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Abstract

Detecting shielded contraband material, including illicit drugs, explosives, and special
nuclear material using nuclear techniques has been a persistent technical challenge. The sig-
natures from contraband materials are often relatively weak and poorly separated from the
background, requiring the use of long measurement times and high radiation doses from the
interrogating source. We are exploring new digital pulse processing techniques for active
neutron interrogation to enhance the detection of concealed contraband and special nuclear
material with a focus on prompt gamma-ray signatures for drug and explosive detection and
fast neutron detection for special nuclear material. The new detection systems make use of
digital data acquisition from inorganic and organic scintillators along with the time structure
of deuterium-deuterium and deuterium-tritium fast neutron generator interrogation sources
to improve the signal-to-noise ratio of the measurements. The detection system additionally
makes use of a reconfigurable water-based collimation system to reduce the production of
activation gamma rays in the environment and to shield the detectors from fast and thermal
internal neutron activation. We characterized the fast neutron time profile of the Thermo
Scientific P211 DT neutron generator using organic scintillators and a gamma-blind He-4
recoil-based fast neutron detector. We discuss the spectral and time profiles resulting from
active interrogation measurements performed with various contraband simulants and a range
of inorganic scintillators, including fast inorganic scintillators such as LaBrs. We addition-
ally discuss maximum likelihood estimation maximization-based spectral reconstruction tech-
niques in conjunction with detecting prompt gamma rays with organic scintillators. We show
the detection of prompt inelastic gamma-ray signatures from carbon- and nitrogen-rich objects
that may allow for the measurement of sample stoichiometry to distinguish explosive and nar-
cotic contraband from benign samples. Based on these methods, combined spectro-temporal
analysis is being developed for detecting shielded contraband with improved sensitivity.

1 Introduction

Concealed contraband (e.g., explosives, narcotics, and special nuclear material) can be detected
through fast neutron activation. For explosives and narcotics, neutron capture and neutron in-
elastic scattering gamma rays produced by hydrogen, carbon, nitrogen, and oxygen (HCNO) are



the potential observables [1, 2, 3, 4, 5|. The relative abundance of gamma rays associated with
these elements can give insight into the stoichiometry of the activation target, which can allow
for discrimination of contraband from benign objects |2, 6, 7]. Special nuclear material (SNM)
can be detected through both neutron and gamma-ray signals emitted under fast neutron inter-
rogation |8, 9]. However, active interrogation systems are yet to be widely deployed at security
checkpoints because the systems are complicated to develop and use, can deliver a substantial radi-
ation dose to operators, and are not cost-effective. The current systems also do not offer sufficient
efficiency and specificity to detect activation signals that are weak compared to the interrogating
signal, which makes the measurement times prohibitively long.

Digital pulse analysis can increase the sensitivity of gamma-ray and neutron detection for active
interrogation applications. Pileup correction and reconstruction can be used to improve sensitivity
in the high-flux environment of an interrogating source [10]. In some instances, time gating of
gamma-ray signals relative to the timing structure of the interrogating source can be used to
improve the signal-to-background ratio [11]. We have been working to demonstrate improvement
in the sensitivity and practicality of active interrogation detection systems using digital techniques.
For example, we discuss digital spectral reconstruction to make use of organic scintillators for
gamma-ray spectroscopy in the active interrogation setting.

2 Measurement of DT Neutron Time Profile

The time profile of pulsed DT neutrons determines the timing of gamma rays produced through
fast neutron activation. Thus, measurement of the 14.1-MeV neutrons’ time profile can allow for
the isolation of different gamma rays of interest. For example, gamma rays produced through
inelastic neutron scattering occur in approximate coincidence with the emission of neutrons from
the probing generator, while gamma rays produced in neutron capture are delayed by the neutron
thermalization time, which is needed for capture to take place with high probability. The DT
neutron generator used for our measurements is the P211 by Thermo Scientific [12]. To measure
the neutron time profile, several fast nuclear recoil-based detectors were used. Trans-stilbene [13]
and organic glass scintillator (OGS) [14] solid-state scintillators were used alongside an EJ-309
liquid organic scintillator [15]. Pulse-shape discrimination (PSD) was used to separate the neutron
signal from the abundant gamma rays and X rays. The time profile was also measured with a
pressurized “He gas detector that operates on the principle of scintillation induced by *He recoils
in neutron elastic scattering. Such a detector is advantageous for this measurement due to its
intrinsic low gamma-ray sensitivity [16], preventing interference of activation gamma rays with
neutrons and reducing pileup. In each case, a light output threshold was set to isolate the 14.1-
MeV neutrons directly incident from the neutron generator and reject neutrons that scatter in
the environment and then interact with the detectors. Neutrons that undergo scattering generally
transfer a significant fraction of their kinetic energy and thus can be rejected by setting a light
output threshold. These neutrons are undesirable as the time to scatter can broaden the measured
time profile. For comparison with the neutron time profile, the time profile of activation gamma
rays was also measured with a LaBrs detector, which is a fast inorganic scintillator [17]. Data were
collected from each detector as digital traces using various CAEN digitizers. Also collected was
the timing signal from the DT generator’s pulse-forming network, referred to as the DT trigger,
which acts as a time tag for the neutron emission from the generator. Data were analyzed both
during measurement using the CAEN CoMPASS software [18] and offline using the ROOT data
analysis framework [19]. The timing relative to the most recent DT trigger of each event was then



