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ABSTRACT: We present the development of a segmented fast neutron spectrometer (FaNS-2) based
upon plastic scintillator and *He proportional counters. It was designed to measure both the flux
and spectrum of fast neutrons in the energy range of few MeV to 1 GeV. FaNS-2 utilizes capture-
gated spectroscopy to identify neutron events and reject backgrounds. Neutrons deposit energy in
the plastic scintillator before capturing on a *He nucleus in the proportional counters. Segmentation
improves neutron energy reconstruction while the large volume of scintillator increases sensitivity
to low neutron fluxes. A main goal of its design is to study comparatively low neutron fluxes,
such as cosmogenic neutrons at the Earth’s surface, in an underground environment, or from low-
activity neutron sources. In this paper, we present details of its design and construction as well as
its characterization with a calibrated >>>Cf source and monoenergetic neutron fields of 2.5 MeV
and 14 MeV. Detected monoenergetic neutron spectra are unfolded using a Singular Value Decom-
position method, demonstrating a 5% energy resolution at 14 MeV. Finally, we discuss plans for
measuring the surface and underground cosmogenic neutron spectra with FaNS-2.
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1. Introduction

A wide range of experiments operate detectors that are susceptible to fast neutron-induced back-
grounds [[I]. To avoid these backgrounds, many collaborations must operate their experiments in
deep underground laboratories where cosmic rays are shielded by earthen overburden [B, B, @, B,
8, 0, B, B, Id, [, [, 3, [d]. However, there are many experiments that cannot operate in such
labs, such as short baseline reactor neutrino oscillation searches [[3, [d, [7, I8, [A]. Experiments
typically address these backgrounds with passive or active shielding, designed for their specific
neutron environment. Neutrons with energy below 10 MeV are readily shielded using conventional
hydrogenous materials. However, neutrons above 10 MeV from cosmic ray interactions are deeply
penetrating and cannot be effectively shielded [E0, E1l]. Understanding the neutron spectrum and
flux in this energy range has great impact on the sensitivity of operating and proposed experiments.

Many different detector technologies have been developed to study fast neutrons in vari-
ous energy ranges, including Bonner sphere arrays [E2, 23, €4, B3, 2d], liquid scintillator detec-
tors [, B8], €9, BT, BTI], crystalline detectors [B2, B3, B4, B3], and pressurized helium detectors [Bd].



Capture-gated spectroscopy is a technique that uses delayed neutron captures to identify neutron
interactions in an active medium [B7, B8, B9, AQ, &1, B2]. Capture-gated detectors based on loaded
liquid scintillator have been deployed in various environments [E3, B4]. However, these detectors
can suffer from stability issues because liquid scintillator changes density with temperature and the
light yield can degrade without a nitrogen cover-gas. Recently, special formulae of loaded plas-
tic scintillator have been shown to demonstrate pulse shape discrimination between neutron and
gamma events [E3, AF]. These new materials are in their early stages of development and may not
be ready for large-volume deployments for some time.

A heterogenous array of *He proportional counters and plastic scintillator provides a rugged
and stable detector that can be deployed in a wide range of environments. In these detectors, fast
neutrons thermalize in the plastic scintillator and their energy is converted to light detected by pho-
tomultiplier tubes. The resulting thermal neutrons diffuse through the plastic and then are detected
by one of the *He proportional counters. Neutron diffusion introduces a time delay between the
neutron recoil and capture by a characteristic time distribution related to the distance between scat-
ter and capture locations. For many detector configurations and geometries this distribution can be
well-described by an exponential decay. This delayed coincidence is a powerful tag for neutron
interactions and eliminates the majority of non-neutron events. The neutron capture is in a detector
that is nearly gamma-insensitive, which allows for operation in an environment where gamma-rays
far out number neutrons. Correlated coincidences follow a distinct time structure that can be char-
acterized by an exponential function. Uncorrelated coincidences are uniform in time and can be
subtracted in analysis, allowing for further removal of non-neutron events.

Previous large-volume capture-gated detectors have typically consisted of single scintillation
volumes to reduce detector complexity [E4, B2, B8, E9]. However, this approach limits the pos-
sible detector resolution through reduced light collection efficiency and scintillator nonlinearity
effects. Fast neutrons thermalize via multiple proton recoils, which in organic scintillator have a
known nonlinear relation between deposited energy and emitted light. By segmenting the scintilla-
tor volume and separating individual recoils, it is possible to undo this nonlinearity for each recoil
and reconstruct the true deposited energy [B0]. The optimal segment size depends on the energy
range under study, as higher energy neutrons travel longer distances between scatters. However,
fine segmentation must be balanced with light collection efficiency and complexity of electronics.
Simulations should be performed to determine the optimum segmentation for each detector and its
application.

