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ABSTRACT
Nuclear diagnostics provide measurements of inertial confinement fusion implosions used as metrics of performance for the shot. The inter-
pretation of these measurements for shots with low mode asymmetries requires a way of combining the data to produce a “sky map” where
the individual line-of-sight values are used to interpolate to other positions in the sky. These interpolations can provide information regard-
ing the orientation of the low mode asymmetries. We describe the interpolation method, associated uncertainties, and correlations between
different metrics, e.g., Tion, down scatter ratio, and hot-spot velocity direction. This work is also related to recently reported studies [H. G.
Rinderknecht et al., Phys. Rev. Lett. 124, 145002 (2020) and K. M. Woo et al., Phys. Plasmas 27, 062702 (2020)] of low mode asymmetries. We
report an analysis that makes use of a newly commissioned line of sight, a scheme for incorporating multiple neutron spectrum measurement
types, and recent work on the sources of implosion asymmetry to provide a more complete picture of implosion performance.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040590

I. INTRODUCTION

Inertial confinement fusion (ICF) results from the conversion
of capsule ablation in a high temperature radiation field into radial
compression providing PdV work to increase the temperature of
the DT fuel contained within the capsule.1–4 The coupling of the
PdV work to the fuel compression depends on the symmetry of
the implosion with asymmetric components not contributing to the
increased temperatures.5 Diagnosing implosion performance must
include an assessment of low mode asymmetries when comparing to
predictions of implosion metrics.6

Exploring the effect of laser drive “up–down” asymmetry on the
NIF7,8 in two dimensions leads to a characterization of the capsule
response in terms of a spectrum of perturbations described as a Leg-
endre polynomial. The expansion terms of interest to this study have
indices 0 and 1 and are referred to as a “mode 0” or 4π isotropic term

and a “mode 1” term, which is anisotropic. This computational study
made predictions regarding the angular dependence, which are the
subject of this study: (1) the burning plasma common velocity, vh.s.,
indicates the direction of the perturbation; (2) ion temperature Tion
has an angular distribution that varies as cos2 ξ defined with respect
to the perturbation direction; and (3) the fuel shell areal density, ρR,
has an angular distribution that varies as −cos ξ defined with respect
to the perturbation direction (that is, low ρR in the direction of vh.s.
and high ρR away).

A suite of neutron diagnostics exists to measure these three
quantities: burning plasma common velocity (hot-spot velocity),
vh.s.;9,10 ion temperature, Tion; and the down-scattered ratio.11–13

These neutron diagnostics are positioned at the NIF along indepen-
dent line-of-sight (LOS) directions shown in Fig. 1, and the work
reported here combines these measurements into a three dimen-
sional reconstruction describing the interpolation of the measured
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FIG. 1. Neutron spectrometer system at the NIF. The seven line-of-sight measure-
ments, six using neutron time-of-flight and one using neutron energy, are arranged
around the target chamber system. The time-of-flight systems are roughly 20 m
from the Target Chamber Center (TCC). The system of spectrometers can be used
to determine three dimensional features of imploding ICF capsules.

quantities to all angles and infers directional information related to
mode 1 perturbations testing the calculations.

II. OBSERVABLES
Each line-of-sight neutron spectrometer reports the three

quantities of interest: vLOS, Tion, and DSR (down-scattered ratio).
These spectroscopic observables are connected to the underlying
plasma variables: “thermal” ion temperature, ion kinetic energy, and
plasma velocity, which are an average over the plasma in space and
time weighed by the ion reactivity, the so-called “burn-weighted
average” measured by the spectrometers14 (denoted by the brack-
ets ⟨.). The analysis measures the shift of the mean neutron kinetic
energy,

⟨ωLOS⟩ = ⟨u∥⟩ + ⟨κ̄⟩ +
2 + β2

0

2v0
⟨τ⟩ + ⋅ ⋅ ⋅ , (1)

where u∥ is the center-of-momentum motion of the fusing ion pair
in the direction of the LOS, κ̄ is the shift due to the burn aver-
aged kinetic energy distribution of the reacting ions, and τ is the
ion thermal temperature in units of velocity squared. The neutron
velocity v0 is taken to be 51 233.5920(34) km/s for DT fusion and
21 601.8596(77) km/s for DD fusion (using the CODATA 2010 val-
ues15). The relativistic velocity β0 = v0/c, where c is the speed-of-
light. Higher order terms are neglected in this analysis.

