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Data from nuclear diagnostics present correlated signatures of azimuthal implosion asymmetry
in recent indirect-drive inertial confinement fusion (ICF) implosion campaigns performed at the
National Ignition Facility (NIF). The mean hot-spot velocity, inferred from the Doppler shift of
14-MeV neutrons produced by D–T fusion, is systematically directed toward one azimuthal half of
the NIF target chamber, centered on φ ≈ 70◦. Areal density (ρR) asymmetry of the converged
DT fuel, inferred from nuclear activation diagnostics, presents a minimum ρR in the same direction
as the hot-spot velocity and with ∆ρR amplitude correlated with velocity magnitude. These two
correlated observations, which are seen in all recent campaigns with cryogenic layers of DT fuel,
are a known signature of asymmetry in the fuel convergence, implying a systematic azimuthal
drive asymmetry across a wide range of shot and target configurations. The direction of the implied
radiation asymmetry is observed to cluster toward the hohlraum diagnostic windows. This low-mode
asymmetry degrades hot-spot conditions at peak convergence and limits implosion performance and
yield.

Inertial confinement fusion (ICF) aims to ignite a prop-
agating fusion burn wave in deuterium-tritium (DT) fuel.
Ignition requires fuel self-heating by fusion-produced al-
pha particles to exceed losses due to expansion, ther-
mal conduction, and radiative cooling. Calculating
these terms produces an ignition condition (the “Law-
son criterion”[1]), which is often cast as a lower limit on
the product of the hot-spot pressure P and confinement
time τ : Pτ & 10 atm sec[2]. In hot-spot ignition ICF,
short (∼100 ps) confinement time is exchanged for high
(>300 Gbar) hot-spot pressures, which are produced by
spherical implosion of a cryogenic fuel layer with a ra-
tio of initial to final radius in excess of 30[3]. The cur-
rently best-performing ICF implosions on the National
Ignition Facility (NIF) have produced hot-spot pressures
of 360 Gbar and fusion yields of 50 kJ and have be-
gun to show the effects of fusion self-heating[4]. How-
ever, these experiments continue to underperform simula-
tions of their performance, which predict pressures above
500 Gbar and dynamics dominated by self-heating.

The large radial convergence required for hot-spot ig-
nition places demanding requirements on the symmetry
of the implosion. Asymmetric convergence produces un-
stagnated flows in the converged fuel and hot spot, which
limits the maximum hot-spot pressure and reduces con-
finement time[5]. Much of the effort in the NIF implo-
sion campaigns focuses on controlling hot spot asymme-
tries, which are diagnosed using time-dependent x-ray
self-emission imaging and neutron hot-spot imaging[6].
These diagnostics generally lack, however, an absolute
position reference and are therefore not sensitive to off-
sets in the implosion, described by the first spherical har-
monic or “mode-1” asymmetry. Simulations have shown
that an offset drive illuminating one side of a capsule
more brightly than the opposite can produce a net veloc-

ity in the fusing hot spot and significant asymmetry in
fuel assembly[7]. Such flows have been measured using
time-resolved x-ray pinhole cameras[8], but the accuracy
of this technique is limited by the small number of diag-
nostic views. Asymmetry in the assembled fuel has been
suggested by trends in hot-spot areal density, ion tem-
perature, and pressure[9], and from significant variations
of scattered neutron flux with line-of-sight observed on
some implosions[10].

This Letter presents experimental evidence from nu-
clear diagnostics of a systematic mode-1 drive asymme-
try in the cryogenic implosion campaigns on the NIF.
Flows in the hot-spot plasma are diagnosed by measur-
ing the Doppler shift of the fusion neutrons: these flows
are often a significant fraction of the implosion velocity
and systematically concentrate toward one direction per-
pendicular to the axis of hohlraum symmetry. The local
areal density (ρR) of the converged fuel is diagnosed by
variations in the neutron fluence as measured by neutron
activation diagnostics (NAD’s): the asymmetry magni-
tude correlates strongly with velocity magnitude, and
the direction of minimum ρR matches the direction of
hot-spot velocity. These observations together strongly
indicate the presence of an unexpected systematic im-
plosion asymmetry in NIF cryogenic implosions over the
past three years. Such an asymmetry limits the perfor-
mance of the present ICF implosions and must be cor-
rected if ignition is to be achieved.

