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Introduction

The subject of this thesis is the B-RAD radiation survey meter, a new γ-ray monitoring
device capable of operating in the presence of strong electromagnetic fields. The B-RAD
project started in 2008 when the LHC experiments required a portable device capable of
measuring the residual activity around the CERN accelerator areas without turning off
the magnetic field. At that time, the most commonly used detectors failed in presence of
even weak magnetic fields (below 0.3 T) and/or showed deficiencies already at 0.1 T. The
B-RAD was designed and developed by the CERN Radiation Protection (RP) group in
collaboration with the Polytechnic of Milan to accomplish this requirement. Nowadays,
the B-RAD is an advanced commercial device, marketed by the Italian company ELSE
NUCLEAR, for both γ-ray dose rate measurements and γ-ray spectrometry.

The B-RAD consists of a probe connected with a cable to a central unit. The probe
contains the sensitive part of the detector: a LaBr3 crystal scintillator coupled with a
Silicon Photomultiplier (SiPM) array. The main idea of the B-RAD is that changing the
probe, i.e. changing the scintillator, particles different from γ-rays can also be detected.
This study was aimed at characterising the B-RAD detector and at developing three
additional probes: a probe for neutron dose rate measurements, a probe for fast neutron
spectrometry and one for thermal neutron counting.

Chapter 1 provides an introduction to the principles of radiation protection, of radia-
tion instrumentation and an overview of the B-RAD from its conception to the commercial
device. Chapter 2 describes the performance tests of the B-RAD commercial versions.
Chapter 3 discusses and compares two organic scintillators (a stilbene and an EJ-276 plas-
tic scintillator) proposed for fast neutron dose rate measurements. The work described in
Chapter 3 is also described in F. Ferrulli et al., Characterization of stilbene and EJ-276
scintillators coupled with a large area SiPM array for a fast neutron dose rate detector,
Nucl. Instrum. Methods Phys. Res. A 1010 (2021) 165566. Chapter 4 describes the
development of a probe for thermal neutron counting and a probe for fast neutron spec-
trometry, both based on a Cs2LiYCl6:Ce (CLYC) scintillator crystal. Chapter 4 refers to
F. Ferrulli et al., Investigation of CLYC-6 for thermal neutron detection and CLYC-7 for
fast neutron spectrometry, Nucl. Instrum. Methods Phys. Res. A,1029 (2022) 166460.
Chapter 5 reports the study of a new neutron/γ discrimination method to be applied with
CLYC crystal based on a passive and on-line discrimination method, and discusses its
feasibility. This study has been published in F. Ferrulli et al., Analysis and comparison
of the Core-to-Valence Luminescence mechanism in a large CLYC crystal under neutron
and γ-ray irradiation through optical filtering selection of the scintillation light, Sens. Ac-
tuators A 332 (2021) 113151. Finally, the results of the thesis and the future steps for
the B-RAD development are summarised.

In order to characterise the CLYC crystal, a thermal neutron source for the CERN
RP Calibration Laboratory has been designed and built. The details of the design and
construction, and the characterisation of the new thermal neutron source, are reported in
Appendix A and in F. Ferrulli et al., A thermal neutron source for the CERN radiation
Calibration Laboratory, Appl. Radiat. Isot. 178 (2021) 109977.
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Chapter 1

Radiation protection and
instrumentation

This chapter is divided in three sections. Section 1.1 defines the goal of radiation pro-
tection and its fundamental quantities. Section 1.2 provides an overview of the radiation
monitoring devices available on the market distinguishing between their application. Sec-
tion 1.3 introduces the B-RAD detector, from its conception to the commercial device,
and compares it with some competitors.

1.1 Radiation protection

Protection of personnel working with radiation is essential in any working environment that
employs ionizing radiation. The set of rules aimed to achieve the “protection of people from
harmful effects of exposure to ionizing radiation” is the primary task of radiation protection
(International Atomic Energy Agency (IAEA) definition [1]). Ideally, the legal protection
limits would be expressed in terms of physical quantities (Section 1.1.1), i.e quantities that
are directly measurable [2]. However, physical quantities cannot quantify the biological
effect of ionizing radiation to human body, so legal limits are expressed in terms of so-
called protection quantities (Section 1.1.2). The International Commission on Radiological
Protection (ICRP) developed the protection quantities to assess and implement the dose
limits. To be compliant with dose limits, the so-called operational quantities (Section 1.1.3)
have also been defined by the International Commission on Radiation Units (ICRU) as
conservative estimates of the protection quantities [2].

1.1.1 Physical quantities

� Fluence, Φ (m−2) is defined as the ratio between the number of particles dN crossing
an infinitesimal sphere of cross-sectional area da.

Φ =
dN

da
(1.1)

� Absorbed dose, D (Gray, 1 Gy =1 J kg−1) is the average energy dϵ̄ delivered by
a certain kind of radiation to a volume element of mass dm.

D =
dϵ̄

dm
(1.2)

� Linear Energy Transfer, LET (J m−1, usually expressed in keV µm−1) is the
average energy dϵ̄ lost by a charged particle in electron collisions traversing a distance
dl.

LET =
dϵ̄

dl
(1.3)
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1.1.2 Protection quantities

� Equivalent dose, HT (Sievert, 1 Sv = 1 J kg−1) in a tissue or organ T, from
radiation R is defined as:

HT =
∑
R

wRDR,T (1.4)

where DR,T is the average absorbed dose and wR is the radiation weighting factor
recommended by the ICRP.

� Effective dose, E (Sv).

E =
∑
T

wTHT (1.5)

where wT and HT are the weighting factor and the equivalent dose respectively, in
the tissues or organs T. E includes the tissues or organs which are considered to be
the most sensitive.

1.1.3 Operational quantities

� Ambient dose equivalent, H∗(d) (Sv) is defined as the dose equivalent produced
by the corresponding expanded and aligned field in the ICRU sphere at depth d (in
mm), where d = 10 mm is recommanded for penetrating radiation and it is indicated
as H∗(10). H∗(10) is the reference quantity for area monitoring devices.

� Personal dose equivalent, Hp(d) (Sv) is defined as the dose equivalent in standard
tissue at a depth d (in mm), below a specified point on the human body, being the
specified point usually the position of the individual dosimeter. Normally, d = 10 mm
is considered for the effective dose, d = 0.07 mm is chosen for the dose to the skin,
hands and feet. Hp(10) and Hp(0.07) are the reference quantities for individual
monitoring devices.

1.1.4 Dose conversion coefficients

Conversion coefficients are provided to convert the particle fluence (usually measured by
a detector) into protection or operational quantities. Often, radiation protection instru-
mentations for individual and area monitoring directly provide the operational quantities
being the conversion coefficient for effective dose and ambient dose equivalent the most
common [2].

1.2 Instrumentation for radiation survey

A radiation survey meter is a hand-held device for radiation detection. The primary
function of a survey meter is to measure radiation exposure and/or to detect radioactive
contamination in order to guarantee that the radiation levels are always under the legal
limits. The second function is monitoring the radiation level, to inform of its possible
increasing and to give an alarm if the levels exceed given thresholds [3, 4]. Radiation pro-
tection has to deal with different kinds of radiation (usually present together as a mixed
radiation field) with different energies and intensities (usually unknown), and different
penetrating powers. Therefore, the choice of the survey meter is usually not straightfor-
ward since there is no detection system which is able to detect all kinds of radiation.

A brief description of the most common survey meters is here provided, divided ac-
cording to the particle they are meant to detect (for the sake of simplicity). This is neither
an exhaustive list of all the available survey meters nor a complete description of their
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working principle, but it is aimed at providing a general overview of the variety of the
survey meters present on the market.

1.2.1 X-ray and γ-ray detectors

X-ray and γ-ray detectors are used in several fields such as industry (e.g with radiography
or sterilization units), radio-pharmaceuticals, radiation protection, etc. [3]. In general,
the survey meters suitable for γ and X-ray measurements are gas-filled detectors, semi-
conductors such as Cadmium-Zinc-Telluride (CdZnTe) and scintillating crystals such as
NaI and CsI.

Gas-filled detectors are divided according to their region of operation in ionisation
chambers, proportional counters and Geiger-Müller (GM) counters [5]. The operation
region varies with the electric field applied to the detector, as shown in Figure 1.1. Within
the regime of the ionization chambers, the electric field is high enough to prevent ion
recombination and allow all the primary charges (electron-ion pairs) produced by the
direct ionization of the gas to be collected. By increasing the applied voltage, above a
certain threshold, the primary electrons start multiplying and the pulse amplitude, for the
same energy signal, is amplified. This is the region of operation for proportional counters.
Inside this region the gas multiplication is linear, i.e the collected charge is proportional
to the original charge. If the applied voltage is further increased some non-linearities arise
that characterised the “Limited Proportional Region” (Figure 1.1). The most relevant
one is due to the different drift velocity between electrons and positive ions which causes
distortions of the electric field inside the detector. Above the “Limited Proportional
Region”, the operation regime of GM detectors begins. Here the gas multiplication (also
called avalanche) proceeds and the proportionality with the original ion pairs is lost.
The avalanche is a self-quenched process since it stops when the amount of positive ions
produced during the multiplication is able to shield the electric field below the threshold
for the gas multiplication.

GM counters are in general preferred in most situations since they are compact and low
cost (especially if compared to ionisation chambers), electronically simple and require low
maintenance. However, they cannot provide any spectrometry information and they show
a long dead time (order of hundreds of microseconds) [5, 6]. Ionisation chambers provide
an excellent X and γ-ray ambient dose equivalent response, however they are expensive
and require more maintenance than GM detectors. Proportional counters are also widely
used, especially when the charge produced by the primary ionizing radiation is too small
for adequate operation in ion chambers, e.g. with low energy X-ray radiation [5].

Solid state detectors (semiconductors and scintillators) offer the advantage of being
much smaller than the equivalent gas-filled detectors (thanks to their higher densities).
Scintillators are widely used in many applications, they offer good sensitivity and spec-
trometry capability. In certain cases, scintillators also provide radio-isotope identification.
They can be made of different scintillating materials, different dimensions (e.g. larger
volumes are required for higher sensitivity) and electronic systems. As drawbacks, the
scintillator response efficiency is not constant with energy and has to be compensated and
their energy resolution is poor compared to semiconductor materials. The latter are com-
monly used for γ-ray (mostly germanium) and charge particle (mostly silicon) detection
and spectrometry. However, because of the small band gap, germanium detectors need to
be cooled [5]. This is typically accomplished using a cryogenic liquid such as liquid nitro-
gen placed in a dewar supporting the detector. Germanium detectors are not hand-held
detectors. As an alternative, high Z semiconductors have been developed which can op-
erate at room temperature, essentially based on Cadmium telluride (CdTe) and CdZnTe,
mainly for applications in X and γ-ray imaging, astrophysical research, high energy indus-
trial radiography and tomography. Semiconductors are quite sensitive to radiation damage
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being crystalline materials. A list of commercial devices for γ-ray detection comparable
with the B-RAD (i.e. based on scintillators) is given in Section 1.3.3.

Figure 1.1: The pulse amplitude observed in a gas-filled detector versus the applied voltage
for the same amount of energy deposited inside the gas. The different operating regions
are also indicated for different applied voltages [6]. The y-axis is in logarithmic scale.

1.2.2 α/β particle detectors

A variety of detectors is present on the market for contamination monitoring, mainly for
α/β particle detection, being contamination (external or internal to human body) the
main risk of exposure to these particles. Surface contamination is for example important
when unsealed radioactive material is being processed or handled. Concerning the detec-
tion of α–particles: 1) the probe has to be very close to the surface (α–particles are readily
stopped in air), 2) any covering material (grease, oil or paint) on the potentially contam-
inated surface will attenuate the α–particles or completely stop them, 3) contamination
on the probe must be avoided. The most common detector for α–particles is the ZnS
scintillator. Different from α–particles, β–particle sources emit over a continuous energy
range from 0 up to a maximum energy value which can vary according to the specific
radionuclide (e.g. 18 keV for 3H, 2.2 MeV for 90Y). Detectors for β–particles are made up
of low atomic number materials in order to avoid/reduce the associated Bremsstrahlung
radiation. Usually β–particles are measured with thin end window GM detectors or thin
window scintillators of low Z materials [3].

Figure 1.2 shows two commonly used contamination detectors for simultaneous mea-
surements of α and β–particles. They both consist of a thin layer of ZnS(Ag) scintillator
for α–particle detection coated on a thin layer of an organic scintillator for β–particle
detection. A version of the same detectors exists which is also able of γ-ray detection,
by using a thicker plastic scintillator (in the case of the SaphyRAD A-B 170, left plot
of Figure 1.2) or an additional GM counter (in the case of the CoMo 170, right plot of
Figure 1.2).
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Figure 1.2: Two commercial devices for α/β particle detection: the SaphyRAD A-B 170
probe from Bertin Technologies (on the left) and the CoMo 170 from NUVIATech Instru-
ments (on the right).

1.2.3 Neutron detectors

The neutron device mostly used for area monitoring is, since many years, the so-called
rem counter. It mainly consists of a thermal neutron detector embedded in a moderator
assembly of polyethylene. The construction details of the assembly (e.g. shape, mate-
rials, thickness) can vary. The working principle of a rem counter is that its response
function reproduces the fluence-to-H∗(10) conversion coefficient curve. The response of a
traditional rem counter is acceptable for neutron energies up to about 15 MeV, above this
energy it considerably underestimates H∗(10). The so-called extended neutron rem coun-
ters overcome this limitation by inserting a thin layer of high-Z material in the moderator
assembly to enhance the response to high energy neutrons, because of secondary neutrons
produced by multiplying neutron reactions (e.g. (n, 2n) reaction) in these heavy elements
[7, 2]. Figure 1.3 shows two commercial extended rem counters taken as an example.

Figure 1.3: Two commercial neutron rem counters: the FHT 762 Wendi-2 from Thermo
Fischer Scientific (on the left) and the Lupin BF3-NP from ELSE NUCLEAR (on the
right).
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1.3 The B-RAD detector

After having revised the main principles of radiation protection and nuclear instrumen-
tation, this section focuses on the B-RAD detector and its applications. In particular,
Section 1.3.1 discusses the reasons that led CERN Radiation Protection (RP) Group, in
collaboration with the Polytechnic of Milan, to start the B-RAD project, discussing the
B-RAD main concept. Section 1.3.2 summarizes the evolution of the B-RAD since its first
conception to the design of the first prototype until the development of an industrialized
product. Section 1.3.3 compares the B-RAD with some competitor devices.

1.3.1 Motivation

The B-RAD [8, 9] is a hand-held radiation survey meter specifically designed to work in
regions of strong magnetic field (up to 3 T). The B-RAD project started in 2008 from the
requirements of the Large Hadron Collider (LHC) experiments [10] for a radiation survey
meter able to perform measurements of the residual radioactivity in the experimental halls
and in the inner parts of the ATLAS detector [11], while the magnetic field is still on (up to
1 T). Apart from this first specific request, the B-RAD finds various potential applications
in several fields at CERN and elsewhere, such as measurements of residual radioactivity
on permanent magnets or activated accelerator components, surveys at PET(1)/MRI(2)

scanners and medical accelerators (electron linac), including IGRT(3) with MRI-guidance,
measurements around cyclotrons for radionuclide production and hadron therapy acceler-
ators. Although the first need was for a simple survey meter, the B-RAD has evolved into
an advanced detector for γ-ray dose rate measurements and γ-ray spectrometry.

The B-RAD consists of an active probe connected through a cable with a main unit.
The probe includes the detector which consists of a scintillator coupled with a Silicon
Photomultiplier (SiPM) array. The control unit houses the battery, the electronics and
two displays (one Liquid Crystal Diode (LCD) and one Light Emitting Diode (LED)).
Besides the already existing γ-ray probe, the instrument will be provided with additional
probes: one for neutron dose rate, one for neutron spectrometry and one for surface
contamination measurements.

1.3.2 The evolution of the B-RAD

Tests performed in 2008/2009 on various radiation survey meters revealed that the com-
mercial devices available at that time failed in presence of a magnetic field. In 2010, the
CERN RP group signed a collaboration agreement with the Department of Energy of
the Polytechnic of Milan (POLIMI) to develop the first prototype of a portable radiation
survey meter operating in magnetic fields. The first request was for a device operating
up to 1 T with an energy range between 60 keV and 1.3 MeV, suitable for application in
accelerators facilities where the average γ-ray energy from residual radioactivity is around
800 keV. The sensitivity range was set between 1 µSv/h and a few mSv/h later extended
down to 0.1 µSv/h, i.e. ambient background. Tests performed with the first prototype
up to 1 T in the CMS and ATLAS experimental halls confirmed its correct operation.
In 2012 a contract extension was signed with the POLIMI and five engineered units were
manufactured (with different scintillator materials and/or dimensions and different SiPM
configurations) and tested.

The final configuration of the crystal and the SiPM chosen in view of the production
of the industrial instrument consisted of:

(1)Positron Emission Tomography
(2)Magnetic Resonance Imaging
(3)Image-Guided Radiation Therapy, i.e. the use of imaging during radiation therapy
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� a 4 × 4 SiPM array from SenSL (ArrayC-30035-16P) easily available on the market;

� a 15 Ø × 15 mm3 cylindrical LaBr3(Ce) crystal which guaranteed a good sensitivity
to detect the natural background with dimension well matching the SiPM array.

The LaBr3(Ce) was selected as the scintillating crystal since it satisfied the following
specifications:

� Fast decay time (16 ns) for high count rate measurements, essential in radiation
protection applications.

� High light yield (63 photons per keV).

� High density (5.06 g/cm3) for high γ-ray efficiency.

� Low intrinsic radioactivity for operations in low radiation environment [12].

Beside the crystal and the photodetector, the active probe also included an analog signal
processing board, a temperature compensation board and a Hall probe for magnetic field
measurement. The active probe of the first prototype was enclosed inside a light aluminium
box and provided with a handle. The control unit of the first prototype consisted of a
plastic box which could be fastened to the operator’s waist or carried within a bag. It
housed two displays (an LCD display and a LED screen), a USB data interface, a digital
board and a rechargeable Pb battery (6 V, 1,200 mA·h). For the final version of the
B-RAD, a Li-ion battery with a longer lifetime was adopted. Tests performed up to
1 T revealed that a Li-ion battery properly and safely worked in strong magnetic field
regions [12]. Figure 1.4 shows the two main components of the engineered version of the
B-RAD prototype.

The first prototype and the five units were extensively tested to check the detector
features listed below (described in details in [8]).

� Linearity of its response in the required dose rate range: all units that included the
LaBr3 crystal showed a linear response between 1 µSv/h and 1 mSv/h.

� Uniformity of the response inside a magnetic field: the count rate measured for the
same configuration, at different values of the magnetic field and in different scenarios
(i.e with the probe static or dynamic with respect to the magnetic field) was always
constant. Measurements were performed inside a calibrated dipole magnet up to
1 T, in the ATLAS and CMS experimental areas and up to 3 T inside the clinical
MRI scanner at the University Hospital in Lausanne (CHUV). A pulling force on the
probe was felt starting from 0.3 T, due to the current induced by the field gradient
on the metallic components.

� Response efficiency at different energies and energy resolutions: the efficiency at
different photon energies from 48 keV up to 1.3 MeV was measured with the first
prototype using three γ-ray sources of different energies and eight energies from
an X-ray generator. On the basis of the measurements a software algorithm was
proposed to compensate for the non-uniform response of the scintillator with the
photon energy, successively implemented in the commercial version of the detector.
The corresponding energy resolution was 19.2% and 6.8% at 59 keV and 662 keV, for
a 241Am and 137Cs source respectively. The 33 keV due to the 137Ba X-ray emission
was also detected with an energy resolution of 30.3%, in good agreement with the
(
√
E)−1 dependence law.
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� Temperature dependence: a unit mounting the NaI(Tl) scintillator and a unit mount-
ing the LaBr3(Ce) crystal were placed inside a climate chamber with a 137Cs source
at 3 cm of distance and the count rate was measured in the temperature range be-
tween -20 °C and 50 °C in steps of 5 °C. The response of the former progressively
decreased with the temperature down to about 50% of the initial value, while a vari-
ation of 30% was revealed with the latter between the maximum value (at around
0 °C) and the minimum value (at 50 °C). The light yield of LaBr3 showed a lower
temperature dependence as compared to the NaI(Tl) crystal.

In 2017 the instrument was patented [9, 8] and CERN has granted the licence to ELSE
NUCLEAR [13], which developed a commercial version of the B-RAD.

Figure 1.4: On the left, the active probe of one of the first prototypes of the B-RAD without
the front cover to show the LaBr3 crystal; on the right, the control unit.

1.3.3 Comparison between the B-RAD and commercial instrumentation
of the same class.

The characteristics and performances of the B-RAD as declared in the datasheet are listed
in Table 1.1. Table 1.1 also compares the B-RAD with four commercialized instruments
mentioned by the U.S. Department of Homeland security among a list of twenty-three
Personal Radiation Detectors (PRDs) and Spectroscopic PRDs [14]. The document was
published in 2017 with the aim to provide a list and description of some hand-held personal
devices present on the market. Four of these detectors were selected for the comparison
because they are suitable to work in magnetic field. Table 1.2 compares the B-RAD with
four other devices, not intended to work in magnetic field, but of the same commercial
class. Figure 1.5 shows the B-RAD (a), the Identifinder R300 (b) and the Gamma RAE
II R (c) listed in Table 1.1, and the LABR-1.5×1.5 detector (d) reported in Table 1.2.

The B-RAD well competes with the other commercial devices and excels for its high
sensitivity (90 cps/µSv/h) and optimum energy resolution (3.3%). The B-RAD is an
advanced detector that provides several additional features barely available on devices of
the same commercial class, such as the algorithm for flattening the energy response, radio-
isotope identification and the energy calibration which can be updated by the user. The
main unit can be carried in a bag whereas the active probe is hand held by the user. It is
slightly heavier than other commercial devices (e.g. the Identifinder R300 and RadPasive),
but it is compact and well suitable for radiation survey applications.
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(a) (b)

(c) (d)

Figure 1.5: (a) The B-RAD detector from ELSE NUCLEAR and three competitors de-
vices: (b) the Identifinder R300 (FLIR Detection), (c) the Gamma RAE II R (Rae
System), (d) the LABR-1.5×1.5 (Mirion Technologies).
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Abbreviations

a main unit
b probe
c in the identification channel
d in the dose rate channel
e in dose rate mode with dimmed display background and GPS switched off
f when using AC
g when using USB
h Using CsI
i Using PIN diode detectors
j in spectroscopic mode (full energy range)
k in spectroscopic mode (< 200 keV)
l in total dose rate mode
m with protective rubber overmold
n in surveillance mode
o Standard NaI(Tl), LaBr3/CeBr3
p High sensitivity NaI(Tl)
q main unit
r probe
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Chapter 2

Characterisation of the
commercial version of the B-RAD
detector

This chapter describes the results of the tests performed to characterise the commercial
version of the B-RAD. The aim of this chapter is to demonstrate the applicability of the
detector as a survey meter in radiation protection. Additionally, these first tests were
useful to provide ELSE NUCLEAR with some feedback to improve the performance of
the device.

The first section provides an overview of the B-RAD, showing its software interface
and the modes of operation, and explaining its working principle. Section 2.2 shows the
results of the tests made on the actual commercial instrument in terms of: uniformity of
response with the magnetic field, response linearity with the dose rate, energy range and
energy resolution, angular response, internal radioactivity measurement and operational
performances. Section 2.3 summarises the results.

2.1 The commercial version of the B-RAD

As mentioned in Chapter 1, in 2017 the instrument was patented [9, 8] and the licence
was granted to ELSE NUCLEAR [13] for developing a commercial device. The instru-
ment is equipped with a probe for γ-ray dose rate and γ-ray spectrometry measure-
ments. The probe consists of a cylindrical LaBr3 scintillating crystal with dimensions
15 mm Ø × 15 mm height, coupled to a 4 × 4 Silicon Photomultiplier (SiPM) array by
SensL. The use of SiPMs instead of a traditional photomultiplier tube (PMT), along with
a proper selection of all electronic components as well as the battery, makes the instru-
ment operation unaffected by magnetic fields. Moreover, the advantage of using a SiPM
photodetector instead of a PMT is not restricted to applications with magnetic fields. In
fact, it also provides the possibility to have a more compact detector and a lower supply
voltage.

In view of using the B-RAD in real operating conditions and in order to be competitive
on the market, a big effort was put on the definition of 1) a new plastic case and a light
metal electromagnetic shield for the control unit, in order to minimise electromagnetic
or induced current effects, to limit the pulling force felt in strong magnetic fields and
to reduce the weight of the instrument, 2) on the choice of the battery. Recent strict
regulations on the transport of Li-ion batteries in portable devices restricted the choice of
commercially available batteries and forced the company to find alternative solutions and
design an ad-hoc battery pack.
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In July 2018 ELSE NUCLEAR provided us with the first version of the detector. A
first set of measurements were performed in order to characterise the detector in terms
of dose rate response, response linearity, energy calibration and angular response. An
improved version of the B-RAD was delivered to CERN in December 2018, provided with
a new customized battery pack. A third and a fourth version were delivered in May 2019
and in December 2019, respectively, in which some electronic issues previously reported
had been solved (Figure 2.1). Eventually, in January 2022 ELSE NUCLEAR provided us
with the latest version of the B-RAD that is now on the market [15] (Figure 2.2).

Figure 2.1: On the left, the first version of the B-RAD; on the right the fourth version.

Figure 2.2: On the left, the probe of the latest version of the B-RAD; on the right, the
control unit of the same version.

2.1.1 Overview of the commercial version

The central unit is tasked with data processing and real-time visualization of parameters
and of the measurements results. Figure 2.3 shows the main screen when the B-RAD is
switched-on where the main functions are numbered in red.

(1) The first function (Spectrum Acquisition) is used to acquire the energy calibrated
spectra. This function provides the spectrum in channels, the real and live acquisi-
tion times, the integrated number of counts and the integrated dose. The measured
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Figure 2.3: Main screen of the B-RAD central unit.

spectrum as well as date and start time of the measurement, the integral dose and
the dose rate are automatically saved. All the previous acquired spectra can be
load, visualized and through the Peak search option the software is able to identify
the peaks and give information about the channel, the energy, Full Width at Half
Maximum (FWHM) and the corresponding radionuclide.

(2) The second function (Dose Measurement Cycles) performs consecutive dose rate
acquisition cycles with the possibility to set pauses between measurements. This
function allows selecting the number of measurements and the duration of each
measurement. At the end of the cycles, the following data are registered:

� Real time

� Live time

� Average dose rate

� Maximum dose rate

� Integral dose

The units of average dose rate, maximum dose rate and integral dose are Sv/h and
Sv, respectively, with an automatic adjustment of the scale.

(3) Pressing the B-RAD menu bottom the user accesses the following functions.

(3.1) Energy Calibration. This function allows the user acquiring a spectrum for
energy-channel calibration. After the spectrum acquisition, the user can select
the photoelectric peak using two cursors. Once a peak is selected, the software
automatically fits the peak with a Gaussian function and calculates the energy
resolution (FWHM). A list of peaks can be created (peaks can be deleted or
added) and the energy calibration curve is automatically calculated from the
data in the saved list. This functionality allows the user to continuously update
the energy calibration adding new calibration points or replacing the points
previously saved. The detector was delivered by ELSE NUCLEAR already
calibrated using four peaks (511 keV and 1274 keV from 22Na and 32 keV and
662 keV from 137Cs).

E = −3.213× 10+1 + 6.044× 10−1 × ch.+ 2.185× 10−5 × ch.2 (2.1)

where E is the energy in keV and ch the corresponding channel number.
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(3.2) Background Acquisition. It allows environmental background spectra acquisi-
tions to be performed. The background spectrum acquired via the Background
Acquisition function can be automatically subtracted by the software to each
spectrum acquired via the Spectrum Acquisition and Dose Measurement Cycles
modes.

(3.3) Settings. It allows the user to set the following parameters:

� Energy range (only for better visualisation, not applied for dose rate cal-
culation)

� Calibration factor (see below Equation 2.2)

� Dose rate threshold for alarm alerting

� Enable/Disable background subtraction

� Enable/Disable LaBr3 intrinsic spectrum subtraction

� Create, duplicate, edit and delete the isotope library (this function is
password-protected). The B-RAD standard library is listed in the man-
ual.

(3.4) File manager opens the panel dedicated to file transfer to/from USB drive.

The dose provided by the B-RAD is calculated by software according to Equation 2.2:

Dose =

∑
ch (wch × Ech × countsch)∑

ch countsch
× Ctrigger × FC (2.2)

in which ch are the energy spectrum channels, wch is a weighting factor that depends
on the efficiency of the crystal as a function of the energy, Ech is the corresponding
energy, countsch are the counts in the corresponding channel, Ctrigger the actual number
of counts detected inside the trigger (i.e. all the signals crossing the threshold), and FC
the calibration factor. The weighting factors are set as shown in Table 2.1 based on the
measurements described in Chapter 1 (Section 1.3.2) [24] and cannot be freely modified by
the user. Because the dose is calculated weighting the number of counts over the energy
spectrum (as shown in Equation 2.2), a Pile-Up rejection algorithm is applied in order to
avoid distortion of the spectrum itself. Ctrigger compensates for the number of counts lost
during the death time of the detector. Indeed, the live time depends on Ctrigger according
to Equation 2.3:

Live time = Real time×
∑

ch countsch
Ctrigger

(2.3)

where Real time is the actual time of the measurement and countsch and Ctrigger are
defined above.

Table 2.1: Parameters for flattening the energy response. LL and UL are the lower and
upper limits of each energy interval, respectively, where the same weighting factor is ap-
plied; the corresponding weighting factors are listed in the third column.

LL (keV) UL (keV) wch

0 50 0.66
50 200 0.33
200 300 0.33
300 Inf. 1

Besides the three main buttons listed above, the main screen of the B-RAD also shows
the instantaneous dose rate and count rate in counts per seconds (cps), and a battery
status indicator. Figure 2.4 shows the five possible battery status indicators.
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Figure 2.4: The battery status indicators used by the B-RAD.

2.2 Tests of the B-RAD

Once the commercial version of the B-RAD was available, several tests were performed
in order to assess the performance of the device according to the required specifications
(summarized below). The aim of these measurements was to check the detector’s insensi-
tivity to strong magnetic field and to characterise it in terms of dose rate linearity, energy
range and angular response. Additionally, we measured the intrinsic radioactivity of the
LaBr3 crystal and we performed some operational tests to verify the B-RAD response in
a real work environment.

The B-RAD was designed to comply with the following main requirements.

� Portable radiation survey meter for γ-ray dose rate measurements

� Insensitivity to magnetic field up to 1 T (the detectors tested before started to fail
after few mT)

� Sensitivity range from 1 µSv/h up to few mSv/h

� Energy range between 60 keV and 1.3 MeV (suitable for accelerator facilities where
the average γ-ray energy is 800 keV)

2.2.1 Tests of the B-RAD in a calibrated dipole up to 1.5 T

The measurements were carried out at the Magnetic Measurement Laboratory at CERN
inside a calibrated dipole magnet up to 1.5 T [25]. The detector was tested increasing the
magnetic field in 0.2 T steps, in three different operating conditions (Figure 2.5):

� The control unit inside the dipole and the probe and the cable outside

� The probe inside the dipole and the control unit and the cable outside

� The probe, the control unit and the cable inside the dipole (for simplicity this con-
figuration is also indicated in this section as ”detector” inside the dipole).

