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Abstract Following the successful results of the ThErmal Neutron Imaging System (TENIS) for mono- and poly-energetic neutron
sources, in this research, real-time data obtained from the TENIS were utilized for neutron spectroscopy at the exits of the Beam
Shaping Assemblies (BSAs) located at the beam ports of Tomsk Polytechnic University Research Reactor (IRT-T) and Tehran
Research Reactor (TRR). To achieve this purpose, 70-pixel thermal neutron images were generated for 109 mono-energetic neutrons,
referred to as the neutron fluence response matrix, using the MCNP6.1 code. These images were used as the input of the artificial
neural network (ANN) tools in MATLAB. Results indicated that the sigmoid transfer function in both hidden and output layers
gives the best correlation between the predicted and actual spectra of Boron Neutron Capture Therapy (BNCT) beam lines in IRT-T
and TRR, with correlation coefficients (Rz) of 0.74 and 0.86, and root-mean-square error of 0.020 and 0.014, respectively (i.e., a
max—min problem). The results suggest that the ANN-unfolded TENIS results can also accurately predict the energy spectrum of
neutrons suitable for the BNCT.

1 Introduction

Boron Neutron Capture Therapy (BNCT) represents a highly effective and promising modality for cancer treatment. Various neutron
sources have been investigated and employed for BNCT, with nuclear reactors being considered the most efficient option due to their
high neutron flux [1, 2]. Additionally, accelerator-based sources capable of producing epithermal neutrons have been developed
and utilized [3—8]. While proton therapy remains a preferred treatment for certain deep-seated tumors [9], its clinical efficacy in
treating complex cases such as glioblastoma multiforme and melanoma has yielded inconclusive results, thus limiting its adoption
as a standard cancer treatment. Given these considerations, ongoing research into reactor-based BNCT remains vital and warrants
further exploration to optimize its therapeutic potential.

BNCT is currently under development at the IRT-T research reactor [10—12] and the Tehran Research Reactor (TRR) [13-15].
In a study by Kasesaz et al., it was demonstrated that the complete removal of graphite moderator blocks from the thermal column,
followed by the installation of an appropriate Beam Shaping Assembly (BSA), enables the production of an optimized therapeutic
neutron beam line. Additionally, previous work by Bagherzadeh et al. [10] involved computational modifications of the neutron
beam exit window in the horizontal experimental channel (HEC-1) of the IRT-T reactor, as well as enhancements to its therapeutic
beam line for BNCT applications. These studies highlight the ongoing need for advanced instrumentation capable of accurately
measuring both the spectral and integral properties of neutron therapeutic beams and associated dose distributions.

It is important to emphasize that, despite extensive research and numerous clinical trials involving the IRT-T and TRR reactors, the
comprehensive channel design, including the BSA, real-time imaging system, and quality control mechanisms, remains incomplete
and warrants further development, which will be addressed in this study. The proposed diagnostic tools for BSA aim to enable
objective, real-time assessment of treatment quality and delivered dose, enhancing the precision and safety of therapy.

Currently, a variety of commercial and specialized neutron spectrometry and dosimetry equipment for BNCT are available and
suitable for this study [16-26]. Notably, spectroscopy instruments, both real-time and passive, are used for pre- and post-treatment
measurements. However, most commercially available spectrometers do not meet the desired levels of accuracy and resolution
necessary for precise dosimetry. Neutron spectrometers specifically designed for BNCT require rigorous scientific and technical
validation, in accordance with International Atomic Energy Agency (IAEA) standards. To address these limitations, we propose
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Fig. 1 Schematic representation
of beam exit window of a
variable-geometry BSA (VBSA)
and TENIS components [16, 27]
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an innovative approach that leverages the ThErmal Neutron Imaging System (TENIS) as an intelligent diagnostic tool for quality
control and real-time dosimetry (Fig. 1).

