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A compact neutron spectrometer system

T.C. Borgwardt? , K.D. Bartlett 2, K. Smith?@, K.C. Meierbachtol?

2Los Alamos National Laboratory, Los Alamos, NM 87545 USA

Abstract

A portable neutron spectrometer, nSpec, has been developed for passive in-
terrogation of fast neutrons (> 1 MeV) from neutron sources. The design of
the system includes four EJ-301 liquid scintillation cells, a custom stand, and
tungsten caps for gamma-ray shielding. Data acquisition settings were opti-
mized to provide a dynamic range of up to 15 MeV neutron energy. The detec-
tor response matrix was characterized using a time-of- ight method based on
gamma-ray tagged neutron emission fron?*2Cf. The spectrum unfolding was
characterized using measured and simulated spectra of AmBe an@?Cf with
the GRAVEL and MLEM methods. Monte Carlo methods were used to examine
the uncertainty propagation and determine su cient counts for a measurement.
Keywords: passive interrogation, neutron, spectroscopy, unfolding,

spectrometer, scintillation

1. Introduction

Passive techniques for interrogation of neutron sources typically include
gamma-ray spectroscopy, neutron coincidence, and multiplicity. The gamma
domain has been the historical focus and is well developed, including technolo-
gies that are handheld [1]. The neutron domain typically relies on moderation
of neutrons for the coincidence and multiplicity measurements, which utilize
thermal neutron detectors, such as’He [2]. This reliance on moderation has the

following disadvantages: the moderator causes a loss of information about the
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initial energy, the moderator's size and weight limits the portability of the sys-
tem, and isotopics need to be known, either from material (a priori) knowledge
or gamma spectra analysis for further analysis.

Due to these disadvantages, other detector technologies have been investi-
gated for use in applications for the interrogation of neutron sources. Of partic-
ular note are detectors that use scintillating materials. These types of detectors
detect the fast neutrons (> 1 MeV) via elastic scattering and thus do not require
a moderator which can overcome the portability issues; however, due to the de-
generacy in the response of the detector, the measured pulse height spectrum is
still not easily translated into an energy spectrum. If the detector response to
mono-energetic neutrons is well characterized, various techniques can be used
to unfold the measured light output spectrum into an incident neutron energy
spectrum [3, 4].

Even without applying the techniques to recover the incident energy, analysis
of the pulse height distributions have shown promise for passive interrogation.
Measured pulse height distributions have been shown to be able to distinguish
PuO, samples based on their burnup [5]. The identi cation of di erent neu-
tron sources (Am-Li, Am-Be, 2*°Pu, 252Cf) through direct analysis of the pulse
height distribution was also shown to be possible, independent of some types of
shielding (up to 3 inches of lead or polyethylene) [6{8].

Retaining the initial energy information from detected neutrons is advanta-
geous in several ways. Although gamma-ray spectroscopy techniques are well de-
veloped, interrogation utilizing this signal can be hampered by the surrounding
material of the source. High-Z, high-density materials can obscure the gamma-
ray signal; relative to gamma-rays, the signal from fast neutrons is less obscured
by these types of materials. This allows neutrons to assay denser materials in
larger containers [9]. In contrast, the neutron signal is obscured by low-Z mate-
rials, therefore gamma-ray and neutron signals provide complementary abilities
to probe di erent moderation. Neutron spectra are considered to contain less
information than the gamma spectra, which makes it suited for applications,

such as warhead veri cation, where classi ed design information needs to re-
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main obscured throughout the measurement [10].

Recent improvements in scintillating materials and spectrum unfolding meth-
ods [11, 12] have opened the possibility of creating neutron spectroscopy sys-
tems for passive interrogation of neutron sources. Towards this aim, a proto-
type, portable neutron spectroscopy system, called nSpec, has been developed
and characterized for fast neutron spectroscopy. Accurately unfolding the pulse
height distribution into an energy spectrum opens up many applications when
combined with portability, such as in-situ warhead veri cation [10], in-situ neu-
tron background characterization [13], and optimization of other neutron source
interrogation systems [14].

