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The detection of prompt photofission neutrons during active interrogation is a strong indication of the
presence of special nuclear materials. However, the high-energy photons used for interrogation create a
very challenging radiation environment for the detection of prompt fission signatures. These challenges
include detector saturation and pulse pile-up. Additionally, there is an elevated neutron background that
further challenges the detection of prompt fission neutrons. This background is produced because of (y,
Xn) photonuclear reactions in the surrounding high-Z materials. Here, we demonstrate the detection of
prompt photofission neutrons in these challenging environments. Depleted uranium (DU) and lead tar-
gets are interrogated with bremsstrahlung photons produced by a 9-MV electron linear accelerator. Fast
neutrons are detected with trans-stilbene organic detectors, and scintillation pulses are analyzed using a
previously developed and demonstrated artificial neural network system. We observe a 5 times higher
photoneutron count rate when the lead target is replaced with the DU target. Additionally, we observe a
difference in the photoneutron light-output distributions of lead and DU. This difference in the measured
distributions is due to the difference in the photoneutron-energy spectra; DU photoneutrons are emitted
with (y, n) and watt-energy spectra, whereas lead photoneutrons are emitted with only the (y, n) spectrum.
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I. INTRODUCTION

Photon interrogation systems that rely on prompt
photofission signatures are promising for the detection of
concealed or hidden special nuclear materials (SNMs) [1,
2]. In such interrogation systems, materials are bombarded
with high-energy photons, which induce various photonu-
clear reactions, such as and photofission, i.e., (y,f) in
SNMs. The prompt fission neutrons produced by photofis-
sion reactions are a strong indication of the presence of
SNMs. In recent years, significant efforts have been made
in the detection of prompt photofission signatures.

In 2007, Blackburn et al. successfully exploited the
emissions of prompt fission signatures for the detection
of shielded nuclear materials [3]. In their experiment,
high-energy photons were produced with a 10-MV lin-
ear accelerator (linac) from Varitron that was operating at
125 Hz. Interrogation measurements with (a) no material
present (active background), (b) bismuth, and (c) depleted
uranium were performed and signals that fell under 3 us of
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the accelerator pulses were analyzed. A fast EJ-200 plas-
tic scintillator detector was used to monitor photoneutrons.
The obtained integrated counts demonstrate the successful
detection of prompt fission neutrons from depleted ura-
nium as well as (y,n) photoneutrons from bismuth. In a
similar experiment, Clarke et al. exploited the differences
in the shape of time-of-flight distributions to differentiate
depleted uranium from lead [4].

In 2013, Sari et al. attempted to detect prompt fission
neutrons using a 17-MV linac to produce photoneutrons
in a 1-cm-thick tantalum target [5]. These photoneutrons
were then used to interrogate >>U and 2*Pu samples of
varying masses. Three 3He neutron detectors embedded
in polyethylene and surrounded by cadmium were used to
measure prompt and delayed fission neutrons. The results
obtained showed that both prompt and delayed fission neu-
tron count rates increased with an increase in the mass of
235U and #°Pu samples. Additionally, Sari et al. reported
the ratio between prompt and delayed fission neutrons.
These measured ratios were 31.87 for >3U and 98.54 for
239py,.

In 2014, Mueller et al. proposed a method to
discriminate between fissile and nonfissile contents of
SNMs [6,7]. The proposed method exploits the difference
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in the prompt neutron yield parallel and perpendicular to
the plane of y-ray-(y, Xn)photons with energies between
5.3 and 7.6 MeV are used to interrogate several actinide
targets (i.e., 232Th, 2332332381 23’Np, and #3*24Py) and
18 BC-501A liquid scintillators are used for fast-neutron
detection. The authors found that nonfissile targets had
significant polarization asymmetries ranging from 0.2 to
0.5, whereas fissile targets had asymmetries of nearly zero.
The method proposed by Mueller and co-workers can
be used to simultaneously detect and identify fissile and
nonfissile fissionable material during active interrogation.
Since the asymmetry is much smaller for fissile actinides,
this method can theoretically be used to determine the
enrichment of small samples of SNMs (approximately
1 g/cm?) to the level of 10% enrichment. Additionally, the
authors found that this asymmetry was relatively insensi-
tive to moderate amounts of lead, steel, and high-density
polyethylene shielding. Another study on the applicabil-
ity of photofission reaction ratios to identify enrichment
was performed by Chin et al. and Kimura et al. [8,9].
The authors demonstrated that by calculating the ratio of
photofission neutrons produced by a higher photon energy
over a lower photon energy, quantitative information on
uranium enrichment could be obtained.