histogrammed and is shown in Figure 1 for each detector.
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Figure 1: Measured time profile of 14.1 MeV neutrons from P211 DT generator

The time profile has a width of 15-20 ps and a clear initial peak with a width of 1 ps. This fast
initial peak is advantageous as many prompt gamma rays are produced during this time period,
while relatively few neutrons will have been thermalized and captured, resulting in the minimal
background from neutron capture gamma rays. There is a reasonable agreement in the shape of
the DT neutron profile measured by different detection methods, providing some confidence in
the accuracy of the measured time profile. The gamma-ray time profile measured with the LaBrs
detector follows the measured time profile of fast neutrons from the neutron generator, confirming
that the gamma-ray signals seen originate primarily from the DT neutron activation.

3 Fast Neutron Activation Measurements

3.1 Collimation of DT Neutrons

Fast neutron collimation is advantageous for prompt gamma-ray neutron activation analysis. Fast
and thermal neutron activation can induce long-lived backgrounds in many inorganic scintilla-
tors [20, 21]. The interrogating neutrons can also act as a background term for the measurement
of activation neutrons. This background can be reduced by fast neutron shielding to collimate the
fast neutron source to a beam. Additionally, by collimating fast neutrons, background activation
in the environment can be localized to angles subtended by the collimated beam. This reduces the
amount of gamma-ray shielding needed to reduce activation background by decreasing the area
over which that background is produced. A fast neutron collimator made from plastic bricks filled
with water was designed and constructed and can be seen in Figure 2a. Water is attractive for
fast neutron shielding due to the high hydrogen content which allows for thermalization of fast
neutrons. Discrete water bricks can be easily reconfigured based on the desired geometry for a
given measurement. To optimize the collimation design, the fast neutron and gamma-ray profile
was simulated using MCNPG6 [22]. Based on the simulation, a uniform collimator with a thickness



of approximately 1 meter is optimal to collimate neutrons while still allowing high neutron flux to
reach activation targets. Measurements with liquid organic scintillators revealed an approximate
order of magnitude reduction in fast neutron flux from the beam center to being outside of the
beam profile. Activation measurements were conducted in the configuration shown in Figure 2b
such that the activation targets were placed in the path of the uncollimated fast neutron beam,
while gamma-ray detectors were placed outside of the beam path. Several inches of lead and other
high-Z gamma-ray shielding were placed around the gamma-ray detectors to minimize the back-
ground from fast neutron activation in the environment. In particular, shielding is placed between
the collimator and the detectors due to the large background from neutron thermalization and
capture within the collimator.
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Figure 2: Fast neutron collimation system for activation measurements

3.2 Time-Correlated Gamma Ray Spectroscopy

The measured normalized energy deposition spectrum from a LaBrs detector and a graphite ac-
tivation target is shown in Figure 3a. This spectrum is shown for three separate time gates: all
events, prompt events, and delayed events. The prompt time region refers to the time frames dur-
ing which the DT generator produces neutrons, while the delayed region refers to a 20 ps window
immediately after the DT generator stops producing neutrons. The prompt spectrum is harder due
to the average energy of inelastic neutron scattering gamma rays being relatively high. In contrast,
the delayed spectrum shows a more prominent photopeak and Compton scattering signature of
the 2.2-MeV gamma ray from thermal neutron capture on hydrogen. This time dependence of the
spectrum is due to the delay caused by the time for fast neutrons to thermalize and capture. This
suggests that the signal-to-background ratio for detecting prompt and delayed gamma rays can
be increased by appropriately selecting different periods of time relative to the neutron generator
pulse. Despite this, there is no clear spectral signature of a 4.4-MeV gamma ray from inelastic
neutron scattering on ?C. This may be due to high pileup during measurement, which particularly
impacts the gamma-ray signals created during the neutron pulse.

