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Abstract
Herein, we employ the threshold energy neutron analysis (TENA) technique to introduce the world's first active interrogation 
system to detect special nuclear materials (SNMs), including U-235 and Pu-239. The system utilizes a DD neutron generator 
based on inertial electrostatic confinement (IEC) to interrogate suspicious objects. To detect secondary neutrons produced 
during fission reactions induced in SNMs, a tensioned metastable fluid detector (TMFD) is employed. The current status of 
the system's development is reported in this paper, accompanied by the results from experiments conducted to detect 10 g of 
highly enriched uranium (HEU). Notably, the experimental findings demonstrate a distinct difference in the count rates of 
measurements with and without HEU. This difference in count rates surpasses two times the standard deviation, indicating 
a confidence level of more than 96% for identifying the presence of HEU. The paper presents and extensively discusses the 
proof-of-principle experimental results, along with the system's planned trajectory.

Keywords  Special nuclear materials · Uranium detection · Inertial electrostatic confinement fusion · TENA · HEU · 
CTMFD

1  Introduction

Nondestructive inspection systems play a crucial role in pre-
venting terrorist threats and the illicit smuggling of special 
nuclear materials (SNM) at ports and seaports [1]. For many 
years, nuclear security in various countries has predomi-
nantly focused on the investigation of SNMs, particularly 
Pu-239 and U-235 [2]. Numerous passive and active inter-
rogation methods have been developed and implemented 
at ports and seaports worldwide to investigate SNM [1–7]. 
Passive detection systems, which seek emitted neutrons and/
or photons, prove effective for investigating SNM with a 
distinct spontaneous fission signature, such as Pu-239. How-
ever, these methods prove insufficient for detecting highly 
enriched uranium (HEU) concealed within shielding mate-
rials due to its weak spontaneous fission signature. Con-
versely, active interrogation systems utilize probing neutrons 
and/or photons and subsequently analyze secondary emis-
sions to investigate SNM. These systems hold promise for 
detecting HEU concealed within shielded and unshielded 
containers. Nevertheless, the induced fission signature 
resulting from probing neutrons or photons can be challeng-
ing to distinguish due to ambiguity in neutrons' energy and 
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intensity, making differentiation between probing and fission 
neutrons difficult [8].

Energetic gamma (γ)-rays, with their high penetration 
capabilities through shielding materials and selective 
interactions, show great promise as tools for investigating 
SNMs. Various inspection methods have been developed 
and employed, utilizing the detection of nuclear resonance 
fluorescence (NRF) induced by light for interrogation [1, 
9, 10]. However, interference between probing and fission 
photons during the investigation makes the interrogation 
process complex and challenging to distinguish. Therefore, 
sophisticated analysis techniques are necessary. Similarly, 
neutrons possess unique characteristics for SNM 
interrogations due to their chargeless nature and penetration 
capabilities. Using thermalized D–T (deuterium–tritium) 
neutrons, initially at 14.01 MeV before moderation, for 
SNM investigation results in an induced fission signature of 
neutrons and/or γ-rays, allowing the identification of fissile 
materials using various developed and applied analysis 
methods. These methods include the delayed neutron 
analysis method [11], differential die-away analysis [12], 
noise analysis method [13], and neutron rotation method 
[14, 15]. High-intensity D-T neutron sources, operated in 
pulsed mode, are essential for these methods. However, the 
signal-to-noise ratio in these techniques poses challenges to 
precisely detect fissile materials concealed inside shielded 
containers. Additionally, issues, such as operations, 
maintenance, safety concerns, and the shortage of tritium, 
render large-scale adoption of D-T neutron sources for SNM 
interrogations complex.

To address these challenges, it is crucial to search for 
alternative neutron sources and implement intelligent 
detection techniques for SNM that can overcome the 
complications associated with current detection methods. 