In the following, the equipment that makes up nSpec will be described. The
characterization and optimization of the system will be discussed. Finally, the
characterization of the unfolding utilizing Monte Carlo methods with measured

and simulated sources will be presented.

2. Hardware Description

Several sub-systems are integrated together to form the nSpec apparatus.
These include four separate detector modules constructed from liquid scintilla-
tors vessels coupled to photomultiplier tubes (PMTs). Each module is mounted
into a two-by-two array supported by an aluminum frame that includes tung-
sten shielding caps (500 mm thickness) for background and source gamma-ray
reduction. The detector centers are 89 cm from the midpoint between all de-
tectors. Both high-voltage (HV) power for the PMTs and data acquisition are
provided by compact commercial products from CAEN [15] that are external to
the system. An image of the constructed apparatus is given in Figure 1. This
section describes each of these sub-systems in detail.

The detector modules were acquired preassembled from Eljen Technolo-
gies [16]. Each module consists of:82 cm diameter by 762 cm long right
cylinder vessels that contain Eljen Technologies EJ-301 bubble-free, liquid scin-

tillator coupled to a 7:62 cm diameter PMT, model number 9821KEB, from
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Figure 1: The nSpec detector modules integrated into the support frame.

Electron Tubes. EJ-301 scintillator is a dual neutron and gamma-ray sensitive
medium that exhibits excellent signal separation capabilities via the application
of pulse shape discrimination (PSD) techniques.

The PMTs are powered by a desktop HV supply (CAEN DT5533EN). The
signal from the detector is ampli ed by the PMT, which is acquired by a desktop
digitizer (CAEN DT5730). The digitizer saves the data into CERN ROOT [17]
les for further analysis. An Intel NUC mini-PC is used for operating the desk-
top electronics, using vendor supplied software from CAEN, as well as storing

and analyzing the data from the detectors.

3. Parameter Optimization

In the following section, techniques used for the optimization and character-
ization of the system will be explained. The next section will detail the results

obtained from the methods in this section.
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3.1. High Voltage, Gain, Attenuation

Two important attributes of the system are the resolution and the dynamic
range. The resolution for the system should be maximized, while the dynamic
range has a goal of up to 15 MeV neutrons, which corresponds to the upper limit
for most naturally occurring neutron sources. Several parameters were examined
for their e ect on the resolution and the dynamic range. The following settings
were examined: the high voltage applied to the PMT, the coarse gain setting of
the digitizer, and attentuation of the signal. The high voltage and coarse gain
were examined by varying the settings of the equipment discussed in Section 2.
The signal was also attenuated using a Pasternack 0 to 10 db Rotary Step
Attenuator to examine high voltages while still maintaing a suitable dynamic
range.

The high voltage, coarse gain, and attenuation were all varied independently
to nd suitable parameters. A %Cs source was measured to determine the
resolution and dynamic range for each combination of settings. The Compton
edge of the 667 keV gamma-ray was t with methods described in Section 5.
The t provided a resolution as well as a calibration point. The calibration
point from the edge and the origin were t linearly to extrapolate the dynamic
range. To verify the dynamic range, some nominal settings were chosen to check

the dynamic range with a deuterium-tritium fusion neutron generator.

3.2. Charge Integration Gates, Constant Fraction Discriminator

The digitizer includes digital pulse processing rmware that provides values
for integrated charges (Q) for long and short time gates, allowing the charge

integration method [18] to be used, such that the PSD parameter is:

Qshort
Qlong

A long gate of 300 ns was chosen, as this has been shown to capture all but

PSD =1

@)

a negligible amount of the signal [19]. The PSD was then optimized by varying

the short gate value. The optimal discrimination line was determined using an
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automated PSD cut and deriving an energy dependent gure of merit (FOM)
from the resulting line. Details on the method and the resulting FOM can be
found in [20].