The time-spectral correlation is confirmed by observing the time profile of different spectral regions
as shown in Figure 3b. As expected, the events comprising the photopeak of the 2.2-MeV gamma



ray from H(n,y) make a greater relative contribution to the count rate after the neutron pulse
from the generator terminates, while the events in the 4-5 MeV region, selected to encompass the
photopeak of the carbon inelastic scattering gamma rays, make a greater relative contribution to
the signal during the neutron pulse.
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Figure 3: Time and spectral correlation from LaBrz activation measurement

4 Organic Scintillators in Fast Neutron Activation Measure-
ments

Despite their low average atomic number, organic scintillators are attractive for prompt gamma-
ray neutron activation analysis because their fast response time makes them relatively resistant
to pileup in high-flux environments [23]. They additionally do not suffer from the long-lived fast
neutron activation present in many inorganic scintillators. They are cheap and easily scalable,
allowing for the construction of cost-efficient and sensitive detection systems. However, gamma
rays primarily interact in organic scintillators by Compton scattering. This is disadvantageous
as compared to higher-Z inorganic scintillators, where photopeaks can be observed, allowing for
relatively easy identification of gamma-ray signals of interest. The primary identifying feature for
different gamma rays in organic scintillators is the Compton edge. However, using the Compton
edge to identify individual gamma rays is generally more complicated.

4.1 MLEM Recoil Spectrum Reconstruction

To identify signatures of interest from the measured light output spectrum, maximum likelihood
expectation maximization (MLEM) can be used. MLEM uses an iterative solution from the mea-
sured light output spectrum to reconstruct the incident energy spectrum:
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where s is the discretized measured light output spectrum, R is the response matrix of the detector
that converts the gamma ray energy to light output, and x is the underlying incident energy spec-
trum that needs to be reconstructed [24, 25|. Spectral reconstruction allows for the identification
of signatures of interest by selecting simple peaks known to correspond to elements or isotopes of
interest.

The response matrix was generated through simulation in the Geant4 framework [26, 27, 28| and
through measurement of the detector energy resolution. The energy deposition spectrum was
simulated for incident gamma rays with energies up to 12 MeV in 0.05-MeV bins. A simplified
geometry consisting of only the detector and source was used in the simulation, neglecting the
impact of measurement geometry on the response matrix. The source geometry is generally not
known a priori, and thus neglecting the source geometry allows for standardization of the spec-
tral reconstruction. Incorporating measurement geometry into the detector response model is one
potential future improvement for this spectral reconstruction method. The simulated energy depo-
sition spectra are then converted to light output spectra assuming Gaussian broadening according
to the measured energy resolution. The energy resolution is determined by fitting the simulated
energy deposition spectrum with the measured recoil spectrum from gamma-ray check sources.
Fitting is based on a five-parameter space corresponding to two parameters of linear calibration
between pulse integral and light output and three parameters of energy resolution as a function of
light output:
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where «, 3, and ~ are the fitting parameters, and E is the light output [29]. A genetic algorithm
is used to sweep this broad parameter space where the quality of fit is checked with a x? test at
the Compton edge. An example of this fitting for !37Cs is shown in Figure 4. The Compton edge
is selected for fitting as the spectrum beyond the compton edge is relatively flat, which does not
allow for the resolution parameters to be clearly defined.
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Figure 4: Example of fitting of simulated *"Cs light output spectrum to measured spectrum at
Compton edge with a genetic algorithm

This fitting was performed for ¥"Cs, ?2Na, and ®°Co gamma-ray check sources. The energy res-
olution at the Compton edge energy from fitting is selected for each Compton edge and then
collectively fitted to the energy resolution function, Equation (4.2). The results of this fitting are



shown in Figure 5. The fitted energy resolution function is used in preparing the response matrix
by broadening the simulated energy deposition spectra.
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Figure 5: Fitted resolution function for liquid organic scintillator

As an example of MLEM spectral reconstruction, the measured light output spectrum and cor-
responding reconstructed spectrum from a measurement with a %2Eu gamma-ray check source
is shown in figure 6. '®?Eu has a relatively complex gamma-ray emission spectrum. The most
prominent gamma-ray energies are additionally labelled with dashed lines in figure 6. The MLEM
reconstructed spectrum exhibits clear peaks at nearly all of the major gamma ray energies and
exhibits only spurious peaks at other energies, demonstrating accurate spectral reconstruction.

'g' 3: [ T 1 1 1 I1 1

5, | )1 | || —— Measured Spectrum

z 25 | (1 ||

@ ST Reconstructed Spectrum

O |

= C

= cl | | | Ao |

5 C

@ 1.5 | | | [ 11 |

o F| | |l |

2 sl | [ |

@ -

g T | 1 |

£ ol | | | I I

5 054 | | | L |

< o | | | |
oL [ L LI

) L (-
0 02 04 086 08 1 12 14
Reconstructed Energy [MeV] / Light Output [MeVee]

Figure 6: Example spectral reconstruction for 1*?Eu gamma-ray source with measured light output.
Most prominent gamma-ray energies are labeled with dashed lines.