Tion is associated with the variance of the neutron kinetic
energy distribution,

Var(ωLOS) = ⟨τ⟩ +Var(u∥) + ⋅ ⋅ ⋅ , (2)

which shows the source of departure of the neutron variance from
the burn averaged ion thermal temperature where the plasma veloc-
ity variance is large.16

The down scatter ratio (DSR) is the integral of the neutron
spectrum between 10 and 12 MeV to 13–15 MeV. The neutrons pro-
duced by fusion reactions in the plasma will be transmit through
a high areal density region composed of the DT fuel layer and the
remaining C, CH, or Be capsule. These neutrons can undergo elastic

scattering through angles that put them along the detector LOS but
with reduced energy,

cos θCM ≈ 1 − 1
2
(1 − K′n

Kn
) M

mn
(1 + mn

M
)

2
, (3)

which holds for Kn ≪Mc2, where Kn and K′n are the kinetic energy
of the incident and scattered neutron, mn is the neutron mass, and
M is the scattering ion mass. cos θCM is the scattering angle in
the center-of-mass of the neutron–ion system. Equation (3) shows
that the scattered neutron kinetic energy scatters through a unique
angle. When projected along a particular LOS from the center of the
sphere, the area included in the neutrons scattered between 10 and
12 MeV forms an annulus on a spherical surface that extends from
47○ to 69○ for scattering on D and from 52○ to 76○ for T, and these
are shown, combined, in Fig. 2(a).

The scattered neutron intensity can be considered a convolu-
tion of the neutron “birth spectrum” with the differential scattering
cross section,

Iscat(K′n) = ∫
∞

K′n
dKn

dΩ
dKn

Ibirth(Kn)
dσ
dΩ
(cos θCM), (4)

where there is a term for each scattering ion. For this analysis, we
consider scattering from T and D only, where there are equal num-
ber of atoms for the two ion species. There are additional complica-
tions in distribution of the neutron emission and the areal density
of the fuel shell due to thickness variation. Combining these various
distributions will blur out the scattering annulus into a disk for neu-
trons originating from fusions distributed throughout the hot-spot.
The resulting region is shown in Fig. 2(b). For each measurement,
these disks have a 60○ angular extent from the LOS direction and can

FIG. 2. Area of the NIF “sky” sampled by the SPEC-E down-scattered neutrons.
Lighter areas show the relative density of down-scattered neutrons. (a) shows the
space for a point source at the origin and (b) a distributed source. The extended
nature of the “sky” sampled by a LOS DSR measurement requires the overlap-
ping regions to be treated in the optimization. This is done using the correlations
described in Table I.
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TABLE I. Correlations of DSR measurements between pairs of detector LOS direc-
tions (named as in Fig. 1). The columns indicate the correlations found in experimental
data (“expt.” using the Pearson correlation between the different LOS measurements
for the entire layered implosion database) and calculated for the distributed (“dist.”)
and point source models. The experimental data trend closer to the distributed source
model.

Pair Expt. Dist. Point

SPEC-NP MRS 0.673 0.735 0.214
SPEC-NP SPEC-E 0.357 0.422 0.071
SPEC-NP NITOF 0.587 0.643 0.244
SPEC-NP SPEC-A 0.582 0.453 0.114
SPEC-NP SPEC-SP 0.443 0.131 0.000
MRS SPEC-E 0.491 0.168 0.000
MRS NITOF 0.899 0.979 0.603
MRS SPEC-A 0.805 0.884 0.266
MRS SPEC-SP 0.672 0.408 0.053
SPEC-E NITOF 0.560 0.193 0.000
SPEC-E SPEC-A 0.613 0.205 0.000
SPEC-E SPEC-SP 0.691 0.441 0.097
NITOF SPEC-A 0.890 0.948 0.389
NITOF SPEC-SP 0.764 0.478 0.152
SPEC-A SPEC-SP 0.836 0.667 0.232

overlap with disks associated with other LOS directions. The over-
lapping regions correlate one measurement to another, and to fit the
DSR measurements it is required to properly account for the correla-
tions. Table I shows the correlations found in layered DT implosions
on the NIF and the calculations assuming a uniform scattering layer
and either a distributed or a point source model.

