
Rev. Sci. Instrum. 93, 103505 (2022); https://doi.org/10.1063/5.0101812 93, 103505

© 2022 Author(s).

Measurements of low-mode asymmetries
in the areal density of laser-direct-drive
deuterium–tritium cryogenic implosions on
OMEGA using neutron spectroscopy
Cite as: Rev. Sci. Instrum. 93, 103505 (2022); https://doi.org/10.1063/5.0101812
Submitted: 03 June 2022 • Accepted: 17 August 2022 • Published Online: 05 October 2022

 C. J. Forrest, A. Crilly, A. Schwemmlein, et al.

https://images.scitation.org/redirect.spark?MID=176720&plid=1684987&setID=375687&channelID=0&CID=614378&banID=520572190&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=69dc02b87215420419078a3c4509b347c02050f3&location=
https://doi.org/10.1063/5.0101812
https://doi.org/10.1063/5.0101812
https://orcid.org/0000-0002-6288-322X
https://aip.scitation.org/author/Forrest%2C+C+J
https://aip.scitation.org/author/Crilly%2C+A
https://aip.scitation.org/author/Schwemmlein%2C+A
https://doi.org/10.1063/5.0101812
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0101812
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0101812&domain=aip.scitation.org&date_stamp=2022-10-05


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Measurements of low-mode asymmetries
in the areal density of laser-direct-drive
deuterium–tritium cryogenic implosions
on OMEGA using neutron spectroscopy

Cite as: Rev. Sci. Instrum. 93, 103505 (2022); doi: 10.1063/5.0101812
Submitted: 3 June 2022 • Accepted: 17 August 2022 •
Published Online: 5 October 2022

C. J. Forrest,1,a) A. Crilly,2 A. Schwemmlein,1 M. Gatu-Johnson,3 O. M. Mannion,4 B. Appelbe,2

R. Betti,1 V. Yu. Glebov,1 V. Gopalaswamy,1 J. P. Knauer,1 Z. L. Mohamed,1 P. B. Radha,1

S. P. Regan,1 C. Stoeckl,1 and W. Theobald1

AFFILIATIONS
1 Laboratory for Laser Energetics, University of Rochester, Rochester, New York 14623-1299, USA
2Centre for Inertial Fusion Studies, The Blackett Laboratory, Imperial College, South Kensington Campus, London,
United Kingdom

3Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
4Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

a)Author to whom correspondence should be addressed: cforrest@lle.rochester.edu

ABSTRACT
Areal density is one of the key parameters that determines the confinement time in inertial confinement fusion experiments, and low-mode
asymmetries in the compressed fuel are detrimental to the implosion performance. The energy spectra from the scattering of the primary
deuterium–tritium (DT) neutrons off the compressed cold fuel assembly are used to investigate low-mode nonuniformities in direct-drive
cryogenic DT implosions at the Omega Laser Facility. For spherically symmetric implosions, the shape of the energy spectrum is primarily
determined by the elastic and inelastic scattering cross sections for both neutron-deuterium and neutron-tritium kinematic interactions. Two
highly collimated lines of sight, which are positioned at nearly orthogonal locations around the OMEGA target chamber, record the neutron
time-of-flight signal in the current mode. An evolutionary algorithm is being used to extract a model-independent energy spectrum of the
scattered neutrons from the experimental neutron time-of-flight data and is used to infer the modal spatial variations (l = 1) in the areal
density. Experimental observations of the low-mode variations of the cold-fuel assembly (ρL0 + ρL1) show good agreement with a recently
developed model, indicating a departure from the spherical symmetry of the compressed DT fuel assembly. Another key signature that has
been observed in the presence of a low-mode variation is the broadening of the kinematic end-point due to the anisotropy of the dense fuel
conditions.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101812

