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Polar-direct-drive experiments conducted at the National Ignition Facility [E. I. Moses, Fusion Sci.

Technol. 54, 361 (2008)] performed at laser irradiance between 1 and 2� 1015 W=cm2 exhibit

increased hard x-ray emission, decreased neutron yield, and reduced areal density as the irradiance

is increased. Experimental x-ray images at the higher irradiances show x-ray emission at the

equator, as well as degraded symmetry, that is not predicted in hydrodynamic simulations using

flux-limited energy transport, but that appear when non-local electron transport together with a

model to account for cross beam energy transfer (CBET) is utilized. The reduction in laser power

for equatorial beams required in the simulations to reproduce the effects of CBET on the observed

symmetry also reproduces the yield degradation consistent with experimental data. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931092]

I. INTRODUCTION

The goal of inertial confinement fusion1 (ICF) is to

achieve thermonuclear ignition and burn of deuterium and

tritium fusion fuel. This is to be done by compressing a

capsule containing the fuel to the state where the temperature

and density are sufficiently high to achieve alpha-particle

heating and self-sustained burn. The effort to achieve ther-

monuclear ignition in the laboratory using high energy lasers

is being pursued using two main approaches. The first, using

the indirect drive method,2 utilizes x rays generated by heat-

ing the inside of a high-Z cavity in which a capsule of fusion

fuel is located. The National Ignition Facility (NIF) laser3

was built for this purpose, and the effort to achieve ignition

in this manner is ongoing.4 In the second method, the lasers

directly illuminate the capsule.5 This method is usually

performed using nearly spherically symmetric illumination

of the beams on the capsule.6 The location of the beams on

the National Ignition Facility precludes symmetric direct

illumination. Consequently, the pointing of the NIF beams is

steered off-center in a configuration called polar direct

drive7,8 (PDD) that has been used to achieve symmetric

implosions on both OMEGA9–13 and on NIF.14–17

The potential advantages of direct drive, including the

use of simple, capsule-only targets, and the ability to apply

the full available laser energy directly to the capsule, led to

the choice of the PDD configuration for a series of experi-

ments18 designed13 to study the effects of the mix of shell

material into the fuel on implosion performance19 for valida-

tion of simulations. In these experiments, NIF was utilized at

the maximum allowed laser power20 in a short (�2 ns)

square pulse to produce an irradiance of �2� 1015 W=cm2

in order to drive the implosion with a strong shock and attain

high temperature and neutron yield.

In the initial PDD plastic capsule experiments,18 oblate

symmetry (P2=P0 � 30% at the time of peak neutron emis-

sion) together with an equatorial enhanced emission feature

were observed. While the symmetry was typical of PDD

implosions, the enhanced equatorial emission was not

observed on similar experiments12 performed on the Omega

laser facility6 at lower irradiance (�0:8� 1015 W=cm2). In

an attempt to improve the implosion symmetry on a subse-

quent NIF shot, the polar laser illumination was reduced.

While the symmetry indeed improved, this change also

resulted in a more prominent equatorial feature. Since this

platform was being developed to study the effects of an

equatorial defect on mix,19 the equatorial emission feature

had the potential to mask the effect that was to be measured.

The NIF experiments were being performed at over twice

the irradiance of the OMEGA experiments, and since strong

hard x ray emission from the equatorial region was observed

on the NIF experiments and not on OMEGA experiments,

one hypothesis18 proposed was that the bright band of

self-emission around the capsule’s equator was caused by

nonlinear laser-plasma interactions (LPIs).

a)Electronic mail: tjmurphy@lanl.gov
b)Present address: Lawrence Livermore National Laboratory, 7000 East

Ave., Livermore, California 94550, USA.
c)Present address: University of Rochester Laboratory for Laser Energetics,

250 E. River Rd., Rochester, New York 14623, USA.
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II. EXPERIMENTS

Since LPI effects correlate strongly with laser intensity,

to test the hypothesis that the equatorial feature was due to

LPI and to quantify the threshold irradiance of this effect,

PDD implosions were performed on NIF at three different

laser energies (Table I). The targets (Fig. 1) consisted of

plastic shells with a nominal diameter of 2200 lm and thick-

ness of 42 lm. The inner 2 lm of the shells was doped with

2.1% by atom germanium, and a 2-lm thick layer buried by

5 lm was doped with 1.9% by atom gallium to allow diagno-

sis of mix and shell temperature through x-ray spectros-

copy.21 The capsules were mounted on a glass fill tube,

which also served as the mounting stalk. The fill tube had a

diameter of 30 lm at the point that it entered the capsule.

The capsules were filled with 5 atm of deuterium at shot

time.