The converged hot spot produces neutrons via two
reactions: deuterium–tritium (D–T) and deuterium–
deuterium (D–D) fusion. These reactions produce neu-
trons with birth energies of 14.02 and 2.45 MeV, respec-
tively; however, the spectral shape is modified by both lo-
cal temperature and velocity[11]. Neutron time-of-flight
(nTOF) spectrometers view the implosion from four po-



2

FIG. 1. (a) Neutron-averaged hot-spot flow velocity mag-
nitude and direction evaluated for NIF cryogenic implosions
in the HDC (©), Bigfoot (4), and CH (�) campaigns from
2016–2018. The gray symbols represent implosions with bulk
velocity below 30 km/s. (b) Uncertainty in the inferred hot-
spot velocity direction for implosions with V > 30 km/s.
Color indicates hohlraum designs with 2 (red) or 3 (blue)
diagnostic windows with positions indicated by (×).

sitions around the NIF target chamber[12]. Since these
spectrometers record neutrons produced throughout the
fusing volume, the spectral shape can be fit to infer the
“burn-weighted” hot-spot conditions. In particular, a
neutron-averaged flow velocity projected along each de-
tector line of sight is obtained by observing the shift in
mean neutron energy relative to the expected value[13].
Using at least three of these measurements, the mean hot-
spot velocity magnitude and direction can be determined,
along with rigorous uncertainty estimates[14]. (Direc-
tions are in NIF polar coordinates θ, φ that are angles
relative to the hohlraum axis and azimuth, respectively.)

Applying this method to 44 implosions with cryogenic
DT-ice layers performed on the NIF during 2016–2018,
a pattern emerges, as shown in Fig. 1. For implosions
in which significant velocity was inferred (V > 30 km/s,
a typical value for the measurement uncertainty), the
hot spots are observed to flow toward one hemisphere.
This data set includes experiments that use a variety of
laser pulse shapes and ablators, including shots from the

high-density carbon (HDC)[15], “Bigfoot” (high-adiabat
HDC)[16], and CH campaigns[17]. The three campaigns
are not equally susceptible to the azimuthal velocity
asymmetry. Significant velocities were observed in 17 of
18 HDC and 10 of 11 Bigfoot implosions, including one
shot in each campaign exceeding 115 km/s. In contrast,
only 6 of 15 CH implosions in the data set had signifi-
cant velocity, with a maximum of 90 km/s. However, the
clustering of hot-spot flow direction toward one-half of
NIF azimuthal space (approximately −20◦ < φ < 160◦)
was observed in all three campaigns. The implosions
used hohlraums with diagnostic windows (regions of the
hohlraum wall with thinner gold layers) toward φ = 79◦

and 100◦ (“2-window”), and with an additional win-
dow toward φ = 315◦ (“3-window”). The 2-window
hohlraums are observed to produce hot-spot velocities on
average in the direction φ = 94◦±35◦, whereas 3-window
hohlraums produce velocities toward φ = 63◦±57◦: con-
sistent with the average of the window directions in each
design. This systematic difference suggests the windows
contribute to the observed trend. It is worth noting the
magnitude of the velocities observed: many of the implo-
sions presented velocities in excess of 20% of the implo-
sion velocity (typically 350 to 420 km/s). The observed
hot-spot velocities represent significant perturbations to
the implosions’ uniformity.

