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Compression is an essential component of achieving high gain in inertial confinement fusion. However,
increasing compression with crystalline ablator-based implosions had not succeeded up to now, attributed to
increased hydrodynamic instability growth. We present experimental results demonstrating record high com-
pression of stagnated fuel in indirectly driven implosions that use a high-density carbon ablator at the National
Ignition Facility (NIF) [Spaeth et al., Fusion Sci. Technol. 69, 25 (2016)] by the use of a modified drive pulse
(and capsule design). Specifically, the SQ-n design [Clark et al., Phys. Plasmas 29, 052710 (2022)] replaces
the second and the third shock phase with a more gently ramped rise designed to reduce in-flight fuel adiabat
and instability growth at both the ablation front and the ablator-DT fuel interface and hence promote increased
compression. Comparing the results from a large set of experiments, we show that SQ-n achieves ≈15%–30%
higher compression than prior designs, a finding that may chart a path toward increased compression and higher
gain at the NIF [Abu-Shawareb et al., Phys. Rev. Lett. 129, 075001 (2022).].

DOI: 10.1103/PhysRevResearch.5.L042034

Laboratory experiments at the National Ignition Facility
(NIF) [1] have exceeded Lawson’s requirement in inertial
confinement fusion (ICF) implosions for the first time [2].
These implosions use the x rays, generated by illuminat-
ing the inside of a gold hohlraum with 192 laser beams,
to drive the implosion by the pressure produced from the
soft x-ray ablation of a spherical, thin, low-Z capsule, i.e.,
the ablator, encasing a cryogenic layer of deuterium-tritium
(DT) fuel. At stagnation, the shell and fuel kinetic energy
is transferred to the internal energy of a hot spot to ignite a
thermonuclear runaway that propagates into the dense fuel
layer before disassembly. Eventually, the yield produced is
limited by pdV expansion [3] that reduces the burn rate and
sets a maximum burn fraction, fb = ρR/(ρR + 6), where ρR
is the compressed fuel areal density in g/cm2 [4]. Increasing
the burn-up fraction beyond current experiments [2] is a main
goal of the ICF program at NIF. One lever on compression
is set by the entropy, or adiabat, established by the timing and
strength of successive shocks used to compress the fuel before
final acceleration [4]. Residual drive asymmetries limit the
minimum achievable volume and generate additional parasitic
modes through which the kinetic energy of the implosion
can dissipate before being converted into hot spot internal
energy and fuel compression [5]. The implosion is unstable at
several interfaces, and at different stages, which causes small
imperfections to grow, damaging the integrality of the shell,
and mixing material between interfaces. In fact, it has been
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hypothesized that in-flight mixing of an x-ray heated higher-Z
hotter ablator into the colder fuel [6,7] is raising the entropy or
adiabat of the fuel, limiting compression levels and ultimately
gain [8]. Mitigating any instability growth that can reduce
compression is necessary to achieve high gain at the current
scale.

In this Letter, we report on experiments, denoted SQ-n
[9,10], that have recorded high compression of the fuel in im-
plosions using crystalline high-density carbon (HDC) ablators
[11,12] at the NIF, a finding that supports the hypothesis that
compression in HDC implosion experiments is degraded by
instability growth. The degree of compression is quantified by
the areal density, ρ�R, achieved by the imploding shell as
inferred from the fraction of neutrons produced in the hot spot
that is down-scattered by the surrounding cold fuel in an im-
plosion with a cryo fuel layer. This metric, the down-scattered
ratio (DSR) [13–15], is numerically defined as the ratio of
scattered neutrons with energies between 10 and 12 MeV
over nonscattered, with energies between 13 and 17 MeV.
Specifically, SQ-n DSR values (at a design adiabat ≈3) show
≈15% and 30% improvement over those of the higher design
adiabat Bigfoot (BF) [16,17] (at a design adiabat ≈4.0) and
the lower design adiabat HDC [18,19] (at a design adiabat
≈2.5) implosions at comparable implosion velocity and ice
thickness. Therefore, the experiments employing the SQ-n
design suggest that we have simultaneously successfully mit-
igated high mode growth at the ablator-fuel interface [12,20]
present in the three-shock HDC design while improving the
in-flight adiabat over the BF design [9].

