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ABSTRACT

The multi-institution Single-Volume Scatter Camera (SVSC) collaboration led by Sandia National Laboratories
(SNL) is developing a compact, high-efficiency double-scatter neutron imaging system. Kinematic emission imag-
ing of fission-energy neutrons can be used to detect, locate, and spatially characterize special nuclear material.
Neutron-scatter cameras, analogous to Compton imagers for gamma ray detection, have a wide field of view,
good event-by-event angular resolution, and spectral sensitivity. Existing systems, however, suffer from large size
and/or poor efficiency. We are developing high-efficiency scatter cameras with small form factors by detecting
both neutron scatters in a compact active volume. This effort requires development and characterization of
individual system components, namely fast organic scintillators, photodetectors, electronics, and reconstruction
algorithms. In this presentation, we will focus on characterization measurements of several SVSC candidate
scintillators. The SVSC collaboration is investigating two system concepts: the monolithic design in which
isotropically emitted photons are detected on the sides of the volume, and the optically segmented design in
which scintillation light is channeled along scintillator bars to segmented photodetector readout. For each of
these approaches, we will describe the construction and performance of prototype systems. We will conclude
by summarizing lessons learned, comparing and contrasting the two system designs, and outlining plans for the
next iteration of prototype design and construction.
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1. INTRODUCTION

Kinematic neutron imaging is an established technique for characterizing fast-neutron radiation sources.1' The
principle is straightforward: detecting two successive neutron-proton elastic scatters (np-scatters) allows for the
reconstruction of the incoming neutron energy and trajectory through the application of energy and momentum
conservation. Modern systems are difficult to deploy and suffer from low efficiency of detecting double-scatter
events. The Single Volume Scatter Camera (SVSC) project led by Sandia National Laboratories seeks to dis-
tinguish multiple np-scatters within a single organic-scintillator volume.6 There are two important benefits to
this approach. First, an order of magnitude decrease in the form factor compared to state-of-the-art cameras
allows for significantly enhanced portability. Second, maximal acceptance of double-scatter events results in an
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estimated order of magnitude increase in detection efficiency. Together, these advantages can enable passive
neutron imaging to be practically used in the field.

Figure 1 shows an illustration of the SVSC concept. An incoming neutron with energy En enters a single
volume of organic scintillator and successively scatters elastically off of two protons. The energy of the neutron
after the first np-scatter, En, can be determined using the distance (d10) and time (t10) between the two scatters:

/ 1 ( dlo ) 2
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where nin is the mass of the neutron. Because we are primarily concerned with fission-spectrum neutrons, this
calculation is non-relativistic. By conservation of energy, the incoming neutron energy is given by

En = En Ep, (2)

where 4 is the energy of the recoiling proton from the first np-scatter. The proton light yield (PLY) of the
scintillator material is needed in order to determine 4, as the PLY relates scintillation light (which is measured
by the photodetectors) to the energy of the recoiling proton. The scattering angle B of the incoming neutron can
be calculated from

= arccos
E'
=n) = arctan
En

Ep\
(3)

and defines a cone of possible incoming neutron trajectories.

Multiple different SVSC prototypes are currently being designed and tested. These systems will be described
in Section 2.
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Figure 1: Diagram of kinematic neutron imaging within a single scintillator volume. An incoming neutron
(with energy En) elastically scatters with a proton at location (xo, yo, zo) and time to. The proton recoils with
energy E. The scattered neutron interacts again with another proton within the scintillator volume at location
(x1, yi, z1) and time ti. Using the distance (d10) and the time (tio) in between the two np-scatters, the scattered
neutron energy can be calculated. The incoming neutron energy and the original scattering angle B can then be
reconstructed using the scattered neutron energy and the recoil proton energy from the first interaction.

To achieve the stated order-of-magnitude increase in double-scatter detection efficiency, the SVSC relies on
the ability to resolve two separate proton recoils within a single scintillation volume. Accomplishing this task



requires determination of the energy of the scattered neutron to a precision similar to that of the recoil proton.
For scatters of fission-spectrum neutrons separated by 10 cm, this corresponds to spatial and temporal resolutions
of approximately 1 cm and 1 ns, respectively. Such resolutions represent a significant technical challenge. For
this reason, the SVSC project includes several component-level research efforts, including the development of
a high-channel-density electronics board,7 performance evaluation of a Large Area Picosecond Photodetector,
and frequency domain multiplexing of electronic signals." These proceedings will describe in detail one such
component research area in Section 3: scintillator characterization studies led by the University of California,
Berkeley (UCB).