III. INTERPOLATION
Angular variations in the plasma velocity variance and DSR

aligned with the hot-spot velocity are predicted7 for mode 1 capsule
drive perturbations. These variations will be measured along each of
the LOS, and these measurements can be used along with a model of
the angular variations for each observable. The hot-spot velocity in
Eq. (1) suggests that the LOS velocity is

vLOS = v⃗h.s ⋅ n̂LOS + viso, (5)

where the first term on the rhs corresponds to the first term in
Eq. (1), with v⃗h.s being the hot-spot velocity vector and n̂LOS being
the LOS unit direction vector. The second term, viso, the isotropic
velocity, corresponds to the second and third terms of Eq. (1) asso-
ciated with the temperature dependent shift of the mean neutron
kinetic energy distribution. The Tion distribution follows Eq. (2),

Tion(θ, ϕ) = T0 + ΔT cos2 ξ(θ0, ϕ0, θ, ϕ), (6)

where the angle ξ is defined by the Tion axis of azimuthal symmetry
(an assumption of this model) and some sky locations (e.g., the ith
LOS directions),

cos ξ(θ0, ϕ0, θi, ϕi) = n̂a.s. ⋅ n̂ LOS, (7)

where the axis of symmetry is defined by the unit vector,

n̂a.s. = (sin θ0 cos ϕ0, sin θ0 sin ϕ0, cos θ0). (8)

The dot product expands to

cos ξ = sin θ0 cos ϕ0 sin θi cos ϕi + sin θ0 sin ϕ0 sin θi sin ϕi

+ cos θ0 cos θi, (9)

where (θi, ϕi) is the direction of the LOS. The four parameters
T0, ΔT, θ0, and ϕ0 describe the angular distribution of Tion.

The DSR angular dependence is described by

DSR(θ, ϕ) =
1

∑
L=0

L

∑
M=−L

aL,MYL,M(θ, ϕ), (10)

a truncated spherical harmonic expansion. The four parameters
a0,0, a1,−1, a1,0, and a1,1 define the DSR sky.

The expressions for the hot-spot velocity, Tion, and DSR in
Eqs. (5), (6), and (10) are chosen to be described by four parameters
because of the limited number of LOS measurements available and
the desire to describe an effective “direction” for the variation. The
DSR variation at L = 0, 1 can be described as the direction defined
by the maximum and minimum DSR values interpolated in the DSR
sky.

IV. OPTIMIZATION
Given the LOS measurements, the parameters to the three

quantities hot-spot velocity v LOS, Tion, and DSR are found by opti-
mizing the χ2 formed by the interpolation formula,

LSQ = (w −Gv)T(w −Gv), (11)

where w is the vector of vLOS measurements, v = [ux, uy, uz , viso] is
the hot-spot velocity 4-vector, and G is the projection into the LOS
directions,

G =

⎛
⎜⎜⎜⎜⎜⎜⎜
⎝

cos ϕ1 sin θ1 sin ϕ1 sin θ1 cos θ1 1

cos ϕ2 sin θ2 sin ϕ2 sin θ2 cos θ2 1

⋮ ⋮ ⋮ ⋮
cos ϕN sin θN sin ϕN sin θN cos θN 1

⎞
⎟⎟⎟⎟⎟⎟⎟
⎠

.

The Tion parameters

χ2 = ∑
i

1
σ2

i
[Ti − T0 − ΔT cos2 ξ(θ0, ϕ0, θ, ϕ)]2, (12)

where Ti and σi are the LOS measured Tion and its uncertainty,
respectively. In addition, the DSR optimization

χ2 = ∑
i,j
[DSRi −∑

L,M
aL,MYL,M]COVi,j

× [DSRj −∑
L,M

aL,MYL,M], (13)

where DSRi and σ′2i are the LOS measured DSR and its uncer-
tainty, respectively. The matrix COVi,j captures the covariance of the
measurements, which includes the correlation matrix ρi,j, given in
Table I,

COVi,j =
ρi,j

σ′i σ′j
. (14)
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FIG. 3. Hot-spot velocity for shot N190918-001. The LOS locations are color coded
to indicate the LOS velocity from the quartz Cherenkov detector (QCD) system.
(NITOF, MRS, and SPEC-PL did not provide data.) The “star” symbol locates the
velocity direction at (θ = 125 ± 2○, ϕ = 236 ± 3○) with a velocity magnitude of
(97 ± 5) km/s and an isotropic velocity of (41 ± 2) km/s. The point cloud indi-
cates the results of introducing random Gaussian noise on the LOS velocities with
σ = 5 km/s matching the QCD performance.

This treatment estimates the shot-by-shot differences in the correla-
tions occurring through the actual shell by the approximation of a
uniform shell that on average varies by less than 10%.