The BF design uses a three-shock pulse shape, shown
in Fig. 1, where the first and second shocks merge at the
ablator-fuel interface and meet the third shock at the inner fuel
surface, setting the shell at an adiabat α ∼ 4 [16,17]. In the
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FIG. 1. Pulse shapes used in the experiments: SQ-n (red) vs HDC
(blue) and BF (green). The vertical solid line indicates the neutron
bangtime and it is used here to illustrate the definition of acceleration
time, tacc.

HDC design the pulse shape is timed to have the three shocks
colliding at the inner fuel surface, for a resulting in-flight
adiabat α ∼ 2.5 [18,19]. Early subscale experiments utilizing
high-density carbon ablators with a “three-shock HDC” pulse
shape yielded similar or lower measured DSR values than
experiments with a “three-shock BF” pulse shape despite the
former having a lower design adiabat. This result suggests an
interface mix being responsible for compression degradation
in the three-shock HDC design, and motivated the develop-
ment of a pulse shape, “SQ-n,” with improved stability to
reduce the mix. As shown in Fig. 1, both the three-shock
HDC and the SQ-n pulse shapes use a similar strength first
shock that ensures melting of the HDC ablator to mitigate
the seeding growth of instabilities in the initially crystalline
material [11,12]. However, the similarities end here.

The passage of each shock in the HDC design leads to
undesirable Richtmyer-Meshkov (RM) [21–33] growth of
perturbations. When the shell starts to accelerate, the pressure
and density gradients are subject to the violent Rayleigh-
Taylor (RT) instability [34–38] at the ablation front such that
perturbations established during the RM phase grow substan-
tially larger at a nearly exponential rate. The ablation front
density gradient and ablation velocity are stabilizing effects
that suppress the growth of high modes during ablation. As
the implosion begins to decelerate and approaches stagna-
tion, perturbations will continue to grow due to the effects
of spherical convergence, known as the Bell-Plesset effect
[39–42]. Outer surface pits and bulk material voids can seed
this instability growth and introduce high-Z material into the
hot spot, increasing radiation losses and making material more
difficult to compress, ultimately preventing ignition or lim-
iting gain. Hydrodynamic instabilities at other interfaces in
the capsule can mix material from the ablator into the DT
raising entropy and reducing compression and limiting burn
propagation after the hot spot is ignited. If the density of the
ice fuel at the ice-ablator interface exceeds that of the HDC
ablator, the sign of the Atwood number (At) is reversed mak-
ing this interface classically stable to the RT instability during
the acceleration phase of the implosion. The conditions at

FIG. 2. Hohlraums and capsules used in the experiments. For the
benefit of brevity, the two capsule varieties, (a) and (b), are referred
to in the text as the “W-inner” and “W-buried” layer, respectively.

the ice-ablator interface depend on several factors, including
the amount of hard spectrum x-ray preheat from the drive
that can interact deep in the ablator. To help control the At,
high-Z (typically W) dopant is added to the ablator. How-
ever, there are trade-offs in ablation efficiency and stability
at the ablation front that must be considered and often allow
positive At, at some point, that enables the growth of very
small high-mode perturbations at the ice-ablator interface.
This growth can introduce a hot ablator into the fuel making
it more difficult to compress. In the three-shock HDC and BF
designs, the dopant is buried inside the ablator, at ≈5 µm from
the fuel outer surface [Fig. 2(b)], creating another interface
of clean/doped material near the inner surface that can seed
RM and RT growth. To fundamentally change these typical
stability trade-offs, the SQ-n design uses a novel strategy to
replace the second shock with a gently rising ramp setting the
fuel at a low adiabat of 3, while accelerating the first shock
as it goes through the ablator. This acceleration causes the
perturbations in the RM phase to oscillate instead of growing
linearly [21–33], effectively damping the shock-driven RM
growth and greatly reducing the RT seeds at the ablator-fuel
interface [9,10] and the final shock strength. Therefore, the
fuel-ablator interface experiences only a single shock fol-
lowed by a smooth, quasicontinuous acceleration. This can
be seen in Fig. 3(a), showing the simulated velocity profiles,