An x-ray inspection system was developed by Pass-
port Systems Inc. to scan cargo containers for possible
contraband, anomalies, and nuclear threats [10,11]. This
system utilizes a continuous-wave 9-MeV rhodotron to
induce photofission reactions in SNMs. Prompt fission
neutrons are detected with phenylxylylethane liquid scin-
tillation detectors. During the initial testing, interrogation
measurements with (a) depleted uranium, (b) heavy water,
and (c) beryllium are performed. Both heavy water and
beryllium have defined photoneutron endpoint energies at
3.4 and 6.5 MeV, respectively, for a 9-MeV interrogating
photon. However, depleted uranium does not have an end-
point energy because of the presence of prompt fission
neutrons. The x-ray interrogation system developed by
Passport Inc. exploits this difference in the energy spectra
of photoneutrons to reduce false positives and efficiently
identify SNMs.

High-energy x-ray interrogation systems that exist in the
literature show promise in the detection and characteriza-
tion of SNMs. At the University of Michigan, we inves-
tigate the use of organic scintillation materials of varying
sizes, photomultiplier tubes versus silicon photomultiplier
read-out options, and machine learning algorithms for the
detection of prompt photofission neutrons. In our previ-
ous work, we demonstrated the detection of photoneutrons
from depleted uranium using a 9-MV electron linac and
6-mm frans-stilbene cubes [12]. Here, we investigate a
larger volume of trans-stilbene crystals for photoneutron
detection and a neural-network-based digital system for
scintillation pulse processing. Monte Carlo simulations are
performed using the MCNPX-PoliMi transport code [13],

and the measured results are compared with the simulated
results.

The structure of this paper is as follows. We begin by
describing the theory of active interrogation followed by
our experimental setup for the interrogation of depleted
uranium and lead targets. We then provide a detailed
description of steps performed during the MCNPX-PoliMi
simulation. We conclude with a discussion of obtained
results and any discrepancies observed between measure-
ment and simulation.

II. THEORY

Electron linacs are commonly used to produce high-
energy photons, which are emitted through the bombard-
ment of accelerated electrons on a high-Z x-ray convertor
target. These linacs operate in pulsed mode and the pulsed
nature of the emitted bremsstrahlung photons facilitates
the detection of prompt photofission neutrons without sat-
urating the detection systems. On average, the prompt
neutron yields per fission are 2.74 and 2.91 for 2>U and
28U isotopes, respectively [14]. This yield of prompt
neutrons increases with photon energy [Fig. 1(a)]. The
greater yield of prompt photofission neutrons constitutes
a strong detection signal. Additionally, the energy spec-
trum of prompt neutrons is another property of specific
interest. Figure 1(b) shows the difference in the energy
spectrum of photoneutrons produced by (y,f) and (y,n)
reactions. Photoneutrons through (y,n) reactions have a
maximum kinetic energy, which is determined by the
interrogating photon energy and the reaction’s Q value.
However, prompt fission neutrons, emitted with a watt-
energy spectrum [15], have energies up to 10 MeV and
beyond.

The emission of prompt fission neutrons can be observed
anywhere from nanoseconds to milliseconds after the inci-
dent pulse of high-energy photons [16]. To effectively
exploit prompt signals for SNM detection, state-of-the-art
detectors with spectroscopy capabilities and fast timing
characteristics are needed. The frans-stilbene (diphenyl
ethylene, Ci4H,) organic scintillation detector is one such
detector that is best known for its timing characteris-
tics and excellent pulse-shape-discrimination (PSD) capa-
bilities [17]. Fast neutrons in trans-stilbene scintillators
are detected through elastic scattering, i.e., proton recoil,
whereas photons are detected through Compton scatter-
ing, i.e., electron recoil. The traditional charge-integration
PSD method (Fig. 2) uses the difference in the shape of
the scintillation pulses excited by recoil protons and recoil
electrons to discriminate neutrons and photons. Addition-
ally, trans-stilbene detectors are capable of neutron spec-
troscopy, which is useful in discriminating fission neutrons
from other (y, Xn) photoneutrons.
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FIG. 1. MCNPX-PoliMi simulation of photonuclear reac-
tions in depleted uranium and lead with 9-MeV endpoint
bremsstrahlung photons: (a) prompt neutron yield per fission
in depleted uranium and (b) energy spectrum of photoneutrons
produced because of (y,f ) and (y,n) photonuclear reactions.

