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The ‘High-Foot’ platform manipulates the laser pulse-shape coming from the National Ignition
Facility (NIF) laser to create an indirect drive 3-shock implosion that is significantly more robust
against instability growth involving the ablator and also modestly reduces implosion convergence
ratio. This strategy gives up on theoretical high-gain in an inertial confinement fusion implosion
in order to obtain better control of the implosion and bring experimental performance in-line with
calculated performance, yet keeps the absolute capsule performance relatively high. In this paper,
we will cover the various experimental and theoretical motivations for the High-Foot drive as well as
cover the experimental results that have come out of the High-Foot experimental campaign. At the
time of this writing the high-foot implosion has demonstrated record total DT yields (9.3 × 1015)
with low levels of inferred mix, excellent agreement with implosion simulations, fuel energy gains
exceeding unity, and evidence for the “bootstrapping” associated with alpha-particle self-heating.

PACS numbers: 52.57.Fg, 52.70.La

I. INTRODUCTION

The energy required to “ignite” fusion fuel scales as
the inverse square of the stagnation pressure, Eignition ∼
P−2
stag. For this reason a key focus of inertial confine-

ment fusion (ICF) research involves achieving stagnation
pressures in excess of 300 Gbar. A carefully orchestrated
cascade of energy from larger spatial scales to smaller,
through a convergent implosion, is how such large pres-
sures are generated. On the National Ignition Facility
(NIF)[1], 192 laser beam lines deliver up to 1.8 MJ of 0.35
µm wavelength UV light into a cylindrical gold hohlraum
that converts ∼ 2/3 of the energy into a nearly Planckian
bath of x-rays. The x-rays are absorbed by a ∼ 1 mm
radius capsule with an energy efficiency of ∼ 10 − 20%
generating ∼ 100 Mbar pressure in the ablator – the 195
µm (in this case) thick outer shell of the capsule. This
ablation pressure, delivered as a series of shocks, acceler-
ates the capsule inwards to speeds of ∼ 300− 400 km/s.
Coated on the inside of the ablator is the deuterium-
tritium (DT) fusion fuel layer, which is initially in a cryo-
genic ice state of ∼ 70 µm thickness. Ideally, by the time
the implosion achieves its peak velocity, the DT fuel has
become a Fermi degenerate gas with ∼ 10− 14 kJ of ki-
netic energy. As the fuel stagnates at the center of the
implosion, kinetic energy is converted into work (pdV )
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and internal energy as the DT fuel forms a hot-spot from
the fuel’s inner surface. The hot-spot initiates the fusion
reactions, producing neutrons and alpha-particles as the
hot-spot ion temperature climbs to many keV. At suffi-
ciently high hot-spot areal density, (ρr)hs > 0.3 g/cm2

and ion temperature, Tion > 4 keV, the hot-spot will
“ignite” as alpha-particles redeposit their energy locally
creating self-heating and, if (ρr)fuel > 1, heating will
propagate from the hot-spot into the cold fuel releasing
energy many times greater than that absorbed by the
capsule. Creating the required conditions for ignition in
the laboratory has been challenging[2], and has yet to be
be achieved at any fusion research facility.

The U.S. National Ignition Campaign (NIC)[3] collab-
oration on the NIF was a joint effort between Lawrence
Livermore, Los Alamos, Sandia National Laboratories,
General Atomics (GA), the Laboratory for Laser Ener-
getics (LLE), and the MIT Plasma Science and Fusion
Center, with contributions from the Naval Research Lab-
oratory, the Commissariat à l’énergie atomique (CEA),
and the Atomic Weapons Establishment (AWE). The
NIC had two primary purposes, to attempt to demon-
strate ignition before the end of 2012 and to demonstrate
a wide array of diagnostics, experimental platforms, and
analysis techniques that would be needed for future high-
energy density physics and ICF research. These plat-
forms, diagnostics and analysis techniques were used dur-
ing the high-foot implosion campaign.
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FIG. 1: (Left Frame) The NIF indirect drive high-foot
pulse-shape (red) is juxtaposed with the low-foot pulse-shape
(black) with the salient features identified. (Right Frame)
The LLE direct drive high-adiabat pulse-shape is shown with
the low-adiabat pulse-shape. The high-foot pulse launches
three shocks, while the others launch four shocks. Inset: The
NIF hohlraum-capsule geometry is shown with laser beams
impinging upon the target.

II. HIGH-FOOT PULSE-SHAPE

Near the end of 2012 an international workshop was
convened to address the physics difficulties that were ap-
parent in the NIC. A number of strategies were suggested
in order to address the physics that was frustrating the
NIC implosion[4]. The high-foot implosion[5–7] was de-
veloped primarily to test the hypothesis that ablation-
front Rayleigh-Taylor (A-RT) instability[8] was respon-
sible for a significant fraction of the degraded implosion
performance observed during the NIC[2, 9]. The high-
foot also appeared, in simulations, to ameliorate a sensi-
tivity of the ablation front-profile to opacity modeling[5].
The high-foot campaign began using the same target ge-
ometry and material (CH plastic capsules) as the NIC
Rev. 5 design[10] – a practical choice dictated by logis-
tics of obtaining targets when the effort began – but the
laser pulse-shape is different (see Fig. 1, left frame).

