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INTRODUCTION

Neutron spectrometry has contributed to the development of nuclear physics since
the discovery of neutron in 1932, and has also become an important tool in several other
fields, notably nuclear technology, fusion plasma diagnostics, radiotherapy and radiation
protection.

Most neutron spectrometers used nowadays are based on methods that were
introduced before 1960, like recoil-nuclei spectrometers or Time-of-Flight methods, while
other important techniques as Bonner spheres were developed in the 1960-1979 period.
After the 1980 the impact of computers on neutron spectrometry has improved this
research field as a result of the comprehensive methods of calculation that are now
available, firstly to generate the response functions or to calculate the neutron detection
efficiency of the detector system, e.g. by Monte Carlo simulation, and secondly to unfold
the spectral neutron fluence from the spectrometer readings.

Chapter | presents a review of the present status of neutron spectrometry, including
a recoil spectrometer for low-energy neutron fields based on a monolithic silicon telescope
coupled to a polyethylene converter, studied by Agosteo et al.

The aim of this PhD Thesis is to study, develop and characterize an innovative
system compact, transportable and able to perform real-time neutron spectrometry with
high resolution. At the present status, no proposed instruments are able to combine these
characteristics.

The spectrometer proposed by this work is based on the recoil-proton detection
methodology, but with a completely innovative geometrical structure and data processing
which allow to obtain a direct measurement of the impinging neutron fields.

The device is composed by a plastic scintillator and a residual energy measurement
stage constituted by a monolithic silicon telescope (MST). The scintillator works as an
“active” converter, which converts neutrons into recoil-protons via elastic scattering and
measure the energy loss of the recoil-protons inside the converter itself at the same time,
while the silicon device measures the residual energy protons have at the outer converter

interface and effectively discriminate them from photons associated to the neutron field.
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The first step of the development was the design of the system structure and the
study of its performances in terms of response function features. To do this, a detailed
analytical model was developed and used to derive the best detection geometry of the
system. The model and its results are presented in Chapter II.

The main feature of the system layout is the introduction of the “active” converter.
In order to study the best device which permits to do so by keeping the whole detecting
system as compact as possible, two different solutions were studied (Chapter IlI): a
compact commercial photomultiplier tube (PMT) and a silicon photomultiplier (SiPM).

Chapter IV describes the overall optimized layout of the spectrometer, as well as
the experimental layout and the calibration procedure, while Chapter V presents the
dedicated LabVIEW software developed to acquire and process the data related to the three
stages of the device in order to calculate in real-time the neutron spectra.

The complete Active Converter Spectrometer was characterized with mono-
energetic neutrons and tested with multi-peak continuously distributed neutrons fields. The
irradiations were performed at the Van De Graaff accelerator of the INFN-Laboratori
Nazionali di Legnaro (Legnaro, Italy). The spectra obtained with the spectrometer were
compared with Time-of-Flight literature data and simulated distributions. The results of
irradiations and comparisons are proposed in Chapter VI.



Chapter 1

NEUTRON SPECTROMETRY:
PRESENT STATUS

Methods of neutron spectrometry [1] can be classified into several groups based on
the principle used to obtain neutron energy: methods based on measurements of the
energies of charged particles released in neutron-induced nuclear reactions; methods in
which the neutron velocity is measured; threshold methods, in which a minimum neutron
energy is indicated by the appearance of a neutron-induced effect such as radioactivity, a
specific gamma-ray energy or a phase transition; methods in which the neutron energy
distribution is determined by unfolding a set of readings of different detectors or of
different detector geometries which differ in the energy-dependence of their response to
neutrons; methods in which the neutron is scattered and the energy of a recoiling nucleus is

measured.

I.1 Neutron time-of-flight methods

In this technique neutron energy is determined by measuring the neutron flight time
over a known distance. Two methods are typically used to do this. In the first method the
neutron is scattered in a start detector, for example an organic scintillator, and the time of
flight to a second detector positioned at a known distance and angle is measured. In the
second method the start signal is provided by an associated particle or quantum that is
emitted from the neutron source at the same time as the neutron.

The associated particle time-of-flight method has been employed, for example, to
measure the spectrum of neutrons from the spontaneous fission of 2*°Cf [2,3] or to

characterize neutron time-of-flight detectors [3,4]. The scatter detector method has been
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used in neutron scattering studies and to measure neutrons emitted from nuclear reactions
and nuclear fusion [5-9].

Fig.1.1 shows a schematic view of a typical time-of-flight system.
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Fig.l.1: Schematic view of a time-of-flight system [10].

I.2  Multisphere systems

The prototype multisphere system, known as the Bonner Sphere Spectrometer
(BSS), was the neutron spectrometer introduced by Bramblett, Ewing and Bonner [11].
The original BSS comprised a small thermal neutron detector (cylindrical SLil(Eu) crystal,
4 mm in diameter and x 4 mm in height), positioned in the centre of a polyethylene sphere.
Five spheres of different diameters between 2 and 12 inches were used to produce five
detector geometries with distinctively different response functions.

The BSS can determine neutron spectra over a wide energy range but with

relatively poor energy resolution. A neutron spectrum is derived by measuring the detector
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count rate with sphere geometries and then unfolding these measurements using the
associated response matrix. Bonner sphere spectrometers are widely used in radiation
protection applications.

An innovative approach among new designs that have evolved from the BSS
consists of using a spherical moderator containing several passive thermal neutron
detectors [12], or a number of small active thermal neutron detectors [13-16] placed at a
proper position. The position of neutron detection then replaces the sphere diameter as a

variable in the response matrix and all measurements are made simultaneously.

Fig.1.3: The multidetector neutron SPherical SPectrometer (SP?) [14-16].
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I.3 Spectrometry of recoil nuclei

Recoil spectrometers are either detectors in which recoil nuclei emitted at all angles
with respect to the incident neutron direction are accepted for measurement, or recoil
telescopes, in which recoils at a particular angle (preferably 0°) are selected for analysis.
The spectrometer response function (pulse height spectrum of secondaries resulting from
bombardment with monoenergetic neutrons) is typically a broad continuum for the former
category and a narrow function for the latter one. Recoil nuclei spectrometers based on
proportional counters are widely used in the energy range 50 keV to a few MeV [19-21].
Pulse height resolution varies chiefly as the square root of the recoil nucleus energy and is
typically about 10% (FWHM) for 1 MeV recoil ions. For neutron energies above about 5
MeV proton escape (wall effect) limits the usefulness of proton recoil proportional
counters. Although “He recoil devices can extend the energy range upwards (to about 15
MeV), organic scintillators are usually the preferred detector medium for spectrometers at
higher energies [22,23], in particular stilbene crystals and liquid scintillators, due to their
capability of discriminating between neutron and photon events by pulse-shape analysis.
The response functions of these detectors are dominated by n—p elastic scattering in this
energy range. Since the n—p cross-section is well-known, response matrices and detection
efficiencies can be computed accurately and neutron spectra can be reliably unfolded from
measured pulse height spectra. Charged particles produced by neutron interactions with the
carbon nuclei in the scintillator give significant contributions to the response functions of
organic scintillators at incident neutron energies above about 8 MeV, but are adequately
accounted for in simulated response functions for energies up to about 15 MeV [23]. For
higher incident energies [5,24-26] to simulate these contributions becomes increasingly
difficult because the cross-section data that are required are either not available or not
accurate enough. Moreover the generation of recoils which do not fully stop in the
scintillator affects the n/y-discrimination.

Ideally a narrow response function to monoenergetic neutrons should be the
desired for neutron spectrometers. A wide variety of designs have been proposed to do this.
Recoil telescopes can provide simple response functions but the price of doing that is
usually a very low neutron detection efficiency, typically <0.01%. Another approach that is

used to achieve a simple response function is the capture-gated neutron spectrometer [27-
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32]. This is a recoil detector spectrometer, usually a liquid or plastic scintillator, which
selects events in which neutrons transfer all their energy by elastic and inelastic scattering
within the scintillator. A delayed coincidence between the summed pulse height signal and
the subsequent (0.2-50 ms) signal due to capture of the neutron after moderation to a low
energy (<10 eV) is required. Neutron capture is detected by doping the organic scintillator
(liquid or plastic) with °B or °Li, or by incorporating a separate low-energy neutron
detector in the system. The neutron energy is obtained from the summed pulse height
signals which in general generate a broad distribution (FWHM ~50%). Detection

efficiencies of about 10% are achievable.

I.4 A recoil-proton spectrometer based on a monolithic silicon

telescope

A monolithic silicon telescope coupled to a polyethylene converter was studied by
Agosteo et al. [33,34] as a recoil-proton spectrometer for low-energy neutron fields. The
device consists of a surface AE stage, about 2 um in thickness, and an E stage, 500 pum in
thickness, made out of a single silicon wafer. The sensitive area of the detector is about 1
mm?. The two stages share a deep electrode obtained through an high-energy boron
implantation [35].

The neutron spectrometer is assembled by placing a 1 mm thick polyethylene layer
in contact with the AE stage of the monolithic silicon telescope. This device accomplishes
the role of detecting the recoil-protons generated in the converter by neutrons through
elastic scattering. The spectra acquired by the silicon detector correspond to the
distribution of energy deposited within the sensitive volume by recoil-protons only (apart
from the secondary electrons generated by background photons interacting with the
detector assembly).

