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Development of a compact fast-neutron spectrometer for nuclear
emergency response applications
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C. Borgwardta, D. Hemsinga, D. Mercera, K. Smith a

aLos Alamos National Laboratory, Los Alamos, NM 87505, USA

Abstract

We have developed a Compact Fast Neutron Spectrometer (CFNS) for passive assay of special

nuclear material (SNM) through the observation of fast neutrons. The CFNS consists of eight

organic glass scintillators (OGS) coupled to silicon photomultipliers and a waveform digitizer, which

are integrated within a human-portable box. The CFNS determines the neutron energy pro�le

by spectrum unfolding using the Maximum-Likelihood Expectation Maximization method. The

detector acquisition system was optimized to have a dynamic range of up to 10 MeV neutron energy.

Bulk special nuclear material (SNM) measurements from the National Criticality Experiments

Research Center were analyzed for SNM validation/examination. The results show that the CFNS

can be used to distinguish between �ssion and (� ,n) neutron emitters, regardless of intervening

material type (Cu and polyethylene) and thickness, by taking the ratio of neutron counts at di�erent

regions in the unfolded energy spectrum. Additionally, by �tting an exponential curve to the

unfolded energy spectrum of PuO2 and Pu neutron emitters, the CFNS showed the ability of

distinguishing between pure Pu oxide, pure Pu metal and mixed oxide-metal con�gurations.

Keywords: calibration; gamma ray; scintillator; spectroscopy; neutron; data acquisition;

1. Introduction and Motivation1

In nuclear emergency response (NER), it is crucial to be able to rapidly characterize an unknown2

sample of radioactive material and assess a possible threat. Gamma-ray and neutron detector sys-3

tems are used to provide characteristic information that is derived from the measured gamma-ray4
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spectrum and neutron multiplicity, respectively [1]. Observing high levels of neutron multiplication5

is indicative of the presence of special nuclear material (SNM). For neutrons, the characteristics6

that are essential for understanding the unknown item are: the reaction rate of spontaneous �s-7

sion reactions, leakage multiplication and the ratio of neutrons from (� ,n) reactions to those from8

spontaneous �ssion reactions [2]. Previously developed systems used to characterize an unknown9

sample are3He capture based detectors (combined with moderating materials) that provide very10

limited neutron energy information [3].11

Scatter-based organic scintillators have recently been investigated to compliment the capabilities12

of 3He counting detectors [4{6]. Organic scintillators do not require neutron moderation, and detect13

fast neutrons through scattering on recoil nuclei (primarily protons) with a probability of depositing14

their full energy. The recoiling nuclei will produce an optical scintillation response that is related15

to the energy lost by the incident neutron. Without neutron moderation, the neutrons incident to16

the detector retain their initial energy and therefore information about their origin. Furthermore,17

without the need of moderating material, the weight and size of the neutron detector system18

decreases, making it more suitable for portability. If the response of the scintillator detector to19

monoenergetic neutrons is well characterized, it is possible to unfold the incident neutron energy20

pro�le from the light output spectrum [5, 7, 8].21

For emergency responders, the most important information from the neutron energy spectrum is22

the discrimination between �ssion and non-�ssion neutron contributions. Previous work has shown23

the promise of using organic scintillator based neutron spectrometers for the passive interrogation24

of neutron sources. Flaska and Pozzi [9] have shown that252Cf and AmBe sources can be readily25

distinguished by their measured light output curves with relative insensitivity to shielding. Addi-26

tionally, an existing compact neutron spectrometer (nSpec) [5] developed at Los Alamos National27

Laboratory has shown similar results using spectrum unfolding techniques to distinguish between28

pure �ssion, ( � ,n), and mixed sources with relative insensitivity to shielding [10]. nSpec was built29

using liquid scintillators attached to photomultiplier tubes (PMT). This work seeks to increase the30

technology readiness level (TRL) for NER applications using commercially available components.31

We have developed a portable neutron spectrometer called Compact Fast Neutron Spectrometer32

(CFNS), which consists of organic glass scintillators (OGS) and silicon photomultipliers (SiPM).33

Instead of PMTs, SiPMs are used to reduce the size, weight, and power of the system. Additionally,34

OGS are used instead of liquid scintillators for safety and practicality, as liquid scintillators can35
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be 
ammable, leak, and be toxic to humans (e.g. benzene, xylene). In this article, we discuss the36

characterization of the CFNS using various gamma-ray and neutron sources. Additionally, utilizing37

bulk SNM at the National Criticality Experiments Research Center (NCERC), we investigate the38

ability of the CFNS to distinguish between �ssion and ( � ,n) neutrons, and the ability to identify39

di�erent types of bulk SNM.40

2. Hardware and Electronics41

2.1. Organic Glass Scintillator and Silicon Photomultiplier42

Figure 1: An organic glass scintillator used in the CFNS system.

