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ARTICLE INFO ABSTRACT

Handling Editor: Chris Chantler To study the risks associated with neutron fields from various sources, direct measurements using advanced
detection technologies are essential. This study explores the Thermal Neutron Imaging System (TENIS) for
characterizing the energy spectrum of an (, n) neutron beam generated in the collimated channel of the Prizm-
AN facility utilizing an IBN-10 source. We present the performance characteristics of the neutron beam, the
permissible operational duration near the installation, a comprehensive map of thermal neutron flux parameters,
and the results of spectrum unfolding achieved using artificial neural networks (ANNs). Our analysis confirms
that TENIS can effectively measure the energy spectrum of slowed-down (a, n) neutrons produced under hori-
zontal collimation. Additionally, we highlight the similarities between >°H fusion and (o, n) reactions, inte-
grating the Prizm-AN complex with TENIS as a powerful tool for the real-time monitoring and control of plasma
parameters within the paired plasma source neutrons (PSN) and variable-geometry beam-shaping assembly

Keywords:

Fast («, n) neutron beams

23H fusion and (o, n) reactions
Variable-geometry beam-shaping assembly
Unfolding of the neutron spectrum
Artificial neural networks

(vBSA) system.

1. Introduction

In previous studies, the feasibility of utilizing the paired system
comprising a blanket, plasma source neutrons (PSN), and a variable-
geometry beam-shaping assembly (vBSA) was investigated (Bedenko
et al., 2024). This approach aims to establish a radiation emission source
through a linear configuration of a plasma-physical accelerator,
employing a neutron pumping scheme for a solid-state active medium.

The system under study consists of an external pulsed source of
neutrons (i.e., D-T) based on an extended gas-dynamic magnetic trap,
denoted in (Ivanov and Prikhodko, 2013) as plasma source neutrons,
and a subcritical blanket (Bedenko et al., 2022) which includes a vBSA
and an active medium.

Gadolinium oxide (Gd,O3) enriched in 155Gq isotope is used as the
active medium; as the main pump scheme, the channel of 156Gd
(156mGd) isotope formation in the inverse state is studied, the de-
excitation of which is accompanied by the emission of an intense
gamma-ray line with a wavelength of ~10™* nm (~12.4 MeV)
(Shamanin and Kazaryan, 2017).
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To achieve the required conditions for neutron pumping within the
active medium, we utilize a vBSA. The vBSA is a device consisting of
moderating blocks and selective plates that are specifically designed to
maintain and shape a neutron beam with an epithermal spectrum
(Bedenko et al., 2024).

In their 2017 study, Shamanin and Kazaryan demonstrated that the
active medium is highly sensitive to the shape and parameters of the
neutron field (Shamanin and Kazaryan, 2017). Consequently, it is
essential to equip the vBSA with a comprehensive monitoring and
control system. Integrating the vBSA with such a control system will
enable real-time adjustments to the configuration of the vBSA in
response to the operational mode of the D-T neutron source. This
capability will facilitate the formation of a neutron beam with the
desired intensity and spectrum, thus optimizing the conditions necessary
for stabilizing the energy levels of the nuclei within the active medium
(Shamanin et al., 2021; Bedenko et al., 2024).

An analysis of scientific and technical solutions available in (Aza
et al., 2016; Ghal-Eh and Green, 2016; Yazdandoust et al., 2021; Borg-
wardt et al,, 2022; Heshmati et al., 2022; Buffler et al., 2023;
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Garcia-Baonza et al., 2023) showed that the ThErmal Neutron Imaging
System (TENIS) equipment is best suited for integration with the vBSA
(Ghal-Eh and Green, 2016; Yazdandoust et al., 2021). Moreover, the
studies confirm that TENIS is well-suited for our present research ob-
jectives (Bagherzadeh-Atashchi et al., 2023; Bedenko et al., 2024).