In order to create a higher hohlraum radiation tem-
perature, Tr, in the early-time “foot” of the drive (hence
“high-foot”), the initial picket of the laser pulse is ap-
proximately doubled as compared to the low-foot drive
thus launching a stronger and faster first shock (the shock
speed scales as us ∼ T 1.75

r ) into the ablator of the cap-
sule. The laser power in the trough (the time between the
first and second shock) is also higher than the low-foot
in order to maintain an approximately constant Tr ∼ 90
eV in the foot. A consequence of the higher Tr at early
time is a more rapid ablation of the capsule (the ablation

velocity scales as, va ∼ T
9/10
r [19]). The stronger/faster

first shock places both the ablator and the DT ice on a
higher adiabat, α, than that of the low-foot pulse shape.
In terms of the definition of DT adiabat that is a ratio
between the DT pressure and the minimum DT equation
of state (EOS) pressure at 1000 g/cc[10], α = P/Pcold
(note the alternate definition of α = P/PFermi, where

FIG. 2: Capsule-only multimode stability calculations of the
low-foot (top row) implosion and two high-foot (second and
third row) implosions are shown. The left column shows the
condition of the ablator (on a density color scale) at 200 µm
radius which is near peak velocity and the right column shows
the condition of the ablator and hot-spot at peak compres-
sion. The trade-off between densification and stability are
clear. Reprinted with permission from T.R. Dittrich, O. A.
Hurricane, D.A. Callahan, E. L. Dewald, T. Döppner, D.E.
Hinkel, L.F. Berzak Hopkins, S. LePape, T. Ma, J. Milovich,
J.C. Moreno, P.K. Patel, H.-S. Park, B.A. Remington, J.
Salmonson, Phys. Rev. Lett., 055002 (2014). Copyright 2014,
American Institute of Physics.

PFermi is the Fermi pressure) the high-foot pulse-shape
design used in our campaign has fuel α ∼ 2.5 whereas
the low-foot point design ideally has fuel α ∼ 1.45.

In order the maintain the correct shock merger depth
in the DT ice for the first and subsequent shocks, the time
duration of the trough is shortened by approximately 5 ns
as compared to the low-foot pulse. Additional features of
the high-foot pulse-shape are the dropping of one shock
(that would correspond to dropping shock number “2”
in the four shock low-foot pulse) and a reduction of the
peak laser power (for better hot-spot shape control) as-
sociated with driving the final shock. Dropping the num-
ber of shocks in the high-foot from 4 to 3 was motivated
by a desire to reduce potential Richtmyer-Meshkov (RM)
instability and vorticity generation at the fuel-ablator in-
terface, but also had the practical benefit of simplifying
the complexity of shock timing and reducing the number
of “keyhole” experiments needed[11, 12].

Some elements of the high-foot pulse-shape are recog-
nizable in the direct-drive high-adiabat pulse shape of the
Laboratory for Laser Energetics (LLE)[13, 14]. Namely,
the LLE high-adiabat pulse essentially doubles the laser
power in the early part of the pulse that launches the
first and second shocks as compared to the low-adiabat
pulse-shape (see Fig. 1, right frame). Like the high-foot
pulse, the high-adiabat pulse is of shorter time duration
than the low-adiabat pulse. Unlike the high-foot pulse,
the LLE high-adiabat pulse-shape is still a four shock
pulse-shape and the peak power was left the same as the
low-adiabat pulse. The goals of the LLNL high-foot and
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LLE high-adiabat pulse shape are essentially the same:
create a more stable implosion at the cost of theoretical
fuel compression.

III. HIGH-FOOT STABILITY

The essential stability benefits of the high-foot scheme
can be understood from examining an expression for
the linear growth-rate of ablation driven Rayleigh-Taylor
(RT) instability[15]

γA−RTI = α2(Fr, ν)

√
kg

1 + kLρ
− β2(Fr, ν)kva (1)

where k is the perturbation wavenumber, g is the abla-
tor acceleration, Lρ is the density gradient scale-length
of the ablation front, and α2 and β2 are parameters of
order unity whose exact values depend upon a heat con-
duction scale-length parameter, ν, and the Froude num-
ber, Fr = v2a/(gLρ). The key stabilizing effects of the
high-foot drive enter through the higher ablation veloc-
ity increasing the β2kva ablative stabilization term of Eq.
(1) and through an increase in Lρ which reduces the

√
kg

unstable RT drive term. The increase in Lρ is primarily
due to a stronger 1st shock which increases the adiabat
of the implosion and prevents the ablator from becom-
ing so highly compressed (risking break-up) during the
implosion.

Two-dimensional (2D) ARES[16, 17] multimode
(modes < 100) simulations using a measured surface
roughness spectrum capture the enhanced stability ben-
efits of the high-foot drive (Fig. 2). These simulations,
with a multiplier of 4 on the amplitude of the applied
surface perturbations (applied to all interfaces includ-
ing the ice layer) Fig. 2 shows how the low-foot ab-
lator could begin to break-up around the time of peak
velocity and not be intact at peak compression therefore
disrupting the formation of the hot-spot, whereas higher-
foot implosions would be resistant to RT driven ablator
breakup. The factor of 4 was chosen because the yield
in the 2D low-foot simulation is degraded by a factor of
∼ 10 as compared to 1D simulations of the same im-
plosion, roughly corresponding the observed yield deficit
for the low-foot[18]. The higher the foot level, as mea-
sured by the adiabat, α, and shown in Fig. 2, the less
high-mode instability growth is observed but with a con-
comitant reduction in fuel compression and stagnation
pressure.

The enhanced stability can be further and most sim-
ply understood by comparing the in-flight-aspect ratios
(IFAR), Rin/∆R, where Rin is the ablator inner radius
and ∆R is the ablator thickness: for the high-foot im-
plosion the IFAR is roughly half of that of the low-foot
implosion (Fig. 3). The amplitude of instability growth is

directly related to the exponent of
√
Rin/∆R/2 [19] but

it is also intuitively obvious that a thicker ablator travel-
ing the same total distance would be less susceptible to

FIG. 3: Simulated inflight-aspect-ratio vs. fuel-ablator inter-
face radius for high-foot (blue and red) and low-foot (black)
implosions are plotted. Throughout most of the implosion,
the high-foot case has IFAR that is half of the low-foot case.
Confirmation of the IFAR was validated by streaked radiog-
raphy experiments (N130409) of the implosion that give the
ablator thickness as a function of ablator center-of-mass ra-
dius (inset). Experimental data are given as points with error
bars in the inset and results from simulations are shown as
curves.

break-up than a thinner one. The fact that the high-foot
ablator is roughly ∼ 2× thicker than the low-foot abla-
tor was confirmed in streaked radiography experiments
of the high-foot implosion (shot N130409, inset in Fig.3
and also see Appendix A).

