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Abstract Characterising neutron sources for calibration or generic testing purposes is a complex task, as the neutron spectrum
may depend, to some extent, on the construction characteristics of the source. Bonner spheres (BS) are the traditional spectrometric
transfer instruments, but they are very sensitive to room scatter and required measurements are highly time consuming. The recently
developed NCT-WES device, belonging to the family of the Single Moderator Neutron Spectrometers, has been proposed as a
convenient alternative to BS. This work presents the results of a demonstration campaign organised at the STUK neutron metrology
laboratory (Finland) in July 2023, where the spectra from two 22Cf and two 2*! Am-Be sources were determined. For the 24! Am-Be
sources, the results were compared to the spectra of two categories recently introduced by ISO 8529-1. Based on the results it was
concluded that the “large” source category is an appropriate selection for STUK sources. The campaign also proved the operational
advantages of NCT-WES as spectrometric transfer instrument.

1 Introduction

Secondary standard dosimetry laboratories (SSDL) that use radionuclide neutron sources to calibrate neutron sensitive instruments
need to establish traceability to primary standard dosimetry laboratories (PSDL) for their measurements. This is preferrably done
by using a neutron source of the types recommended by ISO [1], which emission rate was previously determined at a PSDL with
the method of the manganese sulphate bath [2]. In alternative, the SSDL source can be characterised "in situ" using a calibrated
transfer instrument such as a long counter [3]. These methods focus on the source emission rate or the fluence rate and do not provide
information on the energy distribution. By contrast, accurate knowledge of the energy distribution would be very valuable to SSDL
as this is needed to convert the measured neutron fluence into operational quantities using energy-dependent conversion coefficients
[4].

If the source is 2>2Cf the lack of spectral information is not a concern, as 252Cf has very large specific activity and exhibits minimal
dependence of the energy distribution from the capsule type and amount of sensitive material [1]. The situation is different for («,n)
sources such as 2*! Am-Be. In these sources the active material occupies up to 50 cm® or more in volume, and a dependence of the
spectrum from the capsule type and amount of material was recognised, mainly in the energy range below approximately 2 MeV
[5, 6]. On this basis, in its 2021 revision of the 8529-1 Standard, ISO introduced two spectral categories in addition the 241 Am-Be
spectrum already included in the 2001 version of the same standard [7]: the “small” and “large” 2*! Am-Be source spectra, described
in detail down to thermal energies.

The "small" source category refers to an americium activity in the order of 40 GBq and indicative size 22 mm (diameter) x 31 mm
(height). The "large" source category refers to an americium activity in the order from 185 to 555 GBq and indicative size 30 mm
(diameter) x 60 mm (height).

Although the spectral differences between these two categories are limited, they can have important impact when calibrating
devices with prominent energy dependence, such albedo-type personal dosemeters [8, 9].

As a consequence of these considerations, prior to its use in a SSDL, an 2*! Am-Be source should be characterised not only in
terms of emission rate but also in terms of energy distribution.
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Bonner spheres (BS) [10] may help filling this gap of spectral information, but their use requires significant logistic effort and is
very lengthy. Also, BS are isotropic and thus very sensitive to room scatter. Of the scatter correction techniques recommended by
ISO 8529-2 [11], the “shadow cones” one is certainty the quickest. However, even with this technique, the full characterisation of a
calibration-grade source in an irradiation room could easily take one week of measurements, or more.

In the last decade a new class of single-moderator neutron spectrometers (SMNS) has been developed [10, 12—14]. These
devices condense the functionality of BSS in a single moderator with specific geometry, embedding multiple solid-state thermal
neutron detectors in previously optimized positions. SMNS are similar to BSS in terms of energy interval, operation, unfolding and
performance, but they require only one exposure to determine the whole neutron spectrum. NCT-WES (neutron capture therapy
wide energy spectrometer) [15] is a SMNS with sharply directional response based on a collimated cylinder. NCT-WES is nearly
insensitive to the scattered field, so it is very convenient for the characterisation of neutron sources. Owing on a pair of measurements
at the same distance from the source, one in “total field” and the other with shadow-cone, NCT-WES derives the full source spectrum
with BSS-like performance.

With the aim of demonstrating the potentialities of NCT-WES for neutron metrology, a measurement campaign was organised at
STUK SSDL (Finland) in July 2023. Four neutron sources were characterised with NCT-WES:

e Two 22Cf sources with emission rate of about 107 s~ and 3 x 107 s~!. The purpose was to confirm that the ISO-tabulated 22Cf
spectrum [1] well describes real Cf sources, disregarding the capsule type and amount of active material.

e Two 2*! Am-Be sources with emission rate of about 2 x 10° s~! and 2 x 107 s~! in the same type of capsule. The purposes were
to provide source-specific neutron spectra and to verify whether the new ISO spectral categories can be useful in this practical
case.

