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A B S T R A C T

Boron Neutron Capture Therapy (BNCT) is a promising form of radiotherapy expected to be effective in treating 
refractory cancers such as glioblastoma. A key factor in BNCT is the neutron energy spectrum in the epithermal 
range (0.5 eV–10 keV), which is challenging to evaluate due to its broad and low-energy characteristics. This 
study proposes a novel measurement method for the neutron energy spectrum in the epithermal range, utilizing a 
combination of activation foils and a position-sensitive proportional counter to capture the full energy range of 
neutrons in BNCT. A prototype of the spectrometer was developed, and numerical validation was performed. The 
results of the numerical study demonstrated that the proposed spectrometer can accurately evaluate the neutron 
energy spectrum across a broader energy range compared to existing methods.

1. Introduction

Boron Neutron Capture Therapy (BNCT) is a form of radiotherapy 
based on 10B (n, α)7Li reaction, which selectively targets tumor cells due 
to the limited range of the reaction’s particles, approximately the size of 
a single cell (Locher, 1936). This specificity has made BNCT a promising 
treatment for refractory cancers such as glioblastoma and recurrent tu-
mors. Recently, accelerator-based BNCT (AB-BNCT) has emerged, with 
operational facilities worldwide, including cyclotron-based neutron 
sources (C-BENS, Tanaka et al., 2011), and linac-based neutron sources 
(Kumada et al., 2014; Porras et al., 2020). These facilities use 9Be or 7Li 
targets to generate neutrons, paired with Beam Shaping Assemblies 
(BSAs) designed to produce epithermal neutrons (10− 1 to 104 eV). 
Variations in proton energies and BSA designs result in unique neutron 
fields across facilities, complicating standardization. Furthermore, the 
neutron energy ranges recommended by IAEA (IAEA, 2023) are signif-
icantly lower than those produced by accelerators, impacting relative 
biological effectiveness (RBE, Blue et al., 1993). Consequently, experi-
mental verification of neutron fields is essential for ensuring patient 
safety and validating facility designs (Watanabe et al., 2021).

A critical parameter of a neutron irradiation field is the neutron 
energy spectrum. Previous studies have explored this using several 

methods such as the multi-foil activation method and Bonner Sphere 
Spectrometer (BSS) (Auterinen et al., 2004; Ishikawa et al., 2022; Liu 
et al., 2013; Shiraishi et al., 2020; Ueda et al., 2015). The multi-foil 
activation method employs various materials to capture neutron in-
teractions, with each material’s response unfolded into an energy 
spectrum. For instance, Auterinen et al. assessed neutron spectra across 
eight reactor-based BNCT facilities using 12 activation reactions, though 
the method was limited to dividing the epithermal range into 12 groups. 
Liu et al. improved this by addressing self-shielding effects. The BSS 
approach utilizes detectors with varying energy responses, each incor-
porating a neutron moderator and a central detector, such as a 3He 
proportional counter or gold activation foils. However, Ueda et al. noted 
that setups with only three detectors struggled to fully reproduce 
spectra, and the use of gold foils introduced uncertainties from 
self-shielding. While progress has been made to mitigate these issues 
(Ishikawa et al., 2022; Shiraishi et al., 2020), significant challenges 
remain.

To address this challenge, we developed a novel spectrometer based 
on a 3He position-sensitive proportional counter (PSPC) (Murata and 
Miyamaru, 2008). This device detects the interactions of neutrons 
within the 3He gas, which has a high nuclear reaction cross-section and 
adheres to the 1/v rule, establishing a direct correlation between 
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neutron energy and interaction depth. When neutrons enter the PSPC 
parallel to its detector axis, the depth signal distribution reveals the 
neutron energy. The energy spectrum is derived from this signal distri-
bution through a spectrum unfolding process utilizing the spectrome-
ter’s response function. A prototype of this spectrometer, designed by 
our research group (Y. Osawa, 2017), was validated and demonstrated 
the capability to estimate energy spectra effectively in the range of 0.5 
eV–1 keV. However, uncertainties persisted for neutrons exceeding 1 
keV due to the spectrometer’s limited energy resolution and response 
values. Furthermore, higher-energy neutrons (above 10 keV), although 
present in small quantities, are critical for radiation safety. For instance, 
the neutron field at C-BENS exhibits a notable peak around 40 keV 
(Tanaka et al., 2011). Accurate assessment of these higher-energy neu-
trons is essential for evaluating the safety and efficacy of BNCT irradi-
ation fields.