The high energy experiment utilized 46 quads (a quad is

a 2-by-2 array of NIF beams), with the two remaining quads

directed at a backlighter foil. In this case, the other quads in

the ring from which the backlighter beams were taken were

azimuthally repositioned in an attempt to symmetrize the

drive in their absence.22 For the low and medium energy

experiments, the capsules were illuminated with all 48 of the

NIF quads.

The laser drive consisted of a square pulse with a width

at half maximum of 2.15 ns and a rise time of approximately

150 ps. Beams were pointed22 (Fig. 2) to provide optimum

simulated PDD implosion symmetry (Table II). Laser power

in beams located 238 and 308 from the poles of the target

chamber was reduced to nominally 80% of the power of

those in the 44.58 and 508 cones in an effort to further sym-

metrize the implosion (Fig. 3).

The capsules were imaged using gated x-ray pinhole

cameras24 located on the upper pole of the target chamber

and on the equator at a location 1608 azimuthally displaced

from the position where the fill tube entered the capsule. The

images were filtered using 275 lm of polyimide, filtering out

most emission at x-ray energies less than about 4 keV.

Implosion images were obtained over a period of 800 ps

with a gate time of about 90 ps.

X-ray bang times were measured using a streak

camera25 located near the upper pole of the target chamber.

Neutron bang times were obtained using a particle

time-of-flight system26 mounted on the x-ray camera

pointed at the equator.

TABLE I. Parameters and results of the experiments used in this irradiance

scan.

Low Medium High

Energy on

capsule (kJ) 319 462 607

Irradiance

(1015 W=cm2) 1.0 1.4 1.9

Neutron yield

(1011 neutrons) 7.2 6 0.2 5.9 6 0.2 3.7 6 0.2

Neutron bang

Time (ns) 3:8060:20 3:2460:10 3:0460:07

X ray bang

Time (ns) 3.87 6 0.07 3.44 6 0.08 3.27 6 0.01

Ion temperature

(keV) 3.66 6 0.16 3.71 6 0.16 3.37 6 0.24

Hot spot radius

(lm) 130 6 5 145 6 5 180 6 5

Fuel qR

(mg/cm2) 11.1 6 1.1 7.4 6 0.7 5.6 6 0.5

FIG. 1. “Pie diagram” of the capsules used for these experiments.

FIG. 2. Coordinates used22 to specify the pointing. ho is the angle between

the polar axis and the direction to the center of the quad of beams. a is the

polar angle of the location on the capsule surface to which the beams are

pointed after a displacement of Dr. d is the defocus applied after this dis-

placement to improve illumination uniformity.

TABLE II. Beam pointing used for these experiments. Pointing parameters

are defined in Figure 2. Laser wavelengths are prior to frequency tripling.

For the 44:5� quad, A and B refer to the two beams closer to the pole, and C

and D to the beams closer to the equator.

44:5� 44:5�

Quad: ho 23:5� 30:0� A and B C and D 50:0�

a 31:3� 37:8� 42:2� 79:9� 83:0�

Defocus (mm) 18 19 24 16 12

kðnmÞ 1053.24 1053.09 1052.43 1052.43 1052.43
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Equatorial view images (Fig. 4) reveal a band of emis-

sion along the capsule equator for the two higher irradiances.

This band is similar to that seen previously18 on similar

implosions. When the band is present, it is seen at the begin-

ning of capsule self emission, up to 500 ps prior to x-ray

bang time for the high irradiance case. The band persists dur-

ing the self emission and moves inward with the capsule sur-

face as the implosion proceeds. The disappearance of the

equatorial band at low irradiance supports the hypothesis

that some LPI effect is responsible for the band.

In addition to the appearance of equatorial emission at

high irradiance, the generation of hot electrons increases and

the performance of the implosion decreases with increasing

irradiance.

Hot electrons (Fig. 5) inferred from high-energy x-ray

emission from the target as measured by a filter fluorescer sys-

tem (FFLEX)27 are observed to increase by a factor of 5.6 for

an increase in laser irradiance of 1.9. These hot electrons are

generally attributed to two-plasmon decay.17 A time-integrated

hard-x-ray imager28 located on the equator provided images

of the implosions in x rays with energy greater than 25 keV

(Fig. 6), allowing localization of the area where the high-

energy x-ray emission is originating. The increased intensity of

these images with increasing laser drive is consistent with the

FFLEX data. The location of the brightest hard-x-ray emission

is at the equator of the capsule, in the region of highest laser

irradiance and most oblique beam incidence on the capsule,

suggesting that hot electrons are being generated in this region.