This pursuit is vital for enhancing nuclear security 
worldwide. The present paper introduces a novel approach 
that combines a D-D neutron source based on an inertial 
electrostatic confinement (IEC) fusion device [16] with the 
centrifugally tensioned metastable fluid detector (C-TMFD) 
[17], which is utilized in the threshold energy neutron 
analysis (TENA) technique [18] to detect the secondary 
neutrons from HEU. The proposed method involves using 
2.45 MeV probing neutrons to interrogate the HEU material, 
and the resulting fission neutrons are detected using the 
C-TMFD. The system's design aims to interrogate 1000 g 
of HEU concealed within a 1 m × 1 m × 1 m cargo without 
any shielding around the HEU. To demonstrate the proof of 
principle, a preliminary test is conducted in this study, where 
only 10 g of HEU impeded in a natural uranium is subjected 
to interrogation using the proposed technique.

The paper is structured as follows: Sect. 2 presents the 
methods and tools used, including details about the neutron 
source and detector, along with the detection method. 
Section 3 provides the experimental layout and conditions. 
The preliminary results and ensuing discussion are presented 
in Sect. 4. Finally, Sect. 5 offers a summary of the findings 
and outlines potential future work.

2 � Methods and tools

2.1 � IEC neutron generator

The IEC fusion system, in its fundamental configuration, 
consists of a negative bias concentric grid cathode encircled 
by a grounded anode within a vacuum chamber, as illus-
trated in Fig. 1a [19–23]. A potential well is established by 
applying several tens of kilovolts of voltage between the 

Fig. 1   (Color online) Diagram of the IEC fusion chamber (a), photograph of the IEC apparatus with the control system used for the HEU detec-
tion
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cathode and the anode, and several tens of milliamps of cur-
rent facilitating the ionization of fuels such as deuterium (D) 
and/or tritium (T) within the vacuum chamber. Initiating the 
discharge by applying tens of milliamps of current induces 
fusion reactions and the generation of neutrons. IEC fusion 
devices offer various advantages, including a straightfor-
ward configuration, the 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 applications worldwide [24–31].

For the current experiment, an IEC with a 20 cm-diameter 
molybdenum cathode and a 56-cm-diameter stainless steel 
anode is employed, assembled within a 60-cm-diameter 
cylindrical vacuum chamber, as depicted in Fig. 1b [32]. 
Operating in a pulsed mode, the IEC neutron source 
produces monoenergetic D-D neutrons with an energy of 
2.45 MeV. The system has a repetition rate of 10 Hz, a pulse 
width of approximately 120 μs, and an average neutron 
production rate of approximately 3 × 105 n/s. The IEC device 
can be considered a volumetric neutron source, with neutron 
production peaking around the central cathode due to the 
expected highest energy of deuterium ions in this central 
region.

2.2 � Fission neutron detector C‑TMFD

The C-TMFD comprises a diamond-shaped glass pipe 
enclosure filled with a detection liquid and connected to a 
motor with adjustable speed, as illustrated in Fig. 2a [17]. 
In this study, decafluoropentane (C5H2F10) serves as the 
detection liquid within the C-TMFD sensors. When the 
variable-speed motor rotates the diamond-shaped glass 
enclosure, it induces tension in the liquid, causing it to 
enter a state of tensioned metastability. This phenomenon 
occurs because the fluid experiences negative pressure near 

the rotation axis due to the generated centrifugal force. 
The resulting tension, denoted as pneg(r), is a function of 
the radial position r relative to the rotation axis and can be 
calculated using Eq. (1):