Since the AE stage measures a LET-related quantity, the acquisition of the time-
correlated distribution of events which deposit an energy AE in the AE stage and a total
energy Etor in the whole detector (the so called AE- Etor scatter plot) allows a particle-

related event discrimination.
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As an example, a typical AE-Eror scatter plot obtained by irradiating with neutrons
generated through the bombardment of a thick beryllium target with 5 MeV protons is
shown in Fig.l.4. The distribution is characterized by three different populations: 1) recoil-
protons capable of reaching the E stage, which give rise to events at high Exg and Etor
values (black solid arrow); 2) secondary electrons generated by photons associated with the
neutron field, which are concentrated at low Exg and Eror values (grey solid arrow); 3)
recoil-protons stopping in the AE stage, for which E g must be equal to Etor (black dashed
arrow).
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Fig.1.4: AE-E1o7 Scatter plot obtained by irradiating with neutrons generated by
5 MeV protons striking a thick-beryllium target [34].

The neutron fluence spectral distributions are reconstructed with an unfolding
algorithm based on a non-linear least-squares method. The response matrix was calculated
by using an analytical model developed by Agosteo and Pola [36]. The initial guess for the
iterative unfolding procedure is uniform in energy. The results are compared with the data
obtained by Howard et al. [10] with time-of-flight techniques (ToF) in Fig.l1.5.
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Fig.1.5: Distributions of neutron yield (5 MeV protons on Be),
comparison with the work by Howard et al. [10,34].

The aim of the research activity carried out in the framework of this PhD thesis was
to develop a simple and compact device able to perform real-time neutron spectrometry
with high resolution. The instruments described in the previous paragraphs do not allow to
reach this objectives. TOF systems are typically very large and complex. On the other
hand, the multisphere and recoil nuclei devices need the use of dedicated unfolding
procedures to obtain neutron spectra, and these i) limit the simplicity, ii) deteriorate their
energy resolution and iii) prevent the possibility of a real-time measurement of neutron
spectra

In order to achieve the research goals, a new design for an active converter
spectrometer based on the recoil-proton method has been studied, as described in the next

chapters.



Chapter Il

ANALYTICAL MODEL AND
FEASIBILITY STUDY

The aim of this PhD Thesis is to study, develop and characterize an innovative
system compact, transportable and able to perform real-time neutron spectrometry with
high resolution.

The first step of the research activity was the design of the system structure and the
study of its performances in terms of response function features. To do this, a detailed
analytical model was developed and used to derive the best detection geometry of the
system proposed.

The numerical study based on the analytical model led to a new spectrometer based
on the recoil-proton spectrometry technique, but with a completely innovative geometrical
structure and data processing which allow to performed a real-time characterization of
neutron fields.

The detection system consists of a plastic scintillator coupled to a photomultiplier
and a residual energy measurement stage constituted by a monolithic silicon telescope
(MST). The scintillator acts as an “active” converter while the silicon device measures the
residual energy protons have at the outer converter interface and effectively discriminate
them from photons associated to the neutron field.

10
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II.1 Spectrometer Design

The detection system already proposed in literature by Agosteo et al. consisted of a
MST directly coupled to a polyethylene layer 1 mm thick (Fig.1l.1). As mentioned in
Chapter 1, the silicon device is a device characterized by a dead layer of titanium (about
0.24 um thick), a thin AE stage (about 2 um thick), and a 500 um thick E stage.
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Fig.11.1: The Monolithic Silicon Telescope coupled with a plastic layer.

The role of the MST was to measure the distribution of the residual energy of
recoil-proton generated at all emission angles by the neutron field via elastic scattering in
the polyethylene radiator. The term residual refers to the attenuation process that protons
undergo before exiting the radiator.

Generally, for a neutron of energy E, the energy transferred to a nucleus of mass A
through an elastic collision is given by:

Epy = —2—- cos2(0) - E, , (11.1)

- (A+1)2

where 0 is the scattering angle of the recoil-nucleus with respect to the neutron direction of
incidence in the laboratory system.

As mentioned, recoil-protons are attenuated inside the converter, so part of the
information about their starting energy is lost. The first solution proposed consists in

replacing the plastic converter with a plastic scintillator, i.e. a polyvinyltoluene-based
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scintillator. By doing that it is possible to measure the energy lost in the converter. By
summing this energy to the one measured by the silicon detector, the total recoil-proton
energy can be calculated.

From equation (11.1), we can obtain the recoil-proton energy by assuming A=1 so
that:

E, = E, - cos?(6). (11.2)

Then, by measuring the recoil-proton energy at all emission angles, the obtained
spectrum is distributed from 0 to the neutron energy E,, making necessary the use of
unfolding procedures. In order to reduce the distribution to a narrow peak response, it is
necessary to reduce the emission angle range. Therefore, the second solution proposed is to
move the converter far from the silicon detector. In order to avoid the attenuation of recoil
protons in the air gap created between the scintillator and the MST, the system must work

in vacuum.

II.2 Particle trajectory and energy deposition

The analytical approach described in the following is based on the energy-range
and energy-stopping power relations taken from ICRU 49 report [37] and SRIM
code [38,39].

The model, based on that proposed by Agosteo and Pola [36,40-41], calculates the
energy deposited in all stages of the system by recoil protons set in motion in the converter
by the neutron field. Fig.11.2 shows a sketch of the detection geometry of the model. The
original version of the model was developed for the configuration with the converter

placed in contact with the telescope (distR equal to 0).
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Fig.11.2: Interaction geometry for a neutron with energy E, [42].

Recoil-protons must exit the polyvinyltoluene converter, cross the titanium dead layer,
reach the AE stage and possibly enter the E stage. The chance of reaching the AE stage
depends both on geometry and energy deposition.

From a starting position inside the converter (x,y,z), by defining L, the half of the
detector side, the recoil-proton has to enter the titanium layer with coordinates |X,| and

Y iv| both less than Ly, where:

Xy =x+ (z+ distR + a) - tg(0) - cos(p) (113)
Yyio =y + (z+ distR + a) - tg(0) - sin(p) ' '

being 6 and ¢ the recoil-proton emission angles and a the dead layer thickness (Fig.11.3).
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Fig.11.3: Interaction geometry: 3D description of the recoil-proton trajectory [42].

As indicated in (11.2) the recoil-proton is set in motion with E, = E,, - cos?(6). It

must start from a depth z lower than R"*Y (Ep) - cos(0) in order to have an energy sufficient
to exit the polyvinyltoluene converter.

The projected range RPY(Ein,) of the recoil proton at the converter-MST interface is
then the difference between the initial range and the traveled distance:

zZ

RPOY (Ejny) = RPOY(Ey - cos*(8)) — — ok (11.4)
By inverting the range-energy relation, the energy Ei,: can be obtained:
E; (6, 2) = EPOY (Rp‘”y(En - c0s2(0)) — = 0)) , (11.5)

and the energy deposited in the converter is:

Econv(8,2) = En* c05*(8)—Ein(6,2) . (11.6)
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The analytical model proposed in this work has been modified in order to take into
account also the air volume between the converter and the silicon telescope. To reach the

distR
cos(8)

titanium dead layer, the proton must have R4 (E;,.) > By using the same

procedure as for the previous layer, the residual range and energy in air are:

i i distR
R (Egor) = RAT(Eine (6,2)) = 5. (11.7)
i i distR
Earor(8,2) = E47 (RAT (Eyny(8,2)) — S5 (118)

Since, to be revealed, the proton must cross the titanium dead layer and release

a

energy inside the AE stage, the range in titanium must be RT{(E o) > 050}’ The range
and energy of the exiting proton are then:

R™(Ecer) = R (Earor(6,2)) = (11.9)
Ever(8,2) = E™ (R™(Earot (6,2)) — 52g5) - (11.10)

A proton reaching the AE stage is revealed by the telescope, regardless of its ability

to reach the E stage. The residual proton range and energy after the AE stage are:

h
cos(8) '

RSY(Eg) = RSY(E(6,2)) — (11.11)

Eg(8,2) = ES (RS{(E,e1(6,2)) — CO:( 9)) . (1.12)

The (11.11) and (11.12) are valid for protons which cross the AE stage (“crossers”).

If the recoil-proton range after the dead layer is RS{(E,e)) < #@, it stops in the AE stage

(“stoppers™), and Eg is equal to 0. In both cases, the energy released in the AE stage is:

Exg(0,2z) = E¢1(0,2) — Eg(0, 2). (11.13)
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II.3 Neutron interaction probability in the radiator

The simulations described in the following paragraph are calculated by normalizing
the neutron distributions to a single neutron interaction. Therefore, for a quantitative
evaluation of the fluence response functions, these distributions must be multiplied by the
probability =n(E,) of generating a recoil-proton in the polyvinyltoluene radiator per unit
neutron fluence. This probability must take into account the attenuation of the neutron field
inside polyvinyltoluene, which increases for decreasing neutron energies.

The probability ©(E,) was calculated by assuming the exponential attenuation of the
neutron fluence and neglecting multiple scattering. By integrating the probability of
undergoing an interaction with hydrogen nuclei per unit path length over the layer of

interest, the following expression derives:
T(En) = A" [, porys 5 €00 Ty - dx, (11.14)

where A is the detector sensitive area, L is the thickness of the polyvinyltoluene layer
(2 mm), X is the macroscopic cross section of hydrogen, X is the total macroscopic cross
section (hydrogen plus carbon) at the energy E, and RPY (E,) is the maximum range in

polyvinyltoluene of recoil-protons, i.e. the thickness of the layer of interest.

