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This communication describes the design specifications for a neutron spectrometer consisting of 31

thermal neutron detectors, namely Dysprosium activation foils, embedded in a 25 cm diameter

polyethylene sphere which includes a 1 cm thick lead shell insert that degrades the energy of neutrons

through (n,xn) reactions, thus allowing to extension of the energy range of the response up to hundreds

of MeV neutrons. The new spectrometer, called SP2 (SPherical SPectrometer), relies on the same

detection mechanism as that of the Bonner Sphere Spectrometer, but with the advantage of

determining the whole neutron spectrum in a single exposure. The Monte Carlo transport code MCNPX

was used to design the spectrometer in terms of sphere diameter, number and position of the detectors,

position and thickness of the lead shell, as well as to obtain the response matrix for the final

configuration. This work focuses on evaluating the spectrometric capabilities of the SP2 design

by simulating the exposure of SP2 in neutron fields representing different irradiation conditions

(test spectra). The simulated SP2 readings were then unfolded with the FRUIT unfolding code, in the

absence of detailed pre-information, and the unfolded spectra were compared with the known test

spectra. The results are satisfactory and allowed approving the production of a prototypal spectrometer.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Neutron fields ranging in energy from the thermal domain to
tens or hundreds of MeV are a common characteristic to a number
of facilities in the nuclear, medical, industrial or research fields.
These neutron fields may be intentionally generated, as in nuclear
plants or fast neutron irradiation facilities, or may be a parasitic
effect, as in accelerator-based cancer therapy. Anyway, the measure-
ment of these neutron fields is always desirable. The neutron energy
being distributed over ten or more orders of magnitude, an accurate
measurement cannot prescind from the knowledge of the neutron
spectrum, thus requiring the use of a spectrometer that responds
over such a broad energy interval. Of the many neutron spectro-
metry techniques available to the scientific community, only the
Bonner Sphere Spectrometer (BSS) fulfils this requirement [1].
Whilst polyethylene spheres allow detecting neutrons up to
20 MeV, metal loaded spheres are needed when the neutron energy
exceeds this value. The system that uses such modified spheres is
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called Extended Range Bonner Sphere Spectrometer (ERBSS) and is
normally equipped with three or more spheres embedding lead,
copper or tungsten inserts [2,3]. The ERBSS offers a number of
advantages, chiefly the wide energy range, the isotropic response
and the possibility to operate in broad ranges of intensities, photon
background and beam time structures, by changing the central
thermal neutron detector. On the contrary, significant disadvantages
are: (1) the poor energy resolution [4], (2) the complex unfolding
procedures, and (3) the need to sequentially expose the spheres,
leading to lengthy measurements.

The practical importance of points (1) and (2) is normally limited,
because neutron fields in workplaces can be usually modelled in
terms of superposition of continuous structures, which are deduci-
ble from the physical phenomena at the basis of the neutron
production mechanism. Fine structures like narrow peaks cannot
be resolved, but their presence is usually known a priori and can be
included as pre-information in the unfolding code. The impact of
these disadvantages may be quantified by looking at the results of
recent ERBSS comparisons. In this sense, the 2006 EC CONRAD
comparison exercise [5], performed in the stray neutron field from a
400 MeV/u carbon ion beam (�30% of fluence above 20 MeV),
showed that different ERBSS with different unfolding methods were
able to provide compatible results in terms of total fluence
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(differences in the order of 5%) or high-energy fluence (differences in
the order of 10%). The larger differences observed in the high-energy
domain are fully coherent with the limited degree of validation of
the high-energy models adopted by the transport codes that are
used to determine the response function of extended-range spheres.
Improved agreements have been found when measuring the neu-
tron field generated by a 62 MeV proton beam impinging on a
PMMA phantom [6]. Therefore, point (3) constitutes the major
difficulty for using BSS in operational scenarios, and certainly
prevents the use of ERBSS as an in-line spectrometric monitor for
neutron producing facilities.