where ρ represents the density of the liquid, R is the menis-
cus radius (as shown in Fig. 2b), ω stands for the rotation 
speed, and pamb indicates the ambient pressure. Additional 
information can be found in other references [2, 17] for a 
more comprehensive understanding of this phenomenon. 
When an energetic neutron interacts with the active liquid 
inside the C-TMFD, the tensioned metastable liquid under-
goes a transition to a stable gaseous state, resulting in local-
ized explosive vaporization. An infrared sensor integrated 
into the enclosure wall of the C-TMFD detects this cavitation 
process and records the associated signals. The shift from 
the metastable liquid phase to the stable gas phase is initi-
ated by a specific recoil energy transfer from the incident 
neutron to the molecules within the tensioned liquid. Con-
sequently, neutrons with energies below a certain threshold 
can be selectively filtered out. Adjusting the rotation speed 
ω in Eq. (1) can modify this threshold energy. Furthermore, 
it is essential to note that the C-TMFD is entirely immune 
to gamma rays generated during the discharge of the IEC 
device, as further elucidated in the Ref. [2].

2.3 � The TENA detection method

The TENA method is based on the neutron-in neutron-out 
technique, wherein the IEC device generates probing neu-
trons, and the C-TMFD serves to detect fission neutrons 
(secondary neutrons) emitted from the SNM, as illustrated 
in Fig. 3a. When SNM is impacted by thermal and/or epi-
thermal neutrons originating from DD fusion (2.45 MeV), 

(1)pneg(r) =
1

2
� (R − r)

2
�
2 − pamb,

Fig. 2   (Color online) A photo-
graph of the C-TMFD utilized 
in the current experiment (a) 
and a schematic cross section 
(b) [17]
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fission reactions occur inside the SNM, generating second-
ary neutrons. Approximately 70% of these secondary neu-
trons from SNMs have energies below that of DD neutrons, 
while the remaining 30% have energies above this threshold, 
as shown in Fig. 3b. Detecting neutrons with energies above 
2.45 MeV, constituting approximately 30% of all secondary 
neutrons, serves as a distinctive signature for unambiguously 
identifying SNMs. This is because scattering tends to lower 
the probing neutron energies, making the presence of neu-
trons above the 2.45 MeV threshold energy unique to SNMs 
(excluding cosmic rays).

Earlier experimental studies employing a Cf-252 source 
as a simulant instead of HEU [18, 33] demonstrated 
the TENA method's capability to detect HEU while also 
revealing a challenge in constructing a TENA-based system. 
In this experiment, neutron spectrum measurements under 
three distinct conditions were performed, each designed 
to shed light on specific aspects of the research. First, 
the counts from the DD neutron source were measured to 
examine its spectral characteristics independently. Second, 
the counts from a separate Cf-252 neutron source were 
measured, leveraging its energy spectrum similarity to that 
of U-235 fission reactions, making it a suitable surrogate 
for fissile materials in the experiments. Lastly, the DD 
and Cf-252 neutron sources were combined to investigate 
their combined effects, providing valuable insights into 
scenarios where multiple neutron sources might interact. 
These carefully designed measurement scenarios allow us 
to comprehensively understand neutron interactions and 
spectral outcomes critical to the research objectives.

Figure 4a illustrates the distribution of measured count 
rates obtained from the liquid organic scintillator. This figure 
depicts the count rates resulting from three distinct sources: 
(i) DD neutrons originating from an IEC source, (ii) counts 
originating from a Cf-252 source, and (iii) counts obtained 

when both IEC and Cf-252 sources are active simultane-
ously. The vertical dotted line within the figure serves as an 
indicator, marking the energy threshold corresponding to 
2.45 MeV; this corresponds to DD neutrons emitted by the 
IEC source. For a more comprehensive description of the 
experimental setup, please refer to reference [14]. A notice-
able distinction can be observed in the figure between the 
scenarios involving both the Cf-252 and DD source (repre-
sented by green dots) and the case with DD alone (repre-
sented by black dots) above the threshold energy. Of particu-
lar significance is the observation that the background count 
rates (black dots) above the threshold energy are consider-
ably higher than those attributed to cosmic rays. These false 
positive signals may arise from two possible sources: first, 
neutron-induced γ-rays, and second, neutron accumulation 
below the threshold. In the latter scenario, multiple neutrons 
incident within the detector’s response time, while below the 
threshold, can combine to generate a signal corresponding to 
a higher energy than the threshold. A rise-time discrimina-
tion technique [14] was employed to mitigate the impact of 
γ-rays. Furthermore, lead and poly blocks (as shown in the 
photograph in Fig. 4b) were employed to shield the detector 
from neutrons and γ-rays. Preliminary Monte Carlo simula-
tions were conducted to validate the experiment’s findings. 
The outcome of these simulations suggests that implement-
ing successful cargo container scanning systems based on 
TENA using liquid scintillators would necessitate the incor-
poration of hundreds of kilograms of shielding materials 
around the detector [34,35,36]. This requirement presents a 
considerable challenge when attempting to adapt the TENA 
method with traditional detectors such as liquid scintillators 
and integrating it into a portable detection system.

