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In inertial confinement fusion experiments at the National Ignition Facility, asymmetries are probed by a
variety of neutron diagnostics including neutron imaging systems, real-time neutron activation diagnostics
(RTNADs), and neutron spectrometers. It is often useful to generate synthetic data based on these diagnostics
to validate and tune models. However, current methods of doing so using Monte Carlo particle tracing are
slow. In this paper, an ultra-fast method is presented for generating synthetic neutron images, RTNAD data,
and spectrometry data using line integrals and 3D convolutions. While it does not contain as much physics as
particle tracing codes, it is thousands of times faster and produces nearly identical data. This enables analysis
techniques that depend on generating large amounts of synthetic data, and will thus prove very useful to the

study of asymmetries going forward.

I. INTRODUCTION

In inertial confinement fusion (ICF) experiments at
the National Ignition Facility (NIF), spherical capsules
of deuterium-tritium (DT) fuel are compressed to high
pressures using x-ray radiation. At the time of peak com-
pression, the fuel forms a central hot-spot with a temper-
ature of about 10 keV and a density of about 50 g/cm?,
surrounded by a dense fuel-shell with a density of about
500 g/cm? and a temperature of about 200 eV, as shown
schematically in Figure 1. The conditions in the hot-spot
are sufficient for thermonuclear ignition to occur, and the
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FIG. 1. A schematic of an ICF implosion at the time of peak
compression. Fusion reactions occur in the central hot-spot,
which is surrounded by a relatively cold dense fuel-shell.
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assembly’s inertia holds it in place long enough for the
thermonuclear burn wave to propagate into the dense fuel
(about 100 ps).!

Critical to the performance of such experiments is the
symmetry with which the fuel is imploded. Ideally, the
implosion would be perfectly spherical, resulting in a
maximal transfer of kinetic energy from the radiation
drive to the hot-spot thermal energy. In practice, asym-
metries in the drive and capsule manufacturing result in
non-spherical shapes. These asymmetries waste energy
and reduce the fusion yield.?? Thus, diagnosing them is
a key goal of ICF research.

In this context, neutron imaging is an important di-
agnostic. At the NIF, three neutron imagers are used
to measure neutron sources from three lines of sight.*"
Two of them are capable of distinguishing neutrons in
two energy ranges. Primary neutrons, with energies be-
tween 13 and 17 MeV, are emitted directly from the hot-
spot; primary neutron images are images of the hot-spot.
Down-scattered neutrons, with energies between 6 and
12 MeV, elastically scatter off of fuel atoms before ex-
iting the implosion; down-scattered neutron images are
combined with primary neutron images to provide ap-
proximate images of the fuel density, in a process known
as fluence compensation.®

Another diagnostic used for measurement of asymme-
try is the real-time neutron activation detectors (RT-
NADs). These comprise up to 48 zirconium caps placed
around the target chamber, each measuring the primary
neutron yield. In a spherical implosion, the primary neu-
tron emission is isotropic and all detectors record the
same value. When asymmetries are present, though, vari-
ations in the dense fuel’s areal density result in variations
among the detectors.”

Another is the suite of five neutron time-of-flight spec-
trometers, which measure the down-scatter ratio (DSR)
on multiple lines of sight. The DSR is the yield ratio of
down-scattered neutrons between 10 and 12 MeV to pri-



mary neutrons between 13 and 15 MeV. The angularly-
averaged DSR is a measure of compression. In addition,
it is measured along multiple lines of sight, providing a
measure of asymmetry similar to that provided by the
RTNADs.?

Diagnostics like these can be used to validate and tune
models of ICF implosions. An important aspect of this
is the generation of synthetic data — in order to judge
whether a given model is consistent with the data, syn-
thetic neutron images and RTNAD data must be created
based on the modeled profiles and first principles such
that they can be compared to the experimental data.
Unfortunately, generating synthetic data can be slow.
Down-scattered neutron images, RTNAD data, and DSR
data obtained along multiple lines of sight are compli-
cated to calculate, and as a result are often done using
time-intensive Monte Carlo particle tracing.