2. DESIGN CONCEPTS

2.1 Monolithic

The monolithic SVSC design consists of a single contiguous scintillator volume with photodetectors at the
boundaries. The arrival times and positions of individual optical photons are detected, and photons are assumed
to propogate isotropically from the location of the recoiling particle. Neutron-scatter events are reconstructed
using a maximum likelihood approach which determines the event parameters most likely to yield the detected
photon information. The likelihood is given by

n N

= 
i=1 j=1

(4)

where 113 is the number of detected photons for the jth interaction (with µ=E µ3), n is the number of detected
photons, N is the number of neutron interactions in the event, and Pii is the probability that the ith detected
photon originates from the jth interaction. This probability can be expressed in terms of the times of emission (t3)
and detection (ti) of photons, and the distance d3k(,) between the ith photon generated from the jth interaction
and detected at the kth photodetector pixel:
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where f (t) is the scintillation pulse shape, Clak(i) represents the solid-angle coverage of a specific interaction-pixel
pair, and Qk is the photodetection efficiency of the kth pixel. A proof-of-principle study showed that, given
appropriate knowledge of the arrival times and positions of scintillation photons at the surface of the detector,
it is possible to reconstruct the positions, times, and emitted light of proton recoils with sufficient accuracy for
imaging by maximizing the log likelihood.6

A prototype has been constructed at Oak Ridge National Laboratory (ORNL) to experimentally demonstrate
the monolithic concept. The prototype consists of a 5 cm x 5 cm x 5 cm cube of EJ-204 scintillator read out
by two Hamamatsu H12700 64-anode PMTs on opposing sides of the cube, and to minimize reflections, the
remaining four surfaces of the cube were painted black. The PMT anode signals were digitized using four CAEN
V1742 32-channel waveform digitizers with a sampling rate of 5 GS/s. Figure 2 (left) shows a photograph of the
assembled prototype.

In order to reconstruct neutron scattering interactions, best estimates of arrival times of individual photons
had to be extracted from the PMT signals. To accomplish this, calibration of the response of each PMT anode
was required to determine its quantum efficiency, gain, and timing offset. These calibrations were performed by
sequentially presenting the attenuated output of a Photek LPG-405 picosecond laser via an optical fiber to each
pixel of the PMTs and measuring the average number, pulse height, and times of detected photoelectrons. This
process worked best when attenuation of the laser was such that the average number of detected photoelectrons
was between 1 and 2.

For the present application, where many PMT anodes are illuminated simultaneously, crosstalk between
anodes proved to be a major source of noise. While crosstalk between any pair of anodes is low (-,2%), the
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Figure 2: (Left) a photograph of the prototype detector and (right) spatial histograms of reconstructed positions
of interactions of Compton-scattered gammas from a collimated 133Ba source.

amplitude of the induced signal in one anode from the other 63 anodes can be larger than true signal. To address
this problem, an iterative approach that uses an estimate of crosstalk from the average induced waveform was
developed to extract the best estimate of true amplitudes and times of photoelectrons. This process increases
the uncertainty in the pulse height and arrival time of single photoelectrons by about a factor of Aa

The position response of the prototype was evaluated by scanning the detector using collimated gamma-ray
and neutron beams. An example of the reconstructed positions of interactions in the detector from of a collimated
beam of gamma rays from a 133Ba source is shown in Figure 2 (right). At present, reconstruction of single
interaction locations has been demonstrated, but the reconstruction erroneously places the interactions toward
the center of the detector. Further investigation identified that this systematic error originates from reflections
off the PMTs modifying the probabilities P3,. ORNL is presently working to pre-calculate and tabulate the P3,
via optical Monte-Carlo transport using Geant4.

Another prototype featuring direct reconstruction of scatter events was developed at ORNL in which optical
photons pass through a coded aperture before detection.10 This method introduces a high-frequency spatial
component to the detected photon data, allowing for improved localization of neutron scatters within the scin-
tillator volume. Simulation studies have shown the feasibility of this approach for a compact neutron-scatter
camera, and were used to optimize the design of the prototype.

2.2 Optically Segmented

In the optically segmented (OS) SVSC approach, the detector volume is discretized into closely packed and
optically isolated scintillator bars.' Each end of each bar is coupled to a silicon photomultiplier (SiPM), a low-
cost and high-efficiency solid-state photodetector. Compared to the monolithic detector, the event reconstruction
for the OS-SVSC is less technically challenging.

For each interation, the position along the bar (defined as the z-axis) is determined by comparing charac-
teristics of the light observed at either end. There are two methods to perform this reconstruction. First, the
difference in the arrival time of the scintillation pulse at the two ends can be expressed as

2z — L
tl — t2 -

v
(6)

where L is the length of the bar, v is the velocity of light within the bar, and z is the position of the scintillation-
light origin. The second reconstruction approach uses the log ratio of the amplitudes (Al and A2) of the light
pulses at either end of the bar. If the bulk attenuation of light in the scintillator can be described by an
exponential with attenuation length A, then the log ratio

, Al L — 2z
in —A = 

19-2 A ( 7)



varies linearly with z. Both of these methods were tested through a series of single-bar characterization measure-
ments with different organic scintillators and reflector materials.' EJ-204 wrapped in teflon yielded the best
overall performance, and these results informed development of the prototype.

