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with monoenergetic neutron fields

R. Bedogni1, A. Calamida1, T. Napolitano1, C. Cantone1, A. M. Fontanilla1, A. I. Castro Campoy1, G. Abbatini1,
A. Pietropaolo2,a , V. Monti3,4, E. M. Mafucci3,4, M. Bunce5, D. Thomas5, J.-M. Gomez-Ros6, S. Altieri7,8

1 Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, via Enrico Fermi 40, 00044 Frascati, Italy
2 ENEA-Department of Fusion and Technologies for Nuclear Safety and Security, via Enrico Fermi 44, 00044 Frascati, Italy
3 Università degli Studi di Torino, via P. Giuria 1, 10125 Torino, Italy
4 INFN, Sezione di Torino, via P. Giuria 1, 10125 Torino, Italy
5 National Physical Laboratory, Hampton Road, Teddington TW11 0LW, Middlesex, UK
6 CIEMAT, Av. Complutense 40, 28040 Madrid, Spain
7 Università degli Studi di Pavia, via Bassi, 6, 27100 Pavia, Italy
8 INFN, Sezione di Pavia, via Bassi, 6, 27100 Pavia, Italy

Received: 15 November 2022 / Accepted: 23 February 2023
© The Author(s) 2023

Abstract A directional neutron spectrometer named NCT-WES (Neutron Capture Therapy Wide Energy Spectrometer) was devel-
oped for quality assurance of the therapeutic neutron beam in Neutron Capture Therapy (NCT). NCT-WES operates as a “parallelized”
Bonner spheres spectrometer, embedding six semiconductor-based thermal neutron detectors in a collimated cylindrical moderator.
With the objective of validating the simulation model used to derive its response matrix, irradiations in reference monoenergetic
fields were performed at National Physical Laboratory (UK). As the energy distributions of neutron beams in NCT extend from keV
to a few MeV, monoenergetic fields in this domain were chosen, namely 71.5 keV, 144.2 keV, 565.1 keV, 841.9 keV and 1200.4
keV. The results of the experiment confirm the correctness of the NCT-WES simulation model, within an overall uncertainty lower
than ± 2%.

1 Introduction

The introduction of commercially available, hospital-sized, particle accelerator-based neutron sources is drawing an increased
interest in Boron Neutron Capture Therapy (BNCT). As recommended by the BNCT expert group of IAEA, the spectrum of the
therapeutic neutron beam should be measured at the “beam port” [1]. Among the neutron spectrometers being proposed for this
purpose so far, NCT-WES (Neutron Capture Therapy Wide Energy Spectrometer) [2] exhibits the broadest energy interval, from
thermal energy up to about 10 MeV. Being a single moderator spectrometer [3, 4], it simultaneously provides the whole spectrometric
information and thus is able to operate as a continuous spectrometric monitor. As explained elsewhere [2], NCT-WES embeds six
thermal neutron detectors in a collimated cylindrical moderator with weight of about 35 kg. Overall, NCT-WES mimics a set of six
Bonner Spheres, but its response is sharply directional, and it can operate in real time. The neutron spectrum is obtained by unfolding
the readings of the internal detectors with the corresponding response matrix. As the energy distributions of neutron beams in BNCT
extend from keV to a few MeV, NCT-WES was designed to have its maximum resolving power in this domain. Similarly to Bonner
Spheres, the resolving power of a single moderator spectrometer is higher in energy regions where the degree of differentiation
between the response functions of different internal detectors is higher. Although NCT-WES response was already validated in a
reference 241Am-Be field, additional validation measurements in monoenergetic epithermal fields are required, in view of its use in
BNCT. The validation experiment described in this work was organized at the National Physical Laboratory (NPL) and involved
the following reference monoenergetic fields: 71.5 keV, 144.2 keV, 565.1 keV, 841.9 keV and 1200.4 keV.