TENIS is a neutron spectrometer specifically developed to address the challenges associated with clinical BNCT, while conforming
to the IAEA requirements for beam quality and dosimetric characteristics. It has demonstrated reliability in experimental campaigns
using both reactor-based sources [10, 28] and radioisotope neutron sources [16, 29]. Furthermore, previous studies have shown that
TENIS is a robust tool for characterizing the energy spectra of neutron beams and measuring absorbed doses [27]. Beyond BNCT,
TENIS has also been utilized in thermal neutron imaging and for monitoring plasma energy losses in deuterium—tritium accelerators
[30, 31].

The objective of this research is to validate the feasibility of using TENIS to support the clinical implementation of BNCT at
the IRT-T and TRR research reactors. The evaluation follows a multi-step procedure: (1) A position-sensitive, rectangular array
of scintillation detectors records both photon and neutron radiations at the BSAs exits. (2) TENIS then discriminates between
neutron and photon signals, followed by 2D visualization of the neutron component within the therapeutic energy range. (3) The
resulting neutron images are processed as input data for Artificial Neural Network (ANN)-based spectral unfolding. (4) ANN and
MATLAB-based algorithms are applied to solve a max—min optimization problem, aiming to reconstruct the neutron spectra of the
IRT-T and TRR beamlines. (5) Within this framework, the optimal architecture of a multilayer ANN is determined to enhance the
correlation between predicted and actual BNCT spectra.

The following sections present the computational models of the IRT-T HEC-1 channel and the TRR irradiation column, including
the upgraded BSA configurations and the resulting therapeutic beam parameters. Comparative analyses of the simulated beam
characteristics and the experimental results, obtained via TENIS-based spectrum unfolding and ANN processing, are also discussed,
along with the corresponding verification procedures.

2 Materials and methods
2.1 IRT-T epithermal beam

The IRT-T is a 6 MWy, pool-type research reactor that serves as an intense source of both neutrons and gamma-rays. As illustrated
in Fig. 2, the reactor is designed to support a broad range of scientific and applied research activities. These include studies in
solid-state physics, neutron activation analysis for elemental composition determination, radioisotope production, silicon doping,
neutron radiography, and other applications involving reactor-based radiation. Its versatile configuration and high neutron flux make
the IRT-T a valuable platform for both fundamental research and technological development.

The reactor core of the IRT-T is composed of IRT-3 M-type fuel assemblies, characterized by a high neutron multiplication
factor and short migration length. This enables a compact core geometry with substantial neutron leakage into the reflector and
the horizontal experimental channel HEC-1. Beryllium is employed as a reflector due to its long neutron migration length, which
contributes to a high neutron flux density within the HEC region.

@ Springer



Eur. Phys. J. Plus (2025) 140:893 Page30f 13 893

FA 6 pipe with channek

HEC-5 for emergency rods

HEC-6 VEC-12 HEC-4 HEC-2

R A A

FA with 8 tubes

FA with 6 tubes with channel
for control rods

= Beryllium block with channel
o 3YT L Ol @® for automatic control rods
O Beryllium block with channel
wo 1yzC O D=44 mm, size of block is 69x69 mm
5UT
& O|0|0|0 O g Ol @ The displacer with a channel for
% the ionization chamber
VEC-6 (P @) BAR ) .
O o) Beryllium block with
VEC-5 O O plugs D=32 and 40 mm
Q 2YT
VEC-4 @ o b q o O | o I:l Beryllium block
KNK-53m
(4UT) / g ) Beryllium block with plugs
O D=96 and 44 mm, size of
VEC.2 O / () Ol @ block is 138.5x138.5 mm

Beryllium block with plugs
D=90 and 110 mm

L
O©

Fig. 2 Schematic layout of the IRT-T reactor core and associated experimental channels. The diagram highlights the configuration of fuel assemblies, control
elements, irradiation positions, and beam ports used for neutron and gamma-ray experiments [11]
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Fig. 3 Layout of the HEC-1 channel of the IRT-T reactor, showing the therapeutic beam line configuration and the proposed design of the modernized BSA.
The diagram illustrates the key components involved in neutron beam extraction, collimation, and spectral tailoring for BNCT applications

Despite its compact size, the IRT-T core accommodates 14 vertical experimental channels (VECs) and 10 horizontal experimental
channels (HECs), a number that exceeds those available in many higher-power research reactors. This configuration enables the
simultaneous irradiation of a large number of experimental targets.