The system uses a constant fraction discriminator (CFD) for triggering an
event and extracting a time stamp. The time resolution of the detectors were
optimized by varying the two available CFD settings in the digitizer: CFD
percent and CFD delay.

A ??Na source was used to optimize the time resolution of the detectors??Na
provides two back-to-back coincident 511 keV gamma-rays from the annihilation
of electrons and positrons. Two detectors were placed equidistant from the
source on opposite sides. The time coincidence mode of the digitizer was used
to create a time-of- ight spectrum. The spectrum showed a peak corresponding
to the coincident annihilation gammas. This peak was t with a Gaussian
using CERN ROOT and the full width at half maximum was taken as the time

resolution.

4. System Performance

4.1. Dynamic Range

The dynamic range was the most sensitive to the varied parameters. Neu-
trons from a deuterium-tritium generator were used to constrain the available
settings that provided a dynamic range of at least 15 MeV neutron energy. The
result of the dynamic range as a function of voltage for four di erent detectors

can be seen in Figure 2.
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Figure 2: Dynamic Range. Dynamic range for various voltage settings was checked with a
DT generator. The goal dynamic range of up to 15 MeV neutron energy was met with various
settings. One detector had a small dent in the housing around the PMT and required more
voltage to get a similar dynamic range to the other three. Detector 2 in the plot shows the
dynamic range of detector 2 with 10 db of attenuation. The end point was determined by

examining the neutron band in the PSD plot of the data.

4.2. Resolution

The energy resolution of the detector was found to be independent of the
settings tested. The digitizer gain settings (2.5 and 10) were found to have
minimal impact on the resolution, as did the attenuation and high voltage.
This can be seen in Figure 3. The resolution for the detector tested at 667 keV
was found to be 238 2:0 %. The higher gain settings (40, 160, and 640)
changed the scale to the point where a good t of the'®’Cs spectra was no
longer possible, making it di cult to determine a resolution. A quality t was

also not possible if the attenuation was too high or the high voltage was too



140

141

142

143

144

145

146

147

148

149

150
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The optimal timing resolution was found to be 1:4 ns with a CFD delay
of 10 ns and a CFD fraction of 25 %. The lowest CFD fraction percentage
provided the best time resolution, while the dependence on the CFD delay
was similar for each CFD fraction showing a minimum between 10 and 20 ns.
The lower and higher delay values create low amplitudes near the zero crossing
point. This makes the signal more susceptible to noise and creates a decrease
in the time resolution. These results can be seen in Figure 4. It should be
noted that the presented time resolution data is the resolution of two identical
detectors combined. The time resolution for a single detector can be determined
by dividing the data by P 2.
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Figure 3: Resolution Optimization. The high voltage, digitizer coarse gain, and attenuation
show minimal e ect on the resolution.
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Figure 4: Optimization of Timing Resolution. The timing of the detector was optimized by
varying the constant fraction discriminator settings on the digitizer.

10
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4.3. Pulse Shape Discrimination

The high voltage and attenuator settings had minimal e ect on the gure

of merit for the pulse shape discrimination. The only di erence was seen at
lower light output values, where more voltage and less attenuation caused the
gure of merit to be reduced at the lowest values of light output. This is due to
lowering the detector threshold, so more low energy events are seen where there
is signi cant overlap between the neutron and gamma-ray signals. The gure
of merit was sensitive to the value of the short gate chosen. The optimal short
gate was found to be near 30 ns. The results of the gure of merit for di erent

short gate values can be seen in Figure 5.

Figure 5: Pulse Shape Discrimination Optimization. Figure of merit for pulse shape discrim-
ination as a function of light output for various short gate settings with a long gate of 300 ns.

The optimized value for the short gate is near 30 ns.