In this paper, a simple method for generating down-
scattered neutron images and RTNAD data using con-
volutions is presented. Synthetic data is generated and
presented for an example morphology generated by a 3D
multi-rocket-piston simulation. A simpler example with
more numerical details is also given in Appendix A This
method makes several simplifying assumptions, but pro-
duces synthetic data that are practically indistinguish-
able from more exact data produced by Monte Carlo
particle tracing — and in one quadrillionth the time.

Il. CALCULATION OF PRIMARY NEUTRON IMAGES

As a test case, a multi-rocket-piston model® is used
to obtain realistic 3D profiles of ion temperature Tioy (¥),
DT density ppr, and carbon density pc. Figure 2 shows
the ion temperature profile in the hot-spot and the ex-
tent of the dense DT fuel surrounding it, and Figure 3
shows a lineout of the density profiles. This model gen-
erates an isobaric burning hot-spot surrounded by layers
of DT and carbon with zero temperature. However, any
combination of profiles is possible, including ones where
the carbon is mixed into the DT, or where there is signif-
icant burn in the shell. It is assumed that these profiles
are stationary in time.

Given such profiles, the simplest datum to syntheti-
cally generate is the primary neutron image. Assuming
that attenuation by the shell is uniform and that neu-
tron emission is isotropic at all points, the primary neu-
tron image can be computed as a line integral of the fuel
density and fusion reactivity as follows:

Invim (2, y) = /_Z Sprim (X + y§¥ + 22)dz (1)
Som® = [~ (21 e )

Here, 2 is the unit vector in the direction of the imager, X
and ¥ are unit vectors along the imager’s x- and y-axes,
mp is the mass of a deuterium atom, mr is the mass of
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FIG. 2. The 3D morphology of an ICF implosion perturbed
by a spherical harmonic with | = 3 and m = 2, generated
by a multi-rocket-piston model. The dark red is the dense
fuel, and the orange is the hot-spot, which is color-coded by
ion temperature. Not shown is the remaining carbon ablator
surrounding the dense fuel.
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FIG. 3. A lineout of the morphology in Figure 2, showing the
shape of the neutron source and the density profiles. The two
sides differ in radius and density due to the shape asymmetry.

a tritium atom, (ov) is the DT reactivity, and [ dt is an
integral over time.

This line integral is evaluated for 10 000 pairs of x-
and y-values, resulting in a 100x100 pixel grid.

In reality, asymmetries in the shell can cause variations
in the attenuation of primary neutrons (indeed, it is pre-
cisely this variation that RTNADs measure). While it
is possible to account for this without affecting this al-
gorithm’s time-complexity, the variations along a single
imaging line of sight tend to be very small, and this does
not affect the result significantly.

To demonstrate this, this method is compared to a
more precise method using the Monte Carlo particle trac-
ing code MCNP,'° which is a widely used and thoroughly
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FIG. 4. Comparison of the primary neutron images of the
implosion shown in Figure 2, as generated by MCNP (left)
and the line integral method (right). The top images are
taken from above while the bottom images are taken from
the side of the implosion.

benchmarked code that allows the tallying of neutrons
at a point by energy and direction of motion. The sim-
ulated morphology is built in MCNP out of geometric
primitives, and neutrons are generated from each of the
hot-spot cells in proportion to the reactivity and volume
of each cell. Neutrons are subsequently allowed to scat-
ter in the DT mass contained in each of the hot-spot
and dense fuel cells, as well as the carbon mass con-
tained in the ablator cells beyond them. Pinhole-image
tallies that exclude neutrons below 13 MeV are used to
obtain synthetic primary neutron images. As this is a
Monte Carlo approach, these images contain statistical
error. However, they thoroughly account for the neu-
tron transport, including attenuation, absorption, inelas-
tic scattering, neutrons that scatter multiple times, and
down-scattered neutrons that retain enough energy to be
recorded in the primary neutron image.