I1.4 Monte Carlo simulations

The analytical model described in Paragraph Il was used for the analytical
calculation of the spectrometer response functions. It should be underlined that Monte
Carlo method was used to calculate numerically the integrals of the model.

For each neutron event, the energy of the particle is sampled from a given
distribution, taking into account the neutron scattering probability. The coordinates x and y
are sampled from uniform distributions inside the converter area (both rectangular and
circular area models were implemented), while the z coordinate is sampled from a uniform

distribution between 0 and R7Y(E,).
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The scattering angle ¢ is sampled from a distribution between 0 and 2.
Below 10 MeV, only s-wave neutrons can interact with the nucleus, and the
scattering angular distribution can be considered isotropic in the center-of-mass system.
In the laboratory system, recoil-protons are distributed uniformly from 6 = 0°to 6 =
90° in each [d cos?0] element. Since the recoil-proton energy E, is given by E,, - cos*(0)

(11.2), the uniform distribution of cos?(8) corresponds to the uniform distribution of Ep.

Since:
pdf(cos? 8)d cos? 0 = pdf(0)d0, (11.15)
pdf (6) = pdf (cos? ) 222 = 2 sino, (11.16)

it is possible to sample the angle 6:

1—cos 26
2

cdf(0) = [} 2+ sin0'd6’ = (1.17)
From the six quantities energy, starting coordinates, 6 and ¢, the arrival point of the

proton and the deposited energies are calculated. Protons which do not reach the AE stage

are discarded.

I1.5 Results

The system was firstly simulated in the classical configuration, with the plastic
converter close to the MST. Starting from a monoenergetic source, the effect of the
scattering reaction together with the energy loss of the proton inside the converter lead to a
broad continuum response of the silicon detector, with energy between 0 and En (see
Fig.11.4 and Fig.11.5).
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Fig.11.4: Source: monoenergetic neutrons of 3.31 MeV.
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Fig.11.5: Response of the silicon detector to monoenergetic neutrons of 3.31 MeV.

The energy deposited by the proton in the converter was then summed to the one
measured by the silicon detector in order to calculate the total recoil-proton energy.

As shown in Fig.11.6, a quasi-triangular distribution is obtained, with a maximum
value which correspond to the impinging neutron energy. The broadening of this

distribution is due to the angular distribution of the recoil proton (11.2).
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Fig.11.6: 3.31 MeV neutrons: distribution of the sum of the energy deposited in the converter and that

released in the silicon detector.

In order to reduce this distribution to a narrow peak response, the second idea was
implemented by separating the converter from the silicon detector and by considering the
gap between to the made of vacuum.

The calculated distributions show the effect that moving the converter far from the
silicon detector has on the width of the response function. At a distance of 20 mm,
corresponding to an emission angle 6,,,, = 7° , the response results to have an energy
width of ~50 keV FWHM.
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Fig.11.7: 3.31 MeV neutron source: distribution of the sum of the energy deposited in the converter in the

silicon detector at a converter -MST distance of 5 mm (green), 10 mm (blue) and 20 mm (red).
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Fig.11.8, Fig.11.9 and Fig.11.10 show the calculated spectra of the energy deposited

by recoil-protons in the converter energy, AE stage deposition and total deposition in the

MST respectively.
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Fig.11.8: Spectrum of the energy deposited in the converter for 3.31 MeV neutrons.
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Fig.11.9: Spectrum of the energy deposited in the AE stage for 3.31 MeV neutrons.
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Fig.11.10: Spectrum of the total energy deposited in the whole MST for 3.31 MeV neutrons.

Fig.11.11 shows the scatter plot of the energy Exg deposited in the AE stage and that
released in the whole telescope Ei. At lower energies all protons are stoppers and E e =
E:w. Therefore the distribution follows a straight line of unit slope. At energies higher than
about 200 keV protons cross the AE stage and the scatter plot assumes the trend shown.
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Fig.11.11: Ee-Ey Scatter plot for 3.31 MeV neutrons.
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Fig.11.12 shows the scatter plot of the energy deposited Econy in the converter and
that released in the whole telescope E. Apart from the contribution due to the titanium
layer, all the energy is divided between the converter and the MST, so that the relation is

linear with a negative unit slope.
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Fig.11.12: E .n-Ere scatter plot for 3.31 MeV neutrons.

With a response function to monoenergetic neutrons as narrow as demonstrated by
the analytical model, an unknown neutron spectrum can be reconstructed from that of the
recoil-protons just by taking into account the energy-dependent neutron interaction
probability, without the need of an unfolding procedure. This should allow to performed

real-time spectrometer.



Chapter II1

CHARACTERIZATION AND OPTIMIZATION
OF THE ACTIVE CONVERTER

The numerical study described in Chapter Il allowed to design a detection system
with  response functions to monoenergetic neutrons rather narrow. This result gave
confidence about the possibility of developing a spectrometer able to measure neutron
spectra in real-time, without the need of unfolding procedures.

The main feature of the new system is the introduction of an “active” converter
which i) converts neutrons into recoil-protons via elastic scattering and ii) measures the
energy loss of recoil-protons inside the converter. The latter information can be derived by
using an adequate photomultiplier stage coupled to a selected plastic scintillator.

In order to study the best solution which allows to acquire the scintillation light by
keeping the whole detecting system as compact as possible, two different devices were
studied: a compact commercial photomultiplier tube (PMT) and a silicon photomultiplier
(SiPM).

II1.1 Active converter: BC-404 plastic scintillator

The active converter spectrometer (ACSpect) is based on the use of a plastic
scintillator as a fast neutron converter.

The commercial product selected to this aim has been the BC-404 scintillator
fabricated by Saint-Gobain Crystals [43,44], a blue-emitting polyvinyltoluene based
scintillator. This material was chosen by taking into account i) the high light output (68%
of Anthracene), ii) the fast response (0.7 ns of rise time, 1.8 ns of decay time), iii) the

maximum emission wavelength (408 nm).

23
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Table I11.1 shows the main data about the BC-404 scintillator, while Fig.111.1 shows
the emission spectrum of the scintillator.

Light output (%oAnthracene) 68

Rise Time (ns) 0.7

Decay Time (ns) 1.8

Pulse Width in FWHM (ns) 2.2

Wavelength of Maximum Emission (nm) 408

Light Attenuation Lenght (cm) 140

Bulk Light Attenuation Lenght (cm) 160

Number of H atoms (cm™®) 5.21 10%

Number of C atoms (cm™) 4.47 10%

Ratio H:C Atoms 1.1

Density (g cm™®) 1.032

Refractive Index 1.58

Expansion Coefficient (°C™ (<67°C)) 7.810°

Softening Point (°C) 70

Vapor Pressure May be used in vacuum

Light Output -60°C to +20°C independent
form temperature, at 60°C it is
95% of that at 20°C

Table 111.1: Main data of the BC-404 scintillator [44].
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Fig.111.1: Nominal emission spectrum of the BC-404 scintillator [44].
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Fig.111.2 shows the dependence of the scintillation light output on the interacting
particle energy for different kind of particles. As can be observed the light output for
protons is generally quite low and one order of magnitude lower than that of electrons. At
energies lower than 1 MeV the total number of optical photons generated are lower than a

thousand. This affect the uncertainty of the information provided by the scintillator.
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Fig.111.2: Scintillation Light Produced vs. Particle Energy in the BC-404 scintillator [43].

The scintillator was shaped from a sheet 2 mm in thickness, obtaining dimensions
of 7.3 mm x 9.5 mm. The lateral and the top faces (the neutron entrance) were covered
with BC-620 paint [41], a reflector based on titanium dioxide. A sample of the obtained

converter is shown Fig.111.3.

Fig.111.3: A sample of the BC-404 scintillator —based converter covered with BC-620 reflective paint.
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The scintillator interface was coupled to a PMT using a BC-630 silicone optical
grease [43], a low evaporation compound with a density of 1.06 g cm™ and refractive index
of 1.465, both close to that of the scintillator.

IV.2 Photomultiplier tube: H10720-110

The selection of the best photomultiplier tube for the active converter was based on
the following needs: i) small size to keep the whole system as simple as possible; ii) high
sensitivity in the visible range to match the weak scintillator response; iii) high speed
response to manage high count rates (mainly due to photons).

By taking into account these requirements, the photomultiplier tube H10720-110
fabricated by Hamamatsu was adopted [45]. This device is a module containing a high-
voltage power supply circuit and a photomultiplier tube R9880U-110 [46].

Fig.111.4 shows the device with its power supply circuit, while Table 111.2 shows the

main data about the PMT package.

Fig.111.4: H10720-110 PMT with its power supply circuit.
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Spectral Response (hm) 230-700
Input Voltage (V) +4.5-+455
Max. Input Current (mA) 2.7
Max. Output Current (LA) 100
Control Voltage (V) +0.5t0 +1.1
Effective Area @ (mm) 8
Peak Sensitivity Wavelength (nm) 400
Rise Time (ns) 0.57
Operating Temperature (°C) +5 to +50
Weight (g) 45
Width x Height x Depth (mm) 25 x 18 x 50

Cathode
Luminous Sensitivity (LA/Im) 105
Blue Sensitivity Index 13.5
Radiant Sensitivity (mA/W) 110

Anode

Luminous Sensitivity (A/lm) 210
Radiant Sensitivity (A/W) 2.2:10°
Dark Current (nA) 1

Table 111.2: Features of the H10720-110 PMT [45].