The CFNS system consists of eight 5.08 cm x 5.08 cm x 5.08 cm cubic organic glass scintillators43

(OGS), each coupled to a SiPM module. The OGS are supplied by Blueshift Optics [11] and have44
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an emission spectrum that peaks at approximately 430 nm [12]. Organic glass scintillators are45

manufactured by means of melt casting, then hermetically sealed with 1 mm epoxy and wrapped in46

polytetra
uoroethylene re
ective tape. The OGS are sensitive to neutrons and photons, and have47

the ability to discriminate between the two through pulse-shape discrimination (PSD). One of the48

OGS is shown in Fig. 1. The SiPM modules (model ARRAYJ-60035-64P-PCB) are 64-element49

arrays J-series supplied by Onsemi (formally SensL) [13] and have an active area (5.04 x 5.04 cm2)50

that match one side of the OGS. The speci�cations for the SiPM modules are reported in Table51

1 (see [14] for further details). The SiPM modules are coupled to the organic glass cubes using a52

silicon rubber optical interface [15] (EJ-560), which have a thickness of 2 mm and optically match53

the emission spectrum of the OGS (transmission greater than 0.9 from 400-500 nm).54

Table 1: SiPM speci�cations obtained from [14].

Gain Operating Voltage Spectral Range Peak Wavelength

� 2.9 x 106 25.2-30.7 V 200-900 nm 420 nm

Each of the eight SiPM modules are connected to a custom-made readout board. The readout55

board is a single gain stage circuit where all of the individual SiPMs are summed and then ampli�ed56

(ampli�cation of 12). The design of the SiPM readout board is based o� previous work at LANL57

using CLYC detectors [16], where the main di�erence is an addition of a 10-ohm resistor to ground58

that improves the stability and performance. A custom-made voltage breakout board is used to59

provide bias to the photomultipliers using two desktop CAEN DT5485P low-voltage power supply60

(LVPS) [17], which applies the same bias to all SiPM modules. Each SiPM array was set to a bias61

voltage of 27 V using the Zeus software supplied by CAEN. While no waveforms of an OGS coupled62

to a PMT was recorded in the present development, Borgwardt et. al. [18] showed previously63

that SiPM readouts elongate the waveforms by approximately a factor of 5, which increases the64

probability of pile-up.65

The electronic signal from the SiPM readout board is supplied to a CAEN waveform digitizer66

(discussed in Sec.2.2) for further processing. Both, the digitizer and LVPS, are operated using an67

Intel NUC mini-PC, which is also used to store and analyze the data processed by the digitizer. All68

of these components are held within a light-tight black case for ease in portability. A thin metal69

shield (discussed in Section 2.3) is located on the front face of OGS detectors to attenuate incident70

x rays and gamma rays, which reduces signal pile-up. A 3-dimensional rendering of the CFNS box71
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is shown in Fig. 2.72

Figure 2: 3-d rendering of the CFNS box.

2.2. Data Acquisition System73

Neutron and photon interactions within the scintillating material can be identi�ed by integrating74

the charge of the detector signal at di�erent regions [19]. Using a CAEN DT5730 eight-channel75

waverform digitizer [20], the charge at the beginning of the pulse (short) and total pulse (long) of76

the detector waveform are integrated and compared for PSD. The CAEN digitizer has a 500 MHz77

sampling rate (2 ns per sample), 14-bit resolution, and an input range of 2 V. Each of the SiPM78

readout board outputs are connected to individual channels on the digitizer. The digitizer channels79

are set to self-triggering mode, so events that are above the software threshold are processed and80

stored independent of channel.81

Using the Digital Pulse Processing for Charge Integration and Pulse Shape Discrimination82

(DPP-PSD) �rmware from CAEN [21], the integration values (short and long) are stored, along83

with the timestamp of each event. The digitizer stores the data into CERN ROOT [22] �les for84

o�ine analysis. With the DPP-PSD �rmware, the digitizer implements a digital constant fraction85

discriminator (CFD), a charge-to-digital converter (QDC), and time-to-digital converter (TDC)86

with each channel having individual thresholds, gains, o�sets, and integration gates. All of these87
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parameters were optimized in each channel to produce the best PSD (discussed in Section 3.2) and88

dynamic range for the organic glass scintillators. Several parameters used with the CAEN digitizer89

are tabulated and summarized in Table 2.90

Table 2: Several CFD and QDC parameters used with the CAEN digitizer. Note: LSB = least signi�cant bit.

Long (ns) Short (ns) Gain ( fC
LSB � Vpp

) CFD Fraction (%) CFD Delay (ns) Trigger Holdo� (ns) Threshold (LSB)

800 150 40 25 16 1024 35

2.3. Shielding91

SNM, such as plutonium, produce more photons per second than neutrons. The photon detection92

e�ciency of scintillators is also higher than neutrons. To reduce signal pile-up due to high photon93

rates, various shielding materials were studied using the Monte Carlo N Particle Transport Code94

(MCNP) [23]. Signal pile-up occurs when two or more signals are present within the same data95

acquisition window, which degrades the PSD capability. The photon 
ux from weapons grade Pu96

(WGPu) is dominated by x rays and gamma rays below 100 keV that can be shielded by relatively97

small amounts of mid to high-Z material. In the design described below, we reduced the photon 
ux98

by a factor of 300. Many of the photon pile-up events may not be directly observable as additional99

counts above the digitizer threshold. However, this pile-up will add a random amount of light100

to observed events, which degrades the energy resolution and PSD of the detector. We have not101

quanti�ed this degradation, but believe it was minimized by the incorporation of this shield.102