I. INTRODUCTION

The OMEGA laser1 is used to study direct-drive inertial
confinement fusion (ICF) by symmetrically irradiating a thin shell
target with nominally identical laser beams. The shell is comprised
of an outer plastic ablator (<10 μm) and a layer of cryogenic
deuterium–tritium (DT) ice (∼50 μm) encapsulating a vapor region
of DT gas. In these target designs, the incident laser ablates the
thin shell, which then launches one or multiple shocks through

the remaining converging shell and into the vapor region. The
shock-transit stage of the implosion is followed by a deceleration
phase, where the kinetic energy of the converging shell is con-
verted to the internal energy of the hot spot.2 At peak compression,
the temperature and density are sufficient to initiate thermonuclear
fusion reactions in the DT fuel, resulting in 14.03 MeV neutrons
and 3.5 MeV alpha particles.3 To achieve conditions relevant for
ignition implosion designs, the hot-spot size must exceed the mean
free path of the fusing ions and alpha particles in order to remain
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confined in the dense plasma. This requirement is essential to max-
imize the energy deposition of the alpha particle in the hot spot and
surrounding dense fuel. Targets that are not compressed symmet-
rically will be unable to fully convert their shell kinetic energy to
hot-spot thermal energy, reducing the overall fusion yield generated
from the implosion.

Nuclear diagnostics are essential to interpreting the condi-
tion of the DT plasma during the compression phase in ICF
experiments.4,5 Measurable parameters that determine the perfor-
mance of ICF implosions include the ion temperature (Ti), the areal
density (ρL), the primary DT neutron yield (Yn), and the flow veloc-
ity of the fusing hot-spot (Ref. 6). Furthermore, the measured broad
energy spectrum from the scattering of the primary neutrons off the
compressed fuel can be used to investigate low-mode nonuniformi-
ties in cryogenic DT implosions. The shape of the neutron energy
spectrum is fully determined by the elastic and inelastic scatter-
ing cross sections as compared to spherically symmetric target shell
conditions.7 Deviations from a symmetric implosion are expected to
lead to a decrease in target performance metrics, including the yield
and 4π average areal density.

In this paper, we describe the two highly collimated neutron
time-of-flight detectors that exist on OMEGA and the technique
that has been developed to extract a model-independent energy
spectrum. Using the resulting neutron energy spectrum from both
lines of sight, a reconstruction technique has been developed to
produce a 3-D map of the compressed fuel near peak compres-
sion and provides a more complete understanding of the symmetry
of laser-direct-drive implosions. In the kinematic limit, DT fusion
neutrons that undergo direct elastic backscatter from ions lose the
largest fraction of their energy possible for a single scattering event.
This scattering event produces a sharp edge in the neutron energy
spectrum at the kinematic endpoint for both neutron-deuterium
(nD) and neutron-tritium (nT). For stationary target ions, the resul-
tant edge energy is dependent only on the ion mass and incoming
neutron energy. For nonstationary target ions, it will be shown that
the spectral shape of the kinematic end-points is dependent on the
scattering rate-weighted ion velocity distribution and variation in
the areal density.8 These techniques will be demonstrated using data
from an experiment with a large mode-1 drive asymmetry. Finally,
we discuss the optimal lines of sight with an additional neutron
spectrometer that would be required on OMEGA in order to greatly
reduce the uncertainties in the 3-D interpretation of the compressed
fuel assembly.

II. DISTRIBUTION OF NEUTRONS GENERATED
IN A COMPRESSED TARGET

The primary neutron distribution generated once an ICF
implosion has reached temperatures and densities sufficient to
produce thermonuclear reactions consists of deuterium-deuterium
(DD), tritium-tritium (TT), and deuterium-tritium (DT) fusing ions
and can be expressed by

dN
dE
= Yn[(DT +

1
2

f d

f t

⟨σνdd⟩

⟨σνdt⟩
DD +

f t

f d

⟨σνtt⟩

⟨σνdt⟩
TT)], (1)

where Yn is the primary DT yield, fd and ft are the fuel fraction of
the fuel, and ⟨σν⟩ is the reactivity rate with the associated fusing