Therefore, we are exploring alternative detector options 
that could enhance the method's reliability and enable its use 
in portable detection systems. By identifying and utilizing 

Fig. 3   (Color online) a Principle of the detection technique based on the TENA method and b neutron energy spectra from fission and DD neu-
tron source
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more suitable detectors, the TENA technique can potentially 
become more practical and effective for various applications. 
The C-TMFD’s capability to reject neutrons with energies 
below 2.45 MeV is harnessed to tackle the aforementioned 
challenge. The device is purposefully designed to operate at 
a threshold energy that aligns with the energy of the detected 
neutrons. This strategy ensures the efficient detection and 
identification of SNMs and the effective rejection of γ-rays. 
By aligning the threshold energy with that of the detected 
neutrons, the C-TMFD optimizes its performance, offering 
a reliable and precise means of detecting and distinguishing 
SNMs while effectively filtering out unwanted neutrons and 
γ-ray signals. This technological advancement holds the 
potential to considerably enhance the feasibility of utilizing 
the TENA method for various applications, including 
portable detection systems.

3 � Experimental layout and conditions

A specific experimental setup was implemented to assess 
the efficacy of the TENA method, employing the C-TMFD 
as the neutron detector and an IEC fusion device as the 
DD neutron source for detecting HEU. This configuration 
included a bundle of six fission chambers (FCs) containing 
approximately 10 g of U-235 as the fissile material. Fig-
ure 5 visually depicts the experimental layout, illustrating 
the placement of the FCs housing HEU material, the IEC 
neutron source, and the C-TMFD neutron detectors. The 
C-TMFDs, labeled #1, #2, and #3, were positioned in close 
proximity to the FCs, fitting between the neutron source 
and the three C-TMFD detectors. The distance from the 

center of the FCs to the center of the neutron generator 
was 55 cm, while the distances from the centers of the 
C-TMFDs, #1, #2, and #3, were 25 cm, 25 cm, and 40 cm, 
respectively, as demonstrated in Fig. 5a. The FCs and the 
C-TMFD sensors were placed on top of 5-cm-thick poly 
blocks, which likely served as a support structure and 
provided a consistent material background and neutron 
moderator for the measurements.

Before conducting the HEU detection experiments, pre-
liminary scans without HEU were carried out to determine 
an appropriate induced tension value, denoted as pneg, that 
would facilitate the exclusion of DD neutrons generated by 
the IEC device. The average neutron output from the IEC 
device was 3 × 105 n/s during the experiment campaigns. 
The results of these experiments are depicted in Fig. 6, 
where the vertical error bars in the count rate represent 
the statistical 1σ error, i.e., the square root of the meas-
ured count. A data point placed at zero count rate with-
out an error bar indicates that no counts were observed 
within the 10 min measurement time. The horizontal axis, 
pneg,0 = pneg(0), represents the induced tension on the rota-
tion axis, with r = 0 in Eq. (1). The induced tension is not 
uniform and varies depending on the radial position within 
the detection volume. The measured count rates by the 
three C-TMFDs exhibit a rapid decrease as pneg,0 decreases 
to approximately 3.2 bar, followed by a gradual further 
decrease. This trend can be attributed to the spatial dis-
tribution of the induced tension, pneg, within the detection 
volume, as well as the energy distribution of the incident 
neutrons, mainly due to scattering in the poly moderator.