The performance of the capsules is observed to decrease

with increasing irradiance. In particular, the neutron yield

(Fig. 7) from the Dþ D! nþ3He reaction was lower in

shots with higher laser drive, while the observed ion temper-

ature remains nearly constant. The observed decrease in

yield without a corresponding decrease in ion temperature

can be attributed to decreased capsule compression at higher

irradiance. This is seen both as an increase in the radius of

the x ray hot spot and a decrease in the fuel areal density

(qR) at neutron bang time. Fuel qR can be determined30,31

by comparing the secondary reaction yields of neutrons from

the burn up of fusion-produced tritons and protons from

fusion-produced 3He. The ratio of the final to initial qR is

equal to the square of the convergence, allowing the volume

and average density at bang time to be calculated.

The effect of the decreased compression on the yield

can be approximated using

FIG. 3. Laser irradiance on the capsule calculated with the VisRad code.23

Polar beams are reduced to nominally 80% of the power of the equatorial

beams since they are closer to normal incidence and were expected to couple

better to the capsule than the equatorial beams.

FIG. 4. Equatorial images of the x-ray emission at the time of peak neutron

emission (Table I) and contour plots of the 20% (solid green), 30% (dashed

green), 50% (solid blue) 70% (dashed red), and 80% (solid red) x-ray emis-

sion contours. The 50% contour highlights the equatorial band for the two

higher irradiance images. Each image is 500 lm on a side and the color scale

has been normalized. The fill tube enters from the back of the capsule and

the polar axis is vertical in these images.

FIG. 5. The energy in hot electrons, as inferred from the hard x-ray flux,

increased with increasing laser energy, while the temperature stayed con-

stant at 5863 keV. Shown are experiments described in this work (triangles)

along with those from previous experiments18 (squares) using only germa-

nium dopant and subsequent experiments29 (circles), which used copper

dopant.
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Ydd ¼
1

2
n2

dhrviVf s; (1)

where nd is the deuterium number density at bang time, Vf is

the compressed volume of the fuel, hrvi is the reaction rate

at the burn-averaged ion temperature, and s is the duration of

the burn. The compressed deuterium density is related to the

initial density through nd ¼ nd;iVi=Vf . The reaction rate for

the DD fusion reaction32 varies with ion temperature as

about T3:5
i in the region of 3 to 4 keV and can be approxi-

mated as hrvi (Ti)¼hrvi (3.5 keV)(Ti=3.5 keV)3.5. Thus, the

yield can be expected to vary with T3:5
i V2

i =Vf . The final vol-

ume can be estimated using the 20% x-ray emission contour

from Figure 4 as the extent of the hot spot or by using the

convergence determined from the measured fuel qR. The ion

temperatures are measured.33 It is seen that the measured

yield is consistent with this scaling (Fig. 8). For the scaling

in Figure 8, the only free parameter was the burn duration,

which was taken as 250 6 50 ps. Thus, at the higher laser

FIG. 6. Time-integrated images of the

implosions measured in x rays with

energy above about 25 keV measured

using the hard-x-ray imager.28 Images

on the upper row are on the same color

scale, while those in the middle row

are normalized to show the change in

the location of high-energy x ray emis-

sion, suggesting that hot electrons are

created near the equator in the higher

laser intensity implosions. The bottom

row shows the initial diameter of the

capsule, along with the x-ray contours

from Figure 4. Images are approxi-

mately 4700 lm on each slide. The po-

lar axis is vertical in these images.

FIG. 7. Neutron yield was observed to decrease with increasing laser energy,

while the observed ion temperature remained nearly constant.

FIG. 8. Neutron yield scales with ion temperature to the 3.5 power, and

inversely with the volume of the hot spot, as determined by the 20% contour

of x-ray emission at peak neutron emission time (filled squares) or by com-

paring the initial and final fuel areal densities (open squares). The expected

scaling is shown as the solid lines, using a burn duration of 250 6 50 ps.

Data from the three experiments described in this paper, as well as others

shown in Fig. 5, are included.
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irradiances, the efficiency of heating and compressing the

fuel is reduced, resulting in lower neutron yields, even

though in these experiments there was no corresponding

decrease in ion temperature.

III. COMPARISON WITH SIMULATIONS

Calculations performed prior to the experiments with

the radiation-hydrodynamics code HYDRA34 using a flux-

limited energy transport model (with a flux limiter of

f¼ 0.06) do not show the equatorial emission feature.

Instead, the simulations (Fig. 9(a)) show reduced emission

from the equator, with otherwise good spherical symmetry.

Performing the simulations with a nonlocal electron trans-

port (NLET) model35 produces a strong equatorial feature

(Fig. 9(b)) due to the heat flux reduction in the polar direc-

tion. However, the addition of the NLET model also changes

the symmetry of the implosion from oblate to very prolate,

which was not observed in the experiment.

In these implosions, cross beam energy transfer36,37

(CBET) is expected16 to occur, leading to a reduction in the

effective equatorial laser drive of approximately 30%.