TENIS, is a sophisticated orthogonal arrays of commercial plastic
scintillators designed for real-time neutron detection and visualization
of the thermal neutron map. According to the results of previous studies,
the TENIS has successfully proven itself for mono- and poly-energy
neutron sources (Bagherzadeh-Atashchi et al., 2023). For example,
Ghal-Eh and Green (2016) and Yazdandoust et al. (2021) used the TENIS
to map a thermal neutron beam inside a rectangular water phantom
irradiated by an external neutron flux. In this project, TENIS becomes a
tool to determine the characteristics of epithermal neutron beam in the
region where the active medium is located. The scientific and technical
feasibility of this possibility will be demonstrated at the Prizm-AN
measurement complex with a Pu-Be (a, n) neutron source installed.

Thus, the main goal of the present project is to study the properties of
the Prizm-AN installation with the TENIS device as an accessible
analogue for studying the capabilities of the blanket-PSN-vBSA paired
system.

The subsequent sections of this paper will present and analyze the
developed Prizm-AN and Pu-Be models of the internal bounded neutron
(IBN)-type source with similar spectra as PSN as well as detection sys-
tems for TENIS. Specifically, we will: (1) present the results of the
emission spectrum calculations for IBN-10 neutrons; (2) compare the
experimental measurements obtained from the Prizm-AN with the
calculated parameters of the neutron flux within the channel and at the
exit of the Prizm-AN channel; and (3) provide a map depicting the
thermal neutron fluence rate parameters acquired through TENIS, along
with the results of spectrum unfolding for the IBN-10 using ANNs.

It should be noted that the TENIS project with the results discussed in
(Ghal-Eh and Green, 2016; Yazdandoust et al., 2021; Bagherzadeh-A-
tashchi et al., 2023) is in the feasibility study stage, where the full-scale
studies to demonstrate the new capabilities of the TENIS equipment will
be useful to the developers.

2. Materials and methods
2.1. Thermal Neutron Imaging System and PNS

TENIS is made of seventeen rectangular NE102 plastic scintillators (i.
e., seven 2 x 2 x 20 cm® horizontal and ten 2 x 2 x 14 cm? vertical
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detectors) in an orthogonal arrangement, where they are placed on both
sides of the rectangular water phantom (Fig. 1).

TENIS is used to map the thermal neutron flux inside a rectangular
phantom irradiated by an external neutron beam. Neutrons undergo *H
(ngn, 7)?D reactions during thermalization inside the phantom and emit
2.22 MeV y-rays before they are registered by two orthogonal arrays of
plastic scintillators. The gamma-rays detected by the scintillator system
contain information about the neutron interaction location, serving as
input datasets for an algorithm designed to unfold the neutron spectrum.

In this study, the thermal neutron image constructed by TENIS is
used to unfold the characteristics of the neutron field in the pumping
zone of the active medium where TENIS becomes a tool for monitoring
and controlling the parameters of the neutron flux modulated by the
multicomponent selective VBSA structure.

The scientific and technical justification of the possible use of TENIS
for solving monitoring and control tasks was carried out at the Prizm-AN
installation shown in Fig. 2. Prizm-AN is a measurement setup consisting
of a polyethylene prism with a horizontal channel and a 250-GBq Pu-Be
radioisotope capsule source of fast neutrons (Pu-Be neutron source, type
IBN-10). The Prizm-AN installation is located in the Neutronic

Fig. 2. Prizm-AN installation: (1) polyethylene prism with (2) Pu-Be neutron
source IBN-10; (3) scintillator radiometer-dosimeter MKS-01R; (4) the *He
neutron detection unit.
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Fig. 1. Schematic representation of the vBSA beam dump window and components of the TENIS.
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Measurement Laboratory of Tomsk Polytechnic University. At present,
the laboratory equipped with this installation has been successfully used
for conducting applied research and training in the fields of nuclear and
neutron physics, neutron activation analysis, and neutron transport
theory.

The analysis of results from previous studies indicates that the
neutron spectrum produced by the PSN generator (Bedenko et al.,
2020), particularly in the epithermal energy range, exhibits similarities
to the spectrum generated by a radioisotope intermetallic source
(Fig. 3). This source produces neutrons via (o, n) reactions on %Be nuclei.
Consequently, our comparison highlights the parallels between fusion-
and (a, n) reactions.