Fig.111.5 shows the quantum efficiency and the radiant sensitivity as a function of
the wavelength (left). The maximum value of the quantum efficiency is located in the 300-
400 nm interval, matching the 408 nm maximum emission value of the BC-404 scintillator.
Fig.I11.5 right side shows also the gain of the photomultiplier as a function of the control

voltage (voltage that must be provided to the module to set the PMT gain).

MHBOS20EA
PMHBDBI4EA

. . T
1000 = 1o

R9880U-210

108

o
=]

D o
NSt
1
!
T

108 /

R9880U-110

N

5
L 11
=
GAIN

7
v

“‘. \ /
o 104

A

v

3

CATHODE RADIANT SENSITIVITY (mA/W)
QUANTUM EFFICIENCY (%)

0 108

[
A L
200 300 400 500 600 700 800 900 1000 0.5 0.6 0.7 0.8 09 1.0 14

WAVELENGTH (nm) CONTROL VOLTAGE (V)

Fig.111.5: Dependence of the quantum efficiency and radiant sensitivity of the R9880U-110 PMT on the
incoming photon wavelength (left). PMT gain as a function of the control voltage (right) [46].
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The power supply circuit was set to provide +5 V as input voltage, and the control
voltage was set at 1.05 V, corresponding to a gain of about 2.8-10°.
This PMT package is not designed to work in vacuum, so the layout of the system

was conceived to place the device outside the vacuum volume.

II1.3 Silicon Photomultipliers

Although the photomultiplier tubes (PMT) remain at the present time the most
commonly used devices for scintillation light acquisition, recently new compact solutions
based on silicon devices has been proposed. With respect to standard PMT these
semiconductor devices offer a higher quantum efficiency (defined as the average number
of emitted photoelectrons per incident photon), fast response, lower power requirements,
reduced size and immunity to magnetic fields.

The SiPM consists of an array of independent and identical microcells working
together as digital photon counters [47] on a common load.

Essentially, every cell is a Geiger-mode avalanche photodiode (G-APD), a p-n
junctions biased at a voltage above the breakdown threshold [48]. At this bias, the electric
field is so high (>3x10° V/cm) that a single charge carrier injected in the depletion layer
can trigger a self-sustaining avalanche [49]. Current continues to flow until the avalanche
is quenched, by lowering the bias voltage down to or below the breakdown threshold.

The number of cells that produce a discharge in a scintillation event is then
proportional to the number of incident optical photons. Each cell produces a pulse at the
same time (in coincidence), leading to an output signal given by the pile-up of all pulses.
Since in a typical scintillation event thousands of photons are produced, the number of
cells of a SiPM should be approximately that order of magnitude.

The SiPM has a high sensitivity with respect to both single electron produced by
scintillation photons (the signal) and electrons promoted to the conduction band due to
thermal excitation (the background). In particular, the latter generate random pulses, called
darkcount, which are constantly added to the scintillation signal. The darkcount rate at
room temperature for a SiPM can reach values of 10° pulses per second per mm? [50].

Most of darkcount events are generated by single cells, therefore the contribution due to
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darkcount may be reduced a few orders of magnitude by applying an acquisition threshold
to the SiPM output signal. The proper threshold level must be selected experimentally and
typically corresponds to the amplitude of signals due to pile up of a few cells (three or
four).

The darkcount rate could also be reduced by cooling the device, but this can be
done at the cost of an higher noise level due to the afterpulsing, a phenomenon associated
to the delayed emission of electrons trapped by impurities in silicon. This electron
emission can trigger a delayed avalanche inside the cell some microseconds after the main
signal (Fig.I11.6). The contribution of an afterpulsing event to the output signal depends on
its delay of occurrence, that grows by a factor of 3 for a temperature reduction of 25 ° C
[51].
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Fig.111.6: Probability of a delayed release of carriers as a function of the time after a breakdown event [52].

Avalanches triggered with a short delay contribute only partially because the cells
in which they occur are not yet fully charged. However, these events affect the charging
time of the device. The time required for a cell to recharge after the avalanche process is
interrupted depends mainly on the size of the cell. Afterpulsing events can prolong the
charging time of the cell because the process must start again after every discharge, even
partially. Some SiPMs require hundreds of microseconds for a new signal to reach the 95%
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of their performance. The charging time can be reduced by using small cells and by
operating at low gains.

During an avalanche, every 10° charge carriers 3 photons on average are emitted
with energy greater than 1.14 eV (silicon Egsp) [49]. It is therefore possible that these
photons escape from their original cell and interact with the closest cells, triggering another
avalanche (Fig.I11.7).

T. e

&

Fig.111.7: Crosstalk event in multi-cells SiPM [51].

This is a stochastic phenomenon, known as crosstalk, which introduces an
additional statistical fluctuation of the output signal. It can be reduced by placing opaque
septa between adjacent cells, though photons emitted during the avalanche can be reflected
in the scintillator and overcome the septa between the individual cells.

I11.4 SiPM characterization

In order to study the possibility of using a SiPM device as the active converter of
the ACSpect, a thorough characterization of its response was carried out.

The adopted specimen was a SiPM constituted by matrix of 60x60 cells, with a
total active area of 10 mm?. Fig.I11.8 shows the device coupled with a BC-404 plastic
scintillator (polyvinyltoluene) and the associated front-end electronics.

The data acquisition and analysis were performed through a dedicated software for
digital data acquisition developed in LabVIEW environment [53] in the framework of this

thesis.
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Fig.I11.8: Picture of the set-up used to test the SiPM coupled with a BC-404 scintillator.

The first tests concerned the darkcount analysis. Since the SiPM output signals are
pulses of exponentially decaying shape with a time constant of 70 ns which can pile up, a
dedicated signal identification and filtering procedure was developed. This procedure is
based on the digitalization of trains of darkcount signals and the subsequent deconvolution
of this data with the pulse response of the SiPM (found to be an exponential function).
Fig.111.9 shows the results of the darkcount signal analysis after the deconvolution
procedure and after filtering with a triangular filter (final).
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Fig.111.9: Darkcount signals from PMT (black), after deconvolution (red) and triangular filtering (blue).
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The filtered signal was then analyzed through two different peak search routines:
one based on a quadratic peak fitting procedure and a second one which employs a gated
integrator algorithm.

Fig.111.10 shows the darkcount spectra obtained at different bias voltages
(from 28 V to 33 V) through the quadratic peak fitting routine. By a thorough analysis of
these results a breakdown voltage of about 29.2 V was determined.
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Fig.111.10: Darkcount spectra at different bias voltages. Spectra obtained by means of a quadratic polynomial

peak fitting. Spectra were normalized to unit area.

Spectra at 28 V and 29 V show only noise signal being the SiPM below the
breakdown voltage, where the avalanche process cannot be triggered. Above the
breakdown threshold the avalanche can occur and the darkcount rate increases with the
bias voltage. Nevertheless, higher voltages lead to higher gain and better signal-noise
ratios.

The darkcount rate distribution at 33V was studied also with the gated integrator
routine, by setting the discrimination threshold in order to exclude the background noise.
Fig.l11.11 shows the differential and the integral distribution of pulses obtained.

In Fig.111.12 the single-cell and the double-cell darkcount event peaks are fitted with
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Gaussian curves. The single cell area was found to be 51.25 pVs, with a standard deviation

of 4.67 pVs, corresponding to a signal-noise ratio of 10.97.
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.111.11: Darkcount differential and integral spectra at 33V of bias voltage.

Spectra obtained with a gated integrator algorithm. Spectra normalized to unit area.
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Fig.111.12: Darkcount differential spectra at 33V of bias voltage.

Gaussian fit of the single-cell and double-cell darkcount events peaks.
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The time intervals between two subsequent pulses were also studied. The
distribution in Fig.l11.13 was fitted with an exponential function having mean value of
T = 75 ns. The good agreement of the exponential curves confirms the Poisson statistics of
pulses, while the small additional contribution below 100 ns can be attributed to

afterpulsing phenomena.
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Fig.111.13: Spectrum of time intervals between subsequent darkcount pulses;

exponential fit (red) with time constant t = 75 ns.

The mean darkcount rate DCR can be evaluated as the inverse of the mean time
interval value: DCR = 1.32-10" counts/s. By multiplying the darkcount intergral spectrum
by the mean darkcount rate, the so called “staircase function” is obtained (Fig.II1.14).This
is characterized by a series of plateaus (each corresponding to N-cells events) whose value
decreases sharply (typically an order of magnitude in frequency) for defined thresholds.

The staircase function is useful to select the discrimination threshold according to
the corresponding darkcount rate.

Setting the threshold at 0.5 photo-electron (“half-photon threshold”), and counting
the number of pulses that exceed this value, it gives the number of times that one or more
photons are detected. By counting the number of pulses that exceed the threshold at a
number N-0.5 photo-electrons gives the number of times that N or more photons are
detected.
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Fig.111.14: Obtained darkcount rate staircase function.

Fig.111.15 shows the correlation distribution of the time between a darkcount pulse
(center line) of any amplitude and the previous (left half) and following (right half) events.
On the right half, in the single-cell events part, the circle highlights events with increasing
pulse area in function of the time elapsed: these events are generated during the recharging

of a cell, therefore due to afterpulsing.
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Fig.111.15: 2D spectrum of the correlation between a pulse and the previous and next;

in the circle the recharging of the cells.
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The SiPM coupled with the BC-404 scintillator was tested with **Am and **'Cs

sources. Fig.111.16 shows the signal filtering of a registered pulse.
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Fig.111.16: Signals obtained by irradiating the SiPM coupled with a BC-404 scintillator.
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Fig.111.17: Spectrum obtained by irradiating the SiPM coupled with a BC-404 scintillator

with 2*Am and *’Cs sources.
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The spectra of the two sources obtained with the SiPM is shown in Fig.111.17. The
peak corresponding to the 59.5 keV photons from ***Am resulted to be generated by about
21 cells, while the 661.7 keV photons from **’Cs correspond to 233 cells, suggesting a
linear behavior of the device.