Simulations of polar direct drive experiments designed for

ignition relevance17 have had success in reproducing implo-

sion symmetry by utilizing both NLET and CBET. The

HYDRA code does not currently have a CBET model that is

applicable to direct drive implosions, so its effect was

included by either modifying the power split between equa-

torial and polar beams or by reducing the power on the equa-

torial beams. Figure 9(c) shows a simulated image when the

polar and equatorial beam powers are set equal to each other.

This image reproduces the shape of the equatorial emission

feature seen in the data but misses the overall implosion

shape. Reducing the power in the 44:5� C and D (the two

beams closest to the equator in these quads) and the 50:0�

FIG. 9. Post-shot simulated self-emission images using (a) flux-limited energy transport (f¼ 0.06), (b) HYDRA’s non-local electron transport (NLET), (c)

NLET with energy redistributed to simulate cross-beam energy transfer so that polar and equatorial beams contain the same energy, and (d) NLET with 30%

of the energy removed from the 44:5� C and D and the 50:0� beams to simulate cross-beam energy transfer. Images are 400 lm on a side and are at about

3.2 ns after the start of the laser pulse except (d), which is at 3.4 ns. The polar axis is vertical in these images.
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beams by 30% (Fig. 9(d)) comes closer to reproducing the

symmetry of the implosion seen in the experiments, but with

changes in the structure and 200 ps delay of the appearance

of the self-emission band.

Figure 10 shows the measured asymmetry as a function of

time for three different irradiances. Also shown is the asymme-

try of the simulated implosion images at a time near peak x-ray

emission for different reductions of laser power in the equato-

rial beams to simulate the effects of various levels of CBET for

the medium and low irradiance experiments. The asymmetry is

measured at the contour of emission equal to 20% of the peak

x-ray emission in the images. At low irradiance, NLET and

CBET are not needed in the simulation to match the measured

symmetry, while at medium irradiance, NLET and an equato-

rial power reduction of 30% to model CBET are required. In

the high-irradiance experiment, two quads were directed at a

backlighter foil, and the remaining quads were repointed in azi-

muth to compensate. This created an inherently three-

dimensional geometry, with beam crossing angles varying

around the capsule. It was not considered practical to attempt

to simulate the effects of CBET in this geometry.

The simulated asymmetry at 3.5 ns (near x-ray bang

time) is plotted vs equatorial power reduction in Figure 11.

The ellipse includes the simulation points that are consistent

with the experimental asymmetry during a 0.2 ns period cen-

tered around 3.5 ns. The range of asymmetries is consistent

with an equatorial power reduction of 3365%.

Simulations show that the neutron yield decreases for

these experiments as CBET increases (Fig. 12). Reducing

FIG. 10. Measured P2=P0 vs time for the low, medium, and high irradiance

experiments, along with the symmetry at bang time simulated using different

equatorial irradiance reductions. The symmetry of the low-irradiance experi-

ment is consistent with simulations using flux-limited energy transport and

no CBET model, while equatorial power reductions near 30% and NLET are

needed to match the symmetry of the medium irradiance experiments near

bang time.

FIG. 11. Simulated P2=P0 at 3.5 ns as a function of the reduction in equato-

rial power used to simulate CBET for the medium irradiance shot. The

ellipse is chosen to cover the range of experimental asymmetry at

3.5 6 0.1 ns, and the simulated values for different equatorial power reduc-

tions, indicating a likely CBET range of 3365% for this case.

FIG. 12. Simulated neutron yield as a function of the reduction in equatorial

power used to simulate CBET for the medium and low irradiance cases,

with the measured neutron yield. The range of equatorial power reduction

for the medium irradiance shot is taken from the ellipse in Figure 11, and

that for the low irradiance case is taken as 065% since the images were

round, in agreement with design.
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the equatorial power by the amount required to explain the

measured asymmetry, we find that within the uncertainty, the

simulations indicate that this level of power reduction is con-

sistent with the experimental yields.

IV. CONCLUSIONS

Experiments utilizing polar direct drive on the National

Ignition Facility at high irradiance demonstrate a decrease in

capsule performance as irradiance increases, along with an

increase in hot electron generation, which occurs near the

equator where irradiance is the highest. The decrease in neu-

tron yield is consistent with a decrease in the compression

achieved. The effects of both non-local electron transport

and cross beam energy transport must be included in simula-

tions to reproduce the symmetry of the implosion. The mag-

nitude of the equatorial irradiance reduction used to simulate

the effect of CBET on implosion symmetry is consistent

with the yield reduction seen in these experiments. An equa-

torial x-ray emission feature, observed in experiments,

appears in simulations when non-local transport is included.
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