2 The NCT-WES device

Although NCT-WES (See Fig. 1) is already described in Ref [15], few constructive details are repeated here to improve readability.
It is a polyethylene cylinder with 36 cm diameter and 41.5 cm height. The cylindrical collimator is internally lined with 0.5 cm of
borated rubber and has length 20 cm and internal diameter 11 cm. The collimator is followed by the sensitive capsule that embeds six
thermal neutron detectors at different depths along the cylindrical axis of the device. To improve the directionality of the response,
the sensitive capsule is protected with 0.5 cm of borated rubber in all directions except that identified by the collimator. The centres
of the internal detectors are located along the 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 internal thermal
neutron detectors are 1 cm?, °LiF-coated, windowless p—i—n diodes featuring depleted layer of about 106 wm. The °LiF coating
is 30 pm thick which proved to maximise detection efficiency [16—18].

NCT-WES computational model was with MCNP 6 [19], using the ENDF/B-VIII [20] neutron cross-section libraries below
20 MeV and room-temperature cross-section tables in polyethylene, S(«, 8). The signal in the internal thermal neutron sensors was
simulated starting from the number of (n, f) reactions in the °LiF radiator. The “expected” number of pulses was then obtained

Fig. 1 Scheme of NCT-WES

8 air cavities 1.3 cm diam.
on radius 4.25 cm

Cut plane

P6
P5
P4
P3
P2
P1

0.5 cm B4C rubber

36

@ Springer



Eur. Phys. J. Plus (2024) 139:384 Page3of 7 384
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Fig. 3 The irradiation set-up with
the shadow-cone in place

by multiplying this estimator by a scaling factor, previously estimated through exposure in reference neutron fields including
monoenergetic neutrons [15, 18].

As described in Sect. 3, the device was exposed with its front face at 150 cm from the centre of the neutron source (Source-to-
detector distance SDD = 150 cm). As this distance is comparable with the size of the spectrometer, the device is not uniformly
irradiated. Therefore, as done in Ref [18], a distance-specific response matrix, R; = R(SDD, E), was derived, where “i” indicates
the position of the internal detector (see Fig. 2) from the shallowest (P1) to the deepest (P6).

3 Irradiation facility and neutron sources

STUK’s neutron metrology room [21] has dimensions 5 m (width) x 5 m (height) x 16 m (Ilength). The walls of the irradiation room
are 1 m thick heavy concrete with average density of 3600 kg cm™>. The increase of density is achieved by adding iron ore to
concrete.

The neutron sources characteristics are given below:

o Two 2*! Am-Be sources with nominal emission rate 2.09 x 10® s~! (Am-Be-1) and 1.99 x 107 s~! (Am-Be-2) of model 4107
from Eckert & Ziegler Isotope Products, with cylindrical stainless steel double encapsulations. Approximate outer dimensions
are 25.4 mm in diameter and 76.2 mm in length. The wall thickness is about 4 mm (cylinder) and 4 mm (bottom end) or 6 mm
(top end). The active material is a compressed mixture of 2! Am oxide and beryllium..

e Two 2>2Cf sources with nominal emission rates: 9.12 x 10® s~! (Cf-1, date 12/7/2023) and 2.82 x 107 s~ (Cf-2, date 12/7/2023) of
model XN146 from QSA Global, Inc., with cylindrical stainless-steel encapsulations. Approximate outer dimensions are 6.1 mm
in diameter and 7.2 mm (0.28 in.) in length. The wall thickness is about 1.35 mm (cylinder) and minimum 0.65 mm (ends). The
Cf-252 is in the form of an oxide pressed into a pellet, a solid metal wire, or a ceramic. This capsule is further covered by a 5-mm
thick aluminium cladding.

The shadow cone technique [11] was used to correct NCT-WES readings for the room scattering. The neutron source, the shadow
cone and NCT-WES were set up on the calibration bench at a height of 2.5 m from the floor. The SDD was fixed to 150 cm. See
also Fig. 3. The cone is made of high-density polyethylene with an aluminium and plastic support structure. Its length is 50 cm and
the end diameters are 11 and 26 cm. Its small end was positioned at 15 cm from the source centre.
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Table 1 Measurement times, with Source measurement time s
indication of the time spent for (h, total + cone) from P1 to P6
total field or shadow-cone
measurements, and variability Am-Be-1 42,18 +24 12 to 9%
range for the scattered fraction
s from position P1 (shallowest) to Am-Be-2 21, 17+4 12109%
position P6 (deepest) Cf-1 23,17+26 9 t0 6%
Cf-2 7,4+3 9to 6%
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The measurements took place from 10 to 14th July 2023. The measurement times, with indication of the time spent for fotal field
or shadow-cone measurements, are given in Table 1. These measurement times were chosen to keep the difference “total-cone”
always in the order of 1-2%, or lower, and to comply with facility access rules and working shifts. The variability range for the
scattered fraction, s, is reported from position P1 (shallowest) to position P6 (deepest). s is here defined as the quotient between the
count rate in the shadow-cone measurement and that in the fotal field measurement.