Framing camera images (backlit absorption) of the
high-foot capsule near peak velocity (and radius R ∼ 200
µm), the primary purpose of which is to obtain ablator
shape data[20, 21], gave the first incidental indications of
reduced A-RT instability. The low-foot implosion devel-
ops rips from A-RT growth along lines of latitude across
the circumference of the capsule (Fig. 4, left frame),
seeded by the two circles of contact between the capsule
and the drumhead-like membranes (the “tent” made of
plastic), of 110 nm thickness in this case, that holds the
capsule in the center of the hohlraum. High-foot implo-
sions (center frame and right frame of Fig. 4) show no
such tent generated perturbation. Later, direct experi-
mental demonstrations of greatly reduced A-RT instabil-
ity using the high-foot pulse-shape, in the linear regime,
were performed using face-on radiography of pre-imposed
capsule perturbations[22, 23].
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FIG. 4: Backlit x-ray absorption imaging of ablators near
peak velocity are shown for a low-foot implosion (left frame)
and two high-foot implosions (middle and right frame). The
two horizontal bands in the left frame show a perturbation
in the ablator that was initiated by the 110 nm plastic mem-
brane (“tent”) that holds the capsule in place in its as-built
configuration. The middle image shows no evidence of the
tent perturbation even though the tent thickness was the
same as for the low-foot implosion shown in the left frame.
The right frame corresponds to a high-foot implosion in a
longer hohlraum, which improves the ablator shape[20], and
also shows no evidence for a tent induced perturbation, the
as-built tent being 45 nm thick in this case.

IV. IMPLOSION PERFORMANCE

After a number of preparatory experiments and anal-
ysis to establish shock timing, hot-spot shape control,
ablator shape, ablator-hohlraum energy coupling, and
implosion trajectory (see Appendix A) for the high-
foot pulse-shape, a series of cryogenic DT layer implo-
sion experiments established the integrated target per-
formance under various drive conditions (see Table I).
Key measured quantities are neutron yield, Y13−15, in
the 13-15 MeV energy band around the characteristic
14.1 MeV DT fusion neutron energy, burn averaged ion-
temperature (Tion), neutron and x-ray burn-widths (τn
and τx), down-scatter-ratio (DSR), and the time of peak
neutron brightness (“bang-time”). On the NIF, Y13−15

is an average of many diagnostics including four neu-
tron time-of-flight (NToF) detectors[24], numerous radio-
chemical activation measurements[25], and a magnetic
recoil spectrometer (MRS) [26]. Tion is directly related
to the temporal spread obtained from the full-width-half-
max (FWHM) of the NToF detectors (for both DT and
DD reactions). A temporal gamma ray history gives τn.
The DSR comes from measuring, via NToF and MRS,
the number of neutrons scattered into the energy range
10-12 MeV and is directly related to the areal density
of the cold DT fuel, (ρr)fuel ≈ 20.3 · f · DSR (where f
depends upon the amount of ablator mass remaining but
is typically 0.95 ± 0.05) [26, 27]. Other diagnostics such
as x-ray imaging[28] (from time-integrated image plates,
shown, and time-resolved gated imaging, not shown) and
neutron imaging[29–31] (Fig. 5) give information on the
shape of the implosion (expressed in Legendre modes
for the equatorial view and Fourier modes for the po-
lar view). Coefficients of the the Legendre and Fourier
expansions describing shape are given as the P ’s and M ’s

FIG. 5: Shown are the series of high-foot DT layer experi-
ments time-integrated imaging results. The top row shows
equatorial x-ray shape, the middle row shows polar x-ray
shape, and the bottom row shows neutron imaging (red being
direct 13-17 MeV neutrons and cyan being down-scattered
6-12 MeV neutrons). Note for N130501 the observed M2
mode in the polar image is due to windows in the wall of the
hohlraum that are aligned with the elongated shape. Also for
N130501, only the direct neutron image is shown. N130802
did not produce a useful neutron image due to its low yield.
Dimensions are in microns. We note, unsurprisingly, that the
two implosions with the most distorted shapes, N130530 and
N130802, also had longest burn-widths (see Table I).

shown in Table I (with the subscript x standing for time-
integrated x-ray and the n standing for imaging for direct
13-17 MeV and down-scattered 6-12 MeV neutrons).

Shots N130501, N130710, N130812, N130927, and
N131119 (NIF shots are named in a year-month-day for-
mat, YYMMDD, thus N130501 was shot on May 1, 2013)
constitute a logical series over various laser powers and
energies using the same “nominal” hohlraum geometry
and with capsules (“T0” thickness of ∼ 195 µm) and ice
layers that were largely within specified tolerances. The
nominal hohlraum is a gold can of 5.75 mm diameter
and 9.425 mm length with a laser entrance hole (LEH)
of 3.101 mm radius (see inset in Fig. 1). The same
hohlraum geometry was used during the NIC for most of
the low-foot shots.

As is typical for the high-foot series, the hohlraum is
filled with helium gas of 1.6 mg/cc density (as compared
to 0.96 mg/cc for the NIC) the purpose of which is to
restrict and delay gold plasma for blowing in from the
inside wall of the hohlraum which can otherwise impede
laser beam propagation. Additionally, by redistributing
energy between different laser beams, through laser light
wavelength changes that affect the cross-beam-energy-
transfer (CBET) [32–35] (the transfer of power from one
beam to another via induced Brillouin scattering), the il-
lumination pattern in the hohlraum has been varied over
the campaign in order to better optimize the implosion
shape. In particular, wavelength differences ∆λ23.5, be-
tween the 23.5◦ beams and outer cone beams, and ∆λ30,
between the 30◦ beams and outer cone beams, affect
equatorial symmetry while ∆λ23.5−30, between the 23.5◦

and 30◦ beams affects azimuthal symmetry. Prior to shot
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TABLE I: High-foot DT shot measurements with T0 capsules (also see Appendix B)