The line integral method and MCNP are both used to
generate synthetic primary neutron images for the mor-
phology shown in Figure 2. The comparison for images
obtained along two lines of sight is shown in Figure 4.
The line integral method has none of the statistical noise
that is present in the MCNP image, but aside from that,
there are no significant visible differences.

Running both on the same computing system, the line
integral method took 0.0384 CPU-seconds to generate
three images, while MCNP took 20 CPU-hours. MCNP
can be made faster by running with a smaller number of
particles, but this would increase the amount of statisti-
cal error in the image.

Il. CALCULATION OF DOWN-SCATTERED
NEUTRON IMAGES

The down-scattered neutron images are complicated
to compute, because down-scattered neutron emission is
not isotropic. Rather, it depends on the angle 6 between
the trajectory of the incoming primary neutron and that
of the outgoing down-scattered neutron.

By assuming that each down-scattered neutron experi-
ences exactly one scattering event, and that primary neu-
tron attenuation is negligible, this direction-dependent
flux at each scattering location ¥ can be expressed as an
integral over all possible birth locations . Since each
down-scattered neutron imaging system only sees neu-
trons that end up going toward it, the final trajectory
can be treated as fixed.

Ips(z,y) / Sps(zX + yy + 22)dz (3)
prlm p(?) .
it [
do, da .
(de(e) n dS;w))d?’r’ 6
. =7
6 = arccos <z : f"—f"’|) (6)

Here, %(9) is the differential scattering cross-section

of a 14 MeV neutron on a deuterium nucleus (clipped
to only be nonzero for angles that generate neutrons in
the range 6-12 MeV), 92(6) is the same for a tritium
nucleus, mq and my are the masses of deuterium and
tritium, respectively, and p(T) is the mass density.

In practice, the shell of an ICF implosion is not just
composed of DT, but also contains remnants of the car-
bon ablator. This can be accounted for by generating
multiple down-scattered neutron images — one for each
material — and summing them together. However, be-
cause the carbon only has a small contribution to the
neutron scattering, it is easier and almost as accurate to
do both materials at once by using an effective DT den-
sity: p = ppr + 2—79/)0. This ignores differences in the
shapes of the differential scattering cross-sections of DT
and carbon, approximating the carbon cross-section as
24% of the DT cross-section — a good approximation for
the neutron energies involved.!!

Calculating this quadruple integral numerically would
be computationally expensive. However, Spg can be
written as a convolution followed by a point-wise multi-
plication, which can be performed relatively quickly using
fast Fourier transforms:

SDS:(Sprim*f)Qp (7)
g 11 (Ao dn
el G <10) IO

S . AF
0(AF) = arccos (z : |Ar|) (9)
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FIG. 5. Comparison of the down-scattered (6-12 MeV) neu-
tron images of an implosion, without fluence compensation,
as generated by MCNP (left) and the convolution method
(right). The top images are taken from above while the bot-
tom images are taken from the side of the implosion.

When numerically evaluating the kernel f(Ar), one
must take care around the singularity where Ar' = 0 and
f is undefined. If f is evaluated at the center of each
voxel, then the central voxel will produce a value of Not
a Number. The most rigorous way to avoid this is to
calculate the average value of f in each voxel, which is
finite for any finite voxel size. Alternatively, one can
simply set f(0) to zero, or evaluate f(0) as if 6 = 0 and
|Ar| = L/2 where L is the voxel size. If the number of
voxels is sufficiently high, the difference between these
treatments is small.

To compute a full down-scattered neutron image, Sps
only needs to be computed once. Multiple line inte-
grals are subsequently performed to calculate Ipg in a
100x100-pixel grid, producing an image in the same man-
ner as is done for the primary neutron images.

This neglects neutrons that scatter more than once,
which are more isotropic than single-scatter neutrons.
However, for current areal densities, the probability of
a single scattering event is small (less than 10%). Be-
cause of this, and because doubly-downscattered neu-
trons tend to have low energies (below what is detected
by the neutron imaging systems), neglecting them does
not significantly affect the image. This approach also
neglects the effect of attenuation, which makes the ac-
tual primary neutron fluence at each point less than
the [[[ Sprim/Ar? d®F that’s assumed here. However —
again, because the scattering probability is small — this
effect does not have a significant effect on the resulting
image.

