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To reach the pressures and densities required for ignition, it may be necessary to develop an approach to
design that makes it easier for simulations to guide experiments. Here, we report on a new short-pulse
inertial confinement fusion platform that is specifically designed to be more predictable. The platform has
demonstrated 99%þ 0.5% laser coupling into the hohlraum, high implosion velocity (411 km=s), high
hotspot pressure (220þ 60 Gbar), and high cold fuel areal density compression ratio (>400), while
maintaining controlled implosion symmetry, providing a promising new physics platform to study
ignition physics.
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For indirect drive inertial confinement fusion (ICF), a
spherical shell of deuterium-tritium fuel (DT) is imploded
to reach fusion conditions, self-heating, and/or burn [1,2].
At the National Ignition Facility (NIF), a high-Z cylindrical
hohlraum is heated with 192 laser beams. The resultant
x rays ionize the exterior of the spherical ablator and
accelerate the remaining ablator and DT fuel inward. A
diagram of an ICF target is shown in the upper left of Fig. 1.
For high neutron yields, the hotspot must reach 4–5 keV
and an areal density of 0.2–0.3 g=cm2, which can initiate
burn if the total areal density ρR of the DT is 1–2 g=cm2.
By design, these implosions must be near 1D, and
have high in-flight kinetic energy (i.e., velocities
∼380–400 km=s). Past experiments have been challenged
by hydrodynamic instabilities [3], implosion symmetry
[4,5], and/or laser plasma instabilities (LPI) [6,7] and
models have had difficulty predicting small changes.
Here, we present experiments that leverage a short laser
pulse, reduced hohlraum wall motion, increased hydro-
dynamic stability, and high coupled energy to substantially
improve predictability.
Our design, called “BigFoot,” is more robust to hydro-

dynamic instabilities and hohlraum plasma physics and
more tolerant of fuel preheat, errors in shock timing, and
variations in shock strength [8]. These goals extend
principles used to go from the “Low Foot” [9,10] to the
“High Foot” [11–14] designs; however, we step back from
these low to medium adiabat platforms [9–20], where the
adiabat [2,21] of the fuel α is expressed as α ¼ P=PF,
where PF is the Fermi pressure which is related to the DT

fuel density ρ by PF½Mbar� ¼ 2ρð5=3Þ. This can also be
related to the mass-averaged fuel entropy through the
relation α ∼ ½1þ exp (ðs − 0.455Þ=0.063)�0.54, where s is
the mass-averaged fuel entropy in GJ=g=keV. Low and
medium adiabat designs have a low first-shock velocity
in the ablator and fuel, ∼18, 23, and 30 km=s for Low
Foot [22], High Foot, and Diamond [20], respectively.
Successive shocks are then designed to overtake the first
shock near the DT ice or gas interface, leading to a longer
laser pulse length. The BigFoot platform uses a short laser
pulse shape, allowing the second shock to overtake the first
in the ablator, near the ablator-fuel interface [8]. This sends

FIG. 1. Laser pulse shape comparisons for a low adiabat, α ∼ 2,
HDC implosion, 140913, and the higher adiabat, α ∼ 4, BigFoot
implosion, 150809.
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a strong shock (∼55 km=s) into the DT fuel, putting it on a
high adiabat (α ∼ 4). The BigFoot design also uses a thin
fuel layer (40 vs 70 μm) to increase velocity and reduce the
capsule implosion time. These choices simplify target
physics and reduce sensitivity to shock timing and fuel
preheat, but limit the achievable compression and gain.
However, the BigFoot platform reaches similar or higher
compression than previous lower adiabat platforms. Initial
BigFoot experiments also use gold hohlraums rather than
uranium as oxidation is a concern for reproducibility.
The choice of high adiabat, and a short pulse, is consistent