2 Experimental setup

The irradiation tests took place in the low-scatter irradiation room of NPL, using the 3.5 MV Van de Graaff accelerator operated by
the Neutron Metrology Group. The 7Li(p,n) reactions were exploited to generate 71.5 keV, 144.2 keV, 565.1 keV neutrons, while
T(p,n) was used to generate 841.9 keV and 1200.4 keV neutrons. All measurements were taken at 0◦ angle with respect to the

NCT-WES response.
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Fig. 1 The experimental setup in the low-scatter irradiation room of NPL. The shadow-cone is in place

Table 1 Irradiation conditions. En
is the monochromatic neutron
energy, R the reaction, uφ is the
standard uncertainty on neutron
fluence at SDD. TSF is given as
percentage of the total fluence

En (MeV) FWHM (keV) R Angle uφ (*) TSF SDD (cm)

71.5 ± 4.2 26 7Li(p,n) 50 ± 4.4% 1.7% 180.7

144.2 ± 4.6 29 7Li(p,n) 0 ± 2.9% 1.1% 181.0

565.1±3.6 19 7Li(p,n) 0 ± 2.7% 0.6% 230.8

841.9±11.6 77 T(p,n) 50 ± 2.3% 3.6% 180.6

1200.4±14.8 98 T(p,n) 0 ± 2.3% 3.6% 180.7

direction of the accelerated proton beam, except at 71.5 keV and 841.9 keV, where an angle of 50◦ was used. The distance from the
target to the front face of NCT-WES, henceforth indicated as SDD (source-to-detector distance) ranged from 180 to 230 cm. The
shadow-cone technique was used to subtract the air- and room-scatter contribution from the spectrometer readings. The set up can
be seen in Fig. 1. The reference value of monoenergetic neutron fluence delivered to the reference point (front face of NCT-WES)
was known from measurements performed by means of the Standard NPL long counter in addition to a suite of permanent monitor
instruments. The main characteristics of the used beams are summarized in Table 1. The target scatter fraction (TSF), based on Monte
Carlo simulations carried out at NPL, can be assumed as affected by uncertainty up to ±40% [5]. These target scattered neutrons have
a lower energy than the corresponding monoenergetic ones. Since the long counter, used to determine the reference monenergetic
fluence, has a flat energy dependence of the fluence response, then the result is a slight overestimation of the monoenergetic fluence.
This was taken into account in data analysis, as explained in Sect. 4. As described in Ref. [2], the internal thermal neutron detectors of
NCT-WES are 1-cm2 windowless p-i-n diodes coated with 30 μm of 6LiF, henceforth named TNPD (thermal neutron pulse detector)
[6, 7]. These are located along the NCT-WES cylindrical axis at different distances from the spectrometer front face, namely: 20.22
(shallowest detector in position P1), 21.52, 22.82, 24.12, 26.12 and 28.12 cm (deepest detector in position P6). The signals from
the TNPD detectors are recorded using a custom six-channel analog board, each channel including a charge preamplifier of type
CREMAT CR-110 and a shaper amplifier of type CREMAT CR-200 with time constant 2 μs. As a method to reduce the noise in
the analog signal, detectors are inversely biased to 12 V. According to dedicated C-V measurements, this corresponds to a junction
capacitance of about 100 pF. Its impact on the amplified signal noise is only 4-5 mV RMS. This is very small, if compared to the
amplitude of the neutron signals. As explained in Ref. [8], the genuine neutron-induced events are discriminated from those induced
by photons by comparing the pulse height with a threshold, fixed at 0.6 V. The neutron-induced pulse height distribution (PHD) in
the TNPD extends in amplitude from this threshold up to about 3 V, with an energy-pulse amplitude conversion factor of about 1
V · MeV−1. A commercial digitizer (NI USB 6366), operating in streaming mode under customized software written in LabView,
allows the data to be recorded on a laptop. For the experiment here described, the “neutron counts” of each TNPD were obtained by
integrating the PHD from 0.6 V to 3 V.

3 Computational

The spectrometer was modeled using MCNP 6 [9]. The ENDF/B-VIII [10] neutron cross-sectional libraries below 20 MeV and
room-temperature cross-sectional tables in polyethylene, S(α,β) were used. The density of polyethylene moderator was measured
for each part of the spectrometer, and found to vary between 0.95 and 0.96 g cm−3. Each part was modeled using its own density.
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Fig. 2 Simulated Response of
NCT-WES at SDD � 180 cm in
terms of expected number of
pulses per emitted neutron.
Symbols P1 to P6 indicate the
detector positions from the
shallowest to the deepest

A number of histories was used to provide less than 0.5% uncertainty in the results. The internal thermal neutron detectors were
modeled in detail, according to Ref. [7]. The scored quantity was the number of (n, t) reactions in the 6LiF radiator of the TNPD
detectors. This was converted into a “simulated” number of pulses by multiplying by the average TNPD efficiency, or scaling factor,
F� (0.238 ± 0.006) pulses

(n,t)reaction . F was previously determined by calibrating the device with a reference 241Am-Be field [2]. An
isotropic point source was positioned at the SDD values specified in Table 1 for each beam. Its energy distribution was assumed to
be Gaussian with the average energy an FWHM values listed in Table 1.This allowed calculating the spectrometer response Rs , in
terms of counts per emitted neutron, as a function of:

– the neutron energy;
– the detector position;
– the SDD.