A distinguishing feature of the IRT-T reactor is its pronounced epithermal neutron component, resulting from the use of a
beryllium moderator and the strategic placement of beryllium traps in the central channel region. This spectral characteristic makes
the IRT-T particularly well-suited for applications such as BNCT, setting it apart from other research reactors in this field (Fig. 3).
See the basic configuration in [10].

The therapeutic beam line and the proposed BSA were modeled using the MCUSTPU software package. MCU (Monte Carlo
Universal) is a general-purpose Monte Carlo code designed for simulating the transport of neutrons, photons, electrons, and positrons
in three-dimensional geometries [32]. The code utilizes two nuclear data libraries: (1) the primary database, MCUDBS50, which
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Fig. 4 Schematic of the modified
thermal column at the TRR,
illustrating the therapeutic beam
line and the proposed BSA
configuration for BNCT. The
design, based on [14], includes a
layered arrangement of moderator,
reflector, thermal neutron filters,
and gamma-ray shields to
optimize epithermal neutron beam
production

Boral

Fig. 5 Prizm-AN experimental
installation [27]. Components
include: (1) polyethylene prism
housing the horizontal
measurement channel, (2) IBN-10
type Pu-Be neutron source; (3)
MKS-01R scintillator
radiometer-dosimeter for radiation
monitoring; and (4) helium-3
(3He) neutron detection unit for
thermal neutron measurements

includes cross-section data for 375 isotopes derived from BNAB-93 (1997), LIPAR-5 (2005), ENDF/B-VII.1 (2011), JENDL-4.0
(2011), and JEFF-3.1 (2006), and (2) the supplementary database, MCUDBREF, which incorporates data for an additional 460
isotopes based on the RUSFOND library [33].

2.2 TRR epithermal beam

The Tehran Research Reactor (TRR) is a 5 MWy, pool-type research reactor equipped with seven beam tubes of varying sizes and
geometries, a medical irradiation room, and a thermal column. To enable the production of a suitable epithermal neutron beam for
BNCT, the thermal column can be modified by removing all existing graphite blocks.

As illustrated in Fig. 4, a BSA has been designed and implemented within the thermal column to generate an epithermal neutron
beam for BNCT applications [14]. Additionally, it features two 5 cm thick bismuth slabs serving as gamma-ray filters, all encased
within a layer of boral for optimal shielding.

2.3 Prizm-AN installation
Prizm-AN (Fig. 5) is an experimental measurement facility comprising a polyethylene prism with a horizontal channel housing

a 250 GBq Pu-Be radioisotope neutron source of the internal bounded neutron (IBN) type. The installation is housed within the
Neutronic Measurement Laboratory at Tomsk Polytechnic University.
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Fig. 6 Computational models of 945
the Prizm-AN installation and the 2
IBN-10 neutron source (all Z
dimensions in cm):

a cross-sectional view in the y—z
plane showing internal geometry Y
and component placement;

b three-dimensional representation
of the full Prizm-AN configuration
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Fig. 7 IBN-10 capsule neutron source: a schematic cross-section with dimensions in millimeters, showing (1) the stainless-steel capsule shell and (2) the
active region containing the neutron-emitting material; b neutron emission spectrum of the IBN-10 radioisotope source

Currently, this laboratory, equipped with Prizm-AN, is actively used for both applied research and academic training in nuclear
and neutron physics. Its applications include neutron activation analysis, studies of neutron transport phenomena, and experimental
validation of theoretical models.

2.3.1 Calculation models of Prizm-AN and IBN-10

The Prizm-AN measurement installation consists of three primary components [27]: (1) a non-boronated polyethylene prism with an
integrated horizontal channel, (2) an IBN-10 capsule-type radioisotope fast neutron source, manufactured by Isotope (http://www.
isotop.ru/); and (3) a scintillator radiometer-dosimeter, commonly known in Russia as the MKS-0O1R.