pair of ions. In the above expression, DT, DD, and TT represent the
shape of the primary neutron energy spectra for each reaction. Once
the primary reactions take place, a small fraction of the neutrons
produced will scatter throughout the ∼30 μm hot-spot radius and the
∼10 μm-thick dense fuel region. These secondary reactions include
both the elastic and inelastic scattering contributions that account
for <5% of the total signal. The contributions from the secondary
reactions are defined by

dN
dE
= Yn

⎡
⎢
⎢
⎢
⎣

ρLNA
σnd f d + σnt f t + σD(n,2n)p f d + σT(n,2n)D f t

f dmd + f tmt

⎤
⎥
⎥
⎥
⎦

, (2)

where ρL is the areal density given as the path integral of mass
density from the scattering origin to the spectrometer, NA is the
Avogadro constant, md is the mass of the deuteron, mt is the mass of
the triton, and σ is the differential (dσ/dE) and double-differential
(d2σ/dΩdE) cross section of the different scattering events. The
total energy spectrum includes both the primary and secondary
contributions and is expressed as

dN
dE
=

dN
dE
(primary) +

dN
dE
(secondary). (3)

This resultant energy spectrum (dN/dE) in Eq. (3) does not
include any asymmetric fuel contribution in the second term. In
experiments, several factors can introduce perturbations, including
target offset, ice-layer nonuniformity, and laser-beam energy imbal-
ance, which have been shown to result in variations of the dense fuel.
Information about the asymmetry of the dense region is embedded
in the energy spectrum. The elastic interactions are a direct map-
ping between scattering angle and outgoing neutron energy. This
results in the number of scattered neutrons in a particular neutron
energy range containing information on the areal density along a
specific neutron-scattering angle and therefore a specific region of
the dense fuel.

The differential and double-differential cross-sections require a
cos θ term to better describe this variation in the cold fuel, assuming
a low-mode (l = 1) distribution as given by

dσ
dE
= ∫ (

dΩ
dE

dσ
dΩ
)(1 +

ΔρL
ρL
× cos θ)dE, (4)

dσn, 2n

dE
= ∫ 2π

d2σ
dEdΩ

(1 +
ΔρL
ρL
× cos θ) × d cos θ. (5)

Here, the addition of the ΔρL/ρL allows for the shape of the
energy spectrum below the primary DT signal to follow a mode-1
distribution. With the current areal densities achieved on OMEGA,
the single-scatter approximation limits the scope of this model to
<200 mg/cm2. At higher areal densities, multiple scattering becomes
increasingly important, with the approximations required leading
to a more invalid model.7 In practice, a high-dynamic-range spec-
trometer is required to observe this neutron signal several orders of
magnitude below the primary DT reaction.9
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III. HIGH-DYNAMIC-RANGE NEUTRON
TIME-OF-FLIGHT SPECTROMETERS

To measure neutron spectra over a dynamic range of 106

while maintaining sensitivity in the instrument, several difficulties
must be considered. For example, the dominant primary DT peak
accounts for more than 90% of the neutron energy deposited in the
spectrometer. Such a large impulse incident on the spectrometer
will produce a long-light afterglow component in the scintilla-
tor. This causes the lower-energy neutrons in the detector to be
masked by the afterglow component from the primary peak that
is still present from the scintillation process. Another considera-
tion for high-yield DT implosions is the neutron scattering from
the target chamber walls and surrounding concrete structures. One
method employed to achieve a high signal-to-background with min-
imal light afterglow was a double-collimated line of sight with
a low-light afterglow scintillator.10 Ultrafast gating microchannel-
plate photomultiplier tubes (MCP-PMTs) were implemented to
gate out the primary DT peak to measure the low-energy neutron
spectrum.

To meet these requirements, spectrometers were designed to
utilize an advanced scintillator compound with low-afterglow char-
acteristics used to minimize the masking of additional neutron
components after the dominant primary DT peak. The diagnostic
consists of a 2 mm-thick stainless-steel cylindrical housing that is
20 cm in diameter and 10 cm deep, which contains the scintilla-
tion fluid. Thin (<0.5 cm) stainless-steel plates are used to seal the
cylindrical housing to minimize neutron attenuation normal to the
line of sight. In this study, two identical neutron spectrometers each
with four-MCP-PMTs are positioned at a distance of 13.4 and 22.1 m
from the target chamber center on the OMEGA Laser System, as
shown in Fig. 1.

