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ABSTRACT

Presented herein are the outcomes of an experimental test involving a pioneering portable-active interrogation system designed for the
nondestructive detection of special nuclear materials (SNMs). The system relies on the threshold energy neutron analysis concept and incor-
porates a portable deuterium–deuterium (DD) neutron generator producing a particle intensity of 5 × 107 n/s, coupled with three arrays of
tensioned metastable fluid detectors (TMFDs) to detect secondary neutrons from the fissile material. In the presence of the fissile material,
prompt fission neutrons are emitted, with an average energy of approximately 2 MeV, and around 30% of these neutrons have energies
above that of the DD neutron source (2.45 MeV). The detection of a statistically significant neutron population exceeding this threshold
firmly indicates the presence of SNM. TMFDs exhibit high sensitivity in efficiently detecting neutrons above the threshold while adeptly dis-
criminating against neutrons below the threshold as well as gamma rays. This unique feature allows the interrogation system to maintain a
lightweight profile without necessitating substantial shielding materials. The validation experiments involved the placement of 70 or 140 g
masses of U-235 within a 1 m3 inspection volume. Measurements were carried out over 30 min intervals, repeated numerous times, both
with and without U-235, at a DD neutron source intensity of 8 × 105 n/sec. Experimental count rates with natural uranium (NU) are consis-
tently above those without NU. The probability of detection (PD) and probability of false alarm (PFA) were assessed utilizing these count
rates. The DD neutron source intensity and inspection time were normalized at 5 × 107 n/sec and 90 s, respectively. The results indicated a
PD of approximately 74% and 98% for detecting 70 and 140 g of U-235, respectively, with a PFA of <5%. These promising outcomes align
with the specified PD (>90%) and PFA (<5%) targets outlined in ANSI standards.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0225179

I. INTRODUCTIONS

This work presents the results of an experimental evaluation of
a groundbreaking portable-active interrogation system designed for
the nondestructive detection of special nuclear materials (SNMs),
particularly U-235. Detecting illicit materials used for chemical,
biological, radiological, nuclear, and explosive weapons, known as

CBRNE threats, is crucial for global counter-terrorism efforts.
While portable/transportable devices and stationary devices have
been deployed for on-site nondestructive inspection at ports of
entry, there has been a gap in addressing special nuclear materials
(SNMs) such as Pu-239 and U-235.1–4 Global ports and seaports
use passive and active detection techniques to investigate SNMs.5
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Passive detectors are effective against radiological threats and may
be utilized for detecting Pu-239. Still, they prove inadequate for
U-235 due to their lower radioactivity and ease of shielding low
energetic, spontaneous radiation. Existing neutron- and/or photon-
based active methods for deployment in seaports and airports are
often significant, and heavy shielding is required. Therefore, innova-
tion is needed to support mobile applications that detect SNMs
hidden in cargo containers, transported packages, or suspicious unat-
tended street bags.6

A key challenge in neutron-based active interrogation is dis-
tinguishing secondary neutrons from neutron-induced fission
reactions, indicating the presence of SNMs amidst the probing
neutrons emitted by a neutron generator. To address this, our
team has developed the threshold energy neutron analysis
(TENA) technique,7 validated for detecting small amounts of
U-235 in a sea freight container with a moderate neutron source
intensity of 5 × 107 n/s. This requirement can be met by a portable
neutron generator, making TENA potentially suitable for a field-
able portable system. To actively interrogate materials, the TENA
method utilizes a continuous beam of 2.45 MeV neutrons from a
deuterium–deuterium (DD) neutron generator. In the presence of
fissile material, prompt fission neutrons are emitted, with approx-
imately 30% having energies higher than the maximum energy of
the source neutrons. A statistically significant neutron population
above this threshold strongly indicates the presence of SNM.
A crucial component for a successful mobile TENA system is a
fast neutron detector capable of rejecting gamma rays and neu-
trons with energies below the threshold without heavy shielding
while efficiently detecting neutrons above the threshold.