Neutron capture-gated spectroscopy with *He proportional counters with plastic scintillator
was previously demonstrated with a 15-liter active volume detector, FaNS-1 [E1]]. This detector was
characterized with known neutron fields and then operated remotely at the Kimballton Underground
Research Facility (KURF) [B2, B3]. There it measured the flux and energy spectrum of neutrons
from local radioactivity in the rock and surrounding environment. FaNS-1 was subsequently used
to characterize backgrounds in research reactor environments [B4].

In this work we present a new fast neutron spectrometer (FaNS-2) that was developed com-
bining capture-gated spectroscopy with a large-volume segmented detector. FaNS-2 was designed
to measure the energy spectrum and flux of cosmogenic fast neutrons at the earth’s surface and
shallow underground laboratories. This requires a high-efficiency detector that has sensitivity to a
broad range of energies. Precise energy reconstruction is also needed to observe structure in the



neutron energy spectrum from interactions in the atmosphere. In this paper we detail the design
and characterization of the FaNS-2 detector. Section [ discusses the simulation and construction
of the detector. In Section B, the analysis methodology is presented for each detector subsystem as
well as subtraction of uncorrelated backgrounds. The response of the detector to gamma, 2>>Cf ,
and monoenergetic neutron sources is presented in Section [, along with a discussion of the impact
of segmentation on energy reconstruction and a demonstration of spectral unfolding via Singular
Value Decomposition. Directional detection with FaNS-2 is presented, including a brief discussion
of detection of low-activity neutron sources. Finally, we discuss how the detector will be used
to measure the spectrum and flux of cosmogenic neutrons in a surface and shallow underground
environment.

2. The FaNS-2 detector

2.1 Simulation of detector design

The FaNS-1 detector functions well but its design, in particular the number, size, and arrangement
of scintillator and *He proportional counters, was not the result of any optimization studies. With
FaNS-2, however, Monte Carlo simulations were performed using MCNPX [B3] to study the re-
sponse of different designs to gamma and monoenergetic neutron sources. Various geometries were
simulated, modifying the number of *He detectors and the size and arrangement of scintillator seg-
ments. The simulated sensitivity to the broad-energy cosmogenic fast neutron spectrum (extending
1 MeV to many GeV, Ref. [B4]) of each configuration was used to optimize the response to high-
energy neutrons while preserving energy resolution at low energy. One of the lessons learned from
the various geometries is the benefit of separating the *He detectors from each other. Ensuring
that no *He detector shadows any other maximizes the neutron capture efficiency per *He detector.
The MCNP simulations also indicated that a more densely packed array increases the total capture
efficiency, while a symmetric array provides a more uniform efficiency to neutrons regardless of
incident direction. FaNS-2 is intended to measure neutrons from a variety of sources, so a uniform
response is desirable. The simulation results influenced the final design, shown in Figure [, of the
individual detector elements as well as optimizing their arrangement in the detector array.

Optical simulations were performed with a modified Guide7 package [Bd] to determine the
uniformity of the light collection along the scintillator segment. A single scintillator bar was mod-
eled in the Monte Carlo simulation, including the material properties of the scintillator, a reflective
wrapping surrounding the segment, and light guides coupling to optically sensitive surfaces the
same size as the PMT photocathode area. The total light collection efficiency and uniformity was
compared between two light guide shapes: a straight cylinder matched to the PMT diameter, and
a tapered cone that transitions between the rectangular cross-section of the scintillator to the PMT
diameter. While the latter produced higher light collection efficiency than the cylinder, it also in-
troduced larger geometric nonuniformities. For this reason, cylindrical light guides were attached
to the center of each 9x9 cm? face of the scintillator bars with optical cement.



2.2 Detector design and construction

The FaNS-2 detector is an array of 16 EJ-200' plastic scintillator bars and 21 *He proportional
counters. The scintillator bars are 9 x 9 x 56 cm? and have 5 cm diameter, 9.6 cm long UVT acrylic
light guides on either end attached with optical cement, for a total active volume of 72.5 liters.
The surfaces of the scintillator segments are diamond-tool finished to improve light propagation
via total-internal reflection. Additionally, each scintillator segment is loosely wrapped with alu-
minized mylar and a black vinyl light-tight cover (1.5 mm thick) to further increase light collection
efficiency and minimize cross-talk between segments. Two 5 cm Phillips XP2262B photomultiplier
tubes are coupled to the light guides via 5 cm diameter, 3 mm thick EJ-560 silicone rubber opti-
cal interface pads. Double ended readout of the scintillator segments enhances the light collection
uniformity along the scintillator segment.