To improve the spectral accuracy in the 1 keV–100 keV range, we 
supplemented the PSPC system with activation foils. These foils emit 
gamma-ray signals upon activation, corresponding to specific neutron 
energy ranges. By carefully selecting materials that activate within 
defined ranges, the gamma-ray signals provide additional neutron en-
ergy data. However, the availability of suitable materials for high- 
resolution spectral data is limited, and the PSPC system’s sensitivity 
diminishes above 1 keV, leading to low energy resolution. Combining 
the PSPC with activation foils offers the potential to enhance the accu-
racy of the spectral unfolding process. Furthermore, activation foils have 
a minimal impact on the neutron irradiation field, ensuring the PSPC’s 
experimental performance remains intact. Despite these advantages, no 
previous approach has successfully integrated response functions 
derived from distinct theoretical principles. This study seeks to validate 
this combined approach through numerical simulations.

A prototype system was modeled using MCNP-5, based on the 
experimental setup at the OKTAVIAN facility at Osaka University, Japan 
(Sumita et al., 1983). The response functions of the PSPC and activation 
foils were calculated in MCNP and merged as described in Section 2-1. 
The simulations employed JENDL 4.0 nuclear data, and distributions 
corresponding to experimental results were generated and unfolded into 
energy spectra using the method outlined in Section 2-4. The estimated 
spectra were then compared to a reference solution—the calculated 
spectrum at the exit of the epithermal column—to evaluate the accuracy 
and feasibility of this combined spectrometer.

2. Materials and methods

2.1. Detectors

Our spectrometer combines a PSPC with 10 activation foils. The 
PSPC features signal terminals on both ends, allowing it to detect signals 
corresponding to the position where neutrons interact with the cham-
ber’s gas, based on the principle of charge division (Fischer, 1977). In 
this study, 3He gas was used to fill the chamber, chosen for its high 
nuclear-reaction cross-section for low-energy neutrons and its 
one-to-one correspondence with neutron energy (Fig. 1(a)). The signal 
distribution from the 3He PSPC (Y), represents the reaction depth dis-
tribution, which provides energy information about epi-thermal neu-
trons. This data enables derivation of the energy spectrum from the 
depth distribution. The PSPC used in this study measured 40 cm in 
length, 2.5 cm in diameter, and operated at a 3He gas pressure of 5 atm.

The spectrum unfolding method is a widely employed technique to 
estimate the energy spectrum from signals such as pulse height spectra 
detected by a detector (Knoll, 2010). In this study, the measured reac-
tion depth distribution is converted into the neutron energy spectrum. 
To achieve this in numerical simulations, the PSPC is axially divided into 
40 segments, each 1 cm long (Fig. 1(b)), resulting in a depth distribution 
represented as Y =

[
y1, y2,⋯yi⋯y40

]T.
The reaction depth distribution is mathematically expressed as the 

convolution of the neutron energy spectrum and the detector response 

function. This relationship is formalized in the following equation: 

H(r)=
∫

R(E, r)X(E)dE, (1) 

where H is a reaction depth distribution, R (E, r) is the response function 
of a spectrometer, and X(E) is the energy spectrum. The response 
function is the reaction depth distribution of neutron and 3He, 3He (n, 
p)3H reaction, for neutron energy. If these responses are independent, 
equation (1) can be rewritten as the matrix expression. 
⎛

⎝
h1
⋮
hn

⎞

⎠=

⎛

⎝
r11 ⋯ r1m
⋮ ⋱ ⋮

rn1 ⋯ rnm

⎞

⎠×

⎛

⎝
x1
⋮
xm

⎞

⎠, (2) 

where H is allotted to n bins ([h1, h2,⋯hi⋯hn]
T), X to m bins 

(
[
x1, x2,⋯xj⋯xm

]T), and then, R is defined by (n, m) matrix. To apply 
equation (2) to the PSPC, it was expressed as 
⎛

⎝
y1
⋮

y40

⎞

⎠=

⎛

⎝
r11 ⋯ r1,53
⋮ ⋱ ⋮

r40,1 ⋯ r40,53

⎞

⎠×

⎛

⎝
x1
⋮

x53

⎞

⎠ (3) 

X was divided into 53 groups ranging from 0.5 eV to 100 keV with a 
lethargy width of 0.1. The response function of PSPC was defined as 
RPSPC.