Quantity N131119 N130927 N130812 N130802 N130710 N130530 N130501

NIF Power (TW) 425 390 355 430 430 430 351

NIF Energy (MJ) 1.88 1.82 1.69 1.48 1.47 1.45 1.27

∆λ23.5/∆λ30 (Å) 9.5/8.8 9.2/8.5 8.5/7.3 9.4/8.4 8.5/7.3 8.5/7.3 8.5/7.3

Backscatter (kJ) 242.76 192.11 245.06 193.83 186.36 197.84 –

Y13−15 (×1015) 5.2 ± 0.097 4.4 ± 0.11 2.4 ± 0.048 0.48 ± 0.012 1.05 ± 0.02 0.58 ± 0.012 0.77 ± 0.016

Tion (keV) DT 5.0 ± 0.2 4.63 ± 0.31 4.26 ± 0.1 3.2 ± 0.4 3.49 ± 0.13 3.26 ± 0.13 3.02 ± 0.13

Tion (keV) DD 4.3 ± 0.2 3.77 ± 0.2 3.7 ± 0.3 3.0 ± 0.3 3.2 ± 0.2 2.9 ± 0.3 2.2 ± 0.2

DSR (%) 4.0 ± 0.4 3.85 ± 0.41 4.13 ± 0.3 2.7 ± 0.5 3.3 ± 0.2 2.7 ± 0.19 2.9 ± 0.14

Neut. bang-time (ns) 16.41 ± 0.03 16.59 ± 0.03 16.753 ± 0.03 16.86 ± 0.03 16.49 ± 0.03 16.66 ± 0.03 16.76 ± 0.03

τx (ps) 152.0 ± 33 161.0 ± 34 160 ± 10 200.95 ± 10 156 ± 60 270 ± 15 225 ± 12

τn (ps) 156.0 ± 30 188.0 ± 33 156 ± 30 216 ± 40 180 ± 40 215 ± 40 172 ± 40

P0x 37.52 ± 1.39 39.11 ± 3.16 35.78 ± 2.73 38.67 ± 5.7 42.95 ± 1.71 41.2 ± 2.18 31.05 ± 1.43

P2/P0x −0.283 ± 0.038 −0.0993 ± 0.059 −0.214 ± 0.103 −0.46 ± 0.09 −0.294 ± 0.0349 – 0.147 ± 0.035

P3/P0x −0.029 ± 0.049 0.0243 ± 0.035 0.001 ± 0.063 0.01 ± 0.12 0.0843 ± 0.03 – −10.22 ± 0.091

P4/P0x 0.0039 ± 0.021 −0.021 ± 0.036 0.0074 ± 0.031 0.15 ± 0.05 0.0496 ± 0.0525 – −3.42 ± 0.067

M0x 51.68 ± 4.1 47.34 ± 1.97 44.56 ± 1.52 53.22 ± 5.7 50.20 ± 3.32 50.38 ± 4.09 38.81 ± 1.52

M2/M0x 0.0345 ± 0.03 0.092 ± 0.013 0.0713 ± 0.03 0.1 ± 0.05 0.14 ± 0.028 0.0897 ± 0.01 0.161 ± 0.026

M3/M0x 0.0375 ± 0.012 0.002 ± 0.02 0.0936 ± 0.01 0.04 ± 0.08 0.0745 ± 0.021 0.1171 ± 0.06 0.0449 ± 0.02

M4/M0x 0.0209 ± 0.017 0.05 ± 0.02 0.0434 ± 0.01 0.13 ± 0.14 0.0703 ± 0.028 0.0946 ± 0.02 0.0285 ± 0.01

φ2(◦) 74 ± 22 84 ± 3 65 ± 8 75 ± 21 58 ± 6 98 ± 2.2 63 ± 4

φ4(◦) 38 ± 8 41 ± 2 3 ± 4 1 ± 3 19 ± 3 62 ± 8 8 ± 5

P0n,13−17 34 ± 4 32 ± 4 31 ± 4 – 38.85 ± 4 42 ± 4 30 ± 4

P2/P0n,13−17 −0.34 ± 0.05 −0.35 ± 0.05 −0.26 ± 0.05 – −0.58 ± 0.08 −0.18 ± 0.05 −0.03 ± 20

P3/P0n,13−17 – 0.08 ± 0.05 0.14 ± 0.05 – 0.06 ± 0.05 – –

P4/P0n,13−17 0.01 ± 0.05 0.02 ± 0.05 −0.05 ± 0.05 – 0.05 ± 0.05 – –

P0n,6−12 50 ± 4 55 ± 4 50 ± 4 – 54.15 ± 4 73 ± 8 –

P2/P0n,6−12 0 ± 0.05 0.01 ± 0.05 0 ± 0.08 – 0.07 ± 0.05 −0.1 ± 0.1 –

P3/P0n,6−12 – −0.02 ± 0.01 0.05 ± 0.01 – 0.18 ± 0.01 – –

P4/P0n,6−12 0.02 ± 0.01 −0.02 ± 0.01 0.06 ± 0.01 – 0.07 ± 0.01 – –

Ytotal (×1015) 6.1 5.1 2.8 0.53 1.2 0.65 0.86

N130927, ∆λ23.5−30 = 1.2Å was used on all shots, while
for N130927 and all subsequent shots ∆λ23.5−30 = 0.7Å
was used (the effect on polar shape can be seen in Fig.
5). The ∆λ’s for equatorial shape control are listed in
Table I.

In Fig. 5 and Table I, it can be observed (shots
N130501 and N130710) that upon increasing the laser
power (in order to drive up the hohlraum Tr and there-
fore implosion speed, vimp ∼ T 1.65

r ) that the hot-spot
shape became more oblate and toroidal. While the yield
increased between N130501 and N130710, the inferred
stagnation pressure did not (see Table II). (Note: shot
N130530 was performed with an ice layer that was well
out of specified tolerances having m = 1 mode “M1” of
over 5 µm peak-to-valley amplitude, but tested simula-
tion predictions that the neutron yield would decrease
by half as compared to an equivalent target with the
ice-layer inside specified tolerances, i.e. N130710). In
an attempt to improve hot-spot shape, shot N130802
was performed using the “+700” hohlraum geometry

(see Appendix A) that previously gave improved abla-
tor shape[20] (right frame of Fig. 4), but apparently
the shape improvement did not carry over to the hot-
spot and the capsule performance therefore suffered. The
combined experience of N130710 and N130802 both in-
dicated reduced efficacy of inner-beam laser propagation
to the waist of the hohlraum as laser power and inner-
beam path length was increased, so in order to recover
better hot-spot shape control while also increasing implo-
sion performance, efforts shifted to lower laser powers but
higher laser energy implosions, with the nominal length
hohlraum.