The project NESCOFI@BTF (2011–2013), coordinated by INFN,
attempts to design an in-line neutron spectrometer with the
advantages of an ERBSS. The project plans to achieve this
objective using a single extended range spherical moderator that
embeds a number of active thermal neutron detectors in different
positions. The development of such a device involves three main
problems: setting up an array of miniaturised thermal neutron
detectors to be read out in parallel, obtaining an isotropic
response and extending the energy range up to hundreds of MeV.

Whilst the first question is currently under study, the last two
problems are being investigated with Monte Carlo simulations and
experimental prototypes based on passive detectors. The isotropic
response can be achieved with an appropriate combination of the
readings of the different detectors. This was demonstrated, either
numerically or experimentally, by earlier studies on a 30 cm poly-
ethylene sphere equipped with 43 detector positions symmetrically
allocated along the three axes [7–9]. Pairs of thermoluminescent
detectors (TLDs) 6LiF and 7LiF were firstly used to validate the
response matrix calculated with Monte Carlo code MCNPX [10]. By
averaging the readings of the TLDs (after photon subtraction)
located at the same radial distance from the sphere centre, a nearly
isotropic fluence response was obtained up to 20 MeV. Because of
their relevant sensitivity to photons, TLDs have been replaced by
Dysprosium activation foils in a further computational and experi-
mental study [9]. After irradiation, the foils are counted in-situ using
a portable beta counter. Owing to the high cross-section (2700 b at
0.025 eV) and the reasonably short half-life of 165Dy (2.334 h),
Dysprosium foils have been successfully used in operational mea-
surements with ERBSS [11–15].

The extension in energy range above 20 MeV can be achieved by
including a lead layer in the moderator, as described in Section 3.
The new spectrometer, called SP2 (SPherical SPectrometer), has been
designed using the Monte Carlo transport code MCNPX to reduce
the number of positions (31) and the external diameter (25 cm),
determining also the number and distribution of the detectors and
the position and thickness of the lead shell. In addition, MCNPX has
been used to calculate the response matrix of the final configuration.
As described below, the response of Dy foils has been modelled as
thermal neutron detectors with the idea of building a passive
prototype to experimentally check the spectrometer response
matrix. This work evaluates the spectrometric capabilities of the
SP2 design by simulating the exposure of SP2 in neutron fields
representing different irradiation conditions (reference spectra) in a
variety of workplaces, including high-energy fields. The simulated
SP2 readings have been unfolded with the FRUIT unfolding code
[16,17], in the absence of detailed pre-information, and the unfolded
spectra compared with the reference spectra. The results are
satisfactory and allowed approving the production of a prototypal
spectrometer based on Dy activation foils.
2. Materials and methods

Both the calculation of the response matrix and the simulation
of neutron irradiations have been performed with the MCNPX
2.6 Monte Carlo code [10], using the ENDF/B-VII cross-section
library [18] for neutrons with energies below 20 MeV and the
room temperature cross-section tables in polyethylene, S(a,b).
Response functions for neutrons with energies above 20 MeV
were calculated using the Bertini intra-nuclear cascade model and
the Dresner evaporation model [10,19]. A sufficiently large
number of histories have been generated to obtain statistical
uncertainties lower than 3% in all the cases.

The response of the of the Dy activation foils has been
calculated as the number of 164Dy(n,g)165Dy reactions within
the foil volume normalised per unit incident fluence, using the
track-length scoring option for the fluence (F4 tally), i.e.:

Nðn,gÞ ¼

Z
dEFEVratsðn,gÞ ð1Þ

where s(n,g) is the microscopic cross-section for (n,g) reactions in
Dy, V is the volume of the foil, rat is the atomic density (atoms per
unit volume), FE is the energy distribution of neutron fluence, and
N(n,g) is the number of (n,g) reactions in the considered volume.
The Dy activation foils have diameter 1.2 cm, thickness 0.01 cm
and purity higher than 99.9%. Density of the foils is 8.55 g cm�3,
thus giving Vrat¼3.553�10�4 b�1 cm�1.