The portable system includes a fast neutron detector named
centrifugally tensioned metastable fluid detector (CTMFD), which
has been validated for meeting these requirements. A preliminary
examination was undertaken on U-235, yielding highly promising
results. The experiments involved approximately 10 g of U-235 and
utilized three CTMFDs and a neutron source producing 3 × 105 n/s
DD neutrons. This prototype showcased a dependable U-235
detection capability at a 96% confidence level and established a
practical foundation for a TENA-based interrogation system.8

The current study aims to assess the effectiveness of the proposed
technique, employing the TENA method integrated with an inertial
electrostatic confinement fusion (IECF) neutron source and
CTMFDs as particle detectors. The goal was to interrogate 70 and
140 g of U-235 and determine the probability of detection (PD)
and probability of false alarm (PFA) within the system. The paper
is structured as follows: Sec. II provides a comprehensive overview
of the experimental setup and conditions, detailing aspects such as
the neutron source, neutron detector, and detection technique,
alongside other pertinent conditions. Section III is dedicated to the
presentation and discussion of the experimental results. Finally,
Sec. IV summarizes the findings and proposes potential avenues
for future research.

II. EXPERIMENTAL SETUP AND CONDITIONS

A. Interrogation technique

The TENA method7 employs a neutron-in neutron-out
strategy, where a fusion-based neutron source generates probing

neutrons, and the CTMFD detects fission neutrons (secondary neu-
trons) emitted from the fissile material. Figure 1 depicts the fission
energy spectrum of U-235 as an example. Notably, approximately
70% of the fission neutrons possess energies below that of DD neu-
trons, while the remaining exhibit energies above this threshold.
Detecting neutrons with energies above 2.45MeV is a distinctive
signature for identifying SNMs. This distinctiveness arises because
scattering tends to reduce the energies of probing neutrons, render-
ing the presence of neutrons above the 2.45MeV threshold energy
unique to SNMs (excluding cosmic rays). The method’s validity
was initially verified using DD neutrons and scintillator detectors
equipped with robust gamma shielding; further details can be
found in other references.7 Furthermore, a preliminary test was
conducted to assess the technique’s applicability in interrogating
10 g of U-235, yielding promising results; details can be found in
Ref. 8. Other neutron sources, based on the deuterium-tritium
(DT) or californium Cf252 source, are unsuitable for the detecting
technique presented herein due to the overlap between the probing
neutrons and the fission neutrons from the fissile material.9

B. Neutron source

The neutron source used in the current interrogation experi-
ment is based on the IECF system.10–14 In its fundamental design,
the system incorporates a negatively biased concentric grid cathode
enveloped by a grounded anode utilized as a vacuum vessel. In the
present configuration, a 6 cm diameter molybdenum cathode is
employed, enclosed by a grounded anode featuring a 17 cm diame-
ter Titanium inner chamber, followed by a 1 cm water jacket for
anode surface cooling, with a high-voltage feedthrough junction, as
depicted in Fig. 2. For further details, refer to additional sources.15

FIG. 1. The detection technique’s principle is based on the TENA method,
which showcases the neutron energy spectra from the SNM fission and the DD
neutron source.
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A potential well is formed by applying tens of kilovolts of
voltage between the cathode and anode. Then, applying several tens
of milliamperes current enables the ionization of fuels like D
within the vacuum chamber to induce DD fusion neutron produc-
tion. Initiating the discharge through tens of milliamps of current
induces fusion reactions, leading to neutron and proton generation
as in the following equation:

Dþ þ Dþ ! Heþ P(3:05 MeV) or Tþ n(2:45 MeV): (1)

