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High Density Carbon (HDC) is a leading candidate as an ablator material for Inertial Confinement

Fusion (ICF) capsules in x-ray (indirect) drive implosions. HDC has a higher density (3.5 g/cc)

than plastic (CH, 1 g/cc), which results in a thinner ablator with a larger inner radius for a given

capsule scale. This leads to higher x-ray absorption and shorter laser pulses compared to equivalent

CH designs. This paper will describe a series of experiments carried out to examine the feasibility

of using HDC as an ablator using both gas filled hohlraums and lower density, near vacuum

hohlraums. These experiments have shown that deuterium (DD) and deuterium-tritium gas filled

HDC capsules driven by a hohlraum filled with 1.2 mg/cc He gas, produce neutron yields a factor

of 2� higher than equivalent CH implosions, representing better than 50% Yield-over-Clean

(YoC). In a near vacuum hohlraum (He¼ 0.03 mg/cc) with 98% laser-to-hohlraum coupling, such

a DD gas-filled capsule performed near 1D expectations. A cryogenic layered implosion version

was consistent with a fuel velocity¼ 410 6 20 km/s with no observed ablator mixing into the hot

spot. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876611]

I. INTRODUCTION

In the inertial confinement fusion (ICF) hot-spot ignition

scheme, kinetic energy from an imploding spherical ablator

is converted upon stagnation to internal energy in the fusion

fuel hot spot.1 At the National Ignition Facility (NIF),2 this

is achieved via the indirect-drive method. The fusion capsule

consists of a spherical shell of cryogenic deuterium-tritium

(DT) fuel surrounded by the ablator. Laser power deposited

inside a gold hohlraum is converted to soft x-rays that

impinge on the ablator. The ablator material absorbs the

x-rays and explodes outward, accelerating the shell and fuel

layer inward. In order to achieve a sufficiently high hot spot

temperature to initiate thermonuclear burn, the maximum

velocity of the cryogenic DT fuel ablator must reach

Vfuel� 350 km/s.3 By the end of the acceleration phase, most

(�90%) of the ablator material surrounding the cryogenic

fuel layer has been removed.

Theoretically, to provide the most efficient acceleration,

nearly all the ablator material should be removed from the

capsule during acceleration—the ablation pressure then acts

upon the minimum payload mass.4 Only a very thin ablator

layer is needed to protect the fuel from direct x-ray heating

at the end of the implosion. Unfortunately, during the implo-

sion’s acceleration phase, the ablation front of the imploding

shell is unstable to the Rayleigh-Taylor instability. Although

the instability is partially stabilized by the ablation process,

it is calculated and observed that defects on the capsule sur-

face grow to several hundred times their original size. It is

therefore desirable to keep additional mass between the fuel

layer and the ablation front to separate the hotspot from

Rayleigh-Taylor growth at the ablation front. On the other

hand, increasing the ablator mass of the capsule increases the

laser energy and power needed to drive the fuel ablator to

the required velocity.

For the NIF baseline ignition capsule design, these two

competing design considerations of velocity and remaining

ablator mass were balanced using radiation-hydrodynamics

simulations and the capsule must achieve a fuel velocity

Vfuel¼ 370 km/s with M� 0.25 mg of ablator mass

a)Paper YI3 5, Bull. Am. Phys. Soc. 58, 369 (2013).
b)Invited speaker.
c)Author to whom correspondence should be addressed. Electronic mail:

mackinnon2@llnl.gov
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remaining at the time of peak velocity, as described in detail

by Meezan et al.5

In order to maximize compression using the minimum

laser energy, the pulse-shape for the “point design” mini-

mizes the entropy of the fuel by using a “low adiabat” pulse-

shape. The adiabat, a, is defined as pressure at a given

density divided by the Fermi degenerate pressure at a fuel

density of 1000 g/cc.3 For the National Ignition Campaign, a

pulse-shape with a� 1.5 and a CH ablator was used, as

described by Edwards et al.6 Experiments using this pulse-

shape did produce fuel areal densities within 85% of the

point design7 but neutron yields (10�) and stagnation pres-

sures (3.3�) were significantly lower than the 1D models

predicted at the measured implosion velocities. Edwards

et al.6 discuss some of the possible reasons for the reduced

performance of low adiabat pulses including the effect of

low mode hot spot shape, increased sensitivity to hydrody-

namic instabilities (HI) at the interfaces between Si doped

and undoped CH, larger surface imperfections in the CH

ablator and the “tent” fixture that is used to hold the capsule

within the hohlraum which could produce enhanced seeds

for HI growth. One solution is to use higher adiabat pulse-

shapes that reduce fuel compression but are less susceptible

to HI instabilities as described by Dittrich.8 Implosions using

these pulse-shapes have indeed shown, in a series of experi-

ments described by Park et al.,9 significantly improved

performance close to 1D models.

