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The Neutron Imaging System (NIS) is an important diagnostic for understanding implosions
of deuterium-tritium capsules at the National Ignition Facility. While the detectors for
the existing system must be positioned 28 m from the source to produce sufficient imaging
magnification and resolution, recent testing of a new short line of sight neutron imaging
system has shown sufficient resolution to allow reconstruction of the source image with quality
similar to that of the existing NIS on a 11.6 m line of sight. The new system used the
existing pinhole aperture array and a stack of detectors composed of 2 mm thick high-density
polyethylene converter material followed by an image plate. In these detectors, neutrons enter
the converter material and interact with protons, which recoil and deposit energy within the
thin active layer of the image plate through ionization losses. The described system produces
time-integrated images for all neutron energies passing through the pinhole. We present
details of the measurement scheme for this novel technique to produce energy-integrated

neutron images as well as source reconstruction results from recent experiments at NIF.
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I. INTRODUCTION

The National Ignition Facility (NIF) conducts ex-
periments to study high-energy-density physics and in-
ertial confinement fusion in deuterium-tritium (DT)
plasmas.! The required densities and pressures are gen-
erated through indirect ablative compression of plastic
(CH) capsules containing DT gas surrounded by DT ice
layers. With this strategy, fusion processes begin in the
compressed DT gas generating a hotspot. Alpha heat-
ing in the hot-spot and surrounding fuel, which has been
recently observed?, can result in the propagation of an
ignition front through the DT fuel surrounding the burn-
ing hot-spot.? Given the appropriate fuel assembly con-
ditions, this reaction is predicted to release over 10%J of
energy and more than 107 neutrons. Tuning the im-
plosion to achieve ignition requires the measurement of
plasma conditions at very small length and time scales,
thus high resolution measurements of the neutron emis-
sion distribution are critical in the tuning process.

The NIS currently installed at NIF provides single-view
imaging of both the DT burning hotspot and surround-
ing dense cold fuel.* The system is comprised of two main
components: a pinhole aperture placed 0.325 m from the
implosion center and a detector system positioned 28 m
from the target chamber center (T'CC). This configura-
tion provides a magnification of roughly 85 and the res-
olution of the detector system at the scintillator plane
is 1.1 mm FWHM?*, which provides an effective resolu-
tion at the source plane of ~ 13 microns. The pinhole
Rayleigh resolution is 18 microns*. Sophisticated data
reduction and reconstruction algorithms have been de-
veloped to remove the encoding introduced by the coded
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aperture array and distortions of the detector system.?
Through this analysis the size, shape and distribution of
the underlying neutron source are calculated. Although
this system provides valuable two-dimensional informa-
tion about source characteristics, diagnostic capabilities
would be greatly improved with simultaneous imaging
from multiple lines of sight. The addition of two new
neutron-imaging lines of sight that are orthogonal to the
existing system would provide three-dimensional infor-
mation, which would help in understanding three dimen-
sional effects at stagnation, measuring the large struc-
tures within the burning DT fuel. One of the difficul-
ties, however, of fielding multiple neutron imaging lines
of sight at NIF is retrofitting the facility to allow multi-
ple 28 m lines of sight required when using the current
fiber-scintillator detector technology.

A novel short line of sight neutron imaging system re-
cently tested at NIF on an 11.6 m line of sight may enable
multi-axis neutron imaging on shorter and more practi-
cal lines of sight. Like the existing system, the short line
of sight system uses a pinhole aperture and source recon-
struction algorithms. The new system, however, uses a
detector stack composed of polyethylene (n,p) converters
combined with image plates to record energy-integrated
neutron images and has better spatial resolution than the
fiber scintillator used in the existing NIS. This improved
detector resolution allows comparable resolution in the
reconstructed image with the reduced magnification of
a shorter line of sight. The use of imaging plates has
been previously studied for fast neutron detection®” as
well as for imaging of thermal neutrons.® We expand on
these previous studies by investigating the application of
this technology to fast neutron imaging at NIF. This pa-
per describes the major components of the image plate
based neutron imaging system and source reconstruction
results from recent tests using this system.



Il. IMAGE PLATE BASED NEUTRON IMAGING
SYSTEM

A. Coded Aperture Array

Because of the long mean free path of 14.1 MeV neu-
trons in materials, the neutron imaging system forms im-
ages using extended apertures or pinholes. The aperture
array currently in use at NIF is composed of triangular
pinholes and mini-penumbral apertures machined along
the 20 cm length of wedged layers of gold, which has an
interaction length of ~3 cm for 14 MeV neutrons. The
pinholes have an equilateral, triangular cross-section and
taper from a height of 0 ym to 210 pm in the direction
of neutron propagation.