A Hall probe was placed inside the dipole to accurately measure the magnetic field.
The Hall probe ranges from around 0.35 T to 1.38 T. Beyond these limits measurements
with the B-RAD were not performed because the magnetic field inside the dipole cannot
be monitored.

For each configuration we performed measurements with a 137Cs source (151.44 kBq
on 17/07/2015, about 36 µSv/h in contact) fixed on the probe (as shown in Figure 2.5
on the left). The Spectrum Acquisition option was selected in order to acquire the energy
spectrum, the count rate and the dose rate. For all measurements we set a time window
of 3 minutes.

The objectives of this test were:
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Figure 2.5: Two different working conditions of the B-RAD inside the dipole. On the left,
both probe and control unit are inside the dipole magnet and on the right, the probe is
inside the dipole while the control unit remains outside.

� To test the lifetime of the new battery

� To test the LED and LCD displays

� To check the mechanical force produced by the magnetic field on the different com-
ponents of the B-RAD

� To check the effect of the magnetic field on the count rate

� To check the effect of the magnetic field on the spectrometric performance.

The battery was fully recharged before the measurements and lasted during all the mea-
surement cycles (4 hours of operation). Both the LCD(1) and the LED(2) display worked
properly. Starting from 0.4 T, we started to feel a pulling force on the control unit, which
became very intense for the highest values of the magnetic field (above 1 T). This is due to
the presence of metallic components inside the control unit, such as stainless steel screws
and a Faraday cage which isolates the main electronic circuit from the electrostatic field.
The mechanical force felt on the probe was always less intense than the one felt on the
control unit, but still present for values of the magnetic field above 1 T and when the
probe was moved inside the dipole. The mechanical force felt on the control unit above
about 1 T was quite strong for a hand-held detector.

An acquisition of the background was performed for 30 minutes both with the detector
outside the dipole and with the probe inside the dipole. The measured backgrounds were
92 nSv/h and 66 nSv/h respectively. This difference is expected because of the shielding
effect of the magnet when the probe is inside. A measurement was performed at 0 T (i.e.
switching the magnet off) for each operating conditions to set a reference. Afterwards, we
performed the measurements at different values of the magnetic field and in the different
configurations, as explained above.

Figure 2.6 shows the resulting spectra acquired for the three configurations and for the
different values of the magnetic field. Figure 2.6 shows that the response of the detector
is affected by the magnetic field only when the control unit is inside it. In particular a
reduction of the gain of the signal is observed while the magnetic field is increased, with
the consequent compression of the energy spectrum and the shift of the 137Cs photoelectric
peak toward low energy channels. The variation of the 32 keV peak position is negligble
because the gain variation is proportional to the signal amplitude, i.e. to the deposited
energy.

(1)Liquid Crystal Display
(2)Light Emitting Diode
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Figure 2.7 shows the position of the 137Cs peak (662 keV) (in terms of channel num-
ber) and the corresponding energy resolution (FWHM). The channel and FWHM values
correspond to the mean and FWHM values of the Gaussian equation fitting the 137Cs peak
of each spectrum. In order to evaluate the uncertainties of each data point, a series of 60
measurements was performed acquiring the spectrum of the same 137Cs source, placed in
the same position in respect of the detector and for the same acquisition time (3 minutes).
The peak position and the FWHM values of each spectrum were evaluated as described
above. A standard deviation of 0.07% and 0.37% of the averaged value were obtained for
the peak position and the peak energy resolution, respectively. These uncertainties were
applied to the results shown in Figure 2.7. Figure 2.7 shows that the maximum variation
of the peak position as compared with the reference value (i.e. at 0 T) is around 6% when
only the control unit is inside the dipole at 1.5 T. This effect is negligible when only the
probe is inside the dipole. The origin of this particular effect is attributed to an induc-
tance present on the delay line (a 1515-series device from Data Delay Devices [26]. It is a
passive delay line designed to shift the input signal by a specific increment of time (100 ns)
operating as a special purpose low-pass filter. The energy resolution is not affected by the
magnetic field for all the configurations.

(a) (b)

(c)

Figure 2.6: The 137Cs spectra acquired with the B-RAD at different values of the magnetic
fields and for different configurations: (a) with only the probe, (b) only the control unit
and (c) the entire B-RAD inside the dipole.

Figure 2.8 left plot shows the measured count rate (counts per second, cps) for the
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three configurations by varying the magnetic field and the reference count rates at 0 T.
Figure 2.8 right plot shows the corresponding dose rate values. The statistical uncertainties
were calculated. For the dose rate, the statistical uncertainties were obtained by applying
the error propagation rules to Equation 2.2, considering the weighting factors, the energy
of each channel and the calibration factor as constants. For each configuration the response
of the detector in terms of count rate is uniform with the magnetic field. However, the
measured cps with only the control unit inside (red data points) is around 5% lower
as compared with the blue and black configurations (the probe and the unit + probe
inside the dipole). This result is independent of the magnetic field, since the count rate
measured with only the control unit inside the dipole is consistent with the reference
count rate measured in the same configuration. This reduction is most likely due to the
increasing of the backscattered component when the probe is inside the dipole. This
hypothesis is currently being investigated by FLUKA Monte Carlo simulations(3). As
shown in Figure 2.5, because of the small air gap between the two poles of the dipole
(8 cm), the probe is unavoidably close to the walls of the dipole.

Figure 2.7: Position (left plot) and resolution (right plot) of the 137Cs peak measured with
the B-RAD for three different working conditions at different values of the magnetic field
and without the magnetic field. Error bars not shown are smaller than the data points.

Figure 2.8: Count rate (left plot) and dose rate (right plot) measured with the 137Cs source
for three different working conditions at different values of the magnetic field and without
the magnetic field. Error bars are smaller than the data points.

While the count rate can be assumed independent of the magnetic field, Figure 2.8

(3)The results were not yet available at the time of submitting the thesis.
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right plot shows that the corresponding dose rate varies similar to the variation of the
position of the 137Cs peak. This variation comes from the algorithm used by the software
to calculate the dose rate (Equation 2.2), which weights the detected counts over the
energy spectrum. However, the variation is almost negligible below around 0.5 T and it
is less than 10% at 1.5 T. From the operational point of view, this variation is acceptable
for radiation protection purposes. Otherwise a software compensating algorithm might
be introduced by the company. In this case a Hall probe, able to accurately measure the
magnetic field, must be implemented on the device.

A further test was performed to check whether moving the probe during the measure-
ment inside the dipole affects the count rate or the spectrometric performance. The same
test was repeated with the control unit. The measurements were performed at three dif-
ferent values of the magnetic field: 0.35 T (the minimum measurable field), at 0.8 T and
at 1.38 T (the maximum measurable field). The spectra and the dose rate measured in
dynamic conditions both with the probe and with the control unit were always consistent
with the spectra and the dose rate measured for the same configuration and the same
magnetic field in static condition. It can be asserted that the movement of the detector
inside the magnetic field does not affect the result of the measurement.

A final test was performed to check if a dependence on the B-RAD response with the
magnetic field exists because of the cable. Both the probe and the cable were placed inside
the dipole, whereas the control unit was kept outside, where the stray field was about 30%
of the field inside (Figure 2.9). The variation of the dose rate measured with the cable
inside and outside was negligible. A slightly variation on the position of the main peak
was observed which is attributed to the magnetic field present on the control unit. This
test confirms that the only component of the B-RAD affected by the magnetic field is the
control unit. This effect is under investigation by the company in order to be solved in
the future versions of the detector, e.g. via a software compensation algorithm.

Figure 2.9: The B-RAD measuring the 137Cs source with the probe and the cable inside
the dipole and the control unit outside.

2.2.2 Test of the B-RAD at ISOLDE facility inside a magnetic field up
to 2.5 T

The on-line isotope mass separator ISOLDE (Isotope Separator On Line DEvice) [27] is a
facility dedicated to the production of a large variety of radioactive ion beams (over 1,300
isotopes of more than 70 elements) for many different experiments. The facility is located
at the Proton-Synchrotron Booster (PSB) at CERN since 1992.

Measurements were performed inside the ISOLDE Solenoidal Spectrometer (ISS) [28].
The ISS is a fixed experimental set-up of the HIE-ISOLDE (High Energy and Intensity)
project, an upgrade that aims to increase the facility’s energy and intensity. Figure 2.10
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shows a 3D view of HIE-ISOLDE linac and of the three experimental stations (Miniball,
ISS and Scattering Chamber). The ISS has been developed for precision studies of inelastic
scattering and transfer reactions induced by radioactive ion beams from the HIE-ISOLDE.
It consists of the 4T former-MRI solenoid, a silicon sensor array and the SpecMAT, a
project for placing an active gas target inside the solenoid. During normal operation
a thin plastic foil target containing hydrogen nuclei is placed close to the centre of the
solenoid and bombarded by accelerated radioactive nuclei from HIE-ISOLDE. The emitted
reaction products are bent by the magnetic field until they reach the position-sensitive
silicon detector and their energy is measured.

The measurements with the B-RAD were performed inside the solenoid in August
2019 during the preparation for a new ISS detector’s installation. The solenoid used
for this project is an OR66 ex-MRI (Figure 2.11) magnet that was previously used for
medical imaging research at the University of Queensland’s Centre for Advanced Imaging
in Brisbane, Australia. Its purchase was jointly funded by the STFC and the University of
Liverpool and it was transported to CERN in early 2016. Figure 2.12 shows the ISS field
strength at 2.47 T on the solenoid axis (r < 20 mm) along the beam direction; z = 0 mm on
the horizontal axis corresponds to the middle of the solenoid. The magnetic field slightly
deviates around z = ± 700 mm according to the values of the radius (always below 20 mm)
as shown on the same plot. Inside the whole solenoid (r < 300 mm from the axis) the field
is still very homogenous.

Figure 2.10: 3D view of the HIE-ISOLDE linac and of the three experimental stations
(Miniball, ISS and Scattering Chamber).

The measurements were carried out in three steps:

(1) Ramping-up the current of the solenoid and the consequent induced magnetic field.
The current was ramped up from 0 to 269.4 A (corresponding to 2.5 T) at a rate of
2 A/min, which means that the magnetic field takes around 2-2.5 hours to reach its
maximum value. It was not possible to stop the ramping at intermediate values

(2) At constant field, the magnetic field was kept constant at its maximum value (2.5 T)

(3) Ramping-down the current; the ramping-down occurs with the same procedures and
rate of the ramping up

Measurements were performed simulating two different working conditions of the B-RAD:
the probe inside the field and the control unit outside (during the ramping-up and at 2.5 T
field) and the entire B-RAD inside the solenoid (during the ramping-down). Because of a

23



Figure 2.11: The solenoid of the ISOLDE Solenoidal Spectrometer (ISS).

Figure 2.12: Plot of the ISS field strength on the solenoid centre axis and for r equal to
20 mm along the beam direction [29].

restriction to do multiple ramps due to the liquid He consumption, it was not possible to
perform measurements with the control unit inside and the probe outside. Ramping the
solenoid up and down consumes about 5% of the liquid He volume at once and the liquid
He content should be at least 40% of the maximum filling level to allow safe operation
[29].

The B-RAD was fixed with cable ties to a tripod which made possible to place the de-
tector not further than 50 cm away from the middle of the solenoid, in the beam direction,
where the magnetic field is still uniform (see Figure 2.12). Figure 2.13 shows the B-RAD
fixed on the tripod in the first configuration, the control unit outside (on the left) and the
probe inside (on the right).

A 137Cs γ source (∼ 36 µSv/h at contact) was fixed to the probe; before ramping-up
the magnetic field, the B-RAD was set in order to measure both the dose rate and the
spectrum in time intervals of one minute continuously and automatically during all the
ramping-up. A time window of one minute guarantees a good statistics (high number
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Figure 2.13: The experimental setup with the control unit outside the magnet (on the left)
and the probe inside (on the right).

of counts) and it is short enough to consider the magnetic field constant. The same
setup was used during the ramping down. Figure 2.14 shows the measured dose rate
from 0 to 2.5 T at step of 0.1 T for the two configurations, the horizontal line is the
dose rate measured outside the magnetic field. When only the probe was inside the
solenoid, the response of the detector was always uniform for all values of the magnetic
field, with deviation between the reference and the measured values of around 3%. When
the whole B-RAD was inside, the count rates slightly decreased between 0.1 T and 0.5 T,
afterward it stabilised around a value 15% lower than the reference value. The reason of
this decreasing is associated to the dependence of the dose rate with the energy spectrum
and the variation of the latter when the control unit is inside a magnetic field (as explained
in Section 2.2.1 for the measurements in the dipole and below for these measurements).
However, a direct comparison with the measurements performed in the dipole cannot be
performed because of two main reasons: 1) the measurements in ISOLDE were performed
with the previous version of the B-RAD which implemented a different algorithm for the
dose rate calculation, 2) the position of the B-RAD (of the control unit in particular) in
respect of the magnetic field lines was different. Figure 2.15 shows the spectra acquired
at three different values of the magnetic field for the two configurations.

Figure 2.14: Dose rate measured with the B-RAD for two different working conditions:
only the probe inside (in blue) and the entire detector inside the solenoid (in black). The
horizontal line shows the reference dose rate value measured outside the magnetic field.
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Figure 2.15: The 137Cs spectra acquired with the B-RAD with only the probe inside the
magnetic field (left plot) and with the whole B-RAD inside (right plot) for three different
values of the magnetic field.

As mentioned above and as expected by the previous measurements (Section 2.2.1),
the spectrum shifts towards lower energy values when the control unit is inside the mag-
netic field. In that case no effect was visible when only the probe was inside. However,
Figure 2.15 shows a slight shift also in the latter configuration, which is probably due to
the fact that we were not able to place the control unit far from the solenoid when the
probe was inside (because of the limited length of the cable and the necessity to place
the probe as close as possible to the middle of the solenoid), so that the control unit was
exposed to the stray magnetic field.

A Hall sensor is integrated into the B-RAD probe inside the printed circuit board
(PCB) placed in the active probe to measure and provide the user with the intensity of
the magnetic field. This probe is made of a single coil and therefore measures correctly only
when the B-field is perpendicular to the coil plane. During the measurements described
in Section 2.2.1 we were not able to calibrate the Hall sensor, since the B-RAD probe can
only be placed in the dipole gap as shown in Figure 2.5 left, and in this configuration the
Hall probe is parallel to the B-field lines. During the measurements performed in ISOLDE
instead, the probe was placed perpendicularly respect to the magnetic field lines and its
calibration was feasible.

The non-calibrated value measured by the Hall probe was read on the screen of the
B-RAD each five minutes during all the measurement cycle (both during the ramping-up
and the ramping-down). In Figure 2.16 the arbitrary value measured by the Hall probe
is plotted against the magnetic field. The response of the probe is very linear up to 1 T,
above which the value read on the screen was always around 210. This saturation effect
was checked both during the ramping-up and the ramping-down.

During these tests, the B-RAD and its main components (the battery and the two
displays) worked properly inside the magnetic field. The count rate measured up to 2.5 T
deviated from the reference value (measured at 0 T) by less than 15%. The control unit
was slightly affected by the magnetic field since the acquired spectrum slightly shifted
toward lower energy values (proportionally to the magnetic field intensity) when it was
placed inside the field. This can probably due to the effect of the field on the electronic
components. The measurements showed that the radio-isotope identification algorithm
may fail because of this effect, however it did not affect the measured dose rate.

The B-RAD is also equipped with a Hall probe to indicate the value of the magnetic
field in which the B-RAD is operating. The Hall probe was calibrated with the magnetic
field intensity, however it saturated at around 1 T. This saturation effect can be accepted
taking into account that it is reached at quite intense magnetic fields. Beyond this value
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Figure 2.16: Plot of the magnetic field measured by the Hall probe (in arbitrary units) as
a function of the actual value of the magnetic field from 0.25 to 1.5 T.

it can be sufficient to just inform the operator that the magnetic field intensity is higher
than 1 T. This specific Hall probe is made of a single coil so that its reading strongly
depends on its position with respect to the field lines. As a future objective the probe
should be replaced by a tri-coil one able to measure the magnetic field irrespective of its
orientation and a new calibration should be performed in this case.

2.2.3 Measurements at the CERN RP Calibration Laboratory

The B-RAD was tested at the RP Calibration Laboratory [30, 31] in order to check the
linearity of its response as a function of dose rate, the dose rate working range and to
check the calibration factor set in the B-RAD by the company.

The measurements were performed using a 137Cs source. The activity and the distance
of the source were varied in order to obtain different reference dose rate values in the range
between 450 nSv/h (the lowest achievable dose rate at the Calibration Laboratory) and
10 mSv/h. The Dose Measurement Cycles mode was selected by setting 16 measurements
of 30 seconds for each irradiation position. Because the B-RAD cannot be remotely
controlled, we needed to start the acquisition before the source was moved to its exposure
position. For each position, measurements made before the source was in its exposure
position were discarded. For measurements below 10 µSv/h, the background was acquired
at the same irradiation position as the measurements, and properly subtracted to the
measured dose rate. Above 10 µSv/h the background was negligible.

Figure 2.17 shows the response of the B-RAD (in terms of dose rate) as a function of
the reference dose rate and the results of the linear fitting performed on the acquired data.
Table 2.2 reports the irradiation settings of each measurement and the corresponding dose
rate measured by the B-RAD. It also compares the reference and the measured dose rate.

The response is very linear from 1 µSv/h to 2 mSv/h. An overestimation of the dose
rate is observed below 1 µSv/h, where a major uncertainty of the reference dose rate
should also be considered. For higher dose rates the detector starts to deviate from the
linearity as shown in Table 2.2 and saturation effects arise. An excellent match between the
reference and the measured dose rate is observed between around 1 µSv/h and 400 µSv/h
(difference less than 5%). In the 800 nSv/h - 1 mSv/h range, the percentage difference
is within the acceptable uncertainty in radiation protection applications (around 10%
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of variation). Beyond this range, the variation is not negligible but still acceptable in
radiation protection (around 20%).

As shown in Table 2.2 the B-RAD, also in the linear range, slightly underestimates
the reference dose rate. This might be due to a non perfect evaluation of the calibration
coefficient set in the B-RAD software. However, the latter can be modified in the future
after a proper calibration of the device.

For a complete analysis, the response of the detector to different energy γ-ray sources
should be measured in the future. Because sources different from 137Cs are not available
at the CERN Calibration Laboratory, we did not perform this analysis.

Figure 2.17: Response of the commercial version of the B-RAD as a function of dose rate;
the error bars are smaller than the data points. The red line represents the linear fit; the
fit parameters are shown in the plot.
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Table 2.2: Irradiation settings at the RP Calibration Laboratory and results.

Activity Distance
Reference dose

rate
Measured dose

rate
(Reference - Measured)/

Reference dose rate
(cm) (µSv/h) (µSv/h)

300 MBq 580 0.44 0.56 -27%
300 MBq 540 0.57 0.67 -18%
300 MBq 480 0.79 0.83 -6%
300 MBq 400 1.2 1.18 2%
300 MBq 180 6.1 6.12 0.4%
300 MBq 100 19.54 19.37 0.8%
3 GBq 200 50.70 49.39 3%
30 GBq 330 189.84 182.01 4%
30 GBq 240 361.78 342.40 5%
30 GBq 180 642.96 594.56 8%
30 GBq 230 1227.6 1131.17 9%
300 GBq 330 2184.0 1948.92 11%
300 GBq 240 4153.2 3498.43 16%
300 GBq 200 5988.0 4840.07 19%
300 GBq 170 8299.2 6471.50 22%
300 GBq 140 12264.0 9568.29 22%

2.2.4 Test of the energy range and energy resolution of the B-RAD

The energy spectra of three different γ-ray sources (137Am, 137Cs, 60Co) were acquired
in order to check the energy range and the energy resolution (FWHM) of the B-RAD, as
shown in Figure 2.18. The energy range of the B-RAD, initially set from 60 keV, was later
extended down to 30 keV. Indeed, the 33 keV X-ray following the 137Cs decay was clearly
detected. As reported in Figure 2.18 the energy resolution is less than 5% at 662 keV.

Figure 2.18: The energy calibrated spectra of three different γ-ray sources acquired with
the B-RAD and the corresponding energy resolution.
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2.2.5 The angular response

The focus of these measurements was to evaluate the angular response of the B-RAD.
Measurements were performed at twelve different angles between the crystal and a 137Cs
source: 0°, -30°, -60°, - 90°, - 120°, - 150°, +30°, +60°, +90°, +120°, +150°, +180°, where 0°
corresponds to the probe axis parallel to the source field lines. The probe was placed on a
rotating table software-controlled and rotated in respect of the source direction. The signs
+ and - correspond to clockwise and anti-clockwise rotations, respectively. The source-
to-detector distance was kept constant at 250 cm and the detector exposed to a 3 GBq
source (32 µSv/h).

The measurements were carried out using the Dose Measurement Cycles mode follow-
ing the same experimental procedure described in Section 2.2.3. The results are reported
in Table 2.3 and shown in Figure 2.19. A 5% uncertainty must be considered to take into
account both the statistical and the experimental uncertainties, the latter mainly associ-
ated with the positioning of the detector. The response of the B-RAD is very symmetric
in respect of its axis ( 0°) and the measured dose rate is almost uniform in the -120°–+120°
angular range, with a total variation between the minimum and maximum dose rate of
around 3%. However, beyond this range the response of the B-RAD clearly drops by 66%
when the probe is at 180°. This variation is most probably due to the scattering of γ-rays
on the probe itself. Besides the crystal, the probe consists of a cylindrical casing and a
handle which may interfere with the measurement.

Figure 2.19: Polar plot of the dose rate measured by the B-RAD as a function of the angle
between the source and the detector. The dose rate is represented on the radius of the plot,
in (µSv/h).
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Table 2.3: Results (dose rate) of the instrument response at different angles of the detector
from the source direction.

Angle
Dose rate
(µSv/h)

0° 31.46
-30° 30.91
+30° 31.19
-60° 30.40
+60 30.46
-90° 31.42
+90° 30.60
-120° 30.75
+120° 30.50
-150° 26.02
+150° 26.21
+180° 9.84

2.2.6 The LaBr3 internal radioactivity

The intrinsic radioactivity of the LaBr3 crystal is well known and deeply studied [32,
33, 34]. The new software version installed in the detector provides the possibility to
enable/disable the subtraction of the LaBr3 intrinsic spectrum from a measurement. To
activate this option, the LaBr3 intrinsic spectrum was measured and saved in the setting
of the B-RAD.

The internal radioactivity of the LaBr3 scintillator comes from the presence of the
138La isotope (T1/2 = 1.5×1011 years) in the crystal. Figure 2.20 shows the 138La decay
chain. The most probable decay is the electron capture (EC) to the first excited level of
138Ba followed by the emission of a 1435.8 keV γ-ray and by the emission of the 32 keV
X-ray of 138Ba. The second decay channel is the β-–decay to the excited state of the 138Ce
and the consequent emission of a 788.7 keV γ-ray.

Figure 2.20: Decay scheme of 138La [34].

In order to measure the intrinsic radioactivity of the crystal, the B-RAD was placed
inside a lead shielded chamber as shown in Figure 2.21. The dose rate inside the shield
was measured with an Automess 6150AD6 [35] detector equipped with a 6150 ADb [36]
probe (AD6+ADb). The detector was placed inside the chamber with a camera pointing
on the display to record the data and the dose rate was measured for 10 minutes. Fig-
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ure 2.22 shows the dose rate recorded every 2 seconds. The average measured dose rate
was 20 nSv/h.

Figure 2.21: The shielded chamber on the left and the B-RAD inside it on the right.

A measurement of 6 hours was performed with the B-RAD. Because of the battery
consumption it was not possible to perform a longer measurement (the battery lifetime is
8-10 hours). Figure 2.23 shows the measured energy spectrum, calibrated according to the
equation saved in the B-RAD software (Equation 2.1). The peak at around 1450 keV is
due to the 1435.8 keV γ-ray of 138Ba in coincidence with the 32 keV X-ray (when the X-ray
is detected) following the 138La electron capture; the broad spectrum between 750 keV
and 1000 keV comes from the β- decay of 138La (789 keV of the γ-ray plus the energy of
the β– particle). The portion of the spectrum below 750 keV is γ-ray background from
the238U and the 232Th decay chain. Above 2000 keV the LaBr3 spectrum exhibits the
α-peaks of the 277Ac decay chain, due to the 277Ac contamination which is unavoidable
because of the similar chemical composition of Ac with La [33, 37]. The measured dose
rate was 57 nSv/h. Taking into account the background measured in the shielded chamber,
the dose rate due to the intrinsic radioactivity of the LaBr3 is about 37 nSv/h.

Figure 2.22: The instantaneous dose rate measured by the Automess AD6+AD-b detector
inside the shield every 2 seconds; the red line is the average value.
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Figure 2.23: The energy calibrated spectrum of the LaBr3 crystal acquired inside a shielded
chamber.

2.2.7 Operational tests

The RP Radioactive Waste (RW) section requested the use of the B-RAD to measure
the residual radioactivity of more than 500 permanent magnets mounted on ion pumps
from the former Large Electron-Positron (LEP) collider [38, 39, 40], currently stored at
CERN in view of their radiological clearance and elimination [41]. Because of the residual
magnetic field the other commonly used detectors failed. This request pushed us to test
the operational performance of the B-RAD. We used the B-RAD to measure the residual
radioactivity of twenty of these magnets (Section 2.2.7.1). Moreover, we evaluated the
potential reactivity of the B-RAD to detect a radioactive source, placed at an unknown
location within a controlled configuration at the RP- Special Project (SP) laboratory
(Section 2.2.7.2). Finally, we checked the stability of the B-RAD response, monitoring the
measured dose rate and the energy calibration over a period of one month (Section 2.2.7.3).

2.2.7.1 Measurement of the residual radioactivity of the permanent magnets

The twenty selected magnets were placed on the floor at more than one meter apart from
each other (Figure 2.24). Before starting the measurements, the background was measured
for 20 minutes; the resulting value was 92 nSv/h. Thereafter each magnet was measured
at four different points (two on the top and two on the bottom) and a further measurement
was performed by scanning the inner part of each magnet, as shown in Figure 2.25. All
measurements were performed at contact. Fifty percent of the measured magnets are
thus classified as slightly radioactive (TFA, très faiblement radioactif in French) as the
measured dose rate was 30 nSv/h above the background level. The other magnets were
classified as non radioactive. The B-RAD is under consideration for routine use for the
free-release of about 500 permanent magnets stored in ISR7.

2.2.7.2 Assessment of the B-RAD capability to detect a radioactive source

Two different tests were performed to better understand the responsiveness of the B-RAD
in actual working conditions [42]. These tests did not follow rigorous procedures since they
were aimed at providing qualitative information about the performances of the detector.

(1) A 137Cs source (151.44 kBq on 17/7/2015) was hidden in 20 m2 room (Figure 2.26,
classified as controlled area, and the time employed with the B-RAD to find it was

33



Figure 2.24: The twenty permanent magnets measured with the B-RAD at ISR7.

Figure 2.25: Top (on the left) and bottom (on the right) view of a magnet; the four
measurement points and the scan direction are specified.

determined

(2) The same 137Cs source was placed on a table and the B-RAD was hand-held, the
operator walking nearby the source (see trajectory in Figure 2.27) at different speeds
in order to find the maximum speed at which the source is detected

The first test was performed two times; in both cases, when the B-RAD was getting
close to the source the measured dose rate was around four times the background level and
despite the large surface of the room compared to the size of the source and the amount
of material stored, the operator managed to localize the source in less than 10 minutes.
The second test was performed approaching the source until a distance of around 30 cm
(150 nSv/h at 30 cm). The maximum speed at which the source could be detected was
around 2 m/s; while walking faster no relevant variations from background were visualized
on the display. On the other hand, when the probe got very close to the source (almost
in contact), the B-RAD always detected it.

The detector generally showed a good reactivity in presence of a radioactive source
(137Cs with an activity of 151.44 kBq) at around 30 cm distance, the visualized dose rate
rapidly increased above the background level, however it did not reach a constant value
because the dose rate is calculated every second and the value displayed is continuously
updated. According to the specific application, the operator can select a longer acquisition
time to get a more accurate value of the dose rate.

34



Figure 2.26: RP-SP laboratory in building 24 where the 137Cs source was hidden for the
localisation test with the B-RAD.

Figure 2.27: Position of the γ-ray source with respect to the B-RAD during the test 2: the
source was placed on a table while the B-RAD was moved along the shown trajectory.

2.2.7.3 Test of the stability of the B-RAD’s response and energy calibration

In order to check the stability in time of the latest version of the B-RAD, ten measurements
were performed over one month under exactly the same conditions and at the same time
testing the energy calibration stability. The measurements were performed with three
γ-ray sources, placing them (in turn) in contact with the probe in the same position, as
shown in Figure 2.28 (the sources have the same geometry). The employed sources are:
137Cs (151.44 kBq on 17/7/2015), 60Co (39.51 kBq on 25/01/2017) and 241Am (39.52 kBq
on 17/7/2015).

Measurements were performed in the RP-SP laboratory following the procedure de-
scribed below:

(1) Battery of the B-RAD completely charged

(2) Acquisition of the background for 1 hour with the LaBr3 subtraction option enabled

(3) Measurement with the source without background subtraction (no automatic sub-
traction of the background via the software was performed)

(4) Calculation of the net dose rate for each source. The net dose rate was calcu-
lated as the difference between the dose rate with the source and the dose rate of
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the background (the subtraction of the LaBr3 intrinsic spectrum is included in the
background)

(5) Evaluation of the position and of the FWHM of each photopeak. The peak position
and the FWHM were automatically calculated by the B-RAD software and accessed
through the Peak Search option

All the measurements were performed with the Spectrum Acquisition option. Table 2.4
summarises the results. The empty fields in Table 2.4 refer to measurements affected by
experimental error and therefore discarded from the analysis: changing the source surface
in contact with the probe, the dose rate differs by around 30% for 137Cs and by around 90%
for 241Am. This effect is not present with the 60Co source, probably because of different
reasons, e.g. the much higher energy of the γ-rays, the thickness of the source shielding
or the shielding that surrounds the crystal.

Figure 2.28: Measurement of a 137Cs source’s contact dose rate with the B-RAD. The
source is placed in contact with the probe (red circle).

From data in Table 2.4, the averaged dose rates and their absolute uncertainties
were calculated. The measured dose rate is 31.38 ± 0.07 µSv/h for the 137Cs source,
30.99 ± 0.09 µSv/h for the 60Co source and 1.34 ± 0.04 µSv/h for the 241Am. The po-
sitions of the 137Cs and 60Co photopeaks are almost constant during the measurement
period; a variation 0.6% and 0.3% for 137Cs and 60Co (both peaks) was revealed. A major
variation of 20% was observed with 241Am, probably due to the lower count rate and
statistics in terms of γ-rays emitted by the crystal because of the lower energy of the
source (close to the noise).