The computational models of the Prizm-AN system and the IBN-10 neutron source are shown in Figs. 6-8a. The polyethylene
prism, composed of CoH, with a density of 0.945 g/cm3, has a nuclide density of 1.198 x 107! nuclide/(b-cm). Geometrically, it is
designed as a rectangular parallelepiped with dimensions of 90 cm (height) x 89 cm (width) x 94.5 cm (depth).

A horizontal rectangular channel is located 48 cm from the base of the prism. This channel measures 13 cm in width, 12 cm in
height, and 59.5 cm in depth. It is filled with air, modeled as a gas mixture with an atomic density of 4.99 x 10~ nuclide/(b-cm).

The IBN-10 capsule neutron source, illustrated in Fig. 7, features a cylindrical geometry with a diameter of 3.50 cm and a height
of 4.50 cm. The center of the capsule is located at coordinates x = 44.55 cm, y = 57.75 cm, and z = 50.25 cm. The active region
of the source, shown in red in Fig. 7a, has a diameter and height of 2.70 cm and is composed of a densely sintered mixture of
weapons-grade PuO; and beryllium powder.

General technical specifications for the IBN-10 capsule can be found in [27]. The precise material composition of the active
region remains proprietary and is not disclosed by the manufacturer. The capsule is double-encapsulated in a stainless-steel shell
with an overall density of 7.92 g/cm?. The total activity of plutonium isotopes within the source is 250 GBq (approximately 6.8 Ci).
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Fig. 8 Neutron spectra of the IBN-10 source: a group-wise neutron spectrum; b neutron energy spectrum measured within the Prizm-AN channel

According to the manufacturer, the IBN-10 source emits approximately 1.0 x 107 neutrons per second isotropically over 47w
steradians. This emission rate has been experimentally verified and is referred to as the measured fast neutron strength (In*P).

The unmoderated o—n neutron emission spectrum of the IBN-10 source, normalized to 10° a-particles, was calculated using the
NEDIS-3 code (for code applications, [34-37]) and is shown in Fig. 7b. The corresponding group spectrum, presented in Fig. 8a
( f dN/dE = 1, red curve), was used to reconstruct the total emission yield. The reconstructed neutron yield (Yn = 9.03 x 10% n-s71)
was scaled to match the experimental value In®*P, ensuring consistency between the measured and simulated fast neutron source
strengths.

Using the NEDIS-3 code, we calculated the effective dose rate based on the point-to-point neutron emission spectrum (red curve
in Fig. 8a). The calculation employed fluence-to-dose conversion coefficients for anteroposterior exposure geometry as specified in
ICRP Publication 116 [38]. The resulting fluence-to-dose conversion factor was determined to be DF = 1.58 wSv-h ln-cm2). This
coefficient serves as a practical conversion factor for rapid estimation of dose rates at specific spatial locations, assuming a uniform
neutron field.

In this calculation, the source geometry and any spectral modifications due to scattering or attenuation were neglected. To
benchmark our results against previous studies [39, 40], we also computed the ambient dose equivalent rate, H*(10), using ambient
dose conversion coefficients expressed in [pSV~CII12] as defined by ICRP Publication 74 [41]. At a distance of 1 m from the IBN-10
source, the ambient dose equivalent rate was calculated to be 141.6 }LSV'h-l , which agrees within a relative error margin of < 15%
with the data reported by Peleshko et al. [39].

2.3.2 Reference markers for TENIS verification

The emission spectrum data presented in Fig. 8a, obtained in Sect. 2.3.1 and validated through comparison with the reference field
reported by Peleshko et al. [39], were used as input for calculating neutron beam parameters within the collimator channel of the
Prizm-AN installation and at the channel outlet.

