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Abstract

In the last decade, neutron detection has been attracting the attention of the
scientific community for different reasons. On one side, the increase in the price of
He, employed in the most efficient and the most widely used neutron detectors. On
the other side, the harmfulness of traditional xylene based liquid scintillators, used in
extremely large volumes for the detection of fast neutrons. Finally, the demand for
most compact and rough systems pushed by the increased popularity of neutron
imaging, neutron scattering and neutron diffraction techniques.

Polysiloxanes could help addressing some of the existing issues regarding neutron
detection thanks to their unique properties. For this reason, in this work, polysiloxane
scintillators have been developed and characterized, with a special attention to their
optical properties and their time response. In particular, this thesis describes the
investigation of the scintillation performances of several different polysiloxane liquids.
The results have been connected with the optical properties of the material, in turns
linked to its molecular structure, allowing to select the most suitable polysiloxane
solvent for liquid scintillators. The timing properties of scintillating mixtures employing
the best performing polysiloxane solvent were consequently analyzed as a function
of the primary dye concentration, with a special focus to the pulse shape
discrimination (PSD) capability of the material. PSD is indeed one of the most
important characteristic of liquid scintillators, and one of the factors determining their
large use.

Beside polysiloxane liquids, time response of polysiloxane plastic scintillators was
also investigated with the aim of studying their PSD capability. At the moment,
indeed, only few examples of plastic scintillators capable of PSD exist, and also in
those cases some criticalities emerged connected with stability issues and efficiency.
Production of red emitting polysiloxane plastic scintillators is also described in this
work, analyzing the energy transfer process between dyes in order to optimize the
readout with an avalanche photodiode. This would allow overcoming some issues
connected with the use of photomultiplier tubes, in more compact and rugged
systems.

Finally some preliminary results about the HYDE experiment are presented. This
project aims at the development of a hybrid detector for neutrons, combining a 3D
silicon diode with a suitable neutron converter, in order to produce a compact
efficient neutron detector with good spatial resolution. With this goal different types of
converters for fast and thermal neutrons were tested and the performances of 3D
and planar devices were compared.
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Introduction

The attention of the scientific community to neutron detection has been continuously
increasing for more than 60 years (Figure 1), mainly due to the broad range of
applications in many fields, ranging from nuclear physics [Le01987], to homeland
security [Joyce2012], materials analysis [Vartsky2003], medicine [Kirov2005], fusion
science [Kaschuck2000] and more. In the last decade in particular, the research on
this topic experienced a fast growth, boosted by the increased popularity of neutron
characterization techniques (neutron imaging, neutron scattering and neutron
diffraction), by homeland security issues connected with terrorism threats and by the
3He shortage [CRSreport2010].
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Figure 1. Annual distribution of the number of papers on "Neutron Detector" in Scopus
database.

3He has been traditionally the most used material for neutron detection, especially in
the detection of thermal neutrons or in systems detecting fast neutrons after a
moderation stage, mainly due its high efficiency and low sensitivity to y rays
[Kouzes2011]. After September 2001, however, the increase in the demand for this
gas due to homeland security reasons and the contemporary decrease in its
production, following non-proliferation treaties, reduced the availability of this
material, consequently increasing its price [CRSreport2010, Hurd2014]. This fact
triggered the research for valid 3He alternatives [Kouzes2010] and a number of new
systems with interesting characteristics were recently developed in its replacement.

As regarding direct fast neutrons detection, liquid scintillators are one of the most

used alternatives since their pulse shape discrimination (PSD) capability allows
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achieving very good gamma rejection rates. Best performing liquid scintillators,
based on xylene, have however some drawbacks connected with their high toxicity,
high volatility and high flammability. The obvious solution to overcome these
problems is the replacement of toxic solvents with less harmful ones, and strong
efforts have been put in the development of new solutions [Chang2015, Joyce2012,
OKeeffe2011, Bentoumi2013] but, despite the good results achieved, at the moment
they do not seem to equal the performances of xylene based scintillators
[Pawelczak2013].