The likelihood of generating protons or neutrons is equal at
50%, but the chance of protons exiting the fusion chamber is 0%
due to proton charges. IECF devices present operational advantages
such as a straightforward configuration, potential for steady-state
(DC) or pulsed operation modes, ease of handling, and low start-up,
and maintenance costs. Consequently, they have garnered attention
as neutron sources for diverse scientific research and industrial appli-
cations globally.16–23 The current system generated ∼108 n/s with an
input power of 5.6 kW (70 kV and 80mA) configured in an ultra-
compact geometry and portable weight, with 109 n/s expected at a
20 kW input power. However, only 8 × 105 n/s was utilized during
the current test, adhering to the facility’s radiation hazard control
regulations. The distinctions between the neutron source employed
in the present interrogation experiment and the one utilized in the
initial test outlined in Ref. 8 are as follows: (i) the IECF system oper-
ated in a DC mode instead of a pulsed mode. (ii) The ultracompact
source had a total diameter, weight, and height of 20 cm, 35 kg, and
60 cm, respectively, in contrast to 60 cm, ∼200 kg, and 150 cm. (iii)
The neutron output used in the test is 8 × 105 n/s compared to an
average of 3 × 105 n/s in the previous work. Hence, the work pre-
sented herein utilizes a more minor, genuinely portable system with
higher neutron output.

C. Fast neutron detector

A detector with such capability is essential to discern
between the primary probing neutrons from the IECF neutron
source and fission neutrons from fission processes inside the
SNM. Simultaneously, the detector must be entirely immune to
photons generated by the neutron source or fissile material
during the interrogation. All these features are integrated into the
CTMFD, lightweight, and easy to handle.24 The straightforward
configuration is a diamond-shaped glass pipe filled with decaf-
luoropentane (C5H2F10) as the detection liquid, connected to an
adjustable-speed motor, as depicted in Fig. 3.25–27 The sensor’s
sensitive volume is 16 cm3 within the sensor bulb, and each rota-
tion of the glass enclosure induces tension in the liquid, resulting
in a tensioned metastable state. This tension, represented as
Pneg(r), is a function of the radial position r and can be computed
using the following equation:

Pneg(r) ¼ 2π2ρ(T){r(T)}2f 2 � Pamb, (2)

where ρ is the liquid density, r is the meniscus radius, f is the
rotation speed, and Pamb is the ambient pressure.28 The values of
density and radius depend on the liquid temperature and strongly
affect the detector’s performance. An integrated infrared sensor
detects energetic neutrons triggering cavitation in the liquid. The
transition from metastable liquid to stable gas occurs through
localized explosive vaporization. This process selectively filters
out neutrons with energies below a threshold, adjustable by modi-
fying the rotation speed f in Eq. (2). Owing to the linear energy
transfer theory, the CTMFD is impervious to photons originating
from cosmic rays or generated during the interrogation process,
including the discharge of the IECF device and photons from
fission.28 The critical distinctions between the CTMFD units
employed in the current experiment and those used in the prelim-
inary test8 are (i) a compact unit with approximately 50% reduc-
tion in weight, 60% reduction in size, and 80% reduction in
power consumption, and (ii) the capability to operate, control,
and monitor an array of units using the same software up to 50
units, in contrast to single unit control and monitoring.

CTMFD sensors (left and right arrays, each with nine units assem-
bled in three levels) and a neutron generator are presented in Fig. 4.

FIG. 2. A sketch of the DD neutron source (left) and the fabricated system
employed in the test (right).

FIG. 3. Photos of the CTMFD utilized for the preliminary test (a), the lightweight
unit employed in the current experiment, and the nine unit (b) array.
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In this layout (layout A), the front array has been relocated to the
center of the inspection volume and substituted with the central
array to investigate distance dependency. As shown in Fig. 4, the
central array comprises ten units in two levels. The total weight of
the array is less than 30 kg to facilitate the portability of the whole
system. The IECF neutron source’s central point is 22 cm from the
floor and 40 cm from the interrogated objective. The inspection
volume features 1 cm thick SS-304 plates facing the neutron genera-
tor and the right sensor array in the directions, while the left array
direction remains vacant for comparison.