These calculations were performed using the PHITS (Particle and Heavy Ion Transport Code System, Version 2.23) software
[42]. The computational models employed are illustrated in Figs. 6, 7, and 8a. A comparison between the PHITS simulation results
and corresponding experimental measurements [27] is shown in Fig. 9a. The comparison demonstrates good agreement between the
calculated and experimental neutron fluence rates along the entire length of the collimator channel (Fig. 9a, green line, for neutrons
with energies ¢<5ev), With a maximum uncertainty not exceeding 20%.

These findings support the use of the datasets shown in Figs. 8b and 9 as reference benchmarks for validating the performance
of spectral unfolding algorithms based on ANNSs in future TENIS test campaigns.

Due to limited access to the IRT-T and TTR reactors, verification experiments were carried out on the Prizm-AN installation.

2.4 Unfolding the neutron spectrum with TENIS and ANN: max—min problem

The TENIS system comprises seventeen rectangular NE102 plastic scintillators arranged orthogonally: seven horizontal detectors
measuring 2 x 2 x 20 cm® and ten vertical detectors measuring 2 x 2 x 14 cm?>. These scintillator arrays are positioned on opposite
sides of a rectangular water phantom, segmenting it into seventy voxels of 2 x 2 x 15 cm?® each [19]. TENIS generates a thermal
neutron map by detecting 2.22 MeV gamma rays produced via the 'H(ng,, y)?D reaction.
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Fig. 9 Spatial and energy
distribution of the neutron field
along the y-axis: a Neutron
fluence rate categorized by energ
ranges, thermal (10'10 to5x10°
MeV), epithermal (5 x 107 to
0.1 MeV), and fast neutrons
(0.1-20 MeV);

b Two-dimensional spatial
distribution of neutron fluence rate
in the y—z plane
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Previous work [16] demonstrated that thermal neutron images reconstructed by TENIS can serve as reliable input for precise
unfolding of neutron energy spectra from both monoenergetic and polyenergetic sources. Building on this methodology, the present
study aims to determine the energy spectrum of neutrons exiting the BSAs, which predominantly fall within the epithermal energy
range. It is important to highlight that real-time neutron spectroscopy in the low-energy regime remains challenging and is associated
with considerable uncertainties [23].

Note should be taken that the neutron unfolding is an ill-posed inverse problem in which the number of unknown spectral bins
typically exceeds the number of independent measurements [43]. The forward model is b & A x, where b is the vector of measured
counts in detector channels, x is the true neutron spectrum discretized into energy bins, and A is the detector response matrix that
encodes efficiency, resolution, and scattering. Because A is often ill-conditioned and the data are noisy, there exists an infinite
family of spectra x that reproduce the measurements within uncertainties; only a subset corresponds to physically plausible spectra.
Consequently, without additional information the solution is non-unique and highly sensitive to measurement noise [44]. Most
unfolding algorithms rely on regularization or prior information to stabilize the solution and to enforce physical constraints (e.g.,
nonnegativity, smoothness, or physics-based priors). In practice, many traditional unfolding codes require an initial guess spectrum
or prior, to guide the solution toward plausible regions of the solution space. Monte Carlo-based approaches and data-driven artificial
intelligence methods offer alternative strategies that can reduce reliance on explicit regularization, but they still depend on a forward
model, priors, or training data.

In this study, to unfold the energy spectrum of unknown neutron sources, we constructed the TENIS response matrix using
70-pixel data derived from reconstructed images. This data was obtained by exposing TENIS to 109 monoenergetic neutron beams
spanning energies from 107! MeV to 14.92 MeV, distributed at equi-lethargy intervals. The creation and training of the ANN
utilized a driver script developed in MATLAB [16]. Additionally, TENIS was exposed to the BNCT beamlines of the TRR and
IRT-T research reactors to acquire 70-pixel thermal neutron images, which were subsequently used for neutron spectroscopy via
ANN unfolding.
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Fig. 10 Architecture of the ANN employed for unfolding the BNCT neutron energy spectrum

The neural network architecture employed for spectrum unfolding consists of three layers: two hidden layers and one output
layer, as illustrated in Fig. 10. The Levenberg—Marquardt backpropagation algorithm was used for training, implemented through
the MATLAB ANN Toolbox [45]. The tansig activation function was applied to neurons in both the hidden and output layers.