For pneg,0 > 3.2 bar in Fig. 6, the measured count rates 
by the respective C-TMFDs located at positions #1, #2, 

Fig. 4   (Color online) a Measured pulse high distributions by a liquid 
organic scintillator comparing three cases, namely with DD neutrons 
(black dots), a Cf-252 fission neutron source (red), and both of the 

two simultaneously (green) [14]; b liquid organic scintillator inside 
the lead and poly blocks
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and #3 (as shown in Fig. 5) follow the order #1 > #3 > #2. 
This ranking is expected since the C-TMFD at position 
#1, being closest to the IEC neutron source, registers 
the highest count rate among the three. Additionally, 
the C-TMFD at position #3 records a higher count rate 
compared to #2, as the line of sight from the volumetric 
DD source to position #2 is more effectively blocked by 
the poly moderator than to position #3. However, below 
3.0 bar, the count rate behavior observed for pneg,0 > 3.2 
bar is not maintained. This indicates that the low count 

rates below 0.5 counts per hour (cph) might not result from 
neutrons generated by the IEC neutron source but rather 
be influenced by cosmic neutrons. Further investigation 
is required to study this in more detail in future studies. 
As the induced tension reduces, the threshold energy 
increases, decreasing the detection efficiency for fission 
neutrons [2]. However, the tension should be selected to 
ensure that the C-TMFD sensors are insensitive to the 
probing DD neutrons. Considering the results in Fig. 6, 
a pneg,0 value of 2.6 bar was chosen for the subsequent 
uranium detection experiments, assuming the C-TMFD 
sensors gate out the DD neutrons from the IEC source.

During the HEU interrogation test, a four-run campaign 
experiment was conducted, denoted as A to D. In this 
experiment, two runs were performed with HEU, and 
the other two runs were conducted without HEU. The 
measurement time for each run varied, with some lasting 
for 60 min and others for 30 min. The IEC neutron 
intensity remained consistent throughout the experiment 
at 3 × 105 n/s. Furthermore, the negative pressure of the 
C-TMFD was set to 2.6 bar. This test design allowed for 
a comprehensive assessment of the detection system's 
performance under different conditions, with and without 
the presence of HEU and varying measurement durations. 
The stability of the IEC neutron intensity and the chosen 
negative pressure in the C-TMFD ensured consistent and 
reliable experimental conditions across all four runs.

Fig. 5   (Color online) Experimental layout of a bundle of six fission chambers containing 10-g HEU in total, an IEC neutron generator, three 
TMFDs and poly moderators: a top view and b side view

Fig. 6   (Color online) Measured count rates as a function of the 
induced tension in the C-TMFDs, without HEU, based on the experi-
mental layout depicted in Fig. 5
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4 � Results and discussion

Table  1 summarizes the experiment involving four 
sequential runs, with and without the FCs containing 
10 g of HEU. The measurement time was 30 min for 
run C and 60 min for the remaining runs, excluding the 
dead time of the TMFD sensors. The measured counts 
by the three C-TMFDs (#1 to #3) during the four runs 
are presented in brackets in the following three columns. 
The resultant count rates in counts per hour are displayed 
in the corresponding cells without brackets. The count 
rates for TMFD #3, located 40 cm from the FCs, were 
normalized to the same distance of 25 cm as TMFD #1 and 
#2, using a normalization factor of (40)2/(25)2. Averages 
of the three normalized count rates are provided in the 
subsequent column, along with the 1σ statistical errors in 
the following right column. Upon comparing runs A and C 
(with HEU), the averaged normalized count rates (7.6 and 
8.1 cph) show an agreement within the 1σ statistical error 
(2.0 or 3.0 cph). The same consistency is observed when 
runs B and D (without HEU) are compared; indicating the 
absence of significant systematic errors (e.g., temperature 
drift in the C-TMFD sensor liquid) affecting the count 
rates.