We can conclude that the response of the B-RAD in terms of dose rate is quite stable.
For the same setup, a variation of around 1% was calculated when the B-RAD measures
quite high dose rates (30 µSv/h) while the variation was around 9% for much lower values
(close to the background). The energy calibration was checked by monitoring the position
of the photopeak for different γ-ray sources; no relevant variations were detected except
for a low activity and low energy 241Am source.

2.3 Conclusions

Several tests were performed on the industrialized version of the B-RAD with the aim to
characterise the device and to check whether it satisfies the initial specifications. These
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tests were also useful to provide the company with feedbacks which led to the improvement
of the detector. The B-RAD properly works up to 2.5 T, however a pulling force was felt
starting from 0.4 T, especially on the control unit, which becomes quite strong when the
magnetic field is further increased. The response of the B-RAD in terms of count rate
was always uniform in different working conditions for the detector (the control unit and
the probe inside the magnetic field, only the probe and only the control unit inside the
magnetic field). A particular effect is observed when the control unit is exposed to a
magnetic field which consists in the shifting of the energy spectrum. For a 137Cs source,
the photoelectric peak shifts by 6% at 1.5 T in regard to 0 T towards lower energy channels.
As a consequence the measured dose rate reduces when the magnetic field increases. This
reduction is negligible up to around 0.5 T and is always lower than 10% up to 1.5 T.
This uncertainty can be accepted in many applications in radiation protection or can be
software compensated in the future versions of the detector.

The linearity of the B-RAD response with the dose rate was measured from 450 nSv/h
up to 10 mSv/h and it started to deviate from linearity around 2 mSv/h. The nominal
sensitivity range of the B-RAD, provided by the company, extends from 0.1 µSv/h up
to 10 mSv/h. The B-RAD showed a wide energy range (30 keV–1.5 MeV) with different
γ-ray sources and a very good energy resolution (less than 5% at 662 keV). Its response
showed a negligible angular dependence between -120° and +120°. Eventually, the intrinsic
spectrum of the LaBr3 crystal was measured (around 40 nSv/h) and saved on the detector
setup for automatic subtraction.

Operational tests performed on the B-RAD showed a good capability of the device
to detect the presence of an unknown γ-ray source at an unidentified location and a fast
response as soon as the device approached the source. The B-RAD also showed a stable
response over a tested period of one month, a variation of only 1% of the dose rate was
measured with the same source in the same identical configuration (137Cs and 60Co). A
higher variation (around 9%) was measured only with low energy and low activity γ-ray
source essentially due to the lower statistics (241Am). Finally, the B-RAD was considered
to measure the residual radioactivity of more than 500 permanent magnets mounted on
the ion pumps from the former LEP collider in view of their radiological clearance and
elimination since all the other common devices failed. The B-RAD was employed on
twenty randomly selected magnets and it allowed to classify 50% of them as radioactive.
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Table 2.4: Summary of the stability test. For each day of measurement and for each
source, the table reports the acquisition time (in seconds), the net dose rate (in µSv/h),
the peak position (channel) and the energy resolution (FWHM).

.
Source Acquisition time Net dose rate Peak position Energy resolution

(s) (µSv/h) (channel) (%)

Day 1
14/02/2020

Background 3600 0.069
137Cs 252 31.31 1078 5.9%
60Co 350 30.91 1784 5.6%

2001 4.71%
241Am 957 - 206 41.5%

Day 2
19/02/2020

Background 3600 0.070
137Cs 177 31.38 1081 5.9%
60Co 287 31.44 1789 5.5%

2008 4.8%
241Am 757 1.31 197 33.2%

Day 3
21/02/2020

Background 3600 0.070
137Cs 124 - 1078 5.8%
60Co 287 31.20

1788 5.7%
2005 4.6%

241Am 757 1.45 213 27.6%

Day 4
25/02/2020

Background 3600 0.069
137Cs 176 31.72 1075 5.8%
60Co 381 31.26 1786 5.5%

2002 4.7%
241Am 1163 1.44 231 29.4%

Day 5
25/02/2020

Background 3600 0.068
137Cs 158 31.38 1078 5.9%
60Co 314 30.94 1786 5.6%

2003 4.6%
241Am 1950 - 232 33.2%

Day 6
28/02/2020

Background 3600 0.069
137Cs 165 - 1078 5.8%
60Co 318 30.69

1784 5.4%
2001 4.7%

241Am 1261 - 210 40.1%

Day 7 2/03/2020

Background 3600 0.069
137Cs 136 31.09 1079 6.0%
60Co 350 30.82 1785 5.6%

2001 4.7%
241Am 2404 1.21 186 37.4%

Day 8 2/03/2020

Background 3600 0.071
137Cs 147 31.24 1079 6.0%
60Co 358 31.23 1788 5.7%

2007 4.8%
241Am 2837 1.23 189 35.7%

Day 9 2/03/2020

Background 3600 0.069
137Cs 135 31.54 1079 6.0%
60Co 308 30.72

1787 5.5%
2003 4.8%

241Am 5820 1.31 196 33.3%

Day 10
2/03/2020

Background 3600 0.071
137Cs 125 31.36 1077 5.9%
60Co 322 30.65 1787 5.6%

2005 4.5%
241Am 3567 1.42 209 28.8%
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Chapter 3

Characterisation of stilbene and
EJ-276 as probes for fast neutron
dose rate measurements

In this chapter, a stilbene and an EJ-276 (plastic) organic scintillator are considered in
view of their application in the B-RAD detector, as an additional probe for fast neutron
dose rate measurements. Section 3.1 indroduces the organic scintillators. In particular
it discusses the neutron kinematics and the neutron spectrum in organic materials (Sec-
tion 3.1.1), the γ-ray interaction in organic scintillators and the emerging energy spectrum
(Section 3.1.3) and the difference in the time profile of signals produced by the interac-
tion with different kinds of particles (Section 3.1.4). Section 3.2 explains the Pulse Shape
Discrimination (PSD), a method for particle discrimination commonly used in organic
scintillators. In this work the PSD is considered for neutron/γ-ray (n/γ) discrimination.

Sections 3.3 and 3.4 are dedicated to the performance tests of the two selected scin-
tillators. Section 3.3 describes the experimental setup. Section 3.4 addresses the energy
calibration and energy resolution, the n/γ discrimination via the PSD, the count rate lin-
earity, the neutron detection efficiency, a Pile-Up Rejection (PUR) algorithm developed for
application in high-intensity and mixed radiation fields and the temperature dependence.
Finally, Section 3.5 summarises the results.

3.1 Introduction to organic scintillators

Organic scintillators are widely used in particle detection. They are often preferred to
inorganic crystals since their fabrication is easier, they have short decay times and lower
cost. Moreover, the capability to perform particle discrimination [5] makes them suitable
for particle detection since it allows γ-ray background elimination. As neutron detectors,
organic scintillators have been investigated for several applications such as fission neutron
detection [43], fast neutron imaging [44], neutron spectrometry (with unfolding) [45] and
as an alternative to 3He counters in non-proliferation application, homeland security and
fusion research [46, 47].

3.1.1 Kinematics of neutron elastic scattering

Neutron detection in organic scintillators is based on elastic scattering of neutrons by light
ions. Hydrogen is probably the most common choice as target nucleus and the recoil nuclei
that result from neutron scattering on ordinary hydrogen are recoil protons. Because of
the high hydrogen content in organic materials, successful applications have been reported
using crystals such as anthracene or stilbene, liquid scintillators and plastic scintillators.
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For incoming neutrons with non-relativistic energy, the recoil nucleus kinetic energy in
the laboratory reference system as a function of the scattering angle in the centre-of-mass
system is given by the following formula [5]:

ER =
2A

(1 +A)2
(1− cosΘ)En (3.1)

in which ER is the recoil nucleus kinetic energy, En the incoming neutron kinetic energy,
A the target mass number and Θ the scattering angle in the centre-of-mass coordinate
system. The relationship between the scattering angle in the laboratory and centre-of-
mass system is given by Equation 3.2. Using Equation 3.2 to convert Equation 3.1 in the
laboratory coordinate system (target at rest), the relationship between the energy of the
incoming neutron and the recoil nucleus results in Equation 3.3 [5]:

cosθ =

√
1− cosΘ

2
(3.2)

ER =
4A

(1 +A)2
(cos2θ)En (3.3)

where θ is the angle between the direction of the recoil nucleus and the direction of
the incident neutron, in the laboratory frame. The recoil energy is a function of the
scattering angle: it is maximum when θ = 0° and it is minimum when θ = 90°, that
means the recoil is emitted perpendicular to the incoming neutron direction. It can be
noticed that for hydrogen (A=1) the maximum energy that can be transferred in an elastic
reaction is equal to the total neutron energy. This makes hydrogen the best candidate
for slowing down neutrons in general, because, in principle, all of the neutron energy can
be transferred to the target in a single reaction. Moreover, the cross section for neutron
elastic scattering from hydrogen is quite large and its energy dependence is accurately
known. For carbon (A= 12), which together with hydrogen is the second constituent of
an organic scintillator, the maximum energy that can be transferred to an ion in a single
elastic scattering is around 28% of the incoming neutron energy.

3.1.2 The emerging neutron spectrum

The emerging spectrum after neutron irradiation in organic scintillators is determined by
the energy distribution of recoil nuclei after neutron scattering. The probability distribu-
tion of the recoil nucleus energy can be calculated by the following formula [5]:

p(ER) =
(1 +A)2

A

σ(Θ)

σs

π

En
(3.4)

where σs is the total scattering cross-section integrated over the solid angle and σ(Θ)
the differential scattering cross section in the centre-of-mass system. A very important
simplification applies when the target nucleus is hydrogen: the scattering process is almost
isotropic in the centre-of-mass coordinate system, then σ(Θ) does not change with Θ and
is equal to a constant σs/4π . The expected proton recoil energy distribution is therefore
a simple rectangular distribution between zero and the full neutron energy.

Organic scintillators also contain carbon ions in significant quantities. However, scat-
tering of neutrons on carbon rarely provides observable light pulses since the scintillation
efficiency decreases for high dE/dx particles and the average energy of carbon recoils is
quite low. The amplitude of light pulses often fall below the discrimination level of the
counting system. Only at energies greater than 8–9 MeV, two neutron reactions on carbon
ions become competitive: 12C(n, α) and 12C(n, n′) with a threshold energy of 6.17 MeV
and 7.98 MeV, respectively.
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Moreover, additional effects affect the spectrum of the deposited energy inside the
scintillator [5]:

1. Wall effect
If the dimensions of the scintillator are small with respect to the mean free path
of recoil nuclei, they escape from the detector and part of their energy is not de-
posited. The effect on the spectrum is to shift events from high pulse heights to
lower amplitudes.

2. Multiple scattering on hydrogen
For large volume detectors it is possible for neutrons to scatter more than once from
hydrogen nuclei. If these events occur within a very short period of time as compared
with the pulse shaping time, a single pulse is detected. The total effect is to enhance
the number of counts at high energy.

3. Scattering from carbon
Even if elastic scattering from carbon ions usually does not produce detectable
events, the scattered neutron may still undergo a hydrogen scattering with a lower
initial energy (between 72% and 100% of its initial energy).

4. Detector resolution
The detector response will always tend to broaden from the ideal rectangular spec-
trum because of the intrinsic energy resolution, which depends on the number of
photoelectrons emitted per deposited energy, and of the noise due to all the effects
related to the collection of the visible light and to the electronic system.

It is important to say that the first three effects account for the energy deposition inside
the scintillator, but the spectrum emerging from scintillators is also affected by the non-
linearity between the light output yield and the energy.

3.1.3 γ-ray interaction in organic scintillators and Compton edge eval-
uation

Organic scintillators are made of low Z materials and have low density. Therefore, their
interaction with γ-rays mainly occurs through Compton scattering [5]. Because of the lack
of the photoelectric peak, the Compton edge has to be assumed as reference point for the
energy calibration. However, one of the major obstacles is to accurately set its position
over the acquired spectrum [48, 49, 50].

Compton scattering involves a photon and a loosely bound-shell orbital electron of an
atom. The impinging photon transfers a portion of its energy to the electron, while it is
deflected trough an angle θ with respect to its initial direction with less energy than its
initial one. Because the photon energy greatly exceeds the energy of the electron, as a
first approximation the electron can be treated as a free particle. Applying the energy and
momentum conservation, the relationship between the kinetic energy before and after the
collision is given by Equation 3.5.

hν ′ =
hν

1 + hν′

mec2
(1− cosθ)

(3.5)

where hν is the initial energy of the photon, hν ′ is the energy of the scattered photon,
mec

2 the rest mass energy of the electron (0.511 MeV) and θ the scattering angle in the
laboratory frame.

Scintillating materials measure the energy of the recoil electron. This is equal to the
difference between the initial energy of the photon (hν) and the energy of the scattered
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photon (hν ′). Because in normal conditions Compton scattering occurs inside a detector
at all scattering angles, the energy of the recoil electrons is distributed as a continuum
along two extreme cases (which can be derived from Equation 3.5):

� θ ∼= 0◦. The energy of the scattered photon is almost equal to its initial energy and
the Compton electron has a very low energy.

� θ = 180◦. The impinging photon is back scattered. The Compton electron emerges
in the forward direction with the maximum energy that can be transferred to an
electron trough a single Compton interaction.

The Compton scattering occurs for all angles according to the Klein-Nishina distribution
(not isotropically distributed), i.e. the energy spectrum ranges from θ = 0° up to θ = 180°,
when the maximum energy is transferred through a single Compton interaction, and the
theoretical shape is not a rectangle. This energy can be simply derived from Equation 3.5
as follows:

Ee− = hν − hν ′(θ = 180o) =
2(hν)2

2hν +mec2
(3.6)

where Ee− is the kinetic energy of the emitted electron, hν and hν ′ the energy of the
impinging and emitted photons, respectively. Equation 3.5 assumes that electrons are
initially unbound. The electron binding energy has a particular effect on the shape of the
Compton spectrum: at fixed angle, the energy of the scattered photon broadens according
to a certain energy distribution (while Equation 3.5 predicts a specific value). This is the
reason why at the Compton edge the shape of the spectrum drops with a slope rather
than vertically. However, in actual detectors, these effects are usually masked by the finite
energy resolution of the detector, which is the main reason for the spread of the spectrum
[5].

3.1.4 The time profile

The scintillation process in organic scintillators depends on their molecular energy level
structure. For the majority of organic scintillators, it is based on a π-electron structure,
as illustrated in Figure 3.1. When a charged particle passes nearby, it transfers its kinetic
energy to the scintillator molecule exciting it. This energy transfer is represented in
Figure 3.1 by the Absorption arrow. This excitation process is almost instantaneous, i.e. it
happens in a negligible period of time, and it is usually followed by a de-excitation process
to the initial state, called Fluorescence or Prompt emission. As shown in Figure 3.1
a competitive de-excitation mechanism might occur called Inter-system crossing which
consists in the transition of some excited singlet states into an excited triplet state (where
the energy levels of the singlet and triplet state are indicated in Figure 3.1). The latter de-
excites according to its own life-time which is usually larger than the fluorescence, being
few nanoseconds a typical value for the fluorescence, while the life-time of the triplet
state can be of the order of milliseconds. This slower process is called Phosphorescence
or also Delayed emission. A third non-direct mechanisms exists, which is called Delayed
fluorescence. It involves two molecules in a long-lived state (such as the triplet state),
close to each other and interacting. From this bimolecular interaction, one molecule can
lead to the ground state and the other to the S1 state with the consequent de-excitation,
entirely similar to the fluorescence emission. This mechanism is dependent on the density
of the triplet states, i.e. on the ionization density of the incident particle. Particles with
higher Linear Energy Transfer (LET) (i.e. higher ionization density) promote the delayed
fluorescence and the corresponding scintillation light is characterised by a slower time
profile. The PSD method, described in the following section, is based on this principle.
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Figure 3.1: Electron energy structure of a single molecule of an organic scintillator [51].

3.2 The Pulse Shape Discrimination method

The PSD exploits the different time profile produced in scintillators by different kinds of
particle due to their different LET (as explained in the previous section). Several PSD
methods exist mainly divided in two types: analogue, i.e., based on a specific electronic
circuitry [5], and digital, i.e., by sampling the output pulse and by applying a dedicated
algorithm. A second distinction can be done between methods that measure the rise
time of the output pulse (only analogue) and methods that integrate the signal over two
different time windows also called Charge Integration methods (analogue and digital) [5].

In this work the PSD was always performed using a digital method and by applying
the Charge Integration algorithm. According to the Charge Integration method, the PSD
parameter is calculated for each signal as follows:

PSD =
Qlong −Qshort

Qlong
(3.7)

where Qshort and Qlong are the integrals of the signal (i.e. the charge) calculated over two
different integration times (tshort and tlong respectively), as shown in Figure 3.2.

The PSD distribution of each particle is described by a Gaussian-like equation in the 1D
PSD histogram plot and a Figure of Merit (FOM) can be defined to quantify the goodness
of the PSD. For the n/γ discrimination, the FOM is defined according to Equation 3.8.

FOM =
xn − xγ

FWHMn + FWHMγ
(3.8)

where xn and xγ are the mean values of the Gaussian fitting equations of the neutron
and γ-ray distributions respectively, and FWHMn and FWHMγ the corresponding Full
Width at Half Maximum (FWHM).

As a general rule, a good discrimination is performed, i.e. no overlapping exists between
the two Gaussian distributions, if Equation 3.9 is met.

(xn − xγ) > 3× (σn + σγ) (3.9)
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where σn and σγ are the standard deviations of the neutron and γ-ray distributions.
Considering FWHM = 2.36× σ and Equation 3.8, Equation 3.9 can be written as FOM
> 1.27.

Figure 3.2: An example of a pulse with the integration time windows tshort and tlong
selected for the PSD analysis.

3.3 Detectors and experimental setup

The stilbene and the EJ-276 are organic scintillators characterised by a similar chemical
composition, low density (close to 1 g cm−3) and short scintillation decay times (less than
500 ns). Table 3.1 summarizes and compares the main properties of the two scintilla-
tors used in this work according to the datasheets or the literature (when data from the
datasheet were missing). The quenching factor for recoil protons is also reported in view
of their application as fast neutron detectors.

As shown in Figure 3.3 and reported in Table 3.1, the stilbene was already provided
by the manufacturer with an aluminium housing and an external reflector. On the other
hand, the EJ-276 was purchased from the company in a bare state and a Teflon tape was
used to cover the external surface of the scintillator. Due to the isotropic nature of the
light emission, an external reflector (such as an aluminium foil or Teflon tape) is needed
to prevent light escaping from the scintillator, especially for lower light yield scintillator
(as the EJ 276).

Figure 3.3: On the left, the stilbene scintillator; on the right, the EJ-276 as provided by
the manufacturer and the same scintillator wrapped in Teflon tape.
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Table 3.1: Comparison of the main properties of the stilbene and EJ-276 scintillators.

Stilbene EJ-276

Manufacturer Inrad Optics Eljen Technology

Type of scintillator Organic crystal Organic plastic

Shape and dimensions 1–inch right cylinder 1–inch right cylinder

Chemical composition C14H12 [52]
4.546Ö1022 H atoms cm−3

4.906Ö1022 C atoms cm−3 [53]

Density 1.15 g cm−3 [52] 1.096 g cm−3 [53]

Housing and external reflector Yes (wrapped in a PTFE) No (wrapped in Teflon tape)

Peak scintillation wavelength 390 nm [52] 425 nm [53]

Scintillation light yield 14,000 ph. MeV−1 [52] 8,600 ph. MeV−1 [53]

Decay constants [ns] 4, 35, 332 [54]
13, 35, 270 (γ)

13,59,460 (n) [53]

Recoil proton quenching factor(1) 0.1–0.17 [55] 0.08–0.3 [56] (2)

(proton recoil energy) (300 keV–3MeV) (300 keV–3MeV)

The scintillators were coupled with an 8 × 8 SiPM Array J-30035-64P from SensL [57]
using the Rhodorsil Pate 7 optical grease [58] and placed inside a light-tight box. A specif-
ically designed board, called Blueboard (Figure 3.4), was used for bias voltage supplying
and signal acquisition. A bias voltage of +28.5 V, corresponding to 4 V of overvoltage,
was supplied to the common cathode of the SiPM array. The Photon Detection Efficiency
(PDE) for the selected overvoltage is around 40% for the stilbene and 43% for the EJ-276
[57]. The summed anode signal was acquired for signal analysis.

The Blueboard was designed by the Radiation Protection (RP) Special Project (SP)
section at CERN for application with scintillators and large area SiPM arrays. The
schematic is described in details in [59]. The Blueboard has several advantages, the main
ones are listed below:

� The bias voltage is provided by the A7525DU SiPM Power Module from Nuclear
Instrument [60] (see Figure 3.4), a compact module powered by 5 V with a USB
cable and connected to a laptop.

� It allows output signal processing with four different output channels (indicated in
Figure 3.4) corresponding to different stages of the signal processing.

� It includes a temperature sensor and a dedicated circuitry which, together with
the Power Module, can correct the bias voltage with temperature variation, i.e. a
temperature compensation system.

� It is very compact and it can replace the external voltage supply meter.

The first output, which corresponds to the summed anode signal (standard output),
was acquired during the measurements by placing a jumper between the first and the
second stage (as numbered in Figure 3.4). The other outputs corresponding to an ampli-
fication circuit, an RC circuit and a Gaussian shaper, were not used in this work, as well
as the temperature compensation.

(1)The quenching factor is defined as Evis/Er where Evis is the energy in electron equivalent measured
with the scintillator after γ-ray calibration and Er the energy of the recoil proton emitted by the neutron
reaction.

(2)Data have been extrapolated from the light yield data relative to 477 keVee.
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Figure 3.4: The customized board (called Blueboard) developed by the RP-SP group at
CERN. The Nuclear Instruments Power Module and the four different outputs of the
Blueboard are also shown.

3.4 Characterisation of the stilbene and EJ-276

The scintillators were coupled with the 64 pixel SiPM array from SensL and the output
signal was acquired with the Blueboard. The summed anode signal was sent to a CAEN
DT5720 digitizer (12 bit, 250 Ms/s) and the digitizer threshold was set at 100 keVee for the
stilbene and 250 keVee for the EJ-276. The energy thresholds were obtained calibrating
the detectors with a 137Cs and a 22Na γ-ray source. Both the Power Module and the
digitizer were controlled by a laptop with the corresponding interface software (called
Zeus and DPP-PSD respectively). The scintillators were characterised in terms of the
energy calibration and energy resolution, the n/γ discrimination via the PSD, the count
rate linearity, the neutron detection efficiency and temperature dependence. A Pile-Up
Rejection (PUR) algorithm was developed for application in high-intensity and mixed
radiation fields and tested. Only the measurements described in Section 3.4.4 were carried
out sending the output signal to a Teledyne LeCroy Waverunner 8104 Oscilloscope (1 GHz,
20 Gs/s) with a 50 Ω termination (instead of the digitizer) because it allows for a higher
sampling frequency and more flexibility of parameter setting. Around 30,000 signals were
saved for each measurement and analysed offline with a Python code [61].

Figure 3.5 shows the experimental setup with the CAEN digitizer. The acquisition
board and the scintillator are inside the light-tight box.

3.4.1 Energy calibration and energy resolution

Three different γ-ray sources were used to perform the energy calibration: 22Na (36.09
kBq), 137Cs (151.44 kBq) and 60Co (39.51 kBq). Table 3.2 reports the energy values of the
photon emissions and their equivalent Compton edge as calculated by Equation 3.6. In
this study, the energy calibration was performed according to two methods, as described
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Figure 3.5: The experimental setup used for the characterisation of the stilbene and EJ-
276. The scintillator and the readout board are inside the light-tight box.

below.

Table 3.2: Photon energy (Eγ) and equivalent Compton edge energy (ECE) for three dif-
ferent γ-ray sources: 22Na, 137Cs and 60Co.

Source Eγ (keV) ECE (keV)

22Na
511 340
1275 1062

137Cs 662 477

60Co
1173 963
1332 1118

3.4.1.1 First method: Gaussian fitting

In the first method, each Compton edge was fitted using a Gaussian function. However, the
position of the Compton edge on the fitting function is not well defined as it depends on the
scintillators and on the electronic setup. Various prescriptions were given by Dietze and
Klein [48] for different scintillator sizes and resolutions and for different source energies.
Beghian et al. [62] suggested 66%, Honecker and Grässler [63] 70% of the maximum of
the measured energy spectrum in the Compton edge region. Three different cases were
considered in this work: the Compton edge was assigned to the channels corresponding to
the 90%, 70% and 50% of the maximum beyond the peak.

Figure 3.6 shows the 137Cs spectrum acquired with the stilbene scintillator and the
Gaussian fit in red, Figure 3.7 shows the linear fit for the stilbene and plastic scintillators
and the energy corresponding to each calibration point when the position of the Compton
edge is set to 50%. Because of the poorer energy resolution of the EJ-276, the two Compton
edges of 60Co were not well distinguishable in the experimental spectrum. For this reason,
a single fit was performed and a single calibration point was obtained considering the
position of the mean energy of the two Compton edges (i.e. 1041 keV) [64]. Table 3.3
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reports the linear fitting equations and the corresponding R2 values for the three different
positions of the Compton edge, for both detectors.

Figure 3.6: The 137Cs spectrum acquired with the stilbene scintillator coupled with the 8×8
SiPM array. The Compton continuum spectrum is visible, the red line is the Gaussian fit
of the Compton edge.

Figure 3.7: Compton edge positions of 137Cs, 60Co and 22Na sources in the stilbene and
EJ-276 scintillators and the linear fit to the data points (red solid line).

This first method was mainly used to check the linearity of the scintillators’ response
with the energy and to reveal any differences in the energy resolution of the two scin-
tillators. Both scintillators show a good linearity for all the three cases (i.e. 50%, 70%
and 90%) as shown by the obtained R2 values. By comparing the slopes of the energy
calibration equations of the stilbene and EJ-276, for the three cases (Table 3.3), the slope
obtained with the EJ-276 is always more than 50% greater than the slope calculated for
the stilbene. This is expected because of the different light yield of the two scintillators,
however their difference is slightly overestimated by this method (14,000 ph. Mev−1 versus
8,600 ph. Mev−1, see Table 3.1). The small intercepts of the energy calibration equations
is also expected since it is due to the non-linearity of organic scintillators at low energies
(below 100 keV) [49, 65]. However, this is a poor method of calibration since it assumes a
priori the exact position of the Compton edge and, above all, it sets for different energy

48



Table 3.3: Energy calibration equations for the stilbene and the EJ-276 obtained with a
Gaussian fit of the Compton edge. E is the energy in keV and ch. the corresponding
channel number; the R2 of the linear regression is also reported.

Equation R2

Stilbene
50% E(keV ) = (0.156± 0.004)× ch.+ (−1.232± 27.025) 0.9985
70% E(keV ) = (0.158± 0.004)× ch.+ (10.887± 23.754) 0.9988
90% E(keV ) = (0.161± 0.004)× ch.+ (25.792± 21.534) 0.9990

EJ-276
50% E(keV ) = (0.237± 0.007)× ch.+ (14.354± 22.232) 0.9992
70% E(keV ) = (0.244± 0.012)× ch.+ (25.504± 38.062) 0.9976
90% E(keV ) = (0.251± 0.019)× ch.+ (41.244± 57.768) 0.9943

values, the same relative position of the Compton edge (respect to the maximum of the
acquired spectrum).

3.4.1.2 Second method: Monte Carlo simulation

In the second method, the theoretical spectra of 137Cs, 60Co and 22Na in the stilbene and
EJ-276 scintillators were calculated using the FLUKA Monte Carlo code version 4 [66,
67, 68]. A Gaussian Energy Broadening (GEB) was applied to the simulated spectra to
take into account the finite energy resolution of the detectors. The broadened spectrum
is obtained by sampling, per each energy bin of the simulated spectrum, N energy values
from a Gaussian distribution, where N is the number of counts in the selected energy
bin. The Gaussian distribution is centred in E, where E is a random value of the energy
sampled from Ei and Ei+1, where i is the energy bin of the selected bin, and its σ is
proportional to

√
E. The energy resolution is defined as RE = FWHM/E.

The broadened spectrum was normalized to the maximum of the experimental Comp-
ton distribution and its x-axis (in energy scale) was linearly scaled in order to match the
experimental spectrum (in ADC channels). Both the scaling factor and the RE values were
varied to find the broadened spectrum, which best fitted the experimental one (through
least square minimization) in the Compton edge area. Figure 3.8 shows, in the top, the
three spectra (experimental, simulated and broadened) of 137Cs and 60Co for the stilbene,
and, in the bottom, the plots of the residuals between the experimental and broadened
spectra, in the selected energy range. Figure 3.9 shows the same results for the EJ-276.

The position of the Compton edge of 137Cs (477 keV) for the stilbene and EJ-276 was
found at 92% and 90% of the position of the maximum, respectively (which correspond to
74% and 73% of the peak height). As for the first method, with the EJ-276 the two Comp-
ton edges of 60Co were not well distinguishable and a single fit was performed considering
1041 keV as the calibration point. From the plots of the residuals, the Compton edges
are well fitted in the selected energy ranges, i.e., in the Compton edge range. The fitting
region was in fact restricted to the Compton edge range since the photon backscattering
and the source geometry, which affect the spectrum shape below the Compton edge, were
not taken into account. Figure 3.10 shows the calibration points and the linear fits for
both scintillators. Table 3.4 reports the linear fitting equations and the corresponding R2.

As the first method, the second method shows that the response of both scintillators
with energy is linear (the R2 values of the linear fitting equations are close to one) in
the selected energy range. The different slopes of the energy calibration equations for
the two scintillators are coherent with their different light yields and a small intercept is
also obtained. This attests to the use of the first method for qualitative and comparative
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analysis. On the other hand, the first method does not allow for quantitative analysis.
For the second method, the different slopes of the two scintillators better agrees with the
different light yield (for the EJ-276 the slope is 40% higher than stilbene) and the energy
resolution is 15% and 20% for the stilbene and the EJ-276 respectively. For comparison, the
energy resolution of the first method was calculated as the ratio between the FWHM and
the mean value of the Gaussian equation fitting the Compton edge of the 137Cs spectrum
(477 keV), when the Compton edge is selected at 90% of the height peak, for the stilbene,
and at 50% for the EJ-276. These two cases were selected as the case which best match the
energy calibration equation obtained with the second method (which is taken as reference),
for each scintillator. The corresponding energy resolutions at 477 keV for the first method
(Gaussian fitting) are 30% and 36% for stilbene and EJ-276 respectively, significantly
worse than the values obtained with the second method (Monte Carlo Simulation).

The calculation of the energy calibration and the energy resolution in organic scintil-
lators is not unique as explained in [64]. The first method is based on fitting the Compton
edge of the experimental spectra with a Gaussian equation. It allows comparing the dif-
ferent performances of the two selected scintillators, however it is not able to correctly
determine the actual position of the Compton edge, i.e. the resulting energy calibration
equation and energy resolution is not reliable. This method is rejected and a second
method is proposed to be implemented in the B-RAD. It consists in fitting the experi-
mental spectra with the ideal spectra calculated by MC simulation and later applying a
GEB, to take into account the finite energy resolution of the detector. With this method,
the energy resolution for the stilbene and the EJ-276 scintillators at 477 keV is 15% and
20% respectively. Both scintillators show a relatively poor energy resolution which is ex-
pected because of the low light yield (especially if compared with inorganic scintillators).
However, a poor energy resolution and a few percent variation due to the uncertainty
of its calculation are acceptable for the scope of this study since the two detectors were
considered for use as dose rate survey meters.