It is worth mentioning that the response functions were calculated in a 103 groups equilogarithmic energy structure, including the
monoenergetic energies used in the experiment. As an example, Rs at SDD � 180 cm is plotted in Fig. 2. The numerical values of
Rs for the SDD and monoenergetic energies used in the experiment are given in Table 2. Here, the uncertainties on Rs are derived
as the quadratic combination of the following sources:

– the statistical uncertainty from the Monte Carlo simulation (about ±0.5%).
– SDD: an uncertainty of ±1 cm in the spectrometer positioning was assumed, providing a relative uncertainty on Rs of ± 2 ×

(1/SDD)� 1%. Indeed, for small variations of SDD, Rs varies as (SDD+di )−2, where di is the distance from the spectrometer
front face to the detector position. This is demonstrated in Figs. 3 and 4, respectively, showing: a. Figure 3: the response Rs of
detectors P1 and P6 for SDD varying from 170 to 190 cm. Clearly, Rs depends on SDD. b. Figure 4: the value of Rs × (SDD+di )2

for detectors P1 and P6 and for SDD varying from 170 to 190 cm. For a given detector, Rs × (SDD+di )2 does not depend on
SDD.

– The uncertainty on the peak energy, ranging from less than ±1% (565.1 keV) up to ±6% (71.5 keV). The impact of this uncertainty
on Rs was evaluated by simulation.

– The uncertainty on F (±2.5%).

4 Results and discussion

For a given monochromatic irradiation, the measured NCT-WES response, Rm , was derived for every detector, as follows:

Rm � Ci,tot

NTot
− Ci,cone

Ncone
(1)

The symbols in Eq. (1) represent:

– Ci,tot and Ci,one the neutron counts (integral the PHD from 0.6 V to 3 V) in the i-th position in the total field and shadow-cone
irradiations, respectively;

– Ntot and Ncone the number of monoenergetic neutrons emitted by the target if the emission was isotropic.
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Fig. 3 Simulated Response Rs at
SDD � 170, 180 and 190 cm for
detectors P1 and P6

Fig. 4 Product Rs × (SDD+di )
2

at SDD � 170, 180 and 190 cm
for detectors P1 and P6. For a
given detector, this product does
not depend on SDD

Clearly the monoenergetic neutron emission from a target is not isotropic in terms of fluence or energy. Nevertheless, the NCT-WES
collimator has 12 cm diameter and is positioned at about 2 m form the target. Thus, the subtended solid angle is so small that the
neutron field across this surface can be considered uniform in fluence and energy. Ntot and Ncone are calculated by:

N � � · (1 − T SF) · 4π · SDD2 (2)

where � is the neutron fluence. The Rm values for the studied monoenergetic beams are reported in Table 2, where the Rs /Rm quotient,
q, is also reported. A good agreement between simulation and experiment was obtained, the q values always being compatible with
one (uncertainties are 1 standard deviation). The thirty values of qi,E (where i denotes the detector position and E the monoenergetic
energy) are scattered with a s.d. of about 4%. If they are combined in a weighted mean, using the inverse square of uncertainties as
weights, the best estimation of q is qbest � (1.002±0.008). If the matrix given in Table 2 is analyzed per columns, a weighted mean
over the position can be calculated. The resulting qE values, reported in the end of each column, are energy-dependent. All qE values
are very near to one, denoting no systematic errors depending on the energy. If for example the fluence monitoring was affected by a
bias in a specific energy, the corresponding q value could significantly deviate from one for that energy. If the matrix is analyzed per
rows, a weighted mean over the energy is achieved. The resulting qi values, reported in the end of each row, are position-dependent.
Compared to the qE values, the qi values are more scattered. This depends on small detector-to-detector differences in terms of
thermal neutron efficiency, or amount of 6LiF radiator coating. However, being these deviations always lower or equal to 2 s.d.,
no detector-specific correction will be applied. Thus, the NCT-WES simulation model proved to be very accurate and its overall
uncertainty, studied as a function of the energy or detector position, is always lower or equal to ±2%.