The moderator materials are polyethylene, (CH2)n 0.927 g cm�3

in density, and natural lead, 11.35 g cm3. The isotopic compositions
of lead (in weight fractions) are: 1.4% (204Pb), 24.1% (206Pb), 22.1%
(207Pb), and 52.4% (208Pb).
3. Design specifications and calculated response matrix

The design of the instrument is based on the previous results
for a 43-position, 30 cm diameter, polyethylene prototype [7–9].
The 43 positions were distributed as follows: 14 positions per
axis, plus the central detector (common to the three axes). As
discussed in the mentioned works, the use of the average reading,
Md, calculated for the detectors located at the same radial
distance, d, permits obtaining a nearly isotropic response for a
given energy spectrum, FE, independently of the angular
dependence.

In general, Md can be expressed as follows [7]:

Md ¼

Z
dEFERdðEÞ ð2Þ

where Rd(E) is the average reading per unit incident fluence of the
six detectors located at distance d from the centre of the sphere,
as a function of the neutron energy. Rd(E) is also called the
‘‘response function’’ for a given radial distance and angular
distribution of the field. The considered spectrometer works
under the following approximation:

RdðEÞ � RðISOÞ
d ðEÞ ð3Þ

where RðISOÞ
d ðEÞ is the spectrometer response function calculated

for radial distance d and isotropic irradiation.
For the instrument based on a pure polyethylene sphere with

30 cm diameter [7–9], the response for neutron energies above
20 MeV is very poor. To increase the efficiency for high-energy
neutrons, different configurations with a lead shell have been
investigated. Finally, a new polyethylene sphere of radius 12.5 cm
has been selected, replacing the material between 3.5 and 4.5 cm
by a lead shell. One activation foil is located at the centre of the
sphere, and 30 additional foils are symmetrically arranged along
three perpendicular axes at five radial distances: 5.5, 7.5, 9.5, 11
and 12.5 cm (See Fig. 1). The six foils at 12.5 cm are located on the
surface of the sphere, separated from the sphere by a 1 mm
cadmium (Cd) layer, in order to estimate the thermal neutron



Fig. 1. Schematic view of the spectrometer showing the arrangement of the

activation foils detectors along three perpendicular axes, as well as the inner

lead layer.

Fig. 2. Energy response functions to monoenergetic incident neutrons, averaged

over the detectors located at the same distance from the centre, for three different

irradiation geometries: along the (1 0 0) axis (dashed lines), isotropic (continuous

lines), and along the (1 1 1) axis (dotted lines). The response functions have been

calculated for radial distances 0, 5.5, 7.5, 9.5 and 11 cm.

Fig. 3. Energy response function to monoenergetic incident neutrons, averaged

over the detectors located on the surface of the sphere, for three different

irradiation geometries: along the (1 0 0) axis (dashed lines), isotropic (continuous

lines), and along the (1 1 1) axis (dotted lines): (a) without cadmium layer and (b)

with cadmium.

Fig. 4. Simulated exposure to a Feþpolyethylene moderated 252Cf spectrum in

three different irradiation geometries: along the (1 0 0) axis (dashed lines),

isotropic (continuous lines), and along the (1 1 1) axis (dotted lines): (a) position

profile, (b) unfolding results and (c) unfolding results with 8 extra positions at

14 cm from the centre of the sphere.
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component of the field. The Cd foil eliminates the contribution of
neutrons backscattered from the sphere.

The response matrix has been calculated with MCNPX 2.6 [10]
for 68 log-equidistant energies from 10�9 to 103 MeV and three
irradiation geometries: an isotropic irradiation and a parallel
beam in two different incidence directions, namely (1 0 0) and
(1 1 1) referred to the three perpendicular axis of detectors. Fig. 2
shows the energy dependence of the response functions, R

d, r
!

0

ðEÞ,
for the three irradiation geometries. Consistently with the results
previously obtained with the 30 cm diameter polyethylene
sphere, the lower and higher response values are obtained for
the (1 0 0) and (1 1 1) irradiation, respectively. This effect is of
practical importance only for the shallow detectors (d¼11 cm
and d¼9.5 cm) and for energies in the keV region and below.
Because the three geometries give almost coincident response
functions above 1 keV, the spectrometer response is practically
isotropic in this energy domain. Moreover, the response functions
above 10 MeV are significantly enhanced by the presence of the
lead layer due to the (n,xn) reactions in lead, not only for the
central detector but also for those located between 5.5 and 9.5 cm.