Alternate ablators such as beryllium and high density

carbon (HDC) offer another way of studying the influence of

HI on the implosion performance. Both these materials can

be fabricated with very smooth surfaces, potentially reducing

the seeds for HI.3 Pure diamond is also useful as it can be

used to test the hypothesis of increased HI at doped/undoped

interfaces described above.

HDC and Be also have other properties that could make

them more attractive for achieving high performance implo-

sions (discussed in detail by Haan et al.3). The higher density

of HDC leads to a thinner initial shell, hence a larger initial

inside diameter for the same initial outside diameter, leading

to more pdV work done on a larger fuel and hot spot volume.

In addition, the thinner shell leads to less absolute inward

motion during shock compression such that for the same ini-

tial outside diameter, the ablation front is at larger radius

when peak of the drive and acceleration begins. This leads to

higher efficiency than either CH or Be as the HDC capsules

absorbs more energy due to a larger ablation surface area.

Nano crystalline HDC, with grain sizes of order 70 nm, can

be polished to a very smooth surface, with surface quality

much better than (up to factor of 10) the requirements

inferred from simulations.3

The increased density of HDC also means that there is

less shock compression than CH, so that once the shocks

transit the ablator the in-flight shell thickness is comparable

to or larger than an equivalent CH design.3 This is an impor-

tant point because it follows that an initially thinner HDC

shell does not lead to an increased sensitivity to HI due to in-

flight shell thickness. In addition for a given tolerance dx on

the shock merge depth x for ensuring a low fuel adiabat, the

thinner initial ablator thickness of HDC vs CH reduces the

required merge depth, x. This relaxes the tolerance on the

foot laser power accuracy dPL/PL� 2dus/us� 2dx/x by about

2� (where PL¼ laser power, us¼ shock speed).10 By con-

trast, in the good approximation that the speed of the first

two shocks is similar in ablator as DT ice then the required

successive shock launch timing precisions just depend on the

relative speeds of the successive shocks.10

The higher ablator efficiency and superior surface

smoothness of HDC makes it an ideal candidate as an ablator

for ignition scale capsules on the NIF, however there is an

open question regarding the melting of the diamond during

the implosion. Solid or partially melted HDC can provide

microstructures that seed HI. Ideally, HDC should be

completely melted to achieve spatially uniform shocks.

Complete melting requires shock strength of >12 Mbar

(Refs. 11 and 12) while the co-existence state requires shock

strength >6 Mbar. Recent experiments13,14 at the Omega fa-

cility15 have shown that keeping diamond in the coexistence

regime is sufficient to reduce shock non-uniformities to an

acceptable level. This measurement method employs a time-

resolved two-dimensional imaging velocity interferometer

(VISAR) illuminated by a 2 ps laser pulse, which captures

spatial variations in the velocity across the shock front trans-

mitted through the ablator. The measurement is carried out

over an 800 lm field of view with relative velocity sensitiv-

ity dV/V¼ 5� 10�4 and over perturbation wavelengths in

the range of 4 lm to 50 lm.13 Data comparing shock

uniformity in Be and HDC are shown in Fig. 1. Here, the

Omega laser was used to produce a 4.5 Mbar shock in planar

samples of Be or HDC. From a qualitative comparison of the

2D velocity uniformity (dV/V vs space) maps shown in

Fig. 1(a) Be at 3.7 Mbar and (b) HDC at 4.5 Mbar, it is clear

that the shock uniformity is very good with Be (which has

acceptable uniformity at this shock strength) but is much less

uniform with HDC at these shock pressures.

A series of experiments was carried out to determine

the shock strength where acceptable uniformity for HDC

could be obtained. The results are summarized in Fig. 1(c),

which plots the velocity uniformity spectrum for two shock

strengths in HDC compared to Be and CH. An increase in

the shock strength to 8 Mbar partially melted the HDC

leading to dramatically improved shock uniformity (this

will be described in detail in a future publication). From

these data, it was determined that in order to maintain

acceptable shock velocity uniformity the first shock

strength should exceed 6 Mbar for all NIF HDC implosion

designs. All the pulse shapes described in this paper meet

this requirement.