Figure 3.8: Comparison of the normalized spectrum of a 137Cs source (on the left) and of
a 60Co source (on the right) measured with the stilbene scintillator (blue line), the FLUKA
simulated spectrum (black line) and the result of the GEB of the simulated spectrum which
best fits the experimental data (red line). On the bottom, the plots of the residuals between
the experimental and broadened spectra.
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Figure 3.9: Comparison of the normalized spectrum of a 137Cs source (on the left) and of
a 60Co source (on the right) measured with the EJ-276 scintillator (blue line), the FLUKA
simulated spectrum (black line) and the result of the GEB of the simulated spectrum which
best fits the experimental data (red line). On the bottom, the plots of the residuals between
the experimental and broadened spectra.

Figure 3.10: Compton edge positions of 137Cs, 60Co and 22Na sources for the stilbene and
EJ-276 scintillators. The red lines show the linear fits to the data points.

Table 3.4: The energy calibration equation for the stilbene and the EJ-276 using the Monte
Carlo simulation for the evaluation of the actual position of the Compton edge. E is the
energy in keV and ch. the corresponding channel. The R2 of the linear regression is also
reported.

Equation R2

Stilbene E(keV ) = (0.166± 0.005)× ch.+ (0.952± 27.426) 0.998
EJ-276 E(keV ) = (0.238± 0.002)× ch.+ (42.440± 5.507) 0.999

3.4.2 Pulse Shape Discrimination

The capability to discard γ-ray signals is a priority of a neutron detector since a γ-ray
background is always present with neutron fields. Organic scintillators are sensitive both
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to neutron and γ-ray radiation, however they are capable of n/γ discrimination via PSD
methods (see Section 3.1.4). The PSD capability of the stilbene and EJ-276 scintillators
is studied using the Charge Integration method discussed in Section 3.2.

Each scintillator was irradiated with Am-Be source neutrons using the experimental
setup described in Section 3.3. The PSD analysis was performed with the DPP-PSD soft-
ware provided with the CAEN digitizer which calculated the PSD of each detected signal
using Equation 3.7 and allows an on-line visualization of the PSD versus Qlong (as defined
in Equation 3.7) plot. Different measurements were performed by changing the integration
times tshort and tlong. For each measurement, the PSD values were collected, plotted into
a histogram and the histogram plot fitted using a sum of two Gaussian equations. The
corresponding FOM was calculated as defined by Equation 3.8. The maximum FOM was
found setting tshort and tlong to 300 ns and 1.5 µs for the stilbene and to 300 ns and 1.3 µs
for the EJ-276. The corresponding FOM was 1.54 ± 0.03 for the stilbene and 0.90 ± 0.01
for the EJ-276, setting the energy threshold to 100 keVee and to 250 keVee respectively.

Figures 3.11 and 3.12 show the PSD histogram plot and the 2D histogram plot of
the PSD versus energy obtained with the stilbene and the EJ-276 respectively, for the
corresponding tshort and tlong which maximise the FOM. The two different distributions
unveiled from the histogram plot (Figures 3.11 and 3.12, left) correspond to γ-ray and
neutron events and are associated to two different regions in the 2D plot (on the right).
In the 2D PSD plot, the red box identifies the γ-ray pulses and the blue box the neutrons.
In the 1D PSD histogram plots the corresponding fitting equations are also shown.

The γ-ray distribution on the 1D histogram plots of the PSD (Figures 3.11 and 3.12,
left) deviates from a Gaussian-like distribution, because of a long tail at the left of the
centroid. This tail was present also changing the integration time windows and it was
attributed to the quantization error of the digitizer for low amplitude signals [69]. The
digitizer is indeed based on an ADC (analogue-to-digital converter) which works as fol-
lowing: it receives as input an analogue voltage signal (continuous signal); it samples and
quantizes the input signal with a constant sampling time step (the sampling frequency); it
sends as output a series of binary numbers representing the original input signal. In gen-
eral, the ADC is always affected by some non-linearities, such as intrinsic non-linearities
of the electronic circuitry, clock jitter (i.e. deviation of the clock signals respect to their
ideal values) and quantization error. The latter is considered in this case since it increases
with decreasing the signal pulse height [69]. The reader is referred to [69, 70] for a deep
study of the dependence between the digitizer parameters and the PSD performances.
Neverthless, Flaska et al. recommand the use of a 12-bit, 250 MHz digitizer (such as the
one used in this study) for good PSD results, however when excellent performances are
required, higher resolution or higher sampling frequency digitizers must be chosen (in [70]
the FOM increases of ∼50% when a 14-bit digitizer is used in place of a 12-bit).

A further observation can be made from the PSD analysis. The neutron distributions
on the 2D plots (Figures 3.11 and 3.12, right) tend to move toward lower PSD values with
the increasing energy. This effect was already detected by other authors with different
organic scintillators [70, 71]. It is due to the dependence of the PSD with energy for
neutrons in organic scintillators. Indeed, at higher energies the number of delta electrons
emitted with the recoil protons (emitted after elastic neutron scattering, see Section 3.1.1)
increases. As a consequence the portion of the initial energy deposited directly by protons
reduces and the resulting signal is faster, being protons particles with higher dE/dx than
electrons (see Section 3.1.4).

Comparing the two scintillators, the stilbene clearly shows a better n/γ discrimina-
tion respect to the EJ-276, confirmed by the higher FOM (1.54 versus 0.90) obtained
with a lower energy threshold (100 keVee versus 250 keVee). This difference is mainly at-
tributed to the different light yield between the two scintillators (14,000 ph. MeV−1 versus
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Figure 3.11: On the left, the PSD histogram plot calculated for the stilbene and an Am-Be
neutron source, and the fitting equation to the neutron and γ-ray events; on the right, the
2D PSD histogram plot where the γ-rays and neutrons are identified by the two regions
highlighted by a red and a blue box.

Figure 3.12: On the left, the PSD histogram plot calculated for the EJ-276 and an Am-Be
neutron source, and the fitting equation to the neutron and γ-ray events; on the right, the
2D PSD histogram plot where the γ-rays and neutrons are identified by the two regions
highlighted by a red and a blue box.

8,600 ph. MeV−1). For small amplitude signals, the PSD Gaussian distribution is wider
and the region of overlapping between the neutron and γ-ray distributions increases. On
the other hand, the different FOM values is only partially due to the small difference in the
scintillators’ decay times. In fact, the stilbene and EJ-276 have comparable de-excitation
decay times (see Table 3.1), as confirmed by the small difference between the time windows
obtained in correspondence of their maximum FOM and by Figure 3.13. Figure 3.13 com-
pares the normalised standard pulses for both scintillators, where the standard pulse was
calculated by averaging the measured neutron and γ-ray signals separately (discriminated
via the PSD analysis).

For the EJ-276, a higher FOM value can be obtained by increasing the energy threshold
or by increasing the bias voltage. The former removes from the analysis the low amplitude
signals where the PSD distributions spread the most, the latter results in a linear increase
of the SiPM gain. In the former case, a higher energy threshold of ∼ 800 keVee had to
be set to reach a sufficient discrimination (FOM > 1.27) (see Figure 3.14). In the latter
case, a trade-off exists, since the dark current increases with the overvoltage more than
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linearly. The 28.5 V value of bias voltage was experimentally determined as the optimum
voltage for the detection efficiency in [59]. For this reason, different values of overvoltage
were not considered in this work.

Table 3.5 finally compares the FOM calculated in this work with one derived in other
studies. The source, the energy range(3) and the employed photodetector for each study
is also reported. The FOM found in this work is within the range of values found in the
literature. The deviation from the best FOM can be explained by the different energy
threshold and/or by the use of a different photodetector.

The better PSD capability, with a lower energy threshold, shown by the stilbene makes
it more suitable for the B-RAD detector. However, the worse performance of the EJ-276 is
mainly attributed to its lower light yield. Better results can be obtained for example with
an amplification circuitry, avoiding increasing the energy threshold (and as a consequence
reducing the detection efficiency) or increasing the overvoltage (which might lead to noise
increase as well).

Figure 3.13: The neutron and the γ-ray standard pulses calculated with the stilbene and
the EJ-276.

Figure 3.14: The FOM calculated with the EJ-276 for different energy thresholds.

3.4.3 Count rate linearity

For an ideal detector, the count rate increases linearly with the dose rate. In reality, the
count rate linearly increases up to a limit where the count rate starts to saturate because

(3)In this study the FOM was obtained by analysing all the signal above the threshold. An alternative
method is to calculate the FOM by considering only the signals within a narrow energy range.
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Table 3.5: Comparison between the FOM calculated in this work and literature data. The
size of the scintillator, the photodetector and the source are specified. The energy cut-off
or the energy range selected for the PSD calculation are given in brackets.

This work Steinberger et al.
[72]

Taggart et al. [73] Grodzika-Kobylka
et al. [74]

Dimensions Ø1 inch Ö 1 inch
cylinder

6 mm Ö 6 mm Ö

50 mm
6 mm Ö 6 mm Ö

6 mm
Ø1 inch Ö 1 inch
cylinder

Photodetector 64 pixels J-Series
SiPM array

SensL C-Series
SiPM

J-series SiPM
(single pixel)

R6233-100 Hama-
matsu PMT

Source AmBe 252Cf Am-Be PuBe

FOM Stilbene 1.54 (100 keVee) 1.17
(100–200 keVee)

— 1.74 (100 keVee)

FOM EJ-276 0.90 (250 keVee) — 2.39
(500–600 keVee)

1.09 (100 keVee)

of pile-up events. In fact, by increasing the source intensity, the probability to have two
(or more) events during the same acquisition time increases (pile-up) and two (or more)
events are counted by the detector as a single events [5]. The count rate of the stilbene
and EJ-276 as a function of the dose rate was measured both with a γ-ray source and a
neutron source. The effect of the pile-up on the PSD analysis was also studied when the
detectors are exposed to a mixed n/γ radiation field, which represents a more realistic
scenario. Pile-up effect leads to a degradation of the PSD performances and a reduction
of the FOM, since a pile-up signal either falls in the wrong particle distribution or does
not fall in any of the two distributions that the PSD analysis individuates [5].

It is worth mentioning that pile up related effects are mainly affected by the electronic
read-out system (i.e. the 64 pixel array) and by the selected PSD parameters. The results
presented in this work are thus mainly aimed at comparing the two scintillators for their
application in the B-RAD detector. However, they can also be used for comparison with
similar detectors, especially because of the lack in the literature of data measured with
similar photodetectors (large SiPM array).

The scintillators were exposed to different photon dose rates from 1 µSv/h to 15 mSv/h
using a 137Cs source at the Calibration Laboratory of the Radiation Protection group at
CERN [30, 31]. Figure 3.15 shows the resulting count rate as a function of the dose rate
and of the source particle frequency (expressed as the rate of the source particle fluence in
cm−2 s−1). The linear fitting equations calculated outside the count rate saturation region
are also shown (for a better visualization the plot in Figure 3.15 starts from 300 µSv/h).
For both detectors, count rate saturation effects start at around 1 mSv/h (i.e. around
106 cm−2 s−1 source particle frequency) which corresponds to around 3− 4× 104 counts
per seconds (cps).

The measurements were repeated with an Am-Be neutron source at dose rates between
5 µSv/h and 1.5 mSv/h, which is the maximum available dose rate at the Calibration
Laboratory. The neutron count rate was derived from the PSD analysis after rejecting
the γ-ray events. Figure 3.16 shows the results: the left y-axis is the measured count
rate, while the right y-axis represents the count rate corresponding to neutron events only,
calculated after the PSD. As can be seen, the response is linear over the entire range since
the maximum particle frequency is below the saturation limit for both detectors. The
maximum count rate measured with the Am-Be source is of the order of 103 cps for both
detectors. The total source particle frequency is actually unknown because the γ-ray field
emitted by the Am-Be source is not characterised. However, the maximum count rate
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measured by both detectors is quite lower than the count rate saturation value found with
the photon source.

The pile-up depends only on the frequency of the particle interacting inside the crystal
(which is proportional to the lower x-axis of Figures 3.15 and 3.16). The dose rate instead
also depends on the radiation weighting factor wR, i.e. on the type of particle. According
to the ICRP Report 92 [75], the recommended wR for photons is 1, while for neutrons
it varies with energy. Between 2 MeV–20 MeV, i.e. at the energy range of the Am-Be
spectrum main peak, the recommended wR for neutrons is 20. For this reason at the same
dose rate (around 1 mSv/h), with 137Cs the detectors start to saturate, whereas with
Am-Be their response is still linear.

Figure 3.15: Count rate versus dose rate (top x-axis) and source particle fluence rate
(bottom x-axis) measured with the stilbene (blue triangles) and the EJ-276 (black dots)
scintillators when exposed to photons from a 137Cs source before the count rate saturation
region. The red line represents the linear fits calculated outside the count rate saturation
region to the data points. The error bars are smaller than the data points.

The variation of the PSD with increasing pile-up was studied by means of the 2D
PSD histogram plot. Each detector was first irradiated with the Am-Be source alone at
the maximum available dose rate, i.e around 1.5 mSv/h. Afterward, the detectors were
exposed simultaneously to the 137Cs and Am-Be sources. The neutron source activity
and the source to detector distance were kept constant to maintain the neutron dose rate
at 1.5 mSv/h, whereas the photon dose rate was progressively increased by increasing
the source activity. Five 137 Cs sources are available at the Calibration Laboratory with
activity of 300 MBq, 3 GBq, 30 GBq, 300 GBq and 3 TBq. Because of the lack of
information of the γ-ray component of the Am-Be source, the total frequency of the source
particles is unknown and the following results are presented as a function of the count rate
measured by the detectors. Figures 3.17, 3.18 and 3.19 compare the 2D histogram of the
PSD versus energy measured with the stilbene with the Am-Be source alone, adding the
30 GBq 137Cs source and adding the 300 GBq 137Cs source, respectively. The source
configuration is also indicated in the corresponding figure. The count rate measured for
the three configurations was around 1 × 103 cps, 5 × 103 cps and 4×104 cps, respectively.
With 30 GBq 137Cs (Figure 3.18) many pile-up events are detected in the energy range
of the 137Cs source, which become dominant with 300 GBq 137Cs. The same behaviour is
observed with the EJ-276 starting at 3.5 × 103 cps. Figures 3.18 and 3.19 clearly show
that the signals affected by pile-up are spread along the entire PSD range leading to a
bad discrimination and to a completely wrong estimation of the dose rate if the energy
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Figure 3.16: On the left y-axis, count rate versus dose rate (top x-axis) and source neutron
fluence rate (bottom x-axis) measured with the stilbene (blue triangles) and the EJ-276
(black dots) scintillator when exposed to an Am-Be neutron source. On the right y-axis,
the neutron count rate calculated after the PSD analysis for the same measurements. The
red lines represent the linear fits to the data points. The error bars are smaller than the
data points.

threshold is not modified.
The PSD was also monitored by calculating the FOM while keeping constant the

energy threshold of each detector. Figure 3.20 shows the results: the full symbols refer to
the measurements with the Am-Be source alone, the open symbols to the Am-Be + 137Cs
sources. The FOM is expressed as a function of the total count rate. The dashed lines
represent the limit of the working region of the two detectors, at which a less accurate
PSD can still be performed (the variation between the maximum and the minimum value
is about 5%). They correspond to 5 × 103 cps for the stilbene and to 3.5 × 103 cps for the
EJ-276, i.e. when the 30 GBq 137Cs source is used in combination with the Am-Be source.
Above 104 cps a zero value was arbitrary assigned to the FOM since the discrimination
was not feasible. Increasing the energy threshold, a correct discrimination can be restored
for example, as can be seen in Figure 3.18, where the discrimination is still feasible if the
energy threshold is set above 1.5 MeVee.

The measurements performed at the Calibration Laboratory show that the maximum
count rate sustained by both detectors is of the order of 104 cps corresponding to about
106 cm−2 s−1 source particle frequency (when the detectors are exposed to 137Cs). With
an Am-Be source this leads to a working range up to more than 1 mSv/h neutron dose
rate, which is acceptable for a portable neutron dose rate meter. However the unavoidable
and usually not quantifiable γ-ray background could pose a problem: when exposed to
a mixed n/γ radiation field (1.5 mSv/h neutron dose rate, 60 µSv/h photon dose rate)
the FOM of both scintillators drastically drops. As stated before, the count rate range in
our detectors is mainly limited by the high capacitance of the employed photodetector.
For this reason, it can be extended simply by using a fast PMT in place of the large
area SiPM array. This option was not considered since the B-RAD is designed to work in
high magnetic field regions and a PMT cannot be employed. A Pile-Up Rejection (PUR)
algorithm was instead tested as discussed in the following section.
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Figure 3.17: 2D histogram plot of the PSD for the stilbene when irradiated with an Am-Be
neutron source at 1.5 mSv/h (around 1,000 cps).

Figure 3.18: 2D histogram plot of the PSD for the stilbene when irradiated with an Am-Be
neutron source at 1.5 mSv/h and a 137Cs photon source at 60 µSv/h (around 5,000 cps).

3.4.4 Pile-up rejection

A PUR algorithm was developed to improve the PSD analysis and increase the count rate
linearity of the two detectors. The PUR algorithm was defined similarly to the fractional
double-pulse technique described in [46, 47]: a pulse is classified as double if consecutive
samples (points of the digitalized pulse) exceed a certain fraction of the pulse height in
the tail region. The algorithm was tested for a single combination of the parameters (time
windows and threshold) since the results were sufficiently good and proved the possibility
to apply the proposed PUR. However, for its application in the B RAD, these parameters
must be optimised.

The time windows were selected by a qualitative analysis, i.e. by observing the neutron
and photon standard pulses (see Figure 3.21). For both scintillators, the tail region was
selected starting from 1 µs (indicated by the dashed black vertical line in Figure 3.21) and
the total recorded length was set at 4 µs. The threshold (represented by the horizontal

58



Figure 3.19: 2D histogram plot of the PSD for the stilbene when irradiated with an Am-Be
neutron source at 1.5 mSv/h and a 137Cs photon source at 650 µSv/h (around 40,000 cps).

Figure 3.20: FOM as a function of count rate for two source configurations. The full
symbols are the FOM calculated with the stilbene (blue triangles) and the EJ-276 (black
dots) irradiated with an Am-Be source at different dose rates. The open symbols are the
FOM calculated with the stilbene (blue triangles) and the EJ-276 (black dots) irradiated
with an Am-Be source at a constant dose rate (1.3 mSv/h) and with a 137Cs source at
variable dose rate. The dashed vertical lines represent the limit for the stilbene (blue dashed
line) and the EJ-276 (black dashed line) when the PSD is still feasible; the continuous
lines represent the limit for the stilbene (blue line) and the EJ-276 (black line) at which
the discrimination can no longer be performed.

line in Figure 3.21) was selected as the fraction of the γ-ray pulse amplitude at 1 µs with
respect to the pulse height. The number of samples was chosen to exceed the time interval
between the dashed black and dashed-dotted red vertical lines in Figure 3.21. The latter
was selected as the point where the neutron pulse crosses the threshold. Following this
approach, the threshold was set at 19% and 21% of the pulse height, for the stilbene and
the EJ-276, respectively. The sampling frequency was set to 250 MHz for both scintillators.

At first, the PUR was applied after irradiating the detectors with a 137Cs source in
the 1 µSv/h–15 mSv/h dose rate range. Figures 3.22 and 3.23 show the 2D histogram
plots acquired with the stilbene before and after applying the PUR at 1 mSv/h and at
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Figure 3.21: The neutron and γ-ray standard pulses in stilbene. The horizontal line rep-
resents the amplitude threshold selected for the PUR, the vertical lines the minimum time
intervals that the signal amplitude must exceed, in the tail region, to be discarded by the
PUR.

10 mSv/h, respectively. One should note that γ-ray events are expected in the bottom
region of the plot, delimited in Figures 3.22 by the continuous red line. Figure 3.22 (left)
shows as γ-ray events are erroneously classified as neutron events because of pile-up, while
Figure 3.22 (right) demonstrates that the PUR is able to correctly remove them.

In analogy to [46], the erroneous classification ratio (ER) was calculated as the ratio
between the signals detected in the neutron region over the total detected pulses, before
and after the PUR. The results are plotted in Figure 3.24 for the stilbene (on the left) and
the EJ-276 (on the right). After the PUR, for both detectors the curves of ER decreases
by a factor of 10 in regard to the same curves obtained before the PUR, also at high dose
rates. The two curves of ER after the PUR seem to saturate above 1 mSv/h, while the
curves of ER before the PUR are linear up to 10 mSv/h. This is probably due to the
spreading of the pile-up events along the entire PSD range, i.e., also in the γ-ray region
(below the continuous red line in Figures 3.22 and 3.23). A corrected ER factor (ERcor)
was defined as the ratio between the signals detected in the neutron region over the signals
detected in the region delimited by the γ-ray distribution, confined in Figures 3.22 and
3.23 by the continuous and dashed red lines. The ERcor is also plotted in Figure 3.24
(red crosses). The ERcor is linear up to 10 mSv/h for both detectors. Above this value it
starts to saturate for the EJ-276 probably because pile-up events are also detected inside
the γ-ray region, which cannot be discriminated by the PUR. However, the PUR is still
able to well discard false events in the neutron region, as shown in Figure 3.23.

The PUR was also tested in a mixed n-γ field from an Am-Be source, at around
1.5 mSv/h, and from a 137Cs source, at 5 µSv/h and 60 µSv/h. Figures 3.25 and 3.26
show the PSD plot before and after the PUR for the stilbene. The green lines were
calculated from the PSD plot (Qlong vs Qshort) acquired with the Am-Be source alone as
the lines which enclose the region of the neutron signals.

The PSD is dominated by the 137Cs signals, especially with the 60 µSv/h 137Cs source,
however the Am-Be source is still detected below the 137Cs distribution. The tails of the
neutron and γ-ray distributions can be identified. After applying the PUR, the pile up
signals are correctly rejected. In fact, more than 95% of the signals above the neutron
region are always discarded. With 5 µSv/h 137Cs source, less than 5% of the signals inside
the neutron region are erroneously rejected. With 60 µSv/h source (and at higher dose
rate) the number of detected neutrons (among 30,000 signals) was too low to evaluate
the efficiency of the PUR. This is due to the dead time of our acquisition system, mainly
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Figure 3.22: The Qlong vs Qshort 2D histogram plot of the stilbene irradiated with a 137Cs
source at 1 mSv/h before (left) and after (right) applying the PUR algorithm. The two red
lines delimit the γ-ray region.

Figure 3.23: The Qlong vs Qshort 2D histogram plot of the stilbene irradiated with a 137Cs
source at 10 mSv/h before (left) and after (right) applying the PUR algorithm. The two
red lines delimit the γ-ray region.

Figure 3.24: The ER and the ERcor for the stilbene (left) and EJ-276 (right) irradiated
with a 137Cs at different dose rate values, before and after applying the PUR algorithm.

induced by the oscilloscope used instead of the digitizer, combined with the relatively high
γ-ray sensitivity of organic scintillators. Nonetheless, Figure 3.26 shows that neutrons from
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Figure 3.25: The Qlong vs Qshort 2D histogram plot for the stilbene irradiated with an
Am-Be source (at 1.5 mSv/h) and a 137Cs source (at 5 µSv/h on the left and at 60 µSv/h
on the right), before applying the PUR algorithm. The green lines delimit the detected
neutron signals.

Figure 3.26: The Qlong vs Qshort 2D histogram plot for the stilbene irradiated with an Am-
Be source (at 1.5 mSv/h) and a 137Cs source (at 5 µSv/h on the left and at 60 µSv/h on
the right), after applying the PUR algorithm. The green lines delimit the detected neutron
signals.

the Am-Be source are still detectable after the PUR, in spite of the low n/γ ratio.

Due to the long time profile of the detectors (discussed above) and the non-negligible
sensitivity of organic scintillators to γ-rays, a pile-up rejection algorithm is necessary in
many applications for the B-RAD. The PUR proposed in this work is promising: with
137Cs, the pile-up events were correctly discarded up to more than 10 mSv/h, above the
upper limit of the dose rate range for common portable survey meters (few mSv/h). With
the Am-Be neutron source the PUR discards pile-up events at the expense of the neutron
detection efficiency, but without rejecting all neutron signals. However, for the latter case,
only a qualitative analysis was possible because of the low number of detected Am-Be
particles.

3.4.5 Neutron detection efficiency

After characterising the detectors in terms of n/γ discrimination capability and dose rate
working range, the neutron detection efficiency must be evaluated. However, in organic
scintillators the calculation of the neutron detection efficiency is not an easy task for
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two main reasons: 1) the pulse height spectrum in organic scintillators has a continuum
shape (see Section 3.1.2), and hence the calculated efficiencies are hugely affected by the
threshold (all the counts below the threshold are not counted); 2) the emerging neutron
spectra in organic scintillators depends on the spectrum of the specific source neutron.
However a comparative analysis between the stilbene and EJ-276 can be performed.

The neutron detection efficiency was calculated as the average of the intrinsic neu-
tron efficiencies (ϵi) measured in the linear range between 5 µSv/h and 1.5 mSv/h (see
Figure 3.15), where ϵi is defined as follows [76]:

ϵi =
Rdet

A× Ω
(3.10)

where Rdet is the detector count rate, A the source activity in terms of neutrons per s and
Ω the solid angle subtended by the detector from the source. The intrinsic detection effi-
ciency can be expressed in terms of percent by multiplying ϵi by 4π. Two Am-Be sources
of 100 GBq and 888 GBq were used for the measurement, corresponding to 6.40 × 106 neu-
trons per second and to 5.03 × 107 neutrons per second, respectively, as provided by the
manufacturer. The different ratio between the nominal activity (in Bq) and the neutron
fluence for the two sources might be due to a different composition of the source compo-
nents since the Am/Be ratio of both sources is unknown. This difference might also origin
from a different geometry between the two sources which might lead to a different amount
of material surrounding the source in its irradiation position.

The obtained neutron detection efficiencies are 12% for the stilbene and 9% for the
plastic, which correspond to 2.0 counts per nSv and 1.4 counts per nSv, respectively. The
values in counts per dose were calculated taking into account the dose per fluence coefficient
of the Am-Be (391 pSv cm2) reported by the ISO 8529-1:2001 [77]. If the same energy
threshold is applied to both scintillators equal to 250 keVee, the calculated efficiency of
the two detectors is comparable: 1.4 counts per nSv for the EJ-276 and 1.7 counts per
nSv for the stilbene.

3.4.6 Temperature dependence

Finally the temperature dependence of both detectors is discussed. For scintillator and
SiPM based detectors the variation of the detector response with temperature is usually a
crucial point since it depends on two independent effects: the variation of the scintillator
light yield and the variation of the SiPM gain. The latter is a well-known effect which
consists of the increase of the breakdown voltage with temperature. This effect is due to
the decreasing of the potential barrier between the p-n junction, and the corresponding
gain reduction. The net effect of the SiPM to the detector system can be translate as
an increasing of the detection threshold [78]. The gain variation can be estimated by the
data provided by the manufacturer. According to [57], the breakdown voltage increases
with temperature at a rate of 21.5 mV °C−1 and the gain linearly decreases.

The rate of variation of the breakdown voltage with temperature was also measured
and compared with the datasheet [57]. The SiPM array was coupled to the ArrayJ-BOB3-
64-V1PO breakout board, a commercial readout board provided by SensL specifically
developed for easy testing and readout of ArrayJ products (Figure 3.27). The board and
the SiPM array were placed in a climate chamber inside a light-tight box. The temperature
of the SiPM was measured by a thermocouple placed close to it, because of the different
thermal inertia of the box and the climate chamber. The temperature of the chamber
was varied from -10°C to 40°C and measurements were carried out at 10°C steps. At each
temperature, a varying bias voltage from 1 V to 30 V was supplied to the SiPM by a
Keithley 2450 source meter [79], placed outside the chamber. The bias voltage was varied
every 2 s with a 1 V step well before the breakdown and 0.1 V on the proximity and above.
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The higher sampling frequency in the former case, ensures the accuracy of the breakdown
voltage calculation. The current across the SiPM was measured by the same source meter
using the Keithley Kickstart software for automatic acquisition. The breakdown voltage
at each temperature was obtained as ”the voltage intercept of a straight line fit to a plot
of

√
I vs. V, where V is the overvoltage.” [57]. Figure 3.28 shows the

√
I versus V plot

measures at 20°C with the linear fit in the region above the breakdown voltage.
Figure 3.29 shows the values of the breakdown voltage measured at each temperature

and the linear fit to the data points. The resulting fitting equation is shown in Figure 3.29.
The calculated gradient is 21.7 ± 0.6 mV/°C in perfect agreement with the value reported
from the datasheet.

Figure 3.27: The SiPM Array J-30035-64P and the ArrayJ-BOB3-64-V1PO breakout
board used to measure the variation of the breakdown voltage with temperature.

Figure 3.28: The square root of the current versus the overvoltage measured with the J-
30035-64P SiPM array at 20°C and the linear fit to the data points above the breakdown
voltage.

The temperature dependence of the stilbene and EJ-276 detectors was measured by
placing the detector inside the light-tight box, in the climate chamber. The temperature
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Figure 3.29: The breakdown voltage versus temperature measured with the J-30035-64P
SiPM array and the linear fit to the data points.

of the chamber was varied from -10°C to +40°C at a rate of 10°C h−1 (according to the
manufacturer [52]) and the temperature of the SiPM was measured by a thermocouple as
in the previous measurements. Measurements were performed in 10°C steps with a 137Cs
and an Am-Be source independently. The combined effect of the light yield variation and
of the SiPM, was evaluated by measuring the variation of the Compton edge position (in
the 137Cs spectrum), calculated as described in Section 3.4.1. The Compton edge variation
due to the SiPM contribution was assumed proportional to the gain variation. Finally,
the contribution of each scintillator was obtained from the comparison of the measured
and calculated variation of the Compton edge position, since the former is ascribed to the
SiPM + scintillator system, while the latter is attributed to the SiPM only.

Figure 3.30 compares the variation of the measured and calculated Compton edge
position for both detectors. The x-axis is the temperature measured by the probe close
to the SiPM. For the stilbene, below ∼20°C the measured Compton edge position linearly
decreases with temperature with a slope of -18.7 ± 0.4 channel °C−1 versus a variation
of -12.7 channel °C−1 due to the SiPM only, i.e. the light yield of the stilbene decreases
inducing a faster variation of the Compton edge position. Above 20°C the stilbene light
output increases and partially compensates the SiPM effect. Similarly, for the EJ-276,
the Compton edge position decreases below 20°C (see Figure 3.30). Nonetheless, the
difference between the measured and calculated curves is smaller: -10.5 ± 0.6 channel °C−1

versus -7.6 channel °C−1 respectively. Above 20°C, the temperature dependence is mainly
attributed to the SiPM. This is partially in agreement with [80], where the variation of
the Compton edge position measured by a PMT with a plastic scintillator is almost flat in
the temperature range -30°C –20°C. However, in [80] the exact composition of the plastic
scintillator is not specified. The total percent variation of the Compton edge position is
around 25% for both detectors.