In shots N130812, N130927, and N131119 the laser
power was reduced as compared to N130710, but the laser
energy was increased. For these higher energy shots, the
time duration between bang-time and time the laser shuts
off is reduced creating a “no-coast” (< 1 ns between laser
shut-off and bang-time) implosion that leads to higher
fuel compression and slightly higher implosion speeds as
compared to “coasting” implosions (> 1 ns between laser
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FIG. 6: From left to right are shown hot-spot images of x-ray
emission equatorial view, x-ray emission polar view, direct
neutrons, and indirect neutrons. The top row shows data
from experiment N130812 and the bottom row shows the re-
sults from 2D integrated hohlraum capsule simulation with
a time-dependent CBET that tapers off at late time in or-
der to mimic the observed shape. Dimensions are in microns.
Reprinted with permission from H.-S. Park, O. A. Hurricane,
D. A. Callahan, D. T. Casey, E. L. Dewald, T. R. Dittrich,
T. Döppner, D. E. Hinkel, L. F. Berzak Hopkins, S. Le Pape,
T. Ma, P. K. Patel, B. A. Remington, H. F. Robey, J. D.
Salmonson, Phys. Rev. Lett., 055001(2014). Copyright 2014,
American Institute of Physics.

shut-off and bang-time) at the same laser power. As can
be seen in Table I the no-coast strategy was successful
in increasing the implosion performance with the high-
foot pulse-shape (mixing occurred in low-foot implosions
under no-coast drive). Fig. 5 shows improved shape for
these no-coast high-foot implosions, but the shape re-
mained somewhat toroidal, albeit more compact toroids
than was observed in N130710.

Integrated hohlraum-capsule simulations in 2D (using
HYDRA[36]), are able to capture the salient characteris-
tics of the observed implosion shapes (hot-spot and fuel
shape) using a scenario where the CBET is reduced late
in time during the laser pulse, thus reducing the drive on
the waist of the capsule in combination with the known
P4 mode associated with the position of the laser spots in
the nominal hohlraum (see Fig. 6). Inspection of the sim-
ulation in Fig. 6 shows that the reduced emission from
the center of the toroidal shape is not actually a hole, but
instead reduced hot-spot emission and increased optical
depth due to a collection of compressed DT fuel mass
preferentially located on the poles of the implosion.

In spite of the toroidal shapes and even for the worst
performing high-foot implosions, the inferred levels of CH
ablator mix into the hot-spot were low (< 100 ng for all
but one shot, N130530 which had < 200 ng of mix in-
ferred), in contrast to low-foot implosions[2, 37, 38]. Fig.
7 shows a comparison of neutron yield vs. CH mix mass
for all high-foot shots and a select number of low-foot
shots. Note in Fig. 7 that several low-foot shots had low
mix inferred – these were lower speed coasting implosions
generally. Interestingly, in-spite of non-1D shape, 1D

FIG. 7: For the data-base of high-foot (green) and low-foot
(blue) shots on NIF, total neutron yield is plotted against
the inferred amount of ablator mix[37]. An uncertainty band
corresponding to 100 ng of mix is imposed on the figure. Laser
power and energy for the key high-foot experiments are noted.

FIG. 8: 1D simulations of the implosion performance (using
multi-frequency radiation drive sources that are calibrated
to shock-timing and implosion trajectory data) are plotted
against ablator mix fraction. High-foot results (green) show
high YOC while low-foot results are generally lower. As ex-
pected, for low-foot experiments with large mix fractions, the
YOC is particularly low.

simulations of high-foot shots are in much better agree-
ment with measured yield than low-foot shots (see Fig. 8
where yield-over-clean, YOC, from 1D HYDRA[36] simu-
lation is plotted against CH ablator mix fraction). Both
the improved A-RT stability and reduced convergence
ratio, CR, of the high-foot pulse-shape contribute to a
more predictable implosion as measured by higher YOC.

The expected reduced hot-spot CR and fuel compres-
sion levels for the high-foot implosions are measured and
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TABLE II: High-foot DT shot inferred properties

Quantity N131119 N130927 N130812 N130710 N130501

Phs (Gbar) 127-144 129-150 85-110 50-67 58-80

EDT (kJ) 9-12 10-14 7-9 6-8 7.5-10.5

EFusion (kJ) 17.2 14.4 7.9 3.4 2.4

vimp (km/s) 322 ± 15 311 ± 15 307 ± 15 323 ± 15 297 ± 15

shown in Fig. 9 (left frame). In Fig. 9 it is observed that
high-foot implosions generally compress less, but there
is also a considerable range of compressions/convergence
within each class of either high-foot or low-foot implo-
sions. In spite of trading off compression to gain stability,
the net performance of the high-foot in terms of ignition
metrics, such as generalized Lawson criteria (GLC)[39]
or yield amplification due to α-particle self-heating[40]
(Yα/Ynα, ratio of yield with α-particle deposition over
yield with no α-particle heat deposition), the most re-
cent high-foot experiments are the best performing ICF
implosions to date and are on the boundary of becoming
α-particle self-heating dominated (Fig. 9, right frame).
An α-particle self-heating dominated shot was recently
performed and is detailed in Appendix B.