Scintillation light from the incident neutrons is viewed through
fused-silica windows, where the light is coupled to four 40 mm-
diam PMTs.5 The instrument needs to be positioned close enough
to achieve high-neutron statistics but far enough away to interpret
the individual components of the energy spectrum. The signals from

FIG. 1. Two neutron spectrometers have highly collimated lines of sight on OMEGA
along the P7 and H10 ports located outside the target bay concrete shielding.
The blue structure is the target chamber, and the green lines are projected to the
neutron time-of-flight spectrometers at distances of 13.4 and 22.1 m, respectively.
The magnetic recoil spectrometer (MRS) that measures the scattered neutrons
using a knock-on deuteron technique is mounted directly in the target chamber.

the PMTs are recorded by a 1 GHz Tektronix® DPO-7104 digital
oscilloscope. A 3-D drawing of the spectrometers used along the P7
and H10 lines of sight is shown in Fig. 2.

These spectrometers have the unique ability to measure the
primary neutron energy spectrum and the down-scattered por-
tion of the neutron energy spectrum (1–15 MeV). Due to detector
resolution constraints, the forward-scattered region (8–12 MeV)
is not fully resolved and is not discussed in this present analysis.
The areal density is currently inferred by measuring the number
of scattered neutrons in the 3–8 MeV region, which corresponds to
neutrons with an average scattering cosine of μ = −0.75–0.50. There-
fore, the neutron time-of-flight (nTOF) spectrometers infer the areal
density in the region of the target along the opposing (backscat-
tered region) detectors’ lines of sight. An alternative approach used
to measure the scattered neutrons relies on a knock-on deuteron
technique.

A magnetic recoil spectrometer (MRS) is mounted directly on
the OMEGA target chamber, and it uses neutrons from the fusing
ions that elastically scatter off of a CD2 conversion foil, which is
placed a specific distance from the implosion, resulting in the pro-
duction of recoiled deuterons. The recoiled deuterons exit forward
and are directed through the aperture of the magnet, which is spa-
tially dispersed as they propagate through the magnetic field due to
their different velocities. An array CR-39 coupon is positioned to
record the incident deuterons as a function of the deflection angle
that is directly related to the recoil energy.11

The present configuration of the MRS detector on OMEGA
measures the primary DT neutron energy spectrum and the
forward-scattered portion of the neutron energy spectrum
(9–11 MeV). Due to detector resolution limitations, only the
primary DT fusion yield is currently able to be accurately inferred
from the primary DT spectrum. In this approach, the areal density
is inferred by measuring the number of primary DT neutrons as
compared to the signal in the 9–11 MeV region of the scattered

FIG. 2. A CAD drawing of the neutron time-of-flight (nTOF) detector shows a
cavity for the scintillation fluid, the fused-silica windows, and the photomultiplier
tube (PMT) mounts.
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FIG. 3. The two highly collimated lines of sight (P7 and H10) measure the
neutrons that scatter off the backside of the target in the energy region from 1 to
8 MeV, shown in two spherical sections (shaded in green). A third diagnostic (MRS)
measures the energy spectrum in a 9–11 MeV band (shaded in blue). Examples
of low mode asymmetries for both a positive mode (blue dashed) and a negative
mode (red dashed) 𝓁 = 1 that would be present in the energy spectrum as viewed
by the spectrometer are shown.

neutron spectrum that corresponds to neutrons with an average
scattering cosine of μ = 0.4–0.7. A computer model of the MRS
detector mounted on the target chamber is shown in Fig. 1. With
the two highly collimated nTOF’s and the MRS, a large fraction
of the scattered neutrons from a compressed target are observed.
A representation of the spectral coverage for each spectrometer is
shown in Fig. 3.