As for the activation foil, it utilizes the activation reaction of some 
materials such as 115In (n, γ)116mIn, 197Au (n, γ)198Au. These materials 
have peaks of their activation cross-sections at their certain unique en-
ergies. The activation rate (A) for one material is given by 

A=N
∫

σ(E)X(E)dE, (4) 

where N is the number of target isotopes in foils, σ is the activation cross- 
section of material (Rfoils). If there are n pieces of information about 
activation rates, equation (4) can be written as following equation (5)

Fig. 1. Nuclear-reaction cross-sections of (a) 3He(n,p)3H (Shibata et al., 2011) 
and 
(b) Actual PSPC and division of PSPC in the depth direction.
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Ai

Ni
=

∑n

i=1
σijxj, (5) 

where the energy spectrum was subdivided into m energy groups (j = 1~ 
m). Additionally, equation (5) can be written as a matrix equation, 
⎛

⎝
a1
⋮
an

⎞

⎠=

⎛

⎝
σ11 ⋯ σ1m
⋮ ⋱ ⋮

σn1 ⋯ σnm

⎞

⎠×

⎛

⎝
x1
⋮
xm

⎞

⎠, (6) 

where ai = Ai/Ni. The energy spectrum can be described well by 
increasing the number of activation materials. In this research, 10 ma-
terials were selected to best reproduce the energy spectrum shown in 
Table 1 (A = [a1, a2,⋯a10]

T) (Liu et al., 2013; Vagena et al., 2018). 
These materials have been widely used for neutron spectrometry. Fig. 2
shows the response ranges of selected activation foils in epi-thermal 
neutrons. Dy, In, Au, and W are used to evaluate neutrons in the 0.5 
eV–101 eV range, Ag, Mn, and I below 1 keV neutrons, and Ni, Mo, and 
As are beyond the 1 keV neutrons. Notably, the width is the same as the 
length.

Previous studies found that PSPC was able to describe the energy 
spectrum from 0.5 eV to 1 keV by equation (3) (Y. Osawa, 2017). 
However, assessment of higher energy range is also important. There-
fore, equations (3) and (6) were combined by the following equation to 
expand the measurable energy 

⎛

⎜
⎜
⎜
⎜
⎜
⎝

y1

⋮
y40

a1

⋮

a10

⎞

⎟
⎟
⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

r11 ⋯ r1,53

⋮ ⋱ ⋮

r40,1 ⋯ r40,53

σ11 ⋯ σ1,53

⋮ ⋱ ⋮

σ10,1 ⋯ σ10,53

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

×

⎛

⎝
x1
⋮

x53

⎞

⎠ (7) 

Replacing the left-hand side by Z and the merged response function 
by R*, equation (7) becomes 

Z = R*X,
⎛

⎜
⎝

z1

⋮
z50

⎞

⎟
⎠ =

⎛

⎜
⎜
⎜
⎝

r*
11 ⋯ r*

1,53

⋮ ⋱ ⋮
r*
50,1 ⋯ r*

50,53

⎞

⎟
⎟
⎟
⎠

×

⎛

⎜
⎝

x1

⋮
x53

⎞

⎟
⎠

(8) 

Activation foil data, denoted as "A," is crucial for enhancing the ac-
curacy of spectrum unfolding by providing additional energy-specific 
information. The inherent limitation of the PSPC’s length restricts the 
axial division to a maximum of 40 groups, resulting in challenges when 
reproducing the neutron energy spectrum up to 10 keV (Fujiwara et al., 
2025; Murata and Miyamaru, 2008; Osawa et al., 2017). Therefore, 
additional information from activation foils, especially at the higher 
energy range, helps to improve this accuracy.

2.2. Application of Bayesian estimation

In this section, the solution method for Equation (8) is described. 
Because experimental results, such as pulse height spectra, contain 
statistical errors, the signal distribution cannot be directly converted 
into the energy spectrum. Various approaches, such as the Least Squares 
and Maximum Likelihood Methods, have been explored to address this 
issue (Cvachovec and Cvachovec, 2008). In this study, Bayesian esti-
mation was applied to unfold the energy spectrum (Iwasaki et al., 1997). 
This approach was deduced purely only from the Bayes’ Theorem 

P(A|B)=
P(B|A) × P(A)

P(B)
(9) 

where P refers to probability, and the meaning of each probability is 
shown below. 