with reducing detrimental physics effects, such as hohlraum
wall motion. The hohlraum wall region under the laser spots
can move quickly, as temperatures can reach 2–3 keV [23].
For a long laser pulse, the wall region driven by the outer
beams can expand inward and absorb the inner cones,
making it impossible to achieve a symmetric implosion.
To avoid this, the length of the BigFoot laser pulse is short,
∼6 ns, compared to a conventional pulse (14 ns for the High
Foot) [11–14]. To be compatible with this pulse, the BigFoot
design utilizes a high-density carbon (HDC) ablator due to
its high sound speed (fast shock transit) [17–19].
Both simulations and experiments indicate that the short

pulse and high adiabat should reduce hydrodynamic
instabilities relative to lower adiabat designs [24–26].
The BigFoot platform is also unique in that it is designed
to have a stable (negative) fuel-ablator Atwood number, A,
in the acceleration phase of the implosion, where A ¼
ðρf − ρaÞ=ðρf þ ρaÞ [8,27]. This is accomplished by the
1–2 shock overtake in the ablator. The ablator is shock
compressed 3 times and the DT fuel 2 times. Thus, the
density of the ablator, ρa, is greater than the density of the
fuel, ρf, throughout acceleration. Additionally, the first
shock pressure is high (12 Mbar) relative to previous work
with HDC (10 Mbar) [17]. Experiments operated below
12 Mbar risk being in the coexistence regime for HDC
(solid and liquid phases), thereby seeding instability
[17,28]. A comparison of a BigFoot pulse (α ∼ 4), and a
more conventional pulse (α ∼ 2) is shown in Fig. 1 in terms
of laser power P vs time t, the main difference being the
∼1 ns difference in foot duration.
The BigFoot platform is designed to reduce LPI that

occurs in high gas fill hohlraums. Previous platforms
used hohlraums filled with helium at densities of 0.96 to
1.6 mg=cm3 to tamp the evolution of the capsule and wall
blow-off. These hohlraums experience large levels of LPI,
∼15%, and required multipliers on drive [29], and/or
surface roughness [12], to try to account for poorly
understood physics, or correlations with LPI. Other plat-
forms used “near-vacuum” hohlraums with a gas fill
density of 0.03 mg=cm3 [15–19]. This choice mitigated
LPI, but symmetry control and predictability were limited
due to increased wall motion. The BigFoot platform
introduces a gas fill of 0.30 mg=cm3, and calculations
using F3D [30], a three-dimensional wave propagation

code, predict LPI will remain low until experiments
approach the energy and power limits available at NIF
[31]. These choices, along with pointing detailed in the
Supplemental Material [32], have enabled 99% coupling.
Initial experiments used an existing hohlraum, 5.75 mm

in diameter by 10.13 mm long, and HDC capsule, 844 μm
inner radius, and 64 μm thick, filled with D-3He (30% D2,
70% He3) at 32° K and 4073 Torr (6.7 mg=cm3). In most
cases, these capsules were doped with Tungsten (W)
to shield the ice-ablator interface from x-ray preheat
[18,19]. The W-doped capsules nominally had a 5 μm
thick undoped HDC layer in the interior of the capsule,
followed by a 20 μm thick W-doped HDC layer with
0.25% atomic W, and a 39 μm undoped HDC layer on the
exterior of the capsule. To study symmetry and predict-
ability, we varied the cone fraction (CF), the ratio of the
peak inner beam power to the total laser power, and
quantified the results by decomposing the hotspot shape
into Legendre polynomials Pl [40]. The results for this first
set of experiments are shown in Fig. 2(a) by the solid blue
circles. The first two experiments, represented by the top
two solid blue circles in Fig. 2(a), used undoped HDC
capsules, whereas all other experiments used W-doped
capsules. All implosions utilizing W-doped capsules con-
tained a bright region of emission in the hotspot, which we
attribute to ablator material (mix) from the capsule fill
tube [20].
Follow-on experiments were conducted in a 5.40 mm

diameter by 10.13 mm long hohlraum, where simulations
predicted a round implosion with a CF close to 0.33,
maximizing the available laser power. The CF was varied in
the new hohlraum, and again found to confirm the predicted
hotspot shape (P2) and symmetry (P2 vs CF). For the
5.4 mm diameter hohlraum, the experimental results are