As neutrons leave the hot spot, they have a chance
of scattering in the converged DT-fuel layer, which is
comparatively cold (T ∼ 0.5 keV) and dense (ρ ∼
100 g/cm3). This scattering process provides a means
of diagnosing the ρR of the converged fuel at the time of
peak neutron production. The probability of a primary
DT-fusion neutron transiting the fuel is

P = exp

[
−
ρRσ(n,DT )

MDT

]
, (1)

where σ(n,DT ) = fDσ(n,D) + fTσ(n,T ) is the mean cross
section for neutron scattering, MDT = fDMD + fTMT

is the mean atomic mass of the fuel, and fD, fT are the
concentration fractions of deuterium and tritium, respec-
tively. For equimolar D:T mixtures (fD = fT = 0.5), the
average cross section is approximately 0.79 barns and the
probability of scattering is (1−P ) ≈ 0.19×ρR/(g/cm2).

On the NIF, a suite of neutron activation diagnostics
is used to infer the fluence of unscattered neutrons on
over 20 lines of sight[18]. This measurement records the
activation of zirconium-90 atoms via the 90Zr(n, 2n)89Zr
reaction, which has a neutron energy threshold of 12 MeV
and a cross section that increases roughly linearly in the
range 12 to 16 MeV[19]. Scattered neutrons lose energy,
reducing or eliminating the probability of 90Zr activation.
Because of this, variations in ρR are encoded as inverse
perturbations in the map of detector activation. The sen-
sitivity of the activation cross section to neutron energy
makes this measurement also susceptible to the effects
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FIG. 2. (a) Activation data (points) and best-fit map for
Bigfoot shot N180909. Data have been corrected for an in-
ferred hot-spot velocity (black × with uncertainty bound-
ary). A dominant mode-1 asymmetry is observed in the ac-
tivation signal. (b) Uncertainty in the inferred direction of
mode-1 asymmetry for implosions with mode-1 asymmetry
above 2.5%. The amplitude of the mode-1 asymmetry for
each shot is shown in gray scale.

of hot-spot velocity, directly via the Doppler shift and
kinematic focusing and indirectly via small changes in
the scattering cross sections. However, the independent
measurement of the hot-spot velocity from the nTOF di-
agnostics enables one to correct the activation detectors
for these velocity effects and recover the variation due to
scattering[14]. If scattered neutrons are assumed to be
lost from detection, the variation in areal density (∆ρR)
can be calculated from the variation in activation A rel-
ative to the mean value 〈A〉 as

∆ρR ≈ − MDT

σ(n,DT )
ln

[
A

〈A〉

]
∼ − ln

[
A

〈A〉

]
4.64 g/cm

2
.

(2)
Figure 2(a) shows a representative activation map

from shot N180909 (Bigfoot series, producing 1.2× 1016

D–T neutrons). After correcting for an observed hot-
spot velocity of 94 km/s in the direction (θ, φ) =
(95◦+8

−9, 171◦+20
−26), the residual activation data showed

variations in the range ±9%. (The velocity correction
accounted for approximately 30% of the asymmetry in
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FIG. 3. Comparisons of ρR mode-1 asymmetry and hot-spot
velocity (a) magnitude and (b),(c) direction. The normalized
ρR mode-1 amplitudes increase linearly with hot-spot velocity
with a slope of 39%±7% per 100 km/s (grey dashed), consis-
tent with the trend predicted in 2-D simulations of a mode-1
drive asymmetry (black)[7]. Directions are plotted for shots
with velocity in excess of 30 km/s, and φ uncertainty below
270◦. The θ and φ directions of the two signatures are con-
sistent, and both velocity and mode-1 amplitude cluster in
the azimuthal range −20◦ . φ . 160◦. (d) Two-dimensional
simulations of density and velocity profiles at peak neutron
production with 2% mode-1 drive asymmetry[21].

the raw activation data, typical for this data set.) A
fit of first- and second-mode spherical harmonics to the
data demonstrated that the dominant asymmetry was
a mode-1 asymmetry with an amplitude of 4.1%±0.8%
in the direction (87◦+13

−9 ,142◦+26
−19)[20]. Using Eq. (2),

this mode corresponds to an areal density asymmetry of
∓0.19 g/cm2: one third of the average fuel ρR inferred
from other diagnostics (0.59 g/cm2).