V. ENERGY BALANCE

Other important metrics about the performance of the
implosions can be calculated directly from the observ-
ables coming from each experiment[7, 41, 42] bypassing
the need to make inferences from simulations calibrated
to the data. An outline of the procedure is as follows:
From the measurement of Tion one can calculate the DT
reaction-rate, 〈σv〉, using well known expressions, e.g.
[43]. Reconstructing the 3D shape of the hot-spot from
the equatorial and polar imaging data yields the volume
of the hot-spot, Vhs. With the measured neutron yield,
the hot-spot number density, nhs, can be calculated from
the fusion power density[44], 〈σv〉, Vhs, and the measured
duration of the DT burn, τx or τn. With nhs a variety
of average bang-time hot-spot quantities can be derived
(see Table II) such as the mass, mhs, stagnation pres-
sure, Phs, areal density, (ρr)hs, fraction of α-particles
deposited[45], α-particle energy deposited, and internal
energy, 3

2PhsVhs. Properties of the cold fuel then follow
from mass conservation and the DSR measurement. Ac-
counting for x-ray losses and energy deposition due to
α-particles the total energy delivered to the DT during
the implosion up to bang-time, EDT , can be calculated.
Details of these calculations for high-foot shots N130927
and N131119 are given in Ref. [7] where it is demon-
strated that these shots achieved fuel gains (ratio of fu-
sion energy produced to total energy deposited into the
DT), Gfuel > 1. Table II summarizes hot-spot model
energetics results for select high-foot DT shots.

Fig. 10 graphically summarizes the performance of the
high-foot campaign in terms of compression yield[41], α-

FIG. 9: (Top frame) DSR, a measure of (ρr)fuel is plot-
ted against hot-spot convergence ratio. (Bottom frame) total
neutron yield is plotted against fuel (ρr)fuel. High-foot shots
(green) are generally less compressed and have a higher yield
than low-foot (blue) shots consistent with high-foot adiabat
being higher and convergence ratio lower than low-foot shots.
The three highest performing shots are highlighted with their
shot number in red. Contours of yield multiplication due to
alpha-particle self-heating and GLC are also shown on the
right frame.

particle self-heating yield, and total (hot-spot plus cold
fuel) DT energy. As is clear in Fig. 10, on the last few
high-foot shots we are also seeing a significant contribu-
tion to the yield coming from alpha-particle self-heating
and evidence for the “bootstrapping” required to accel-
erate the DT fusion burn-rate to eventually run-away ig-
nite.
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VI. CONCLUSION

High-foot implosions appear to hold promise for un-
derstanding integrated ICF physics, testing performance
cliffs, and for further optimizing performance. In this
first year of the campaign many goals have been achieved.
Namely, high-foot implosions obtained very high yield-
over-simulated (aka YOC) and have been diagnosed to
be essentially “clean” with respect to mix, even with
CR ∼ 30 (to some, high CR is a fatal flaw). The as-
sertion that the high-foot pulse-shape would generate
less instability growth in the ablator has been proven
both indirectly, through the measured integrated im-
plosion performance, and directly through RT growth
experiments[22, 23]. As of this writing, high-foot implo-
sions hold the yield record for ICF implosions, obtaining
∼ 26 kJ of fusion yield (see Appendix B), and have for
the first time on any fusion facility achieved fuel gains in
excess of unity.

Effectively the high-foot implosion has proven, by ex-
ample, that A-RT was a major issue in the performance
of the NIC (i.e. low-foot) implosion. It is important to
recognize that A-RT instability was likely not the only
issue for NIC however. By creating a more robust im-
plosion with the high-foot, we are seeing other physics
challenges expressed in the data that were hidden in the
NIC (but suspected) because A-RT was so dominant. A
key remaining challenge includes, but is not limited to,
hohlraum control of low-mode shape (hot-spot and fuel)
especially at higher laser powers and energies – control
through ∆λ’s appears to have reached its limit (a recent
shot, see Appendix B, has shown progress in this area).

Near term strategies using the high-foot involves us-
ing it as an evolving design, having the benefit of
a working implosion as a point to perform perturba-
tions/optimizations around. As was mentioned at the
beginning of this article stagnation pressure is key, so
stagnation pressure is what needs to be optimized. Scal-
ing of stagnation pressure with implosion speed, hot-
spot shape, adiabat, and ablation pressure is known and
guides future work. In particular, efforts to increase im-
plosion speed and improve hohlraum driven shape will in-
clude using thinner ablators and using different geometry
hohlraums. Fuel adiabat will be reduced either through
a “medium” foot or through a more elaborate indirect
drive analog of an adiabat shaping scheme[46, 47]. Also,
high-foot like approaches will be examined with ablators
materials alternate to CH. Each of these approaches po-
tentially gives back some of the stability gains demon-
strated with the high-foot, but it will be a matter of re-
search to see which of the above paths provides the best
way to further α-heating and, hopefully, ignition.
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APPENDIX A: HIGH-FOOT CAMPAIGN SHOTS

In this appendix we give a complete list of high-foot
campaign shots, the motivation for each shot, and a
brief results summary. Other shots, not directly asso-
ciated with the high-foot campaign but using the high-
foot pulse-shape did occur (such as A-RT instability
growth[22, 23] and hohlraum “view factor” experiments
[48]) but are not listed here.
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FIG. 11: (Left frame) Laser pulse-shapes for the first two
high-foot shock-timing (keyhole) experiments are shown along
with the resulting shock velocity histories (right frame). For
each experiment a pole and waist measurement is obtained.
Since D2 blanks the VISAR (Velocity Interferometer System
for Any Reflector) diagnostic (due to shock pressure ioniza-
tion), the velocity traces truncate above ∼ 145 km/s.

The campaign began with two keyhole[11, 12] shots,
N121023 and N121102 that provided a first look at 3-
shock tuning and initial laser back-scatter information.
The first result showed a slower than expected first shock
(22 km/s rather than the designed speed of 28 km/s) and
backscatter of 98-140 kJ of energy (84.1-85.1% laser en-
ergy coupling to the hohlraum). The first shock speed
was increased, in the second shot, to the designed speed
by increasing the power in the trough of the pulse. Addi-
tionally, these shots had excellent pole-waist symmetry,
as seen by the coincidence of shock merger timing at the
pole and equator (see Fig. 11).