An additional effect observed in the energy distribution is a
mean energy shift of the primary DT and DD peak distributions.
The shift in the primary peak is due to the hot-spot flow, which
has been shown to have a strong correlation in the direction of the
minimum areal density. The main advantage of evaluating the
spectrum over an extended region is to interrogate the scattered
neutrons for variations in the dense fuel assembly. An example
neutron spectrum for a modal variation in the areal density that
would be expected in the energy spectrum from the scattered
neutrons is shown in Fig. 3 with a positive and negative mode
l = 1. Presently, the current experimental setup cannot resolve higher
spatial modes (l > 2) in the resultant energy spectrum.

Over the extended energy region, this model illustrates the
motivation for using the scattered neutron energy spectrum to
understand the effects of areal-density asymmetries. However, due
to the limited energy region, it would be challenging for the current
MRS to extract variations in the energy spectrum because of modal
perturbations in the ∼10 MeV energy region.

IV. MODEL-INDEPENDENT ENERGY SPECTRUM
The nTOF on OMEGA operates in current mode and

measures the neutron flux incident on the detector. The time record
is directly related to the energy of the emitted neutron based on the
known distance of the detector to the source. Traditional forward-
fitting requires a detector model for the data and may thereby

introduce undesired biases to the analysis.12 The new concept pre-
sented here begins with a user-defined minimum number of node
points to construct a continuous-energy spectrum by interpolation.
The neutron yield at each node is changed randomly, where only
changes producing a better match to the data are accepted. After
a certain number of iterations, additional nodes are added at ran-
dom energies, where again, only favorable choices are accepted.
This technique is commonly referred to as a genetic or evolutionary
algorithm.

A. Evolutionary algorithm
A distinct advantage of this evolutionary algorithm (EA) is the

ability to include all of the known quantities of the experimental
setup and detection system (nTOF). The effects of the instruments
on the measured neutron energy spectrum dN/dE can be expressed
by

I(t) = [εscint(E)εlos(E)
dN
dE

dE
dt
]⊗ R(E, t), (6)

where εscint(E) is the light sensitivity of the scintillator, εlos(E) is
the neutron attenuation along the associate line of sight, dE/dt is
the Jacobian, and R(E, t) is the response function of the detection
system.13 The light sensitivity and line of sight attenuation were
modeled using a neutron transport code.

The EA forward fits the desired neutron spectrum dN/dE
according to Eq. (6) to produce a hypothetical nTOF spectrum
I(t) that is compared to the experimental signal. The full iterative
approach is summarized by

dN1

dE
→∑

[I(t)signal − I(t)1]
2

I(t)1
= χ2

1 , (7)

dN2

dE
→∑

[I(t)signal − I(t)2]
2

I(t)2
= χ2

2 , (8)

whenever

χ2
1 < χ2

2 →
dN1

dE
, (9)

i.e., return to the old solution. Otherwise,

χ2
1 > χ2

2 →
dN3

dE
(10)

accepts the new solution. The procedure is repeated until χ2 over
the complete time spectrum reaches a plateau, which is automat-
ically detected. Several adjustments have been made and tested to
this basic elementary evolutionary algorithm to prevent overfitting,
which was also described in a similar algorithm.14 It was found
that a very effective way to limit overfitting is nested fitting. The
fit starts with a small number of nodes, to which more nodes are
added one at a time. For each fit, the χ2 value is allowed to reach a
plateau, after which another point is included at a random energy
and the fitting procedure is repeated. Using parallel computing,
several spectra with different node points are fitted simultane-
ously, and the fit with the smallest χ2 is the basis for including the
next point.
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B. Monte Carlo simulations
The fitting routine requires the detector light sensitivity and

the line-of-sight attenuation for the specified spectrometer along the
P7 and H10 locations. These detector effects are modeled using a
neutron transport code, namely, Monte Carlo N-Particle (MCNP).
The simulations show that the primary DT neutron detectors on
OMEGA, the detector sensitivity, and line of sight attenuation do
not vary significantly across the narrow (<1 MeV) range of neutron
energies analyzed by these detectors, as shown in Fig. 3. For the pri-
mary DD and scattered-neutron detectors, the MCNP calculations
reveal that the detector sensitivity can vary 10%–20% below 4 MeV,
while the line-of-sight attenuation can vary ∼5% across the energy
ranges that are analyzed. Therefore, in the analysis of the raw time-
of-flight spectra, the exact shape of the detector sensitivity and line
of sight attenuation are included.12