The BC-404 datasheet (Fig.lll1.2) provides a photon generation of about 10
photons/keV. This leads to a ratio between the collected and the generated photons
(collection efficiency) of 3.5%. It must be underlined that in these tests the SiPM-
scintillator coupling was not optimized and the scintillator surface was not protected by

reflecting materials.

II1.5 SiPM-PMT comparison

A direct comparison was also performed between the studied SiPM and the
commercial photomultiplier tube H10720-110 (made by Hamamtsu). The two devices
were coupled with a BC-404 scintillator and irradiated at the same time with a *¥'Cs
source.

The two spectra, normalized to unit area, are compared in Fig.111.18. As can be
observed, the PMT resolution is definitely better: the y peak of the **’Cs at 661.7 keV has a
FWHM of 29.4% for the SiPM and 5.2% for the PMT.
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Fig.111.18: Spectra obtained by irradiating the SiPM and the PMT,

coupled with BC-404 scintillators, with a **'Cs source.
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A first version of the whole Active Converter Spectrometer was developed to
characterize the performances of both photomultipliers in coincidence with the Monolithic
Silicon Telescope (Fig.111.19). Tests were performed at INFN Laboratori Nazionali di
Legnaro (LNL) with 3.31 MeV monoenergetic neutrons generated by 5 MeV protons
delivered on a thin LiF target (700 ug/cm?).

Fig.111.19: A test version of the Active Converter Spectrometer: on the case wall the SiPM, in the centre
(black) the PMT, both with scintillator and collimator, on the bottom the MST (rear).

After being irradiated with a total fluence of 2.22 - 108 n- cm™2, the SiPM device
resulted to be damage by neutrons. Therefore it demonstrated to be unsuited for working in
fast neutron fields.

II1.6 PMT photon collection efficiency

The PMT was selected as the best solution for collecting the scintillation light of
the active converter.

Test measurements were performed in order to study the efficiency of the
scintillator-PMT coupling in terms of photon collection.
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A preliminary test was conducted by irradiating the device with a **’Cs source and
by acquiring directly the output of the PMT.

The number of detected photons was calculated from the pulses area:

Photons = —2%_ | (1.2)
R-e-G-QE

where Area is expressed in V-s, R is the termination impedance of the output signal (50 Q),
e is the charge of the electron (1.602 - 1071° C), G is the PMT gain (2.8 - 10°) and QE is
its nominal quantum efficiency (30%).

The resulting spectrum is shown in Fig.l11.20. The **'Cs 661.7 keV peak
corresponds to 1800 photons. The BC-404 datasheet (Fig.111.2) provides for this energy a
photon generation of 6600 photons, so the collected photons are the 27.3% of the generated

ones.
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Fig.111.20: Spectrum of a *’Cs source from direct PMT output.

In order to measure the light generation and collection efficiency of the system
scintillator-PMT irradiated with neutrons, the same procedure was repeated during the
preliminary irradiations with neutrons.

The spectrum of the energy deposited in the converter was firstly acquired

independently of the rest of the system, by digitizing the PMT output signals of the PMT.
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In this configuration events detected by the scintillating converter were mainly due to
photons associated to the neutron field. The light collection efficiency was calculated with
the (111.1).

The signals generated by the scintillating converter were also acquired in
coincidence with those produced by the MST in order to select only those events generated
by neutrons.

Fig.111.21 shows the spectrum of the PMT output expressed in detected photons. In

Fig.111.22 is shown also the spectrum with a without coincidence technique.
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Fig.111.21: Spectrum collected with a 3.31 MeV neutron beam: PMT output.
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Fig.111.22: Spectra collected with a 3.31 MeV neutron beam: amplified output without coincidence (black),

amplified output with coincidence (red).
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The spectrum acquired with the electronic chain was then compared with the one of
the PMT output in order to calibrate the amplified signal spectra in terms of detected

photons. Fig.111.23 shows the results of this calibration procedure.
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Fig.111.23: Spectra of a 3.31 MeV neutron beam; direct PMT output (blue),

amplified output without coincidence (black), amplified output with coincidence (red).

The spectrum derived in coincidence has a maximum at about 2250 photons, while
the scintillator datasheet provides a number of 9000 photons for the energy of the
measured neutron beam. The collected photons resulted to be the 25% of the generated

ones, in agreement with the preliminary test.

IT1.7 Non-linearity of the converter

Preliminary tests with monoenergetic neutrons highlighted a non-linearity in the
behavior of the converter. The comparison between the analytical behaviour described in

Chapter Il and the acquired data is presented in Fig.111.24.
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Fig.111.24: Egiw-Etor scatter plot obtained with a 3.31 MeV neutron beam (black)

and expected trend (blue).

This non-linear behavior is due to the light generation process in the plastic
scintillator. It is well known that a high ionization density alters the behavior of the
molecules of the organic medium along the particle track, affecting the scintillation process
by lowering the light conversion yield.

The Birks’ Law [54,55] describes the dependence of the light emitted per unit
length dL/dx on the energy loss per unit path dE/dx (stopping power) of the interacting

particle:
E 0.4 LdE’ (1n.2)
1+kB'a

where kg is the Birks’ constant, which depends on the scintillating material. kg is estimated

to be 0.088 mm/keV for polyvinyltoluene based scintillators [56].
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The integration of equation (111.2) gives:

L= fOEp d; 5 — dE . (111.3)
1+kp(3) (B

poly
where L is the generated light, E,, is the proton energy, (Z—i) (E) is the proton stopping

power in polyvinyltoluene as a function of the proton energy.
This model represents the light generated by a proton which stops in the converter.
Fig.111.25 shows the curves obtained with the model setting ks = 0 mm/keV
and kg = 0.088 mm/keV.
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Fig.111.25: Light generation model: linear for kg = 0 mm/keV and non-linear for kg = 0.088 mm/keV.

II1.8 Correction procedure

An analytical procedure was studied in order to test the possibility of correcting the

non-linearity of the scintillator output. The procedure derives directly the total recoil-
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proton energy Ep from the two measured quantities: the light emitted in the scintillator
Lscint and the energy deposited in silicon Etg. (Fig.111.26, both in orange).

The algorithm calculates the equivalent quantity of light Lgo (green) that
corresponds to the residual recoil-proton energy measured by the telescope Erg,.

The quantity Lgg is then summed to Lscint to estimate the total light (Lp, ruby)
generated by a recoil-proton of energy Ep. Finally, the total recoil proton energy Ep (ruby)

is derived from Lp by applying the reverse function of equation (I11.3) calculated

numerically.
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Fig.111.26: Representation of the correction procedure for the recovering of the total proton energy.

The energy deposited in the converter Escint (green) can be calculated by
subtracting E1g. from Ep.

The correction procedure was directly implemented in the model described in
Chapter I1. Fig.l11.27 shows the result obtained by applying the correction algorithm to the
measured values. As can be observed, the linearization procedure demonstrates to be very

effective.
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Fig.111.27: Egin-Etor scatter plot obtined with a 3.31 MeV neutron beam: acquired data (black),

non-linear trend (green), corrected data (red) and linear trend (blue).



Chapter IV

ACTIVE CONVERTER SPECTROMETER:
SYSTEM LAYOUT

The analytical model (Chapter I1) and the preliminary measurements with neutrons
(Chapter 111) highlighted the feasibility of the Active Converter Spectrometer ACSpect.

The test version of the complete system was designed in order to optimize the
geometry and the performance of the spectrometer, in particular the need of a vacuum
region between the converter and the silicon telescope. The construction was entirely
carried out by the author of this thesis at the laboratories of the Nuclear Engineering

Section of the Department of Energy, Politecnico di Milano.

IV.1 Complete layout of the ACSpect

The ACSpect consists of a combination of two stages: the active converter, based
on a plastic scintillator, and a Monolithic Silicon Telescope, which acts as a recoil-proton
residual energy measurement stage.

The selected MST is the prototype R327-12 #5 M1, a specimen characterized by a
square area of 1 mm?. Fig.IV.6 shows the MST and its assembly.

The main problem to face to assembly the actual system is the need of a vacuum
layer between the converter and the MST. The final solution adopted to cope with that was
to place the MST of Fig.l1V.1 in a small aluminum box, 52 mm x 38 mm x 21 mm.

46
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Fig.1V.1: The MST: from the left, the detector, front and rear of the assembly.

The box was equipped with a vacuum connector (Fig.1V.2, top-left) and a gasket
was added to the lid in order to seal the case. An aluminum collimator (top-right) was then
glued to the box to make a channel 4 mm in diameter and 2 cm in length for recoil-proton
passage from the converter to the MST. The collimator was provided at one end with an o-
ring. The plastic converter was finally coupled to the o-ring in order to complete the
sealing of the box (bottom). Doing so recoil-protons directly enter the vacuum region,
cross the collimation channel and imping on the MST. This configuration also grants the

alignment between the converter and the MST.