11
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5. Unfolding

5.1. Time-of-Flight Experiment

The detectors in nSpec measure a light output, L, which is related to the

neutron energy spectrum, N, by the following equation:

Li = Rj N;j (2

where R is the detector response matrix (DRM). In order to unfold a mea-
sured light output spectrum to a neutron energy spectrum, the DRM needs to
be known.

The detector response matrix was measured with a stack of°2Cf sources
with a total activity of approximately 800 uCi. The time of ight technique [21]
was used to correlate a light output spectra with a given neutron energy. An
EJ-301, as well as a deuterated version, EJ-301D, detector were placed two
meters from the sources. It should be noted that the EJ-301D results are not
presented in this work. A 2:54 cm by 254 cm LaBr; detector was used as
a trigger detector and placed a few inches from the sources. A:22 m long
shadow bar of polyethylene was built from four equal length piece cylinders with
diameters starting at 8:89 cm and reduced in 127 cm increments. This shadow
bar was used to characterize the room return background. The experimental
setup can be seen in Figure 6.

Some important experimental details are as follows. The trigger detector
had a detection rate of 40 10°cps, while the other detectors had rates of
10%cps. The raw measurement without a shadow bar was done for approxi-
mately 280 hrs. The shadow bar measurements were done for approximately
90 hrs for each detector.

The built-in coincidence mode of the digitizer was used for the measurement
and was set to have an 800 ns coincidence window. This mode only gives raw
time stamps, so the raw data had to be sorted and time stamps of the trigger and

other detectors were compared in order to calculate times-of- ight. From the

12
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Figure 6: Experimental setup of the detector response matrix characterization. A LaBr 3
trigger detector is used to create gamma-ray tagged neutrons in the EJ-301 and EJ-301D
detectors. A shadow bar is also shown that is used for removing line of sight neutrons in order

to characterize the room return background.

calculated time-of- ight, the events were saved into a ROOT le with the time-

of- ight, energy, and pulse shape discrimination parameter for further analysis.
The resulting time-of- ight spectrum can be seen with and without a shadow bar

in Figure 7 and separated with pulse shape discrimination in Figure 8. A large
narrow peak can be seen corresponding to the coincident detected gamma-rays.
The second smaller peak (in increasing time) follows, which is due to gamma-
rays interacting with the aluminum structure. At later times of ight, a wide

bump, corresponding to neutron events can be seen.

13
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Figure 7: Time-of- ight Spectra from the Detector Response Matrix Measurement. No pulse
shape discrimination has been applied, so gamma-rays and neutrons are present. The narrow
structure near the origin correspond to gamma-rays, while the wider structure at later times

COITESPOFIC' to neutrons.

14



Figure 8: Time-of-Flight Spectra with Pulse Shape Discrimination. The time-of- ight struc-
ture of neutrons and gamma-rays can be seen. The gamma-rays show a at uncorrelated
background with a large peak corresponding to the gamma ash. The neutrons show a large
bump corresponding to neutron time-of- ights. The gamma ash is still present due to the

PSD not being e ective at lower light output values.

15
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5.2. Detector Response Matrix

Time-of- ight slices can be taken from the neutron bump in the time-of- ight
spectrum, to give events only in a given incident neutron energy range. Each
slice has a light output spectrum that corresponds to a given bin in the DRM.
These slices have two sources of background that need to be removed, the at,
uncorrelated background, which can be seen in the time-of- ight spectrum at
negative times, as well as the room-return events in the neutron bump region
from the shadow bar measurements. An example of a slice with the two sources
of background can be seen in Figure 9. The slices with background subtracted
can be seen in Figure 10 for some select energies.

Each neutron energy bin of the DRM was normalized to the detector ef-
ciency, which was determined with a series of Geant4 [22] simulations. The

measured DRM normalized to the e ciency can be seen in Figure 11.