Based on our findings, we conclude that the Prizm-AN, equipped
with the IBN-10 capsule, serves as an appropriate analogue for investi-
gating the technical capabilities of the paired blanket-PSN-vBSA system.
In conclusion, the integration of Prizm-AN with IBN-10 and TENIS will
validate the technical feasibility of employing neutron spectrometry
with TENIS. This approach aims to effectively monitor and control the
parameters of the D-T neutron beam during the preliminary phase
leading up to the design of the vBSA demonstration version.

2.2. Calculation models of Prizm-AN and IBN-10

The Prizm-AN measurement installation comprises three primary
components: (1) a non-boronated polyethylene prism featuring a hori-
zontal channel; (2) an IBN-10 capsule radioisotope fast neutron source
produced by Isotope (http://www.isotop.ru/); and (3) a scintillator
radiometer-dosimeter, commonly referred to in Russia as the MKS-01R.

The calculation models of Prizm-AN and IBN-10 are illustrated in
Figs. 4 and 5. The polyethylene prism (density of polyethylene is 0.945
g/cm?’), composed of CyHy, has a nuclide density of 11.98 x 1072
nuclide/(b x cm). It is structured as a parallelepiped with dimensions of
90 cm in height, 89 cm in width, and 94.5 cm in depth (90 x 89 x 94.5
cm?). Positioned 48 c¢m from the bottom edge, there is a horizontal
rectangular channel measuring 13 cm in width and 12 cm in height, with
a depth of 59.5 cm. This horizontal channel is filled with an air mixture,
which has an atomic density of 4.99 x 107° nuclide/(b x c¢m).

The IBN-10 capsule neutron source, depicted in Fig. 4, has a cylin-
drical geometry characterized by a diameter of 3.50 cm and a height of
4.50 cm. The coordinates of the central part of the IBN-10 are as follows:
X =44.55 cm, y = 57.75 cm, and z = 50.25 cm. The active region of the
capsule measures 2.70 cm in both diameter and height. This active
component consists of a densely sintered mixture of “8PuO, and beryl-
lium powder, highlighted in red in Fig. 4c and 5.

The general technical parameters are presented in Table 1. The
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Fig. 3. Spectra of the Am—Be (Ghal-Eh et al., 2019) and plasma sources of the
neutrons (Bedenko et al., 2020).
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specific material composition of the IBN-10 active component is pro-
prietary information of the manufacturer and is therefore not disclosed
in this paper. It is important to note that the neutron emission charac-
teristics of this capsule type are influenced by the mass ratio of the target
material (i.e., beryllium) to the radioactive nuclide (i.e., plutonium).
Considering that the average grain size of the PuOs crystals is approxi-
mately 3-5 pm, the optimal mass ratio of beryllium to plutonium is
found to be in the range of 8:1 to 10:1.

The IBN-10 capsule features a double-encapsulated stainless-steel
shell with a total density of 7.92 g/cm®. Its composition by weight
percentage is as follows: Fe (up to 67%), Cr (17-19%), Ni (9-11%), Mn
(up to 2%), Ti (0.4-1%), Si (up to 0.8%), Cu (up to 0.3%), C (up to
0.12%), P (up to 0.035%), and S (up to 0.02%). The activity of the
plutonium isotopes contained within the source is 250 GBq (approxi-
mately 6.8 Ci). According to the manufacturer (http://www.isotop.ru/),
the capsule emits approximately 1.00 x 107 neutrons per second iso-
tropically (into 4rn steradians), a value that has been experimentally
determined to represent the (I7*P) strength of the fast neutron source.

The point-to-point emission spectrum of unmoderated (o, n) neu-
trons from the IBN-10 source, normalized to 10° o particles, is calculated
in the Nedis-3 code (see the applications of the code in Bedenko et al.,
2020; Vlaskin et al., 2021; Rahmani et al., 2022; Vlaskin et al., 2023)
and presented in Fig. 6a. The corresponding group spectrum, displayed
in Fig. 6b ( f dN/dE = 1), and the emission neutron yield (Y, = 9.03 x
10° n. s71, see Table 1) was reconstructed under the condition that the
experimental (according to the manufacturer, Table 1) I¥*? and calcu-
lated values of the IN*¥* fast neutron source strengths are equal. When
calculating the neutron yields and their spectra in Nedis, the
fine-grained structure of the active part of the capsule was considered.