V. DATA ANALYSIS
The two lines of sight from each spectrometer have an inher-

ent background that is due to the residual neutron scattering
from the environment, such as the target chamber, surround-
ing steel, and concrete structures necessary to hold the mirror
assemblies. An approach to inferring this background contribution
is dedicated experiments, evaluating the shape of the scattered
neutrons with implosions that have minimal areal density. In this
study, we looked at thin CH shells and exploding pushers with
apparent temperatures below 6 keV to mitigate any kinetic effect
that leads to yield ratio anomalies and inaccurate distributions of
the primary reactions.

A. Three-dimensional reconstruction
Once the background has been accounted for the remaining

model-independent energy spectrum is used to extract key implo-
sion metrics. A fit to the data uses Eq. (3) with the modal variation
addition in Eqs. (4) and (5) to provide an areal density ρL0 and
variation ρL1 for the P7 and H10 lines of sight,

ρLlos(Ω) = ρL0 + ρL1Ω ⋅ μhs,

where

ρL1 =
ΔρL × ρL0

Ωdet ⋅ μ̂hs
,

with the required inputs such as the primary DT yield, apparent
ion temperature, and fuel fraction used to fill the targets. Prelim-
inary fits (not shown) indicated that the region between the DD
peak (2.45 MeV) and the nT kinematic end point (3.52 MeV)
underestimated the experimental data are believed to be due to the
contribution from the triton breakup that was not initially included
in the analysis.

Earlier experimental energy spectra of protons and deuterons
produced in accelerator experiments from the triton breakup reac-
tions, T(n, 2n)D and T(n, 3n)p, were barely significant (deuterons)
and not significant (protons) given the experimental uncertainties,
respectively.15 It is unknown if other experimental data for these
reactions has been published. The shape of the energy spectrum
for the double differential cross section was calculated using the

FIG. 4. A fit to the experimental data with the statistical uncertainty and the model
(dashed black line) in the energy region from 3 to 8 MeV along the P7 line of sight.
Below the D2 peak at 2.45 MeV, the nD kinematic endpoint is observed.

Evaluated Nuclear Data File (ENDF) LAW = 6. The cross section
for this reaction has been calculated to be 19 mb (Ref. 16).

An example of a fit to the experimental data from an experi-
mental campaign in October of 2021 is shown in Figs. 4 and 5 for
the P7 and H10 locations.

The energy region from 1 to 8 MeV is resolved in the P7
location. However, the region below the DD peak along the H10
line of sight is not well resolved due to a larger background
contribution. At the present time, the fit region is being evalu-
ated from 3 to 8 MeV. Below the D2 peak, we need to consider
the scattering of DD primary neutrons and multi-scatters of DT
neutrons that become more significant. Additionally, the spectral
shapes of the TT primaries and inelastic break up reactions are more

FIG. 5. A fit to the experimental data (purple) with the statistical uncertainty and the
model (dashed black line) in the energy region from 3 to 8 MeV along the H10 line
of sight. In this spectrometer, the region below the D2 peak is mostly unresolved,
and the nD kinematic end point is less evident when compared to the P7 line of
sight (see Fig. 4).
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TABLE I. Experimental values from October 2021.