III. EXPERIMENTAL SETUP AND DATA
ANALYSIS

Our laboratory at the University of Michigan has a 9-
MYV electron linac that is currently operating in pulsed
mode with a pulse length of approximately 4 us and a rep-
etition rate of approximately 44 Hz. The bremsstrahlung
radiation is collimated using a primary and secondary colli-
mator. The primary collimator consists of lead backed with
tungsten and has a beam spot size of 25 cm. The lead is
83 cm in diameter and 28 cm thick, whereas tungsten is
48 cm in diameter and 11 cm thick. The secondary colli-
mator consists of lead, which is 74 cm square and 41 cm
thick. The beam spot size is reduced from 25 to 5.08 cm at
the exit of the secondary collimator.

Depleted uranium (DU), which is 99.7 wt% >3¥U and
0.3 wt% 233U, and lead targets are interrogated for an
hour with the bremsstrahlung photons. The DU target is
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FIG. 2. (a) Traditional charge-integration method for PSD

analysis and (b) measured 22Cf PSD plot with a trans-stilbene
detector 5.08 cm in length and 5.08 cm in diameter (70 keVee
threshold).

a 5.23-cm cube, and the lead target has dimensions of
5.08 x 5.08 x 6.35 cm?. Targets are placed in the beam
27 cm from the secondary collimator. At this location, the
beam spot size is large enough to cover the entire surface
area of the target, which is desired to maximize photoneu-
tron production. The lead target produces neutrons through
(y,n) reactions, whereas the DU target produces neutrons
through (y,n) and (y,f ) reactions [18]. Lead interroga-
tion provides a basis for which photoneutrons from an
actinide, such as DU, can be compared to photoneutrons
from a non-SNM target, such as lead. An active back-
ground measurement is also performed for an hour to
account for photoneutrons produced in the collimator.

Four 5.08 cm in length and 5.08 cm in diameter trans-
stilbene crystals coupled to a photomultiplier tube are
used for the detection of fast neutrons. The photomulti-
plier tubes are 5.08 cm in diameter from ET Enterprises
[19]. Scintillation pulses are digitized with a V1730 14-bits
500-MS/s digitizer from CAEN [20].
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FIG. 3. Detailed geometry of the laboratory space defined in
MCNPX-PoliMi (top-down view).

To reduce the bremsstrahlung photon flux incident on
the detectors, a layered lead-tin-copper shield cave [21]
is used. The front and sides of the cave consist of 10.16-
cm-thick lead. There is 5.08-cm-thick lead at the top and
bottom of the cave. Tin and copper are 0.64 cm thick
and provide shielding to Ko and K x-rays, which are
produced in lead because of high-energy bremsstrahlung
absorption [22]. Additionally, the detectors are placed per-
pendicular to the beam axis at 4 m from the front of the
shield cave to the edge of the DU cube. This 4-m source-to-
detector distance helps to reduce the probability of pile-up
events, which is dependent on the radiation flux and volt-
age pulse width. The schematic of the experimental setup
is shown in Fig. 3.

Time gating is performed to analyze detection events
that arrive during the linac pulses. This time gating allows
us to discriminate prompt photoneutrons from delayed
fission neutrons, which are emitted through B decay of
photofission fragments. Additionally, all data are pro-
cessed with a lower light-output threshold of 0.28 MeVee
and an upper threshold of 2.67 MeVee (MeV electron
equivalent, i.e., the amount of light created by a photon-
energy deposition in MeV). This light-output window cor-
responds to a proton-recoil energy of 1.66—6.85 MeV [Eq.
(D].