16
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Figure 9: 2.0 0.1 MeV Neutro ht Output. Light output for 2 MeV neutrons with uncor-
related and room r ckground contributions.
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Figure 10: EJ-301 Neutron Light Output Curves. Light output for neutrons with varying
energies. The uncorrelated and room return background have been subtracted. Bin sizes are
200 keV for neutron energy and 50 keV ee for light output.
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Figure 11: Measured detector response matrix (top) normalized to detector e ciency and

its uncertainty (bottom). Bin sizes are 50 keviegand 200 keV for light output and neutron

energy respectively. The color axis denotes normalized counts (top) and percent uncertainty
(bottom).
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5.3. Software Implementation

An analysis framework, called nSpec Tools, was developed using Python [23]
and CERN ROOT. nSpec Tools has three main analysis functionalities: cali-
bration, neutron spectrum isolation via pulse shape discrimination (PSD), and
neutron spectrum unfolding.

The calibration is done by tting the Compton edge for a given character-
istic gamma-ray source. There are multiple methods available in the literature.
The analytical approach of Safari, et al. [24] was implemented, which utilizes
a combination of a Gaussian and complementary error function to provide an
estimate of the digitizer channel to Compton edge energy, as well as, the res-
olution at that energy. In addition to the analytical approach, the method of
Dietze [25] is also implemented. This method requires simulated energy deposi-
tion spectra for a given calibration source. Simulations of the energy deposition
spectrum for some common calibration sources were done with a custom written
Geant4 [22] application. These simulations are then smeared with a Gaussian
function to t to the observed data, giving an estimate of the digitizer channel
to Compton edge energy and the resolution. In practice, the method of Safari,
et al. is currently used due to the shorter computation time. A comparison
between the two methods is ongoing, but initial tests with a 3’Cs and 23?Th
source show the method from Safari, et al. to produce a value for the edge that
is approximately 8% higher than the method of Dietze, independent of edge
energy. This is because the analytical t of Safari, et al. assumes an energy
deposition spectrum from only single scatters. In reality, the large size of the
detectors, as well as the tungsten caps, create some additional structure in the
energy deposition spectra which increases the location of the edge energy in the
t.

nSpec Tools allows a PSD cut to be determined manually, by selecting the
points of a closed contour around the region of interest in the PSD vs E plot.
In addition, a template approach, as well as an automated PSD cut [20] is
implemented. The template approach allows a PSD cut to be de ned from a

single data set, then be used in subsequent measurements, while the automated
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PSD determines the optimal line for each individual data set. For the template
approach, the given PSD spectra is divided into energy bins, where each slice
is t with a double Gaussian. Based on the Gaussian t parameters (, ), the
mean value, , and the full width at half maximum (FWHM 2:36 ), a gure of

merit (FOM) can be de ned to determine the quality of the discrimination [26]:

FOM = n : 3
FWHM +FWHM ,’ ®)
The discrimination lines are determined by the t parameters as . The

automated PSD method is implemented in a similar way, but the discrimination
line is determined based on the minimization of the neutron misclassi cation.
More details on the discrimination line and the resulting gure of merit for the

automated method can be found in [20].

The neutron spectrum unfolding has multiple options implemented with
python. The rst is the iterative maximum-likelihood expectation maximiza-
tion method (MLEM) [27]. The form of the MLEM method in use is, where the
iteration number is denoted by a superscript in parentheses:

k
i N | Riny

The observed light output spectrum is given by m;, wherei corresponds to
the i electron equivalent energy bin, the detector response matrix iRRj , and
the estimated unfolded spectrum is given byn;, wherej denotes the neutron
energy bins.

Concurrently the iterative unfolding routine called GRAVEL [28] was imple-
mented. GRAVEL is an iterative least-squares unfolding with a condition that
the incident neutron uence must be non-negative. Mathematically, the (k+1)

estimate for the unfolded neutron spectrum,n in counts, is given by:

(k+1) _ (k) v (Rin
n; =N exp p w© ! 5)
i Wi
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(k)
R n; m?
K ij
Wij( )= P ] (k) 72| (6)
Rin i
| Rieth !
The notation is the same as for the MLEM method above, with being the
uncertainty of the light output measurement. Both methods are iterative and
require a stopping condition. The stopping condition in use requires that every

bin of the unfolded spectra change less than some value,between iterations:

i i< g )

In the case that corresponds to less than 1% of the bin value, the unfolding
typically stops after 10s of iterations.