To evaluate the agreement between the actual and ANN-unfolded spectra across m energy intervals, we employed the root-mean-
square error (RMSE) and the coefficient of determination (R?) as quantitative metrics. The RMSE and R2 values were calculated
using the following equations [16, 46]:

m

1 ctua 2
RMSE = | — 3 (45 (EYINY — g (E) el (1)

j=1

2
S (BE(EYNY — g (E) el

R2—=1-—
2
ZT:1<averageof¢E(E)?NN — ¢E(E);\ctual)

(@)

The optimal ANN structure was determined by selecting the configuration that yielded the lowest root-mean-square error (RMSE)
and the highest correlation coefficient.

2.5 Minimum detectable activity assessment for TENIS

To accurately determine the smallest signal that can be reliably detected and to establish a detection threshold for the counting
system, it is essential to measure the minimum detectable activity (MDA). One of the most widely accepted definitions of MDA
was first introduced by Currie [47]. In this framework, N1 represents the total counts recorded from an unknown sample, while
Np denotes the counts recorded from a blank sample, which characterizes the background level. The net counts attributable to the
unknown sample are then calculated as follows [48, 49],

Ns = Ny — N3 3)

where Np represents the minimum net counts required to satisfy the detection criterion. This value, Np, serves as a numerical
estimate of the mean net counts corresponding to the MDA and can be derived from Currie’s equation [47]:

Np = 4.653/Ng +2.706 “)

Np can be now interpreted as the minimum number of radiations needed from the source to achieve sufficient counts. To convert
Np (in counts) to MDA (o), the additional factors of radiation yield per disintegration (f) and absolute detection efficiency (¢) must
be taken into account where T is the counting time per sample [49]:

a=Np/feT )
Following the above methodology, the MDA for TENIS, taking into account all seventeen plastic scintillators, was calculated.

2.6 Unfolding the neutron flux of Prism-AN for TENIS system verification

The image data acquired from the TENIS system when exposed to neutron beams from the Prizm-AN setup is presented in Fig. 11.
This dataset was used as input for the ANN implemented in MATLAB, as described in Sect. 2.4. Figure 11 also displays a comparison
between the ANN-unfolded results and the corresponding computational measurements (refer to Sect. 2.3 and Fig. 8b).

The performance of the ANN in unfolding the neutron energy spectrum of the Prizm-AN beam was assessed using the correlation
coefficient (R?) and root-mean-square error (RMSE) as evaluation metrics. The resulting R? value of 0.992 and RMSE of 0.041
demonstrate excellent agreement between the ANN-unfolded spectrum and the reference computational data. These results highlight
the reliability of the proposed ANN-based spectrum unfolding approach and confirm the high accuracy and effectiveness of the
developed neutron spectrometry system.
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3 Results and discussion
3.1 Unfolding neutron energy spectra

The image data acquired from the TENIS system when exposed to the therapeutic beamlines of the TRR and IRT-T research reactors
are shown in Figs. 12 and 13, respectively. The reconstructed thermal neutron images presented in Figs. 12b and 13b were used as
input for the ANN implemented in MATLAB. The resulting unfolded neutron energy spectra for the TRR and IRT-T therapeutic
beamlines are presented in Figs. 14 and 15, respectively.

The performance of the ANN in unfolding the neutron energy spectra from the TRR and IRT-T research reactors was evaluated
using the correlation coefficient (R?) and root-mean-square error (RMSE) as quantitative metrics. The correlation coefficients of 0.86
for TRR and 0.74 for IRT-T, along with corresponding RMSE values of 0.014 and 0.020, respectively, demonstrate good agreement
between the ANN-unfolded spectra and the reference measurements. These results, particularly the relatively high R? values and
low RMSEs, further confirm the effectiveness of the proposed spectroscopy system and ANN-based unfolding method for neutron
energy spectrum characterization in BNCT applications.