Scintillation events that arrive during the linac pulses
are processed with an artificial neural network (ANN)
system previously developed and demonstrated at the Uni-
versity of Michigan [23]. The ANN system consists of six
feed-forward fully connected neural networks that work
in conjunction to produce the desired classifications. The

ANN system is trained with high-confidence neutron and
photon pulses acquired through a time-of-flight measure-
ment with the 2>2Cf source and has an overall classifi-
cation accuracy of 99.5%. The ANN system identifies
neutron, photon, and pile-up pulses and recovers neutron
and photon information from pile-up events.

IV. MCNPX-PoliMi METHODOLOGY

The MCNPX-PoliMi simulation is performed in three
steps using the ENDF/B-VII cross-section library: (1)
electron simulation, (2) photonuclear simulation, and (3)
detector-response simulation. For the electron simula-
tion, the source particles are electrons with an energy
of 10 MeV, and we tally bremsstrahlung photons exit-
ing the secondary collimator. The 10-MeV energy of
the electrons is based on a previous beam-quality mea-
surement performed at the University of Michigan [24].
The bremsstrahlung spectrum obtained from the electron
simulation is then used as a source to simulate pho-
tonuclear reactions in the DU cube. In the photonuclear
simulation step, we tally photoneutrons exiting the edge
of the DU cube that is facing the detectors. In step 3,
the cosine- and energy-binned photoneutron distribution
obtained from step 2 is used as a source. In this step,
a particle-collision file is generated, which is then pro-
cessed with the MCNPX-PoliMi postprocessing algorithm
(MPPost) [25] to simulate the trans-stilbene detector’s
response. Birks formula,

a
LE) = / T 4 (1)

is used in MPPost to convert energy deposited by neutrons
into light output. In Eq. (1), L(E) is the light output in
MeVee, dE /dx is the particle-stopping power in the trans-
stilbene detector, and a and b are the fitted coefficients
obtained from Ref. [26].

The three-step simulation result is scaled to match the
measured result using

Rscaled = NMPPosthhotoneutron ( 2)
1
peak
X Cphotons g D,

where Rgaleq 18 the scaled photoneutron count rate (counts
per second), Nyppost 1S the number of neutrons detected in
the trans-stilbene detectors per photoneutron emitted from
DU, Bphotoneutron 1S the number of photoneutrons leaving
DU per bremsstrahlung photon incident on DU, Cphotons
is the number of bremsstrahlung photons leaving the sec-
ondary collimator per electron, /pcu is the peak linac
current (97.2 mA), g, is the elementary charge, and D is
the linac duty factor (0.02%).

The average repetition rate of the linac is measured to
be 44.15 Hz with a standard deviation of 0.09 Hz. This

054073-4



PROMPT PHOTOFISSION NEUTRON DETECTION. ..

PHYS. REV. APPLIED 19, 054073 (2023)

(a) '
2.5

£ 107
-
) &
B g
o0 =]
) &)
= 4
= 107
[

(b) 1072
E 107
-
) &
E] (1L LR =
E” M (i i g
Z " Neutrons ,|f o
3 107
[

Total Integral (arb. units)

FIG. 4. Neutron and photon integrals before elimination of
pile-up events: (a) lead and (b) depleted uranium.

deviation in the repetition rate is accounted for in the linac
duty factor and the scaled photoneutron count rate.

V. RESULTS AND DISCUSSION

A. Measurement

Figures 4 and 5 show the detected pulse integrals for
lead and depleted uranium interrogations before and after
the elimination of pile-up events. Figure 4 shows that
there are significant pile-up events that greatly deterio-
rate the neutron- and photon-detection capabilities of the
trans-stilbene scintillators. Figure 5 shows the results after
applying the developed ANN system. A good separa-
tion between neutrons and photons is observed; the ANN
system successfully identifies the pile-up events.

Figure 6(a) shows the measured photoneutron light-
output distributions for DU and lead. We observe a 5 times
higher photoneutron count rate when the lead target is
replaced with the DU target. Additionally, the measured
light-output distribution for lead photoneutrons is much
softer than the DU photoneutron light-output distribution.
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FIG. 5. Neutron and photon integrals without pile-up events:
(a) lead and (b) depleted uranium.

This difference in the light-output distributions is due to the
known difference in the photoneutron energy spectra. The
DU photoneutrons are emitted with two energy spectra,
i.e., (y,n) and watt spectra, whereas lead photoneutrons
are emitted with only the (y, n) spectrum [Fig. 1(b)].