V. RESULTS
The analysis is applied to the NIF shot N190918-001, a cryo-

layered shot of the “HyE” ICF campaign.17 Figure 3 shows the result
of the hot-spot velocity measurements fit to the LOS velocities.
In this fit, four parameters are determined by four measurements.
Additional measurements (primarily from NITOF and SPEC-PL)

FIG. 4. T ion sky for shot N190918-001. The LOS locations are color coded to indi-
cate the LOS T ion. (SPEC-PL did not provide data.) The “star” symbol locates the
velocity direction, with 1σ error contour, as shown in Fig. 3. The “box” symbols indi-
cate the axis of symmetry for the distribution, with 1σ error contour. This map is a
proxy for asymmetric plasma velocity variance and shows increased T ion (velocity
variance) aligned with the axis. The “4π” T0 = 4.28 ± 0.11 keV from Eq. (6), with
a ΔT = 1.37 ± 0.17 keV.

FIG. 5. DSR sky for shot N190918-001. The LOS locations are color coded to
indicate the LOS DSR measurements. (SPEC-PL did not provide data.) The “star”
symbol locates the velocity direction, with 1σ error contour, as shown in Fig. 3. The
“box” symbols indicate the axis of symmetry for the T ion distribution, as shown in
Fig. 4. The “diamond” symbol indicates the maximum DSR value location. The
antipodal direction is indicated by a large 1σ contour. The three independent
measures of mode 1 agree with each other and with the expectations of “drive
asymmetries” (shown as the red “triangle” symbol) as discussed in the text. The
“4π” DSR value is a0,0 = (3.2 ± 0.4)% from Eq. (10).

will provide a means of using the χ2 value as a test of the hot-spot
velocity model.

The Tion sky is shown in Fig. 4 and shows the expected large
velocity variance roughly aligned with the hot-spot velocity.

The DSR sky shown in Fig. 5 captures the three determinations
of mode 1 perturbations discussed above. The general signature is
the hot-spot velocity, the direction of which indicates an axis of sym-
metry for both the DSR distribution, which is “anti-aligned,” and the
Tion distribution, which peaks along the axis. The net capsule drive
asymmetry derived from the laser, diagnostics windows, ice layer,
and ablator is shown as the red triangle symbol.18 The correspon-
dence of these independent analyses provides evidence that supports
the mode 1 perturbation model.

Table II shows the directions from each of the four indepen-
dent analyses. Combining the directions from the three observables
shows an agreement with the average directions δθ0 = 13○ and δϕ0
= 18○, whereas combining these directions with the calculated per-
turbation direction shows an agreement with δθ0 = 12○ and δϕ0
= 16○. The large mode 1 perturbation for shot N190918-001 is

TABLE II. Summary of the axis of symmetry directions for the four independent anal-
yses. The uncertainties are taken from the 1σ variation in the optimization. The
combined averages use the rms as an indication of the variation of the results.

Analysis θ0 ϕ0

Hot-spot velocity 125 ± 2○ 235 ± 3○

Tion 157 ± 46○ 192 ± 11○

DSR 135 ± 47○ 219 ± 103○

Average 139 ± 13○ 215 ± 18○

Drive asymmetries 149 ± 9○ 223 ± 12○

Average all 142 ± 12○ 217 ± 16○
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FIG. 6. RTNAD sky for shot N190918-001. The LOS locations are color coded to
indicate the LOS neutron activation relative to the a0,0 coefficient in the expansion.
The color bar range cuts off at 1 ± 0.1. The region at the “north pole” shows a
greatly reduced activation that corresponds with the increased DSR indicated in
Fig. 5.

attributed to a large ablator capsule mode 1, which was determined
(after the shot) by the inspection data for the specific capsule.

VI. DISCUSSION
The RTNAD diagnostics at the NIF19 provide a check of the

DSR sky map shown in Fig. 5. The RTNADs measure the neutron
activation along 40 LOS directions and show a decreased activation
in regions of high DSR. The RTNAD sky map fit to a spherical har-
monic expansion to L = 2 is shown in Fig. 6. The regions of high
and low activation correspond to the DSR map low and high regions
from Fig. 5. This correspondence suggests the possibility of includ-
ing more diagnostics into a simultaneous fit of the mode 1 pertur-
bation analysis, such as the RTNAD. The model for such an analysis
would constraint the various diagnostic reference system axes to be
the same. The inclusion of the RTNAD data as well as the drive
asymmetry data coupled with the model for drive asymmetry could
be used to increase the precision of the signatures of mode 1 per-
turbations and provide insight into capsule implosion performance.
Building a “mode 1 model” including the relationship among the
parameters7 of Eqs. (5)–(10)) would provide a classification of shots
that are consistent with a mode 1 model and inconsistent with the
model, which provides valuable diagnostic data for assessing shot
performance.
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