The variation of the PSD capability was also investigated with the Am-Be source
by observing both the variation of the PSD distribution, and of the FOM. Figure 3.31
shows the PSD distribution at different temperatures for the stilbene and the EJ-276,
and Figure 3.32 compares the variation of their FOM. In Figure 3.31, the left and right
Gaussian distributions (on both plots) are associated to γ-rays and neutrons respectively.
In both detectors, up to 20°C, the shape of the PSD distribution remains unchanged but,
as expected, the number of counts decreases with temperature because of the increasing
breakdown voltage. For the stilbene, at 30°C and 40°C, the neutron distribution shifts to
the right and the right tail of the γ-ray distribution increases. The intensity of the fast
decay appears to decrease with temperature in favour of the slow component. This effect
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Figure 3.30: Variation with temperature of the Compton edge position of a 137Cs source for
the stilbene and EJ-276. The x-axis is the temperature measured by a thermocouple close
to the SiPM array while the temperature chamber was varied between -10°C and +40°C.
The error bars are smaller than the data points.

is generally possible since the temperature can affect different scintillation mechanisms
in different ways. For the EJ-276, the PSD distribution above 20°C shows an opposite
trend as compared to the stilbene. The peaks of the two Gaussian equations slightly
move to the left and in addition, some signals are detected in the region between the two
distributions. At higher temperatures, the lower light yield of the EJ-276 combined with
the higher breakdown voltage of the SiPM has a large impact on the PSD analysis. A
greater number of signals is in fact detected just above the digitizer threshold and it is
well known that for low amplitude signals the discrimination is not clear. To overcome
this limit and for a better comprehension, a higher bias voltage can be set in the EJ-
276 detector. For both scintillators the temperature increase induces a broadening of the
neutron and γ-ray distributions in the PSD plot resulting in the decrease of the FOM (see
Figure 3.32).

The variation with temperature of the light yield in organic scintillators has not been
quantified yet. Baker et al. [81] reported a weak decreasing trend of the stilbene light
yield with increasing temperature between -90–70°C, partially in agreement with this
work. In [81] the stilbene was irradiated both with a γ-ray source and a neutron source.
A study was performed with an anthracene crystal (comparable to the stilbene) only for
a 6°C temperature range (22–28°C) and only for γ-ray detection [82]. In this study, a
slightly linear decreases of the light output was measured of less than 10%. In [80], the
temperature dependence of the stilbene is deeply investigated between -30°C and 60°C
and the pulse shapes at different temperature are also reported. The pulse shape seems
to be constant in the aforementioned range. However, the discussion is lacking and a
more accurate study is necessary (e.g. fitting of the average signals). On the other hand,
the light yield of plastic scintillators was considered temperature independent [83] until
recent studies have demonstrated some dependence [84, 85]. In [85], a small or almost
null temperature dependence was measured for some plastic scintillators according to the
substrate material.

Figure 3.33 shows the variation of the neutron counts with temperature (15 minutes
of acquisition time). The variation of the neutron counts with temperature is around
10% for both detectors, which is still acceptable for applications in radiation protection.
The measured neutron counts with the stilbene has a minimum at 10°C, while the EJ-276
is almost flat up to 20°C and shows a decreasing trend above that temperature. This
variability makes the temperature correction not an easy task. Further investigation such
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as measurements with a PMT and a pulse shape analysis should be performed.

Figure 3.31: Variation of the PSD distribution measured with an Am-Be source with the
stilbene (left) and EJ-276 (right) while the temperature varied between -10°C and +40°C.

Figure 3.32: Variation with temperature of the FOM measured with an Am-Be source for
the stilbene and EJ-276. The x-axis is the temperature measured by a thermocouple close
to the SiPM array, while the temperature in the chamber varied between -10°C and +40°C.

3.5 Conclusions

The performance of a stilbene and an EJ-276 plastic scintillator coupled to an 8 Ö 8 SiPM
array J-30035-64P from SensL were evaluated and compared, in view of their potential
application in the B RAD portable survey meter for fast neutron detection. The reported
results show that the energy resolution with a 137Cs source is 15% for the stilbene and
20% for the plastic. Due to the low atomic number of organic scintillators, their energy
resolution is poor however they were not considered for spectrometry applications.

For the considered application, two important parameters are the capability to dis-
criminate and reject the γ-ray component from the neutron one and the neutron detection
efficiency. The stilbene shows a better n/γ discrimination capability via the PSD with
respect to the EJ-276: a FOM of 1.54 is achieved with the minimum threshold, while a
threshold of about 800 keV had to be set to reach a sufficient discrimination with the
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Figure 3.33: Variation with temperature of the measured neutron counts (15 minutes of
acquisition time) with an Am-Be source for the stilbene and EJ-276. The x-axis is the
temperature measured by a thermocouple close to the SiPM array while the temperature in
the chamber varied between -10°C and +40°C.

plastic (FOM > 1.27). The neutron detection efficiencies are 12% for the stilbene and 9%
for the plastic (2.0 nSv per counts and 1.4 nSv per counts, respectively).

The response of both stilbene and plastic starts to deviate from linearity at 1 mSv/h
photon dose rate, whereas the PSD is stable up to 1.5 mSv/h neutron dose rate. However,
the presence of a usually unknown γ-ray background together with the neutron field could
limit the detector working range. When exposed to a mixed n/γ radiation field, the FOM
of both scintillators drastically drops above 3–4×103 cps.

Below this limit, a Pile-Up Rejection algorithm can reduce the detection of false neu-
tron events by one order of magnitude without affecting the neutron detection efficiency.
Above this limit, the PUR algorithm can correctly remove pile-up events at the expense of
the latter. The two scintillators show similar performance in terms of temperature varia-
tion in the range -10°C to +40°C. The variation of the measured Compton edge position is
around 25%, while the variation of the neutron count rate is around 10%. This variation
can be accepted in certain applications in radiation protection.

The work presented in this chapter was presented to the ELSE NUCLEAR company
who will proceed in the development of an actual probe for fast neutron dose rate mea-
surements.
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Chapter 4

Investigation of CLYC-6 for
thermal neutron detection and
CLYC-7 for fast neutron
spectrometry

This chapter identifies two additional neutron probes for the B-RAD, both based on
Cs2LiYCl6:Ce (CLYC) crystal. CLYC is an inorganic scintillator available with either
natural abundance of 6Li and 7Li (7.6% and 92.4% respectively) or enriched in 6Li or 7Li
(respectively called in this work CLYC-6 and CLYC-7). The former is suitable for thermal
neutron detection, the latter is commonly used for fast neutron measurements. In this
chapter, a CLYC-6 and a CLYC-7 crystal were studied as a thermal neutron detector and
as a fast neutron spectrometer respectively, in view of their possible integration in the
novel B-RAD radiation survey meter.

The original project of the B-RAD did not include a probe for thermal neutron de-
tection, since the greatest contribution to the total ambient dose equivalent is usually
provided by fast neutrons (e.g. at high energy accelerators). However, the availability
of a CLYC-6 crystal together with the increasing request on the market for a thermal
neutron detector, as an alternative to the commonly used 3He proportional counter, led
us to investigate CLYC-6 as an additional probe for the B-RAD.

This chapter is divided as follows. Section 4.1 provides the basis for understanding the
scintillation mechanism in inorganic scintillators such as CLYC. Section 4.2 summarises
the CLYC main properties and the main neutron reactions involved in CLYC-6 and CLYC-
7. Section 4.3 reports the details of the experimental setups and the methods used for
the data analysis. Sections 4.4 and 4.5 discuss the CLYC-6 and CLYC-7 performances
respectively. Section 4.6 reports the results in view of their application in the B-RAD.

4.1 Scintillation mechanism in inorganic crystals

The scintillation mechanism in inorganic scintillators depends on the energy band structure
of the crystal lattice. An example is shown in Figure 4.1. Electrons in the so-called valence
band are bound to the crystal, whilst electrons in the conduction band are free to migrate.
When a charged particle crosses the crystal depositing its kinetic energy, the electrons in
the valence band can excite to the conduction band, however any energy levels in between
the valence and the conduction band is forbidden. When the electrons de-excited from
the conduction to the valence band a photon is emitted with the same energy of the band
gap. Two main reasons prevent their detection: 1) this process is inefficient since the
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emission band almost overlaps the absorption band of the crystal, i.e. most of the emitted
photons do not escape from the crystal; 2) the typical band gaps correspond to energy
above the visible range. For this reason impurities are added into inorganic scintillators,
usually called activators, which form the so-called recombination or luminescence centres.

In doped crystal the scintillation process usually occur as follows.

(1) The charged particle deposits its kinetic energy inside the crystal along its track.

(2) Electrons in the valence band absorbe this energy and excite to the conduction band,
leaving the corresponding holes in the valence band.

(3) Holes rapidly drift to the activator centres and ionize them.

(4) Electrons in the conduction band travel throughout the crystal until they reach an
ionized activator centre.

(5) Electrons drop in the activator site creating with the holes a neutral configuration
with its own energy level structure lying within the forbidden energy gap (see Fig-
ure 4.1).

(6) If the activator centre is in an excited state, it de-excites to its ground state with
the emission of scintillation light. The light emitted by the activator sites is in the
visible range and is not absorbed by the crystal.

Figure 4.1: Energy band structure of a doped crystal scintillator [5].

The scintillation mechanism described above is simplified. In reality different scintilla-
tion mechanisms might be present in the same crystal also coming from the crystal itself
(also called host luminescence). Another possibility is that the produced electron and hole
travel together inside the crystal in a loosely bound configuration called exciton, instead of
independently, and de-excites when it reaches an activator site. In general, the light emit-
ted by a scintillator after an event of energy deposition can come from the de-excitation
of different exciting states, each one characterised by its own characteristic decay time.
As a result, the pulse coming from a scintillator usually shows both fast and slow com-
ponents. Since the proportion between the slow and the fast components depends on the
ionization density of the primary radiation, particle discrimination via the PSD method is
usually possible also in inorganic crystals, as in CLYC. Additional effects affect the final
de-excitation time of each scintillation mechanism, such as the temperature dependence.

Otherwise, competitive processes can also be present, such as afterglow and radiation-
less transitions (i.e. quenching effects) [5]. The latter lead to some non-linearities, which
are, nevertheless, less important than in organic scintillators. Quenching effects are pro-
moted by particles with high ionization density, i.e. the light yield differs with the type
of particle crossing the scintillators per unit energy. This difference is quantified by the
quenching factor as deeper described in Section 4.4.2 and Section 4.5.2 for CLYC-6 and
CLYC-7. respectively.
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4.2 Neutron detection in CLYC-6 and CLYC-7 crystal

CLYC is a promising inorganic scintillator from the elpasolite family. It is characterised
by high density (3.3 g cm−3), high Zeff (54), light yield linearity down to low energies (the
light yield variation is 1.6% from 662 keV down to 14.4 keV) and good energy resolution
(< 5% at 662 keV according to the datasheet) [86]. It can detect both γ-ray and neutron
radiation with excellent neutron/γ-ray (n/γ) discrimination capability by the Pulse Shape
Discrimination (PSD) technique (FOM > 2 according to the literature data) [87].

In CLYC-6, thermal neutrons are detected via the 6Li(n,t)α reaction on 6Li [88]. The
(n,t) reaction is characterised by a relatively large Q-value of 4.78 MeV and a high cross
section (940 b at 25 meV, see Figure 4.2 left plot). Moreover, the pulse height spectrum
acquired by a lithium-based scintillator shows a single peak in correspondence of the
thermal neutron reaction since the 6Li neutron reaction goes exclusively on the ground
state of its reaction products [5].

CLYC-7 is used for fast neutron measurements via the 35Cl(n,p)35S and 35Cl(n,α)32P
reactions [89] below ∼ 20 MeV, with 35S and 32P in the ground or excited states. The
Q-value of the (n,p) and (n,α) is 615 keV and 937 keV respectively. The right plot
of Figure 4.2 shows the (n,p) and (n,α) cross sections on 35Cl below 14 MeV. Below
5 MeV the 35Cl(n,p)35S is dominant. The energy threshold for the (n,α) reaction and
for the (n,p) reactions to the excited states of 35S is around 2 MeV. Between 5 MeV
and 18 MeV, the cross section of the (n,p) and (n,α) reactions to the ground and to the
excited states of the 35S and 32P respectively, are comparable and the different reactions
cannot be distinguished [89]. Above ∼ 20 MeV the (n,t) and (n,d) reactions become also
comparable. These reactions are not considered in this work because outside the energy
range of interest for the B-RAD.

CLYC-7 was recently investigated [90, 91, 92] as a fast neutron spectrometer without
unfolding below about 10 MeV, since the energy deposited by the emitted proton and
α-particle is linearly proportional to the kinetic energy of the impinging neutron. In [89],
the response of CLYC-7 to mono-energetic neutrons showed promising results as a spec-
trometer, since the energy peak coming from the 35Cl(n,p)35S reaction was still detected
up to 8 MeV. However, above 2.5 MeV a second peak due to the (n,α) reaction is present
[89] at lower energies because of the lower quenching factor for the (n,α) reaction in regard
to the (n,p) reaction. Above 5.5 MeV, the spectrum degenerates in a continuum. Fig-
ure 4.3 shows the neutron spectra acquired by D’Olympia et al. [89] irradiating a CLYC-7
crystal with different mono-energetic neutron sources. Therefore, as already underlined in
[93], fast neutron spectrometry with CLYC-7 in presence of a continuum spectrum is quite
difficult already above 2.5 MeV since neutrons with the same energy undergo competing
nuclear reactions and the univocal correlation between the initial neutron energy and the
energy deposited by the emitted particle is lost.

On the other side, CLYC-6 cannot be employed as a spectrometer because the acquired
neutron spectrum is usually dominated by a narrow peak due to the 6Li(n,t)α reaction
from thermal neutrons [5, 93, 92]. However, its large cross section makes it suitable for
thermal neutron detection.

4.3 CLYC scintillators and experimental set-up

Both CLYC-6 and CLYC-7 crystals used in this work, were grown by Radiation Mon-
itoring Device Inc. (RMD) [95]. The former (serial number 730-3D1, April 2020) is a
parallelepiped with dimensions of 18×18×5 mm3, enriched in 6Li to >95%. The lat-
ter (serial number 039-2, September 2017) is a 1–inch right cylinder enriched in 7Li to
>99%. Both crystals were wrapped with a reflective inner coating and encapsulated in an
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Figure 4.2: On the left, the (n,t) reaction cross section on 6Li. On the right, the (n,p)
and (n,α) reaction cross sections on 35Cl, where L0 stands for the ground state and L1
and L2 for the first and second excited states. Data are taken from the ENDF/B VIII.0
library [94].

Figure 4.3: Calibrated neutron spectra acquired by D’Olympia et al. with CLYC-7 irradi-
ated by mono-energetic neutron sources, as indicated in each plot [89].

aluminium casing (Figure 4.4) because CLYC is hygroscopic.

Each crystal was coupled with a R6231-100 Superbialkali Hamamatsu PMT [96] op-
erating at +1100 V with optical grease, and placed inside a light–tight box. The output
signal was directly sent to a 1 GHz, up to 2.5 Gs/s, 12 bit HDO6104 Teledyne Lecroy Oscil-
loscope, by a 50 Ω termination. The sampling frequency in this work was set to 250 Ms/s.
Each signal was saved and offline analysed with a Python code [61]. For the measurement
of the neutron detection efficiency a CAEN DT5720 digitizer (12 bit, 250 Ms/s) was used
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Figure 4.4: CLYC-6 (on the left) and CLYC-7 (on the right) crystals with their own
packages.

in place of the oscilloscope, because it allows faster signal processing and is provided with
the DPP-PSD software for on-line PSD analysis (which was used instead of the Python
analysis).

Before each measurement, the experimental set-up was energy calibrated with γ-ray
sources of different energies (137Cs and either 60Co or 22Na). The charge spectrum of each
γ-ray source was acquired by calculating the charge of each signal as the pulse integral
over the selected acquisition time. The charge to energy equation was calculated by linear
fitting of the data points corresponding to each photoelectric peak. The energy resolution
of CLYC under γ-ray irradiation has been already investigated by many authors and it
was not studied in this work. However, by way of example, Figure 4.5 shows the energy
calibrated spectra of different γ-ray sources in CLYC-6 (on the left) and CLYC-7 (on the
right).

A Thermo Scientific MP 320 Deuterium-Deuterium (D-D) generator [97] emitting
2.5 MeV neutrons was used for the measurements of the n/γ discrimination, energy reso-
lution and quenching factor. The neutron energy resolution of CLYC-7 was not calculated
because of a sudden degradation of the crystal, which only concerns the measurements
with the D-D generator (Sections 4.5.1 and 4.5.2). The neutron detection efficiency of
CLYC-6 was measured with the thermal neutron field available at the Calibration Labo-
ratory (Cal Lab) of CERN Radiation Protection group, whose design and construction is
described in details in Appendix A. The study of CLYC-7 as a fast neutron spectrometer
was also performed by irradiating the crystal with neutrons from both an Am-Be source
and a 252Cf source. The measurements with the Am-Be and 252Cf sources were performed
before the worsening of the crystal performance.

In order to discriminate neutron from γ-ray events, the PSD analysis was performed
by means of the Charge Integration Method, as described in the previous chapter. The
n/γ PSD was performed by always setting the time windows tprompt and tdelay to 70 ns
and 2 µs respectively, unless otherwise specified in the corresponding section. The values
of tprompt and tdelay were selected as the time windows that optimise the FOM [59].

4.4 Measurements with CLYC-6

This section discusses the n/γ discrimination capability, the energy resolution and the
quenching factor of the 6Li(n,t)α reaction in CLYC-6. The measurements described in
Sections 4.4.1 and 4.4.2 were performed with the mono-energetic neutron beam from the
D-D generator, while the neutron detection efficiency was evaluated at the CERN Cal
Lab.
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Figure 4.5: On the left, the 137Cs and 22Na energy calibrated spectra acquired with CLYC-
6. On the right, the 137Cs and 60Co energy calibrated spectra acquired with CLYC-7.

4.4.1 n/γ discrimination capability

The n/γ discrimination capability of CLYC-6 was evaluated via the PSD method. Fig-
ure 4.6 shows the 1D and 2D histogram plots of the PSD and PSD versus energy acquired
with CLYC-6 and the D-D generator. The calculated FOM is 2.20 (for 100 keVee en-
ergy threshold), which confirms the excellent n/γ discrimination capability of the crystal.
The 2D PSD plot clearly shows the separation between the neutron events (on top of the
plot) and the γ-ray events (on the bottom) with no overlap between the two distributions.
The neutron distribution is dominated by a blob at around 3 MeVee corresponding to the
6Li(n,t)α reaction from thermal neutrons [91, 93, 98] which corresponds to a single narrow
energy peak in the neutron spectrum (see Figure 4.7) as discussed in the next section.

4.4.2 Neutron spectrum, quenching factor of the 6Li(n,t)α reaction and
energy resolution measured with a D-D generator

From the PSD analysis the neutron events were selected and plotted in terms of counts ver-
sus energy, after the energy calibration. Figure 4.7 shows the resulting neutron spectrum
acquired with the D-D generator. The main peak is attributed to the thermal neutron
absorption on 6Li [88]. The detected peak was fitted using a Gaussian fitting equation
and the corresponding Gaussian fit is shown in Figure 4.7. The detection of a single peak
allows the calculation of the quenching factor for the 6Li(n,t)α thermal neutron reaction.

The quenching factor qF is defined as:

qF =
Eeq.

EN +Q
(4.1)

where Eeq. is the energy in equivalent electron-volt (eVee) of the reaction, EN the energy
in electron-volt of the impinging neutron and Q the Q-value of the reaction in electron-
volt. In this case, EN is negligible (i.e., thermal energy) and the Q-value is 4.78 MeV.
Eeq. was calculated as the centroid of the Gaussian fit of the peak in the neutron spectrum
(Figure 4.7), i.e., 3.1 MeV. The resulting qF is 0.6484 ± 0.0004 consistently with [99]
which reports a value of 0.7 for the 6Li(n,t)α reaction.

Thermal neutrons are probably produced by the scattering of the 2.5 MeV source
neutrons with the surroundings. The 2.5 MeV source neutrons can also directly interact
with CLYC-6 via the 6Li(n,t)α reaction. These events should appear on the right-end
side of the thermal peak [91], however due to the difference between the thermal and fast
neutron cross sections (940 b at 25 meV versus 0.17 b at 2.5 MeV), the thermal peak
is dominant. Neutrons of 2.5 MeV are also detected via the 35Cl(n,p)35S reaction (the
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Figure 4.6: Left: the 1D PSD histogram plot acquired with CLYC-6 irradiated with
2.5 MeV neutrons from a D-D generator. The red line is the Gaussian fit to the γ-ray
(left peak) and neutron (right peak) distributions. Right: the 2D PSD plot for the same
measurement.

Figure 4.7: The neutron spectrum acquired with CLYC-6 irradiated with 2.5 MeV neutrons
from a D-D generator. The red line is the Gaussian fit to the peak corresponding to the
6Li(n,t)α reaction.

cross section for 2.5 MeV neutrons is 0.19 b) as a single energy peak at 2.5 MeV + the
Q-value of the reaction, multiplied by the proton quenching factor equal to 0.9 (defined
by Equation 4.1 and calculated in Section 4.5.2), i.e. at 2.8 MeV. The corresponding peak
should appear at the left of the thermal neutron peak and can be the origin of the small
bump visible just below the thermal peak [91, 92].

The energy resolution was calculated as the ratio between the corresponding Full Width
at Half Maximum (FWHM) and the mean value of the peak. The thermal neutron energy
resolution is 6%. As expected CLYC-6 shows a good energy resolution, coherently with its
relatively high light yield. Nevertheless, CLYC-6 was investigated as a thermal neutron
counter and the most important parameter is the thermal neutron efficiency, which is
discussed in Section 4.4.3.
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4.4.3 Neutron detection efficiency

The measurements of the neutron detection efficiency of CLYC-6 were carried out at the
CERN Cal Lab employing the so-called ”cylinder” configuration (see Appendix A) of the
thermal neutron source, i.e. a tailored cut polyethylene cylinder was placed around the
Am-Be source of the Cal Lab to moderate the fast neutrons emitted by the source and pro-
duce a thermal neutron field. The crystal was aligned with the source with two orthogonal
lasers. Thirteen measurements were performed by placing the crystal at different distances
from the source (from 30 cm to 200 cm) and irradiating the crystal at each position for
five minutes. The neutron count rate was obtained after the PSD analysis, performed
by the digitizer by means of the DPP-PSD software. Only the neutron signals under the
thermal neutron peak (2.5–3.5 MeV [100]) were selected. Figure 4.8 shows the 2D PSD
histogram plot measured at 80 cm of distance from the source (taken as example). The
neutron signals selected for the efficiency calculation are delimited in Figure 4.8 by the
green box.

Figure 4.8: The 2D PSD histogram plot acquired with CLYC-6 irradiated with a thermal
neutron source at 80 cm from the source. The red line divides the signals due to neutron
events (above the red line) and γ-ray events (below the red line). The green box delimits
the neutron signals under the thermal neutron peak (2.5–3.5 MeV).

For comparison, the neutron count rates at the same irradiation positions were mea-
sured with a Centronic SP9/152/Kr 3He proportional counter, filled with a gas mixture of
3He at 2.33 kPa (2.3 atm) and Kr at 1.22 kPa (1.2 atm). The counter was supplied with
+820 V and the output signal processed by an ORTEC 142IH preamplifier, an ORTEC
570 amplifier (assembled in a portable NIM crate) and an Amptek Pocket Multi-Channel
Analyser 8000D. Thermal neutrons are detected via the 3He(n,p)3H reaction, characterised
by a cross-section of 5330 b at 2.5 meV and a Q-value of 764 keV. The neutron count rate
was measured integrating the spectrum of the recoils acquired by the multi-channel anal-
yser above a proper energy threshold. The threshold was set in order to cut the electronic
noise and γ-ray events. The same proportional counter was used for the characterisation
of the thermal neutron source described in Appendix A. The acquired spectrum and the
selected threshold are shown in Figure 4.9 for 80 cm source-to-detector distance.

The resulting count rates were divided by the volume of the corresponding detector:
1.62 cm3 for CLYC-6, 17 cm3 for the 3He counter. Figure 4.10 shows the count rate
per unit volume obtained with both detectors at each irradiation position. The neutron
detection efficiency per unit volume of the studied CLYC-6 crystal is higher than that of
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the employed 3He proportional counter, that is about 60% smaller than CLYC-6. This is
in agreement with Glodo et al. [101] who measured a higher neutron detection efficiency
per unit volume of a thin CLYC-6 crystal respect to a 10 atm 3He tube (9 cm3 volume).
The former has the same thickness of CLYC-6 used in this work (0.5 cm). CLYC-6 is
thus a perfect candidate to replace 3He counter in thermal neutron detection. However,
it is important to mention that the results reported by Glodo et al. also show that the
geometry and the dimensions of CLYC-6 affect the neutron detection efficiency. In fact,
the relationship between CLYC-6 and the 3He counter is reversed for thicker CLYC-6
crystals (the count rate per unit volume of 3He is higher), indicating that the majority of
the thermal neutron reactions on 6Li occur in the first centimetre of the crystal.

Figure 4.9: The spectrum acquired with the 3He proportional counter at 80 cm from the
source. The red line shows the selected threshold.

Figure 4.10: The count rate per unit volume obtained with CLYC-6 and the 3He counter
for different irradiation positions.
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4.5 Measurements with CLYC-7

This section analysis CLYC-7 in terms of the n/γ discrimination and provides the quench-
ing factor of the 35Cl(n,p)35S measured with the same D-D generator. The fast neutron
spectrometric capability of CLYC-7 was investigated with the continuum neutron spectra
from Am-Be and 252Cf sources. A proton/α-particle (p/α) discrimination via the PSD
method is also proposed, by exploiting the different Linear Energy Transfer (LET) of
protons and α-particles. A preliminary analysis was made with Am-Be (section 4.5.3)
and 252Cf (Section 4.5.4) sources. The proposed p/α discrimination and its feasibility are
discussed in Section 4.5.5.

4.5.1 n/γ discrimination capability

The PSD analysis was performed on the signals acquired with CLYC-7 irradiated with
the D-D generator. The resulting 1D and 2D histogram plots of the PSD and PSD versus
energy are shown in Figures 4.11. The Gaussian fits of the neutron and γ-ray distributions
are also plotted in Figure 4.11. The corresponding FOM is 2.04, confirming excellent n/γ
discrimination. It also proves that the degradation mentioned in Section 4.3 did not affect
the n/γ discrimination performances, it appeared instead as reduction of the scintillation
light emitted by CLYC-7 and the consequent worsening of the energy resolution. The
FOM for CLYC-7 is slightly lower than for CLYC-6 in agreement with [100], where a
FOM of 2.5 and 2.8 is reported for CLYC-7 and CLYC-6 respectively, setting the energy
threshold to 500 keVee.

Figure 4.11: Left: the 1D PSD histogram plot acquired with CLYC-7 irradiated with
2.5 MeV neutrons from a D-D generator. The red line is the Gaussian fit to the γ-ray
(left peak) and neutron (right peak) distributions. Right: the 2D PSD plot for the same
measurement.

4.5.2 Quenching factor of the 35Cl(n,p)35S and 35Cl(n,α)32P reactions

Figure 4.12 shows the neutron spectrum acquired with CLYC-7 irradiated with 2.5 MeV
neutrons from the D-D generator. The main peak at 2.83 MeVee is attributed to the
(n,p) reaction on 35Cl, while the smaller peak at around 1.7 MeVee to the (n,α) reaction
[93] and the (n,p) reaction to the excited states of 35S. Some counts in this energy range
can also derive from scattered neutron background.

The quenching factor for the 35Cl(n,p) reaction was calculated using Equation 4.1,
where Eeq. is the centroid of the Gaussian fit to the 2.83 MeVee peak shown in Figure 4.12,
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EN = 2.5 MeV and Q = 0.615 MeV. A value of 0.91 was found, in perfect agreement with
literature data (from 0.85 to 0.92 in [93], 0.9 in [99]).

Figure 4.12: The neutron spectrum acquired with CLYC-7 irradiated with 2.5 MeV neu-
trons from a D-D generator. The red line is the Gaussian fit to the peak at 2.83 MeVee
corresponding to the 35Cl(n,p)35S reaction.

4.5.3 p/α discrimination for the Am-Be neutron spectrum

As discussed in Section 4.2, fast neutron spectrometry with CLYC-7, without unfolding,
is already difficult starting from 2.5 MeV mainly because of the presence of both the
(n,p) and (n,α) reaction. A p/α discrimination would allow improving the performance
of CLYC-7 as a fast neutron spectrometer up to higher energies. The p/α discrimination
proposed in this work is based on the PSD method as described in this section.

CLYC-7 was irradiated with Am-Be source neutrons. The n/γ PSD analysis was first
performed as in the previous measurements to discard the γ-ray events. Figure 4.13 shows
the 2D histogram plot of the PSD versus energy where the red line delimits the neutron
and γ-ray regions in the PSD space. The distance between xγ and the red line is larger
than 3σγ , where xγ and σγ are the centroid and the standard deviation of the Gaussian
equation fitting the γ-ray distribution. Few signals were detected in between the neutron
and γ-ray distributions. Because of the uncertainty associated to these signals, they were
discarded from the analysis. It is worth mentioning that these signals are 7% of the total
neutron signals and are spread over about 5 MeV. Their effect on the resulting neutron
spectrum is negligible (the neutron spectrum with these signals differs by less than 1%
compared with the spectrum without).

The γ-ray events were discarded, and the PSD analysis was repeated on the selected
neutron signals by varying tprompt from 10 ns to 1.5 µs while tdelay was kept constant at
2 µs. Figure 4.14 shows the 2D histogram plots of the PSD versus energy for the different
values of tprompt, as indicated in each plot. The width of the binning and the scale of the
x-axis are the same for all plots, while the y scale changes to better visualise the region of
interest of each plot. For larger tprompt values (bottom plots) the neutron signals follow a
unique distribution. By decreasing the value of tprompt, below 100 ns, a second distribution
arises that deviates from the main distribution. This trend indicates that the signals differ
in the first part of their time profile. Variations on the first part of the signals become
indeed negligible for larger values of tprompt, when tprompt is almost equal to tdelay.

Furthermore, this second distribution appears at higher PSD values, which means that
it is composed of slightly slower signals. For this reason, we associated this distribution to
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Figure 4.13: 2D histogram plot of the PSD versus energy for CLYC-7 irradiated with Am-
Be source neutrons.

Figure 4.14: 2D histogram plots of the PSD versus energy for CLYC-7 of the neutron
signals from an Am-Be source at different tprompt. The value of tprompt is indicated in
each plot, whilst tdelay is constant (2 µs).

α-particle events: α-particles are higher LET particles (i.e., slower signal) as compared to
protons. The α-particle distribution should appear starting from about 2 MeV. Below this
value, its cross section is negligible compared with the (n,p) cross section (less than 1%).
However, due to the small difference of their signal profiles, the two distributions overlap
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between 2 MeV and up to around 4 MeV. Only above this energy two distributions can
be identified.