The test was intended to mimic a simulant positioned inside
an empty cargo container, with plans to vary the inspected objec-
tive’s position and content in subsequent tests. The objects targeted
for detection consist of metallic natural uranium (NU) tiles stacked
with polyethylene tiles, forming two objects, as illustrated in Fig. 5.
These objects, labeled NU10 and NU20, weigh 10 and 20 kg,
respectively, and contain approximately 71 and 142 g of U-235.
Both objects are assembled to a height of 20 cm and positioned on
the floor within the central array and facing the neutron source, as
shown in Fig. 4.

D. Experimental conditions

Due to radiation hazard control regulations in the Kyoto
University Critical Assembly (KUCA) experimental room at
Kumatori Campus Osaka, the IECF neutron source was operated at
8 × 105 n/s. This operational level is two orders of magnitude less

than the system’s capable stable operation.29,30 This reduction in
the neutron flux increases the interrogation time required to
achieve the same detection level. The CTMFD tension, Pneg, was
scanned at different values from 2.4 to 3.6 bar under various condi-
tions, with and without DD neutrons, with and without NU, and
with and without Cf252 at different operating schemes. There were
around 90 runs, most lasting 30 min, with some runs of 15 or
60 min. After several scanning runs, Pneg was fixed at 2.8 bar,
assuming that at this tension, CTMFDs are insensitive to neutrons
with energy equal to or less than the DD neutrons (2.45 MeV),
although not optimized. As previously stated, the CTMFD sensitivity
to neutrons relies on the rotation speed, also called negative pressure
Pneg, as defined in Eq. (2). Most runs were conducted with NU10,
NU20, and the background at Pneg = 2.8 bar; 62 runs, including 13,
14, and 20 runs, were completed with NU10, NU20, and without
NU, respectively. In addition, four runs were conducted with the
Cf252 source with different intensities for the detector array
warming and/or calibration, and a further 11 runs without neutrons
nor NU as a background. Table I shows the number of runs and the
scan parameters under different conditions.

III. RESULTS AND DISCUSSION

A. Direct count rate from the CTMFD detectors

The IECF neutron source was operated at 8 × 105 n/s neutron
output to interrogate NU10, NU20, and without NU. The neutron
counts collected by 28 CTMFD detectors were assembled in three
modules from layout A, as seen in Fig. 4. The counts from the
detectors are averaged as counts per DD neutron source per detec-
tor and plotted as a function of run numbers, as illustrated in
Fig. 6. It is essential to mention that only the runs with a DD
source at Pneg = 2.8 bar are plotted in this figure. The error bars
show a 68% confidence interval (1σ statistical error) based on the
assumption of a Gaussian distribution. The figure indicates that
counts from the central array with NU10 and NU20 significantly
differ from those without NU from the same array. This difference
can be attributed to the CTMFD sensors’ high sensitivity and
ability to filter out DD neutrons, which only register fission neu-
trons in the presence of NU.

Additionally, counts from the central array are above the
counts from the left and right arrays, which can be explained by
the self-shielding effect of the central units compared to those in
the left and right arrays. Furthermore, the counts from the left and
right arrays in the presence of NU are either slightly above or over-
lapped with those without NU. This observation suggests that the
central units efficiently capture fission neutrons from the NU and

FIG. 4. Experimental layout for the interrogation of the U-235 layout (a) and a
photo for the experimental setup (b).

FIG. 5. (a) Top, front, and side views of the objects to be detected, NU10 and
NU20; (b) photo of NU20.

TABLE I. The number of runs and run conditions.