Then, we used Nedis code to calculate the effective dose rate based
on this spectrum (blue curve in Fig. 6b), utilizing the fluence-to-dose
coefficients for the anterioposterior exposure geometry listed in ICRP
Publication 116 (ICRP, 2010).

The calculated fluence-to-dose conversion coefficient from the
spectrum (blue curve in Fig. 6b) to an effective dose rate is DF = 1.58
pSv x h~1/(n-cm?). The DF coefficient is a convenient conversion factor
for a quick estimate of the dose rate at a desired point in space. In this
estimation, we neglect the geometry of the source and the change in its
spectrum. To compare the results of the calculation according to Nedis-3
with the works (Vega-Carrillo et al., 2002; Peleshko et al., 2019; Rusnak
and Vykydal, 2021; Pyshkina et al., 2021), the dose rate (H*(10)) was
calculated with coefficients [pSv x cm?] for the ambient dose (ICRP,
1996). The obtained ambient dose equivalent rate H*(10) in this way, at
a distance of 1 m from the IBN-10 source, is equal to 141.6 pSv x h™?,
and with a relative error of <15 % (most likely, due to the differences in
the geometry between the IBN-10 and IBN-25) corresponds to the data
published in the Peleshko et al. study (Peleshko et al., 2019).

The data on the spectrum of Pu-Be sources declared by the Inter-
national Organization for Standardization (ISO) are incomplete. How-
ever, the (o, n) neutron spectra of Pu-Be and Am-Be sources are similar
(Vega-Carrillo et al., 2002; Vega-Carrillo and Martinez-Ovalle, 2016).
Therefore, the reconstructed emission spectrum (blue curve in Fig. 6b)
was validated by comparing it with the neutron spectrum from an
Am-Be source (red curve in Fig. 6b) recommended by ISO 8529-1
(International Organization for Standardization, 2021). Comparing the
spectra shown in Fig. 6b, it is clear that the energy distributions of
neutrons with energies above 3 MeV are very similar. However, for
energies below 3 MeV, there is a slight difference. According to ISO
8529-1, the spectrum of the Am-Be source contains more low-energy
neutrons compared to the Pu-Be source. This difference can be
explained by the moderation of neutrons due to elastic and inelastic
scatterings on the structural elements of the Am-Be capsule. It has been
established that, within a relative error of +15%, the neutron compo-
nent of dosimetric characteristics such as ambient dose equivalent rates
and neutron fluence rates of IBN-10 corresponds to the published data
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(©

Fig. 4. Calculation model of Prizm-AN and IBN-10: (a) x-z plane, (b) x-y plane, (c) 3D Prizm-AN configuration with IBN-10 capsule. Dimensions are in cm.

2

Fig. 5. Capsule neutron source of type IBN-10 (dimensions are in mm): (1) steel
capsule; (2) the active part of the capsule.

Table 1
General technical parameters of Pu-Be source.

Parameters Value

Fast neutron source strength in 4z steradians (1.00 + 0.10) x 107

[n.s™]

Neutron emission yield (this work simul.) [n. 9.03 x 10°
s71]
Mass of 22°Pu [g] 2.94
Mass of plutonium isotopes [g] 3.31
Activity of plutonium isotopes [GBq/Ci] 250/6.8
Fluence-to-dose conversion coefficient (This 1.58
work simul.) [uSv x h™/(n. em?)]
Date of neutron flux measurement May 20, 2022
Outer dimensions [cm]
Diameter 3.5
Height 4.5
Dimensions of the active part [cm]
Diameter 2.7
Height 2.7
Capsule material according to Russian Double-encapsulated stainless-
classification steel grade 12X18N10T

(Peleshko et al., 2019; Vega-Carrillo and Martinez-Ovalle, 2016). Thus,
the comparison results confirm the correctness of the calculated data
sets obtained in Nedis-3, which are used further in the second step of the
research.

The spatial and energy characteristics of the neutron field, along with
the dose parameters of the Prizm-AN system equipped with the IBN-10

capsule, were computed using the Serpent 2.1.32 software (ENDF/B
VIL.1) (NEA, 2024; Serpent, 2015), as depicted in Fig. 4c. Neutron
transport simulations were performed using an iterative method
(Serpent, 2015). In each iteration, the spatial-energy distribution of
neutrons within the IBN-10 and Prizm-AN materials was generated. The
initial neutron distribution for initiating the iterative process was based
on the source data, as illustrated in Fig. 6b (blue curve).