A first-generation OS prototype was constructed at the University of Hawai'i at Manoa. Figure 3 shows two
photographs of the prototype. The system consists of 64 5 mm x 5 mm x 20 mm bars of EJ-204 (wrapped in
teflon) in an 8 x 8 array, with each side coupled to an ArrayJ SiPM array from SensL. Pulses are digitized with
custom electronics at a 1 GS/s rate and 12-bit resolution. System calibration and performance are currently in
progress.

ISIPM array support I
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Figure 3: The OS-SVSC prototype at the University of Hawai'i at Manoa.

In addition, a second-generation prototype is under construction at Sandia National Laboratories in Liver-
more, California. The electronics for this prototype consist of a custom board with switched capacitor array chips
that have a high sampling rate (5 GS/s) specifically designed for high fidelity timing measurements.7 Like the
first prototype, this system will have 64, EJ-204 scintillator bars. Rather than use commercially available SiPM
arrays, we developed a custom interposer board with 16 SiPMs in a 2-by-8 configuration. This design allows for
the full array of bars to be separated into constituent SiPM modules, enabling straightforward calibration using
a gamma-ray source. The mechanical design for this system is complete. The electronics and interposer boards
are being tested with a single-bar setup, after which the full array will be assembled.

3. SCINTILLATOR CHARACTERIZATION

Understanding properties of organic scintillator materials is vital to the design and operation of the SVSC.
Light output, fast temporal response, particle discrimination, and robustness are all relevant considerations that
impact imaging performance. Table 1 lists several scintillator materials under consideration for use within this
project, as well as several relevant properties.

To inform SVSC system development, the team at UCB characterized the properties of candidate scintillator
materials (including all those listed in Table 1) for the SVSC. A subset of these efforts are presented below.

3.1 Proton light yield for EJ-200, EJ-204 and EJ-208

As discussed in Section 1, kinematic neutron imaging relies on knowledge of the PLY of the scintillator, which
is material-dependent and also nonlinear due to excitation quenching.15 Measurements of the PLY for several
candidate scintillators were performed at Lawrence Berkeley National Laboratory using the double-time-of-flight
(dTOF) technique.' Deuterons are accelerated using the 88-Inch Cyclotron and impinge on a beryllium target,
resulting in a high-flux, broad-spectrum neutron source. The scintillator of interest is placed in the neutron
beam to induce np-scatters within the scintillator volume, and an array of pulse-shape discriminating scatter
detectors are placed out of beam to measure the scattered neutrons. Using np-elastic scattering kinematics, this
technique allows for an event-by-event measurement of the PLY.



Table 1: SVSC candidate organic scintillator materials and properties. For the materials from Eljen Technology,
the listed properties (when available) are taken from the company website.13 For the organic glass, the values
are taken from a representative formulation.14

Scintillator material Light output (% anthracene) Rise time (ns) Fall time (ns) PSD

EJ-200 64 0.9 2.1 N

EJ-204 68 0.7 1.8 N

EJ-208 60 1.0 3.3 N

EJ-230 64 0.5 1.5 N

EJ-232 55 0.35 1.6 N

EJ-232Q 19 0.11 0.70 N

EJ-276 56 - 13 Y

Organic glass (G5) 112 - 1.45 Y

Many of the candidate materials for the SVSC are commercially available plastic scintillators from Eljen
Technologies. In particular, a measurement of EJ-200, EJ-204, and EJ-208 was performed using the double-
time-of-flight technique.17 These materials all share the same polyvinyltoluene (PVT) primary base. The
light output calibration was performed using relative light units (defined relative to the light from a 477 keV
electron, corresponding to the Compton edge from the 662 keV gamma ray from 137Cs) rather than electron-
equivalent units. These units, although popular, inherently assume the proportionality of the electron light yield
to electron recoil energy. Recent experimental evidence indicates that this assumption is not true in PVT-based
scintillators,18 which would render electron-equivalent units as poorly defined. The proton recoil energy was
determined from the incoming neutron time-of-flight as well as the fixed scattering angles between the in-beam
scintillator of interest and the EJ-309 scatter detectors. This approach results in a continuous measurement
of the relationship between proton recoil energy and light output. The data were binned along the proton
energy axis, and the projected light output histograms for each energy bin were fit using a maximum likelihood
estimation considering a Gaussian peak and a piecewise power-law background. Systematic uncertainties were
evaluated with a Monte Carlo-based approach, in which analysis parameters were varied within uncertainties
and the resulting fluctuations in the final PLY were characterized.