Symcaps N121130 and N130108 formed a pair of hot-
spot shape tuning shots (see Fig. 12) with different
hohlraum He fills. Shot N121130 used 1.45 mg/cc He
fill (obtaining P2/P0 = −0.12 ± 0.01 time-resolved
P2/P0 = −0.05±0.013 time-integrated) like the two key-
hole shots above, while shot N130108 used a higher He
fill density of 1.6 mg/cc (obtaining P2/P0 = 0.26±0.026
and P2/P0 = 0.22± 0.012 time-integrated) that became
the default fill density for all subsequent high-foot shots.
Some evidence for a reduced M-band environment, rel-
ative to the low-foot, was also provided by this pair of
shots (see Fig. 13).

After modifying the hohlraum He fill density to 1.6
mg/cc, two more keyhole tuning shots were performed,
N130122 and N130214. In addition to shock tuning data,
these shots motivated a change in pulse-shape strategy
in order to cope with early-time hot-electrons coming
from the LEH window observed on N130122. To re-
duce the hot-electron flux, a low power inner beam “toe”
was added to the foot of the pulse effectively by delaying
the turn-on of the outer-cone beams in order allow the
hohlraum’s LEH window to blow down before the bulk
of the laser power was delivered to the hohlraum. Due
to the hot-electron strategy, the good pole-waist shock
symmetry observed on earlier shots was impacted (see
Fig. 14).

Shot N130303 was a 2DConA[21] shot providing abla-

FIG. 12: Hot-spot x-ray emission from symmetry cap-
sule (symcap) experiments show how the shape varies with
hohlraum He fill pressure with a choice of ∆λ23.5 = 8.5Å
and ∆λ30 = 7.3Å for both shots. The upper row shows the
equatorial view while the lower row shows the polar view.

FIG. 13: Measurements of hohlraum x-ray flux above 1.8 keV
indicate a slightly reduced non-Plankian component to the
x-ray spectrum for a high-foot shot (red) as compared to an
equivalent low-foot shot (blue). The apparent two curves for
each shot just express the time history as the hohlraum goes
from cold to hot (lower curve) then hot to cold (upper curve).

tor shape and inner ablator limb speed information and
is discussed in the main text (Fig. 4). Abel inversion of
the streaked radiography data obtained on shot N130409
– a 1DConA[53] experiment – provided ablator center-
of-mass trajectory, center-of-mass speed, and thickness
information. In this case N130409 data was consistent
with pre-shot simulation (see Fig. 15). N130409 was
the final tuning shot required before attempting the first
high-foot DT shot, N130501[6], at modest laser power
and energy, 350 TW and 1.3 MJ respectively.

Up through N130501, all high-foot shots had been
performed in nominal length (9.425 mm) hohlraums.
Due to the proximity of the outer beams on the inside
of the hohlraum, implosions using this nominal length
hohlraum exhibited a P4 mode in the ablator shape.
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FIG. 14: Shock velocity history data is shown for high-foot
experiments using a 1.6 mg/cc He hohlraum fill density.

FIG. 15: Streaked radiograph data (left frame) for high-
foot experiment N130409 gives ablator center-of-mass tra-
jectory (upper center), ablator thickness (upper right), ab-
lator center-of-mass speed (lower middle), and ablator mass
remaining (lower right).

In order to remove this P4 mode, a series of longer
hohlraums with different beam pointing were developed
by another group[20].

Keyhole shots N130521 and N130726 formed a com-
panion pair of shock timing experiments in the longer
“+700” (10.125 mm) hohlraum. Shot N130522 was a
re-emit experiment[49, 50] in the the +700 hohlraum
configuration that provides early-time (“picket”) capsule
x-ray illumination symmetry information. Data from
N130522 indicated that the cone-fraction (CF) for the
+700 hohlraums was incorrect yielding a radiation asym-
metry that was waist hot (P2/P0 ∼ 0.025) and that a
lower CF was required for the +700 hohlraums to prevent
capsule symmetry swings later in the implosion. Trans-
lating the N130522 data to the nominal hohlraum case,

FIG. 16: Hard x-ray energy emission images (perimeter) show
illumination of the capsule and hohlraum by hot-electrons.
At lower energies (middle) the illumination of the capsule by
the Planckian part of the radiation field in the hohlraum is
obtained.

using simulations, suggested that the CF of 5-6% used
was appropriate for the nominal hohlraum length. Inci-
dental data coming from the N130522 re-emit experiment
provided the first time-integrated (from 1.75-2.8 ns) hard
x-ray (40 keV) images of hot-electrons (see Fig. 16) —
data that can conceivably be used to estimate the amount
of early-time (LEH window) hot-electrons that reach the
capsule when used together with FFLEX[51, 52] hot-
electron data.

2DConA shots N130508 and N130808 are companion
experiments for the longer “+700 hohlraum. These two
shots were performed at 350 TW and 1.3 MJ of laser
power/energy but with different laser wavelengths[32–
35]. In particular, N130508 used ∆λ30 = 5.4Å and
∆λ23.5 = 6.4Å while N130808 used ∆λ30 = 7.4Å and
∆λ23.5 = 8.4Å. While these experiments did indeed
demonstrate reduced P4 mode in the ablator, they also
demonstrated strong negative P2 mode (oblate) shaped
hot-spots that we were limited in our ability to control
with CBET (see Fig. 17). Another “+700” 2DConA shot
was performed with laser power/energy of 430 TW/1.5
MJ, N130730, and exhibited a close to round abla-
tor shape but a very oblate hot-spot shape (P2/P0 =
−0.316). An attempt was made to apply a further ∆λ
correction to alleviate the oblate hot-spot shape before
performing a +700 DT shot, N130802, but that effort
was futile as the DT shot performed poorly having es-
sentially the same hot-spot shape distortion as N130731.
After shots N130802 and N130808, further efforts on the
+700 hohlraum were suspended by our campaign.

In parallel with the attempt to utilize the +700
hohlraum, perturbations on the successful N130501 shot
were performed to explore the nearby parameter space
and test the veracity of our simulation predictions. Shot
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FIG. 17: Oblate hot-spot shapes (equatorial view) from two
experiments with different ∆λ’s but identical laser power and
energy are shown for experiments performed in the +700
hohlraum. P0 changed from 55.89±1.96 µm to 50.71±2.1 µm
and P2/P0 changed from −0.333 ± 0.026 to −0.217 ± 0.011
going from N130508 to N130808.