Polysiloxane liquids could also play a role in this research for new, less hazardous
solvent, given their very good chemical stability, excellent thermal stability, very low
toxicity, low flammability, low volatility (lower than 10 torr at room temperature) and
high flash point (more than 200°C) [GelestMSDS]. For this reason, in this work,
several possible polysiloxane solvents were tested as liquid scintillators, analyzing
their optical properties and their gamma rays response (Chapter Ill). This
investigation allowed selecting 1,1,5,5-tetraphenyl-1,3,3,5-tetramethyltrisiloxane
(TPTMTS) as the best performing solvent. Since one of the key characteristic of
liquid scintillators is their pulse shape discrimination capability, TPTMTS based
mixtures were also investigated in this sense, analyzing their time response at
various concentrations of primary dye and under different type of excitation (Chapter
V).

Another possible way to overcome these problems regarding the toxicity and
volatility of liquid scintillators would be the use of plastic scintillators. At present
however, their use for neutron detection is mainly hindered by their very poor pulse
shape discrimination performances. Many attempts have been done in the last
decade to overcome this problem, as reviewed in [Bertrand2015], and recently, the
first commercial plastic scintillator with PSD capability entered the market [EJ-299-
33]. Many of these attempts however were not so effective or efficient, and also the
commercial EJ-299-33 is still under evaluation, both as regarding its performances
[Cester2014, Pozzi2013] and its long term stability.

The interesting properties of polysiloxane materials could help overcoming also this
issue, allowing to achieve an efficient PSD at lower PPO concentrations with the
consequent reduction of long term stability problems. In order to investigate the
possibility to achieve pulse shape discrimination with polysiloxane plastic
scintillators, their time response has been investigated at different PPO
concentrations with different excitations and the results are reported in Chapter V.
Beside these aspects, in many applications of neutron detection, from medical
diagnostic [Levin2003, Pilcher1998, Chen1999], to nuclear [Katagiri2004] and high
energy physics [Deiters2000], radiation monitoring [Li2012, Foster2008] and
homeland security [Athanasiades2005, Byrd1992], the need is growing for new more
compact detectors in order to improve the spatial resolution in imaging systems and
to achieve the integration of the detector in multifunctional devices. One of the key
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steps to reach this goal is the replacement of cumbersome PMTs with more compact
photodetectors. This could also allow overcoming some of the main problems of this
type of device like high sensitivity to magnetic fields, large power consumption,
fragility and damageability when exposed to intense light. At the moment, however,
their performances in terms of gain, noise and quantum efficiency are hardly reached
by other systems. This leadership is however being challenged by recent
improvements in silicon based photodetectors, and Avalanche Photodiodes are very
promising candidates to assume this role thanks to their very high quantum
efficiency, compactness, insensitivity to magnetic fields, low power consumption,
durability and good energy resolution [Holl1995, Moszynski2002, Karar1999,
Schmelz1985]. One of the main factors limiting the widespread of APD detectors in
coupling with scintillators is that the spectral efficiency of these devices is higher in
the red part of the visible spectrum, with the maximum responsivity often above 700
nm, therefore having a non optimized spectral matching with most scintillators.
Following this consideration, the shifting of the scintillator emission to longer
wavelength could allow improving the spectral matching between APD responsivity
and scintillator emission [Kalivas2012].

Chapter VI describes the development of red emitting polysiloxanes plastic
scintillators, through the introduction of a third dye in the elastomeric matrix with the
aim of improving the optical coupling with APD.

Always with the aim of the development of a compact and efficient neutron detector,
in the last period there has been an increasing attention towards solid state neutron
detectors [McGregor2013]. In this framework the INFN HYDE experiment aims at the
development of a pixel hybrid detector for neutrons, by combining a 3D silicon diode
with a suitable neutron converter. This could allow producing a new compact
detector with good spatial and temporal resolution, capable of interesting neutron
imaging performances that could find applications in many fields. With this aim, in
Chapter VII, the preliminary results on the investigation of the performances of a first
design of 3D silicon sensors filled with different type of converters for fast and
thermal neutrons are reported and compared with the results of planar silicon diodes.