The remainder of this paper is divided into sections:

Section II will describe the trade-off between instability

growth and the fuel adiabat that determined the current pulse

shapes used for HDC experiments on the NIF. Section III

will describe the experimental setup. Section IV will

describe implosion experiments using low adiabat (a¼ 1.5)

10 ns duration laser pulses to drive HDC capsules in conven-

tional gas filled hohlraums.16–19 Section V will describe high

adiabat (a¼ 3.5) implosion experiments using near vacuum

hohlraums for HDC capsules. Section VI will present con-

clusions and future directions.
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II. DESIGN CONSTRAINTS FOR HDC ABLATORS

The most important goals of the HDC campaign on NIF

were to determine if there were any fundamental obstacles to

obtaining high performing implosions with HDC and also to

develop a strategy to approach ignition conditions by starting

with a relatively high adiabat and then reducing the adiabat

to approach ignition relevant conditions. Implosions with

low adiabat (a� 1.5) pulse shapes can achieve high com-

pression and fuel density but are more vulnerable to HI,

which can adversely affect performance. High adiabat

(a� 2–3.5) pulse shapes achieve lower fuel densities and

may not be able to reach ignition conditions; however, they

provide a platform to examine implosion performance while

minimizing the effects of HI. By modifying the laser pulse

shape, we can then gradually reduce a and examine the

trade-off between compressibility and HI.

A. Models: Hydrodynamics simulations

The HDC design was developed through a combination

of 1 and 2D radiation hydrodynamics models. Most of these

studies are carried out using HYDRA, which is a 3D multi-

physics radiation-hydrodynamics code that attempts to

include all of the physics needed to model ICF experi-

ments.20 Two kinds of calculations are described in this

paper. 1D capsule only simulations are used to generate a

suitable x-ray drive (a frequency-dependent-source or FDS:

this is effectively a spectral intensity as a function of time

and photon energy h�) to achieve good 1D performance. 2D

integrated (hohlraumþ capsule) pre-shot simulations are

then used to determine the laser pulse shape required to pro-

duce this FDS source and to produce a symmetric implosion.

The 2D model described here uses the “high-flux model”—

electron thermal conduction with a flux-limiter f¼ 0.15 and

the DCA non-LTE atomic physics model—developed after

the NIF hohlraum energetics campaign of 2009.21 The input

laser sources are adjusted to account for backscattered light

and for cross-beam transfer occurring in the hohlraum

plasma.16–18 In addition, the laser source is further degraded

to match experimental shock-front and ablator data, as

described by Jones et al.22

In addition, 2 and 3D capsule only simulations are used

to evaluate the HI growth as a function of ablator material,

ablator dopant, x-ray drive (FDS), and measured ablator

roughness.3 Dopants are added to minimize HI growth at the

fuel ablator interface by reducing flux of x-rays with

ht> 1.8 keV that preheat this interface. High levels of pre-

heat lead to a high Atwood number, increasing the risk of

Rayleigh-Taylor instabilities that mix ablator and cold fuel

into the hot spot.3 Setting the dopant level is essentially a

trade-off between HI at the ablation front versus at the fuel

ablator interface. High levels of dopant reduce ablative and

density gradient stabilization at the ablation front and so

increase growth rates there. Depending on the amount of

>1.8 keV x-rays, low dopant levels can allow too much pre-

heat at the fuel ablator interface. To date, CH implosions on

the NIF have used either Ge or Si dopants.3 For HDC, the

current dopant material of choice is tungsten,23 but it is not

clear what level of dopant is required. In fact, designs with

no dopant are predicted to perform well for higher adiabat

designs (a> 2.0–3.5). Experiments are planned that will

investigate this trade-off in detail but near term experiments

with HDC have all used undoped capsules.

B. Target designs

A series of 1D and 2D simulations were carried out for

HDC designs with increasing number of steps (shocks) in the

x-ray drive. Table I summarizes the HDC ablator perform-

ance compared to the standard silicon doped CH (Rev 5)

FIG. 1. Experimental results from

experiments on the Omega facility

showing 2D maps of shock uniformity

vs. shock strength for (a) Be and (b)

HDC; (c) plots of shock velocity non

uniformity for HDC for 4.5 and 8 Mbar

shocks vs. CH, Be, and Be(Cu) copper

doped beryllium. HDC has acceptable

uniformity for shocks >6 Mbar.
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a¼ 1.5 (Ref. 3) and the more recent Hi-foot a� 2.3 design8

in terms of fuel adiabat, ablator dopant, HI growth factors,

fuel velocity, projected 1D yield, and stagnated fuel areal

density (qR).

From Table I, it can be seen that the performance of

4-shock, a¼ 1.5, HDC design is essentially equivalent to the

CH 4-shock a¼ 1.4 design, with slightly lower fuel qR. The

CH 3-shock Hi-foot, a� 2.3, design has lower fuel density

(as expected for this adiabat) and lower 1D margin than the

CH 4-shock design (1D yield of 3.2 MJ vs. 17 MJ); however,

it is much more stable with respect to ablation front growth

(growth factor �600 compared to 2500 for the CH 4-shock

design).