Without any pile-up recovery, the photoneutron count
rate is 1.92 4= 0.07 counts per second for lead and 8.2 £ 0.1
counts per second for DU. After information is recovered
from pile-up events, the count rate increases to 2.76 4= 0.08
counts per second for lead and 12.7 + 0.1 counts per sec-
ond for DU. We observe that the shape of the photoneutron
light-output distributions remains unaffected after recov-
ery of pile-up events [Fig. 6(b)]. This constant shape
implies that pile-up recovery provides an efficiency boost
of approximately 31% for neutron detection.

B. MCNPX-PoliMi

A passive >>2Cf measurement is performed to validate
the MCNPX-PoliMi input geometry and trans-stilbene
detector response. The 232Cf spontaneous fission source
is placed 4 m from the front of the lead-tin-copper shield
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lead and depleted uranium: (a) absolute comparison and (b) inte-
gral normalized comparison. (Active background is subtracted
from each distribution. Error bars are from Poisson counting
statistics and are represented within one standard deviation.)

cave, which is the same as the DU-to-shielding distance.
The measured data are analyzed with the ANN system.

Figure 7 shows the measured and simulated neutron
light-output distributions. The simulated and measured
neutron count rates agree within 8.6% =+ 0.8%. The mea-
sured count rates before and after recovery of pile-up
events are statistically identical, which is expected due to
the low activity of the 2>Cf source and the large source-
to-detector distance (>4 m). The discrepancy between
the measured and simulated rates is primarily due to the
source-strength uncertainty that is used to scale MPPost
results. The passive 232Cf result demonstrates our ability
to accurately simulate the trans-stilbene detector response
with the MCNPX-PoliMi transport code.

Figure 8 shows the measured and simulated photoneu-
tron light-output distributions for DU. For a light-output
window of 0.28-0.60 MeVee, the simulation is found to
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FIG. 7. Measured and simulated neutron light-output distribu-
tions from a 2>2Cf spontaneous fission source (inset shows data
on a logarithmic y axis).

overestimate the measured result. This overestimation is
due to the information that is lost to unrecoverable pile-up
events (29.5% of the collected data are eliminated). Nearly
75% of these unrecoverable pile-up events are voltage sig-
nals that have a small amplitude (less than 0.60 MeVee)
and a poor voltage signal-to-noise ratio. The developed
MCNPX-PoliMi framework does not simulate the pulse
pile-up effect in trans-stilbene scintillators.

For a light-output window of 0.60—2.67 MeVee, the sim-
ulation is found to underpredict the measured result by an
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= =
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FIG. 8. Measured and simulated photoneutron light-output

distributions for depleted uranium. (Represented error bars are
within one standard deviation.)
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FIG. 9. Photoneutron count rates in depleted uranium and lead
as a function of interrogation time. (Error bars are from Pois-
son counting statistics and are represented within three standard
deviations.)

average of 33.3% =+ 1.2%. The underprediction of simu-
lation versus experiment in our result confirms the previ-
ously reported underprediction when using ENDF/B-VII
photonuclear cross-section data for uranium [27,28].

Frankl and Macian-Juan [29] performed a photonu-
clear benchmark study on natural uranium with MCNPX
using ENDF/B-VII cross-section libraries. In the bench-
mark study, the MCNPX results are compared to measured
results that were obtained by Barber and George in 1959
[30]. The simulation was found to underpredict the mea-
sured count rate by 8.7% % 15.1% for a 0.98-cm-thick nat-
ural uranium target interrogated with bremsstrahlung pho-
tons produced by 11.5-MeV electrons. Here, the DU cube
is 5.23 cm and is interrogated with bremsstrahlung pho-
tons produced by 9-MeV electrons. We observe an under-
estimation of 33.3% £ 1.2% in the simulated photoneu-
tron count rate. The underprediction of simulation versus
experiment is consistent with the Frankl and Macian-Juan
result, and therefore, we can be confident that the ANN
system is correctly recovering information from pile-up
events.