Pneg (bar) 2.4 2.8 3.2 3.6

DD 8 × 105 n/s w/o NU 4 20 7 1
w/NU10 … 13 … …
w/NU20 10 14 … …

Cf-252, 2 × 104 or 8 × 104 n/s 3 4 3 …
BG w/o neutron source or NU … 11 … …
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prevent neutrons from reaching the left and right arrays.
Simultaneously, the counts are consistent when the central, left,
and right arrays are subjected to DD neutrons without NU.

A comprehensive analysis of the counts is performed and pro-
vided in Table II, introducing the count rate per detector (cph).
The count rate per detector is defined as the accumulated count
per accumulated live time over the run of the detector, with units
expressed in counts per hour for each detector.

Here, n BG represents the CTMFD detectors’ count rate when
no neutron source nor NU is present, which could be considered
the cosmic ray background. This background value will vary and
depends on the location of the test. It tends to be higher in place
with a nuclear research reactor in the same building, where there is
the possibility of additional reactor-created residual neutrons in the
experimental room.

These counts are identified as passive background counts.
On the other hand, n 00 is the count rate with DD neutron ON and
without NU presence in the runs, considered active background,
which changes with the DD neutrons’ intensity (n 00). The ratio of
passive background to active background, n BG/n 00, on average, is

40% at 8 × 105 n/s DD neutron intensity. While n 10 and n 20 repre-
sent the count rates when the DD neutron is ON, NU10 or NU20
are interrogated in the layout A configuration. Comparing the
count rates of n 10 and n 20, one can find a clear difference between
n 10/n 00 and n 20/n 00 for the center array, showing 3.4 and 4.9 times,
respectively. One can observe a clear tendency in the count rates,
where n 00 < n 10 < n 20 not only for the central array but also in the
left and right arrays. This provides clear evidence of the detection
of NU using the technique, as seen in Fig. 6. The observed ratio of
n 20/n 10 is not double, as expected. In addition, it can be explained
by considering the fission cross section’s capability in the NU
objects and the floor moderator effect.

Another parameter introduced in this assessment to quickly
understand the performance of the detection method TENA is the
count per DD neutron source (η), defined as the detection count
divided by the DD neutron intensity with units of counts. When
n DD changes, it leads to a change in the active background, and the
relationship between them and the passive background can be
expressed as n 00 = n BG + η n DD. Therefore, η can be given in the
form η = (n 00 − n BG)/n DD. The count rate per DD neutron source is
calculated from Table II, and the results are illustrated in Table III
for the runs without NU, NU10, and NU20 named η00, η10, and
η20 for the central, left, and right arrays. It is evident that the values
of η10 and η20 for the NU10 and NU20 surpass the value of η00 by
5.2 and 7.4 times for the central array, which is not the case with
the left and right arrays.

Hence, the fission count per DD neutron source can be esti-
mated from the values named η10− η00 and η20− η00 for the NU10
and NU20, respectively, and the results are presented in Table IV.
Obviously, the ratio of fission per DD source for NU20/NU10 does
not double with the doubling of NU for the central array, as
observed and mentioned above from the count rate. In addition,
statistical fluctuations make it challenging to make a definitive
statement for the left and right arrays. However, the ratios of the
fission count per DD neutron source for the central array to the
left and right arrays were calculated and given 9.0 ± 2.9 and
8.3 ± 1.6 for NU10 and NU20, respectively. These values are consis-
tent and agree with the geometrical ratio of the distance between

FIG. 6. Experimental count per interrogating DD neutron source per sensor on
average over the CTMFD sensors in the center array and the left and right
arrays, with and without the NU object in layout A.

TABLE II. Analysis of the count rate per detector.

Count rate/detector (cph) Center Right and left

BG, n BG 1.6 ± 0.2 1.5 ± 0.1
w/o NU, n 00 3.9 ± 0.2 3.3 ± 0.2
w/NU10, n 10 13.2 ± 0.5 4.3 ± 0.2
w/NU20, n 20 19.0 ± 0.6 5.1 ± 0.2
n BG/n 00 0.4 ± 0.05 0.46 ± 0.05

TABLE III. The count per DD source from the interrogation.