The 4-shock HDC design with 0.25% atomic fraction W

is even more susceptible to HI than the 4-shock CH design,

as shown by the ablation front growth factors, which are

1.7� higher than the equivalent CH design. The 3-shock

(a� 2) HDC design (also doped with 0.25% W) has lower

HI growth rates with lower compressibility, as shown by the

lower fuel qR. However, the 1D performance is comparable

to the 4-shock HDC design. The laser pulse duration required

to drive the 3 and 4-shock implosions is �10 ns. This is a

factor of 2.5 shorter than the equivalent CH 4-shock (22 ns)

and 50% shorter than the CH 3-shock design (15 ns). A direct

comparison 4-shock HDC and CH implosions can be made

by comparing performance against conventional helium

filled hohlraums with density around 1 mg/cc.16–19 The

helium gas reduces hohlraum wall motion, allowing a sym-

metric implosion to be achieved at the expense of increased

backscatter and reduced hohlraum efficiency. Using the

same gas filled hohlraum platform allows relatively straight-

forward comparison of ablator performance using a standard

and well understood implosion platform, as will be described

in Sec. IV.

One can also reduce the ablation front growth factors by

more than a factor of 10 by using a higher adiabat (a� 3.7)

2-shock pulse shape and using un-doped HDC capsules. This

2-shock pulse is not an ignition design but it is predicted to

produce significant yield in 1D (50 kJ yield equivalent to

�2e16 DT neutrons), which would allow valuable insight

into implosion performance while minimizing the effect of

ablation front HI growth. As discussed above, the lack of

dopant increases the risk of HI at the fuel-ablator interface,

which can result in mixing of ablator and cold fuel into the

hot spot, reducing the hot spot temperature and limiting the

neutron yield. The amount of ablator mixing into the hot

spot can be estimated from HDC implosions by comparing

absolute x-ray and neutron yields using a 1D hotspot

model24,25 to evaluate excess impurity emission.

An even shorter laser pulse of 6 ns duration is required

to generate the 2-shock x-ray drive for HDC. This short laser

duration allows less time for wall motion and plasma filling

and opens up the possibility of using hohlraums with very

low levels of gas fill (Near Vacuum Hohlraums¼NVH).

The advantage with a NVH is that it has reduced backscatter,

little or no hot electron generation and improved hohlraum

efficiency.26 The remaining issue with these types of hohl-

raums is that though reduced, plasma filling still impedes the

propagation of the “inner” laser beams. These beams provide

the x-ray drive to the capsule equator and impaired propaga-

tion leads to asymmetry and/ or time dependent symmetry

swings through the peak of the x-ray drive. Achieving sym-

metry is the biggest challenge to achieving a 1D-like implo-

sion with these hohlraums. This will be described in Sec. V.

Some promising mitigation schemes using larger shape hohl-

raums with intermediate levels of hohlraum gas fill are

described in Sec. VI.

III. EXPERIMENTAL SETUP

As shown in Fig. 2, the NIF’s 192 beams are arranged

into 48 quads, i.e., sets of four beams. These quads are further

arranged into inner and outer cones. On each hemisphere,

there are 24 quads split as follows: two overlapping inner

cones consisting of 4 quads at 23.5� and 4 quads at 30� each

relative to the hohlraum axis of rotation. Two sets of outer

cones consist of 8 quads at 44.5� and a further 8 quads at 50�

each. The inherent inner cone fraction (defined as the inner

cone power divided by the total power) of the NIF is thus one

third. The total laser energy and peak power delivered by each

quad is measured with 62% and 63% accuracy, respectively.

The laser power that is backscattered out of the hohl-

raum is measured on one 30� inner-cone quad and one 50�

TABLE I. Summary of 1D performance and growth factors for HDC and

CH designs.

Parameter HDC ablator designs CH ablator

No. of shocks 2 3 4 4a 3b

Fuel Adiabat 3.7 2.0 1.5 1.4 2.3

Dopant undoped 0.25% W 0.25% W 2% Si 2% Si

HI Growth factorc 180 2000 4000 2500 600

Vfuel (km/s) 380 383 380 370 380

1D yield(MJ) 0.05 17 20 17 3.2

qRfuel (g cm�2) 0.9 1.25 1.42 1.6 1.1

aHaan et al.3

bDittrich et al.8
cPeak ablation front growth factor.3

FIG. 2. Experimental setup for gold hohlraums including the equatorial x-

ray self-emission, backlit images, neutron time of flight detectors, and south

pole bang time detector.
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outer-cone with the full-aperture backscatter station (FABS)

and Near Backscatter Imagers (NBI).27 These diagnostics

measure the energy, power, and spectrum of the stimulated

Raman scattered (SRS), and stimulated Brillouin scattered

(SBS) light that is reflected directly back towards the final

optics. The SRS and SBS are measured with an error of

620% and 625%, respectively. The NBI measures SRS and

SBS light in an f¼ 4 cone around the quad with an error

of 6 14%. The SRS and SBS are measured with an error of

630% for the 23.5� beam cone. For the 44.5� cone, there is

no backscatter measurement and it is assumed to have the

same backscatter as the 50� beam cone.