Fig.1V.2: The MST vacuum case: vacuum connector (top, left), aluminum collimator (top, right, red arrow)

and the final assembly with the gasket and the converter sealing.
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The actual distance between the converter and the MST resulted to be 21 mm. By
considering the effective converter area, given by the collimator diameter, the maximum
emitting angle of recoil-protons that reach the MST is 6 = 7.35°. Therefore, being the
proton energy given by E, = Ej, - cos2(8) (2.11), the nominal recoil-proton uncertainty due

to geometrical collimation is about £1.63%.

The ACSpect layout was completed by adding the front-end electronics of the
MST. Two custom charge sensitive preamplifiers (Fig.IV.3, left) were connected to the
device. These are modules entirely built in the Nuclear Electronics Laboratories of the
Department of Energy, Politecnico di Milano. The boards were connected to the MST in
the so called AE-Erot configuration, i.e. the charge is collected from the AE stage (to a
preamplifier with an injection capacitance of 2.7 pF) and from the p* common layer
(preamplifier Ci,; = 10.34 pF) in order to get directly the total energy deposited inside the
MST. The system was also tested with a commercial Cremat CR-110 charge sensitive
preamplifier [57] mounted on a CR-150 board [58] (Fig.IV.3, right).

— "
‘-’ Cremat, Inc.

CR-110

ev. 2

Fig.IV.3: MST front-end electronics: preamp2007 charge preamplifiers (left)
and Cremat integrated charge sensitive preamplifier CR-110 on CR-150 board (right).

All the components were placed in a 122 mm x 172 mm x 54 mm aluminum box,
coupling the MST-converter vacuum case with the PMT. Fig.IV.4 shows the final

ACSpect assembly.
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/
1 mm? monolithic Vacuum
silicon telescope H10720-110
photomultiplier

Fig.1V.4: The ACSpect: the vacuum case of the MST
sealed by the converter and coupled with the PMT.
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IV.2 Experimental Setup

During the measurement campaigns, the MST stages were biased and connected to
two different electronic chains, utilized to amplify and shape the signals generated by the
interacting radiation. In particular, the AE stage was connected to a standard Ortec 671
amplifier module, the common p* layer was biased at an operative voltage of -6 V and
connected to a Ortec 671 module, and the E stage was biased with an operative voltage of
+150 V. The preamplifiers were powered with a 12 V source. The shaping times were set
at 3 us for the AE stage and 2 us for the common layer, in order to maximize the signal to
noise ratio.

The PMT was powered with a +5 V source, and the output signals were amplified
with a Silena 7611 standard amplifier module, able to set a fast shaping time of 250 ns.

The output signals of the three chains were acquired by a commercial fast digitizer,
Pico Technology’s PicoScope 4424 [59], controlled by the dedicated software described in
the next chapter. The device has a 12 bit resolution, and it was set to acquire signals from

three input channels at a sampling frequency of 20 MS/s, using the AE signals as trigger

events.
A scheme of the whole ACSpect chain is shown in Fig.IV.5.

______________ KE“““““““““_
Charge Spectroscopy
sensitive | Amplifier

Converter preamplifier (t=3nps)
""""""""""""""""""""" Picoscope
PMT Charge Spectroscopy 4424 | | |

sensitive - Amplifier

preamplifier

(t=2ps)

Amplifier

1
1
Spectroscopy i
1
(r=250ns) |!

Fig.1V.5: Scheme of the ACSpect chain.
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IV.3 Energy calibration

The AE and Etor chains were calibrated through a electronic calibration procedure.

The deposited energy and the generated charge are related as follows:

E = Q'Esl" (IV.1)

where e is the charge of the electron (1.602 - 10719 C), &g; is the mean energy required to
create an electron-hole pair in silicon (3.62 eV).
By knowing the value of a test capacitance Cinj, the charge generated by a signal

test of amplitude Vtest is:

Qtest = Vtest - Cinj . (IV.2)

From (1V.1) and (IV.2) we can obtained the relation:

Viest Cinj €si
Etest = , (IV.3)

e

which gives the equivalent energy.

With (IV.3) it is possible to calculate the energy associated to test pulses and
calibrate the complete chain.

As far as the active converter chain is concerned, the light generation is not linearly
related to the energy deposited in the scintillator as discussed in the previous chapter.

From the non-linearity analysis (111.3):

L=f> - dE

1+kB-(Z—i)pOly(E)

we can link the energy, in eV, to the light expressed in arbitrary units. By calibrating the

acquired signals distribution (Fig.IV.6, black) with the non-linear simulated light curve
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(green), the obtained corrected events (red) are actually the events calibrated in terms of

energ
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Fig.1V.6: EgiwEtor scatter plot: by matching the acquired events distribution (black)
with the non-linear trend (green), the corrected events (red) are properly calibrated in energy.
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Chapter V

DATA ACQUISITION AND PROCESSING
SOFTWARE

In order to allow the ACSpect to perform real-time spectrometry, a dedicated
LabVIEW software was developed to deal with the main processing issues: data sampling
and acquisition, triple timing coincidence, particle discrimination, non-linear light
generation correction.

Part of the digital control routines, the whole calibration, coincidence,
discrimination, correction and time analysis routines and part of the spectra and scatter plot
routines were specifically developed for this software.

As mentioned in the previous chapter, the output signals of the ACSpect were
acquired by a PicoScope 4424. The digitizer control and data sampling procedures have
been developed on libraries provided by Pico Technology.

In real-time, the processing software manages:
¢ Signal peak search based on a quadratic fit;

e Energy calibration (energy for AE and Etor stages and arbitrary light units for the
PMT);

e Triple coincidence between the three stages of the ACSpect and discrimination of the
proton-related events;

e Non-linear light generation correction procedure;

e Calculation and display of spectra related to accepted and rejected events of the three
stages, corrected events for the converter, total energy events for protons, neutron
spectrum (by taking into account eqg. (1)), and 2D scatter plots related to AE- Etor
distribution, Ee-Escint distribution.

The software is able to perform post-processing for time coincidence analysis and

3D scatter plot generation.
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V.1 Peak detection, energy calibration, timing coincidence and

proton discrimination

The detection of signal peaks is performed by a LabVIEW built-in algorithm that
fits a quadratic polynomial to sequential groups of data points when a minimum number of
samples are above a selected threshold.

After the calibration, the time coincidence between the three stages events (AE
stage, Etor stage, converter-PMT) and the associated event discrimination are performed
by referring to the AE output, used as trigger for the data acquisition. A LabVIEW diagram
of routines for peak searching (red), calibration (green) and coincidence calculation (blue)
is shown in Fig.V.1.
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Fig.V.1: LabVIEW diagram of the peak search (red), calibration (green)

and coincidence parameters calculation (blue).
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The software described above was tested for the experimental characterization of
the ACSpect. The ACSpect was irradiated with 3.31 MeV monoenergetic neutrons at the
Legnaro National Laboratories of INFN (see preliminary tests in Chapter Il and Chapter
IV). Fig.V.2 shows the results of processing carried out by the time coincidence analysis
routine, which calculate the distribution of events in terms of time of arrival with respect to
the trigger reference. As can be observed in Fig.V.2, left side, the time distribution of
events generated in PMT with respect to those in AE highlights the presence of a first
population concentrated in a small region and a second one sparsely distributed over a
wide time interval. The former is due to recoil-protons which generate in PMT and in MST
pulses with a clear time correlation (an average delay of about 8 us, with a dependence on
the energy deposited in the AE stage due to the threshold timing technique). The latter can
be associated to uncorrelated events in the PMT and MST (false coincidence) generated by
the strong y background. The distribution of proton-related events can be isolated as
shown in Fig.V.2, right side, by performing a time-energy shaped coincidence (gray lines).

The obtained distribution still includes undesired events, mainly at low AE energies.
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Fig.V.2: Time coincidence between events collected in the PMT and in the AE stage

at different AE energy values: interval selection (left) and time-energy shaped selection (right).
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The AE-Etot events can be coupled with a simple time coincidence procedure by
comparing the Etot events time positions with a time interval fixed with respect to the AE
events. After this time coincidence, by exploiting the AE-Erot scatter plot (Fig.V.3) the
protons distribution (black) can be easily discriminated (black lines) from other kind of

events (gray).
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Fig.V.3: AE-E+o7 scatter plot.

Diagrams of the time coincidence procedure and the proton AE-Erot Selection can

be seen in Fig.V.4 and Fig.V.5 respectively.
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Fig.V.4: LabVIEW diagram of the timing coincidence procedure for two coupled channels.



Chapter V Data acquisition and processing software 57

-|:||:||:||:||:||:||:||:||:||:||:||:||:||:||:||:||:|.]|:||:||:||:||:||:||:||:||:|L|:||:H:||:||‘|4[0g]v OoOooOooooooooet
ﬂT“TJ “

00
[l [+]]#]

] L

[CIC]

[CICIC]

oooo00o0o0000Qmn

000000 ooooocn

Fig.V.5: LabVIEW diagram of the AE-Etor proton selection.

By considering the effect of both the discrimination procedure based on the AE-
Eror scatter plot and that based on AE-PMT time coincidence, the processing software

allows to derive the distribution of events due to recoil-protons only in a very effective
way (see Fig.V.6, right side).
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Fig.V.6: Time coincidence between events collected in the scintillator and in the AE stage

at different AE energy values: before (left) and after the AE-E+ot proton selection (right).
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For a better analysis of the time-energy distributions, a procedure was developed to
perform a post-processing analysis of the whole measurement. For the detected AE events,

this algorithm calculate the time-energy distributions. The diagram of the described
procedure is shown in Fig.V.7.
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Fig.V.7: LabVIEW diagram of the time-energy distributions analysis procedure.