Both methods are highly dependent on the initial guess spectrum. Due to
this, several common sources with various types of shielding have been simulated
and are available as initial guesses. In addition to an initial guess, a response
matrix is needed for the unfolding. Currently, only the measured response

matrix is available.

5.4. Uncertainty

5.4.1. Statistical Uncertainty Propagation

A minimum number of counts for a measurement was determined using
Monte Carlo methods. Simulated spectra of?>>Cf and AmBe were folded with
the measured DRM to create light output curves (Equation 2). These curves
were scaled to a given number of total counts, then unfolded several times. The
elements of the light curve were varied by sampling from a Gaussian distribution
created from the statistical uncertainty in the counts for each element. This pro-
cess allowed the statistical uncertainty in the measurement counts to propagate
through the unfolding to create an uncertainty envelope. It was found for both
252Cf and AmBe that a minimum of 500,000 total counts across the full energy
range of neutrons for a source provides su cient statistical uncertainty in the
light output to not have a large e ect on the unfolded results. The results can

be seen in Figure 12.
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Figure 12: Sensitivity of Unfolding on Total Counts. Monte Carlo methods were used with
simulated 252 Cf and AmBe spectra folded witrbgle DRM to create a simulated light output.
The plots show the uncertainty that is propagated through the unfolding due to statistical
uncertainty when there are 500,000 total counts. The green color denotes the uncertainty

envelope.
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5.4.2. Initial Guess Uncertainty

Due to the sensitivity of unfolding on the initial guess spectrum, simulations
utilizing MCNP6 [29] were done to create the initial guess spectra for source
and shielding combinations. The sensitivity of the unfolding on the initial guess
was examined by folding simulated AmBe and?>2Cf spectra with the measured
DRM. The resultant light outputs were then unfolded with various initial guesses
(?%°Cf, AmBe, at spectrum, 252Cf with iron or polyethylene shielding). This

sensitivity can be seen in Figures 13 and 14.
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Figure 13: Sensitivity of Unfolding on Initial Guess. Unfolding results for a bare 282 cf
simulation with varied initial guesses (shown ini'%set) after 10 and 50 iterations. Some small
scale structures are imprinted by the initial guess and are smoothed out with more iterations.
The green color denotes the uncertainty envelope, while the black line is the mean value.

Increased iterations reduce the uncertainty due to the initial guess.



Figure 14: Sensitivity of Unfolding on Initial Guess. Unfolding results for a bare AmBe
simulation with varied initial guesses (shown ini'%set) after 10 and 50 iterations. Some small
scale structures are imprinted by the initial guess and are smoothed out with more iterations.
The green color denotes the uncertainty envelope, while the black line is the mean value.

Increased iterations reduce the uncertainty due to the initial guess.
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5.5. Source Measurements

Neutron emission from252Cf was measured and unfolded with a at initial
guess spectrum to test the capabilities of nSpec. A stopping condition of
= 0.3% was used in the unfolding (GRAVEL) process, which resulted in the
unfolding stopping within 15-30 iterations. The measurements exceeded 500,000
counts and similar Monte Carlo methods as applied to the simulated spectra
were used to examine the uncertainty propagation due to statistical uncertainty.
The resulting uncertainty due to statistical uncertainty was negligible.