This method is again compared to MCNP. Altering
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FIG. 6. Comparison of the fluence-compensated down-
scattered (6-12 MeV) neutron images of an implosion as gen-
erated by MCNP (left) and the convolution method (right).
The top images are taken from above while the bottom im-
ages are taken from the side of the implosion.

the MCNP setup from before to record down-scattered
neutron images rather than primary neutron images is
as easy as changing the energy bounds of the synthetic
detector from 13+ MeV to 6-12 MeV. The result for
the morphology shown in Figure 2 is shown in Fig-
ure 5. To exaggerate the key features of the images for a
more discerning comparison, the corresponding fluence-
compensated neutron images are also shown in Figure 6.
Again, the differences are small, aside from the large
amount of statistical noise in the MCNP images. In this
case, the convolution method took 4.20 CPU-seconds for
three images, while the MCNP-generated images were
produced at the same time as the primary images shown
in Figure 4, thus requiring the same 20 CPU-hours.

IV. CALCULATION OF RTNAD AND DSR DATA

The unscattered yield measured by an RTNAD de-
pends entirely on the average areal density seen by neu-
trons exiting the implosion in that direction, (pL). This
can be expressed as the following line integral.

oq+o0
Yprim :}/total exp (_dt <pL>> (10)

mq + my
_fff Sprim () fooo p(r + Zi)dzd3f'”
- JIT Sorim () d3F

Here, Z is the unit vector in the direction of the RTNAD,
and p is again the effective DT density accounting for car-

(pL) (11)
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FIG. 7. Comparison of the RTNAD skymap of an implosion
as generated by MCNP (top) and by the convolution method
(bottom). For the sake of visualization, the normalized pri-
mary neutron yield is shown for every possible line of sight,
rather than for the 48 discrete lines of sight the RTNADs ac-
tually probe.

bon. o4 and oy are the total scattering cross-sections of
14 MeV neutrons on deuterium and tritium, respectively.

This quadruple integral would be fairly computation-
ally expensive, but can be written as a line integral of a
convolution, which can be performed quickly using fast
Fourier transforms:

(pL) = / " p(ep)de (12)

~ S;rim *p 13
? = TIT S )7 19)
S;rim (F) = Sprim(_F) (14)

As p doesn’t depend on Z, the convolution only needs
to be performed once, and Yj;im can be calculated along
all 48 lines of sight using only inexpensive line integrals.

This is fairly exact; the only errors arise from the fi-
nite resolution of the arrays that are convolved and the
approximation of the carbon differential scattering cross-
section.

This method is once again compared to MCNP. To
produce synthetic RTNAD data in MCNP, synthetic de-
tectors are placed on a sphere around the implosion, mea-
suring the 13-15 MeV neutron yield at each point. This
can be done at the same time as computing the primary
and down-scattered neutron images. The result for a
continuum of lines of sight is shown in Figure 7. The
convolution-generated skymap looks very similar to the
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FIG. 8. Comparison of the DSR skymap of an implosion as
generated by MCNP (top) and by the convolution method
(bottom). For the sake of visualization, the DSR is shown for
every possible line of sight, rather than for the five discrete
lines of sight the neutron spectrometers actually probe. The
same colormap is used for both, displaying a difference in
magnitude between them.

MCNP-generated skymap. In this case, the convolution
method took 0.343 CPU-seconds, compared to MCNP’s
20 CPU-hours.

The DSR skymap can be inferred from the RT-
NAD skymap, shown in Figure 7, using a spherical
convolution,*? or calculated directly in MCNP by tal-
lying 10 —12 MeV neutrons. The DSR skymaps from
the convolution and from MCNP are compared in Fig-
ure 8. Like the RTNAD skymap, they have the same
asymmetry, but unlike the RTNAD skymap, the magni-
tudes differ noticeably. The convolution method predicts
an angularly averaged DSR of 0.0246, compared to the
0.0238 predicted by MCNP (a 3% difference). This may
be due to differences between the cross-section data used
by MCNP and the convolution algorithm.