N130530 was meant to test higher implosion speeds us-
ing a 430 TW/1.5 MJ pulse-shape, but it also had a large
(∼ 5 µm peak-to-valley) m = 1 perturbation in the ice
layer, so it instead tested a simulation prediction that
such a perturbation in the DT ice layer would reduce the
yield by 50%. A repeat of shot N130530, but with an
in-spec DT ice layer, was performed in shot N130710[6]
which showed increased yield, but no increase in Pstag
due to increased hot-spot shape distortion. DT layer
shots N130812, N130927, and N131119 then built upon
N130501 by using lower peak power, but more laser en-
ergy — a so-called “no coast” implosion mode[6, 7].

In an effort to increase implosion speed, while main-
taining lower laser power where better hot-spot shape
control was experienced, the campaign recently embarked
upon a series of thinner (by 10%) ablator shots (“T-
1” thickness, 175 µm) in 2DConA N131118, keyhole
N131126, and DT layer shot N131219. N131118 used
∆λ30 = 7.5Å and ∆λ23.5 = 8.2Å and achieved a slightly
prolate (P2/P0 = 0.14±0.02) ablator shape and prolate
(P2/P0 = 0.17 ± 0.02) hot-spot shape (Fig. 18) indi-
cating improved inner beam propagation to the waist of
the hohlraum at late-time as compared to the T0 thick-
ness (195 µm) capsules. The implosion speed on N131118
was measured to be 349± 20 km/s using a 350 TW and
1.63 MJ laser pulse. The DD yield and measured Tion
from the DHe3 filled capsule was high compared to the
database of all previous shots being 1.1 × 1012 and 3.2
keV, respectively.

In order to round out the hot-spot shape for the fol-
lowing T-1 high-foot implosions, the laser wavelengths
were reset to ∆λ30 = 6.2Å and ∆λ23.5 = 6.9Å reduc-
ing the degree of CBET. With this change, keyhole shot
N131126 indicated a 500 ps lengthening of the duration
of the foot part of the pulse-shape in order to obtain the
proper merge depth for the 1st and 2nd shock for DT
layer shot N131219. As of this writing, shot N131219 ob-
tained Y13−15 = (3.0± 0.055)× 1015, DSR = 4.4± 0.2%,
Tion(DT ) = 5.1±0.1 keV, and Tion(DD) = 4.5±0.2 keV
with no indications of mix.

FIG. 18: The ablator shape are peak velocity (left frame) and
hot-spot shape at bang-time (right frame) are show for shot
N131118 (thinner ablator in a nominal hohlraum at 350 TW
and 1.63 MJ of laser power and energy).

FIG. 19: The ratio of yield from self-heating over compres-
sion yield is plotted against generalized Lawson criteria (right
hand side). The implosion shape for N140120 from the equa-
torial x-ray view (upper left), polar x-ray view (bottom left),
and equatorial neutron image (inset) all indicate a round im-
plosion with the exception of an M4 mode in the polar view.

APPENDIX B: 2.25 × YIELD AMPLIFICATION
FROM ALPHA-HEATING ON SHOT N140120

As this paper was being finalized, another high-foot
shot, N140120, was performed using a laser configuration
(NIF power = 410 TW and NIF energy = 1.865 MJ)
nearly identical to N131119 but in a depleted uranium
(DU) hohlraum. The primary motivation for this shot
was the potential for shape improvement using the DU
hohlraum. Pre-shot simulations using HYDRA indicated
a significant hot-spot shape improvement, while data us-
ing DU hohlraums from the NIC campaign indicated
only modest shape improvement. The higher opacity of
DU as compared to Au results in a slower Marshak [54]
radiation-wave penetration (for the same Tr(t) history)
into the hohlraum-wall giving a different rate of plasma
blow-off filling of the hohlraum and a different time-
dependance of the hohlraum-wall albedo. As of this writ-
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ing, shot N140120 obtained Y13−15 = (7.89±0.168)×1015,
DSR = 3.92 ± 0.23%, Tion(DT ) = 5.58 ± 0.19 keV, and
Tion(DD) = 4.6 ± 0.3 keV again with no indications of
mix. The total yield and fusion energy produced by this
shot were Ytotal = 9.3 × 1015 and Efusion = 26 kJ. This
shot demonstrated a yield multiplication due to alpha-
particle self-heating of 2.25× and also showed that in-
deed the equatorial shape could be greatly improved (see
Fig. 19) in line with the pre-shot simulation that was
calibrated to the previous series of high-foot DT exper-
iments. Using the technique outlined in Section V, the
stagnation pressure inferred from the data for N140120
was Phs ∼ 155− 180 Gbar.

For N140120 the Legendre mode shape coefficients for
equatorial x-ray image are P0 = (32.86 ± 1.84) µm,

P2/P0 = (−1.19 ± 3)%, P3/P0 = (−0.71 ± 2.3)%,
P4/P0 = (0.42 ± 3.3)% and for the polar x-ray im-
age Fourier modes M0 = (38.74 ± 1.4) µm, M2/M0 =
(3.85± 1.2)%, M3/M0 = (1.85± 1.3)%, and M4/M0 =
(8.18 ± 1.2)% with phases φM2 = 66◦ ± 14◦ and φM4 =
31◦ ± 2◦. Shape coefficients for the down-scattered neu-
tron image are P0 = 49.4 ± 4 µm, P2/P0 = 14 ± 5%
and for the direct neutron image P0 = 35.2 ± 4 µm,
P2/P0 = 18± 5%, and P4/P0 = −5%. The appearance
of an M4 mode (absent in companion shot N131119) sug-
gests that the ∆λ23.5−30 = 0.7Å that was appropriate for
N131119 in a Au hohlraum may not be appropriate for
DU, however there are also indications of a slight vertical
misalignment of the N140120 target that may instead be
responsible for the M4 mode appearing.
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