Count/DD source (10−9) Center Right and left

w/o NU, η00 0.75 ± 0.10 0.58 ± 0.07
w/NU10, η10 3.91 ± 0.19 0.93 ± 0.09
w/NU20, η20 5.58 ± 0.20 1.16 ± 0.08

TABLE IV. The fission counts per DD source from the interrogation.

Fission count/DD source (10−9) Center Right and left

w/NU10, η10− η00 3.2 ± 0.2 0.35 ± 0.11
w/NU20, η20− η00 4. ± 0.2 0.58 ± 0.11
NU20/NU10 1.5 ± 0.1 1.7 ± 0.6
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the NU and the detectors in different arrays and the individual
detectors’ positions (horizontal and vertical) in the arrays.

B. Detection capability assessment

To assess the U-235 detection capability of the active interro-
gation system, adherence to a recognized standard model is
crucial, such as the American National Standard Minimum
Performance Criteria for Active Interrogation Systems Used for
Homeland Security (ANSI standard N42.41-2021) for small arti-
cles (category A).31 This model envisions the interrogation of 5 kg
of low-enriched uranium (LEU), incorporating approximately
∼1 kg of U-235, within a cargo volume of 1 × 1 × 1m3. The neutron
source is expected to produce 5 × 107 n/s, and the interrogation time
frame is set at 90 s, with the detection system positioned outside the
inspected volume. In the current experiment, the neutron intensity is
8 × 105 n/s, approximately 1/60th of the nominal interrogation inten-
sity. Furthermore, one of the detection modules is placed inside the
cargo (central array), and the interrogation time for multiple runs
is set at 30 min each. Normalization of the current parameters is
performed for meaningful data analysis, adjusting the neutron
intensity to 5 × 107 n/s, excluding the contribution of the central
array data in the assessment. The objects to be detected are NU10
and NU20, containing approximately 71 and 142 g of U-235,
respectively. Figure 7 depicts various layouts for the detection
capability assessment in the current experiment, encompassing
the experiment, assessment, and nominal configurations based on
ANSI standards.

By leveraging the experimental values of η with and without
NU, the probability of detection (PD) and probability of false
alarm (PFA) are computed for the neutron generator operating at
an intensity of 5 × 107 n/s. This calculation is performed using the
Poisson distribution function, and an alarm threshold of 23 counts
per 18 sensors (Nth) in the left and right arrays is established
within a 60 s live time (equivalent to approximately 80 s of inspec-
tion time, accounting for sensor dead time). The selection of this
threshold aims to maintain PFA below 5%, aligning with ANSI
standard guidelines.31 It is determined based on an analysis of
passive and active background from the experimental results. In the
Poisson distribution analysis, it is assumed that the counts from the
detectors, denoted as N, follow a Poisson distribution. The mean
count, Nmean, for the assumed Poisson distribution, is derived from
Nexp, considering the experimental values of n BG and η, along with
their respective 1σ statistical errors. Two cases are contemplated: (i)

For counts without NU (Nmean w/o NU), the upper limit for a 68%
probability is calculated as Nexp + 0.47 σ(Nexp). (ii) For counts with
NU (Nmean w/NU), the lower limit for a 68% probability is calculated
as Nexp – 0.47 σ(Nexp). Subsequently, the detection threshold count,
Nth, is determined using the value from case (i) to ensure that PFA
remains below 5% in adherence to ANSI standard guidelines.
Furthermore, PD is calculated based on the Nth value derived in case
(ii). The calculated values for the probability of false alarm and prob-
ability of detection, utilizing the experimental results, are summa-
rized in Table V.