Results for EJ-200, EJ-204, and EJ-208 are shown in Figure 4. The results are consistent between all
three materials. In the case of EJ-204 (which is the scintillator used for both optically segmented and monolithic
prototypes), the PLY measurement reaches a minimum proton recoil energy of 50 keV. Achieving a measurement
with such a low energy is important for the SVSC, both because of the fission-spectrum neutron energies as well
as the lack of a reliable physics-based scintillation model for extrapolation.

3.2 Proton light yield for EJ-230, EJ-232 and EJ-232Q

Several fast-plastic scintillators from Eljen (EJ-230, EJ-232, and EJ-232Q) were also measured with the dTOF
technique.19 The temporal characteristics of these materials make them attractive for use in the SVSC, where
timing resolution is crucial for event reconstruction. Proton recoil energies were calculated using the scattering
angle and the time-of-flight between the in-beam scintillator of interest and the relevant out-of-beam EJ-309
detector. Details of the calibration and analysis are otherwise similar to the previously described EJ-200/EJ-
204/EJ-208 work. The resulting PLYs for EJ-230, EJ-232, and EJ-232Q are presented in Fig. 5, and agree
within error. Furthermore, these PLYs are consistent with those measured with EJ-200, EJ-204, and EJ-208
scintillators. This is as expected because all six of these materials share the same PVT base, and ionization
quenching is a primary process.15

In 2013, Enqvist, et al. observed an apparent change in the relative PLY of EJ-309 for different sized
scintillator cells, and posited that this phenomenon was due to attenation of the scintillation light. To test this
claim, we measured cylindrical scintillators of two different heights (2.54 cm and 5.08 cm) for both EJ-232 and
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Figure 4: PLY measurements using the dTOF technique for EJ-200 (black), EJ-204 (red), and EJ-208 (blue).17
The results are consistent within uncertainties across all three materials. The y-axis error bars indicate uncer-
tainty from both statistical and systematic effects, while the x-axis error bars indicate the proton recoil energy
bin sizes.

EJ-232Q. Both of these materials have significantly shorter attenuation lengths than EJ-309, so attenuation-
based effects should be enhanced. Figure 6 shows the results for both EJ-232Q scintillators, which are consistent
with each other within uncertainties. The EJ-232 measurements also indicated no evidence for scintillator size
dependence.19

3.3 Novel organic glass

An optically transparent, melt-cast organic glass was developed by Carlson, et al. at SNL.14,2° This organic
glass material has high scintillation efficiency, pulse-shape discrimination (PSD) for identifying recoil particle
type, and can be produced in high quantities at low cost. These properties make the organic glass a promising
candidate for the SVSC. In particular, the PSD capability would allow for a powerful rejection of background
gamma scatters from the double-neutron scatters of interest. Figure 7 shows a plot of the PSD metric (calculated
for each event by taking the ratio of the tail integral of the digitized waveform to the full integral) as a function
of light output. The neutron band and gamma bands are well separated down to approximately 0.2 relative light
units.

We quantitatively evaluated the performance of the organic glass in comparison with two commercially
available scintillator materials that also provide PSD: the liquid organic scintillator EJ-309, and the plastic
organic scintillator EJ-276. The analysis is complete, and results will be published soon.

4. SUMMARY

The SVSC collaboration led by SNL is developing designs for a kinematic neutron scatter camera with an
order-of-magnitude decrease in form factor and an order-of-magnitude increase in efficiency compared to state-
of-the-art systems. Two prototype implementations are being pursued: a monolithic approach which features
a single contiguous volume of scintillator and segmented photodetectors, and an optically segmented approach
which consists of optically isolated scintillator bars coupled at either end to SiPMs. Detailed characteriztions of
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these prototypes are currently underway, and lessons learned are being incorporated into subsequent prototypes.
This project also supports several focused research and development efforts on individual system components,
including electronics, scintillator materials, and photodetectors.

Scintillator characterization studies have been performed to better inform the design and development of the
SVSC. The proton light yields of several candidate plastic scintillators (EJ-200, EJ-204, EJ-208, EJ-230, EJ-232,
and EJ-232Q) were measured and, when possible, compared to existing literature values. We also investigated
the claim that relative proton light yield depends on scintillator size by measuring two differently sized samples
for both EJ-232 and EJ-232Q. No scintillator-size dependence was observed. A novel, pulse-shape discriminating
organic glass designed by SNL is also a promising candidate for future systems. Other ongoing scintillator
characterization projects include absolute light yield measurements, relative carbon light yield measurements,
and the characterization of an organic plastic-glass scintillator developed at SNL.
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