● P(A): Initial neutron energy spectrum as the prior probability
● P(B): Probability of a signal detected by the spectrometer which is 

the normalization in Bayes’ theorem.
● P(A|B): Posterior probability of the energy spectrum when a prior 

probability was given.
● P(B|A): Likelihood as the response function, which is the signal 

distribution for a certain neutron energy.

Therefore, given the response function and the experimental signal 
distribution, the energy spectrum can theoretically be determined 
regardless of the initial value. This is one of the main advantages of this 
approach, whereas the least squares approach faces this limitation. 
Nauchi applied Bayesian estimation to spectrum unfolding using Equa-
tion (9) (Nauchi and Iwasaki, 2014); 

Fig. 2. Response of the selected activation foils set-up in epi-thermal range.
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estj
(k+1) =

∑

i
zi

r*
i,j × estj

(k)

∑

j
estj

(k) × r*
i,j

(10) 

Where, estj(k) is the j th value of the energy spectrum with k times iter-
ation of this algorithm (0 ≦ j ≦ 53), and i takes values from 1 to 50. r*

i,j 

means the (i, j) values of r*. Note that we introduced the uninformed 
distribution, where all values are 1/n, as the initial spectrum (est(1) =

{1}).

2.3. 2-3. Experimental set-up

Fig. 2 (a) illustrates the prototype design of the spectrometer, which 
includes an Epi-thermal column, and a spectrometer based on the 
OKTAVIAN accelerator (Sumita et al., 1983), This system uses a DT 
neutron source that generates 14 MeV neutrons. A 300 keV deuterium 
ion beam is produced by a Cockcroft-Walton type accelerator with a 
duoplasmatron ion source. The continuous neutron source has a 
maximum intensity of approximately 3 × 1012 DT neutrons per second 
(Tamaki et al., 2022). Osawa et al. designed the epi-thermal column 
using materials like iron, carbon, lead, and aluminum fluoride to pro-
vide adequate neutron flux for various experiments (Fig. 2 (b)) (Osawa 
et al., 2017). In this study, the energy spectrum calculated at the exit of 
the epi-thermal column using the F2 tally in MCNP serves as the refer-
ence (reference flux, ref, shown in Fig. 3). The PSPC was placed 70 cm 
behind the epi-thermal column inside a collimator hole in the concrete 
wall of the experimental room to prevent side-surface neutrons from 
distorting the signal (Fujiwara et al., 2024). Activation foils were posi-
tioned around the collimator hole (Fig. 2 (c)). The thickness and lengths 
were defined in (Fig. 2 (c)), with their thickness and length specified in 
Table 1.

2.4. Numerical experiment

To confirm the accuracy of our approach theoretically, numerical 
experiments were conducted by several candidates of Z (i) in equation 

(8) listed below. First of all, ref was calculated and folding result with 
(8), est values were estimated by equation (10) in each case;

Z (1): The matrix of R * and ref, R* ref,
Z (2): R * ref + ε1 (=1% normal distribution),
Z (3): R * ref + ε2 (=3% normal distribution),
Z (4): R* ref + ε3 (=5% normal distribution),
Z (4): R* ref + ε4 (=10% normal distribution),
where ε represents the counting error. In the real experiment, the 

count itself reflects the magnitude of the statistical error. Numerical 
experiments help determine the permissible tolerance for statistical er-
rors. Excessively large counting errors can cause divergence in the 
estimated results. Thus, the tolerance range for these errors was inves-
tigated by adding a hypothetical error value. The Monte Carlo simula-
tion code, MCNP 5, evaluated the response functions of the two 
detectors, RPSPC and Rfoils, using the nuclear data library JENDL-4.0 
(Shibata et al., 2011). The response defined in equation (7) was deter-
mined using the 3He (n, p) reaction rate (rk,m ) for the spectrometer and 
the response of each foil through the (n, γ) reaction, with the corre-
sponding cross-section (σq,m) for each energy, calculated in the following 
equations. 

rk,m =Mk(E=Em)× πr2 × d (11) 

Fig. 3. Experimental System. (a) Overall Geometry of the Experimental System, 
(b) Epi-thermal Column, (c) Deployment of the activation foils.

Table 1 
Material selection for activation foils.