V.2 Non-linear light generation correction procedure

An algorithm was developed in order to recover the energy information provided by
the converter starting from the non-linearity model discussed in Chapter 11, Paragraphs
7-8. The correction procedure was implemented in the LabVIEW code by using the
energy-dependent proton stopping power tables given by the ICRU 49 report [37]. In
particular those tables was used to implement the correction procedure by interpolating

them with a cubic spline curve.
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The diagram of the non-linear light generation correction algorithm is shown
in Fig.V.8.
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Fig.V.8: LabVIEW diagram of the non-linear light generation correction procedure: the (111.3) model (red)

and the interpolation and correction algorithm (green).

V.3 Spectra and scatter plots display

The software was developed to calculate and display all measurement information
of interest: spectra related to accepted and rejected events, energy distributions of accepted
events, final recoil-proton spectrum and neutron spectrum. It also generates 2D scatter
plots of AE- Etor distributions, Etor-Escint distributions and, in post-processing, also 3D

scatter plots for the energy and time distribution analysis.
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AN

Fig.V.9: 3D scatter plot for 3.31 MeV monoenergetic neutrons.

The final neutron spectrum, i.e. the goal of the ACSpect, is obtained by dividing the
recoil-proton total energy spectrum by the probability =(E,) of generating a recoil-proton

in the polyvinyltoluene (11.14):
L - .
n(E,) =A- fL—Rvoly(En) e ot X . 3 dx

By taking into account i) the distance of the measurement position with respect to
the target, ii) the total charge accelerated during the measurement and iii) the geometric
efficiency of the spectrometer, the neutron spectrum can be also calculated.

The software can then compare the growing spectrum with a previously loaded one.

Fig.V.10 shows the LabVIEW diagram corresponding to the neutron spectrum

calculation, normalization and comparison.
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Fig.V.10: LabVIEW diagram of the neutron spectrum calculation (red), normalization (green)

and comparison (blue).

It must be underlined that except for the 3D plots and the post-processing time
coincidence analysis, all the described procedures (peak detection, energy calibration,
timing coincidence, proton discrimination, non-linearity correction, neutron spectrum
calculation, normalization and comparison) work together online during the acquisition.

In particular, the innovative algorithms implemented in the timing
coincidence/proton discrimination and in the non-linearity correction constitute important

achievements for the operative management of the ACSpect.



Chapter VI

EXPERIMENTAL CHARACTERIZATION
AND RESULTS

The detection system (and the dedicated software for data acquisition and
processing) described in details in Chapters IV and V was experimentally tested and
characterized with neutron fields in order to verify its capability of measuring spectra in
real-time, that is without the need of an unfolding procedure.

A first measurement campaign was performed with quasi monoenergetic neutrons
generated by bombarding a thin lithium fluoride target with protons. This allowed to study
the spectrometer response at energies lower than 5 MeV. The detection system was then
tested in neutron fields with spectral fluence continuously distributed produced by a thick
beryllium target bombarded with protons and deuterons.

All irradiations were carried out at CN Van De Graaff accelerator of the Legnaro
National Laboratories of the INFN.

VI.1 Preliminary characterization of ACSpect response to

monoenergetic neutrons

The ACSpect, whose experimental setup is described in Chapter 1V, Paragraph 2,
was characterized with monoenergetic neutron beams generated by bombarding with
protons a thin LiF target (700 ug-cm™). Neutrons are produced via the "Li(p,n)’Be reaction
at proton energy higher than the threshold energy Ey, = 1.88 MeV. Another reaction
channel contributes at energies higher than 1.88+0.43 MeV via the ’Li(p,n)’Be* which
lead to the production of neutrons from the 0.430 MeV excited level of "Be.

Table VI.1 lists the energy and fluence values of neutron fields which can be

produced via the reactions mentioned above at different proton energies.
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"Li(p,n) 'Be "Li(p,n) 'Be*
Proton Energy (MeV)  Mean Neutron  Fluence @ 10  Mean Neutron  Fluence @ 10
Energy (MeV) cm (cm®mC?) Energy (MeV) cm (cm?mC?)

2.40 0.636 1.23-10° - 5

3.00 1.272 5.02-10° 0.794 3.88-10°
4.00 2.296 3.90-10* 1.842 4.66-10°
4.40 2.702 4.55.10* 2.251 4.20-10°
5.00 3.309 7.06-10° 2.862 3.85-10°
5.60 3.914 4.83-10* 3.470 6.37-10°

Table VI.1: Neutrons produced by protons on a 700 ug-cm™ LiF target at 0°.

The spectrometer was placed at 0° with respect to the proton beam direction of
incidence. The distance between the target and the converter was 17 mm. This resulted in a
detection efficiency of the order of 10 counts per unit neutron fluence.

The accelerated charge of the proton beam was measured with a Faraday cup
connected to a charge integrator.

For the first characterization series, the ACSpect was irradiated with neutrons of
0.636, 1.272, 2.702, 3.309 and 3.914 MeV.

Fig.VIL.1 shows the experimental scatter plot of the energy deposited in the

converter E¢ony Versus the energy Etor deposited in the whole silicon detector.

Eemr (a.u.)

Fig.VI1.1: Epur-Eror scatter plot: 0.636 MeV (ruby), 1.272 MeV (pink), 2.702 MeV (green),
3.309 MeV (blue) and 3.914 MeV (red), with the corresponding analytical curves (brawn lines).
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The distributions of energy deposited in the three different stages of the ACSpect,

i.e. converter, AE stage and E stage, are shown in Fig.VI1.2, 3 and 4 together with the

distributions calculated through the analytical model described in Chapter I1.

Fig.V1.2: AE spectra measured by the ACSpect (orange) compared with the analytical result(blue)

Fig.V1.3: Etot spectra measured by the ACSpect (orange) compared with the analytical result(blue)
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Fig.V1.4: Spectra of the energy Econv deposited in the converter measured by the ACSpect (orange)

compared with the analytical result(blue) for neutrons produced by 5 MeV protons on LiF.

The spectral fluence distributions of the neutron fields were reconstructed with the

correction algorithm described in Chapter 1V. The final spectra obtained with 2.3 MeV

neutrons is shown in Fig.VI.5.
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Fig.V1.5: Spectrum of 2.3 MeV monoenergetic neutrons measured with the ACSpect.
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The measured energy distribution was fitted with two Gaussian curves. The fitting
procedure was carried out by calculating the best Gaussian fit for the main peak (the main
reaction channel) and by deriving the second fitting function (the secondary reaction
channel) by assuming the same variance obtained for the main peak and by considering the
expected energy difference (0.48 MeV) and fluence ratio (0.055). With respect to the
fitting curve, the measured spectrum shows an asymmetry, a low energy tail. This can be
due to different non idealities, mainly the not perfectly straight trajectory of recoil-protons,
the roughness of the active converter surface and the actual energy distribution of
accelerated protons (scattered component).

Fig.VI.6. shows the measured spectral fluence distributions of neutron fields at
different energies as reconstructed by the correction algorithm in real-time.

The energy resolution of the spectrometer resulted to be about 235 keV in FWHM
at 3.31 MeV, which corresponds to the a value of about 7 %.
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Fig.V1.6: Spectra of monoenergetic neutrons acquired with the ACSpect.
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The results obtained with the ACSpect can be compared with those presented in
literature by Tomita et al. [60]. The spectrometer proposed by this research group consists
of a thin plastic scintillator which acts as a neutron converter, a silicon surface barrier
detector (Si-SBD) used for recoil proton detection and a second thick plastic scintillator for
detecting the scattered neutrons. Here, the radiator works as a AE detector and as fast
timing detector for the time of flight measurements. To avoid recoil-protons energy loss,
part of the system is set in vacuum. The energy of the recoil proton E, is given by the sum
of the energy deposition in the thin plastic scintillator E,q and in the Si-SBD E,rg, which is
like a recoil proton telescope. In parallel, the energy of the scattered neutron Eg, is
measured by ToF technique. The energy of the incident neutron E;, is, therefore, derived as

follows:

2
Ein = Erp + En = (Eraa + Epa) +3mn (=) (VI.1)

tToF

where mj, is the mass of the neutron, LT is the distance from the radiator to the scattered
neutron detector, and tror is the time of flight between the radiator and the scattered
neutron detector.

The system studied by Tomita et al. was used to measure 2.5 MeV neutrons from
the DD reaction. The measured spectrum was characterized by a resolution of 6.3%
(FWHM) and a detection efficiency of 3.3-10” counts per neutron generated.

Fig.V1.7 shows the scheme of experimental setup of the Japanese spectrometer.

[ |
Vacuum vessel | ’
: Measurement system )
3 6
R:rco?gﬁd for the acquisition of Eyy, | °
10em Proton ¢
— " detector f ~ M { |
neutron . \ A | ~_ |Amp~> ! | Multiparameter
beam I?ggle,l;or.\ p_--\§ ! Pf/> L /E’ :P MCA system
$2.0cm o 1L Y — )
! T
b Coincidence
A | S \\\ p
n : [PA/\ Amg unit
Light = Dy || I/’ o
Neutron | guide / _ Eerremesne e st ae
collimator PMT i s [
30 cm PA > CFD |——{ Delay
~ jStop
Scattered ne
neutron | i
PMT Start
detector \ CFD | ‘
\
\

R T D

Fig.V1.7: Scheme of the experimental setup of the spectrometer proposed by Tomita et al. [60].
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The ACSpect and the spectrometer developed by Tomita et al. result to have similar
performance. However, the ACSpect is characterized by a simpler, transportable and more

compact layout and does not require a thin (100 um) converter.