We studied di�erent combinations of shielding to optimize for weight, simplicity, and ease of103

handling (i.e. non-toxic and ductile in addition to x-ray attenuation properties). Materials con-104

sidered included copper, bismuth, lead, tungsten, tin, and aluminum. At the mass thicknesses105

studied, we did not see any signi�cant e�ect on the neutrons transmitted. We studied both three-106

layer (high-, mid- and low-Z) and two-layer (mid- and low-Z) systems. Using a MCNP model of107

energy deposition in a scintillator after the shield, we found the three-layer systems did not reduce108

the total shielding mass by more than a few percent. Our �nal design consisted of 0.635 cm of tin109

and 0.3175 cm of copper. A comparison of the resulting change in intensity for a Pu source is shown110

in Fig. 3. This shield had the desired e�ect of reducing the rate of low energy photons depositing111

energy in the scintillator by a factor > 100, which improves the ability to measure high-intensity112

SNM sources at short stando� distances.113
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Figure 3: Relative rates of photon interactions with and without 2-layer shielding.

3. Calibration and Parameter Optimization114

3.1. Backscatter Energy Calibration115

We performed a series of backscatter measurements to characterize the energy calibration curve116

as well as the energy resolution using22Na, 137Cs, and 60Co gamma-ray sources. Due to the117

low photo-peak cross section of organic scintillators, gamma-ray energy is primarily transferred by118

Compton interactions [24]. At maximum energy transfer from Compton interactions (backscattered119

events), a Compton edge is produced in the light output spectrum of scintillators. The Compton120

edge resulting from di�erent monoenergetic gamma-ray sources can be used as a calibration from121

digitizer channels to electron-equivalent energy units (keVee) [25].122

Events that are backscattered from the OGS are subsequently collected with a cerium doped123

lanthanum bromide (LaBr 3) gamma-ray detector. LaBr3 scintillators have a fast decay time (� 15124

ns) and energy resolution of 3% at 662 keV gamma-ray energy [26]. The gamma ray sources were125

placed in between both detectors, with a distance of 12.7 cm from the LaBr3 and 11.43 cm from the126

OGS (as shown in Fig. 4). The OGS was placed inside a light-tight box, as shown in Fig. 4 and Fig.127

5, to reduce the dark current on the SiPM. The signals from the LaBr3 and OGS detectors were128

connected to the CAEN digitizer discussed in Sec. 2.2. Coincidence events between the OGS and129
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Figure 4: Backscatter energy calibration experimental setup. Coincidence events between the OGS and LaBr 3

detector are built o�ine using the digital timestamps.

Figure 5: Photographs illustrating the backscatter setup. The OGS (on the right) was placed within a light-tight

box, while the LaBr 3 and gamma source (on the left) were placed outside.

LaBr3 are isolated using a time coincidence and energy gated analysis [27]. The timing resolution130

of coincidence events between the OGS and LaBr3 was 1.1 ns, and had a timing window of 40 ns.131

The backscattered gamma peak in the LaBr3 is identi�ed by its energy, which is given by:132

E 
 ` =
E 


1 + E 
 � (1 � cos(� ))
m e

; (1)

where E 
 is the gamma-ray initial energy before scattering,E 
 ` is the outgoing energy after133

scattering, me is the electron rest mass and� is scattered angle. Maximum energy transfer in134

the OGS are gamma rays with scattering angles of 180o. The energy spread due to geometrical135

broadening was calculated to be less than 1% of the backscattered gamma-ray energy. The LaBr3136

raw energy spectrum from the 137Cs source is shown in Fig. 6, where the energy gate on the137

backscattered peak is shown in red.138

The location of the Compton edge is obtained by using a Gaussian �t on the observed peak in139

the light output spectrum of the OGS after placing a time and energy gate. The experiment was140

performed at di�erent SiPM biases (26-29 V in 1 V step size) to �nd the optimal bias given by the141
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Figure 6: Raw energy spectrum of the LaBr 3 detector. The backscatter peak, highlighted in red, is used as a cut to

identify backscattered events in the OGS detector.

Figure 7: OGS 137 Cs energy spectra with and without LaBr 3 coincidence.

dynamic range and resolution. The OGS light output spectrum for a137Cs source and 27 V bias is142

shown in Fig. 7, with and without a time-energy gate. A � 10% resolution is observed for the OGS143

at 478 keVee, which is the maximum energy transfer from a137Cs gamma ray to an electron in the144
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OGS. Compton edge locations for each source at di�erent bias were �tted with a linear curve for145

energy calibration. Linear calibration �ts for each bias is shown in Fig. 8 and the parameters are146

tabulated in Table 3. Additionally, the resolution as a function of light output was �tted using the147

following equation:148

dE
E

=

r

a2 +
b2

E
+

c2

E 2 ; (2)

where E is the measured light output, dE is the resolution (full-width at half maximum), and149

a, b and c are adjustable �t parameters that provide information about the light transmission from150

scintillator to photomultiplier, photon to electron conversion, and noise ampli�cation, respectively151

[28]. The resolution �t for each bias is shown in Fig. 9 and the parameters are reported in Table152

4. While 29 V shows the best resolution, there is a signi�cant loss in the dynamic range. At 29153

V, the dynamic range is 1/3 of the dynamic range observed at 27 V, with a resolution di�erence of154

approximately 1% at higher light output values. The optimal SiPM bias was determined to be 27155

V due to the dynamic range and energy resolution.156

Figure 8: Calibration curve of a OGS detector at di�erent bias using 22 Na, 137 Cs, and 60 Co sources.