Table 1
Comparison between the integral quantities, F and hn(10), and fluence fractions derived from the reference iron and polyethylene moderated 252Cf spectrum and those

obtained by unfolding.

Irradiation

Geometry

Total Fluence (cm�2) hn(10) (pSv cm2) Fluence Fractions (%)

Reference Unfolded Reference Unfolded Eo0.4 eV 0.4 eVoEo10 keV 10 keVoEo20 MeV

Reference Unfolded Reference Unfolded Reference Unfolded

100 1 1.0070.01 112 11375 30.0 39.5 40.1 28.0 29.9 32.5

ISO 1 1.0170.01 112 10875 30.0 35.1 40.1 35.1 29.9 29.8

111 1 1.0570.03 112 10378 30.0 37.0 40.1 35.9 29.9 27.1

Fig. 5. Schematic view of the geometry used to simulate the exposure to high

energy neutron field.

Fig. 6. Simulated high energy neutron spectra calculated according to the

geometry depicted in Fig. 5.
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As it can be seen, the response above 1 MeV for fast and high
energy neutrons is completely isotropic. According to the
response matrix displayed in Fig. 2, a good spectrometric perfor-
mance is expected above 1 keV.

Fig. 3(a) and (b) motivates the choice of protecting the super-
ficial detectors (d¼12.5 cm) from the sphere backscatter, using a
Cd filter. In Fig. 3(a) the response functions for d¼12.5 cm in the
absence of Cd are showed. As expected, the functions obtained in
different geometries are very different, especially from 1 meV to
1 eV. By introducing the Cd filter (Fig. 3b), the variability interval
is significantly reduced, from 730% (relative to the mean value,
at 0.01 eV) to 8%.
4. Unfolding tests

A set of irradiation exposures to neutron spectra was simu-
lated with MCNPX to evaluate the performance of the spectro-
meter. The readings (number of capture reactions in the Dy foils)
of the detectors located at the same radial position were averaged
and used as input data for the unfolding code. The Cd filtered
configuration was adopted for the detectors at d¼12.5 cm.

Based on experimental experience with Dyfoils [9,11–15], the
combination of the uncertainty of the foil readings and of the
overall uncertainty of the response matrix was assumed to be 3%.
The FRUIT code was used in parametric mode [16], that is to say
that neutron spectrum is modelled as the superposition of
elementary functions, covering the different energy domains
and fully described by a reduced number (around ten) of physi-
cally meaningful parameters. FRUIT is designed as a tool for
operational measurements where very few pre-information is
available. Besides the sphere response functions, the counts and
related uncertainties, FRUIT requires only introduction of quali-
tative information on the type of ‘‘radiation environment’’ on the
basis of a check-box input section. The code randomly generates a
default spectrum needed to start the iterative procedure, on the
basis of the radiation environment selected by the user. Taking
advantage of a flexible tolerance convergence mechanism, results
do not depend on the numerical values of this spectrum.

The code includes a statistics tool to derive the probability
distributions of all quantities related to the final spectrum: the
parameters, the fluence (and fractions of fluence in given energy
intervals), the ambient dose equivalent and the numerical values
of the neutron spectrum, specified bin by bin. Uncertainties are
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derived by considering these probability distributions. Uncertain-
ties of input quantities (sphere counts, response matrix and other
sources that may randomly affect the sphere counts) are used to
perform these analyses.

Different test spectra, all normalised to the unit fluence, were
chosen to represent the operational irradiation conditions, as
explained below. In all the cases, the response matrix calculated
under isotropic irradiation condition was used.
(1)
Fig.
elect

Fig.
prot

Tabl
Com

Ne

Hi

Hi
Nuclear plant workplace spectrum. This was simulated, accord-
ing to IAEA [20] with a 252Cf source moderated with 5 cm of
iron and 10 cm of polyethylene. The spectrum contains a
significant amount of thermal neutrons. Three different
7. Simulated exposure to a high energy neutron field (unshielded high energy

ron source).