To measure the hot electrons, which can affect the ICF

implosion, a filter-fluorescer array, FFLEX,28 measures the

hard x rays (>20 keV). From the hard x-ray spectrum and

models of Bremsstrahlung x-ray emission due to electron

scattering, the hot electron spectrum can be determined. The

FFLEX has eight time integrated channels covering a range

from 20 to 80 keV and two high energy time resolved chan-

nels with the energy range of 100–220 keV.

The principal x-ray drive diagnostic, Dante29–32 is an

absolutely calibrated, time-resolved 18-channel x-ray diode

array that measures the x-ray flux and spectrum from 50 eV

to 20 keV emitted through the laser entrance hole (LEH) at

an angle of 37� to the hohlraum axis. The spectrometer uses

a series of K- and L-edge filters to measure the soft x-ray

flux in given bands, which can be unfolded to characterize

the soft x-ray spectrum.

The principal x-ray imaging diagnostics used are x-ray

framing cameras,33 which take multiple time-resolved

images of either (a) the self-emission of the imploding cap-

sule (Symcap), (b) 1D backlit image of the imploding shell

termed 1D convergent ablation (1DCONA),34 or (c) a 2D

backlit image of the imploding shell (2DCONA).35 The 1D

and 2DCONA targets have hohlraum windows on either side

of the capsule and a backlighter foil chosen to give the opti-

mum contrast to measure the shape and density of the abla-

tor. The symcap targets only have a window on one side of

the hohlraum. The x-ray framing cameras used to record

self-emission or backlit images have a spatial resolution of

�10 lm and a temporal resolution of 40–80 ps. The shapes

of the imploding shell and self-emission obtained from the

GXD are both sensitive indicators of the symmetry of the

x-ray drive. Time resolved capsule x-ray emission at 11 keV

is measured by two diagnostics, first the absolutely calibrated

SPBT detector looking through the lower LEH36 and an

x-ray streak camera (SPIDER) looking through the upper

LEH.37 These two instruments allow determination of the

peak capsule self emission (x-ray bangtime) with an accu-

racy of 650 ps. Spider measures the x-ray burn duration in

8–19 keV range with an accuracy of 615 ps.

In order to carry out cryogenic layered implosions, the

shocks must first be accurately synchronized.10 This is

achieved using a Velocity Interferometer System for an Any

Reflector (VISAR) diagnostic38,39 to measure shock timing

in surrogate liquid deuterium (DD) filled “keyhole” targets,

as described in detail in Robey et al.40 Lastly, implosion per-

formance is characterized using a suite of nuclear diagnostics

that measure the neutron spectrum from DD and DT filled

capsules (e.g., the magnetic recoil spectrometer (MRS) for

DT implosions and Neutron Time of Flight (NTOF) for DD

and DT implosions). These diagnostics, which have been

described in detail by Frenje et al.,41 measure the absolute

neutron yield, ion temperature, primary and scattered neu-

tron spectrum, neutron bang time and neutron burn duration.

These observables are compared to 1 and 2D simulations of

both gas filled and cryo-layered experiments to evaluate the

quality of these implosions.

A. Targets: HDC and CH capsules

The experiments described here used 28 lm thick gold

hohlraums, 5.75 mm in diameter, with two different lengths:

9.4 and 10.1 mm. The LEH¼ 3.1 mm diameter for the

9.4 mm hohlraums and 3.73 mm for the 10.1 mm hohlraums,

respectively. Fig. 2 shows a schematic of the target and

viewing angles of the primary diagnostics. All three target

types used either a CH or HDC capsule placed in the center

of the hohlraum. The hohlraums had two levels of He gas

fill: (a) “conventional” gas filled hohlraums with a density of

0.96 and 1.2 mg/cc for the 4-shock CH and HDC experi-

ments, respectively, and (b) a NVH with a density of

0.03 mg/cc for the 2-shock experiments.

For these experiments, un-doped HDC targets42 were

used with two different thicknesses; 76 lm thick for 4-shock

experiments and 86 lm thick for 2-shock experiments, as

shown schematically in Figures 3(a)–3(c). The performance

of the 4-shock HDC implosions was compared with similar

implosions using standard 4-shock pulse shapes for CH cap-

sules in a conventional gas filled hohlraum. In this case, the

CH capsule had up to 2% silicon doping and a 14 lm CH

payload to match the mass of a DT ice layer5,43 as shown in

Fig. 3(d). The HDC capsules for the 2-shock experiments

were �10 lm thicker than the 4-shock in order to provide a

better match for the higher drive obtained from the more effi-

cient NVH, as described in Sec. V.