The position of the Compton edge obtained from the gated light output spectrum is reported157

as a percentage given by the counts at the Compton edge location relative to the counts at the158
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Table 3: Fit parameters for linear calibration in Fig. 8.

Bias (V) Slope (ADC/keVee) O�set (ADC)

26 V 1.63 -20.62

27 V 4.14 -33.20

28 V 7.57 -69.03

29 V 12.19 -143.86

Table 4: Fit parameters for resolution functions shown in Fig. 9.

Bias (V) a b (keVee
1
2 ) c (keVee)

26 V 2.61 -250.62 0.29

27 V 4.28 187.96 -0.01

28 V 2.99 190.67 -0.06

29 V 3.04 180.84 0.01

Figure 9: Resolution as a function of light output for each SiPM bias. The data points were �tted using eq. 2 and

each parameter is reported in 4.

observed maximum in the raw light output spectrum (% maximum). This is important in order to159

calibrate the OGS detectors in the future without using a coincidence experiment. For the137Cs160
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source, the Compton edge is observed at 85% maximum as shown in Fig. 7 by the dashed grey161

lines.162

3.2. Charge Integration Gates and PSD Figure of Merit163

The charge integration technique is used to identify neutron and photon events in the OGS164

[19]. This method uses the integrated charge collected at the tail portion (long minus short) of165

the waveform and compares it to the total integrated charge (long). The integration gates used to166

calculate the tail-to-total ratio (referred to as the PSD parameter) are selected so that the short167

gate integrates the beginning of the pulse and the long gate integrates the total pulse. Plotting the168

PSD parameter as a function of light output shows the particle events as two separate bands, where169

neutrons are identi�ed on the upper band (above red discrimination line) and the photon events170

on the lower band (below red discrimination line), as shown in Fig. 10. Here, the PSD parameter171

is given by:172

PSDParameter =
long � short

long
: (3)

Figure 10: 2D PSD plot for one of the CFNS detector using a 252 Cf source. A power function �t (red line) shows

the discrimination line used to distinguish between neutrons (above red line) and photon events (below red line). A

software threshold (black dashed line) is used to remove unreliable data (left of black line).

To optimize the integration gates, a 252Cf source was used. The long integration was chosen so173

that the total pulse was integrated, determined using the waveform analyzer of the digitizer. The174
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optimal window for the short integration gate was determined based on the evaluation of the �gure175

of merit (FOM). The FOM is calculated as:176

FOM =
� C

FWHM g + FWHM n
; (4)

where � C is the di�erence between the centroids of the neutron and photon events, and177

FWHM n and FWHM g are their respective full-width-half-max in the PSD parameter distribu-178

tion. The FOM was calculated for several short values to �nd the optimal integration window, and179

are tabulated in Table 5. The optimal integration windows for the long and short were determined180

to be 800 and 150 ns, respectively. Fig 11 shows the PSD parameter distribution of the252Cf181

source using the optimal integration windows, along with a double Gaussian �t used to calculate182

� C, FWHM n , and FWHM g. At 800 ns, approximately > 95% of the charge was integrated for183

averaged photon and neutron-induced signals.184

Figure 11: PSD parameter distributions for a 252 Cf source using long and short integration values of 800 and 150

ns, respectively. A double Gaussian is �tted to the data (red) to calculate the FOM.

The FOM of the OGS detector as a function of the light output is shown in Fig. 12 for the185

252Cf spectrum shown in Fig.10. Each FOM value is calculated using a similar algorithm shown186

in [29], where a slice-based PSD is utilized. The reported FOM values in Fig.12 are calculated by187

slicing the 2D PSD plot at di�erent light output values ( � 50 keVee) and projecting the data to the188

PSD parameter axis. Optimal discrimination points are calculated for each slice and are shown in189
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Table 5: Short integration values and their respected FOM. The FOMs reported in this table were calculated using

the full light output range.