Materials Length (L, cm) Thicknesses (T, cm) Reaction

In 1 0.5 115In (n, γ)116mIn
Au 1 0.5 197Au (n, γ)198Au
I 3 1 127I (n, γ)128I
As 3 1 75As (n, γ)76As
Ag 3 1 107Ag (n, γ)108Ag
W 1 0.5 186W (n, γ)187W
Ni 3 1 64Ni (n, γ)65Ni
Mn 3 1 55Mn (n, γ)56Mn
Mo 3 1 98Mo (n, γ)99Mo
Dy 1 0.5 164Dy (n, γ)165Dy
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σq,m =Oq(E= Em)× L2
q × Tq (12) 

Where Mk is the reaction rate of the (n, p) reaction at the k th interval of 
the PSPC, calculated using the F4 tally in MCNP, r is the radius of the 
PSPC, and d is the division interval of the PSPC (cm, with d = 1. For the 
activation foils, q” represents the material number, O is the (n, γ) re-
action rate calculated using the F4 tally in MCNP, L is the length, T is the 
thickness of the foils. The energy spectrum estimated using equation 
(10) was compared to the ref. Then, their response functions were 
merged and applied to the unfolding process.

3. Results

Fig. 4 shows the response functions of each detector (RPSPC, (a) and 
Rfoils, (b)) calculated using equations (11) and (12). The shape of RPSPC 
indicates that the response decreases with the detector’s depth, while 
Rfoils exhibits a peak at specific energies corresponding to each material’s 
activation cross-sections. Using the combined response function R*, 
shown in Fig. 5 (c), the energy spectrum was deduced numerically using 
equation (10), as shown in Fig. 6. The "Simulation" label refers to the 
reference (ref), and the colored spectra represent the estimation values 
(est) from Z (1)–(4). The estimated spectrum generally agrees with the 
reference solution and reproduces the characteristic shape in cases (1)– 
(3). In case (4), larger discrepancies were observed between ref and est 
compared to other cases. However, est values were significantly higher 
than ref values for higher-energy neutrons. Additionally, common peak- 
like features appear around 10 eV and 20 eV, which is discussed in the 
Discussion section. To quantify the unfolding performance of this 
approach, Spectral Angle Mapper (SAM) and Mean Absolute Percentage 
Error (MAPE) were introduced. The SAM criterion, which depends on 
the spectral angle between est and ref, it was used to assess shape sim-
ilarity (Zhu et al., 2019). The equation for SAM is given in (13), where 
spectra that are similar will yield a value close to 0. 

SAM(ref , est) = cos− 1
(

ref ⋅est
‖ref‖⋅‖est‖

)

= cos− 1

⎛

⎜
⎝

∑
jrefj⋅estj

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
jrefj

2
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑

jestj2
√

⎞

⎟
⎠

(13) 

On the other hand, MAPE focuses on the numerical error as shown in 
equation (14). 

MAPE=
100
53

∑

j

⃒
⃒
⃒
⃒
⃒

estj − refj

refj

⃒
⃒
⃒
⃒
⃒

(14) 

MAPE is insufficient for assessing shape similarity, even when the 
error is minimal. Combining SAM and MAPE enables quantitative 
evaluation of estimation accuracy. In this study, predictions were 
deemed good when SAM and MAPE were under 20%. Due to discrep-
ancies in the higher-energy range, statistical analyses focused on neu-
trons up to 10 keV. Table 2 presents the statistical analysis results, 
showing that both SAM and MAPE increased with larger errors. 
Nevertheless, the model demonstrated robustness within a 3% uncer-
tainty, meeting the numerical targets. Fig. 7 compares the results of this 
approach with a previous method (Murata and Miyamaru, 2008). This 
study evaluated the PSPC response theoretically by (15) given in 

R(y, E)dy=Σ(E)・exp(− Σ(E)y)dy, (15) 

Where Σ(E) is the macroscopic cross-section which is defined by 
microscopic nuclear-reaction cross-section and atomic number density, 

Σ(E)= n⋅σ(E) (16) 

The estimation was performed under the same conditions as Z (1), 
using experimental data derived from the convolution of the spectrum 
and response function without considering errors. The current approach 
significantly improved estimation accuracy, particularly in higher- 
energy regions.

4. Discussion

Numerical experiments indicated that the merged and calculated 
response function could unfold the energy spectrum from the input 
values, matching the experimental results. Fig. 6 shows that the accu-
racy of the estimated spectra agrees well with the ref except for case (4). 
These results reveal experimental conditions. The errors are added to the 
matrix by counting errors, which generally adhere to Poisson distribu-
tion. From the results in Table 2, the valuable spectrum can be estimated 
within 3% of counting errors, requiring over 1200 counts for each 
activation foil. This allows the experimental time to be determined.