Comparing run A with HEU and run B without HEU 
reveals a clear difference between the two, namely 7.6 
and 1.5 cph, respectively. The difference calculated as 
(7.6–1.5)/(2.0 + 0.9) = 2.1 is shown in the rightmost col-
umn. This difference, exceeding 2σ, corresponds to more 
than a 96% confidence level in identifying the presence of 
HEU in run A. For runs C and D, the calculated difference 
is 1.4σ, smaller than that of runs A and B. This is reason-
able since the detection time for run C is half, resulting in 
a larger statistical error. Both the averaged count rates for 
runs B and D without HEU are observed to be larger than 
the statistical errors, indicating the presence of a back-
ground source. Furthermore, when compared with the 
background level observed in Fig. 6, the background level 
in Table 1 appears to be higher. Further investigations are 
required in future to understand the source of this back-
ground, such as passive or active background from cosmic 
rays and/or from the DD neutron source. The low detection 

efficiency in the preliminary experiment can be attributed 
to several factors. These include (i) the limited amount 
of U-235 used in the experiment, which was 10 g, (ii) the 
relatively low neutron intensity of 3 × 105 n/s employed 
during the test, and (iii) the need for optimization of 
C-TMFD-related parameters and positions. To improve 
the detection efficiency in the upcoming trial, a series 
of enhancements are planned. These include increasing 
the amount of HEU to over 70 g for interrogation, utiliz-
ing a higher neutron intensity of 5 × 107 n/s from the IEC 
source, operating under nominal neutron conditions, and 
assembling arrays of C-TMFDs that will undergo care-
ful calibration to facilitate the experiment. Furthermore, 
a comprehensive calibration campaign is scheduled for the 
C-TMFD sensors. This campaign will encompass various 
calibration scenarios, including measurements with and 
without FCs, assessments with and without the presence of 
Cf-252, and a systematic scan to account for temperature 
effects on the sensors.

In an on-site inspection of a suspicious object, 
evaluating the background level is generally challenging 
as it depends on various factors inside the object and how 
many background neutrons and/or γ-rays are generated. 
Performing a separate test like run B or D without HEU is 
not feasible during an on-site nondestructive inspection. One 
potential advantage of the proposed TENA and C-TMFD-
based scheme over other active methods is that background 
evaluation is possible if the background is predominantly 
owing to cosmic neutrons, as expected. Hence, a crucial 
next step is identifying the background source observed in 
Fig. 6 and Table 1. Understanding the background source 
is essential for accurate and reliable HEU detection using 
this method.

5 � Plan

The R&D objective for the final product is to create a port-
able active interrogation system designed to detect SNMs. 
This system involves crew members wearing explosion-
proof suits, enabling them to handle the neutron source and 
detector assembly modules with their hands. The weight of 
each module should be kept below 30 kg, the entire assembly 

Table 1   The experimental count 
rates obtained from the TMFDs, 
both with and without FCs, in 
the configuration depicted in 
Fig. 6

Run No. FCs (10 g HEU) Time (min) Normalized count rate, n (cph) 
and (actual count in brackets)