Short (ns) FOM

120 0.86� 0.02

130 0.90� 0.02

140 0.96� 0.02

150 0.99� 0.03

Fig.10. A second-order power law function (red line in Fig.10) is �tted to the discrimination points190

to separate neutron and photon-induced signals. The software threshold was chosen by following191

the 3� separation discussed by R. Adams et. al. [30] for the FOM, where the light output with192

a FOM of 1.27 is chosen as the vertical discrimination line for the 2D PSD data. A FOM of 1.27193

is observed at light output values of approximately 600 keVee. Events to the right of 600 keVee194

and above the discrimination line shown in Fig. 10 are classi�ed as neutron events, and below the195

horizontal discrimination line are classi�ed as photon events. Events to the left of 600 keVee are196

rejected due to unreliability. At 600 keVee, misclassi�ed photon events were calculated to be 0.11%197

of the total number of detected photons.198

4. Detector Response Matrix and Spectrum Unfolding199

4.1. 252Cf Time-of-Flight Experiment200

To measure the detector response matrix (DRM) for the OGS, we performed a neutron time-of-201


ight (ToF) coincidence experiment with a 1.8 � Ci 252Cf source and a LaBr3 detector. The LaBr3202

detector was placed directly behind the252Cf source, while the OGS was placed 2 m away from the203

source. A 2 m 
ight path was chosen to reduce the energy resolution of the fastest neutrons (� 6-10204

MeV) while maintaining enough distance from the concrete walls to reduce room return neutron205

contributions. Fission neutrons of several energies are detected with the OGS and are time-tagged206

by the �ssion gamma-rays measured with the LaBr3. Both detectors sat approximately 1 m above207

the 
oor to reduce room returned neutrons. The experiment was conducted for a total of 23 days.208

The ToF experimental setup is shown in Fig. 13. The DAQ setup was similar to the backscatter209

experiment discussed in Sec. 3, but with the events only being processed if both detectors triggered210

within a 500 ns timing window. Events collected with the OGS can be correlated in time by using211
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Figure 12: FOM versus light output plot for 252 Cf. The FOM were calculated at each light output value ( � 50

keVee) by placing a vertical slices and projecting the events to the y-axis.

the LaBr3 signals as a start trigger. A 500 ns timing window was chosen to provide enough time for212

the slowest neutrons to arrive to the OGS. The coincidence rates for the LaBr3 and OGS detectors213

was approximately 100 Hz.214

Figure 13: Experimental setup of the ToF measurement.

The timing distribution of neutron and gamma-ray events can be separated by placing PSD cuts215

15



Figure 14: ToF plot for total (black), gamma (red) and neutron (blue) events. The gamma and neutron events were

isolated using PSD.

on the ToF spectrum. The ToF plot, given by the timing of the LaBr 3 events minus the timing216

of the OGS events, is shown in Fig. 14 after calibrating and correcting for channel timing o�sets.217

Gamma rays are observed as a sharp peak (1.1 ns resolution) in the ToF spectrum. Gamma rays218

from the �ssion events arrive to the OGS at approximately 6.6 ns (2 m 
ight time of a photon),219

which is used to calibrate the ToF spectrum. Neutron events from the252Cf source are observed220

as a broad peak between 40-140 ns 
ight time. A sharp peak is also observed in the neutron ToF221

spectrum, which is due to misclassi�ed gamma events. Uncorrelated events between the LaBr3 and222

the OGS are observed at negative ToF values. Some room returned neutrons are observed at ToF223

values above 140 ns, but were measured to be approximately 2 orders of magnitude less intense224

than the neutron events of interest in a previous study using a similar setup [5]. The neutron ToF225

spectrum is converted to a neutron energy (En ) spectrum in MeV using the following relationship:226

En =
1
2

m
�

L
ToF

� 2

(5)

where m is the neutron rest mass in MeV/c2 (c is the speed of light in vacuum in m/s), L is227

the neutron 
ight path in meters and ToF is the time-of-
ight in seconds [31]. The light output228

of quasi-monoenergetic neutron groups were obtained by placing 200 keV windows throughout the229

ToF neutron energy spectrum. The light output of 3.5 � 0.1 MeV neutrons is shown in Fig.230
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15, where raw events are shown in blue, uncorrelated events shown in red and the background231

subtracted spectrum shown in black. The background subtracted light output spectrum for various232

quasi-monoenergetic neutron groups are shown in Fig. 16. The DRM is obtained by collecting233

the light output (rows in the DRM) for each neutron energy group (columns in the DRM). Each234

neutron energy bin was normalized to the e�ciency of the OGS (normalized to 0.2 if the e�ciency235

is 20%). The detector e�ciency was calculated using a series of GEANT4 [32] simulations. Each236

simulation included 100,000 monoenergetic neutrons incident to a 5.08 cm cubic OGS detector, for237

neutron energies of 0.1-13 MeV in 0.1 MeV step size. The OGS simulated e�ciency at 600 keVee238

threshold is shown in Fig. 17. The normalized DRM is shown in Fig. 18 and the DRM statistical239

uncertainties are shown in Fig. 19.240

Figure 15: Light output for neutrons with energy of 3.5 � 0.1 MeV.

4.2. Neutron Spectrum Unfolding241

The measured light output, L i , of the OGS is related to the incident neutron spectrum, Ej , by:242

L i = Rij E j ; (6)

where Rij is the DRM, and i and j are the i th light output bin and j th neutron energy bin,243

respectively. Obtaining Ej is a matrix inversion problem [33], and the Maximum-Likelihood Expec-244

tation Maximization (MLEM) method is implemented in this work using nSpec tools [5] to solve245

for the neutron energy spectrum. The form of the MLEM method is given by,246
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Figure 16: Light output for neutrons with various incident energies.