Each tapered pinhole provides a field of view of ap-
proximately 245 pym at 32.5 cm from the entrance face of
the aperture array. A total of 20 pinholes have been pre-
cision machined into four tapered gold layers, which are
stacked to form the aperture array. The mini-penumbral
apertures are double-tapered cylinders with a 273 um
input aperture diameter, a 300 ym waist diameter, and
a 437 pum exit aperture diameter. Three apertures were
formed by machining three half truncated cones into each
of two gold slabs and precision stacking the two layers.
Each aperture has a field of view of 200 ym . This array
was simultaneously used to encode the neutron source
distribution for detection with an image plate based de-
tector system and the scintillating fiber based detection
system located on the same line of sight (90-315) at NIF.

B. Detector System

The new detector system uses polyethylene converter
plates followed by image plates. The neutrons from
the source interact with the hydrogen nucleus in the
polyethylene producing recoil protons, which then de-
posit their energy in the image plates. The tested system
used five stacks of these converter-image plate bundles to
increase sensitivity. The stacks are pressed together to
ensure each image plate is in physical contact with the
converter so that there is no loss of resolution as the
proton travels between the converter and image plate.
The multiple images can be combined and the neutron
images themselves can be used as a common fiducial to
align the image plates. Figure 1 shows a schematic of
this converter-image plate detector.

The polyethylene used is PE 500 HMW, which has a
density of 0.96 g/cm®. The converter material has dimen-
sions of 120 mm x 120 mm x 2 mm. The thickness of the
converter material was chosen to optimize neutron sensi-
tivity. As shown in Figure 2, MCNP6.1 simulations show
that with a thicker material, the recoil protons eventu-
ally range out and fail to escape to the image plate to
deposit their energy. Therefore, after 2 mm there are
no gains in sensitivity by increasing the converter thick-
ness. A thinner converter will have decreased sensitivity
but may improve image resolution for high flux measure-
ments. Thus for higher neutron yields at NIF, sensitivity
could be sacrificed to decrease image blur by using a thin-

ner converter. Simulations were performed using MCNP
version 6.1 and cross section libraries ENDF71x. Energy
deposition was recorded using a mesh tally type 3 that
covered the entire image plate volume.

The image plate used in this detector configuration is
the Fujifilm BAS-I SR. When the image plate sensitive
material (BaFBr:Eu) is exposed to ionizing radiation, the
electrons in the phosphor are excited and trapped in color
centers. The trapped electrons are re-excited by scanning
the plate with a 650 nm laser beam, which causes photo-
stimulated luminescence at approximately 390nm.° Im-
age plates are scanned using the GE/Fujifilm Typhoon
FLA 7000 scanner at a resolution of 50 microns.
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FIG. 1. Five stacks of high density polyethylene (CHz) and
image plates (IP) are loaded in a aluminum film pack
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FIG. 2. Results from MCNP6.1 simulations recording the

total energy deposited on the image plate as a function of
converter thickness

11l. DEMONSTRATION OF IP BASED IMAGING

Because the image plate based detector system is thin
and only intercepts ~5% of the neutron flux, this system
was fielded along the same line of sight as the existing
energy resolved scintillating fiber based neutron imag-
ing system. As a result, we were able to collect images
for source reconstruction from both systems simultane-
ously in NIF shot N150121 (a cryogenic DT shot which
resulted in a neutron yield of 6.26x10'%). Approximately
5% of the neutrons interacted within the polyethylene-
image plate stack, and the remaining neutrons continued



on to the 28 m neutron imaging system where approxi-
mately 40% of the remaining neutrons are detected for
analysis with the standard procedures.*?

To analyze this data, the five images collected from the
measurement were combined to produce a single neutron
image. Because of slight rotations and shifts from image
plate to image plate, the locations of the three central
penumbral images were used as a common fiducial to reg-
ister the images spatially and correct for the rotations.
Once corrected, these images were summed to provide the
image shown in Figure 3 (a). Figure 3 (b) shows the same
image collected with the standard scintillator based neu-
tron imaging system. The triangular pinholes are used
for source reconstruction and the average signal-to-noise
ratio (SNR) for all pinholes for the scintillator raw im-
age shown in Figure 3 (b) is 8.5 £20% and the average
SNR for all pinholes in the image plate raw image shown
in Figure 3 (a) is 5.0 £20%. Neutrons interacting with
the polyethylene generate forward scattered protons. Be-
cause of the ordering of the converter and detector, this
image plate based detector is directionally sensitive, re-
sulting in low backgrounds despite being 11.6 m from the
neutron source and having no collimation to reduce these
backgrounds.

IV. DATA ANALYSIS
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FIG. 3. (a) shows an image of the pinhole aperture array
generated from the combined five image plate scans from the
short line of sight neutron imaging system. (b) shows the
same image generated from the existing scintillator based NIS
system. The triangular bright regions are the pinhole images
and the three large circular spots at the center are penumbral
images.