Unfolding of measured data showed two features at lower energy. The un-
folded spectra abruptly drops to zero near 1 MeV, while an excess of events
is seen near 1.5 MeV. This can be seen in Figure 15. The drop to zero is
attributed to the threshold of the detector, while the excess near 1.5 MeV cor-
responds gamma-ray contamination due to the PSD between gamma-rays and
neutrons breaking down. The break down in PSD is at a relatively high energy,
due to excessive pileup events caused by the large size of the detectors. Similar

features were seen in AmBe spectra unfolded with the system as well [30].
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Figure 15: Unfolded 252 Cf Neutron Spectrum. The unfolded spectrum shows two low energy
features that di er from the reference spectrum. The unfolded spectrum is cut o below 1
MeV, due to the threshold of the detector. There is also an excess near 1.5 MeV. This due to

gamma-ray contamination that could not be separated via pulse shape discrimination.

6. Conclusions

A portable neutron spectrometer, nSpec, has been developed and character-
ized for use with fast neutrons & 1 MeV). The system was optimized by varying
digitizer settings, high voltage, and attenuation. The resolution and PSD per-
formance were relatively insensitive to the varying settings, so the settings were
chosen to achieve a dynamic range of approximately 15 MeV for neutrons.

The detector response matrix was measured up to 10 MeV using a time of
ight method, though after 6 MeV there is large uncertainty. This measure-
ment allows the measured light output to be unfolded to produce a neutron
energy spectrum. The unfolding methods are dependent on the initial guess

spectrum, which are provided by simulations of common sources with various
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types of shielding. This sensitivity was examined by unfolding several times with
di erent guess spectra and creating an uncertainty envelope. In addition the
sensitivity to the initial guess, the sensitivity to the uncertainty in the measured
light output was examined using Monte Carlo methods to establish a minimum
number of total counts.

Overall, the unfolded spectrum (Figure 15) is similar to the reference spec-
trum; however, there are some low energy features previously discussed and the
high energy portion overestimates. There are several factors that could con-
tribute to this. The DRM uncertainty is high past 6 MeV and there was less
time-of- ight separation between bins. The measured light output was small or
nonexistent at the highest energies, so the unfolding method is extrapolating
based on the rest of the measured data and the DRM. The same overestimation
was seen when using larger bin sizes (400 keV) so the DRM uncertainty does not
seem to be the main factor. The extrapolation of the unfolding method is the
attributed cause. In particular, the fact that the DRM is lacking in structure
for the EJ-301 detectors. Much better extrapolation at higher energies can be
seen in the EJ-301D detectors [30].

The unfolding showed some sensitivity to the initial guess. In particular,
small scale structures in the initial guess appear to be imprinted into the un-
folded spectrum; though with additional iterations this is reduced. This may be
due to the lack of structure in the detector response matrix for the hydrogen-
based EJ-301. The deuterated version has more structure and potentially may
be able to avoid this issue. The statistical uncertainty in a measurement prop-
agates through the unfolding, however, choosing a minimum number of total
counts in the neutron light output provides a su cient criteria. The 252Cf
source showed perfect reconstruction utilizing the Monte Carlo methods with
the simulated spectrum; however, the AmBe spectra showed some distortion
in the unfolded spectrum (Figure 12). A similar procedure was done with the
EJ-301D for comparison. This showed slightly less distortion, but still did not
unfold as well as the2>2Cf spectrum. From these results, it appears the sta-

tistical variations have a larger e ect on a spectrum with structure (AmBe) as
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opposed to a smoothly varying source L2Cf).

Future work for the nSpec system will include additional detector response
matrix measurements to better characterize the detectors at higher energies as
well as e ciency measurements to verify the simulated e ciency. Additionally
studies on the reliability of the system when being used in a portable manner
will be conducted. Depending on the reliability of the system, ruggedization of
the system will be explored to make it more stable. Deuterated versions of the
nSpec detectors (EJ-301D) will be examined to determine if deuterated detec-
tors can provide a performance increase. Additionally, other detector materials
will be considered as well. Smaller detector sizes will be examined to reduce
pileup and reduce the energy where gamma contamination becomes problematic.
Replacement of PMTs with silicon photomultipliers (SiPMs) will be studied to

reduce the size, weight, and power requirements of the system.
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