Figure 17: Simulated e�ciency curve of the OGS detector at 600 keVee threshold.

E (k+1)
j =

E (k )
jP

i Rij

X

i

Rij
L i

P
l Ril E (k )

l

; (7)

where the superscript indicates the iteration number. The MLEM method was iterated until247
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Figure 18: OGS detector response matrix. The DRM ranges from 2 to 10 MeV with 0.2 MeV bins and 0.6 to 6

MeVee with 0.05 MeVee bins

Figure 19: Uncertainties in the OGS detector response matrix.

the di�erence between each bin of the iterated unfolded spectra was less then� . This relationship248

can be mathematically be expressed as:249

jE (k+1)
j � E (k )

j j < � 8 j: (8)
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A 1% value for � was used, which resulted in a convergent spectra between 15-30 iterations. A 
at250

energy spectrum is used as an initial condition (Ek=0
j ). To quantify the uncertainty propagation251

in the unfolding procedure, we used a Monte Carlo method that varied the input light output252

spectrum based on its statistical uncertainty, as well as the uncertainties in the DRM. Fig.20253

shows the incident neutron spectrum for the 252Cf source obtained from spectrum unfolding (23254

iterations) along with the uncertainty envelope. The unfolded spectrum in Fig.20 is compared to a255

252Cf reference spectrum that was simulated using MCNPX-PoliMi [34].256

While the reference and unfolded energy spectra are similar, there are some disagreements.257

There are disagreements near the 2 MeV threshold region, which are attributed to: contamination258

from photon events that were not removed through PSD, cross-talk between detectors, and pile-up.259

At approximately 8.8 MeV, the unfolded spectrum begins to underestimate the reference spectrum,260

which is attributed to the large uncertainties in the DRM and low light output intensities above261

8 MeV. The fractional di�erence between the reference and unfolded energy spectra is shown in262

Fig. 21. Due to the disagreements near 2 MeV and energies above 8.8 MeV, the analysis on the263

unfolded neutron energy spectrum will be limited to neutron energies from 2.4 - 8.8 MeV (fractional264

di�erences from � 0.25).265

Figure 20: Unfolded neutron energy spectrum (black) compared to a simulated reference spectrum (red). The shaded

area is the uncertainty envelope due to unfolding, while the black line is the mean value.
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Figure 21: Fractional di�erence between reference and unfolded energy spectra. Note: Error bars may be smaller

than markers.

5. National Criticality Experiments Research Center Measurements266

A dedicated experimental campaign was performed at the National Criticality Experiments Re-267

search Center (NCERC) [35] to assess the performance of the CFNS. These measurements included268

signi�cant quantities of WGPu as well as non-SNM neutron emitters. The NCERC data was used to269

determine if the CFNS is capable of distinguishing between �ssion and non-�ssion neutron sources,270

regardless of intervening material between the detector and the source. Additionally, the ability271

to identify pure �ssion, oxide or mixed plutonium assemblies using the estimated neutron energy272

distribution from spectrum unfolding is explored.273

5.1. Intervening Material274

5.1.1. AmBe and Beryllium Re
ected Plutonium Ball275

The Beryllium Re
ected Plutonium (BeRP) ball and a AmBe source were used to determine if276

the CFNS is capable of distinguishing between �ssion and non-�ssion neutron emitters. The BeRP277

ball is a � -phase WGPu sphere with a mass of 4.483 kg and a neutron emission of approximately278

106 neutrons/s [35]. The AmBe source used had a neutron emission of 1.077x106 neutrons/s [35].279

AmBe sources emit neutrons via a (� ,n) nuclear reaction process, where� particles from the decay280
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of 241Am react with 9Be [36]. Unlike �ssion sources, neutrons emitted by the AmBe source (and281

other non-�ssion sources) do not follow a Watt energy distribution, but have several energy peaks282

from 2-10 MeV [36]. The measurements for the AmBe source and BeRP ball were taken using283

polyethylene (PE) and Cu as intervening material [37]. The di�erent thicknesses used during these284

measurements are in Table 6, and an experimental setup using the BeRP ball with PE and Cu285

material is shown in Fig. 22. The CFNS was placed 50 cm from the center of the source location,286

which sat around 105.6 cm above a concrete 
oor.287

Table 6: Sources and intervening material thicknesses in cm.