To assess the distribution of neutron fluence rate along the axial
direction (i.e., vertically along the height of the prism), we employed a
detector capable of measuring this parameter in 720 discrete layers,
each separated by a distance of 0.125 cm. Similarly, to quantify the
neutron fluence rate in the radial direction (i.e., within the horizontal
channel of the prism), we positioned a detector that subdivided the
channel and its polyethylene extension into 756 equal segments. This
fine spatial resolution enabled us to generate a sufficiently smoothed
visual representation of the results in both axial and radial directions
while adhering to acceptable standards for statistical precision, as
indicated by the standard deviation.

The technical support of the TENIS and its maintenance in the
operating mode requires an assessment of the dose load created by
Prizm-AN with the IBN-10 capsule installed inside. To determine the
dosimetric characteristics, we employed a cubic water phantom with
side lengths of 5 cm. This size of the phantom (5 x 5 x 5 cm®), which is
as close as possible to human tissue in terms of properties, ensured a
statistically significant result. The phantom was positioned at distances
ranging from O to 100 cm from the frontal plane of the Prizm-AN,
aligned coaxially with the horizontal channel. Subsequently, a direct
calculation of the effective dose rate for photons was performed using
the specialized ENDF/B VIL.1 library (NEA, 2024). The effective dose
rate for neutrons was calculated utilizing the fluence-to-dose conversion
coefficients listed in ICRP Publication 116 (ICRP, 2010).

2.3. TENIS and artificial neural networks with MATLAB

In a previous study (Bagherzadeh-Atashchi et al., 2023), it was
demonstrated that the thermal neutron images reconstructed by TENIS
can serve as input data for accurately unfolding the neutron spectrum
from both mono- and poly-energetic neutron sources.

To unfold the energy spectrum of unknown neutron sources using the
ANN toolbox in MATLAB, we constructed a response matrix for TENIS
based on data from 70 pixels derived from reconstructed images. This
dataset was acquired when TENIS was exposed to 109 mono-energetic
neutron beams, spanning neutron energies from 107! to 14.92 MeV
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Fig. 6. Neutron spectra of IBN-10: (a) the point-to-point spectrum of emission a-n neutrons normalized by 10° a-particles; (b) the corresponding group spectrum and
the spectrum of Am-Be source neutrons (International Organization for Standardization, 2021).

in equi-lethargy energy intervals. For the creation and training of the
ANN, we employed a driver script developed in MATLAB (Bagherzadeh
et al., 2023). Furthermore, TENIS was exposed to a neutron fluence rate
of ¢ = 1.10 x 10° n/(cm?.s) in the spectrum of which there were ¢ -
0.5ev = 5.66 x 10% n/(cm?.s) thermal neutrons, leading to the acquisition
of 70-pixel thermal neutron images, which were subsequently utilized
for neutron spectrometry through ANN unfolding.

The neural networks developed for neutron spectrum unfolding
feature three layers, comprising two hidden layers and one output layer,
as illustrated in Fig. 7. The Levenberg-Marquardt (Yang et al., 2021;
Hagan et al., 2014; Rojas, 2013; Feldkamp et al., 2001) backpropagation
algorithm was utilized for training these networks, and the ANN Toolbox
in MATLAB was employed for implementation. The transfer functions
for the neurons in both the hidden and output layers were defined using
the hyperbolic tangent sigmoid function (tansig).

To assess the comparison between the actual spectrum and the ANN-
unfolded spectrum across multiple energy intervals, we utilized the root-
mean-square error (RMSE) and the correlation coefficient (R?) as eval-
uation metrics. The RMSE and R? values were calculated using the
equations outlined in the works of Pham et al. and Bagherzadeh et al.
(Pham et al., 2020; Bagherzadeh-Atashchi et al., 2023):

RMSE = (o@™ — oy’ €]

Bl

m
j=1

m

2
> (e(BN™ — gl
R*=1-— i )

m

S (average of pu(B)™ — (B ™)

Jj=1

The optimal architecture of the ANN was identified by selecting the
configuration that produced the lowest RMSE and the highest R2.