However, the sharp decline in the higher-energy range was not 
represented excellently. To derive the valuable spectrum from the true 
experimental data, several considerations are needed to improve esti-
mation accuracy: 

I. The calculated error for the response function. The response 
function in Fig. 4 (a) contained a calculation error in the MC simu-
lation. Even small errors can significantly impact the accuracy of 
iterations of equation (10).

II. Selection of more suitable materials. As shown in Fig. 7, im-
provements in the higher-energy regions were due to activation foils, 
which provided more information about epi-thermal neutrons. This 
combination approach effectively evaluates the energy spectrum. 
However, peaks in the estimated spectrum at 1 eV, 10 eV, and 20 eV 
are thought to result from the high responses of In, Au, W, and I at 
their respective energies, as shown in Fig. 5(b). To mitigate this 
impact, using cadmium to cut off thermal neutrons or optimizing foil 
arrangements may be effective.

Notably, the estimated spectra showed good agreement with the 
reference spectrum, despite equations (3) and (6) being based on 
different physical laws, the former is based on protons by 3He (n, p) 3H 
reaction in PSPC, while equation (6) is based on activation reactions in 
various materials. Generally, signals governed by different physical laws 
are not used for spectrum unfolding due to the drastic changes in the 
response function’s shape (Fig. 5). Nonetheless, the estimated spectra 
reproduced the reference spectrum well, likely because the number of Z 
increased, and the absolute values in both detectors did not change Fig. 4. Reference flux (ref) calculated at the exit of the epi-thermal column.
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significantly. This result demonstrates that the experimental data can be 
converted simultaneously into the energy spectrum, even if it consists of 
signals produced by different physical phenomena.

Conventionally, the multi-foil method using activation foils requires 
an initial guess (Sakurai and Kobayashi, 2004), which introduces a de-
pendency on the initial spectrum values. Furthermore, there are insuf-
ficient materials to describe the entire epi-thermal neutron energy 

range, making the accuracy of this approach contentious. However, our 
presented method overcomes this issue. The estimated energy spectrum 
was reproduced using an uninformed prior distribution, with PSPC and 
activation foils complementing each other’s information.

Fig. 5. (a, b) Calculated Response Function R and σ (a: PSPC, b: Activation foils) 
(c) Merged and normalized Response Function R*.
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5. Conclusion

This study aimed to evaluate the effectiveness of a novel approach 
for estimating the neutron energy spectrum in the epi-thermal range, a 
critical parameter for assessing human exposure during BNCT treat-
ment. The proposed method combines a position-sensitive proportional 
counter with activation foils. While each technique has limitations in its 

measurable range, its integration allows coverage over a broader spec-
trum. By modeling the response of each detector and simulating signal 
distribution by the MC simulation, the energy spectrum was estimated 
and compared to a reference spectrum through the spectrum unfolding 
technique. Bayesian estimation was employed to solve the inverse 
problem, enabling spectrum derivation from any initial value. To ac-
count for experimental conditions, several normal distributions with 
errors were added to the counting values. The results demonstrated good 
agreement between the estimated and reference values up to 10 keV. 
This indicates that incorporating activation foils improves spectrum 
unfolding performance, leading to a more accurate reproduction of the 
energy spectrum. Notably, the findings suggest that spectrum unfolding 
may be applicable when merging different physical measurements. 
However, the estimated values did not replicate the sharp decrease in 
the spectrum above 10 keV. Analysis using SAM and MAPE confirmed 
that this approach effectively measures the neutron energy spectrum in 
the epi-thermal range with high robustness. Furthermore, optimizing 

Fig. 6. Comparison of ref vs est.

Table 2 
Results of the statistical tests (up to 10 keV).

SAM (degree) MAPE (%)

Z (1) 8.39 11.27
Z (2) 11.32 13.38
Z (3) 11.69 19.57
Z (4) 14.68 21.21
Z (5) 16.03 22.12

Fig. 7. Reference spectrum (blue line), estimated values from the PSPC alone (previous study, orange line) and the combination of PSPC with the Multi-Foil 
activation method (Z (1) value of this study, green line). Compared to the previous approach, the proposed method accurately reproduces the sharp reduction in 
the spectrum at higher-energy neutrons.
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the arrangement and dimensions of activation foils could enhance the 
performance of this spectrometer.
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