5 Conclusions

NCT-WES is a prototypal neutron spectrometer with directional response, which design was optimized for the application in BNCT.
Its applicability as workplace spectrometer was previously verified in the MeV region [11]. The NCT-WES simulation model,
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Table 2 NCT-WES response in
terms of counts per emitted
neutron as a function of the
neutron energy and the detector
position: simulated (Rs ),
measured (Rm ) values, and their
ratio q. Energy- and
position-average q values are also
reported

E (keV) 71.5 144.2 565.1 841.9 1200.4 qi
SDD (cm) 180.7 181.0 230.8 180.6 180.7

P1 Rs (× 10−8) 5.13 ± 0.33 4.69 ± 0.20 2.25 ± 0.07 3.15 ± 0.10 2.80 ± 0.09

Rm (× 10−8) 4.85 ± 0.22 4.43 ± 0.14 2.20 ± 0.06 3.07 ± 0.08 2.79 ± 0.07 1.03 ± 0.02

q 1.06 ± 0.08 1.06 ± 0.06 1.02 ± 0.04 1.03 ± 0.04 1.00 ± 0.04

P2 Rs (× 10−8) 8.53 ± 0.56 8.03 ± 0.34 4.05 ± 0.11 5.79 ± 0.18 5.17 ± 0.16

Rm (× 10−8) 8.22 ± 0.37 7.69 ± 0.24 4.08 ± 0.12 5.78 ± 0.15 5.13 ± 0.13 1.01 ± 0.02

q 1.04 ± 0.08 1.04 ± 0.05 0.99 ± 0.04 1.00 ± 0.04 1.01 ± 0.04

P3 Rs (× 10−8) 9.00 ± 0.59 8.75 ± 0.37 4.82 ± 0.14 7.03 ± 0.22 6.38 ± 0.20

Rm (× 10−8) 8.53 ± 0.39 8.14 ± 0.25 4.68 ± 0.13 6.79 ± 0.17 6.31 ± 0.16 1.03 ± 0.02

q 1.06 ± 0.08 1.07 ± 0.06 1.03 ± 0.04 1.04 ± 0.04 1.01 ± 0.04

P4 Rs (× 10−8) 7.73 ± 0.50 7.88 ± 0.33 4.80 ± 0.13 7.23 ± 0.23 6.72 ± 0.21

Rm (× 10−8) 7.78 ± 0.35 7.77 ± 0.24 5.04 ± 0.14 7.41 ± 0.19 7.10 ± 0.18 0.97 ± 0.02

q 0.99 ± 0.08 1.01 ± 0.05 0.95 ± 0.04 0.98 ± 0.04 0.95 ± 0.04

P5 Rs (× 10−8) 4.77 ± 0.31 5.17 ± 0.22 3.82 ± 0.11 6.10 ± 0.19 5.98 ± 0.18

Rm (× 10−8) 4.63 ± 0.21 4.93 ± 0.15 3.86 ± 0.11 5.84 ± 0.15 5.81 ± 0.15 1.03 ± 0.02

q 1.03 ± 0.08 1.05 ± 0.06 0.99 ± 0.04 1.04 ± 0.04 1.03 ± 0.04

P6 Rs (× 10−8) 2.53 ± 0.17 2.90 ± 0.12 2.56 ± 0.07 4.36 ± 0.14 4.52 ± 0.14

Rm (× 10−8) 2.74 ± 0.13 3.00 ± 0.09 2.75 ± 0.08 4.40 ± 0.11 4.69 ± 0.12 0.96 ± 0.02

q 0.92 ± 0.07 0.96 ± 0.05 0.93 ± 0.04 0.99 ± 0.04 0.96 ± 0.04
qe 1.01 ± 0.03 1.03 ± 0.02 0.984±0.016 1.011±0.017 0.991±0.016

required in future to generate the workplace-specific response matrix, was here benchmarked using metrology-grade monoenergetic
neutron beams from 71 to 1200 keV. Its overall uncertainty, studied as a function of the energy or detector position, is always lower
or equal to ± 2%. Next steps will be testing NCT-WES in a clinical BCNT beam, and its adoption by the BNCT community as a
routine tool for the quality assurance of the therapeutic beams.
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