1 σ Error in avg. 
norm. Count rate 
(cph)

n
w/
−n

w/o

�
w/
+�

w/o

#1 #2 #3 Avg

#A With 60 06 (6) 9 (9) 07.7 (3) 7.6 2.0 2.1
#B Without 60 01 (1) 2 (2) N/a 1.5 0.9
#C With 30 10 (5) 4 (2) 10.2 (2) 8.1 3.0 1.4
#D Without 60 03 (3) 2 (2) 02.6 (1) 2.2 1.1
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process completed within 30 min, and detection within 5 
min. Figure 7 depicts the preliminary proposed concept for 
the portable active interrogation system based on the TENA 
method utilizing the C-TMFD technology and a portable 
neutron generator. To achieve this target, a portable (~ 30 
kg net weight) and high-intensity neutron source developed 
from an IEC fusion device has been optimized and charac-
terized to produce a neutron yield of approximately 108 n/s. 
This neutron source is ready for implementation during the 
second campaign for SNM interrogation. The capability of 
the C-TMFD sensors to effectively reject background neu-
trons and γ-rays without requiring additional shielding is 
crucial for minimizing the total weight and number of mod-
ules. To this end, the second generation of the C-TMFD 
(lightweight version) has been developed with a unit weight 
of 2.6 kg, ensuring that the total weight for a panel com-
prising nine units remains below 30 kg per module [2]. The 
proposed configuration for the C-TMFD sensors includes 27 
units assembled into three modules, as illustrated in Fig. 7. 
The system also incorporates the necessary components to 
operate and control the neutron source, C-TMFD modules, 
and the TENA method detection process in one vehicle. 
Moreover, the control and monitoring of the C-TMFD mod-
ules are integrated into the setup.

Indeed, all components of the portable neutron 
interrogation system, including the C-TMFD sensors, 
power supply, cooling water circulators, control modules 
for the neutron source, and monitoring systems, are 
designed to be loaded onto a vehicle. This design allows 
the system to be transported and deployed at any location 
where a suspicious object is located, eliminating the need 
to bring the object to a laboratory for interrogation. This 
approach minimizes the risks associated with handling and 
moving the suspicious object, ensuring a safer and more 
efficient detection process. The system's portability enables 
it to be quickly deployed in various real-world scenarios, 
making it highly adaptable for detecting SNMs in different 
environments and situations. The optimization of the 

system's design ensures that it remains lightweight and 
practical, offering an effective solution for SNM detection 
without compromising performance or reliability. This 
advancement marks a significant step toward enhancing 
the capability of nondestructive SNM detection in the field, 
where immediate and precise assessments are often crucial.

The second experimental campaign is scheduled to 
employ a recently developed IEC neutron source. In this 
setup, we will utilize 27 units of C-TMFDs organized 
into three modules. This campaign aims to interrogate 
natural uranium samples weighing 70 and 140 g. Various 
background scenarios will be considered to ensure a 
comprehensive analysis, including measurements with 
and without uranium in the setup, especially in cases 
where no D-D neutrons are generated from the IEC 
source. Furthermore, calibration and optimization of the 
neutron detectors will be performed. This calibration will 
involve using a Cf-252 neutron source and D-D neutrons 
generated by the IEC source. These steps are crucial for 
fine-tuning the neutron detectors' parameters and ensuring 
the measurements' accuracy.

6 � Conclusion

A groundbreaking portable and nondestructive active 
interrogation system for SNMs is currently under 
development. A preliminary test was conducted using 10 
g of HEU, and the results have shown great promise. This 
innovative system utilizes the TENA method to effectively 
distinguish fission neutrons, detected using the C-TMFD, 
from probing DD neutrons generated by the IEC neutron 
source. The experiments, employing approximately 10 g of 
HEU, three units of C-TMFDs, and an IEC neutron source 
producing 3 × 105 n/s DD neutrons, have demonstrated a 
reliable HEU detection capability with a 96% confidence 
level. This makes it a practical basis for a TENA-based 
interrogation system. The next phase involves integrating 

Fig. 7   (Color online) Schematic 
of the initial design concept 
for a portable, active, nonde-
structive interrogation system 
intended to detect SNMs
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three modules, consisting of 27 units of the lightweight 
version of C-TMFD, with the recently developed high-
intensity and portable IEC neutron source for the second 
campaign aimed at detecting SNMs. This phase will include 
more scanned parameters and background analysis rejections 
for a comprehensive evaluation of the system's performance.
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