The *He detectors are GE-Reuter Stokes model RS-P4-0819-103 with 2.5 cm diameter and
46 cm active length. The *He partial pressure in the counters was 404 kPa (4 atm) with a buffer gas
consisting of 111 kPa (1.1 atm) of krypton to enhance the stopping power of the gas mixture. To
benchmark the simulated sensitivity of the *He proportional counters, raw neutron capture rates in
data and Monte Carlo were compared in three *He detectors with a 22Cf source at three distances.
The MCNP simulation was found to systematically over-estimate the count rate by 16% compared
to data. Therefore, a (84+£10)% efficiency is applied to MCNP simulations to account for the
discrepancy [B7]. Alpha decays from trace radioactivity in the wall material have previously been
identified as an important background for 3He detectors [BR, B9]. To address these backgrounds,
approximately 100 >He detectors were surveyed to identify those with low alpha activity. Selecting
those detectors with low alpha emitting content reduces backgrounds for future operation of FaNS-
2 in low-neutron environments.

The arrangement of the detector array is designed to maximize the scintillator coverage of
the *He detectors while maintaining symmetry and dense packing of the elements. Approximately
ten detector packing schemes were modeled in MCNP to determine their overall efficiency to a
broad range of neutron energies. Figure [I] shows a schematic of the selected design. The mounting
hardware of the *He detectors determined the size of the opening created by the scintillator segment
tilt. A CAD rendering of the full detector package is shown in the right panel of Figure [I.

The detector elements are supported by thin aluminum angle brackets that span between two
0.6 cm thick aluminum scintillator support plates mounted to vertical aluminum framing pieces.
The angle brackets secure each scintillator segment with rubber inserts that minimize vibrations
and preserve detector positioning. Photomultiplier tubes are housed in spring-loaded light-tight
enclosures mounted to 1.2 cm thick outer aluminum endplates that apply pressure between the
PMT and optical interface pads, maintaining optical coupling. The endplates are connected to each
other via aluminum framing to ensure mechanical stability of the assembly. The *He detectors are
supported by aluminum collars that mount into one of the outer aluminum endplates with o-rings to
maintain light-tightness and bayonet pins to hold them in place. The full volume of the detector is

I Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the ex-
perimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are
necessarily the best available for the purpose.
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Figure 1. Left: MCNP model of the scintillator (red squares) and 3He detector layout (dark blue circles),
including the space required for 3He mechanically mounting (light blue circles). Right: A CAD drawing of
the assembled FaNS-2 detector array, including PMT housings and aluminum support structure but omitting
the outer aluminum side panels. The active length of the scintillator segments is 56 cm, while the active *He
region is 46 cm and highlighted in blue. The full length of the detector assembly, excluding an aluminum
frame (not pictured) that protects the PMTs, is 115 cm.

surrounded by 3 mm thick sheets of boron-loaded silicone rubber (Shieldwerx model SWX-238) to
shield from thermal neutrons [B0]. The detector assembly is supported by a 1.2 cm thick aluminum
baseplate mounted to an aluminum frame. Thin aluminum sheets seal against the outer endplates
plates via black foam rubber to ensure a light-tight environment for the scintillator bars. A more
detailed description of the detector construction and assembly can be found in Ref. [B7].

After construction, a detailed MCNP model of FaNS-2 was completed that includes the light
guides, aluminum enclosure, and inner support structure. This model was then used for simu-
lations of the detector response to various neutron sources, including 2>Cf and monoenergetic
neutrons from DD and DT interactions. The aluminum enclosure and support structure was found
to contribute very little to neutron interactions within the detector. The light collection efficiency
is assumed to be uniform throughout the scintillator volume, and photo-statistics and scintillator
nonlinearity are applied on an event-by-event basis. A detector response function was generated
through simulations of monoenergetic neutrons with a wide range of incident energy. This is used
to unfold detected neutron spectra, detailed in Section 3.