C. Time to detection

The observed difference (Fig. 6) in the photoneutron
light-output distributions of lead and DU can be exploited
to discriminate SNMs from non-SNM neutron-producing
targets. A light-output window of 1.00-2.67 MeVee is
selected. Using Eq. (1), the light-output window corre-
sponds to a proton-recoil energy of 3.68—6.85 MeV. This
energy is sufficiently high to eliminate (y,n) photoneu-
trons. Only prompt photofission neutrons are energetic
enough to deposit such high energy in the scintillator, and
therefore, false-positive alarms can be reduced in the field

by counting neutrons that deposit energies between 3.68
and 6.85 MeV. False positives are of great concern in
cargo-scanning applications, wherein high-energy-photon
interrogation systems are used for SNM detection.

Figure 9 shows the photoneutron count rate in the
1.00-2.67 MeVee light-output window as a function of
interrogation time. We observe that the photoneutron count
rate in the presence of DU is greater than the active back-
ground count rate by three standard deviations during the
first 30 s of interrogation. This result demonstrates that a
SNM surrogate may be flagged in the field in as quickly as
30 s, which is well within the American National Standard
Institute (ANSI) standard inspection times for clearing
cargo packages [31].

VI. CONCLUSIONS

We present experimental results that demonstrate the
detection of prompt photofission neutrons from a depleted
uranium cube. These neutrons are detected with trans-
stilbene organic scintillators, which are state-of-the-art
detectors that are spectroscopy capable. The intense
bremsstrahlung photons create pulse pile-up, which deteri-
orates the particle-discrimination capabilities of the trans-
stilbene scintillator. To address the pulse pile-up issue, we
apply neural-network-based digital processing to scintilla-
tion pulses. The information recovered from neutron pile-
up events provides an efficiency boost of approximately
31% to the interrogation system.

We exploit the difference in the measured photoneutron
light-output distributions of lead and DU to discriminate
between (y,n) and photofission neutrons. By selecting a
light-output window of 1.00-2.67 MeVee, we demonstrate
that a SNM surrogate, such as depleted uranium, can be
detected in as little as 30 s and differentiated from a non-
SNM material, such as lead.

We also present a framework that can be used to sim-
ulate active interrogation experiments with the MCNPX-
PoliMi transport code. The developed framework is val-
idated with measured results with a 2%Cf source. In the
photonuclear experiments, for a light-output window of
0.60-2.67 MeVee, the simulated result is found to under-
predict the measured result by 33.3% % 1.2%. This result
is expected due to the known underprediction in the pho-
tonuclear cross-section data for uranium. Future work is
needed to improve the photonuclear cross-section data and
uncertainties. The validated MCNPX-PoliMi framework
can be used to study the response of the active interro-
gation systems when the SNM is surrounded by shielding
materials.

ACKNOWLEDGMENTS

This work is supported by the U.S. Department
of Homeland Security, Countering Weapons of Mass

054073-7



A.J.JINIA et al.

PHYS. REV. APPLIED 19, 054073 (2023)

Destruction Office, Academic Research Initiative, under
Grant No. 2016-DN-077-ARI106.

A.J.J. wrote the main manuscript, conducted the for-
mal analysis, and aided in the conceptualization. T.E.M.
and C.A.M. assisted in data collection, data analysis, and
review and editing of the manuscript. O.V.P. aided in
the simulation and review and editing of the manuscript.
H.S.K. and D.D.W. assisted in the development of soft-
ware and review and editing of the manuscript. S.D.C.
and S.A.P. conceived the initial idea, acquired funding,
aided in the conceptualization, and reviewed and edited the
manuscript.

[1] T. Gozani, Active Nondestructive Assay of Nuclear Mate-
rials (U.S. Nuclear Regulatory Commission, Washington,
D.C., 1981). NUREG/CR-0602.

[2] J. Stevenson, T. Gozani, M. Elsalim, C. Condron, and
C. Brown, Linac based photofission inspection system
employing novel detection concepts, Nucl. Instrum. Meth-
ods Phys. Res., Sect. A 652, 124 (2011).

[3] B. W. Blackburn, J. L. Jones, C. E. Moss, J. T. Mihalczo,
A. W. Hunt, F. Harmon, S. M. Watson, and J. T. Johnson,
Utilization of actively-induced, prompt radiation emission
for nonproliferation applications, Nucl. Instrum. Methods
Phys. Res., Sect. B 261, 341 (2007).