Hidden Layer 1

Hidden Layer 2

3. Results and discussion

3.1. Radiation characteristics of the Prizm-AN installation with the IBN-
10 capsule

The spatial and energy distributions of the neutron field within the
prism volume are depicted in Figs. 8 and 9. Fig. 8a illustrates the total
neutron fluence rate in the x-y plane of the Prizm-AN installation. The
dotted line indicates the geometry of the horizontal channel housing the
IBN-10 capsule. The radial distribution of thermal (1071° to 5 x 1077
MeV), epithermal (5 x 1077 to 0.1 MeV), and fast neutrons (0.1-20
MeV) in the y-z coordinates (with the z-axis oriented perpendicular to
the frontal plane of the prism) is illustrated in Fig. 8b. The distribution of
the neutron fluence rate is characterized by a pronounced asymmetry.
This is because the high-density polyethylene array in the radial direc-
tion opposite to the prism channel direction has good moderating and
diffusion properties. Moderation, diffusion and leakage of neutrons lead
to the formation of thermal and epithermal signatures in the poly-
ethylene part of the Prizm-AN installation. The significant variability of
the fast neutron fluence rate in the horizontal channel of the prism can
be largely attributed to the geometric attenuation of the flux which
follows the dependence ¢ ~1/R2. For epithermal neutrons, the influence
of both the geometry and material of the prism was not noticeable
because the field in this energy range was formed mainly by neutron
scatterings. The relatively high thermal neutron fluence rate and its non-
uniform distribution result from the moderation and diffusion processes
occurring within the prism material, which leads to a return of neutrons
into the channel due to thermal neutron albedo (reflection coefficients).

The comparison results of the calculated and experimental values of
the neutron fluence rate show a good agreement over the entire length of
the collimator channel (Fig. 8b, @< o5 ev). The maximum uncertainty did
not exceed 20%.

The calculated value of the neutron beam, defined as the number of
neutrons passing through the cross-section of the prism channel with an

Output Layer

Input

70

18

74 55

Fig. 7. The ANN architecture used for unfolding the neutron spectrum.
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Fig. 9. Neutron beam spectrum in the Prizm-AN channel for point and actual
geometry of IBN-10.

area of 156 cm? per unit time, is approximately 1.61 x 10° n. s~ 1. This
corresponds to a neutron fluence rate of approximately 1.10 x 103 n/
(cmz.s) (Table 2), reflecting the emission rate from the source. The en-
ergy distribution of these neutrons is depicted in Fig. 9. The solution
data illustrated in Fig. 9 is obtained for the point and actual 3D-config-
uration of the IBN-10 capsule. The result of comparing the energy
spectra in Fig. 9 with each other and with the initial emission spectrum
(blue line in Fig. 5b) allows us to conclude that the neutron beam in the
facility channel consists mainly of (&, n) neutrons, as well as of the re-
flected and scattered components of the neutron field. The observed

Table 2
Permissible exposure limits for operations near the horizontal channel of the
Prizm-AN.

Distance Effective Dose Rate ~ Neutron Fluence Rate [n. Permissible
from the [pSv x h™1] em ™2 x s71] operating
Prizm-AN time [h]
Photon  Neutron @5 o5 ©0.1-20
[em]
ev ev-0.1 MeV
MeV
0 9.17 504 565.75 183.90 348.89 39.0
20 3.59 252 110.03 55.52 157.65 78.3
40 1.95 144 49.35 31.96 91.84 137.0
100 0.64 36 15.41 9.78 34.80 546.9

signature at the end of the spectrum is probably a moderated part of the
corresponding high-energy peak of the emission neutron spectrum.

The neutron field data (Figs. 8 and 9 (red line)) obtained at this stage
will serve as the input data for the TENIS framework and ANN.