V. COMPARISON TO EXPERIMENTAL DATA

While images generated by this method cannot be
benchmarked directly to real experimental data — as the
3D density and temperature profiles are not generally
known for an experiment — simulations can be tuned to
approximate real experiments and thus provide rough
comparisons. The NIF shot of June 5, 2021, is taken
as an example. Based on the neutron images and RT-
NAD data from this shot, a 3D rocket-piston simulation
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FIG. 9. The 3D morphology of a simulated ICF implosion
tuned to approximate the NIF shot on June 5, 2021. The
dark red is the dense fuel, and the orange is the hot-spot.

Expmt. (13-17 MeV)  Synth. (13-17 MeV)

-

Expmt. (6-12 MeV) Synth. (6-12 MeV)

FIG. 10. Comparison of the neutron images of the NIF shot
on June 5, 2021 (left), with the synthetic images generated by
line integrals and 3D convolutions for the simulation shown
in Figure 9 (right). The top row shows primary neutron im-
ages, while the bottom row shows fluence-compensated down-
scattered images. All four images are from the same line of
sight.

was constructed that matched the observed size, mode-1
asymmetries, and mode-2 asymmetries. Like the simula-
tion shown in Figure 2, this simulation assumes an iso-
baric hot-spot with a centrally peaked temperature sur-
rounded by layers of cold DT and carbon. The simulated
morphology at bang-time is shown in Figure 9.

Neutron images are generated from the simulation and
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FIG. 11. Comparison of the RTNAD data from the NIF shot
on June 5, 2021 (top), with the synthetic data generated by
line integrals and 3D convolutions for the simulation shown in
Figure 9 (bottom). Each circle represents one detector, and
its location represents its position on the target chamber.

compared to the measured images. The primary neutron
images and fluence-compensated down-scattered neutron
images from the side of the implosion are shown in Fig-
ure 10. While the exact shape of the images differs
because the simulation only accounts for mode-1 and
mode-2 asymmetries, the general shape of the primary
neutron image and the hollow structure of the fluence-
compensated down-scattered neutron image are accu-
rately reproduced by the simulated data. The experimen-
tal images (especially the primary neutron image) have
softer edges than the simulated images. This is most
likely because of the analysis technique used to extract
the experimental images from the raw neutron imaging
system data, which has imperfections due to counting
statistics and metrological errors. A blur effect can be
applied to the synthetic images to better approximate
the experimental images. This may also be an indication
that the true temperature profile was more peaked than
the profile assumed in the simulation.

RTNAD data is also generated from the simulation and
compared to the measured RTNAD data, and shown in
Figure 11. There is a mode-1 asymmetry in the data
which has been well replicated in the simulated data.
Some discrepancies can be seen in individual detectors.
This is most likely dominated by random error in the
experimental measurements, which is not present in the
simulation.

Comparisons like this can be used not only to evalu-



ate the accuracy of simulations data, but also to tune
simulations to match experimental data. The speed of
this synthetic data generation technique enables a great
number of techniques that would be intractable with a
slower Monte Carlo approach. For example, computa-
tionally intensive iterative techniques like gradient de-
scent or Markov chain Monte Carlo can be used to find
the simulation that best fits an experimental dataset. Al-
ternatively, a large number of synthetic datasets can be
generated and used to train a machine learning model
such as a neural network to directly reconstruct data.'3
These techniques allow unique insights to be obtained
from ICF implosion data.

VI. CONCLUSION

In ICF experiments at the NIF, x-ray radiation is
used to implode a spherical capsule of fuel to high den-
sities and temperatures for the purposes of thermonu-
clear fusion. Three important diagnostics used to diag-
nose asymmetry in ICF experiments are neutron imaging,
RTNADs, and neutron spectrometry. Using these diag-
nostics to validate and tune models often requires that
synthetic data be generated from first-principles. How-
ever, generating synthetic data for these diagnostics can
be complicated and extremely time consuming.