FIG. 2. (a) Hotspot images and the P2 component of the core
shape as a function of the inner cone fraction. The dashed blue,
purple, and black lines represent the analytic model of the P2

component of the core shape a2 in Eq. (1), for the 5.75(0.85 MJ),
5.75(1 MJ), and 5.4(1 MJ) mm diameter hohlraums, respectively,
as detailed in the Supplemental Material [32]. (b) The image of
the primary neutron fluence, 13–15 MeV, from 170109. The 17%
of maximum contour for the primary neutron image is repre-
sented by the dashed brown line. The black contour line
represents the 17% of maximum for the downscattered neutron
fluence, 10–12 MeV.
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shown as filled black squares, and simulations by open
black squares. We see good agreement between the
measured hotspot shape, and the shape predicted by
simulations, and find that the optimal CF in these experi-
ments is 0.31, close to the original goal (0.33). The
5.75 mm diameter hohlraum produced a round implosion
with a CF of 0.2 because the outer beams were intercepted
closer to the capsule, providing more equatorial drive. To
lend credence to the simplified hohlraum physics provided
by the BigFoot design, the sensitivity of the hotspot second
order Legendre moment a2 to peak cone fraction CF and
hohlraum radius can also be explained using a 2D analytic
vacuum laser and x-ray transport view factor model as
detailed in the Supplemental Material [2,41,42]. The results
of this model are represented by the dashed lines on
Fig. 2(a), which match the measured and simulated
sensitivity to CF and hohlraum diameter. The model also
accurately predicts the effect of the increase in the peak
power duration on the shape as a function of CF as seen by
the measured data points going between the solid blue
circles (0.85 MJ) and the purple triangle (1 MJ).
With the conclusion of these experiments, three DT fuel

layer experiments were fielded. In these experiments the
hotspot emission, in terms of Legendre P2, is found to be
∼9ð14Þ μm more oblate than a gas-fill implosion at the
same CF for the x-ray emission, filled green triangles
(neutron emission, solid red triangles) in Fig. 2(a).
Simulations indicate this is due to the increased mass
of the DT ice layer, and a delay in the trajectory of the
implosion. This series concluded on 170109, which was
inferred to have a near-1D hotspot [see Fig. 2(b)], an
inferred velocity of 411� 20 km=s, and a neutron P2 of
−0.2 μm. As seen in Fig. 2(b), the downscatter neutron
image is also symmetric, P2 < 1 μm. The overall perfor-
mance in this experiment was higher than all previous
implosions at similar power, energy, and scale. The hotspot
pressure for the three DT implosions increased monoton-
ically with laser energy E as shown in Fig. 3 by the green

circles, and indicate a hot spot pressure scaling as E3 using
techniques detailed in Ref. [11]. These results are consis-
tent with the hotspot pressure scaling expected from 0D
analytic models of the implosion, as detailed in the
Supplemental Material [32], and provide additional indi-
cations that the platform is behaving according to analytic
models. The first DT experiment, 160207, was conducted
in a 5.75 mm diameter hohlraum with an undoped HDC
ablator. Importantly, the down-scattered ratio, or DSR, in
this experiment (0.014) utilizing an undoped HDC capsule
was 36% below simulations (0.022), even though calcu-
lations reproduce the observed shape and time of peak
emission. The down-scattered ratio, or DSR, is given by the
ratio of the number of neutrons at 10–12 MeV to the
number of neutrons at 13–15 MeV, and is proportional to
the compressed fuel þ hot spot areal density, which causes
the scattering of high energy neutrons. The latter two
layered DT shots in the 5.40 mm diameter hohlraums used
HDC ablators with a 0.25% W dopant layer and the
measured DSR was much higher (0.029), suggesting that
capsule dopant could be critical to producing a DSR close
to simulation (0.032). The discrepancy in the first experi-
ment (160207) could be consistent with enhanced insta-
bility at the ice-ablator interface [43], or, interface physics
missing from simulations. Historically, most experiments
have measured a DSR less than predicted [43–45]. These
results suggest that other platforms could benefit from
testing the sensitivity of DSR to capsule dopant level.
To put these results in context, a number of simulations