The HDC and CH targets described in this paper were

filled with either pure D2 or an equi-molar (50/50) mixtures

of DT with gas density varying from 3 to 7 mg/cc. The major

difference between SYMCAPs and CONA platforms is the

convergent ablator experiments remove two outer quads for

backlighting. In the THD 2DCONA experiment, a layer of

(Tritium (75%):Hydrogen (23%):Deuterium (2%)) ice, 56

lm thick was formed on the inside of the capsule and was

fielded at 1.5 K below the DT triple point. Reducing the D

fraction in the fuel reduces the neutron yield produced by the

implosion thus allowing high convergence cryogenic layers

to be studied without large neutron background swamping

x-ray diagnostics as described in detail by Glenzer et al.44

IV. GAS FILLED HOHLRAUM EXPERIMENTS
(4-SHOCK PULSE SHAPE)

A four shot mini-campaign was completed using HDC

capsules in 3 different target platforms. A keyhole target40

was fielded first with a truncated laser pulse for an initial

assessment of backscatter and hohlraum performance and

shock timing. Two 1D convergent ablator targets were

fielded to measure the in-flight capsule velocity, in-flight
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shell thickness, and hot spot shape. The final shot in the

mini-campaign was a cryogenic symcap target filled with

deuterium and tritium gas to assess nuclear performance.

The laser pulse shape is shown in Fig. 4 and compared with

a typical CH pulse shape. A peak power of 360 TW with

total laser energy of 1.3 MJ is delivered by 192 laser beams.

The HDC pulse is significantly shorter than the two CH

pulses due to the faster first shock transit time �1/�(Picket

Power� shell density).

This pulse was used to drive a 76 lm thick HDC, DT

gas filled symcap. The measured laser to hohlraum coupling

level of 91 6 2% was consistent within error bars to the aver-

age of 87 6 3% for gas filled hohlraums driving CH

capsules.11–14 The DT neutron yield of 1.6� 1015 6 3� 1013

over a nuclear burn width of 340 ps at an ion temperature of

2.9 6 0.1 keV represents the highest gas-filled implosion

yield to date. The implosion was fairly symmetric with an

x-ray measured average hot spot radius, P0¼ 57 6 4 lm and

P2/P0¼ 0.19 6 0.08, as shown in the inset of Fig. 5. Using

these measured quantities and a 1D hot spot model,25 the hot

spot pressure is inferred to be 32.5 Gbar. These values are in

close agreement with post-shot simulations, giving yield

over simulated (1D) of 70%.

The down-scattered neutron ratio (DSR) obtained from

the NTOF diagnostics was used to give further insight on the

implosion conditions at stagnation. The DSR parameter is

defined as the ratio of number of neutrons between

10–12 MeV and 13–15 MeV as discussed by Frenje et al.41

For DT gas filled implosions, the DSR is sensitive to both

the DT hot spot qR and the remaining mass left from the

ablator. For this experiment the DSR¼ 0.01 6 0.003, this

compared well to the post shot 1D simulation of

DSRsim¼ 0.011 obtained from HYDRA. From these simula-

tions, this was equivalent to an ablator qR� 0.5 g/cm2. The

FIG. 3. Schematic pie diagrams of: (a)

undoped HDC capsule with either 76

lm (4-shock experiments) or 86 lm

(2-shock experiments) thick ablators,

(b) picture of 1 mm radius polished

HDC capsules, (c) undoped HDC abla-

tor with THD ice layer used for the

THD 2DCONA experiments, (d) sili-

con doped CH capsule used for CH DT

filled symcap experiments.

FIG. 4. The requested laser pulse shape for HDC (red line) is compared to

the low-foot CH pulse (blue line). Both laser pulses have a total energy of

1.3 MJ and powers between 350 and 360 TW.

FIG. 5. DT equivalent yield vs. laser drive energy for gas filled HDC and

CH 4-shock implosions driven by gas filled hohlraums. Two DD HDC

implosions are included by scaling their measured DD neutron yield by a

factor of 100 to account for the difference in DT vs. DD cross section at ion

temperatures �2.5–3.0 keV. Inset in top left corner shows gated x-ray image

at stagnation from the HDC DT symcap.
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inflight ablator thickness was also measured to be 45 lm at

R¼ 300 lm from the 1DCONA experiments. This was also

in good agreement with the 1D simulations and consistent

with the near 1D performance of these gas filled HDC

implosions.