For each value of tprompt, the PSD values corresponding to the neutron signals were
plotted into a histogram, selecting only the signal with E > 4 MeV. For tprompt equal to
30 ns and 50 ns only, two Gaussian-like distributions appear which were fitted using a
Gaussian equation, and the FOM calculated as follows:

FOM =
xα − xp

FWHMα + FWHMp
(4.2)

where xα and xp are the peak centroids of the α-particle and proton Gaussian distributions
and FWHMα and FWHMp the corresponding FWHM. The maximum calculated FOM
was 0.77 ± 0.04 for 50 ns which was thus selected for the p/α discrimination. Figure 4.15
compares the PSD histogram plot obtained for tprompt = 500 ns (on the left) and tprompt

= 50 ns. The Gaussian fittings on the latter plot are also shown. The separation between
the proton and the α-particle distributions is not good (in fact a FOM < 1.25 implies that
xα − xp < 3(σα + σp)), however two distributions have been detected, while it was not
possible for other tprompt values (such as for tprompt = 500 ns, as shown in Figure 4.15).

Figure 4.15: The 1D histogram plot of the PSD for CLYC-7 for neutron signals at tprompt

= 500 ns (on the left) and tprompt = 50 ns (on the right). The right plot also shows the
Gaussian fit to the selected proton and α particle distributions.

A PSD cut-off value equal to 0.9622 was defined, below which the pulses were classified
as produced by protons and above which by α-particles, excluding from the α-particles
all the signals detected as a blob below 1.5 MeV which spread over a wider PSD range
(0.95–0.98). The latter are instead classified as protons since the (n,α) cross section is
negligible below 1.5 MeV (0.10977 b the (n,p) cross section versus 0.0005 b the (n,α)
cross section at 1.5 MeV [94]). According to this criterion, the pulses from protons and α-
particles were collected separately and plotted into a histogram. The spectra so calculated
correspond to the spectra of the energy deposited by protons and α-particles respectively,
as a function of Eeq.. We will refer to them as Sp(Eeq.) and Sα(Eeq.).

Inverting Equation 4.1, the corresponding neutron spectra can be calculated as follows:

EN = (Eeq./qF )−Q (4.3)

The neutron energy spectra, labelled as Sp(EN ) and Sα(EN ), were calculated applying
equation 4.3 to Sp(Eeq.) and Sα(Eeq.), assuming qF equal to 0.9 for protons (see Section
4.5.2) and to 0.5 for α-particles as provided in [99]. The Q-value is 615 keV for the (n,p)
reaction and 938 keV for the (n,α) reaction. Figure 4.16 shows Sp(Eeq.) and Sp(EN ),
Figure 4.17 Sα(EN ) and Sα(EN ).
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Figure 4.16: The spectrum of the energy deposited by protons in CLYC-7 (continuous blue
line) and the related spectrum of the incoming neutrons (dotted purple line), calculated
taking into account the quenching factor (0.9) and the Q-value of the reaction (615 keV).

The total spectrum of the incoming neutrons was calculated as the sum of Sp(EN ) and
Sα(EN ) and is compared with the ISO spectrum [77] and with the spectrum calculated
without the p/α discrimination in Figure 4.18. The three spectra have been normalised
to their maximum (discarding the energy bins below 500 keV). Figure 4.18 also shows the
percentage difference (d%) between the Am-Be ISO spectrum and the spectrum with and
without the p/α discrimination. d% is defined as:

d% =
|yISO,i − yi|

yISO,i
× 100 (4.4)

where yISO,i is the intensity of the normalised Am-Be ISO spectrum in the i-th bin and
yi the normalised counts of the experimental spectrum for the same bin. The average d%
for E > 500 keV (i.e. for fast neutron energies) is 46% with the p/α discrimination and
68% without the p/α discrimination.

The results obtained with the p/α discrimination for the Am-Be source irradiation case
are promising. After the p/α discrimination the measured Am-Be spectrum better match
the corresponding ISO spectrum: the percent difference between the experimental and
the ISO spectrum, averaged over the spectrum energies, improves by 20% when the p/α
discrimination is applied. Between 2–5 MeV the spectrum with the p/α discrimination is
always closer to the corresponding ISO spectrum than the spectrum without discrimina-
tion. The bad match between the reference and the experimental spectrum below 2 MeV
is due to the uncertainty associated with the p/α discrimination since, in this region, many
proton and α-particle pulses overlap. A high peak at low energy is also visible, which can
be due to either the scattered neutron component [88] or the resonance peaks of the (n,p)
cross section below 1 MeV [98] as shown in Figure 4.19. Also above 5 MeV the difference
between ISO and experimental spectra increases, probably because of the drop of the (n,p)
cross section at 5 MeV and the increasing importance of different reaction channels (see
Figure 4.2).

4.5.4 p/α discrimination for the 252Cf neutron spectrum

CLYC-7 was irradiated with 252Cf source neutrons and the procedure described in Section
4.5.3 was applied to the acquired data. For this case only, tdelay were set to 1.5 µs (because
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Figure 4.17: The spectrum of the energy deposited by α particles in CLYC-7 (continuous
blue line) and the related spectrum of the incoming neutrons (dotted purple line), calculated
taking into account the quenching factor (0.5) and the Q-value of the reaction (938 keV).

Figure 4.18: Top: comparison between the Am-Be ISO spectrum (continuous black line)
and the neutron spectrum measured with CLYC-7, without discrimination of neutron sig-
nals (continuous blue line) and with the p/α discrimination (dotted purple line). Bottom:
percent variation between the Am-Be ISO spectrum and the spectrum obtained with (con-
tinuous purple line) and without (continuous blue line) p/α discrimination.

the recording time of the signals was set to 1.5 µs) while tprompt was kept at 70 ns for
the n/γ discrimination and at 50 ns for the p/α discrimination. Figure 4.20 compares the
ISO spectrum [77] and the experimental spectrum before and after the analysis proposed
in this work. The resulting d% parameters for E > 500 keV were 61% and 77% with and
without the p/α discrimination respectively.

As well as for the Am-Be source, the spectrum obtain after the p/α discrimination with
the 252Cf spectrum better matches the corresponding ISO spectra. The percent difference
improves by more than 15%. Except at 13 MeV for two bins, above 3 MeV, d% with the
p/α discrimination (represented by the purple line on the bottom plot of Figure 4.20) is
always smaller than d% obtained without the p/α discrimination (blue line of the same
plot). Below 2 MeV the p/α discrimination does not show any improvements because of
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Figure 4.19: Zoom of the total cross section of the (n,p) and (n,α) reactions on 35Cl, in
the region of interest. Below 1 MeV several resonance peaks are visible [94].

the overlapping between the proton and α-particle distributions in this energy region. The
low energy peak detected with the Am-Be source is not revealed because of the lack of
thermal neutrons in the 252Cf spectrum.

The 252Cf neutron spectrum has a more pronounced low energy component as com-
pared to the Am-Be spectrum and, as a consequence, the shape of the experimental
spectrum without the p/α discrimination already matches quite well the peak of the ISO
spectrum between 2 MeV and 3 MeV [90]. However, the tail of the spectrum is not well re-
produced, whilst the p/α discrimination partially restores the correct shape above 3 MeV.

Figure 4.20: Top: comparison between the 252Cf ISO spectrum (continuous black line) and
the neutron spectrum measured with CLYC-7, without discrimination of neutron signals
(continuous blue line) and with the p/α discrimination (dotted purple line). Bottom:
the percentage variation between the 252Cf ISO spectrum and the spectrum obtained with
(continuous purple line) and without (continuous blue line) the p/α discrimination.
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4.5.5 Discussion on the p/α discrimination

In order to better investigate the correctness of the p/α discrimination, a pulse shape
analysis of the signals identified as neutrons was performed. It also helped to quantify
the difference in terms of time profile between the signals defined as either protons or
α-particles by the p/α discrimination proposed in this work. Only the signals acquired
with CLYC-7 irradiated with the Am-Be source were considered and the standard pulse
of protons and α-particles was calculated as follows. All signals were aligned and the PSD
was calculated as described in Section 4.3 (tprompt = 70 ns and tdelay = 2 µs). The γ-ray
signals, i.e. the signals below the red line in Figure 4.13, were discarded and the p/α
discrimination was applied to the remaining signals as described in Section 4.5.3 (tprompt

= 50 ns and tdelay = 2 µs). Only the events with E > 4 MeV were selected, where
the recognised proton and α-particle distributions do not overlap (see Figure 4.14, case
tprompt = 50 ns). The pulses recognised as protons were averaged and normalised to obtain
the proton standard pulse. The same calculation was performed to obtain the α-particle
standard pulse. Figure 4.21 shows the results.

Figure 4.21: The proton and α-particle standard pulses obtained with the proposed p/α
discrimination, in CLYC-7 irradiated with Am-Be source neutrons.

The pulse shape analysis demonstrates the correctness of the method since the signals
ascribed to protons are faster than the signals ascribed to α-particles, i.e. the PSD is
able to distinguish even small differences in the time profile if the proper time windows
are selected. This was also demonstrated for higher neutron energies (up to 60.5 MeV) in
[102]. For the case considered in this work, the proton and α-particle’s standard pulses
differ the most in the first 100 ns of the signal, during their rise time. The rise time of the
proton and α-particle standard pulses is 16 ns and 48 ns respectively. The tails of the two
signals are slightly different up to around 4 µs. However, the corresponding fall times are
more comparable, 5.4 µs for protons and 5.5 µs for α–particles.

The p/α discrimination via the PSD method is in principle possible. In fact, with
the properly selected time windows, different kinds of particles are collected in different
distributions in the PSD plot. Giaz et al [88] also detected two different distributions
irradiating CLYC-7 with 14.1 MeV neutrons. The two distributions were also attributed
to different LET particles, i.e., protons and α-particles. However, Giaz et al. did not
exploit this difference to improve the CLYC spectroscopic capability. A similar analysis
was instead proposed by Dolympia et al [89] with a 7.23 MeV mono-energetic neutron
beam. However, a continuous neutron spectrum, as used in this work, represents a more
realistic scenario.

85



Despite the p/α discrimination performed in this study improves the performance of
CLYC-7 as a spectrometer, the method is still not rigorous since the overlapping region
between the proton and α-particle is dominant and the selection of the discrimination
parameter is affected by high uncertainty. A second limitation exists which cannot be
overcome: the contribution to the neutron spectrum of the (n,p) and (n,α) reactions leav-
ing the 35S and 32P in their excited states. These reactions contribute to the neutron
spectrum also below 8 MeV, depositing per event less energy compared with the corre-
sponding reaction leaving the 35S and 32P to the ground states. However, protons emitted
by the (n,p) (ground state) reactions cannot be distinguished by protons emitted after the
(n,p) (excited state) reactions. The same is valid for α-particles. In general, the analysis
can be improved for example with the use of a faster photodetector, a specific electronic
readout or a more sensitive PSD analysis.

4.6 Conclusions

CLYC-6 (enriched in 6Li to > 95%) and a CLYC-7 (enriched in 7Li to > 99%) crystals
were studied as thermal neutron detector and as fast neutron spectrometer respectively for
the B-RAD detector. Both crystals show excellent n/γ discrimination capability evaluated
by the PSD method (FOM > 2).

As neutron counter, the thermal neutron detection efficiency of CLYC-6 was measured
relative to that of a 3He proportional counter. For the thermal neutron field available at
Cal Lab and for the same irradiation position, CLYC-6 shows a 60% higher efficiency per
unit volume. CLYC-6 represents an appealing alternative to the 3He counter, especially
because of the diminishing stockpile of 3He gas [101].

The neutron spectrometry capability of CLYC-7 was investigated irradiating the crys-
tal with the continuum neutron spectra from Am-Be and 252Cf sources. A p/α discrim-
ination was carried out by the PSD method, to distinguish between the protons and
α-particles produced by the two main reactions occurring in the crystal below 10 MeV.
After p/α discrimination the experimental neutron spectra better match the correspond-
ing ISO spectra above 2 MeV. The best match was found between 2 MeV and 4 MeV,
where the difference with the ISO spectrum is below 30%. Below 2 MeV, the overlapping
of proton and α-particle pulses is not negligible, whilst above 5 MeV different reaction
channels become comparable with the aforementioned ones. In spite of some limitations
and the non perfect match between the experimental and the predicted spectra, the ap-
plication of CLYC-7 as a portable fast-neutron spectrometer for the B-RAD detector is
still attractive. A small, lightweight, single detector, instead of the commonly used Bon-
ner Sphere Spectrometer, represents a great advantage especially in some applications in
radiation protection where some uncertainty is acceptable.

As a conclusion, CLYC-7 is a suitable candidate for a probe for fast neutron spec-
trometry for B-RAD below ∼ 5 MeV and, simultaneously, as a stationary environmental
detector to monitor both the γ-ray (with the current probe) and the neutron dose rates.
CLYC-6 can instead be used for neutron count rate and measurement of neutron ambi-
ent dose equivalent if embedded in a moderator (typically polyethylene) to increase the
thermal neutron component of the neutron field.
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Chapter 5

Investigation of a new n/γ
discrimination technique with
CLYC-7 through optical filtering
selection of the scintillation light

In the context of the study of the B-RAD’s neutron probe, the CLYC-7 crystal was selected
and studied as a fast neutron spectrometer. In this chapter, a new n/γ discrimination
method specifically thought for CLYC-7 is proposed and discussed.

The standard way to perform n/γ discrimination with scintillators is the Pulse Shape
Discrimination (PSD) technique. However, the PSD has some unavoidable drawbacks:
long computing time (especially when off-line analysis is required), digitalization errors
for low amplitude signals (when digital algorithms are used), limitations in terms of count
rates and detected false positives [103]. In order to overcome these difficulties with the PSD
the Polytechnic of Milan, in collaboration with the Department of Materials Science of the
University of Milano - Bicocca (DMS-UNIMIB), proposed a novel approach: exploiting
the difference in the emission spectra of two different scintillators, a passive and on-line
discrimination is feasible [104].

A similar idea may in principle be applied to the CLYC scintillator: when irradiated
by γ radiation, the light emission spectrum of the crystal shows the characteristic doublet
peak of its activator (Ce3+), between 340-500 nm, and a second peak at around 300 nm.
The latter is due to an intrinsic scintillation mechanism called core-to-valence luminescence
(CVL) and in principle vanishes when the same crystal is irradiated by neutrons only. The
details of the scintillation mechanisms in CLYC are described in Section 5.1.

Relying on this hypothesis, we proposed to couple the scintillator with two different
photodetectors: one of them directly coupled with the crystal, the second one with an
optical filter placed in-between crystal and photodetector. The filter is chosen in such a
way that only the light in the CVL wavelength range (due to γ radiation) reaches the
photodetector, to eventually discriminate which particle interacts in the crystal through
an anti-coincidence electronic setup. The CVL behaviour when the crystal is excited
by neutrons and γ-ray was therefore investigated, correlating the time response to the
scintillation wavelength spectrum.

The analysis was carried out following two different methods: 1) by measuring the X-
ray and γ-ray excited radio-luminescence (RL) spectra at different photon energies (Sec-
tion 5.2), and 2) by performing a pulse shape analysis of the signal produced by the inter-
action of γ-rays and neutrons, using both a photomultiplier tube (PMT) (Section 5.3) and
a Time Correlated Single Photon Counting (TCSPC) technique [105, 106] (Section 5.4).
All measurements were repeated with and without an optical filter in between the crystal
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and the sensor. This allowed investigating the effect on the CVL scintillation mechanism
due to different impinging particles. Section 5.6 discusses the feasibility of the proposed
method and its applicability to the B-RAD detector.

5.1 Scintillation mechanism in CLYC

The CLYC scintillator is a Ce3+-doped crystal from the elpasolite family. For Ce3+ elpa-
solite crystals, up to four scintillation mechanisms contribute to the overall emission [59,
107, 108]:

(1) The CVL (also called cross-luminescence or Auger free luminescence) is an ultra-
fast mechanism where an electron from the core band is excited into the conduction
band. The consequent hole produced in the core band recombines with an electron of
the valence band. Since the valence band is filled with electrons, the recombination
probability is large resulting in a fast process [109]. The CVL is a competitive
radiative de-excitation process with a decay time faster than that of the other three
scintillation mechanisms present in CLYC [110, 111]. In CLYC, the CVL has a
decay time of the order of 1–5 ns and is characterized by the emission of photons in
between the deep-Ultraviolet (UV) and Near Ultraviolet (NUV) region (225–330 nm)
[59, 107].

(2) The direct electron-hole capture (also called fast mechanism) consists in a free elec-
tron excited by the ionizing radiation from the valence band to the conduction band.
The consequent free electron/hole pair, created along the track of the original par-
ticle, is directly captured by the Ce3+. It is characterised by a decay time of the
order of 50 ns.

(3) The binary electron-hole recombination (or intermediate mechanism) occurs when,
instead of being directly captured by Ce3+, the hole is trapped between two anions
(Cl− in the case of the CLYC) to form the so-called Vk complex [108]. The Vk

centre can move from one site to an adjacent site by thermal activation and can be
trapped by a Ce3+ centre to form Ce4+ or Ce3+-Vk complex. Eventually, the free
electron excited by the primary radiation into the conduction band, is trapped by
the centre leading to the excitation of Ce3+ followed by photon emission (radiative
recombination). Alternatively, it is also possible that the electron is first trapped by
the Ce3+ and the Vk centre diffuses toward it. This mechanism is thus related to
the Ce3+ de-excitation and is characterized by a decay time of the order 500 ns.

(4) The slowest mechanism is related to the host luminescence, with the formation of
the so called self trapped excitons (STEs), i.e. a Vk centre which traps the free
electron from the conduction band, before reaching the Ce3+ centre. The STE
is a luminescence defect in itself and is characterized by a decay time of several
microseconds [108, 107]. The STEs can also de-excite on Ce3+, hence in the range
350–450 nm, but the decay constant is still governed by the STE migration dynamics,
with a half life of a few microseconds [108].

Figure 5.1 shows a schematic of the energy levels of each scintillation mechanism (plots (c),
(d) and (e) were taken from [108]). Plot (a) shows the CVL, plot (b) the fast Ce3+ emission,
usually ascribed to γ-ray irradiation only. Plot (c) shows the intermediate mechanism, i.e.
the Vk centre transferring its energy to the Ce3+. The STE is represented both as a
luminescence centre itself (plot (d)) and when it transfers its energy to the Ce3+ (plot
(e)). Table 5.1 summarises the four mechanisms and reports the wavelength region and
the characteristic decay time of each scintillation mechanism.
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(a) (b) (c)

(d) (e)

Figure 5.1: Scintillation mechanisms in CLYC [108]. (a) Excitation of an electron from
the core band to the conduction band and subsequent formation of a hole (1); the hole in
the core band then recombines with a valence electron (2) causing the emission of the CVL
light. (b) Excitation of an electron from the valence to the conduction band (1); the electron
then migrates (2), reaching a Ce3+ recombination site (3), with the subsequent radiative
de-excitation (4). (c) Excitation of an electron from the valence to the conduction band
(1) leaving a hole in the valence band; the hole is then trapped in a positive Vk centre,
forming a Cl2− molecular complex (2). This defect thermally migrates (3) to a Ce3+ centre
forming a Ce4+ or a Ce3+ + Vk complex. Eventually, the new centre recombines with an
electron from the conduction band (4). (d) Excitation of an electron from the valence to
the conduction band and formation of a Vk complex (1); a free electron is then trapped
forming a STE complex, which can recombine radiatively (e) After the formation of the
STE (1), this complex thermally migrates to a Ce3+ centre (2). The STE can de-excites
transferring its energy to a Ce3+ centre (3), which subsequently recombines (4).

5.2 Radioluminescence measurements

The measurements described in this section were aimed at studying the scintillation light
emitted by CLYC in the wavelength domain. A radio-luminescence (RL) spectrum is
the scintillation light distribution in wavelength (or frequency or energy) [112], when the
crystal is excited by ionizing radiation. Two sets of measurements were carried out: the
first was performed at DMS-UNIMIB using a home-made apparatus consisting of an X-ray
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Table 5.1: The four scintillation mechanisms present in CLYC crystal and the correspond-
ing wavelength region and decay time.

Scintillation mechanism Wavelength Decay time

CVL between UV and NUV region (225–330 nm) 1–5 ns

Fast Ce3+ emission region (340–500 nm) ∼ 50 ns

Intermediate Ce3+ emission region (340–500 nm) ∼ 500 ns

STE
host luminescence (250-500 nm) order µs

Ce3+ emission region (340–500 nm) order µs

tube operating at 20 kV, the second set was performed at the Polytechnic of Milan with a
portable spectrometer and irradiating the crystal with X-rays in the energy range between
17–200 keV and a 137Cs source. The latter measurement was performed with and without
the optical filter.

5.2.1 Radioluminescence measurement setup

The homemade apparatus at University of Milano - Bicocca (Figure 5.2) is composed by
a Philips 2274 X-ray tube with a tungsten target operating between 10 kV and 32 kV:
the electrons are emitted from the cathode through thermionic effect and subsequently
accelerated and collected to the anode. X-rays are produced by Bremsstrahlung and the
resulting spectrum is a continuum. The emitted photons emerge from the X-ray tube
through a beryllium window. The tube and the crystal are held in a vacuum chamber,
in order to avoid ionization of air and its consequent UV emission. The light emitted by
the crystal is collected and focused on the entrance slit of a Czerny-Turner monochro-
mator (Jobin-Yvon Triax 180) by two off-axis parabolic mirrors. The main part of the
monochromator is the grating; it has the function of diffusing the light at different angles
according to the wavelength. Three different gratings are available at DMS-UNIMIB with
different dispersion and resolution. Eventually, the emitted light is detected by a liquid
nitrogen cooled CCD (Jobin-Yvon Spectrum One 3000) made up of 1024 pixels, coupled
to the monochromator [113]. For these experiments, an entrance slit width of 0.25 mm
and a 100 grooves/mm grating operating in the 200–1400 nm range were chosen.

The second set of measurements employed a portable Back-thinned CCD Array Spec-
trometer Prime X (B&W TEK) [114]. A portable device was used for the irradiations
performed at the calibration laboratory of the Polytechnic of Milan. X-ray fields were
produced via a high-stability Seifert ISOVOLT 320/10 X-ray generator (maximum volt-
age 300 kV). The tube provides the complete ISO 4037 standard X-ray series radiation
qualities [115]. In particular, the quasi-monoenergetic Narrow series (N-series) were em-
ployed. The N-series radiation qualities are recommended for the study of the energy
dependence of the response of dosimeters [115]. γ-ray fields were produced by a certified
370 GBq 137Cs isotopic source. The scintillation light emitted by the crystal was sent to
the spectrometer through an optical fiber cable. The fibre and the crystal were coupled
using a black cone and a tailored 3D printed assembly to optimize the light collection
and reduce the light losses. The spectrometer was controlled via a laptop. The filter
employed is an Asahi Spectra XUV0325 Shortpass Optical filter (Ø 25 mm, wavelength
cut-off 325 nm) [116]. Its transmittance was measured with an Agilent Varian Cary 50
spectrophotometer ranging from 190 nm to 1100 nm.
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Figure 5.2: Home-made apparatus for RL measurements [113].

5.2.2 Radioluminescence measurement results

Figure 5.3 shows the results of the RL characterization of the crystal performed at the
University of Milano - Bicocca. The X-ray tube was operated at 20 kV and 20 mA and
for an acquisition time of 25 s. Data were recorded and corrected as follows:

� background subtraction: a flat background of around 1000 counts was subtracted for
each channel (the background was calculated as the averaged counts below∼200 nm);

� normalization to unit time (second);

� correction for the spectral response of the detection system, calculated as explained
below.

The apparatus was first calibrated by a Xenon lamp coupled with a monochromator
to produce an excitation source at each specific wavelength. Each one of the 1024 CCD
channels was associated to its corresponding wavelength and data interpolated to obtain
the wavelength-channel conversion equation. The spectral response of the system was
later calculated by means of two calibrated lamps, in the UV (200–400 nm range) and
in the visible region (250–2400 nm range), respectively. The spectral response curve was
calculated as the ratio between the experimental curve and the theoretical one; the former
was calculated by acquiring the RL spectra of the two lamps, the latter by interpolating
the data supplied by the manufacturer. The spectral response represents the efficiency of
the system as a wavelength function; when a RL spectrum is acquired, the raw data has
to be weighted over the spectral response of the corresponding system.

Figure 5.3 shows the resulting CLYC RL spectrum. It presents the characteristic
doublet peak due to the Ce3+ emission in the 340–500 nm range, peaked at 375 nm and
395 nm. A band is also revealed at around 300 nm, which is usually attributed to the
CVL scintillation mechanism [110, 117]. The relative intensity of the CVL mechanism
with respect to the total scintillation light was quantified as the ratio of the area under
the CVL portion of the spectrum (between 260 nm and 330 nm) over the area under the
entire emission spectrum (between 260 nm and 500 nm). The CVL contribution is about
5% of the total signal. Figure 5.3 also shows the measured filter transmittance. It can
be observed that the filter is selective to the CVL emission and completely cuts the Ce3+

emission region.

Figures 5.4 and 5.5 show the results obtained at the Polytechnic of Milan. Figure 5.4
shows the emission spectra resulting after an acquisition time of 2 minutes irradiating the
crystal with the 137Cs source, with and without the shortpass filter in between the CLYC
and the optical fibre cable. Figure 5.5 shows the RL spectra obtained irradiating the crystal
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Figure 5.3: Left y-axis: RL emission spectrum in CLYC irradiated with the X-ray tube
operated at 20 kV. Right y-axis: measured transmittance of the Asahi Shortpass filter.

at different X-ray energies and with 137Cs photons. The operational conditions (irradiation
geometry and X-ray tube current), for the spectra in Figure 5.5, were set in order to
acquire sufficiently intense spectra with the lowest integration time (45–60 seconds). A
long acquisition time, especially if combined with high dose rate, results in very noisy
spectra (characterized by intense spikes in various channels). Moreover, it was noticed
that high current values of the X-ray tube significantly increases the background even
with the optical fibre alone (without the scintillator). Considering these problematic, the
analysis was performed selecting the cleanest and more intense spectra and performing
an accurate background subtraction in addition to the background subtraction applied
during each measurement.

The spectra are background corrected and normalized to their maximum. The back-
ground was calculated as the average value of counts in the 800–900 nm region. The
spectra do not provide quantitative information since they are not corrected for the spec-
tral response of the detector, because the response of the CCD was not characterized below
350 nm. Below this value there are no quantitative information. However, a comparison
in relative terms is still valid since the experimental setup was the same for all irradiations
performed at the Polytechnic.

RL measurements under neutron irradiation were undertaken using an 888 GBq Am-
Be neutron source at CERN. The employed readout setup was the same as the one used
at the Polytechnic of Milan. A 5 cm thick lead slab was interposed between the neutron
source and the crystal to suppress the γ-ray background. In spite of the relatively high
activity of the source, the low 35Cl capture cross section and the low sensitivity of the
portable spectrometer prevented the detection of any signal above the instrument noise.

The measurement demonstrates the proper selectivity of the filter in cutting the Ce3+-
related emission (Figure 5.4). The curves shown in Figure 5.5 do not reveal any dependence
of the CVL mechanism on the energy of the incident photons, even though some authors
working on the CLYC characterization agree that the CVL mechanism is energy depen-
dent. If a dependence of the CVL on energy in the tested 17–662 keV range exists, the
shape of the scintillation spectrum must vary as a function of the photon energy. This
plays in favour of the application of this method: if a dependence exists, methods based on
the CVL suppression for neutron identification might return wrong results, i.e. low-energy
photon-induced events could be misinterpreted as neutron-induced ones. This should be
particularly critical in the case of a system using an optical-based discrimination readout.
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On the other side, RL measurement confirms that the light emitted in the near UV region
is only a portion (about 5%) of the total light emitted by CLYC, which means that the
signal to detect after the filter (in the final configuration) might be difficult to detect.

Figure 5.4: RL emission spectrum in CLYC irradiated with the 137Cs source, measured
with and without the Asahi Shortpass filter between the crystal and the optical fiber.

Figure 5.5: Normalized RL emission spectra of CLYC irradiated with X-rays of different
energies (mean values between 17.1 keV and 202 keV) and with the 137Cs source (662 keV).

5.3 Pulse shape analysis with the ultra-fast PMT

This section discusses the different scintillation mechanisms in CLYC from the point of
view of their characteristic de-excitation times via the pulse shape analysis. Four experi-
ments were performed with CLYC coupled with an ultra-fast PMT and the optical filter:
137Cs irradiation in bare configuration (i.e. CLYC facing the PMT), 137Cs irradiation
in filtered configuration (i.e. with the optical filter placed between CLYC and PMT),
Am-Be irradiation in bare configuration and Am-Be irradiation in filtered configuration.
The corresponding γ-ray and neutron standard pulses were calculated to obtain the time
information. Before carrying out the measurements herein described, the transmittance
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curve of the optical grease employed in this measurements (Section 5.3.2) was measured
(Section 5.3.1).

5.3.1 Measurement of the optical grease transmittance curve

The transmittance of the Rhodorsil Pate 7 optical grease [58] was measured with the aim
to check its transmittance in the CVL region. The grease transmittance was measured by
means of the PerkinElmer LAMBDA 650 UV/VIS Spectrometer [118]. The spectrometer
is provided with two radiation sources, a deuterium lamp and a halogen lamp, to cover
the wavelength range 190–900 nm. The light from the source passes through a first optical
system consisting of several mirrors, two monochromators, two gratings and one chopper.
During this step, the beam is dispersed into its spectral components and according to the
rotational position of the grating a portion of this spectrum is selected (i.e. specific values
of wavelengths). The grating rotation scans the entire wavelength range from 900 nm to
190 nm, in 2 nm steps. The rotation of the chopper splits the beam into two beams: the
reference beam and the sampling beam. The sample is placed in the sampling beam’s
trajectory, while the reference beam does not cross it. Both beams are collimated through
a second optical system (consisting of mirrors), toward a PMT operating in the UV/VIS
range which measures the amount of light of the two beams. The transmittance of the
sample is calculated by comparing the reference and the sampling beams. A simplified
schematic of the optical system is shown in Figure 5.6.

The optical grease was applied as a small and uniform layer between two small plates of
quartz, which was placed in the sample reference position. The measurement revealed that
the transmittance of the optical grease is almost constant at 90% between 400–800 nm, it
decreases down to 70% from 400 nm to 200 nm and it drops down to 30% below 200 nm
(see Figure 5.7). The considered grease is thus suitable for measuring light emitted also
in the CVL range. Despite of the reduction of its transmittance, 70% is acceptable.

Figure 5.6: Simplified schematic of the LAMBDA 650 optical system.

5.3.2 Setup with the ultra-fast PMT

The Hamamatsu H6610 Bialkali PMT [119] was selected, on the suggestion of the manufac-
turing company (Radiation Monitoring Devices), for two main reasons: its time response
and its spectral response. According to the datasheet, at 25°C the PMT is characterised by
a rise time of 0.7 ns and by a transit time spread of 0.16 ns. Since the detected pulse is the
result of the convolution between the time response of the scintillator and the PMT, the
response of the PMT can be neglected if the PMT response is faster than the characteristic
decay times we are interested in.

