ablators is specifically motivated by the absence of carbon in

these ablators, which eliminates potential cross talk from other reactions with

C.[14] These same reactions with C are useful for constraining shell areal den-

sity based on GRH data[15], but would complicate the diagnostics we propose

here for examining the gas density and distinguishing between diffusive mix and

hydrodynamic instabilities.

Over the past several years, advances in additive manufacturing and target

fabrication techniques have made the possibility of fielding shots with B4C abla-

tors more tangible.[16] Novel techniques have also been applied to make targets

for planar equation of state experiments on BN at the NIF.[17] It therefore seems

timely to examine these materials as potential ablators. We are not currently

aware of a fabrication technique for making a pure B capsule, though we include

our results for B for future comparison purposes. We present a brief summary

of simulations examining the performance of B, B4C, HDC, and BN ablators
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in 2D. Our 2D models are based on previously developed post-shot models for

N160920-005, which fielded a GDP ablator and 8 atm D2 gas fill at room tem-

perature. Due to the inherent uncertainties in modeling capsule implosions, we

seek to minimize controllable sources of error in this work. As a prelude to

this study, we therefore applied a variety of theoretical methods to examine the

equation of state (EOS) of pure boron, B4C, and BN[18, 19, 20] since these

materials have not yet been used in capsule experiments at the NIF. New EOS

models were developed for B and BN based on our earlier work, and we make

use of a previously developed and recently tested model for B4C[20, 21] in this

baseline comparison study. The EOS of HDC and GDP were also previously

studied in detail.[21, 22, 23]

2. Model description and results

Our 2D direct drive simulations are carried out using the Ares radiation

hydrodynamics simulation code.[24, 25] For the purpose of this study, we use

N160920-005 as the baseline for tuning the initial model and we use the laser

pulse as delivered in this shot for all simulations reported here. In this shot, we

fielded a 2.955 mm outer diameter GDP with a 19 µm thickness ablator, filled

with 7.941 atm of D2 gas with 5×10−4 atomic fraction of Ar as a spectroscopic

dopant. The capsule was driven with a 1.8 ns square pulse, delivering 479 kJ of

total energy with slightly higher power in the outer beams to provide additional

power near the equator of the capsule.[1] The calculated power profile on the

capsule surface is shown in Figure 1. We use a laser ray trace method for

depositing the energy in the capsule, which takes into account the 3D pointing

geometry, but does not include the effects of cross-beam energy transfer or

nonlocal electron thermal transport. Both of these effects are known to be

important for modeling laser-matter interactions in direct drive implosions,[26,

27, 28, 29] but we have nonetheless found that the salient features of our shots

are modeled well using a more approximate treatment. Our models employ

multi-group diffusion for the propagation of radiation, and we apply a flux
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Figure 1: Computed laser power on the capsule surface for N160920-005. The black dots

indicate the pointing on the capsule surface.

limiter to the electron thermal conduction in the ablator during the laser pulse.

We tune the flux limiter and a multiplier on the total laser power to fit the

observed x-ray bang time of the shot, as described in Ref. [1]. In this study,

we used a flux limiter of 0.0398, and we find a good fit to the neutron bang

time by assuming an energy multiplier of 0.875. We have also applied the

multicomponent Navier-Stokes (mcNS) model for species diffusion in simulations

of this shot, and we find that using this model enables a good match to the

measured burn-averaged ion temperature and the neutron yield, provided that

a multiplier is applied to the diffusion coefficient.[1] However, we have no reason

to expect that the multiplier that we determined for the GDP capsules will also

apply to the ablators considered in this study, and so we did not exercise the

species diffusion model in this study.

Table 1 summarizes the ablator characteristics of the 2D simulations per-

formed in this study. For HDC, we considered both a thin design and a thicker

design. For the thicker design, the ablator thickness was chosen to be 6.0 µm
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Ablator Thickness Capsule Mass Density EOS Models

(µm) (mg) (g/cc)

GDP 19 0.54 1.046 L5400[21, 22]

HDC 6 0.54 3.32 L9061[23]

B 6 0.40 2.46 L52[18]

B4C 5.86 0.40 2.52 L2122[21, 20]

BN 6 0.37 2.25 L2152[19] and L2150

HDC 4.45 0.40 3.32 L9061[23]

Table 1: Capsule parameters and EOS models used in this study.

in order provide a mass match to the GDP ablator, whereas for the thinner

designs, we first considered an HDC capsule where the total ablator mass is

reduced to 0.4 mg, corresponding to a thickness of 4.45 µm. The thicknesses of

the B and B4C ablators were then chosen to match the total mass of the thinner

HDC design (6.0 µm and 5.86 µm, respectively). Similar to HDC, BN can exist

either in a cubic (diamond) lattice or in a hexagonal (graphitic) lattice. In this

work, we consider BN in the hexagonal phase, with a density of 2.25 g/cc, so

the mass of the BN ablator is just slightly lower than that of the other thin

capsule designs. The BN capsule was chosen to have a thickness that matches

the thin HDC capsule.