The raw data images collected with the image plate
based detector and the scintillator based NIS were re-
constructed using a maximum-likelihood algorithm that
assumes an underlying Gaussian noise model.> The re-
sults of this reconstruction are shown in Figure 4 for both
imaging systems. Following the convention used at NIF
for asymmetry studies,!? the shape of the source recon-
struction is characterized by a Legendre polynomial fit at
17% of the peak signal contour as shown by the dashed
and solid white lines in Figure 5 (a). In addition, the
17% contours extracted from the reconstructed source
with the corresponding fit is shown in Figure 5 (b).

V. RESOLUTION MEASUREMENT

In order to remove detector blur in the reconstruc-
tion, the resolution of the image plate detector stack was
measured. On NIF shot N150517-004 (a gas filled DT
shot with a neutron yield of 1.35x104) an identical im-
age plate stack was fielded on a separate line of sight to
measure the neutron flux passing through a steel rolled
edge, providing a measurement of detector resolution. A
5 cm thick, 8 cm wide steel block was placed in front of
one half of the image plate detector. The steel block had
a 50 cm radius of curvature to minimize the effects of
misalignment.

A measurement of the neutron transmission across this
edge provides the edge-spread function of the detector
system as shown in Figure 6. This transmission was fit
with an error function, which assumes a Gaussian line
spread function, and the best fit resulted in an RMS
width, or sigma, of 275 microns. In the neutron imag-
ing community the resolution of a detector system is of-
ten quoted as the FWHM of the line spread function,
which is 650 microns. This resolution is nearly a factor
of two improvement over the existing scintillating fiber
based neutron imaging.* The magnification with the im-
age plate system is roughly 35, which provides an effec-
tive resolution at the source plane of ~ 19 microns. The
same pinhole was used for measurements with both the
scintillator-based system and image plate system; thus
the pinhole Rayleigh resolution remains at 18 microns.
This gain in detector resolution implies that this image
plate based detector system could be fielded on a line of
sight with a factor of two lower magnification or if the
pinhole location remains the same, the line of sight can
be shortened by nearly a factor of two down to ~14 m,
providing the same performance as the scintillating fiber
based neutron imaging system.

VI. RESULTS

The data collected with the image plate based detector
system and the scintillating fiber based detector system
was used to reconstruct the underlying neutron source
distribution and the results of these two independent re-
constructions are shown in Figure 5. The reconstruction
from the image plate based detector system is very simi-
lar to the scintillating fiber based system. The differences
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FIG. 4. Source reconstruction results from shot N150121 gen-
erated from the short line of sight system (a) and the scinit-
illator based NIS (b).
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FIG. 5. (a) shows the 17 % contours for the short line of
sight system and existing NIS. (b) is the extracted Legendre
polynomial fit for both contours.

in the reconstructions are consistent with noise of the im-
age plate based system, which has a detection efficiency
that is ~8 times lower than the scintillator based system.
It should also be noted that the scintillator based recon-
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FIG. 6. Fitted edge transmission from measurement of the
image plate resolution using a rolled edge

struction is energy resolved and shows the 14 MeV neu-
tron source distribution (actually, the system is gated to
collect signal from 13-17 MeV neutrons, which is dom-
inated by the signal from the 14 MeV neutrons). The
image plate based detector system detects neutrons of
all energies, but the neutron signal is dominated by the
signal from the 14 MeV neutrons.

The primary result of neutron images collected at NIF
is the size and shape of the neutron emission region,
which is determined by the 17% contour. Figure 6 shows
a comparison of the 17% contour extracted from the re-
constructed neutron emission region from N150121. The
differences in this contour are within expected error bars
associated with these systems. The agreement of this
contour shows that at these neutron yields, the size and
shape information of the 14 MeV neutron emission can
be accurately determined with an image plate based de-
tector system.

Vil. CONCLUSION

Recent testing of an image plate based neutron imag-
ing system at NIF on a short line of sight (11.6 m) has
demonstrated the ability to measure hotspot source size
and shape. A comparison of reconstructions from the en-
ergy resolved scintillator based neutron imaging system
and the image plate based detector system show similar
reconstructed emission region and agree in the size and
shape of the neutron source for shot N150121. In addi-
tion, the detector resolution measurement of the image
plate based detector system is nearly a factor of two im-
provement over the existing scintillating fiber based sys-
tem, which makes the image plate based system a good
candidate for a new neutron imaging system installed
on a shorter line of sight within the existing NIF build-
ings. Further improvements to the current system may
include investigations of alternative converter materials
for increased neutron sensitivity and finer imaging reso-
lution. This is an exciting development that may provide
a technique to create additional views of the DT burn-
ing plasma and improved diagnostics of implosions. In
addition, future testing of this system may prove to be
beneficial for simultaneous x-ray and neutron imaging



along the same line of sight since x-ray detection must
occur with the vacuum of the target chamber, thus a
combined detector must be fielded at a shorter distance
from TCC.1!
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