The technical support and maintenance of the TENIS system during
operation require an evaluation of the radiation dose generated by the
Prizm-AN device when the IBN-10 capsule is installed. In accordance
with recommendations from the International Commission for Radio-
logical Protection (ICRP, 2007), Group A personnel must adhere to a
dose regime where the average effective radiation dose does not exceed
20 millisieverts [mSv] over any five-year period, with a maximum
yearly exposure limit of 50 mSv. Given that operations occur annually, it
is advisable to further restrict the cumulative dose to a maximum of 20
mSv per year. Utilizing data obtained on effective dose rates at varying
distances from the Prizm-AN installation, we calculated the permissible
duration of exposure for personnel throughout the year (Table 2).

3.2. TENIS detection system and ANN unfolding of neutron flux

The image data of TENIS when it is exposed to the Prizm-AN beam is
given in Fig. 10. These data were fed into MATLAB’s ANN. Fig. 11 il-
lustrates the unfolded results and the corresponding measured values.

The performance of the ANN in unfolding the neutron energy spectra
of the Prizm-AN neutron beam was evaluated using the calculated
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Fig. 10. The reconstructed 2D thermal neutron map of TENIS when it is
exposed to Prizm-AN neutrons.
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Fig. 11. ANN-unfolded neutron spectrum of Prizm-AN versus the
measured results.

correlation coefficient and root-mean-square error (RMSE) values. The
correlation coefficient (Rz) of 0.992 and RMSE value of 0.041 indicate a
good agreement between the ANN-unfolded spectrum and the actual
measurements. Additionally, the R? value, combined with the low
RMSE, further underscores the high quality of the proposed spectros-
copy system and unfolding procedure.

4. Conclusions

This study examines the use of TENIS for characterizing the spectrum
of an (o, n) neutron flux produced in the collimated channel of the
Prizm-AN installation utilizing an IBN-10 source.

At the first stage of the study, the Nedis-3 software code performed a
computational estimation of the neutron spectrum (Table 1, Fig. 6)
produced by a Pu-Be radioisotope capsule of the IBN-type with a total
activity of 250 GBq (approx. 6.8 Ci). The results of the comparison, with
an uncertainty of less than 15%, confirmed the accuracy of the calcu-
lated data sets obtained in Nedis-3. These data sets were then used in the
second stage of the study.

In the second stage, numerical modeling was performed using the
Serpent 2.1.32 software code to simulate the radiation properties of
Prizm AN with IBN-10 capsule. The calculations show that, at I, = 107 n.
s1, the neutron fluence rate at the output of the damp window was 1.1
x 10° n/(cmz.s) (Table 2). The comparison of calculated and experi-
mental data shows good agreements throughout the length of the
collimate channel, with a maximum uncertainty of 20% for the neutron
fluence rate. The corresponding neutron flux value, defined as the
number of neutrons crossing the cross-sectional area of the prismatic
channel per unit time and equal to 156 cm?, is approximately 1.61 x 10°
n. s L. Note that the spectrum of these neutrons (Fig. 9) contains
approximately 51.5% thermal neutrons, 16.74% epithermal neutrons,
and 31.76% fast neutrons.

Finally, the study showed that diagnostic equipment of TENIS
effectively visualized the (a, n) flux with parameters achieved in a
collimated horizontal channel in Prizm-AN, as illustrated in Fig. 10, and
a detailed map of neutron flux was created. The spectrum was unfolded
and visualized (Fig. 11), using ANN tools in MatLab. R? of 0.992 and a
low RMSE emphasized the high quality of both the spectrometry system
and procedure for ANN-unfolded neutron spectrum parameters.

Furthermore, the study results reveal that the neutron spectrum
generated by the PSN, particularly in the epithermal energy range,
closely resembles that of the IBN-10 capsule. This observation allows for
a comparative analysis between the 23H fusion- and the (a, n) reactions,
suggesting a potential synergy between the Prizm-AN and TENIS sys-
tems for investigating the technical capabilities of the coupled blanket-
PSN-vBSA system in the pre-design phase of the demonstration version.
In this context, the Prizm-AN and TENIS complex serves as a viable

Radiation Physics and Chemistry 232 (2025) 112666

analogue for monitoring the parameters of D-T plasma emanating from
the PSN.

Future investigations at the Prizm-AN facility will aim to validate the
use of TENIS diagnostic tools for monitoring PSN plasma parameters and
neutron flux through both computational and experimental approaches.
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