The analysis of the detection capability for NU20, as outlined
in Table V, reveals a PD exceeding 97.8% and a PFA below 3.6%,
indicating compliance with ANSI standard requirements. It is
crucial to highlight that NU20 contains only 1/7th of the U-235
amount specified by the ANSI standard. Conversely, for NU10, the
PD falls short of ANSI requirements, guiding future steps and
experiments, considering 20 kg or more of NU may enhance PD
and PFA acceptability. The current NU interrogation was position-
specific [Fig. 7, left sketch], and future experiments will vary NU
placement within the inspection volume. Filling the inspection
volume (currently empty) with diverse materials aims to explore
their impact on DD neutrons and/or fission neutrons. Expanding
the CTMFD detector numbers to 27, organized in three arrays
around the cargo container [Fig. 7, right sketch], is also planned.
Precise CTMFD calibration and optimizing liquid temperature are
expected to reduce passive and active background reduction.
Introducing a moderator is expected to boost the fission rate and
minimize active background. Upcoming plans include employing
the DD source at its nominal intensity (5 × 107 n/s) to showcase
PD and PFA. Exploring alternative configurations like single-sided
stand-off detection and developing a larger system for scanning
more extensive container categories are also on the agenda.
Simulations will be conducted using Monte Carlo n-particle trans-
port code (MCNPTC) before future experiments are planned.

IV. CONCLUSIONS

This paper presents the development of a portable-active
interrogation system to detect special nuclear materials (SNMs),
specifically U-235 and Pu-239. The system employs the threshold
energy analysis (TENA) technique, distinguishing between probing
neutrons and fission neutrons emitted from SNMs. Utilizing an
inertial electrostatic confinement fusion system as a deuterium–
deuterium (DD) neutron source (producing 8 × 105 n/s for the test)
and tensioned metastable fluid detectors (TMFDs) for fission
neutron detection, the system is designed for easy handling and

FIG. 7. Layouts for the current experiment (left) and the assessment (middle)
compared to the ANSI standard (right).

TABLE V. The PD and PFA calculated from the interrogation.

Performance Assessment ANSI

Object to be detected NU10 NU20 5 kg LEU
U-235 equivalent (g) 70 142 975
Inspection time (s) 90 ± 4 90 ± 3 90
PD at 68% confidence level >74.2% >97.8% >90%
PFA at 68% confidence level <3.8% <3.6% <5%
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portability, weighing 35 kg for the neutron source and 27 kg of the
CTMFD detector arrays. The prototype can be quickly assembled
within 30 min, with an interrogation time of 2 min.

The initial evaluation involved interrogating 10 and 20 kg of
natural uranium, including 70 and 142 g of U-235, placed inside a
1 m3 simulated cargo crate. Three arrays of CTMFD sensors sur-
rounding the crate (left, right, and center) are used in the proto-
type. Over 90 runs were conducted, including background
assessment, detector calibration, and NU interrogation. The results
demonstrated promising outcomes, showing count rates from
NU10 and NU20 using the central array significantly above back-
ground levels, providing straightforward evidence of successful
U-235 detection using the proposed technique. Detection capabil-
ity assessments were performed according to ANSI standards,
normalizing neutron output to 5 × 107 n/s and interrogation time
to 90 s after removing the central array’s effect from the calcula-
tions. The system could detect NU20 with a probability of detec-
tion (PD) exceeding 98% and a probability of false alarm rate
(PFA) below 3.6%.

Future prototypes of the active interrogation system will incor-
porate three modules with 27 CTMFD units surrounding the
inspection object. The neutron source will operate at an intensity of
5 × 107 n/s to verify the probability of detection (PD) and probabil-
ity of false alarm rate (PFA). Additionally, experiments will involve
moving the object within the inspection volume to analyze the
effect of the object’s position on detection capability. Different
cargo contents, including paper, steel, polyethylene, and aluminum,
will be utilized to study the impact of material attenuation on
detection. One-sided arrays will be employed, and the system will
be scaled up to inspect full shipping containers, incorporating
more neutron sources and detection arrays. The minimum detect-
able level of NU will be a key parameter in future experiments.
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