FIG. 3. Simulated velocity of the fuel-ablator interface shortly
after the first shock crosses that interface (a) and mix width vs fuel
ablator radius (b) for the three-shock HDC (blue) and SQ-n (red)
designs. The comparisons show the improved stability and reduced
mix achievable with the SQ-n design.
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from the radiation hydrodynamics code HYDRA [43], of the
fuel-ablator interface shortly after the first shock crosses that
interface. This interface acceleration has the effect of turning
this RM-unstable phase of the implosion into a RT-stable
phase [9,10]. As a result, the mix width at the ablator-fuel
interface is reduced by more than an order of magnitude at
the end of the RM phase, for the SQ-n drive. Likewise, SQ-n
design uses a dopant distribution where the doped ablator
region extends all of the way to the fuel-ablator interface
[Fig. 2(a)]. Since this brings the tungsten dopant (W) down to
the HDC shell’s inner edge, this dopant distribution is referred
to as a W-inner dopant distribution. This replaces the typical
buried layer dopant distribution that includes a thin undoped
ablator layer between the DT fuel and the doped ablator
region. The W-inner configuration removes one potentially
unstable interface from the design, and preshot simulations
suggested it can substantially reduce fuel-ablator mixing in
SQ-n. Ultimately, Fig. 3(b) shows the simulated mix width vs
fuel-ablator radius, revealing substantial mixing between the
HDC and DT at the interface for the HyE implosion (black
curve).

In the case of SQ-n and some HDC implosions, the 192
NIF beams drive a 5.4-mm-diameter cylindrical hohlraum
containing a suspended capsule of inside radius 844 µm with a
69-µm-thick HDC ablator enclosing a 40–45-µm-thick cryo-
genic hydrogen isotope fuel layer. The ablator contains a
26-µm-thick, 0.39% W-doped layer, starting at 870 µm radius
and extending all of the way to the inner edge of the abla-
tor shell. This dopant layer configuration will be referred to
as W-inner throughout this Letter. For the remaining HDC
implosions, the hohlraum had a 5.75 mm diameter and the
capsule an inside radius of 845 µm with a 64-µm-thick high-
density carbon ablator, containing an 18-µm-thick, 0.25%
W-doped layer, starting at 5 µm from the inner radius en-
closing a 53-µm-thick cryogenic hydrogen isotope fuel layer
[Fig. 2(b)]. This dopant layer configuration will be referred to
as W-buried throughout this Letter.

The majority of the experiments discussed here used a
cryogenic layer with a surrogate tritium-hydrogen mix in a
ratio of 3:1, and a nominal deuterium fraction of 0.8%, main-
taining hydro-equivalence to the usual 50/50 DT layers [44].
The NIF drive pulse delivered a total energy of 1.3–1.5 MJ,
depending on the pulse duration, at 3ω (0.35 µm) with a peak
power of 400 TW.

The x-ray core shape is measured by 40–90-ps gated
>7 keV, 12–15× magnification, 10-µm pinhole imagers look-
ing from both equatorial and polar lines of sight. This
information was used to confirm that the cores did not have
large mode 2–4 asymmetries that would bias the comparisons
of compression achieved. Figure 4 shows the hot spot x-ray
emission from two of the SQ-n experiments, N220501 and
N220604, with overlays of the level contours at the 17% of
peak emission. These contours are used to assess the hot spot
size and asymmetry modes through a Legendre decomposition
and shows the mode 2–4 asymmetries all below a level of 6%
of the average radius.

An array of neutron energy sensitive detectors is used to
measure the value of the DSR along five different lines of sight
[45]. The measurements are fitted to a spherical harmonic
expansion Ylm, up to l = 1, to produce a DSR “skymap” and

FIG. 4. Time-resolved x-ray emission images from SQ-n experi-
ments N220501 (a) and N220604 (b), from equatorial lines of sight,
with overlays of the 17%-of-peak-emission level contours. The re-
sulting values for Legendre mode 2 and mode 4, expressed as a
percentage of the average radius, are 3% and −4%, and 6% and
−1%, for N220501 and N220604, respectively.

calculate the DSR average (over 4π ) and any mode-1 DSR
asymmetry [46]. Figure 5 shows the DSR skymaps for the
four experiments that are part of the SQn series, together
with the average and the minimum and maximum values
of the DSR for each experiment. For a comparison across
different designs, it is crucial to compensate the reduction
in compression due to the induced asymmetries. An esti-
mate of mode-1 asymmetry can be easily calculated from
δDSR/DSR = (DSRmax − DSRmin)/(2DSR4π ) and the val-
ues reported in Fig. 5. The experiment affected by the largest
degree of asymmetry is N220115, for which δDSR/DSR =
37%, with the other experiments ranging between 10% and
20%.