Source Material Thickness (cm)

AmBe Cu 10.16

AmBe PE 10.16

BeRP Cu 10.16

BeRP Cu 7.62

BeRP Cu 5.08

BeRP PE 10.16

BeRP PE 7.62

BeRP PE 5.08

BeRP Bare N/A

5.1.2. Unfolded Energy Region Ratio288

The neutron light output spectrum for some of the AmBe and BeRP ball measurements are289

shown in Fig.23. Neutron energies were unfolded using the method discussed in Section 4.2. The290

unfolded neutron energies for the light outputs shown in Fig. 23 are shown in Fig. 24. To291

di�erentiate between �ssion and non-�ssion neutron sources, the unfolded energy spectrum was292

divided into two equally-spaced energy regions: 2.4-5.6 MeV (region A) and 5.6-8.8 MeV (region293

B). The counts in each region are integrated, and the ratio (R) of region A to the total sum294

are calculated (R = A
A + B ) for each measurement. The ratio for all of the AmBe and BeRP ball295

measurements are shown in Fig.25 as a function of intervening material thickness. Both of the296

AmBe measurements show an R value near 0.65, while the BeRP ball has R values near 0.86.297

These results show that the detector responses to �ssion and AmBe neutrons are distinctive even298
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Figure 22: BeRP ball measurement with PE (Top) and Cu (Bottom) material at NCERC. Di�erent Al stands (labeled

in bottom picture) were used depending on the material thickness.

when shielding is present. While AmBe was only measured at 10.16 cm thickness for PE and Cu in299

the present work, previous reports have shown that the ratio for AmBe is also quite stable [9, 10] for300

variable thicknesses. However, it is important to note that as the amount of intervening material301

increases, the collection time must also increase to account for the attenuation of the signals.302

For comparison with measured region ratios, the neutron energy pro�le for AmBe and252Cf303

with various PE and Cu shield thicknesses were simulated using MCNPX-Polimi. Instead of the304
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Figure 23: Neutron PSD gated light output response for several BeRP ball and AmBe measurements. Note: Error

bars may be smaller than markers.

Figure 24: Neutron unfolded energy spectra for light outputs shown in Fig. 23. The lines indicate the mean values

for each measurement, while the surrounding envelopes are the uncertainties due to unfolding.
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Figure 25: Ratio for all of the BeRP ball (solid circle) and AmBe (solid triangles) measurements. The ratio of

the BeRP ball stays constant with di�erent material thickness (within error bars). Additionally, a clear distinction

between the AmBe and BeRP ratios is observed.

BeRP ball, a 252Cf source was used to simulate a �ssion spectrum for simplicity. The simulated305

region ratios for AmBe and 252Cf are plotted in Fig. 25. The measured and simulated region ratios306

agree within uncertainties, except for a slight disagreement between the AmBe region ratio for 10.16307

cm Cu thickness. This disagreement is possibly due to discrepancies between the measured AmBe308

source and the AmBe source used in MCNPX-Polimi.309

5.2. Pure and Mixed Bulk SNM Con�gurations310

5.2.1. Plutonium Assemblies311

The ability to distinguish between pure Pu metal, pure Pu oxide and mix con�gurations of bulk312

Pu material is a desirable capability. To study if the CFNS is capable of distinguishing between313

these types of SNM, a Pu oxide (will now be referred to as PuO2) and a Pu metal (labeled as Thor)314

were measured with di�erent con�gurations. The PuO 2 material used consisted of a disc of 3.8 kg315

of WGPu oxide, and emits neutrons by �ssion and (� ,n) reactions with oxygen [38]. Thor consists316

of three pieces of� -phase WGPu, with a total mass of approximately 9.5 kg [35, 38]. For these317

measurements only the cylindrical disc center piece was used, which has a mass of 4.1 kg and a318

radius of approximately 5.33 cm. The items and con�gurations used are detailed in Table 7.319
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Figure 26: PuO 2 and Thor measurements. (Top) Thor inside container and PuO 2 in standing orientation. (Bottom)

Thor in 
at orientation and PuO 2 inside container. CFNS was placed 50 cm away from the center placement of both

Pu items, with a slight o�set from their respected location. PuO 2 and Thor were placed 95 cm above the ground,

measured from the bottom of the discs.

The Pu assemblies were placed in di�erent orientations (Standing/Flat) on the table to deter-320

mine if orientations have any a�ect on the unfolded neutron energy spectra. While in the mix321

con�guration (PuO 2 + Thor), one of the items was placed inside a storage container and is indi-322
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Figure 27: Neutron unfolded energy spectra for bulk Pu metal (Thor and BeRP), PuO 2 and and mixed con�gurations.

The lines indicate the mean values for each measurement, while the surrounding envelopes are the uncertainties due

to unfolding.

Table 7: Con�gurations used with the Pu assemblies. When both Thor and PuO 2 were measured together, one of

them was placed inside a storage container and is indicated by an asterisk.

Groups Con�guration Item Orientation

Oxides 1 PuO2 Flat

2 PuO2 Standing

Mixed 3 PuO2 + Thor* Standing + Flat

4 PuO2 + Thor* Flat + Standing

5 PuO2* + Thor Flat + Standing

6 PuO2* + Thor Flat + Flat

Metal 7 Thor Flat

8 Thor Standing

9 BeRP Bare

cated by an asterisk in Table 7. The storage container used was a thin cylindrical metal barrel,323

which has a minimal a�ect on the unfolded neutron energy spectra. The experimental setup for324

the PuO2 and Thor items was similar to the one used for the BeRP ball and AmBe measurements.325
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Additionally, the BeRP ball (pure Pu metal) data without intervening material was also used in326

this study and is labeled as Con�guration 9. The experimental setup for mixed measurements is327

shown in Fig. 26. The unfolded neutron energies for bulk Pu metal (Thor and BeRP), PuO2 and328

and mixed con�gurations is shown in Fig. 27329

5.2.2. Energy Exponential Fitting330

To distinguish between the di�erent Pu con�gurations, a �t was applied to the unfolded energy331

spectrum to obtain the exponential parameter � , similar to the approach used by Pozzi et. al. [39].332