2.3 Electronics and data acquisition

A schematic of the FaNS-2 electronics system is shown in Figure fl. Both the PMT and *He pro-
portional counters are supplied with high voltage from an MPod Mini crate outfitted with ISEG
high voltage cards. Signals from the 32 PMTs and 21 *He proportional counters are read out by
seven CAEN V1720 waveform digitizers (8 channel, 12 bit digitization resolution, 250 MSam-
ples/s) operated synchronously. The digitizer is triggered internally by any 3He detector, which is
propagated to each digitizer simultaneously. Any scintillator signal over threshold in the acquisi-
tion window (-200 us, 600 ps) is written to disk for off-line analysis. The large acquisition window
combined with the fast sampling frequency can yield prohibitively large data rates. However, by
using the on-board Zero Suppression algorithm, a small snippet of data surrounding a signal can
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Figure 2. A schematic of the data acquisition and electronics for FaNS-2. More detail is found in the text
and in Ref. [E7].

be stored without losing the signal location in the acquisition window. Figure [] shows an example
of a digitized acquisition window with one *He signal and multiple clusters of PMT signals.

The PMT signals are routed through a custom electronics module that asymmetrically splits
each signal (10% and 90%), delays one branch by 150 ns, and re-sums the two branches [B]]. This
results in the signal shown in Figure B, where an attenuated copy of the signal precedes the full
signal. If the full branch of the signal saturates the electronics, the attenuated branch can be used
instead. The dynamic range of the scintillator energy response is extended by a factor of ten while
maintaining good digitization resolution for small signals. The module also increases the PMT
signal FWHM from approximately 10 ns to 50 ns to reduce effects caused by the finite sampling
frequency of the digitizers. The PMT voltage dividers were specially designed to produce a highly
linear response (< 10% deviation up to 10 V). PMT linearity was measured with a picosecond laser
that passed through various neutral density filters and a diffuser to illuminate the full PMT face. A
further discussion can be found in Ref. [B7].
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Figure 3. Left: An example trace of two PMT signals from a single scintillator bar. The attenuated pre-
pulse can be clearly seen. This pre-pulse has 1/10th of the full integral of the full pulse that follows, yielding
an extended dynamic range. Right: An example acquisition window from one trigger with one *He signal
(black) and two clusters of multiple PMT signals (red, labeled CO and C1). These are stored in binary format
for offline analysis.



The 3He proportional counters are powered through CAEN A 1422 four-channel charge-sensitive
preamplifier modules. While typically these preamplifier signals would be passed through a shap-
ing amplifier, we choose to directly digitize the raw signals, an example of which can be seen in
Figure B The identification of particle type based on risetime and energy analysis is discussed in
more detail in Section B3.

3. Analysis

3.1 Nonlinear light response in plastic scintillator

The light response of organic scintillator to heavy charged particles (e.g. recoil protons) is nonlinear
in this energy regime. Therefore, the deposited energy for each segment is first converted from light
(MeVee) to incident energy (MeV) using the light response function. A common functional form
of this nonlinear response, detailed in Refs [B2, B3, B4], is

dL/dx = S(dE /dx) [1 + kB(dE /dx) + C(dE /dx)?] ", 3.1)

where dL/dx is the light produced in path length dx, E is the particle’s energy, dE /dx is the specific
energy loss of the particle at the specific energy, and kB and C are tunable Birks parameters [B3].
The total light is the result of summing over the full range of the particle. The specific energy loss of
protons in EJ-200 approximated by that of polyvinyltoluene scintillator in the pSTAR database [B3].

Birks parameters are known to vary between scintillator type and manufacturer [B4]. There-
fore, the light response function for the EJ-200 in this work was determined through a 2>>Cf neutron
time-of-flight (n'TOF) setup, as detailed in Ref [B]. Spontaneous fissions from 22Cf source emit
neutrons along with multiple gamma rays, which can be detected to identify the precise time of
fission. This can be used in an nTOF apparatus to kinematically determine the energy of an inci-
dent neutron based on the flight time to a scintillator segment. Two measurements were performed
with a FaNS-2 scintillator segment placed either 1 m or 2 m from the tagged >>Cf source. The two
distances allow for a cross-check on the method, and they are in agreement with each other.

In analysis, slices were made in nTOF energy and the detected energy spectrum for each slice
was fitted with a Hill equation to determine the half-height of the distribution [B7]. These half-
heights represent neutrons that deposit all their energy in a single scatter. Therefore, by fitting
the half-height locations as a function of the nTOF energy, the nonlinear light response can be
constructed. The Birks parameters were then empirically determined to match the n'TOF measure-
ment. Figure f] shows the measured light response compared to the Birks functional form with
kB = 8.5 x 1073 g/lcm?>/MeV and C = 1 x 107% (g/cm*/MeV)?. There are a few measurements in
this energy range collected with a similar plastic scintillator, NE-102 [BS, BY]. These measurements
make use of accelerators and are able to extend to much higher energies, though they only have
a few data points below 5 MeV. The nTOF results from this work agree well with the previous
measurements and the Birks parameterization describes the low and high energy data well.