Performing the activation analysis for the 2016–2018
NIF cryogenic experiments produces a similar pattern to
that observed in the velocity data. Figure 2(b) shows the
magnitudes and directions of the mode-1 asymmetries in-
ferred from the activation data, for shots with magnitude
greater than 2.5%. This set includes 12 of 18 HDC, 9 of
11 Bigfoot, and 7 of 15 CH implosions, comparable to the
number of implosions that presented significant hot-spot
velocities. The data again cluster by hohlraum window
design toward the same regions of azimuthal space as is
observed in the velocity data.

Figure 3 presents a more thorough comparison be-
tween the magnitudes and directions of the hot-spot ve-
locity and activation asymmetry measurements. The in-
ferred areal density asymmetry (from Eq. 2) normalized
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to the average areal density is plotted in Fig. 3(a).The
magnitudes of the two signatures are observed to scale
linearly across the entire data set: a best-fit slope of
39% ρR mode-1 asymmetry per 100 km/s hot-spot ve-
locity matches the data with a reduced χ2 metric of
0.3. The hypothesis that the (θ, φ) directions of the hot-
spot velocity and activation mode-1 are the same is sup-
ported with reduced χ2 values of 0.7 and 0.6, respec-
tively. These low values of the reduced χ2 metric sug-
gest that the measurement uncertainties are likely over-
estimated. The comparison of the azimuthial angle in
Fig. 3(c) clearly shows the clustering of data points into
the range −20◦ . φ . 160◦, and the denser clustering of
2-window shots toward φ ≈ 90◦ in both diagnostics.

The striking coincidence of magnitude and direction
in these two independent nuclear diagnostic signatures
across a wide range of experiments with varied designs
(ablator composition, target dimensions, laser energy,
time history, etc.) performed over a period of three years
suggests a common, systematic underlying cause. Asym-
metry in the capsule drive is the most straightforward
explanation for these coordinated signatures. Spears et
al. [7] performed 2-D simulations of radiation-driven im-
plosions with an imposed mode-1 asymmetry in the ra-
diation intensity. While this work was motivated by the
possibility of pole-to-pole asymmetry, the result does not
consider hohlraum geometry and is generally applicable
to radiation asymmetry in arbitrary directions. The sim-
ulated drive asymmetry produced a net ablation pres-
sure imbalance, accelerating the capsule away from the
direction with higher radiation flux. In these simulations,
the neutron-weighted hot-spot velocity was directed away
from the peak intensity, increased with drive asymme-
try up to 2% peak-to-mean intensity, and covered the
range of magnitudes observed in this work (≤120 km/s).
Areal density also increased in the direction of peak in-
tensity and decreased in the opposite direction. Simu-
lated activation detectors observed mode-1 asymmetry
directed away from the peak intensity and reaching 8%
(after velocity correction) at 2% drive asymmetry. From
these simulated results, a prediction of the scaling be-
tween neutron-inferred hot-spot velocity and areal den-
sity asymmetry magnitude was determined, as shown in
Fig. 3(a). The data are consistent with the simulated
trend (approximately 38% per 100 km/s).