The performance of this symcap compared to an equiva-

lent CH gas filled implosions is also shown in Fig. 5, where

the measured DT (or DD yield scaled by factor of 100) yield

plotted as a function of laser drive energy. The HDC experi-

ment produced a yield 2� higher than any previous CH gas-

filled symcaps, which have a similar convergence ratio.

Although this is a very encouraging result, it must be

noted that in order to match the 2D simulations drive must

be significantly degraded using drive multipliers following

the same methodology of Jones.22 These drive multipliers

are very similar to those applied to gas-filled hohlraums driv-

ing 4-shock CH capsules, representing an unexplained

�25% loss in peak drive compared to simulations. In addi-

tion, although the laser coupling was high at 91 6 2%, this

still represents significant backscatter. Combining these

factors represents an energy loss of �200 kJ, which appears

to remain a fundamental issue related to the energetics of gas

filled hohlraums.16–19 One possible solution to this issue is to

use 2-shock pulses with HDC ablators in near vacuum hohl-

raums, which have demonstrated low levels of backscatter

and high coupling.26

V. NEAR VACUUM HOHLRAUMS (2-SHOCK PULSE
SHAPE)

As discussed in Sec. II, the short laser duration of the

2-shock HDC pulse (as shown in Fig. 6) allows the possibil-

ity that a low gas filled hohlraum can be used to achieve a

symmetric implosion with low backscatter and good effi-

ciency. A mini campaign of three shots was used to investi-

gate the performance. A keyhole target was again fielded

first with a truncated laser pulse for an initial assessment of

backscatter and hohlraum performance and shock timing. A

gas filled cryogenic symcap target filled with deuterium gas

was used to assess symmetry and nuclear performance.

Finally, the implosion velocity and inflight ablator shape

pushing a THD ice layer was measured using a 2D

THDCONA experiment.

Standard 5.75 mm diameter hohlraum targets were used

for these experiments (as described in Sec. III), but with a

minimal helium gas fill of 0.032 mg/cc, required to provide

conduction cooling of the capsule. Unlike conventional gas-

filled hohlraums, in a NVH there is no transfer of energy

between the inner and outer beams at peak power and so the

implosion symmetry is set by direct adjustments to cone

energies. The lack of hohlraum gas also leads to minimal

backscatter losses and very efficient drive as shown in the

performance of an 86 lm thick un-doped HDC capsule filled

with 3 mg/cc DD gas. Table II summarizes the NVH implo-

sion experiment as compared to post-shot 1D modeling. As

expected, the laser to hohlraum coupling was 98% and the

implosion (at 10� convergence) achieved a record neutron

yield of 2.4e13 for a DD gas-filled implosion. The implosion

was symmetric and was well described by post-shot simula-

tions when the simulated M band (x-rays> 1.8 keV) was

adjusted to match the experimentally measured value. The

x-ray bang-time of 7.8 ns was consistent with an extremely

high inferred shell velocity of 430 km/s.

The excellent performance of the symcap implosion is

very promising for HDC but cryogenic ice layers with con-

vergence >20� are a more challenging test of implosion

performance. A convergent ablation measurement on a THD

ice layer provides information on both the implosion velocity

and inflight shell shape close to bang time. In addition, meas-

urements of the nuclear performance and absolute x-ray

emission allow an estimate of ablator mix into the hot

spot.24,25

A truncated version of the 2-shock pulse shape, with

laser energy 1.25 MJ, was used to drive an 86 lm thick HDC

ablator with a 56 lm thick THD ice layer (T(75%):

H(23%):D(2%)). The implosion was characterized using 2D

backlighting with a 7.8 keV nickel He�a backlighter onto a

gated x-ray detector, as described in Sec. II. The THD

2DCONA target is shown in Fig. 7. The nickel backlighter

was driven by 8 beams of NIF and timed to observe the shell

shape 350–100ps before bang time. Data from this experi-

ment are shown in Fig. 8. Strong capsule self-emission and

low contrast images meant that only the first 4 frames in

“strip 1” could be analyzed for shape and velocity. The shell

was quite round with P2¼ 2 lm at a capsule radius

FIG. 6. 2-shock laser pulse shape for driving a symcap in a near vacuum

hohlraum with 86 lm thick undoped HDC ablator. The laser energy was

1.3 MJ with peak power of 400 TW.

TABLE II. Comparison of post-shot calculated vs measured implosion per-

formance for a DD filled HDC target driven by a NVH with a 2-shock pulse

shape.