3.2 Scintillator analysis

Light emitted by charged particles in the scintillator is detected by two photomultiplier tubes on
each segment. The time of the pulse is determined by the half-height of the leading edge of the
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Figure 4. The measured response of EJ-200 plastic scintillator to a neutron time-of-flight 232Cf source, at
distances of 1 m and 2 m, compared to a Birks functional form with parameters: kB = 8.5 x 10~ g/lcm?>/MeV
and C = 1 x 107 (g/cm?*/MeV)?. Also shown are data points from previous measurements of a similar
plastic scintillator, NE-102, from Ref [BS, Bd].

signal. As described in Section B3, the scintillator signals are split into two branches, one of
which is attenuated. The exact attenuation factor is determined for each PMT by averaging over
many pulses that are large enough to have sufficient attenuated signals while not saturating the
full branch. The pulse integrals for both the full and attenuated branches are calculated and the
attenuation factor is corrected for. Using gamma calibration data, these integrals are converted
into electron-equivalent energies (MeVee) before the two PMTs on each segment are combined.
The electron-equivalent energies are then converted into deposited neutron energy via the nonlinear
light response discussed above. Clusters of scintillator signals from a single particle interacting in
multiple segments are defined as those occurring within a 100 ns window of each other. The total
energy of an event is determined by summing the deposited neutron energies from each segment
included in the cluster. By converting the electron-equivalent energy into deposited neutron energy
for each segment individually, FaNS-2 can reproduce the true neutron energy. This is demonstrated
in Sec. {4 using monoenergetic neutron sources.

3.3 3He proportional counter analysis

Preamplifier signals from the *He proportional counters are analyzed by extracting the 10%-50%
risetime and the maximum amplitude, which can be converted to energy deposited. The time
location of the *He signal is taken to be the half-height of the leading edge of the signal. The
risetime of *He preamplifier signals has been previously shown to allow for particle identification
to reject non-neutron capture events [[Z0]. Figure [J shows a scatter plot of the >He risetime versus
energy where different particle interactions have been identified. Also shown are microdischarge
events, which are small sparks that produce very fast risetimes.

The 3He detectors used in this work have an energy resolution of ~2% at the (n,*He) capture
peak, as is shown in the energy spectrum in Figure . Approximately 20% of neutron captures on
3He occur close enough to the detector walls such that either the proton or triton interact in the wall.
This “wall-effect” is well-known and generates a low-energy tail in the detected energy spectrum.
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Figure 5. Left: A scatter plot of the *He risetime versus energy with different particle interactions labeled.
Clear populations of different particle interactions can be identified. Right: The energy spectrum from the
same *He detector when exposed to a moderated 2>Cf neutron source. The two “wall-effect” edges can be
seen at 0.2 MeV and 0.6 MeV. More details are available in Ref. [[ZQ].

The tail contains two discrete edges at 0.2 MeV and 0.6 MeV corresponding to either the proton or
triton depositing its full energy in the wall [[71], 2, E9]. For the work shown here, energy cuts of
(0.2 MeV, 0.8 MeV) and risetime cuts of (0.1 us, 0.7 ps) were made to maximize neutron efficiency
while eliminating microdischarges and beta events. As mentioned in Section .7, alpha events were
minimized by screening detectors and selecting those with minimal internal alpha activity.

3.4 Coincidence analysis

Fast neutrons events have a definite time-ordering (interaction in plastic scintillator followed by
capture in *He detector) and a characteristic time separation, dominated by neutron diffusion in
the scintillator, that is well described by an exponential decay. Uncorrelated coincidences from
gamma-ray interactions and thermal neutron captures will have no preferential time ordering and
will have a uniform distribution of time separations. In addition to being a neutron tag, the neutron
capture signal indicates that the incident neutron fully thermalized in the detector. Due to their
decreasing capture cross-section, neutrons that deposit only part of their energy in the detector
have a small probability of capture on 3He . Thus, the neutron spectrum detected with FaNS-2 only
contains full-energy depositions, which provide better spectral information than partial depositions.