Table 1 also lists the equation of state model used for each material in the

table. For BN, we applied both a model that was recently developed (L2152)[19]

and an older model from the LEOS library that was developed by D. A. Young

and is based on a Thomas-Fermi model (L2150). These two models were com-

pared in our previous report on the BN equation of state.[19] For each of these

calculations, we assumed a D2 fill pressure of 7.941 atm at room temperature,

which was chosen to match N160920-005. We use the L1014 model for the EOS

of D2, consistent with our previous 1D simulation studies.[1, 18, 20]

Table 2 lists some of the computed results for each of the capsules. The
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Ablator/thickness (µm) Absorbed Neutron Convergence Tion

Energy (kJ) Yield Ratio (keV)

GDP/19 282 4.4 × 1013 9.8 7.2

HDC/6 324 9.1 × 1013 10 8.8

B/6 310 6.2 × 1013 5 15

B4C/5.86 313 6.5 × 1013 5 15

BN/6 319 6.7 × 1013 5 16

HDC/4.45 324 7.8 × 1013 5 15

Table 2: Results from 2D Ares simulations. The convergence ratio is computed based on

the minimum gas volume. We note that the measured neutron yield from N160920-005 was

2.11(±0.1) × 1013, so the clean yield computed in the 2D calculation of the GDP capsule is

about a factor of 2 larger than the experiment.

total yield of the capsules predictably increases as a function of the total en-

ergy absorbed. Since the laser-capsule coupling is higher for the higher density

ablators, the HDC and BN ablators produce the highest neutron yields. We

also find that the two HDC capsules absorb the same amount of energy from

the laser, but the thicker ablator produces higher yield, higher peak conver-

gence ratio (CR) defined based on the ratio of the initial gas volume to the

minimum gas volume, CR = (Vi/Vmin)1/3, and lower burn-averaged ion tem-

perature. The performance of the thicker HDC capsule appears to mimic that

of the thick GDP capsule. Results for the BN capsule are reported only for

L2152 because the results from L2150 were nearly identical. As expected, the

thin capsule with low ablator density near peak compression is not sensitive to

the choice of EOS model. (For the thicker capsules, variations in the EOS can

impact the computed performance, and we explore EOS variations in greater

depth in Ref. [20].)

In Figures 2-4 we plot several characteristic properties of the gas from sim-

ulations of the thicker GDP and HDC capsules (Figures 2 and 3), as well as the
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thinner B4C capsule (Figure 4) as a function of time. In each of these plots, the

burn rate is scaled by its peak value and the average ion temperature in the gas

is scaled by the burn-averaged ion temperature listed in Table 2. We also plot

the average radius of the gas scaled by the initial radius, which is equivalent

to the convergence ratio as defined above and listed in Table 2. These plots

demonstrate that the two thick capsule designs behave similarly, with most of

the neutrons being produced after the peak in the average gas temperature,

while the gas is still being compressed by the remaining ablator. In contrast,

the thin capsule design produces its yield at the same time as the ion tempera-

ture peaks. The average ion temperature in the thin capsule design also exceeds

the burn-averaged ion temperature, in contrast to the thick capsule designs. In

the thick designs, the burn is occurring primarily after shock convergence. This

is consistent with what we found in our 1D study, as shown in Figures 2 and 7

of Ref. [1], though in 2D the shock structure is more complicated and the burn

is diminished mostly due to capsule break up, as opposed to capsule expansion,

near peak compression. The break up of the capsule occurs due to lower density

regions that are generated at the points where the inner laser beams impact the

capsule.

Comparing Figures 2 and 3 provides some insight into why the HDC capsule

produced a factor of 2 higher neutron yield than the GDP capsule. First, the

increase in absorbed laser power for HDC relative to GDP leads to a stronger

shock, and hence higher ion temperatures. Second, the higher density ablator

provides more remaining mass during stagnation, hence the capsule break up

that leads to the demise of burn in the GDP calculation is less severe for HDC.

Third, the HDC implosion is slightly more symmetric than the GDP implosion.

The better symmetry and decreased breakup are evident in the scaled radius

vs. time plot for HDC (Fig 3), which shows a more obvious minimum at peak

compression than the GDP capsule.