Besides being characterised by a very short decay time (order of ns), the CVL mech-
anism is observed in the UV wavelength range (250-350 nm). As shown in Figure 5.8,
the quantum efficiency of the H6610 PMT (the dash line referring to H6610) is almost
flat from 200 nm up to ∼430 nm, around its maximum value (about 20 %) and slowly
decreases at lower wavelengths down to 160 nm, characteristic cut-off wavelengths of its
window material (silica glass) [119].
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Figure 5.7: Measured transmittance curve of a thin layer of Rhodorsil Pate 7 optical grease
in between two quartz plates.

Figure 5.8: Quantum efficiency and Cathode Radiant Sensitivity (mA/W) of the H6610
Hamamatsu PMT [119].

Without the filter, CLYC was coupled with the H6610 PMT through the Rhodorsil
Pate 7 optical grease; the effective area of the PMT photocathode (20 mm diameter) was
completely covered by the crystal surface whose diameter is 25.4 mm. A negative high
voltage of 2500 V was supplied to the PMT, as recommended by the datasheet, whereas
the output was directly connected to the Teledyne LeCroy Waverunner 8104 Oscilloscope
(1 GHz, 20 GS/s) with a 50 Ω termination. The PMT and the crystal were placed inside a
light-tight and thermally regulated chamber kept at constant temperature of 18°C. With
the filter, the latter was interposed between the PMT photocathode and the CLYC and a
thin layer of the optical grease was applied on both the filter surfaces.

5.3.3 Results with the ultra-fast PMT

In the case of the γ-ray irradiation (i.e. with 137Cs), all pulses were analysed by aligning,
normalizing and averaging the data under the 137Cs photopeak at 662 keV, thus obtaining
the so-called standard pulse. In the case of Am-Be irradiation, particle discrimination was
first performed by the Pulse Shape Discrimination (PSD) using the charge integration
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method.
Figure 5.9 shows the PSD histogram plot and the 2D histogram plot of the PSD versus

the total charge in the case of unfiltered Am-Be irradiation. The acquired signals were then
classified in the PSD space, and only those belonging to the neutron region of the PSD
space (blue box in the right plot of Figure 5.9) were used for the decay time analysis. The
neutron region was defined by the signals with a PSD value within xn ± σn, i.e. between
0.082 and 0.113, in order to cut the signals in the tails of the Gaussian distribution. For
the sake of completeness, also the signals classified in the PSD space as photons (red box
in the right plot of Figure 5.9) were averaged and the corresponding standard pulse was
calculated for the decay time analysis.

Figure 5.9: On the left, the PSD histogram plot calculated for the Am-Be neutron source;
on the right, the 2D PSD histogram plot where γ-rays and neutrons are identified by the
two regions enclosed in a red and a blue box, respectively.

As mentioned above, measurements were performed for both the bare and the filtered
configuration. However, the filtered results had to be discarded, because the filter did
not significantly modify the recorded signals in the case of both γ-ray and neutron ir-
radiations. This result is in contrast with the previous RL measurements, where it was
observed that only the emission related to the CVL region was transmitted by the optical
filter, and thus an appreciable distortion of the signal was expected. Moreover, the signal
amplitude did not vary significantly. Therefore, the filtered results were rejected because
of experimental errors. Two possible explanations are: 1) a problem in the measurement
setup, i.e. inaccurate coupling between crystal and filter, or 2) effects of the optical grease
and/or direct coupling between crystal and filter. The second hypothesis is related to the
fact that the dichroic filter used is slightly sensitive to both the impinging photon direction
and the refractive index of the medium it is in contact with. The filter transmittance was
measured in air (Figure 5.3), while during the measurements with the PMT the filter was
in between the PMT and CLYC and its surfaces were covered by the optical grease.

The obtained decay curves of the standard pulses were fitted using a sum of four, for
γ-rays, and three, for neutrons, exponential decays, according to the following equation:

y(t) =
∑
i

Aie
−t/τi (5.1)

where Ai is the amplitude of each exponential and τi the decay time.
Figures 5.10, 5.11 and 5.12 show the standard pulses with the fit and the plot of the

residuals calculated as the difference between the experimental and the model predictions.
In all cases the fit is satisfactory, with R2 ∼ 1; the model does not systematically under-
estimate/overestimate the experimental data. The results of the fits are summarized in
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Table 5.2. For each pulse, the table reports the time constants τi and the relative intensity
of the associated scintillation mechanism in relation to the total signal. The relative inten-
sities were calculated as the percent contribution of the single scintillation mechanism to
the total signal. A total uncertainty of 10 % was estimated for these measurements. The
uncertainty of the calculated decay time is mainly affected by the number of the averaged
signals, the signal alignment and the region selected as neutrons or photons in the 2D
PSD histogram plot, whereas the uncertainty on the fitting procedure is negligible.

For comparison Table 5.3 reports the characteristic decay times obtained by other
authors for γ-rays and neutrons. Table 5.4 compares the rise and transit time and the
lower wavelength of the spectral response for the PMT used in this work and the PMTs
employed by the authors cited in Table 5.3.

Table 5.2: The decay times (τ) and the relative intensity (Int) of the CLYC scintillation
mechanisms calculated for the standard pulses produced by γ-rays and neutrons. Measure-
ments performed with the Hamamatsu H6610 PMT.

CVL Fast Ce3+ Vk STE

Particle (source) τ1 (ns) Int (%) τ2 (ns) Int (%) τ3 (ns) Int (%) τ4 (ns) Int (%) R2

γ-rays (137Cs) 2.7 ± 0.3 1.10 45 ± 5 3.26 781 ± 78 20.68 6325 ± 633 74.96 0.988

γ-rays (Am-Be) 2.5 ± 0.2 1.49 43 ± 4 3.70 747 ± 75 21.11 5806 ± 581 73.70 0.997

Neutrons (Am-Be) 1.7 ± 0.2 0.22 — — 824 ± 82 25.57 6140 ± 614 74.21 0.993

Table 5.3: The decay times (τ) of the CLYC scintillation mechanisms induced by
γ-rays and neutrons from the literature.

CVL Fast Ce3+ Vk STE

Budden et al. [111]
γ-rays 3 ns 72 ns 415 ns 3.47 µs

Neutrons — — 393 ns 3.18 µs

D’Olympia et al. [87]
γ-rays 48 ns 280 ns 730 ns 5.24 µs

Neutrons — 440 ns 1.17 µs 6.31 µs

Wen et al. [120]
*

γ-rays 96–24 ps 47–54 ns 651–690 ns 4.96–5.15 µs

Neutrons — — 624 µs 4.57 µs

* For γ-rays, the decay times were calculated for different energy depositions in the energy
range 190–1010 keV.

The results presented in this work for the γ-ray irradiation are coherent with the
literature data. Four mechanisms were observed with the following decay times: CVL
1–5 ns, direct capture ∼ 50 ns, binary recombination mediated by Vk ∼ 700 ns and STE
∼ 5 µs. For the neutron irradiation, these results are only in partial agreement with the
literature, since the present results show that an ultra-fast scintillation mechanism is also
present with neutrons, which was attributed to the CVL. The faster decay time of the
CVL with neutrons might be due to the statistical uncertainty of the standard pulse. On
the contrary, literature data agree on the quenching effects of high LET particles, such
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Table 5.4: The main properties of the PMT employed in this work and by other authors
for the calculation of the scintillation decay times in CLYC.

PMT Rise time
Electron
Transit
Time

Transit
Time Spread

Wavelength
cut-off

This work Hamamatsu
H6610

0.7 ns 10 ns 0.16 ns ∼150 nm

Budden et al.
Hamamatsu

R11625 1.3 ns 5.8 ns 0.27 ns 300 nm

D’Olympia et
al., Wen et al.

Hamamatsu
R6231-100 8.5 ns 48 ns 6.9 ns 300 nm

Figure 5.10: Top: the standard pulse and the fit of the photon signals for the 137Cs source
irradiation. Bottom: the plot of the residuals.

Figure 5.11: Top: the standard pulse and the fit of the photon signals for the Am-Be source
irradiation. Bottom: the plot of the residuals.

98



Figure 5.12: Top: the standard pulse and the fit of the neutron signals from the Am-Be
source irradiation. Bottom: the plot of the residuals.

as the reaction products from neutron reactions, on the CVL. The LET of an α-particle
produced by a neutron from an Am–Be source in CLYC is around 150 keV/µm while it is
15 keV/µm for a proton, i.e. 30 and 3 times higher, respectively, than 5 keV/µm, i.e. the
maximum LET studied in Section 5.2.2.

According to the present results, the CVL is only partially quenched by neutrons, while
the fast decay is completely quenched. In fact, the neutron standard pulse is better fitted
by a 3-exponential function rather than a 4-exponential one. The relative importance of
the CVL drops from 1.1% with a 4-exponential function in the case of γ-ray irradiation,
down to 0.22% with a 3-exponential function in the case of neutron irradiation. This
result is not in complete disagreement with literature data. Firstly, the CVL is actually
quenched by high LET particles, while the low intensity of the residual CVL might not be
observed if the employed setup is not sensitive enough. In the present experiment, the flat
spectral response and fast rise time of the Hamamatsu H6610 PMT together with the fast
oscilloscope allowed distinguishing between the two contributions (CVL and fast Ce3+)
even in the case of a strong CVL quenching. However, Figure 5.12 clearly shows a fast
peak also for the neutron pulse.

As concerns the application of this method to the B-RAD, the presence of the CVL
under neutron irradiation prevents its implementation, since all the signals would be re-
jected. However, the n/γ discrimination could be still envisaged if the pulses produced by
neutrons via the CVL only are always smaller than the pulses produced by γ-rays through
the CVL only. In this case, with a proper energy threshold, the signals produced by neu-
trons due to the CVL cannot be detected. This can be clarified by the neutron excited
RL spectrum, which can give quantitative information of the light emitted by neutrons in
the CVL region. As stated before, with our own setup this measurement did not provide
any information. Further investigation are necessary.
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5.4 Pulse shape analysis with the Time Correlated Single
Photo Counting (TCSPC)

As in the previous section, the measurements here described reveal the characteristic decay
times of the crystal using a different method: the Time Correlated Single Photon Counting
(TCSP). The TCSPC technique is specifically aimed for precise time measurements of
inorganic scintillators [105, 106]. The working principle of the TCSPC technique and the
specific setup employed in this work are described in Section 5.4.1, while the results are
discussed in Section 5.4.2. As explained in Section 5.4.1, this TCSP setup can only provide
the decay times under γ-ray irradiation. However, it is possible to establish a correlation
between the PMT and the TCSP by means of the results obtained with the γ-ray source
and validate the former method which gives information also under neutron excitation.
This is discussed in Section 5.5.

5.4.1 TCSPC setup

A 22Na β+ source was interposed between the CLYC and a fast detection system called
start detector. The start detector is composed of a 2 mm × 2 mm × 5 mm LSO:Ce
crystal coupled to an Hamamatsu Photonics K.K. (HPK) S13360-3050 Silicon Photo-
multiplier (SiPM) with a Meltmount thermoplastic, connected to a NINO readout board
[121]. On the other side, CLYC faced a Vacuum Ultraviolet single–photon avalanche diode
(VUV–SPAD) from Fondazione Bruno Kessler, called stop detector ([122]). A SPAD is a
photodiode operating in Geiger mode as an on-off switch triggered by a photon arriving
on its surface. A SiPM is actually a dense array of independent SPADs, whose function is
to count the number of photons reaching the SiPM surface [123]. In the hereby described
setup, the CLYC and the stop detector (the VUV–SPAD) were not optically coupled [124].

The TCSPC technique works as follows (Figure 5.13). When one of the two annihi-
lation γ-rays emitted in coincidence by the source is detected in the start detector, the
time measurement starts. If the second γ-ray interacts with the crystal facing the stop de-
tector, the scintillation produces several visible photons following its characteristic decay
time statistics. The time measurement stops when the first scintillation photon reaches
the stop detector. Saving a large number of events and plotting them on a histogram, the
decay time of the scintillator is reconstructed in terms of number of counts versus emission
time [105, 106].

The measurement was performed with and without the filter. In the former case, the
filter was interposed between the CLYC and the stop detector, at a distance of a few
centimetres from both. Because of the smaller dimensions of the stop detector (a few tens
of µm2) compared to the surface of the filter (Ø 25 mm), it is reasonable to assume that
the light reaching the photodetector was correctly filtered.

5.4.2 Results with the TCSPC setup

Figure 5.14 shows the results of the TCSPCmeasurement: the left plot shows the unfiltered
configuration, the right plot the filtered one. The points in the histogram are the time
measurements with a bin width of 60 ps. The green line is the moving average of the data,
the red line is the fit to the data. The plot of the residuals of each pulse is also shown.
Table 5.5 reports the decay times τd, with their statistical uncertainties and their relative
intensity on the total signal. A 0.5 % uncertainty on the calculation of the decay times is
due to the TCSPC setup [105], which is negligible with respect to the fitting uncertainty.
Thus, the latter is reported in Table 5.5.

The decay constants estimated with the TCSPC setup without the filter match rea-
sonably well the decay times measured with the PMT and are consistent with literature
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Figure 5.13: The TCSPC setup with the CLYC crystal [27].

Figure 5.14: The result of the TCSPC measurement of the CLYC response without the
filter (on the left) and with the filter (on the right). The points are the measured data,
the green line is the moving average and the red line is the fit. The bottom plots show the
corresponding residuals.

Table 5.5: The decay times (τ) and the relative intensity (Int) of the CLYC scintillation
mechanisms estimated through the TCSPC technique in both bare and filtered configura-
tions.

Setup
CVL Fast Ce3+ Vk

χ2

τ1 (ns) Int (%) τ2 (ns) Int (%) τ3 (ns) Int (%)

Unfiltered 1.90 ± 0.07 2.06 57 ± 4 6.53 1379 ± 67 91.41 1.002

Filtered 1.67 ± 0.04 18.58 — — 1639 ± 482 81.42 0.997

data, taking into account the different recorded length [111, 120]. In the filtered config-
uration the fast emission is dominated by the CVL mechanism, while the Ce3+ emission
around 50 ns is not detected, so it appears that optical filtration is in line with the RL
measurements.

The TCSPC setup is optimized for the estimation of the fastest decay mechanisms
of the analysed scintillator. In particular, its 60 ps discretization and the possibility to
introduce the impulse response function of the measurement system in the fit allow pre-

101



cisely estimating extremely fast decay constants [106]. Conversely, the 1500 ns integration
window does not permit distinguishing between the two slowest scintillation mechanisms,
which are merged in a single Vk + STE component.

The results with the TCSPC setup play in favour for the application of the method to
the B-RAD. The measurements confirm the presence of the CVL component under γ-ray
excitation, i.e. γ-ray events can be rejected by the anti-coincidence system.

5.5 Discussion

The different experiments here reported observe the same scintillation process from dif-
ferent perspectives, i.e. in the time and wavelength domains. The RL filtered versus
unfiltered results can be qualitatively compared to the TCSPC filtered versus unfiltered
results, respectively. In both cases, the optical filter was placed at a certain distance
between the crystal and the sensor, without any optical coupling. The RL measurement
results showed that no signal was collected at wavelengths longer than the filter cut-off.
In the TCSPC experiments, the decay constant of the fast mechanism, which is confined
within 350–450 nm wavelength range, completely disappeared.

The merged Vk + STE component becomes appreciably slower with the optical fil-
tration, thus suggesting that also the intermediate component, which is again confined in
the Ce3+-related region, was blocked by the filter. Literature data and the RL measure-
ment (Figure 5.3) endorse this hypothesis. Thus, the retention of the slower component
in the filtered signal can be ascribed to the STE de-excitation since its emission spectrum
spans from 240 nm up to 460 nm [107, 108, 125], even though in large doped crystals the
STEs mainly de-excite on Ce3+, as discussed in Section 5.2. Therefore, most of the signal
belonging to the lower wavelength region appears to be dominated by STE de-excitation
instead of CVL (at least > 80% relative importance; the exact value can be obtained with
integration windows at least ≤ 15 µs). However, the number of counts of the filtered
signal in the tail region is around the background level and its estimation is affected by
a major uncertainty. For this reason, the relative intensities of the decay mechanisms in
the deep-UV–NUV region cannot be precisely evaluated.

The TCSPC and fast PMT results can be quantitatively compared. The H6610 PMT
is particularly fast: its rise and transit times are of the order of tenths of ns. However,
considering the 1–5 ns decay constant of the CVL, the PMT response function is expected
to perturb the estimation of the decay constant. On the contrary, the 1500 ns integration
window allowed distinguishing between the intermediate and the slow components. There-
fore, the two measurements allow estimating different quantities in the bare configuration
under γ-ray irradiation, but a correspondence should first be established. To assess the
correspondence between the two measurements, one can integrate the fast PMT measure-
ment in the bare configuration under photon irradiation for 1500 ns and compare it to the
corresponding TCSPC result. The fit has to be done with the same 3-exponential function
of the TCSPC experiment. Table 5.6 summarizes the obtained fit coefficients with their
statistical uncertainty and their relative intensities.

The two fits are quantitatively super-imposable. The main difference is a 45% discrep-
ancy on the CVL decay constant, which is slower in the case of the fast PMT measurement.
The result was expected since the PMT response time is comparable to the CVL decay
constant. However, the relative intensity is the same for the PMT and TCSPC mea-
surements. Hence, the four decay coefficients estimated with the fast PMT measurement
(see Table 5.2) can be considered sufficiently accurate for estimating the effects of the
neutron quenching on the CLYC scintillation mechanisms. Therefore, the conclusions
drawn in Section 5.3.3 are further validated, i.e. with neutrons the fast mechanism is fully
quenched, while the CVL is strongly, but only partially, quenched.
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Table 5.6: Decay constants (τ) and relative intensities (Int) of the CLYC scintillation
mechanisms measured with the TCSPC technique compared to the Hamamatsu H6610 PMT
results. In both cases the integration time was 1500 ns.

Setup
CVL Fast Ce3+ Vk

τ1 (ns) Int (%) τ2 (ns) Int (%) τ3 (ns) Int (%)

TCSPC 1.90 ± 0.07 2.06 57 ± 4 6.53 1379 ± 67 91.41

PMT 2,80 ± 0.03 2.04 49± 5 6.46 1394 ± 139 91.50

It is worth mentioning that the quenching of the CVL by heavy ions is still under
study, especially for relatively new crystals such as CLYC. Most of the authors agree
with ascribing this effect to the high excitation density promoted by heavy ions [87, 126,
127], however its origin is not completely clear. For example, according to Kirm et al.,
[126], the quenching of the CVL is due to the higher probability, with increasing LET,
of recombination between the electrons of the conduction band with the holes of the core
band. This recombination competes with the CVL. Nevertheless, in [127] an ultra-fast
scintillation mechanism (< 1 ns), ascribed to the CVL, was actually measured in a BaF2

crystal after heavy ion irradiation. Further investigations are required, in particular in the
light of performing n/γ discrimination using the emission-wavelength information.

5.6 Conclusions

The proposed n/γ discrimination based on the optical filtration of CLYC-7 scintillation
light is a completely new and promising method for the B-RAD. It would allow avoiding the
time and battery consuming PSD method due to the continuous digitalizing of the signal.
Furthermore, the traditional PSD method is usually affected by count rate limitations
(dead time increasing) and false positives.

The different experiments performed using CLYC-7 and the Asahi optical filter were
aimed at verifying its feasibility, but also allowed precisely characterizing the material
scintillation process. The wavelength-resolved RL results obtained with different photon
energies verified that there is no energy-dependence of the CLYC emission in the range
17–662 keV, i.e. X-ray and γ-ray stimulations do not significantly distort the CLYC
scintillation process. This result plays in favour to its application on the B-RAD. However,
the CVL component is only 5% of the total scintillation and it could be below the lower
detectable limit of the photodetector.

On the other hand, the fast PMT measurements revealed that a residual CVL signal
is observed also under neutron excitation. Moreover, the filtered versus unfiltered TC-
SPC experiments suggested that in the 250–330 nm region both the CVL and the host
luminescence are present, with a predominant contribution due to the STE de-excitation.
However, the relative intensity of these two mechanisms cannot be precisely estimated
because of the uncertainty affecting the STE estimation and the short integration window
of the TCSPC experiment. The RL spectrum of CLYC-7 under neutron irradiation can
quantify the contribution of the CVL respect to other scintillation mechanisms. At the
time being, this method cannot be applied to the B-RAD since further tests have to be
performed.
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Conclusions

The commercial version of the B-RAD radiation survey meter by ELSE NUCLEAR was
fully characterised. The response of the device was tested both in terms of γ-ray dose rate
and γ-ray spectrometry in magnetic fields from 0.2 T up to 2.5 T, with a 137Cs source. The
measurements were performed in different configurations of the detector (probe+unit, only
probe, only the main unit inside the magnetic field) simulating different working scenarios.
All the components of the B-RAD work properly even in high magnetic fields, especially
the LCD and LED displays and the battery that showed in the previous versions some
deficiencies. The case of the B-RAD has been optimise to minimise the pulling force acting
on the mechanical components, however an intense force is still felt on the main unit above
0.5 T, increasingly strong with the magnetic field. The response in terms of count rate
was very uniform up to 2.5 T for all the configurations. However, a variation of the energy
spectrum is present when the unit is inside the magnetic field that leads to a variation
of the measured dose rate. This variation is negligible up to 0.5 T and is of the order of
10% at 1.5 T. From the operational point of view, these results are acceptable in radiation
protection.

Tests performed at CERN confirmed the good linearity with the dose rate in the
1 µSv/h–2 mSv/h range (variation in respect of the reference dose rate of less than 10%),
the wide energy range (30 keV–2 MeV) and the very good energy resolution (less than 5%
at 662 keV). The B-RAD response is almost not affected by the direction of the detector in
respect of the source direction, except when the source is behind the probe (at 180°±30°).
For these angles, the measured dose rate drops by 70% in respect of the nominal value.
The B-RAD is also a stable device, with a fast response time. It was already tested to
measure the residual activity of twenty permanent magnets stored at CERN allowing 50%
of them to be classified as radioactive. The other devices in use at CERN failed because
of the presence of the magnetic field.

The current B-RAD has by far met the original requirements, i.e. a radiation survey
meter for residual activity measurements in magnetic field regions. It is a developed
device for γ-ray spectrometry and dose rate measurement, with a wide energy and dose
rate working range. It provides a flattening algorithm to compensate the variation of the
scintillation efficiency with the energy, a temperature compensation system and nuclide
identification. Up to now, the B-RAD is only provided with a probe for γ-ray detection,
but additional probes, for particles different form γ-rays, are under investigation.

In this context, two organic scintillators were studied and compared in view of their
application to the B-RAD as a probe for fast neutron dose rate. One–inch right cylindrical
stilbene and EJ-276 (plastic) scintillators were coupled with a large area SiPM array (8 × 8
pixels) and characterised in terms of: energy calibration and resolution with γ-ray sources,
neutron/γ-ray (n/γ) discrimination via the Pulse Shape Discrimination (PSD), linearity
with the dose rate, temperature dependence and neutron detection efficiency. The energy
calibration was performed with three different γ-ray sources taking the Compton edges as
calibration points. The Compton edge of each spectrum was obtained by comparing the
experimental spectrum with the spectrum calculated, for the same source, with a Monte
Carlo simulation and applying a Gaussian Energy Broadening. The calibration curves

104



of both scintillators are very linear except for low energy values (below 100 keV) where
non-linearities in organic scintillators arise. The calibration curves confirm the better
light yield of the stilbene in respect of the EJ-276 (14,000 photons per MeV versus 8,600
photons per MeV) and the better energy resolution (15% versus 20% at 477 keV). The
stilbene shows better n/γ discrimination performances with a FOM of 1.54 versus 0.90
obtained with the plastic. This results plays in favour of the use of the stilbene since n/γ
discrimination is essential for any neutron detector. The response in terms of count rate
of both scintillators is linear with the source dose rate up to around 3-4 ×103 detected
counts per second, which corresponds to around 1 mSv/h from a 137Cs source and more
than 1.5 mSv/h with an Am-Be source. The saturation limit was not reached in the
latter case even with the highest activity Am-Be source available. For a portable detector
these limits can be accepted, however a Pile-Up-Rejection (PUR) algorithm, as the one
proposed in this work, can improve the linearity up to 10 mSv/h for 137Cs. With the Am-
Be source the PUR correctly removed false events at the expenses, however, of the neutron
detection efficiency. A PUR rejection must be considered for use of the detector with high
intensity source. However, a quantitative analysis of the reduction of the neutron detection
efficiency when the PUR is applied was not carried out, but must be performed in the
future. The neutron detection efficiency obtained with an Am-Be source is 12% for the
stilbene and 9% for the EJ-276, mainly because of the lower energy threshold settable with
the former. The two detectors show a variation of around 25% of their light yield in the
-10 °C–40 °C temperature range, whilst the neutron count varies in the same temperature
range of around 10%, which is acceptable for many application in radiation protection.

Two additional probes were studied based on CLYC crystals: a probe for thermal
neutron detection (CLYC-6 based) and a probe for fast neutron spectrometry (CLYC-7
based). Both CLYC-6 and CLYC-7 crystals have an excellent n/γ discrimination capability
(FOM > 2) and a very good energy resolution (thanks to the high light yield of inorganic
crystal). The former represents an appealing alternative to the bare 3He proportional
counter, currently in use in homeland and national security, medicine, industry. However
3He is in short supply on the market and alternatives have been investigated. In this work,
a thin CLYC-6 scintillator showed a better thermal neutron detection per unit volume than
a traditional spherical 3He counter (more than 60%). It is easy to transport and it can be
easily embedded in PE materials to enhance the thermal neutron response.

The use of CLYC-7 as a fast neutron spectrometer is also attractive. It allows fast
neutron spectrometry using a single and relatively small detector (a 1–inch right cylinder
scintillator was used in this study) avoiding the heavy Bonner Sphere Spectrometry system,
which also requires the unfolding procedure. However, fast neutron spectrometry with
CLYC-7, without unfolding, is in principle limited up to 2.5 MeV, since, below this energy,
neutrons are detected only via the (n,p) nuclear reaction. Above this energy, the (n,α)
reaction is also present. In this work a proton/α-particle discrimination technique is
proposed and tested with the continuous neutron spectra from an Am-Be and a 252Cf
source. The method improves the spectrometry performance of the crystal especially
between 2 MeV and 5-6 MeV. The method did not provide a perfect match between the
experimental and the reference spectrum, but it is able to well predict the position of the
main peak for both tested neutron sources. In many application, e.g. around medical
accelerator facilities, where the neutron energies are always below a few MeV this results
are interesting. At the time being, the company is working on the implementation of the
probe for fast neutron dose rate and spectrometry on the current commercial version.

Although the PSD method is a well-known and effective way to discriminate different
particles, some limitations exists, such as long computing time, false positives (usually
minimised by increasing the energy threshold), which increase especially with high inten-
sity sources. A passive and on-line method, as the one proposed in this thesis, is sometimes
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preferred. This new method is applicable with CLYC and is based on two assertions: in
CLYC, a scintillation mechanism only excited by γ-rays exists; this scintillation mecha-
nism emits in a different wavelength range in respect of the other scintillation mechanisms.
According to the literature these requirements are met in large CLYC crystals with the
CVL scintillation mechanism. However CLYC is a relatively new crystal and studies on
its scintillation processes are still ongoing. A quantitative analysis of the quenching effect
on the CVL with different particles is still lacking in the literature. We thus performed
a study of the scintillation light emitted by CLYC with an interest on the CVL both
from the wavelength and the time point of view. It results that the CVL intensity does
not change with the X and γ-ray excitation in the range 17 keV–662 keV. The CVL is
actually quenched by neutrons, however a residual of the CVL was detected also under
neutron excitation. The first result shows that the light emitted by the CVL after a γ-
ray interaction can actually produce a detectable signal capable of rejecting γ-ray events.
The second result implies that all the neutron events would be rejected, and the method
cannot be employed. However, the method is still feasible if the quenching effect on the
CVL due to neutrons is strong enough to produce a signal which is always rejected by the
energy threshold. Further analysis are necessary, in particular the neutron excited radio-
luminescence spectrum which can provide quantitative information on the CVL emitted
after neutron excitation. This innovative method is promising, but is not ready for its
application on the B-RAD.

Nowadays, the B-RAD is available on the market and two units have been purchased
by CERN for current use in radiological clearance projects. At CERN, there is also
an interest in the B-RAD to perform residual activity measurements of materials that
have to be transported internally. Besides its use at CERN, the B-RAD can find several
applications in medical fields, industry, radiological waste.
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Appendix A

A thermal neutron source for
CERN Radiation Calibration
Laboratory

A.1 Introduction

Appendix A presents the design, construction and experimental characterisation of a ther-
mal neutron source for CERN radiation Calibration Laboratory (CalLab). It consists of
a neutron thermalization assembly, to be used with the existing Am-Be source irradiator
and specifically designed to maximise the thermal neutron fluence. The design and the
characterisation were carried out via Monte Carlo (MC) simulations, benchmarked with
the measurements performed with a bare 3He counter.

Section A.2 introduces the CERN CalLab and other thermal neutron facilities taken
as reference. Section A.3 discusses the MC simulations performed to determine the op-
timum geometry and dimensions of the assembly. Based on these results, the moderator
assembly was designed and built (section A.4). Thereafter, measurements with a bare
3He proportional counter were performed to benchmark the MC predictions (section A.5).
Additional MC simulations were then performed to characterise the new thermal neutron
facility in terms of intensity and uniformity of the thermal neutron fluence and neutron en-
ergy spectrum. Simulations were also carried out enclosing the irradiation position within
a cadmium shell, which can be used to discard the fast neutron contribution through a
difference method. The details of the simulations are discussed in section A.6. Section
A.7 compares the results presented in this work with the reference facilities. Section A.8
summarises the results.

A.2 Overview of thermal neutron facilities

The CalLab is a state-of-the-art radiation calibration facility. It is provided with a small
room housing a 11.8 TBq (in August 2014) 60Co source mainly used for studies of radiation
damage to electronics, and a main calibration hall (13 m × 13 m × 13 m in size) housing
four Am-Be neutron sources, six γ-ray sources, two β sources and an X-ray generator [31,
128, 30]. The main hall is used for a variety of metrology and dosimetry applications, from
the calibration of personal dosimeters, handheld survey meters and monitors installed in
the accelerator tunnels and experimental areas, to characterization of novel detectors.

A thermal neutron source usually consists of one or more fast neutron sources sur-
rounded by moderating material, graphite and polyethylene (PE) being the most com-
mon. Table A.1 reports the main characteristics of five different thermal neutron facilities
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in the world. Thermal neutron facilities employing graphite usually consist of very large
moderating assemblies. An example is the facility at PTB in Braunschweig, Germany
(see Table A.1). Bedogni et al. [129, 130] proposed a new design, based on a cavity with
PE walls, which embodies the radionuclide source, the irradiation volume and, between
them, a shadow PE sphere or bar. The main concept is that neutrons reach the irradiation
location only after several scattering reactions.