The �t function used is given by,333

Ae� E=� ; (9)

where A is a constant and E is the neutron energy. The BeRP ball unfolded spectrum is shown in334

Fig. 28 along with the exponential �t. The exponential parameter for each assembly is shown in335

Fig. 29, where the con�gurations are those discussed in Section 5.2.1. A clear distinction between336

pure metal, pure oxide, and mixed con�gurations is observed. Pure metals (Thor and BeRP) appear337

at higher � values (exponential parameter of approximately 1750 keV), PuO2 appears at lower �338

values (exponential parameter of approximately 1270 keV), and mixed con�gurations having values339

in between. Additionally, the orientation of the bulk Pu items does not have an appreciable a�ect340

on the results, as the exponential parameter for pure and mixed con�gurations are quite constant341

within uncertainties. The uncertainty for � was determined from the �t error reported by ROOT342

and the uncertainty due to unfolding ( � U ). � U was determined by �tting the exponential function343

to the upper and lower bounds of the unfolded spectrum.344

6. Conclusion and Future Work345

The CFNS has been characterized and developed for the passive assay of SNM. The CFNS346

system is designed to determine the neutron spectrum by means of unfolding the incident detector347

response and can do so without the need of complicated experimental geometries such as a ToF348

measurement. The spectrometer is composed of eight OGS coupled to SiPMs. We performed cali-349

bration and characterization experiments to extract the gamma-ray and neutron system response.350

Gamma-ray and neutron measurements were conducted to �nd the optimized parameters of the351

digitizer and bias of the SiPM, and to characterize the energy calibration curve as well as the energy352

resolution of the OGS detectors. A neutron time-of-
ight measurement using a252Cf spontaneous353
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Figure 28: Exponential �t (red) of the BeRP (bare) neutron unfolded energy, along with the mean value of the

unfolded spectrum (black line) and the uncertainty envelope (shaded area).

Figure 29: The exponential parameter for pure metal, pure oxide, and mixed Pu assemblies. The exponential

parameter decreased as the non-�ssion contribution increased.

�ssion source was performed to characterize the detector response matrix, which is an essential354

component of the unfolding analysis technique. To verify our analysis technique, we compare the355
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neutron energy spectrum provided by our spectrum unfolding algorithm to a simulated252Cf ref-356

erence spectrum; results show that the unfolded neutron energy spectrum has a similar trend to357

the reference spectrum, with large disagreements observed at energies greater than 8.8 MeV and358

energies close to threshold.359

Following our initial calibration and characterization experiments, we subsequently demonstrate360

the CFNS capabilities by using bulk SNM measurements from the National Criticality Experiments361

Research Center. The CFNS shows the ability to distinguish between bulk SNM and (� ,n) neutron362

emitters by providing a comparative metric that takes the ratio of the integrals at di�erent regions in363

the unfolded neutron energy spectrum. The ratio for the BeRP ball was stable (within uncertainties)364

as the thickness of the intervening material increased. From Fig.25, it seems that the region ratio365

of the BeRP ball and AmBe may begin to converge at larger material thicknesses. We will perform366

a simulation study in the future to determine at which material thickness the region ratio approach367

becomes unreliable. The CFNS also showed the ability to distinguish between a pure bulk metal,368

a pure bulk oxide source and mixed metal-oxide con�gurations by �tting an exponential function369

to the unfolded neutron energy spectrum. The exponential parameter determined from the �t on370

all Pu con�gurations were well separated and every data point was within uncertainties of their371

respected con�gurations. While the exponential �tting approach was not applied to data with372

intervening material, we do expect the material to in
uence the extracted �t parameter due to its373

e�ect on the incident neutron energy spectrum. The sensitivity of the energy exponential �tting374

method to various intervening materials will also be explored in simulations.375

In the future, the thermal dependence of the CFNS will be investigated and incorporated into376

the analysis to account for any thermal shifts in the light output spectrum. Thermistors and heat377

management techniques will be integrated into the CFNS as there was a signi�cant increase in378

temperature while operating for an extended period of time. Radiation e�ects on the OGS will also379

be investigated to quantify any degradation in the light output of the detector due to an increase380

in dosage. Radiation e�ects will also be investigated with the SiPMs and CAEN digitizer. To381

improve the portability of the CFNS, a battery will be added to the system to reduce the necessity382

of an external power outlet. Improvements to the unfolding procedure will be explored, such as383

remeasuring the DRM of the OGS to reduce uncertainties. Additionally, we will explore the usage384

of other detector types, such as deuterated organic scintillators. Deuterated based detectors have385

shown promising performance in the neutron energy spectrum unfolding due to the distinct peak386
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observed at maximum energy transfer from the neutron to the deuteron [7, 8, 40], which is not387

observed in hydrogen based scintillators.388
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