were run for comparison to data, as well as make pre-
dictions at increased laser energy. As shown (Fig. 3), these
simulations also follow the E3 hotspot scaling. Since these
targets were not designed to absorb such high energies, the
final simulation point at 1.9 MJ scaled the capsule thickness
and DT layer thickness by 20% to enable sufficient
remaining mass in the ablator. The 20% thicker DT layer
resulted in a DSR that was ∼15% higher than the low
energy simulations. This illustrates one way in which high
adiabat implosions can achieve higher DT areal densities.
According to simulations, which may not hold at the higher
energies, high adiabat platforms could in principle reach
and exceed several of the elusive milestones associated
with ICF including hotspot ignition [46] (Y > 1 × 1016),
capsule gain exceeding unity (Y > 6 × 1016, fusion yield
exceeds energy absorbed by the capsule), and possibly even
ignition [47] (Y > 1 × 1017, alpha heating exceeds all
losses). Although the simulation at 1.9 MJ indicates this
target is igniting, we point out that the yield is limited by
the low DT fuel areal density, DSR ¼ 3.5%. To reach high
gains, Y ≫ 1018, without more laser energy would require
a higher compression ratio and areal density than achieved
with BigFoot or with previous or existing lower adiabat
platforms.
Table I provides a comparison of the two W-doped

BigFoot layered DT shots, 161030 and 170109, with two of

FIG. 3. Hotspot pressure as a function of laser energy. The
experimental data are represented by the green circles, and the
simulated hotspot pressures by the red circles.
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the highest performing High Foot experiments using the
analysis in Ref. [11]. The convergence ratio is defined as
the ratio of the initial inner radius of the ablator to the radius
of the down-scattered neutron image, and the cold fuel
compression ratio is defined as the ratio of the ρR of the
compressed fuel, 19.3�DSR-ρRHS, to the ρR of the initial
DT ice (initial density 0.255 g=cm3) [11]. Since BigFoot
experiments are high adiabat (α ¼ 4), and have signifi-
cantly less DT ice than most experiments, 41 vs 69 μm, one
should expect the areal density for BigFoot experiments to
be substantially less than 41=69 ¼ 0.6x the High Foot;
Table I shows this is not the case. Moreover, quantities that
should be independent of the initial DT fuel thickness,
namely, convergence ratio, cold fuel compression ratio
(∼22), hotspot areal density (∼0.15 g=cm2), and hotspot
pressure (∼220 Gbar) are very comparable. This may
indicate that BigFoot implosions are more similar to
simulations, and can be used to identify factors important
to compression. As an example, the results herein suggest
experiments using the High Foot target and laser pulse
could benefit from testing the sensitivity of DSR to the
capsule dopant level.
In summary, a new ICF platform has demonstrated control

of implosion symmetry, a neutron P2 of −0.2 μm, and high
implosion performance (∼220 Gbar) at modest laser energy
(1.15 MJ) on the NIF for a target at high DT adiabat (4).
These advances are attributed to the laser pulse length (6 ns),
high DTadiabat, stable Atwood number, high density ablator
and first shock strength (12 Mbar), hohlraum gas fill
(0.3 mg=cm3), and unique laser pointing as detailed in
the Supplemental Material [32]. Though these features are

conservative and expected to reduce performance, the
benefit is that they reduce hohlraum wall motion, hydro-
dynamic instabilities, LPI and improve predictability to
simplify future physics studies. Upcoming experiments will
test the effects of physical scale and adiabat, and see if
changes to the target (e.g., a hohlraum foam liner [48]) can
further improve control.

We wish to thank the NIF operations team. This work
was performed under the auspices of the U.S. Department
of Energy by Lawrence Livermore National Laboratory
under Contract No. DE-AC52-07NA27344.
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