In this work, an ultra-fast method is presented that
uses line integrals and 3D convolutions, which can
be evaluated quickly using fast Fourier transforms, to
quickly produce high-quality synthetic neutron images,
RTNAD data, and DSR data. This method makes sev-
eral simplifying assumptions, but these assumptions are
all well-founded and do not significantly affect the out-
put, as is demonstrated by the comparison to MCNP-
generated data.

While MCNP captures more physics than the line in-
tegral and convolution method — such as attenuation
and multiple-scattered neutrons — and it allows an entire
dataset to be generated all at once, the line integral and
convolution outperforms it in two important ways. First,
it is much faster, to such an extent that even when gener-
ating three primary neutron images, two down-scattered
neutron images, and an RTNAD skymap sequentially,
the line integral and convolution method is sixteen thou-
sand times faster than using MCNP. Second, it generates
data free of statistical error, which is prevalent in MCNP-
generated data.

Overall, the great speed increase provided by this
method over MCNP, as well as the fact that it is easy
to implement, enables analysis techniques that depend
on generating large amounts of synthetic data, such as
forward-fitting a model to measured data, or generating
a synthetic dataset to train a machine learning model.'3
It is also valuable for a wide variety of techniques and
model studies that do not require large amounts of syn-
thetic data, but benefit from shorter computation times
regardless. This will thus prove very useful to the study

of asymmetries in ICF implosions at the NIF going for-
ward.
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Appendix A: An example calculation

To illustrate the equations in more specific terms, a
calculation is performed here for a simple geometry with
an extremely low resolutions. It comprises a 4x4x1 grid
of voxels, each 100 pm in size. The central four voxels
are designated as hot-spot, with an ion temperature of
9.20 keV and a DT density of 10 g/cm?. The eight voxels
directly adjacent to them are designated as dense shell,
with an ion temperature of 0 keV and a DT density of
100 g/cm?. This is illustrated in Figure 12. The hot-
spot and shell are both confined to a single layer of voxels
in the z-direction to enable easy visualization. For this
example, there is no carbon.

First, a primary neutron image is calculated. At
9.20 keV, the reactivity of DT is 8.78 x 1077 cm?/s.
The neutron emission Sp.im(F) as calculated by Equa-
tion 1 is therefore 1.00 x 102! n/sr/cm?®. Its spatial ex-
tent is shown in Figure 13. To calculate the primary
neutron image from the negative y-direction, one simply
integrates this map over the shown vertical lines. The
resulting primary image, shown in Figure 14, is a boxcar
distribution 200 pm wide and 2.00 x 10! n/sr/cm? tall.

To generate the down-scattered neutron image, we first
calculate the scattering kernel f(AF) as defined in Equa-
tion 8. This is shown in Figure 15 for an imager looking
from the negative y-direction. The function f has been
averaged throughout the volume of each voxel to ensure
that it is finite everywhere. Convolving it with Spyim (F)
and then multiplying element-wise by p(r), as per Equa-
tion 7, results in the down-scattered neutron emission
map Sps(r) shown in Figure 16. This is again integrated
along the vertical lines, resulting in the image shown in
Figure 17. The brightest pixels in the image are the
central two, at 1.87 x 10'7 n/sr/pm?, primarily from the
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FIG. 17. The down-scattered neutron image from the neg-
ative y-direction. Since the morphology is two-dimensional,
the image is one-dimensional.

dense fuel voxels that are directly backlit by the hot-spot.
The two pixels on the sides also have some brightness due
to side-scatter from the hot-spot.

To generate the (pL) skymap, which can then be used
to extract RTNAD and DSR data, we first calculate the
relative density distribution p(Ar) as defined in Equa-
tion 13. This distribution, shown in Figure 18, represents
the average density distribution seen by a random pri-
mary neutron relative to its birth location. One obtains
(pL) by integrating this along the shown radial lines. The
result for a continuum of angles is shown in Figure 19.
At multiples of 90°, it equals 1.10 g/cm?, because every
hot-spot voxel sees 1 g/cm? of dense fuel plus either 0.05
or 0.15 g/cm? of hot-spot.
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