4 Results and discussion
4.1 Californium sources

The experimental count rates of the NCT-WES internal detectors for the sources Cf-1 and Cf-2 are reported in Fig. 4. In addition,
the “ISO-folded” count rates are given. These are obtained by folding the NCT-WES response matrix with the ISO-tabulated >3>Cf
spectrum. The good agreement between experimental and “ISO-folded” count rates demonstrates that the ISO-tabulated 22Cf
spectrum is suited to describe the studies sources (Fig. 4).

The “expected” source emission rate for the Cf-1 and Cf-2 sources was estimated starting from every single internal detector of
NCT-WES. This is done as in Egs. 1 and 2, where:

o.¢]
R :/ dE x @cf(E) x R(150cm, E, i) ()
0
;= S L omxsop @)
R;  Fope

If the assumed spectrum well represents the experimental one, all these estimations should agree within a low dispersion. This is
clearly demonstrated in Fig. 5 for both Cf-1 and Cf-2 sources. By averaging these results, the best estimation of the source emission
rates is given in Table 2 (Bmeasured)-

4.2 Americium-Beryllium sources

The spectrum of the 2*! Am-Be sources Am-Be-1 and Am-Be-2 was determined starting from the count rates presented in Fig. 6.
The data were unfolded with the FRUIT unfolding code in “special gradient mode” [22, 23]. The results are presented in Figs. 7,

8 and 9. The purpose of having three representations for the same spectra is that of better focusing on: (1) the whole energy domain,

using equi-lethargy representation with log-E scale (Fig. 7); (2) the high-energy domain, using a linear energy scale (Fig. 8); (3)
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Fig. 5 Estimation of the source 3.5x107
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the low-energy domain, using log—log scale (Fig. 9). For every source, two unfolding sessions were performed by using both ISO
spectral categories “small source” and “large source” as “guess” spectra. The results are indistinguishable and condensed into a single
solution called “STUK Am-Be-1” or “STUK-Am-Be-2”. As a standard feature of FRUIT, the bin-per-bin uncertainty superimposed
on the unfolded spectrum is derived by propagating input uncertainties (BSS counts and response matrix) through the unfolding
process. Together with the unfolded solution, three other spectra are reported for comparison purposes: the two spectral categories
“small” and “large” from ISO 8529-1, and the “old” 21 Am-Be spectrum from the 2001 version [7] of the same Standard. Figures 7,
8 and 9 show that both Am-Be-1 and Am-Be-2 spectra are closer to the “large” source category than to the “small” or ISO 2001
spectra. This is reasonable, as the dimensions of the sources used to derive the ISO “large” source category (diameter 30 mm x
height 60 mm) [5, 6] are similar to those of the 4107 capsule (diameter 25.4 mm x height 76.2 mm), used in this work.

As far as the source emission rate is concerned, the “measured” value in Table 2 was obtained using Eq. 2. In absence of source-
specific values for the 90° anisotropy factor Fogo, values from ISO [1] for sources of similar emission rate were taken. These are
1.027+£0.001 and 1.042 4+0.002 for Am-Be-1 and Am-Be-2, respectively.
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Fig. 7 Spectra of Am-Be-1,
Am-Be-2, “small” source, “large
source” and ISO-2001 in
equi-lethargy representation with
log-E scale

Fig. 8 Spectra of Am-Be-1,
Am-Be-2, “small” source, “large
source” and ISO-2001 in
equi-lethargy representation and
emphasising the high-energy
domain through a linear energy
scale

Fig. 9 Spectra of Am-Be-1,
Am-Be-2, “small” source, “large
source” and ISO-2001 in
equi-lethargy representation and
empbhasising the low-energy
domain through log—log scales

4.3 Measurement time and scattered radiation
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Besides the spectrometric results presented in Sects. 4.1 and 4.2, it is important mentioning that the complete spectrum of a source
was determined in about one day of measurements. With BS this time would be a factor of 4-5 larger, as every sphere would need

a double exposure with and without shadow-cone.

In addition, as shown in Table 1, the scattering contribution to the NCT-WES internal detector readings, i.e. cone/total field
measurement, was at most 12%. This is due to the collimating aperture and to the external polyethylene and borated rubber
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shielding. For Bonner Spheres at similar distance this ratio would easily increase to>40% [24], thus confirming the reduced
response of NCT-WES to room scatter.

5 Conclusions

By means of a dedicated testing campaign at the STUK neutron metrology lab, the NCT-WES instrument was tested as a spectrometric
transfer instrument. The spectra and emission rates of two 252Cf and two 2*! Am-Be sources were determined, based on the shadow-
cone technique, with uncertainty lower than 4 3%. For the >*! Am-Be sources, the results are compared to the spectral categories
recently introduced by ISO 8529-1, finding that the “large” source category is the most suited to represent these sources. Owing
to the collimating aperture and to the polyethylene and borated rubber shielding, NCT-WES’s response to room-scattered radiation
was very low. The whole campaign took less than five days. These characteristics proved the operational advantages of NCT-WES
as spectrometric transfer instrument.
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