[4] S. D. Clarke, S. A. Pozzi, S. J. Thompson, and A. W.
Hunt, in 2008 Symposium on Radiation Measurements and
Applications (Berkely, California, U.S.A., 2008).

[5] A. Sari, F. Carrel, F. Lainé, and A. Lyoussi, Neutron inter-
rogation of actinides with a 17 MeV electron accelerator
and first results from photon and neutron interrogation non-
simultaneous measurements combination, Nucl. Instrum.
Methods Phys. Res., Sect. B 312, 30 (2013).

[6] J. M. Mueller, M. W. Ahmed, and H. R. Weller, A novel
method to assay special nuclear materials by measur-
ing prompt neutrons from polarized photofission, Nucl.
Instrum. Methods Phys. Res., Sect. A 754, 57 (2014).

[7]1 J. M. Mueller, M. W. Ahmed, A. Kafkarkou, D. P.
Kendellen, M. H. Sikora, M. C. Spraker, H. R. Weller, and
W. R. Zimmerman, Tests of a novel method to assay SNM
using polarized photofission and its sensitivity in the pres-
ence of shielding, Nucl. Instrum. Methods Phys. Res., Sect.
A 776, 107 (2015).

[8] K. W. Chin, H. Sagara, and C. Y. Han, Application of
photofission reaction to identify high-enriched uranium by
bremsstrahlung photons, Ann. Nucl. Energy 158, 108295
(2021).

[9] R. Kimura, H. Sagara, and S. Chiba, Principle validation
of nuclear fuel material isotopic composition measure-
ment method based on photofission reactions, J. Nucl. Sci.
Technol. 53, 1978 (2016).

[10] S. Van Liew, W. Bertozzi, N. D’Olympia, W. A. Franklin,
S. E. Korbly, R. J. Ledoux, and C. M. Wilson, Identification
and imaging of special nuclear materials and contraband
using active x-ray interrogation, Phys. Procedia 90, 313
(2017).

[11] A. Danagoulian, W. Bertozzi, C. L. Hicks, A. v. Klimenko,
S. E. Korbly, R. J. Ledoux, and C. M. Wilson, in 2010 [EEE
International Conference on Technologies for Homeland
Security, HST 2010 (2010), pp. 379.

[12] C. A. Meert, A. T. Macdonald, A. J. Jinia, W. M. Stein-
berger, S. D. Clarke, and S. A. Pozzi, Photoneutron detec-
tion in active interrogation scenarios using small organic
scintillators, IEEE Trans. Nucl. Sci. 1, 9499 (2022).

[13] S. A. Pozzi, E. Padovani, and M. Marseguerra, MCNP-
PoliMi: A Monte-Carlo code for correlation measurements,
Nucl. Instrum. Methods Phys. Res., Sect. B 513, 550
(2003).

[14] J. T. Caldwell, E. J. Dowdy, R. A. Alvarez, B. L. Berman,
and P. Meyer, Experimental determination of photofission
neutron multiplicities for 23U, 236U, 238U, and 2*>Th using
monoenergetic photons, Nucl. Sci. Eng. 73, 153 (1980).

[15] N. V. Kornilov, Verification of the 23>Cf standard in the
energy range 2—20 MeV. (2015).

[16] R. C. Runkle, D. L. Chichester, and S. J. Thompson, Rat-
tling nucleons: New developments in active interrogation
of special nuclear material, Nucl. Instrum. Methods Phys.
Res., Sect. A 663, 75 (2012).

[17] J. B. Birks, The Theory and Practice of Scintillation Count-
ing (Pergamon Press, New York, 1964).

[18] M. B. Chadwick, et al., ENDF/B-VIIL.0: Next generation
evaluated nuclear data library for nuclear science and tech-
nology, Nucl. Data Sheets 107, 2931 (2006).

[19] ET Enterprises, ET Enterprises 51 Mm (2”’) Photomultiplier
9214B Series Data Sheet, https://et-enterprises.com/products/
photomultipliers/product/p92 14b-series

[20] CAEN, CAEN VI1730/V1730S 16/8 Channel 14 Bit
500 MS/s Digitizer, https://www.caen.it/products/v1730/

[21] N. Kleedtke, M. Hua, and S. Pozzi, Genetic algorithm opti-
mization of tin—copper graded shielding for improved plu-
tonium safeguards measurements, Nucl. Instrum. Methods
Phys. Res., Sect. B 988, 164877 (2021).