VI.2 Irradiations with continuous spectra: Protons on Beryllium

In the last years the use of an accelerator-based high flux thermal neutron beam for
Boron Neutron Capture Therapy (BNCT) treatments of shallow tumors has been studied in
several works, like the SPES-BNCT project at INFN-LNL [61]. The use of “Be(p,xn)°B
reaction has been investigated for this application [61-77].

In order to test the capability of the ACSpect of measuring continuous neutron
spectra, the detection system was irradiated at the LNL with secondary neutrons generated by
protons of 4 MeV and 5 MeV striking a thick beryllium target. At a given proton energy,
neutrons are produced on beryllium via the reactions °Be(p,np)2a, *Be(p,np)°Be, *Be(p,n)°B
and °Be(p, na)°Li (threshold energy Ey, = 1.75, 1.85, 2.06 and 3.93 MeV, respectively).

The spectrometer was placed at 0° and at a distance of about 17.5 mm from the

beryllium target (Fig.V1.8).

Fig.V1.8: Setup of the ACSpect at LNL: the spectrometer and the Be target (left); the beamline (right).

The spectral fluence distribution of the generated neutron field was measured and
results were compared with those obtained by Howard et Al. [10] through a ToF technique.
The spectra are shown in Fig.VI1.9 and Fig.VI.10.
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Fig.V1.9: Energy distribution of the yield of neutrons generated at 0° by 4 MeV protons on a
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thick beryllium target, ACSpect (orange) and ToF techniques (blue) [10].
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Fig.V1.10: Energy distribution of the yield of neutrons generated at 0° by 5 MeV protons on a

thick beryllium target, ACSpect (orange) and ToF techniques (blue) [10].
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At both considered energy, the agreement between the ToF and the ACSpect spectra is
satisfactory. It should be underlined that the spectra measured by the ACSpect were acquired
directly in real-time with the possibility of looking at the growing neutron distributions during
the measurement time. Moreover, since the spectra are directly reconstructed from the detected
events, the low detection efficiency is compensated by the necessity of only few thousand

events.

VI.3 Irradiations with continuous spectra: Deuterons on

Beryllium

The °Be(d,n)!°B reaction with deuterons incident on a thick Be target is of
particular interest for applications such as activation analysis, radiography, nuclear waste
assay or radiotherapy [61-77]. The reaction is exothermic with a positive Q-value of 4.36
MeV, which results in a neutron spectrum extending to quite high energies.

Neutron energy spectra and yields for the Be(d,n) reaction have been previously
reported by several authors, mostly in the higher deuteron energy range.

The main characteristics of this reaction are well known but important details still
have to be determined. The available data for deuteron energies Eq4 < 4.0 MeV is very
fragmentary.

The ACSpect was used to measure the spectral fluence distribution of neutrons
generated with deuterons of energy E4 = 4.0 MeV, in order to compare the results with the
data measured by Guzek et Al. with ToF technique [66].

The ACSpect was placed at 0° and at the distance from target of about 22 mm.

Fig.VI1.11 shows the comparison: the agreement between the ToF and the ACSpect

spectra is very satisfactory.
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Fig.VI1.11: Energy distribution of the yield of neutrons generated at 0° by 4 MeV deuterons on a
thick beryllium target, ACSpect (orange) and ToF techniques (blue) [66].

The ACSpect was then employed to study the spectral fluence distribution of
neutrons generated by a thick beryllium target bombarded with deuterons of energy
Eq = 1.2 MeV and Eq4 = 1.3 MeV. The choice of these energies was mainly related to the
complex structure that characterizes the spectra, so the use of a spectrometer with a good
resolution becomes very important.

In order to have a qualitative comparison and to understand the general trend of the
neutron yield distributions, the spectra provided by Guzek et Al. for Eg4 = 0.9 MeV and
Eq = 1.5 MeV are reproduced in Fig.V1.12 and Fig.V1.13 respectively.
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The complex structure of neutron spectra is mainly due to the several excited states
of the *°B nucleus (see Fig.V1.14).
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Fig.V1.14: Nuclear level structure of °B [78].

In order to simulate the response of the ACSpect, a model of the neutron source

was developed. Several levels of the '°B were taken into account:

Level of 1°B

No
Ny
Ny
N3
Ny
Ns
Ne
ns
Ng

Table VI.2: °B energy levels and corresponding neutrons generated by the *Be(d,n)'°B reaction.

Energy (MeV)

0
0,718
1,740
2,154
3,587
4,774
5,110
5,164
5,182

generated neutrons (MeV)

1.2 MeV deuterons

5,561
4,842
3,821
3,407
1,974
0,787
0,451
0,397
0,379

1.3 MeV deuterons

generated neutrons (MeV)

5,661
4,942
3,921
3,507
2,074
0,887
0,551
0,497
0,479
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For every neutron group a triangular distribution was generated, with the maximum
corresponding to the group energy and the minimum to the net energy of the reaction for a
deuteron having Eq = 0 eV. This choice was due to take into account shape of the
distributions provided by Guzek et al. A total distribution was then produced for the two
considered deuterons energies by summing the groups and by convoluting the distribution
with a Gaussian curve which represents the spread introduced by the system resolution.
The obtained distribution was then normalized to have unitary area and used as neutron
source for the ACSpect model described in Chapter I1.

The simulated spectra are shown in Fig.VI1.15.
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Fig.V1.15: Simulated distribution of the yield of neutrons generated at 0° by 1.2 MeV (red)
and 1.3 MeV (black) deuterons on a thick beryllium target.

The ACSpect was placed at 0° and at the distance from target of about 21.5 mm.
Fig.V1.16 shows the experimental results. As can be observed they are consistent with those

published by Guzek et al. at energies close to that characterized in this work.
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Fig.V1.16: Energy distribution of the yield of neutrons generated at 0° by 1.2 MeV (violet)
and 1.3 MeV (blue) deuterons on a thick beryllium target.

Fig.VI.17 and Fig.V1.18 show the comparison between the simulated and measured

distribution at the two considered deuterons energies. The agreement is very satisfactorily.
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Fig.V1.17: Comparison between energy distribution of the yield of neutrons;

1.2 MeV deuterons simulated (red) and measured (violet).
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Fig.V1.18: Comparison between energy distribution of the yield of neutrons;
1.3 MeV deuterons simulated (black) and measured (blue).

It is important to underline that the simulated distributions were calculated by
considering equally probable neutron energy groups, due to the lack of information about
the actual cross section of the different reaction channels.

As for the °Be(p,xn)°B, all the *Be(d,n)'°B spectra measured by the ACSpect were

acquired directly in real-time.



CONCLUSIONS

At present, no instruments allow to perform real-time direct spectrometry with high
resolution using a compact device.

In order to develop a spectrometer able to reach these targets, an innovative
detection system based on the recoil-proton method was proposed.

The basic idea was to use a converter constituted by a plastic scintillator able to
measure the energy released in the converter itself by recoil-protons generated by
impinging neutrons. A monolithic silicon telescope, which measures the residual proton
energy (AE stage and E stage) and discriminates gammas from neutrons, is placed at a
proper distance from the scintillator in order to limit the detection to protons emitted at
small angles. Event-by-event, the sum of the energy deposited in each stage gives the total
energy of the recoil-proton, therefore the energy of the impinging neutron (since the
emission angle is fixed).

A model of the system was developed in order to better understand the system
behavior of a recoil-proton spectrometer based on a monolithic silicon telescope. This
model takes into account all different stages, calculates the energy depositions and the final
neutron spectra. The model allowed to verify the promising performances of the proposed
spectrometer.

Two different types of photomultipliers were studied in order to characterize the
first stage of the ACSpect. The SiPM proved to have worse resolution and to be very
sensitive to radiation damage, therefore a PMT has been selected.

An innovative procedure for event discrimination was developed, exploiting the
MST structure and the time-energy correlation between the three stages, leading to an
effective proton selection. Another innovative procedure was developed to manage the
non-linear behavior of the plastic scintillator. By combining the information measured by
the PMT and Eror, it calculates the total energy of the recoil-proton. These two
procedures, together with the optimized layout of the system, are the key of the achieved
results of the ACSpect.

The system was tested with monoenergetic neutrons, proving its linear behavior and
a FWHM of 235 keV at 3.309 MeV (7.1% of resolution).

77
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A three-stages neutron spectrometer, operating in vacuum, for direct spectrometry
was proposed in 2010 by Tomita et Al.. This system proved to obtain a resolution of
~200 keV and a detection efficiency of 10-"-10-° counts per neutron. To obtain this results,
the system needs a very thin plastic converter (100 um) and a large overall system,
compared to the ACSpect (2 mm of converter, 122x173x51 mm of overall vessel).

The measurements performed with continuously distributed neutrons generated by
protons on a Beryllium target showed a good agreement with literature data obtained
through time-of-flight techniques.

The measured distribution of neutrons generated by deuterons on Beryllium showed
a good consistency with literature time-of-flight data.

The ACSpect proved to be a simple and compact system, capable to perform direct

real-time neutron spectrometry with a satisfactory resolution.
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