3.2 Measured MDA for TENIS using BNCT spectrum of IRT-T

The influence of background photons on the TENIS system was evaluated using a systematic approach. The gamma-ray spectrum
emitted by the IRT-T reactor was used to represent the background radiation, and the corresponding N p values were calculated for all
seventeen detectors. The detector with the highest Np value was taken as representative of the system-wide minimum detectable net
count. Among the seventeen NE102 plastic scintillation detectors, the maximum simulated background count rate was 232 counts
per second.

To assess detection capability, the incident neutron flux from the IRT-T reactor was assumed to be 2 x 10° n/cm?.s. Under this
flux, each detector was required to record counts at least ten times higher than the minimum detection threshold determined by the
Currie equation. As a result, it was found that a neutron flux as low as 2x 108 n/cm? s can still produce sufficient gamma-ray signals
to exceed the minimum acceptable count rate.

For the BNCT neutron spectrum at IRT-T, the MDA of the TENIS system was calculated using Eq. (5). This evaluation is critical
for determining the absolute detection efficiency (¢) of the NE102 plastic scintillators integrated within the TENIS framework. The
results confirm that the TENIS detectors are fully capable of reliably detecting 2.22 MeV gamma-rays. This conclusion is supported
by the significantly higher count rates observed in the presence of the reactor neutron spectrum compared to those recorded under
background-only conditions.
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4 Conclusions

In this study, MATLAB software was used to train an ANN for unfolding neutron energy spectra, with a primary focus on the
epithermal energy region. The input data for the ANN consisted of reconstructed thermal neutron flux images produced using the
MCNP®6.1 code in conjunction with the TENIS system. The results demonstrated that neutron spectroscopy using TENIS was highly
effective in the epithermal range, enabling accurate and potentially real-time applications in BNCT.

Based on the previous research and current findings, the results support the feasibility of employing TENIS as a neutron spec-
trometer across the full neutron energy spectrum. However, the system’s response to high-intensity neutron beams, particularly the
potential for detector saturation, represents a critical aspect that warrants further investigation in future work.

Furthermore, the TENIS system offers a promising platform for exploring the therapeutic efficacy of boron-based compounds,
potentially contributing to the optimization of BNCT treatment protocols. Based on the findings of this study, TENIS shows strong
potential for the development of advanced neutron detection systems for BNCT and related applications.

Note should be taken that, while ANNs are powerful tools for neutron spectrum unfolding in this study, it is important to
acknowledge several limitations, both within this work and in other energy spectrum unfolding applications, including:

Dependence on data quality and representativeness: Effective training requires extensive, high-quality datasets that encompass
the full range of neutron spectra. Biased or limited data can impair generalization and result in unreliable outcomes.

Overfitting risks: Without proper regularization, ANNs may overfit training data, capturing noise rather than physical relationships,
leading to inaccurate predictions on unseen data.

Limited physical interpretability: Unlike traditional methods based on physical models, ANNs function as so-called black boxes,
making it challenging to interpret the unfolding process or validate results physically.

Sensitivity to noise and measurement uncertainty: Input data containing noise or uncertainties can adversely affect ANN outputs,
potentially amplifying errors and reducing stability.
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Fig. 13 The 2D thermal neutron
map of TENIS when it is exposed
to IRT-T epithermal beam,

a actual flux values, and

b reconstructed image

Fig. 14 Unfolded neutron energy
spectrum of BNCT beam line in
TRR
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Computational demands: Training effective ANNs, especially large architectures, can require substantial computational resources

and time, including extensive hyperparameter tuning.

Uncertainty quantification challenges: Unlike conventional methods that provide explicit uncertainty estimates, ANNs often lack
inherent mechanisms for quantifying confidence in their predictions, complicating result validation.
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Fig. 15 Unfolded neutron IRT-T
spectrum of BNCT beam line in ANN
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