[22] R. D. Deslattes, E. G. Kessler, Jr., P. Indelicato, L. de Billy,
E. Lindroth, and J. Anton, X-ray transition energies: New
approach to a comprehensive evaluation, Rev. Mod. Phys.
75, 35 (2003).

[23] A. J. Jinia, T. E. Maurer, C. A. Meert, M. Y. Hua, S. D.
Clarke, H. S. Kim, D. D. Wentzloff, and S. A. Pozzi, An
artificial neural network system for photon-based active
interrogation applications, IEEE Access 9, 1 (2021).

[24] N. H. Ba Sunbul, Dissertation at the University of Michi-
gan, 2022.

[25] E. C. Miller, S. D. Clarke, S. A. Pozzi, and E. Padovani,
MCNPX-PoliMi post-processing algorithm for detector
response simulation, J. Nucl. Mater. Manage. 40, 34
(2012).

[26] T. H. Shin, P. L. Feng, J. S. Carlson, S. D. Clarke, and
S. A. Pozzi, Measured neutron light-output response for
trans-stilbene and small-molecule organic glass scintilla-
tors, Nucl. Instrum. Methods Phys. Res., Sect. A 939, 36
(2019).

[27] A. Sari, Characterization of photoneutron fluxes emitted by
electron accelerators in the 420 MeV range using Monte
Carlo codes: A critical review, Appl. Radiat. Isot. 191,
110506 (2023).

054073-8


https://doi.org/10.1016/j.nima.2010.08.047
https://doi.org/10.1016/j.nimb.2007.04.272
https://doi.org/10.1016/j.nimb.2013.06.020
https://doi.org/10.1016/j.nima.2014.03.042
https://doi.org/10.1016/j.nima.2014.12.022
https://doi.org/10.1016/j.anucene.2021.108295
https://doi.org/10.1080/00223131.2016.1177471
https://doi.org/10.1016/j.phpro.2017.09.023
https://doi.org/10.1109/TNS.2022.3164601
https://doi.org/10.1016/j.nima.2003.06.012
https://doi.org/10.13182/NSE80-A18695
https://doi.org/10.1016/j.nima.2011.09.052
https://doi.org/10.1016/j.nds.2006.11.001
https://et-enterprises.com/products/photomultipliers/product/p9214b-series
https://www.caen.it/products/v1730/
https://doi.org/10.1016/j.nima.2020.164877
https://doi.org/10.1103/RevModPhys.75.35
https://doi.org/10.1109/ACCESS.2021.3108406
https://doi.org/10.1016/j.nima.2019.05.036
https://doi.org/10.1016/j.apradiso.2022.110506

PROMPT PHOTOFISSION NEUTRON DETECTION. ..

PHYS. REV. APPLIED 19, 054073 (2023)

[28] V. V. Varlamov, Reliability of photonuclear data: Various
experiments and evaluations, Phys. Part. Nucl. 50, 637
(2019).

[29] M. Frankl and R. Macian-Juan, Photonuclear benchmarks
of C, Al, Cu, Ta, Pb, and U from the ENDF/B-VII cross-
section library ENDF7U using MCNPX, Nucl. Sci. Eng. 183,
135 (2016).

[30] W. C. Barber and W. D. George, Neutron yields from
targets bombarded by electrons, Phys. Rev. 116, 1551
(1959).

[31] American National Standard Minimum Performance
Criteria for Active Interrogation Systems Used for
Homeland Security, ANSI N42.41-2007 1
(2008).

054073-9


https://doi.org/10.1134/S1063779619050241
https://doi.org/10.13182/NSE15-47
https://doi.org/10.1103/PhysRev.116.1551

	I. INTRODUCTION
	II. THEORY
	III. EXPERIMENTAL SETUP AND DATA ANALYSIS
	IV. MCNPX-PoliMi METHODOLOGY
	V. RESULTS AND DISCUSSION
	A. Measurement
	B. MCNPX-PoliMi
	C. Time to detection

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