An example distribution of *He - PMT time separations is shown in Figure fJ. Here we define
the time separation, AT, as the difference between the 10% height of the *He signal and the 50%
height of the PMT signal cluster: AT = Ty, - Tppgr- The positive time separation event distri-
bution is fitted with a single exponential with 125 us lifetime. Therefore, a coincidence window
of 600 s is sufficient to detect greater than 99% of all correlated captures. Events where the *He
signal occurs before the scintillator, i.e. those with time separations between -200 s and O us, are
used to directly monitor uncorrelated coincidences and measure their properties. The uncorrelated
energy spectra are subtracted from those with positive time separation, producing background-
subtracted neutron energy spectra. This process is demonstrated in Section {3

This coincidence window is sufficiently large to expect multiple clusters PMT signals in each
acquisition window. Each PMT cluster is treated independently, and all clusters are considered
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Figure 6. The time separation (At) between scintillator and *He signals for FaNS-2. Negative time sep-
arations are non-physical events where the 3He signal occurs before the scintillator. These uncorrelated
coincidences are subtracted from positive time separation events in analysis.

as possible candidates for the neutron recoil signal. The example digitized acquisition window in
Figure [ shows two clusters, labeled CO and C1, of multiple PMT signals. There is no way to
discriminate on an event-by-event basis which of these is the true neutron recoil associated with
the 3He signal. However, it is possible to statistically subtract uncorrelated signals provided all
clusters of PMT signals are included in the analysis.

4. Characterization with calibrated sources

4.1 Response to gamma calibration sources

To determine the light collection efficiency, the single photoelectron responses were measured
for each PMT, examples of which are shown in Figure []. Then a series of measurements were
made with gamma calibration sources, specifically '3’Cs and ®*Co . The gamma interactions are
dominated by single Compton scattering, which result in characteristic spectra with half-heights
of approximately 0.48 MeV and 1.0 MeV respectively. The detected spectra were compared to
simulation and the PE/MeV conversion extracted. An example of the '3’Cs spectrum is shown
in Figure []. The combined light collection efficiency of a single FaNS-2 scintillator segment is
determined to be ~200 PE/MeV.

During operation, periodic calibrations are performed using the ambient gamma ray and muon
backgrounds. Most prominent gamma lines are from “°K and 2°®TI at 1.46 MeV and 2.6 MeV
respectively. The individual segments are 9 cm thick, which yield a muon minimum-ionizing peak
of 18 MeV. These provide a range of calibration points that allow for tracking any changes of PMT
gain.

4.2 Absolute neutron efficiency

FaNS-2 operated in the Low Scatter Facility at the National Institute for Standards and Technology
in Gaithersburg, MD. The Low Scatter Facility is a large-volume room specially constructed for

~10-
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Figure 7. Left: Single PE distributions for two PMTs on one of the FaNS-2 scintillator segments. Right:
The combined PE spectrum from the PMTs when exposed to a '3’Cs source.

neutron calibrations using low mass walls to minimize the back scattering of neutrons that may re-
turn to the detector, often referred to as “room-return”. To determine the absolute neutron detection
efficiency, a calibrated >>Cf spontaneous fission source was deployed at multiple distances from
the detector. The source, DHS-9667, is enclosed in a ~ 3 cm diameter steel housing and had a total
neutron emission rate of (56904-150) /s when these data were collected, of which (2137485) /s are
above an analysis threshold of 2 MeV,, [[[3]. The source was deployed at seven distances from the
top of the detector, ranging from 85 cm to 238 cm.

Because FaNS-2 is not small compared to the distances at which the source was positioned, a
1/r? estimate of the solid angle cannot be used. The fractional solid angle, , has been calculated
for each source position using a two-dimensional integral

h+zo
Q- / dxdy, 4.1
Jsa G292+ (h+20)2)32 @D

where x and y are taken to be in the plane of the surface of the detector, zg is the average interaction
depth of neutrons in the detector, and 4 is the distance above the top of the detector where the
source was positioned, with integration limits covering the top plane of the detector. The distances
are measured from the bottom of the source enclosure to the center of the first layer of scintillator,
which is the approximate depth of interaction for 2>2Cf energy neutrons [Z4]. An MCNP simulation
was performed for each source position, with detected neutron count rates determined by applying
analysis cuts to simulated data. As discussed in Section P.7, a *He detector efficiency of (84410)%
was applied to the MCNP data to account for the overproduction of neutron captures in the simula-
tions. During the 232Cf data collection, two long data sets were run without the source. These rates
have been subtracted from each source position to isolate the rate due to the 232Cf source.