Therefore the DSR measured values are corrected for such
mode-1 asymmetry reducing compression according to the
factor [1 − (δDSR/DSR)2]−1, validated by simulations and
a piston model [47,48] and using amplitude values for mode
1 measured by nToF [49], RTNADs [50], and FNADs [51]
detectors. While this correction, ≈+4% on average, may only
be slightly larger than the raw data statistical error bars, it is
important in ensuring a fair comparison.

To compare the fuel convergence ratios (a metric of com-
pression), scaling as

√
(ρ�Rfinal/ρ�Rinitial ), the DSR values

are also normalized to a nominal 45-µm initial thickness. The
resulting values of DSR are shown in Fig. 6. It is evident
from the plot that the SQ-n experiments have resulted in a
significant increase in compression when compared to HDC
and BF, as demonstrated by the higher, by far, recorded values
of DSR.

Figure 6 shows the DSR values plotted against the implo-
sion velocity vimp. The values of the implosion velocity are
derived from measured quantities according to vimp ∼ R/tacc,
where R is the capsule radius and the acceleration time tacc is
defined as tacc = tBT − tstart − 0.5 ns, where tBT is the bang-
time, and tstart is the time at which the drive power rises
above 300 TW, being the final shock trajectory is not sensitive
to peak powers above this threshold. This derivation of the
implosion velocity has been validated against companion ex-
periments that have measured the trajectory of the shell using
in-flight radiography [52,53]. The values of the implosion
velocity obtained this way are then normalized by the value
directly measured on said radiography companion shots [8].
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FIG. 5. DSR skymaps for the four SQ-n experiments. The aver-
age and the minimum and maximum values of the DSR are reported
on the header of the skymap of each experiment.

FIG. 6. BF (green), HDC (blue), and SQ-n (red) show the respec-
tive measured values of DSR parametrized vs implosion velocity.
The down-scattered ratio values are corrected for mode-1 asymmetry
and normalized to the 45-µm fuel ice layer. The fits, using Eq. (A5),
include shaded areas representing the 95% confidence levels, i.e., 2σ .

This parametrization helps in separating statistically the
different values of DSR for the three different designs and
shows the trend of increasing DSR with increasing vimp, in
agreement with the scaling, Eq. (A5), derived in the Ap-
pendix, DSR/Mfuel ∼ v1.6

imp/( f αhs), with αhs being the hot spot
adiabat, and f a factor that accounts for any ablator-fuel mix
preheating the fuel and reducing the stagnated fuel density
and compression. To quantify the effective variations in DSR
across the three designs, Fig. 6 shows the fits of the measured
values of DSR to Eq. (A5), including shaded areas, represent-
ing the 95% confidence levels. The fact that these areas are not
overlapping shows strong statistical independence between
the results from the SQ-n and the non-SQ-n designs. From
the fitted value of the multiplicative constant, we conclude
that the DSR gains achieved by the SQ-n pulse are 15% ± 3%
with respect to BF and 30% ± 4% with respect to HDC. Given
that this constant corresponds to the factor 1/( f αhs), we can
ascribe the increased compression mainly to the reduced fuel
ablator mix relative to the lower adiabat HDC design, and
the lower adiabat relative to the BF design. The reduction
of mix has been validated by using spectroscopy of the L-
shell emission from W, along the polar line of sight [54–56].
Results show the SQ-n design to have greatly reduced mix
signatures from both fuel-ablator and fuel–hot spot interfaces,
as compared to three-shock HDC.

The W-inner dopant profile has also been tested in the
three-shock HDC design but did not perform as well in terms
of compression as SQ-n as shown in Fig. 6. This suggests that
the ramped pulse shape is essential for the higher compres-
sion seen in SQ-n. The DSR does show a modest increase
when the W-inner dopant layer concentration was increased
from 0.25% (N210926) to 0.4% (N220228), but can be just
ascribed, within error bars, to vimp scaling.