For the CERN CalLab we proposed a thermal neutron assembly consisting of a small
moderator to be placed around the source and a reflector box facing it. At the CalLab the
neutron source is indeed stored at the bottom of the room and is raised to its irradiation
position inside a cylindrical aluminium guide by a pneumatic system (Figure A.1). The
fast neutron source cannot be surrounded by PE walls and the thermal neutron fluence
is instead increased by the scattering reactions of thermal neutrons on the reflector’s
walls, which encloses the detector under test and delimits the irradiation region. It is also
possible to use the moderator only, i.e. without the reflector box. For this reason, this
second option is also discussed in the following sections.

Table A.1: Comparison of the main properties of six worldwide thermal neutron facilities.

Facility Source Moderator
material

Moderator
geometry Size

Thermal neutron
fluence rate

(En < 0.5 eV)

SIGMA
(France)

6 Am-Be
sources

graphite single block 150 × 150 × 150 cm3 1,513 cm−2 s−1 [131]

PTB
(Germany)

16 Am-Be
sources graphite single block 150 × 150 × 180 cm3 80 cm−2 s−1 [132]

FANT (Spain) Am-Be
source polyethylene Parallelepiped-like

irradiation cavity 90 × 70 × 70 cm3 1000 cm−2 s−1 [133]

shadow cylinder 10 cm � × 20 cm

ETHERNES
(Italy)

Am-Be
source

polyethylene Parallelepiped-like
irradiation cavity

63 × 45 × 45 cm3 from 550 to
800 cm−2 s−1 [129]

shadow sphere 20 cm �

HOTNES
(Italy)

Am-B
source

polyethylene Cylinder-like
irradiation cavity

30 cm � × 70 cm from 700 to
1,000 cm−2 s−1 [130]

shadow cylinder 10 cm � × 20 cm

A.3 Moderator assembly optimisation

This section is divided in three parts: the first describes the simulation geometry and
the primary beam particles; the second part describes how the neutron fluence has been
scored; the last one shows the results and point out the best geometry.

The MC simulations were performed with version 4.0 of the FLUKA code [66, 67, 68].
During all the simulations described in Appendix A, the input card DEFAULT was set
to the option PRECISIOn, which ensures the fully analogue absorption for low-energy
neutrons and neutron transport down to 1× 10−14 GeV [68].
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Figure A.1: On the left: the aluminium guide housing the Am-Be source in its irradiation
position at the Callab; the red spot corresponds to the irradiation position. On the right:
a 2D view of the same; the not specified units of measure are in inch, the zero level
corresponds to the grid floor, while the beam label to the height of the irradiation position.

A.3.1 Simulation geometry and source beam particles

The FLUKA geometry reproduced the main calibration hall, 13 ×13 × 13 m3 in size, with
80 cm thick concrete walls and 40 cm concrete roof [30]. To minimise the scattered neutron
component, the floor consists of a metal grid located at half-height of the room, i.e., 6.5 m
from the bottom. For the simulations, the metal grid was approximated by a 0.62 cm
thick stainless-steel layer having the same density as the actual grid. This approximation
does not affect the simulation results of neither the neutron spectrum nor the values of
ambient dose equivalent, H*(10) [30].

This guide was simulated as a hollow aluminium cylinder running from the bottom of
the hall to 130 cm height above the floor. The ISO 8529-1 Am-Be spectrum [10] was used
to model the source term, as shown in Figure A.2. The other sources of the CalLab were
not simulated since their influence to the thermal neutron fluence can be neglected.

Source moderator

The moderator was simulated centred at the source irradiation position. PE was cho-
sen as moderating material and two different geometries were investigated, spherical and
cylindrical. For the former, five simulations were performed for sphere radii of 9 cm, 10 cm,
11 cm, 12 cm and 15 cm. For the latter, a cylinder was defined with the axis coincident
with the axis of the aluminium guide: four simulations were carried out for 8 cm, 9 cm,
10 cm and 11 cm radii. The height of the cylinder was adjusted in order to have, for each
radius, the same PE thickness on top and on the side. On the top part of both geometries,
a cylindrical hole 0.33 cm in radius was included in the moderator, above the aluminium
guide, to accommodate the cable connected to the pneumatic system described in section
A.4.1. A thin air gap (0.01 cm) was included between the guide and the moderator. Fig-
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Figure A.2: The Am-Be ISO spectrum.

ure A.3 compares the two geometries. The PE was defined as a C2H4 compound with
a density of 0.94 g cm3. The cross section of H in the C2O compound (at 296 K) was
assigned to hydrogen by the LOW-MAT card.

Reflector box

For the moderator that maximises the thermal neutron fluence, the simulations were
repeated adding a PE slab behind the region where the thermal fluence is scored. The
slab thickness was optimised performing three simulations with thickness of 3 cm, 6 cm
and 9 cm. Afterwards five slabs of the selected thickness (see section A.3.3) were placed
around the scoring region (three on the sides, one on the top and one on the bottom) in
the shape of a box leaving open the side facing the source.

Figure A.3: Cross-sectional view of the FLUKA geometry of the moderator: spherical on
the left, cylindrical on the right.
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A.3.2 Scoring

The neutron fluence was scored using the USRTRACK card which defines a volume detec-
tor and estimates the track-length fluence on the selected region [68]. The USRTRACK
detector was defined in a 10 cm diameter sphere of air placed at 10 cm from the external
surface of the moderator and at the same height of the source with respect to the floor.

A.3.3 Results and discussion

Source moderator

Figure A.4 shows the lethargy plot of the neutron fluence over the entire energy range
and of the thermal region only, for the nine geometries (five spherical and four cylin-
drical). The spectra are labelled according to geometry (sphere or cylinder) and radius.
Table A.2 lists, for each configuration, the thermal neutron fluence normalized per source
neutron, in the range 0 to 500 meV. For both geometries, an optimum moderator thickness
exists, below which the thermal fluence decreases because the PE is not thick enough to
thermalize the source neutrons, and above which it decreases because of self-absorption
of thermal neutrons in the PE. This is evident with the 15 cm sphere, for which also the
fast neutron peak visibly reduces. The maximum thermal neutron fluence is obtained
with a cylindrical moderator of 9 cm radius. The cylinder better thermalises the Am-Be
spectrum than the sphere: the neutron fluence with the 9 cm cylinder is 1.7 times higher
than the maximum neutron fluence obtained with the 10 cm radius sphere.

Reflector box

Figure A.5 shows the variation of the thermal neutron fluence with the rear PE slab
of varying thickness. The fluence increases up to a slab thickness of 6 cm. Figure A.6
compares the neutron fluence obtained with only the PE cylinder, with the cylinder and
the 6 cm PE slab, and with the cylinder and the PE box with 6 cm think walls. The corre-
sponding values of the thermal fluence are reported in Table A.3. The thermal component,
with respect to the cylindrical moderator alone, increases by a factor of 1.5 and 8.2 with
the slab and the box, respectively. The fast neutron component remains approximately
constant as shown in figure A.6. The ratio between the thermal and the fast neutron
fluence increases from 0.21 with only the cylinder to 1.43 with the cylinder and the box.

Figure A.4: Neutron fluence spectra calculated by FLUKA with each of the nine moderators
(left), and a zoom of the same plot in the thermal energy range (right).
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Table A.2: Thermal neutron fluence per source neutron calculated with FLUKA for the
different geometries and radii of the moderator.

Geometry Radius
Thermal neutron fluence (cm−2)

per source neutron

Sphere 9 cm 1.97×10−5 ± 5.23×10−8

Sphere 10 cm 2.07×10−5 ± 4.92×10−8

Sphere 11 cm 2.01×10−5 ± 5.33×10−8

Sphere 12 cm 1.88×10−5 ± 5.64×10−8

Sphere 15 cm 1.28×10−5 ± 3.99×10−8

Cylinder 8 cm 3.47×10−5 ± 6.54×10−8

Cylinder 9 cm 3.50×10−5 ± 7.36×10−8

Cylinder 10 cm 3.29×10−5 ± 6.55×10−8

Cylinder 11 cm 2.97×10−5 ± 6.67×10−8

Figure A.5: Thermal neutron fluence as a function of thickness of the PE slab placed
behind the scoring region. The uncertainties on the data points are smaller than the size
of the symbols.

Table A.3: Thermal neutron fluence per source neutron, obtained with the cylinder (9 cm
radius), the cylinder and the 6 cm PE slab at the back of the scoring region, the cylinder
and the PE box (6 cm thick walls) surrounding the scoring region.

Source moderator Entry assembly
Thermal neutron fluence (cm−2)

per source neutron

Cylinder 9 cm - 3.50×10−5 ± 7.36×10−8

Cylinder 9 cm 6 cm PE back slab 5.13×10−5 ± 8.44×10−8

Cylinder 9 cm PE box 2.88×10−4 ± 2.31×10−8

A.4 Design and construction of the moderator assembly

This section describes the design and the building of the moderator and box. Moreover,
it discuss the construction of an ad-hoc extension plate built to place the PE box as close
to the neutron source as possible.
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Figure A.6: Neutron fluence spectra obtained with the PE cylindrical moderator (9 cm
radius), the cylinder and the 6 cm PE slab at the back of the scoring region, the cylinder
and the PE box surrounding the scoring region.

A.4.1 Design of PE moderator and PE box

A 1-meter-long rod of Ultra High Molecular Weight PE (0.93 g cm−3) was tailored cut
to obtain a cylinder with a diameter of 18 cm and 25.5 cm height, with a central hole of
19.7 cm height and 6.46 cm diameter, slightly larger than the aluminium guide. The PE
cylinder (5.5 kg in weight) slides over the neutron source guide and leans on it, without
any additional support. The aluminium guide is connected through a cable, plugged on
its top, to a pneumatic system whose goal is to “suck” the neutron source in its irradiation
position. For this reason, a hole of 0.66 cm diameter was drilled on top of the cylinder
to house the cable. Each of the five walls of the PE box consists of two 2.5 cm thick PE
slabs (according to the thickness ready available) providing a 30 cm × 30 cm × 30 cm
irradiation volume. The total weight of the box is around 20 kg.

A.4.2 Design for the extension plate

The extension plate consists of an aluminium slab 100 cm long, 50 cm wide and 0.5 cm
thick, with drilled holes to bolt it to the support table that is part of the irradiation
system. A 3D printed support was built to correctly place the 3He proportional counter
used to characterise the field at the centre of the PE box. Figure A.7 shows the complete
moderator assembly.

A.5 Experimental measurements benchmarking the Monte
Carlo predictions

This section describes the experimental setup of the measurements performed with a
bare 3He proportional counter. As also discussed in this section, the experimental setup
was reproduced in FLUKA and the corresponding expected counts were calculated. The
experimental and simulation results are shown and compared.

A.5.1 Experimental setup

The measurements were performed with a Centronic SP9/152/Kr 3He proportional counter.
The counter was supplied with +820 V and the output signal processed by an ORTEC
142IH preamplifier, an ORTEC 570 amplifier (assembled in a portable NIM crate) and an
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Figure A.7: The thermal source assembly with the PE cylinder placed on top of the source
guide and the irradiation box placed on the aluminium plate bolted to the support table.
The 3He proportional counter, used for the experimental characterisation of the field, is
shown on a custom-made support at the centre of the box.

Amptek Pocket Multi-Channel Analyser 8000D. The multi-channel analyser was used to
acquire the spectrum of the recoils in the 3He gas, with a threshold set to cut the electronic
noise and signals from γ-ray events. The neutron counts were obtained integrating the
spectrum above this threshold. The centre of the detector was aligned to the source by two
orthogonal lasers. Eight measurements were performed changing the source-to-detector
distance from 30 cm to 70 cm, first with the moderating cylinder alone and afterwards
with the cylinder and the box (in the following we identify these two configurations as
“cylinder” and “cylinder + box”). In the “cylinder + box” configuration, the 3He counter
was placed at the centre of the box. The measurements were performed with two of the
four Am-Be neutron sources available. For the “cylinder”, the measurements were per-
formed with the 888 GBq (in January 2015) source, emission rate of 5.03 × 107 neutrons
per second, for the “cylinder + box” with the 100 GBq (in January 2015) source, 6.40 ×
106 neutrons per second. All results were normalised to the source activity.

A.5.2 Monte Carlo simulations

The sensitive volume of the proportional counter was modelled as a sphere of 1.6 cm radius
with a 0.5 mm thick aluminium wall, filled with a gas mixture of 3He at 2.33 kPa (2.3 atm)
and Kr at 1.22 kPa (1.2 atm). The stem was simulated as a hollow aluminium cylinder
filled with air as in [134]. Simulations were performed placing the centre of the 3He volume
at the same distances from the source as in the experimental set-up. The number of events
per primary particle were scored by the DETECT card assigned to the sensitive volume
of the counter. Figure A.8 shows a 3D view of the geometry in the “cylinder + box”
configuration with the 3He counter at the centre of the box. The extension plate and the
plastic support of the 3He counter were also included in the simulations.
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Figure A.8: 3D view of the FLUKA geometry in the “cylinder + box” configuration, with
the 3He counter at the centre of the box.

A.5.3 Results and discussion

Figures A.9 compare, for the two configurations, the measured 3He count rate and the
count rate predicted by FLUKA at the eight irradiation positions. The measured count
rate with the “cylinder + box” is always eight times larger than the one measured with the
“cylinder”. For both the “cylinder” and “cylinder + box” configurations, measurements
and simulations are in very good agreement, with differences below 10%. Having confirmed
that the Monte Carlo simulations accurately predict the experimental field, additional
simulations were performed to provide a complete characterisation of the field, as discussed
in the next section. Figures A.10 shows the spectra of the recoils in the 3He gas acquired in
the “cylinder” and “cylinder + box” configuration, respectively. The spectra are labelled
according to the corresponding source-to-detector distance. The threshold set to calculate
the integral neutron counts is shown by a vertical red line. The spectra reproduced the
energy deposition events of the protons emitted by the 3He(n,p) promoted by the thermal
neutrons. The main peak collects the full energy deposition events and it corresponds to
764 keV, i.e. the reaction Q − value. The continuum below the main peak is due to the
wall-effect and its relevance depends on the detector parameters (e.g. pressure, supplied
voltage), as described in detail in [5].

Figure A.9: Comparison between the count rate measured by the 3He proportional counter
and the count rate predicted by the FLUKA simulations at the eight irradiation positions
for the ”cylinder” (on the left) and “cylinder + box” (on the right)configuration. The
uncertainties on the data points are smaller than the size of the symbols.
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Figure A.10: The recoil spectra acquired with the 3He proportional counter in the”cylinder”
(on the left) and “cylinder + box” (on the right) configuration. The red vertical line
represents the threshold set for the calculation of the integral neutron counts.

A.6 Thermal neutron source characterisation

The thermal neutron source was finally characterised with FLUKA. In particular, the
neutron fluence was calculated at 30 cm from the source, i.e. the closest experimental
source-to-detector distance, discriminating the thermal neutron contribution from the ep-
ithermal and fast one. The spatial distribution of the thermal neutron field was also
evaluated with the USRBIN detector. The USRBIN card defines indeed a so-called bin-
ning detector, which scores the spatial distribution of the requested quantity (the fluence
in this case) over a regular spatial binning which is independent from the simulation ge-
ometry [68]. Eventually, we checked with FLUKA the possibility to calculate the thermal
neutron fluence with a difference method.

A.6.1 Neutron fluence calculation

The neutron fluence was calculated with the USRTRACK card by assigning the scoring
region consisted of a 3.2 cm diameter sphere of air (the same volume as the 3He counter).
Both the “cylinder” and the “cylinder + box” were investigated and, for completeness,
the neutron fluence was also scored with the bare Am-Be source. Table A.4 reports, for
all configurations, the calculated neutron fluence for the 888 GBq and 100 GBq sources,
at 30 cm from the source. The neutron fluence is given in three broad energy ranges:
thermal (< 500 meV), intermediate (500 meV – 100 keV) and fast (> 100 keV). Both
the measurements described in section A.5 and the simulations confirm that with the
“cylinder + box” set-up the thermal neutron fluence is around eight times higher than
with the “cylinder” only. Nevertheless, the cylinder alone already provides a quite intense
thermal neutron fluence. The results with the bare source are also reported. The increase
of the thermal neutron component in the “cylinder + box” configuration is also evident
from figure A.11, which also shows that the epithermal and fast components are almost
constant as expected.

A.6.2 Spatial distribution

For the “cylinder + box” case, the thermal neutron fluence was scored inside the box on
a regular spatial binning with 1 cm spatial resolution. For the “cylinder” configuration
the thermal neutron fluence was scored, with the same procedure, in the area surrounding
the source (±50 cm from the source). Figure A.12 shows the 2D maps of the thermal
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Table A.4: Neutron fluence at 30 cm distance from the 888 GBq and 100 GBq Am-Be
sources calculated by FLUKA.

Source configuration Neutron energy 888 GBq (cm−2 × s−1) 100 GBq (cm−2 × s−1)

Bare source

Thermal (< 500 meV) - -

Intermediate (500 meV - 100 keV) 5.53×104 ± 6.46×102 7.04×103 ± 8.23×101

Fast (>100 keV) 3.75×106 ± 5.42×103 4.77×105 ± 6.89×102

Cylinder

Thermal (< 500 meV) 7.43×102 ± 5.85 9.46×101 ± 0.74

Intermediate (500 meV - 100 keV) 7.86×102 ± 6.09 1.00×102 ± 0.76

Fast (>100 keV) 2.99×103 ± 1.59×101 3.81×102 ± 1.51

Cylinder + box

Thermal (< 500 meV) 5.75×1033 ± 1.59×101 7.32×102 ± 2.03

Intermediate (500 meV - 100 keV) 1.86×103 ± 9.27 2.37×102 ± 1.18

Fast (>100 keV) 3.39×103 ± 1.26×101 4.31×102 ± 1.61

Figure A.11: Neutron fluence spectra per Am-Be source neutron obtained with the “cylin-
der” and the “cylinder + box” configurations at 30 cm from the source.

neutron fluence (0-500 meV) calculated for the 888 GBq source inside the box, along the
three axes parallel to the box walls. Figures A.12 (a,b) are the maps along the planes x
= 0 cm and y = 0 cm respectively, which pass via the centre of the box. Figures A.12
(c,d) are the maps along the planes z = 14 cm and z = 30 cm, as indicated in Figure
A.12 (b). The thermal neutron fluence inside the box is rather uniform from the plane
z = 20 cm (i.e., at 5 cm from the entrance of the box) up to z = 45 cm (the bottom of the
box). In the region between z = 15 cm and z = 20 cm, the fluence is not constant with
a maximum around 7×103 cm−2s−1 in correspondence of the position facing the source,
while it is around 5.5×103 cm−2s−1 in the rest of the box.

The region near the source, i.e., at the entrance of the box, shows a larger variation
of the thermal fluence, as expected. In [130], the fluence varies by about 30% in the
irradiation position closest to the source, while beyond 6 cm distance it becomes very
homogenous (variation around 1%). In our case, the fluence variation is 25% near the box
entrance (z = 14 cm plane) and 4% at the nominal irradiation position (z = 30 cm plane).

Figure A.13 shows the 2D maps of the thermal neutron fluence for the “cylinder”
configuration within 50 cm distance from the source. Figure A.14 plots the corresponding
1D projection along the z axis at source height. As expected, the thermal fluence decreases
as d−2, where d is the source-to-detector distance. The largest variation occurs in the
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Figure A.12: 2D maps of the thermal neutron fluence calculated with FLUKA for the 888
GBq Am-Be source inside the PE box. (a) 2D maps on x = 0 cm; (b) 2D maps on y = 0
cm; (c) 2D map on z = 14 cm; (d) 2D map on z = 30 cm.

proximity of the source, specifically in the first 10 cm from the surface of the cylinder
(which corresponds to 9 cm source-to-detector distance). A few centimetres from the
cylinder, the thermal neutron fluence is around 4-5 × 103 cm−2s−1, similar to the value
calculated for the “cylinder + box” configuration. Without the box, the detector under
test can then be placed closer than 30 cm, where the thermal neutron fluence is more
intense. Obviously, the achievable source-to-detector distance also depends on the size of
the detector under test. The lateral view in figure A.13 (right plot) shows the effect of the
moderator geometry on the thermal neutron distribution. The distribution of the thermal
fluence is not perfectly isotropic. Nevertheless, this effect is not relevant especially for
small detectors when placed at the source height, and vanishes beyond 10 cm distance
from the moderator surface.

A.6.3 Neutron fluence calculation using the difference method

The thermal neutron flunece can be experimentally accessed by a difference method, as de-
fined in [132], i.e. by performing measurements with and without a cadmium layer placed
in between the source and the detector, and by subtracting the former to the latter. The
cadmium is in fact a commonly used thermal neutron absorber, thank to its high absorp-
tion cross section at 0.5 eV. The detector with the cadmium layer is therefore sensitive
only to the fast and epithermal components, while it is sensitive to all the field component
without the cadmium. For this reason FLUKA simulation were performed to test this
method. Essentially, we the previously described FLUKA simulations were repeated for
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Figure A.13: 2D maps of the thermal neutron fluence along the planes x= 0 (on the left)
and y = 0 (on the right), calculated with FLUKA for the 888 GBq Am-Be source for the
“cylinder configuration”.

Figure A.14: 2D maps of the thermal neutron fluence along the planes x= 0 (on the left)
and y = 0 (on the right), calculated with FLUKA for the 888 GBq Am-Be source for the
“cylinder configuration”.

both configurations by adding a thin cadmium shell around the scoring region. Figure A.15
compares the neutron fluence per Am-Be source neutron with and without the cadmium
shell, for the “cylinder” and the “cylinder + box” configurations. The cadmium layer cuts
the neutron component below 500 meV in both configurations, and the simulation con-
firms that the thermal neutron fluence can also be measured by subtracting the neutron
fluence measured with the cadmium in place to the neutron fluence measured without the
cadmium. In fact, the difference between the neutron fluence calculated with and without
the cadmium (from two different and independent simulations) is 7.23×102 cm−2s−1 and
5.71×103 cm−2s−1 for the “cylinder” and “cylinder + box” configuration respectively, in
good agreement with the values reported in Table A.4.

A.7 Comparison with different thermal neutron facilities

In order to compare different thermal neutron facilities, Bedogni et al. [129] define a q
factor as follows:
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Figure A.15: Neutron fluence spectra per Am-Be source neutron for the “cylinder” and the
“cylinder + box” configurations, at 30 cm from the source, with and without the cadmium
shell around the scoring volume.

q =
B

Θth
(A.1)

where B is the total emission rate of the neutron source (in s−1) and Θth is the neutron
fluence rate below 500 meV in cm−2 s−1. The q factor expresses the efficiency of the
moderator assembly to thermalise neutrons, since it is calculated by taking into account
the activity of the primary source. A smaller q value indicates a higher thermalisation
efficiency. Table A.5 reports the q values of the thermal neutron facilities considered
before, the moderator material and the volume occupied by each source.

Table A.5: Comparison of the thermalisation efficiency (q) and volume of six thermal
neutron facilities with the thermal neutron source proposed in this work.

Facility Moderator
material

Volume Thermal neutron fluence
rate (En < 0.5 eV)

q

SIGMA graphite 3.4 × 106 cm3 1,500 cm−2 s−1
1.3× 105 cm2[129]

PTB graphite 4.1 × 106 cm3 80 cm−2 s−1 7 ×
105 cm2[129]

ETHERNES polyethylene 1.3 × 105 cm3 from 550 to
800 cm−2 s−1

from 6 × 103 to
9× 103 cm2[129]

HOTNES polyethylene 4.5 × 104 cm3 from 700 to
1,000 cm−2 s−1

from 3.5 × 103

to
5× 103 cm2[130]

This work polyethylene
6.5 × 103 cm3

(cylinder) 740 cm−2 s−1 7 × 104 cm2

(cylinder)

4.3× 104 cm3

(cylinder + box) 5,700 cm−2 s−1
9 × 103 cm2

(cylinder +
box)

The facilities employing graphite as moderator material are usually bigger in volume,
because of the less efficiency in the neutron moderation on carbon ions (i.e. with graphite)
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rather than on hydrogen (i.e. with polyethylene) [5]. For the same reason the correspond-
ing q value is higher. The assembly proposed in this work has the smallest volume among
the facilities reported in Table A.5 and its q value is comparable with the one of ETH-
ERNES, but worst than HOTNES. Table A.5 shows that the present setup consists of
a very light assembly with an efficient moderating capability, comparable with similar
facilities (i.e. employing polyethylene as moderating material).

A.8 Conclusions

A lightweight and easy-to-make moderating assembly was designed, built and charac-
terised, providing a thermal neutron field from the Am-Be neutron sources of CERN Cal
Lab. The assembly consists of a PE cylinder placed around the source and a PE box
providing a 30 cm × 30 cm × 30 cm irradiation volume. The FLUKA MC code was used
to define the optimum geometry and dimensions and to calculate the thermal neutron
fluence at the irradiation positions. The MC predictions were confirmed by measurements
performed with a bare 3He proportional counter.

For the highest activity source (888 GBq), the thermal neutron fluence at 30 cm
distance from the source is 7.43 × 102 cm−2s−1 with the cylindrical PE moderator only,
and 5.75 × 103 cm−2s−1 at the centre of the PE box, slightly higher than the fluence at
ETHERNES [129] and HOTNES [130]. Inside the box, the fluence is almost uniform (4%
variation throughout the irradiation volume) except in the region closest to the source,
where the fluence is higher by 25% with a maximum around 7× 103 cm−2s−1. The q value
is 7× 104 cm2 with the cylindrical moderator, and 9× 103 cm2 with the entire assembly,
comparable with ETHERNES [129].
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Caractérisation du radiamètre B-RAD et développement de nouvelles sondes

Résumé : Le B-RAD est un détecteur commercial pour la mesure du débit de dose et la spectrométrie
des rayons γ, capable de fonctionner dans les champs magnétiques intenses. Il est constitué d’une sonde
et d’une unité centrale : la sonde est équipée d’un cristal de LaBr3 couplée à une matrice de photomul-
tiplicateurs au silicium (SiPM), l’unité centrale abrite le circuit électronique principal et la batterie. Sa
réponse est faiblement affectée par le champ magnétique lorsque l’unité centrale est à l’intérieur du champ
(variation <10% jusqu’à 1.5 T). Sa réponse est linéaire entre 1 µSv/h et 2 mSv/h. Le B-RAD possède une
bonne résolution en énergie (< 5% à 662 keV) et une large gamme d’énergie (30 keV–1.5 MeV).

Deux scintillateurs organiques, stilbène et EJ-276, ont été sélectionnés pour développer une sonde
destinée aux mesures de débit de dose des neutrons rapides. Le stilbène a une figure de mérite (FOM) plus
élevée pour la discrimination des neutrons/rayons γ (n/γ) via la Pulse Shape Discrimination (PSD) (1.54
contre 0.90) et une meilleure efficacité de détection (12% contre 9%). Les deux détecteurs montrent une
bonne linéarité du taux de comptage jusqu’à 1 mSv/h avec une source de 137Cs et 1.5 mSv/h avec une
source Am-Be. Entre -10°C et 40°C, les deux détecteurs montrent une variation du taux de comptage des
neutrons de 10%. Une sonde basée sur le stilbène est actuellement en développement.

Deux autres sondes ont été étudiées sur la base de scintillateurs Cs2LiYCl6 :Ce3+ (CLYC). La première
utilise un CLYC-6 (enrichi en 6Li) pour la détection des neutrons thermiques. Le CLYC-6 présente une
excellente capacité de discrimination n/γ (FOM > 2) et une grande efficacité de détection des neutrons
par unité de volume. La deuxième sonde utilise un CLYC-7 (enrichi en 7Li) adapté à la spectrométrie des
neutrons rapides. Une discrimination proton/particule α a été proposée et testée, ce qui améliore la capacité
de spectrométrie du CLYC jusqu’à 6 MeV. Une nouvelle méthode de discrimination passive n/γ pour le
CLYC a été développée, basée sur la sélection de la lumière de scintillation Core-to-Valence (CVL) par
filtrage optique. D’après la littérature, la CVL est excitée seulement par les rayons γ et apparâıt dans une
gamme de longueurs d’onde différente de celle des autres mécanismes de scintillation. Nous avons montré
que l’intensité de la CVL sous irradiation aux rayons X et γ est constante dans la gamme 17–662 keV
et que la CVL est efficacement réduite par les neutrons. Cependant, un résidu de la CVL a été détecté
également sous irradiation neutronique.

Une nouvelle source de neutrons thermiques pour le laboratoire d’étalonnage du CERN a été conçue,
construite et caractérisée. La source se compose d’un modérateur cylindrique et d’un réflecteur en polyéthy-
lène. Les dimensions optimales de la source ont été déterminées par des simulations Monte Carlo. La
nouvelle source fournit une fluence de neutrons thermiques de 6000 cm−2s−1.

Mots clés : Radioprotection, Développement de détecteurs, CERN, Scintillateurs, SiPM.

Characterisation of the B-RAD radiation survey meter and development of new probes

Abstract: The B-RAD is a commercial device for dose rate monitoring and γ-ray spectrometry in
high intensity magnetic fields. It consists of an active probe and a central unit: the probe is equipped with
a LaBr3 crystal coupled with a Silicon Photomultiplier (SiPM) array, the central unit houses the main
electronic circuit and the battery. Its response is only slightly affected by the magnetic field when the
central unit is inside the field (variation <10% up to 1.5 T). It is linear between 1 µSv/h and 2 mSv/h and
it has a good energy resolution (<5% at 662 keV) and a wide operational energy range (30 keV–1.5 MeV).

A stilbene and an EJ-276 plastic scintillator were selected for dose rate measurements of fast neutrons.
The stilbene shows a higher Figure of Merit (FOM) for the Pulse Shape Discrimination (PSD) (1.54 vs
0.90) and a higher detection efficiency (12% vs 9%). Both detectors show a good linearity of the count
rate up to 1 mSv/h with a 137Cs source and 1.5 mSv/h with an Am-Be source. In the -10°C to 40°C
temperature range, both detectors show a variation of the neutron count rate of 10%.

Other two probes were investigated based on Cs2LiYCl6:Ce
3+ (CLYC). The first employs CLYC-6

(enriched in 6Li) for thermal neutron detection. CLYC-6 shows an excellent n/γ discrimination capability
(FOM > 2) and a high neutron detection efficiency per unit volume. The second probe employs a CLYC-7
(enriched in 7Li) suitable for fast neutron spectrometry. A proton/α-particle discrimination method is
here proposed and tested, which improves the CLYC spectrometry capability up to around 6 MeV.

A new passive n/γ discrimination method for CLYC was studied, based on the selection of the Core-
to-Valence (CVL) scintillation light by optical filtering. According to the literature, CVL is only excited
by γ-rays and emits in a different wavelength range than the other scintillation mechanisms. We verifyed
that the intensity of the CVL under X and γ-ray irradiation is constant in the 17–662 keV range and the
CVL is effectively quenched by neutrons. However, a residual signal of the CVL was detected also under
neutron irradiation.

A new thermal neutron source for the CERN Calibration Laboratory was designed, built and char-
acterised. The source consists of a polyethylene cylindrical moderator and a polyethylene reflector. The
optimum dimensions of the source were provided by Monte Carlo simulations. The new source provides a
thermal neutron fluence of around 6000 cm−2s−1.
Keywords: Radiation protection, Detector development, CERN, Scintillators, SiPM.
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