8. Simulated exposure to a high energy neutron field (shielded high energy

on source).

e 2
parison between the integral quantities, F and hn(10), and fluence fractions derived fro

utron Spectrum Total Fluence

(cm�2)

hn(10)

(pSv cm2)

Fl

E

gh-E electrons unshielded point Reference 1 216 1

Unfolded 0.9870.02 218711 1

gh-E protons shielded point Reference 1 247 1

Unfolded 1.0770.05 238715 1
irradiation geometries were used: isotropic, (1 0 0) and
(1 1 1). The unfolded spectra are compared with the test
spectrum in Fig. 4. Unfolding uncertainties, not reported for
a better readability, are fully comparable with the small
differences between the three unfolded spectra. The unfolded
spectra are comparable and agree well with the reference
spectrum, even in the thermal region, thus confirming the
effectiveness of the Cd-filtered configuration in order to
obtain an isotropic response even for thermal neutrons. The
agreement between unfolded and reference spectra is quan-
tified in Table 1, where the following spectrum-integrated
quantities are reported: total neutron fluence; spectrum-
average fluence-to-ambient dose equivalent conversion coef-
ficient, hn(10), fractions of fluence in the thermal (Eo0.4 eV),
epithermal (0.4 eVoEo10 keV) and fast (E410 keV) domain.
(2)
 High energy spectra. Neutron spectra representative of the
workplaces in high-energy electron or proton accelerators
have been calculated using the simplified model suggested in
[17]. The neutron producing target was simulated by a 1 cm
radius iron sphere located at the centre of a 8 m diameter
cylindrical tunnel with 50 cm thick concrete walls (Fig. 5).
Collimated primary beams of 3 GeV electrons or 1 GeV pro-
tons were used. The neutron spectra have been calculated at
two locations: point 1 located inside the cylinder at 3 m from
the target (unshielded spectrum), and point 2 outside the
cylinder, at 5 m distance from the target (concrete-shielded
spectrum), as shown in Fig. 6. As expected, the ‘‘unshielded’’
spectra are dominated by the evaporative component, whilst
in the concrete-shielded spectra this component is accompa-
nied by a relevant high-energy peak located at about 10 MeV.
Because the spectra for a given shielding configuration are
practically particle-independent, the unfolding tests were
performed only for electrons in unshielded condition, and
for protons in shielded condition. The high-energy accelerator

models of FRUIT have been used. The unfolded spectra with
bin-per-bin uncertainty bars are shown in Figs. 7 and 8 and
the integral quantities are reported in Table 2.
5. Conclusions

This work demonstrates that a single moderating sphere,
including a 1 cm lead layer and embedding 31 thermal neutron
detectors symmetrically arranged along the three axes, can
provide nearly isotropic fluence response and has spectrometric
capabilities for neutrons in the energy range from thermal up to
hundreds of MeV. These properties have been numerically ver-
ified by simulating the exposure of the device to the neutron
fields corresponding to different operational workplaces and
using the FRUIT code for unfolding. In all cases, the unfolded data
agree with the reference spectra in terms of spectrum shape and
spectrum-integrated quantities, even in restricted energy sub-
intervals (thermal, epithermal, fast and high-energy), within
m the reference high energy spectra and those obtained by unfolding.

uence Fractions (%)

o0.4 eV 0.4 eVoEo10 keV 10 keVoEo20 MeV E420 MeV

2.6 26.2 57.2 4.0

4.0 24.2 56.9 4.9

2.8 21.8 35.1 30.3

1.6 22.9 29.5 36.0
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unfolding uncertainties. The response matrix obtained for iso-
tropic irradiation is suited for all the scenarios investigated in this
work. The spectrometric performance is adequate even in energy
regions where the instrument can be affected by poor energy
resolution (E420 MeV) or by anisotropy effects (thermal neu-
trons). The Cd-filtering technique applied to the superficial
detectors (d¼12.5 cm) allows to accurately estimation of the
thermal fluence.
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