Shot no.
ρL0 (P7)

(mg/cm2) ρL1

ρL0 (H10)
(mg/cm2) ρL1

vhs
(km/s)

102 145 105 ± 12 0.01 101 ± 11 0.32 45
102 149 98 ± 11 0.03 95 ± 11 0.26 51
102 154 118 ± 13 0.03 111 ± 13 0.09 66
102 158 107 ± 12 0.12 105 ± 12 0.10 75
102 162 116 ± 13 0.24 112 ± 13 0.09 100

uncertain at lower energies. During the October 2021 campaign,
there were five experiments with the experimental values listed
in Table I.

The best performer in this campaign was shot 102 154, which
had a Yn = 2.22 × 1014 and the highest ρL and the lowest varia-
tion along both lines of sight. The worst performer of the day was
shot 102 162 that had an Yn = 1.79 × 1014 and a significant hot-
spot flow and an observed low mode. To better understand how
the variation in the areal density impacts implosion performance,
an accurate reconstruction of the areal-density distribution over 4π
is required.

To reconstruct the areal density using the inferred values,
(ρL0 + ρL1) several radiation-hydrodynamic simulations, along
with recent experiments on OMEGA, have shown that there are
strong correlations between the direction of the measured hot-spot
velocity and the areal-density asymmetry direction.17 It is expected
that the direction of minimum areal density is expected to be along
the direction of the hot-spot velocity. As a result, a mode l = 1
areal-density distribution and the direction of the hot-spot flow is
expressed by

ρL(Ω) = ρL0 + ρL1Ω ⋅ μhs, (11)

where ρL0 and ρL1 are the mean values of the areal density and varia-
tion in the areal density projected along the hot-spot flow velocity μhs

FIG. 6. A reconstruction of the areal density using the P7 and H10 neutron spec-
trometers. Due to the limited number of spectrometers, the minimum areal density
is constrained to be directed along the direction of the hot-spot flow vector μhs
noted by the red dot.

FIG. 7. The arithmetic mean from the 3-D reconstruction is compared to the areal
density inferred from the MRS spectrometer.

is measured by independent detectors.18 An example of the recon-
struction of the areal density from the implosions with a significant
mode 1 is shown in Fig. 6. With the minimum areal density directed
just below the P7 axis, there is up to a factor of 2 in the variation of
the dense fuel.

To further constrain the inferred areal density, a compari-
son between the MRS and the nTOF is shown in Fig. 7. In this
comparison, the arithmetic mean from the nTOF measurements is
calculated by integrating the overall reconstructed areal-density
values given by

ρLam =
1

4π ∫
ρL dcos θdφ. (12)

To achieve this reconstruction without an assumption on the
direction of the low mode (i.e., l = 1), up to four spectrometers
are required to measure the scattered neutron spectra. Therefore,
with four strategically located and highly collimated lines of sight,
a reconstruction of the areal-density distribution over 4π can be
inferred without an assumption on the direction of the low mode.19

The optimal lines of sight required with the currently installed
spectrometers on OMEGA to achieve a full reconstruction are given
in Table II.

TABLE II. Current and future lines of sight for the optimal 3-D reconstruction of the
dense fuel.

LOS Distance (m) θ (deg) ϕ (deg)

P7 13.4 116.5 162
H10 22.1 79.2 306
LOS 3 N/A 150 225
LOS 4 N/A 70 100
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These positions of the four neutron spectrometers represent a
tetrahedron configuration and would provide the required cover-
age to better resolve asymmetries below 10% of the compressed fuel
when evaluating the energy region from 3 to 8 MeV.

It is believed that low-mode asymmetry in a directly driven
ICF implosion is a limiting factor for performance. A recent model
demonstrates that an asymmetric-piston description can be used to
show the impact of mode-1 shell asymmetry and degradation in per-
formance.17 In this model, the increase in areal-density variation is
correlated with yield degradation and is expressed by

Y
YLILAC

= (1 − f 2
)

a
, (13)

where a is given to be 3.3, and f is the variation in the areal density
and is expressed by

f =
ρLmax − ρLmin

ρLmax + ρLmin
(14)

with ρLmax and ρLmin obtained from the 3-D reconstruction tech-
nique. As with the increase in the variation in the areal density,
a correlation with yield degradation is observed, but more data
are required to assess if the trend is consistent with the piston
model. However, the variation in the areal density compared to the
measured yield and divided by the 1D LILAC yield is up to 40%
lower, as shown in Fig. 8 with the solid black line. This can be
explained by other mechanisms that degrade the yield that is not
associated with low-mode variation in the areal density.