4.2 Application to Fast Neutron Activation

Measurements of gamma-ray signatures of interest with organic scintillators were conducted in
the same manner as with inorganic scintillators using the P211 DT neutron generator and water-
based collimator. A 4" x 6" volume of deuterated liquid organic scintillator (EJ-315, Eljen)
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was used for measurement. Deuterated organic scintillators are attractive in this context due
to the higher nuclear recoil quenching associated with deuterons over proton recoils [29], which
decreases the electron-equivalent light output for nuclear recoils. Because of quenching and the
collimation of fast neutrons, there are relatively few neutron pulses in the spectral region of interest
for prompt gamma rays, which is generally above 4 MeV. Thus, the impact of neutrons on the
measured light output spectrum can be neglected without the need for pulse-shape discrimination.
By not integrating the signal long enough to allow for pulse-shape discrimination, the rate of
pulse pileup can be drastically reduced, allowing for easier detection of prompt gamma-ray signals.
Such spectral reconstruction could also be done with non-deuterated organic scintillators. For
comparison, the graphite activation reconstructed spectrum from the gamma-ray and neutron
contributions is shown in Figure 7b along with the total reconstructed spectrum. The pulse-shape
discrimination fiducial cuts used to identify neutrons and gamma rays are shown in Figure 7a.
The neutron contribution to the signal that distinguishes the gamma-ray only and gamma ray -
neutron combined reconstructed spectra is minimal, confirming that there are few neutrons that
need to be rejected through pulse-shape discrimination in this case.
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Measurements were conducted with a carbon-rich graphite target and a nitrogen-rich melamine
(C3HgNg) target. The active background was also measured to subtract from the activation target
measurements. Initial spectral reconstruction was performed with the graphite target data due to
the relative simplicity of the response from neutron inelastic scattering on 2C, which has only one
prominent gamma-ray energy at 4.4 MeV. To determine the impact of time gating on the spectral
reconstruction, the measured light output spectrum was gated according to all measured events;
all prompt events, i.e., the events measured when the DT neutron generator produces neutrons
(10-25 ps on the scale shown in Figure 1); all prompt peak events, i.e., during the initial spike
of the DT neutron profile; and delayed events, after the DT neutron generator stops producing
neutrons (greater than 30 ps as shown in Figure 1). The reconstructed gamma-ray spectrum for
each time gate is shown in Figure 8 along with the time corresponding time gates.
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Figure 8: Reconstructed graphite activation spectrum with various time gates

Both the reconstructed gamma-ray spectrum of all prompt events and the spectrum of only the
peak prompt events show similar shapes but exhibit a more prominent peak corresponding to the
4.4-MeV prompt gamma-ray from carbon neutron inelastic scatter than the spectrum incorporating
all events. Note that the spectrum from delayed events exhibits no such peak, as expected from
the absence of sufficiently energetic neutrons during the delayed time period. Based on this, a time
gate corresponding to all prompt events, ¢.e., all events when the DT neutron generator is on, is
applied to isolate prompt events while maximizing sensitivity by allowing for the statistics to build
up. The active background subtracted spectra measured from graphite and melamine activation
targets while applying this time gate are shown in Figures 9a and 9b. The energies of the most
intense anticipated prompt gamma rays are labeled.
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The graphite active background subtracted spectrum shows a clear broad peak in the region of
4-5 MeV that corresponds to the prompt gamma ray of interest. The cause of the asymmetric
broadening of this peak is unclear but may be due to interference from a prominent 4.9-MeV gamma
ray from thermal neutron capture by '2C. The reconstructed spectrum from melamine activation
is more complex but displays many of the prompt gamma ray lines expected from neutron inelastic
scattering on N. In particular, the prominent 5.1-MeV gamma-ray line can be clearly seen despite
the overlap with the 4.4-MeV carbon line.

5 Conclusion

We discussed the use of digital analysis and time gating for improvement of detection of explo-
sives, contraband, and special nuclear material via detection of fast neutron activation gamma
rays. In particular, the time profile of pulsed DT neutrons is measured and applied in gamma-ray
spectroscopy with inorganic and organic scintillators. This time profile allows for time gating to
improve the signal-to-background ratio of particular spectral regions of interest. We additionally
discussed MLEM-based spectral reconstruction for the detection of prompt gamma rays in or-
ganic scintillators. We show successful detection of carbon and nitrogen prompt neutron inelastic
scattering gamma rays with this method. It may be possible to perform crude activation sample
stoichiometry of carbon and nitrogen content based on the reconstruction results. In combination
with detection of neutron capture signal from hydrogen and oxygen, it may be possible to detect
and distinguish explosive and narcotic contraband. Further experiments need to be conducted
with activation samples of varying content to show the impact of sample stoichiometry on the
reconstructed gamma-ray spectrum.
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