Analogous to the similarity in the HDC and GDP thick capsules, we find

that all of the thin capsule designs behave in a similar fashion, regardless of the

identity of the ablator, producing similar yield, extremely high burn-averaged
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Figure 2: Scaled burn rate (shaded curve), average radius (solid), and average ion temperature

(dashed) as a function of time for the GDP design, as described in the text. The burn in the

thicker GDP design takes place primarily after the peak average temperature in the gas is

reached, implying that compression of the gas is contributing to the overall yield.
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Figure 3: Scaled burn rate (shaded curve), average radius (solid), and average ion temperature

(dashed) as a function of time for the thicker HDC design, as described in the text. Similar

to the GDP capsule, the burn in the thicker HDC design takes place following the peak in

average ion temperature.
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Figure 4: Scaled burn rate (shaded curve), average radius (solid), and average ion temperature

(dashed) as a function of time for the thinner B4C design, as described in the text. In contrast

to the thicker HDC and GDP designs, the burn takes place primarily during the peak in the

average gas ion temperature. The compression in the thinner capsule design is also lower than

it is for either the HDC or GDP thick capsules.
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HDC (6 microns) B4C (5.86 microns) GDP (19 microns)

Figure 5: Computed density profiles near peak compression for the HDC (left) and GDP

(right) thicker capsule designs. The thinner B4C (center) design shows significantly lower

overall density than the other two capsules. The color map is the same in all three images.

For the thinner B4C design, the peak density of 0.36 g/cc occurs within the center of the gas

and is surrounded by a region of lower density gas that extends out to about 400 µm in each

direction. The thicker ablators exhibit peak densities of > 5.5 g/cc, and the peak density

occurs in the remaining ablator that surrounds the gas.

ion temperatures (15-16 keV) and about a factor of 2 lower convergence ratio

than the thicker capsule designs. Figure 5 shows the density profile at peak

compression for the B4C thinner capsule design along with the computed density

near peak compression for both the HDC and GDP thicker capsules. The black

contour in each plot is the boundary between the ablator and the gas. In the

thinner capsules, the ablator has burned away, and the overall gas density is

consequently lower than it is for the thicker capsules, consistent with the lower

convergence shown in Fig. 4. As discussed above, Figure 5 also shows that the

HDC capsule produces a more uniform compression of the gas than the GDP

ablator. All of the computed geometries at peak stagnation show significant

asymmetry due to the polar direct drive configuration. This indicates that the

proposed heat flow experiments would still require significant design advances in

order to realize a more uniform plasma, even with the use of a thinner ablator.
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3. Summary and Conclusions

In this paper we have presented a survey of candidate ablator materials for

future experiments on the PDXP platform. Our simulations show that thinner

capsule designs using the higher tensile strength materials should lead to more

complete ablation of the capsule than the baseline GDP design. However, our

calculations also show that, even in the case where a thinner ablator is used,

the polar direct drive configuration is still predicted to imprint significant asym-

metry on the implosion that persists through stagnation. Due to the inherent

uncertainties in modeling direct drive implosions and the lack of experimental

data to validate our models for ablators other than GDP, we have not yet pur-

sued additional optimization of either the laser pointing or the laser pulse in

this study. It is possible that using a thinner ablator composed of any one of

these materials and re-optimizing the drive for the new geometry would lead

to a more symmetric implosion. Ideally, such optimization of the laser pulse

would be performed using a baseline model that had been fit to experimental

data for the actual ablator under consideration. As such, we have saved this

study as future work, and we hope that this work provides motivation for future

experiments on this platform.

Even with the apparent lack of symmetry, the increased coupling of the laser

to the higher density materials improves the neutron yield in these implosions.

One interesting finding of this study is that an HDC version of N160920-005

is predicted to give about a factor of 2 higher neutron yield than the GDP

ablator. While the HDC capsule does give a slightly more symmetric geometry

and somewhat higher gas density, the higher yield is primarily the result of

better laser-target coupling, which produces a stronger shock and higher ion

temperatures than the GDP capsule. Because the increase in yield can be

largely attributed to better laser-capsule coupling, moving to an HDC capsule

on the PDXP platform for neutron source development[5] appears to be a low

risk change that would give higher yields than those that could be achieved in

the current GDP-based experiments.
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While we have observed that the 2D model gives a reasonable fit to some

of the diagnostic data obtained for N160920-005, modeling these direct drive

simulations at the NIF is still relatively uncertain. In the PDXP platform in

particular, it is not clear what fraction of the yield is produced due to the strong

shock versus what fraction comes from the compression of the gas by ablator ma-

terial that remains after the laser pulse. These calculations demonstrate large

differences in the ablator areal density during the burn of the gas. Ablators

containing natural boron could enable us to determine whether the computed

ablator areal density is realistic based on GRH measurements. Demonstrating

the feasibility of those studies will require more detailed analysis of these sim-

ulations to determine whether there would be a measurable effect of remaining

ablator mass on the GRH measurement.
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