B. Hydrodynamic properties from kinematic edges
Recent theoretical8 and experimental20 studies have shown that

the neutron-backscatter edge presents a novel measurement of the

FIG. 8. The increase in areal-density variation from the experimental campaign
is beginning to show a correlation with yield degradation. A reduction in overall
performance of ∼40% (shaded region) is likely caused by other degradation mech-
anisms due to higher modes, such as laser imprint, mid-modes from beam mode,
etc.

FIG. 9. A model illustrates the broadening of the kinematic edge due to the
anisotropy of the cold fuel depending on the spectrometers’ line of sight. Straight
lines tangent to the nT edges are included to emphasize the difference in slopes.

hydrodynamic conditions at stagnation. The spectral shape of the
edge is determined by the velocity distribution of the scattering
ions.8 When there is a large mode-1 variation in areal density,
hydrodynamic models predict that the higher areal density side
will decelerate slower than the lower areal density side.21 There-
fore, the lower areal density side will exhibit a larger variation
in scattering ion velocities and will produce a broader backscat-
ter edge; the opposite is true for the higher areal density side.
This anisotropy has been predicted in simulation to appear in the

FIG. 10. An example of a cryogenic implosion with a significant mode 1 that
shows qualitative agreement with the broadening of the kinematic edge due to
the anisotropy of the cold fuel depending on the spectrometers’ line of sight as
predicted by the model.
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backscatter edge shape along different lines of sight.22 More recent
hydrodynamics simulations of OMEGA implosions perturbed by
a mode 1 were post-processed with a neutron transport code to
obtain synthetic spectra on the P7 and H10 OMEGA lines of sight
showing the anisotropic edge broadening. The results are shown
in Fig. 9.

Measurements on the broadening of the kinematic edges
(Fig. 10) show qualitative agreement with the anisotropy of the dense
fuel conditions from separate lines of sight given by the model pre-
diction (Fig. 9). The anisotropy is also correlated with the observed
mode-1 areal-density asymmetry.

The P7 line of sight observes a positive mode-1 areal-density
asymmetry and, therefore, backscatter is occurring in a lower areal
density region for this line of sight.

The backscatter edge is broader along P7, which matches our
model prediction that the lower areal density side should decelerate
more rapidly.

VI. SUMMARY
In this manuscript, a novel data analysis approach was

introduced using an evolutionary algorithm to extract a model-
independent energy spectrum of the scattered neutrons from the
experimental neutron time-of-flight data. This technique allows for
a more detailed analysis of the scattered spectra required to infer
the modal spatial variations (l = 1) in the compressed fuel areal
density. Experimental observations of the low-mode variations of
the cold fuel assembly (ρL0 + ρL1) show good agreement with a
recently developed model, indicating a departure from spherical
symmetry in the compressed DT fuel assembly. The contribution
of the deuteron and triton breakup in the implosion target is non-
negligible and is treated in the inference of the areal density. In one
example with a significant mode, with the minimum areal density
directed along the hot-spot flow, demonstrates the novel ability to
resolve modal variations in the fuel assembly. The addition of two
more highly collimated lines of sight is required to reconstruct the
areal density in 4π without any assumption on the direction of the
low mode.

In addition to the inferred areal-density asymmetry, it was
observed that the shape of the nT kinematic edge varied between
different lines of sight. This can be explained by anisotropy in dense
fuel conditions coincident with the areal-density asymmetry. The
observed change in nT edge shape is correlated with the hot-spot
velocity and areal density variation direction. This is in line with
hydrodynamic model predictions that show differential deceleration
of the fuel shell in the presence of a mode-1 asymmetry.
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