Parameter Experiment (N130813) 1D Post shot simulationa

M band fraction

(x-rays> 1.8 keV)

22% 22%

Yield (DD) 2.3e13 2.4e13

Tion (keV) 3.4 3.3

Laser–Hohl coupling 98% N/A

Bangtime 7.77 7.75

Radius (P0) (lm) 91 101

Velocity (km/s) N/A 430

aDrive adjusted for delivered energy and observed spectrum.
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P0¼ 200 lm when the shell velocity reached 385 6 20 km/s.

This is consistent with an inferred fuel velocity

410 6 20 km/s, obtained by comparison with HYDRA post shot

simulations (see Meezan et al.5 for methodology to extract

inferred fuel velocities from CONA shell velocity measure-

ments). The inferred fuel velocity vs ablator remaining mass

is shown in Fig. 9 for this HDC implosion compared to CH

THD layered implosion in a gas-filled hohlraum driven by a

1.6 MJ 4-shock laser pulse. HYDRA post shot simulations

for these two implosions are also shown. These data and sim-

ulations illustrate the increased drive of a NVH, which

achieves significantly higher velocity and more ablated mass

for less laser energy than gas filled hohlraum implosions

using a CH ablator.

An estimate of the ablator mixing into the hot spot was

obtained from measurements of the neutron yield, ion tem-

perature, and absolute x-ray emission at 11 keV measured by

the SPBT detector.36 By comparing the observed x-ray emis-

sivity with that expected from a pure DT plasma, one can

infer the amount of high Z (carbon) in the hotspot.24,25

Results for the THD experiment are shown in Fig. 10 com-

pared to a series of CH DT layered implosions. The HDC

THD implosion was consistent with zero inferred hotspot

mix (<90 ng). This is a very promising result, confirming

low hot spot mix in a high velocity implosion, consistent

with low ablation front growth rates and pre-shot simulations

that predicted low fuel ablator mix for the x-ray drive and

level of M band measured in the experiment.

There is however an issue with hot spot symmetry that

prevents this implosion from being truly 1D. Pre and post

shot 2D simulations indicated that the inner laser beam prop-

agation is impaired late in the drive (around 6 ns) by hohl-

raum wall motion and plasma filling. In these experiments,

this was partially overcome by using dynamic beam phasing

between the inner and outer cones. Specifically, the inner

cone fraction was set high early on the rise to peak power.

This allowed drive to reach the equator when a channel was

still open, but at the expense of driving a P2 symmetry

swing, which in turn generated hydrodynamic jets from the

polar regions. This reduced the yield to 10%–20% of the 1D

value, much lower than the lower convergence symcap.

Some improvements can be made by repointing the beams

FIG. 7. 2DCONA target showing hohlraum with Ni back lighter foil and

diagnostic windows.

FIG. 8. 2D radiography data using 7.8 keV x-rays backlighting the implod-

ing HDC capsule from 350ps before up to peak x-ray emission (bang time).

The 4 frames used in the velocity analysis are outlined in red.

FIG. 9. Inferred fuel velocity vs. Ablator mass remaining for HDC NVH

and equivalent CH implosion experiment from a gas filled hohlraum. Also

shown are HYDRA post-shot simulations for these implosions.

FIG. 10. Plot of inferred ng of CH or C mass mixed into the hotspot as a

function of shot number for a series of CH implosions and the THD

2DCONA using the HDC ablator.
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but true 1D implosions may require more radical changes to

the hohlraum size and shape.

VI. CONCLUSIONS AND DISCUSSION

HDC ablators have been shown to perform well in ICF

implosions using both conventional gas filled and near vac-

uum hohlraums. Performance in gas filled hohlraums was

essentially limited by the hohlraum energetics. HDC pro-

duced higher quality implosions than equivalent CH designs.

Near vacuum hohlraums have provided an alternate path for

higher adiabat implosions with very high velocities and little

or no hotspot mix. These high velocities, in excess of the

400 km/s required for ignition designs, indicate that the hohl-

raum size can be increased for fixed capsule radius while

maintaining adequate drive to achieve ignition velocities.

Increasing the case to capsule ratio in this way creates more

room for inner beam propagation potentially reducing the

need for dynamic beam phasing. Similarly, reshaping the

hohlraum near the laser entrance holes can reduce hohlraum

wall plasma blow off in the path of the inner beams, improv-

ing the drive to the capsule equator. Finally, choosing an in-

termediate hohlraum gas density should also reduce

hohlraum wall plasma filling, further improving inner beam

propagation while keeping below thresholds for laser plasma

instabilities. A series of 2D simulations indicate that by

using all three of these tools, time dependent symmetry

should be improved for pulses as long as 9 ns. If this can be

realized, this opens up the possibility of extending the prom-

ising near vacuum hohlraums to lower adiabat pulses (such

as the 10 ns duration 3-shock pulses, a� 2). A series of

experiments are planned to examine this parameter space.
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