As demonstrated in Figure B, there is very good agreement between the data and MCNP ob-
served in these measurements. The fitted slope of these data is proportional to the efficiency divided
by the source activity

slope — (T7£2.5) /s
€ — — = (3.6+£0.15)%. 4.2
En=2 MeV = TP T (2137 £85) /s ( )% 4.2)

The performance of the simulation in reproducing the detected efficiency demonstrates that FaNS-2

is well-modeled by MCNP. Therefore, one would reasonably expect that simulations of the detector
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Figure 8. The resulting detected neutron rate (after subtracting the ambient neutron rate) versus subtended
solid angle for a 232Cf source at multiple distances (red) with statistical error bars. The MCNP predictions
for each distance (black) are shown after the *He detection efficiency of 84% has been applied. The slope of
each linear fit is listed in the legend.

response to other sources with similar energy ranges should also match experimental results. This
would allow FaNS-2 to be used to study and characterize the flux and spectra from a variety of
neutron sources such as Am-Be or Pu-Be.

4.3 Response to monoenergetic neutron generators

Two monoenergetic neutron generators based on deuterium-deuterium (DD) and deuterium-tritium
(DT) fusion were utilized for characterization of FaNS-2. The generators produce neutrons at
2.5 MeV and 14 MeV that are excellent for demonstrating the energy response of FaNS-2. The
generators were positioned directly above the center of the detector at approximately 20 cm from
the first layer of scintillator. The close source proximity and operation in the Low Scatter room
minimize room-return neutrons that would enter the detector with lower energy than the primary
neutron flux.

Figure [ show the correlated and uncorrelated energy spectra for 2.5 and 14 MeV neutrons
after scaling the negative time separations to account for different acceptance window. The un-
correlated signals are dominated by generator neutrons that do not fully thermalize in the detector.
After subtracting the uncorrelated events from the signal coincidences, the resulting reconstructed
energy spectra are shown in the bottom panels of Figure [J. Well-defined peaks are visible for both
monoenergetic neutron sources, and the upper edges of the reconstructed spectra correspond to the
maximum incident neutron energy, 2.5 MeV or 14 MeV.

4.4 Energy resolution through segmentation

Because energy depositions in multiple scintillator segments can be reconstructed separately, the
segmented nature of FaNS-2 allows for improved energy reconstruction over monolithic volume
detectors. To directly demonstrate this improvement the 14 MeV energy spectrum can also be
reconstructed as if FaNS-2 were one volume. Figure [(J shows the comparison of the energy spectra
from the monolithic analysis and from utilizing the segmentation.
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Figure 9. Top: Reconstructed energy spectra for the DD (left) and DT (right) monoenergetic neutron genera-
tors. The red spectra are correlated coincidences, while the black spectra are uncorrelated coincidences after
being scaled to account for the asymmetric coincidence window. The uncorrelated events are dominated by
generator neutrons that do not fully thermalize in the detector. Bottom: Energy spectra for the DD (left) and
DT (right) monoenergetic neutron generators after subtraction of uncorrelated coincidences. The widths of
the peaks are enhanced by neutron multiple scattering in a single segment that degrades the reconstruction.
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Figure 10. Comparison between DT energy spectra determined by treating all of FaNS-2 as a single scintil-
lation volume or using the segmentation to remove nonlinear effects.

The unsegmented energy spectrum does not produce the expected full-energy of 14 MeV for
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most events. The main peak is at approximately 12 MeV with a slight shoulder at ~14 MeV from
events that deposit all their energy in a single scatter. The segmented reconstruction produces a
significantly improved spectrum with a narrower peak and a sharp cutoff at 14 MeV. Even though
the segments in FaNS-2 are relatively large, the observed improvement highlights the benefits of a
segmented detector. Finer segmentation would reduce the inflection in the reconstructed spectra at
~12 MeV that arises from neutrons that scatter twice in one segment.

4.5 Singular Value Decomposition unfolding

In addition to the improvements made via capture-gated spectroscopy, further gains in energy re-
sponse are still available through unfolding. Detector response functions based on MCNP simu-
lations discussed earlier can be used to form a response matrix for Singular Value Decomposition
(SVD). This technique has been described at length elsewhere; detailed discussions may be found
in Refs. [[[3, 7@, [[1]. Coarsely binned 2.5 and 14 MeV neutron energy spectra are passed through
an SVD routine, using a cutoff of 0.001 times the highest singular value. The resulting output
spectra are shown in Figure [[1]. Both spectra show significant improvements in peak-widths and
the peaks are now centered at the expected energy of the respective monoenergetic neutron sources.
The 14 MeV neutron spectrum, Figure [, before unfolding has a significant fraction of events at
lower energy, which Monte Carlo studies indicate are a result of neutron interactions on carbon.
By fitting a Gaussian to the peak region of the 14 MeV spectrum, we observe an energy resolution
of ~5%. Further refinements of the SVD unfolding procedure can be undertaken to enhance these
results, but this initial unfolding demonstrates the possible gains from unfolding.
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Figure 11. Unfolded energy spectra for the DD (left) and DT (right) monoenergetic neutron sources. Im-
proved energy resolution compared to Figure [ is observed in both spectra.