The hohlraum windows can plausibly create such a
mode-1 radiation asymmetry. Figure 4 shows a calcu-
lation of the reduction in radiation flux onto a capsule
inside a 3-window hohlraum, assuming complete radia-
tion loss at the windows, performed using the view factor
code VisRAD.[22] Up to 6.2% radiation deficit toward the
windows is predicted in this limiting case: significantly
larger than the asymmetry needed to explain the most
extreme velocities. In experiments, thinner gold layers
and gaps approaching half the window area will reduce
local radiation power by some fraction of this amount,
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FIG. 4. (a) Model of the capsule in a laser-irradiated
hohlraum from view angle (65◦, 120◦). Size and position of
diagnostic windows are shown in blue. (b) Calculated reduc-
tion of radiation flux on the capsule in a 3-window hohlraum,
assuming complete radiation loss through the windows.

inducing velocity and higher activation in the average
direction of the windows. This hypothesis matches the
observed data trends with hohlraum window design. To-
gether, these observations provide strong evidence that a
systematic, azimuthally-directed mode-1 drive asymme-
try of up to ±2% in radiation intensity is present in this
series of implosions. Detailed models are in development
to more quantitatively assess window radiation losses, in-
cluding the effects of window architecture and ablation
dynamics.[23, 24]

Several recent works have investigated the effects of
asymmetry on implosion performance in both direct-
drive[25, 26] and indirect-drive ICF[5, 7, 27]. The work
by Springer et al. [5] applies a simplified 3-D fuel con-
vergence model to the HDC shot N170601, which is in-
cluded in the data set considered here. This shot pro-
duced a neutron-inferred hot-spot velocity of 66±39 km/s
toward (59◦+24

−35, 85◦+39
−17) and a velocity-corrected ampli-

tude asymmetry of 3.5%±1.0% toward (38◦+18
−19, 99◦+38

−19).
The model found that a 1% initial shape error at an im-
ploding radius of 200 µm was sufficient to match the ob-
served activation mode-1 and mode-2 asymmetries. This
perturbation degraded the nuclear yield by 5× and the
stagnation pressure by 20%. While additional degrada-
tion mechanisms were needed to match the experimental
performance, the low-mode implosion asymmetry repre-
sented the single largest degradation mechanism of those
considered.[5]

On the basis of these data a research program has been
initiated to find and control the origins of the drive asym-
metry, which remains a crucial step for ongoing efforts
to achieve ignition on the NIF. The data imply that the
hohlraum radiation drive is systematically weaker toward
φ ∼ 70◦. Preliminary results indicate that the sources of
this mode-1 drive asymmetry include the hohlraum win-
dows and laser delivery, each contributing on the order of
0.5%[23, 28]. Additional smaller contributions are antic-
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ipated from capsule thickness variations, ice layer thick-
ness variations, and laser-to-target misalignment. The
capsule fill tube (φ ∼ 7◦) [29] is not likely to be a signif-
icant contributor. The magnitudes and mitigations for
these factors are the subject of ongoing review, and the
results of this active research program will be discussed
in forthcoming works. Improved diagnostics, including
more accurate Cherenkov neutron spectrometers [30] and
an expanded set of 48 activation detectors [31] will reduce
uncertainty in the observed signatures of asymmetry. In-
cluding additional diagnostics in this analysis, such as
reconstructions of the cold fuel from down-scattered neu-
tron images[32], will also improve the understanding of
these asymmetries and constraints on probable causes.

In summary, two nuclear diagnostic signatures of az-
imuthal implosion asymmetry have been observed in
indirect-drive cryogenic implosion experiments on the
NIF in the period 2016–2018. Neutron-weighted hot-spot
velocity is observed to be clustered toward one-half of
NIF azimuthal space centered on φ ∼ 70◦, often above
15% of the implosion velocity. The nuclear activation di-
agnostics report mode-1 asymmetries that indicate low
areal density in the same direction as the hot-spot veloc-
ity, and the magnitude of these two phenomena scale lin-
early. These observations are signatures of a systematic,
azimuthal mode-1 drive asymmetry in the NIF hohlraum,
with the weakest drive intensity on average in the direc-
tion of the hohlraum windows. Work to identify and
control the source of this asymmetry is ongoing and will
be essential to further improving implosion performance
and achieving ignition in indirect-drive ICF.
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