In summary, we have presented experimental results
demonstrating record high compression of stagnated fuel in
implosions using the HDC ablator at the NIF. We notice
that the highest DSR SQ-n shot matches, within error bars,
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the fuel compression ratio achieved by the highest CH-based
four-shock low adiabat design [57]. Further experiments are
planned to optimize the dopant profile and content for the
SQ-n design and to measure the stagnated peak fuel density
and interface mix, to further understand the improvement in
areal density using Compton radiography [5] and in-flight
monochromatic radiography [58].

While ignition has been achieved in ICF experiments at
the NIF [2], achieving even higher gains and efficient burn
requires an increase in compression of the assembled fuel in
large-scale implosions. The results presented here pave the
way to 25% larger scale SQ-n experiments testing if higher
compression can indeed increase fusion gain and surpass the
recent breakthrough results reported by Abu-Shawareb et al.
in Ref. [2]. As such, the presented work represents a transfor-
mative step forward in what we can strive to achieve in ICF.
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Appendix. It is instructive to isolate the DSR dependence
on parameters, such as peak velocity, adiabat, and mix, adding
to a prior derivation [59], to compare to the existing data
in Fig. 6. In what follows, we will assume that, in the de-
celeration phase, PV γ is an approximate invariant of the
hot spot during deceleration, and the stagnated fuel and hot
spot are isobaric [60]. This has been shown by Saillard [61],
using a zero-dimensional model of the implosion and one-
dimensional (1D) simulations [cf. Eq. (4.33) and Fig. 10 of
Ref. [61]], and by Bose et al. [62], using a one-dimensional
model of the implosion [cf. Eqs. (17) and (18) in Ref. [62]].

We start by relating the isobaric stagnation energy to the
peak fuel kinetic energy:

PstagR3
stag ∼ ηMfuelv

2
imp ∼ Mfuelv

1.6
imp, (A1)

where Pstag and Rstag are the pressure and outer radius of the
fuel at stagnation, Mfuel is the mass of the fuel, and vimp is
the fuel implosion velocity. The term η scales as v−0.4

imp , and
accounts for the loss of ablator remaining mass, per Rocket
model and for fixed Mfuel, as vimp increases, that results in
decreasing push from the ablator and, ultimately, less com-
pression than expected from an ∼v2

imp scaling [57,63].
Incorporating the definition of “adiabat,” α, as per Eq. (1)

in Ref. [28], into the ideal-gas adiabatic equation, we can then
write PV γ ∼ αhsM

γ

hs ∼ c, where αhs and Mhs are the hot spot
adiabat and mass. We now assume Mhs negligibly small with
respect to Mfuel and constant across the different experiments
as the initial radius and fill are similar between designs and
the yield amplification is negligible. Substituting the value for
a monatomic gas, γ = 5/3, we get (cf. Ref. [48])

PstagR5
hs ∼ c, (A2)

where Rhs is the final radius of the hot spot. Furthermore,
consistent with 1D simulations [63], we can approximate

Rstag ∼ Rhs( f Mfuel/R3)1/5 (A3)

with R being the initial radius. This accounts for fuel
thickness �R = Rstag − Rhs increasing with Mfuel at a given
compressed fuel density ρ, and any ablator-fuel mix puff-
ing up the fuel by a factor f ∼ ρ(no mix)/ρ(mix) ∼
[αfuel(mix)/αfuel(no mix)]3/5. Substituting for Rhs and for Pstag

from Eq. (A1) in the limit of fixed initial radius we get

R2
stag ∼ f c/v1.6

imp. (A4)

It should be noted that Eq. (A4) still holds if one more cor-
rectly replaces Mfuel with Mfuel + Mmix, where Mmix is the
ablator mass mixed in the fuel by peak implosion veloc-
ity through to stagnation. Substituting for Rstag by invoking
conservation of fuel mass given by, in valid approximation
�R � Rstag, Mfuel ∼ ρR2

stag �R we get

ρ�R

Mfuel
∼ DSR

Mfuel
∼ v1.6

imp

f c
(A5)

in the valid assumption that DSR is dominated by scattering
off tritium-hydrogen-deutrium (THD) fuel and negligibly by
doped HDC ablator, regardless of the level of mix.
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