4.6 Directionality of detector response and depth of interaction

As a segmented detector, the direction of a neutron source can be identified by comparing the rate of
interactions in each detector element. Figure [ shows the distribution of neutron scatter locations
in the scintillator segments from data collected with the >>Cf source positioned 50 cm above, to
the side, and along the detector’s axis of symmetry, see Figure [Il. For sources placed above and
to the side of the detector, we observe an asymmetric enhancement of counts in detectors close to
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the source position. For a source deployed end-on, i.e. along the detector’s axis of symmetry, all
detectors are illuminated equally and we observe a symmetric distribution of neutron interactions.
Refinement of the position determination can be made through combining scintillator and *He
detector information. Directionality may be particularly useful in applications such as the detection
of illicit neutron sources or special nuclear material [[7]].
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Figure 12. Histograms of neutron scatter locations in the scintillator segments (displayed in a grid similar
to the detector layout) from data collected with the 252Cf source 50 cm above (left), to the side (center), and
end-on (right) after subtracting ambient backgrounds. Enhanced interaction rates can been seen in the top
and side layers for the left and center figures. The right figure shows how an end-on source illuminates the
detector symmetrically.

Higher energy neutrons are more deeply penetrating in FaNS-2, which can be used to further
identify source location and type. To demonstrate this, we have compared the depth of neutron
capture for the DD and DT monoenergetic neutron generators. Both generators were placed at
20 cm above FaNS-2 and operated at a similar intensity. Figure [[3 shows the distribution of neu-
tron captures as a function of *He layer. We observe that the 14 MeV neutrons capture on *He
detectors deeper in the detector, as expected. The average capture depth of 2.5 MeV (14 MeV)
neutrons is 0.97 (1.2) layers. Identification of neutron source type can be enhanced by combining
energy spectrum information with the average depth of interaction. Furthermore, it may be possi-
ble to distinguish multiple neutron sources with different energy spectra using position and energy
information.

5. Summary and outlook

An improved high-sensitivity fast neutron detector, FaNS-2, has been developed and characterized
with multiple neutron sources. A neutron time-of-flight measurement has characterized the nonlin-
ear light response of the FaNS-2 scintillator, allowing for precise reconstruction of neutron events
with multiple scatters. Using a calibrated 2>2Cf neutron source, the absolute neutron detection
efficiency of FaNS-2 is determined to be (3.6+0.15)% for neutrons with energies above 2 MeV.
Through segmentation and capture-gating, FaNS-2 displays an excellent response to both 2.5 and
14 MeV monoenergetic neutrons without unfolding. After implementing an initial unfolding tech-
nique using Single Value Decomposition, FaNS-2 has a demonstrated ~5% energy resolution at
14 MeV. Further refinement of the unfolding could yield even improved energy resolution.
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Figure 13. Normalized distribution of *He neutron capture location within the detector from data collected
with the 2.5 MeV (red) and 14 MeV (black) neutron generators after subtracting ambient backgrounds.
Layer-0 is the top of the detector, while Layer-4 is the bottom. The higher energy neutrons have more deeply
penetrating neutron captures.

FaNS-2 has now been deployed at the earth’s surface in a low-shielding environment and in a
shallow underground lab (~20 meter water equivalent) at NIST to study the primary and secondary
cosmogenic neutron spectra and fluxes. At the surface, high energy neutrons are produced in the
upper atmosphere in extended air-showers. These neutrons range in energy from below 1 MeV to
many TeV, with fluxes that vary by orders of magnitude [E4]]. At ~20 meter water equivalent depth,
the majority of air-shower neutrons have been attenuated leaving only those produced by cosmic-
ray interactions in the material overhead [[[9]. By measuring the spectra in both environments with
the same detector, a relative comparison can be made and compared to simulations with reduced
systematic uncertainties. Simulations indicate that FaNS-2 has approximately an order of magni-
tude higher sensitivity to cosmogenic neutrons than FaNS-1. The enhanced sensitivity extends the
detectors capability to characterize low fluxes of neutrons over a wide range of energies and in the
presence gamma backgrounds.
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