Chapter |
Radiation detection and scintillation
detector

1.1 Radiation-Matter Interaction

In order to understand the behaviour of any radiation detector, including scintillators,
it is crucial to understand the way the radiation to be detected interacts with matter.
Different kinds of radiation interact in different ways depending on their mass, charge
and energy. For this reason, for an optimal detection of a specific radiation field a
dedicated detector has to be used, which might not be effective in detecting a
different kind of radiation. For instance, silicon based semiconductor detectors are
very efficient and widely used in heavy charged particle detection, but the same
detectors are generally inefficient in the detection of high energy photons or
neutrons. For the purposes of this work, radiations can be divided into four main
classes:

e Heavy charged particles, comprising heavy ions (e.g. alpha particles),

protons, mesons.

e Electrons (e- and e+).

e Electromagnetic radiations (X-rays and y-rays).

e Neutrons.

111 Heavy charged particles

The interaction of heavy charged particles with matter occurs mainly through a
succession of coulombic interaction between the charged particle and the electronic
orbitals of the material. In these inelastic interactions, the energy of the particle is
transferred to the atoms in the medium, leading to the excitation and ionization of the
electrons along the path. The secondary electrons coming from these ionizations
sometimes have enough energy to cause further excitations and ionizations and in
this case they are called &-rays. Excitations and ionizations are exploited to detect
the passage of the particle in the medium, which might be a solid, a liquid or a gas.
Since these inelastic interactions are very frequent, this process occurs very quickly
and the particle travels a very short distance in the medium before completely losing
its energy. Furthermore, due to the great difference between the mass of the
electrons and that of the incident particle, it undergoes almost no deflection during
these interactions. So, since scattering with materials nuclei is much less frequent,
the particle track can be very well approximated with a straight line.

5



Heavy charged particles of particular importance for this work are alpha particles and
protons. The former are doubly positively charged *He ions (*He?*), widely used for
detectors energy calibration, and also exploited for thermal neutron detection, since
alpha particles are emitted by "°B and 7Li after neutron capture. The latter are
exploited for fast neutron detection in organic scintillators, as explained more in
detail later.

The energy loss of this kind of radiation depends not only on the particle, but also on
the medium where this radiation travels. More in detail the specific energy loss,

—Z—i, for a particle with energy E, rest mass M (>>m, which is the electron rest

atoms

mass), velocity V (= Bc¢) and charge ze, crossing a medium having N pomc with
atomic number Z, can be expressed using the Bethe formula:
- 4;2‘; NZ[in (225) - in(1 - 2) - 2] (1)

where I is an empirical constant depending on the ionization and excitation potential
of the material. This formula shows that the heavier and denser is the medium, the
larger is the specific energy loss.

An important parameter connected to the specific energy loss is the range of the
particle, defined as the thickness of material at which the number of particles is
reduced to 50%, and represents the mean distance travelled by the particle in that
medium.

A very common a source used also in this work is the one based on 24'Am, that
decays emitting a particles with energy of 5.486 MeV (85%), 5.443 MeV (13%) and
5.388 MeV (1%). At this energy, the range is about 3 cm in air and is as short as 44
um in a typical polysiloxane based material. Protons of the same energy, due to their
smaller mass, have a range respectively of 30 cm and 430 ym (data from SRIM
simulation [SRIMY]).

A consequence of the Bethe formula is that the loss of energy along the track is not
constant for heavy charged particles, but it is higher at the end of their path, so that

the plot of —% vs. x shows a peak in the specific energy loss at the end of the
particle path, known as Bragg peak (Figure 1. 1).
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Figure 1. 1. Specific energy loss profile along the path for a 24'Am a particle in polysiloxane
(spectrum achieved by SRIM simulation [SRIM]).

1.1.2 Electrons

Also high energy electrons (8-) and positrons (8*) lose their energy through excitation
and ionization of the matter, but interactions occur at lower rate than with heavy
charged particles. Furthermore, due to their lower mass, they lose larger energy
fractions in scattering with electrons (more common) and nuclei (rarer).For this
reason they don'’t follow a straight track, but a tortuous path, so that observed range
and real path can have different lengths (real path can be up to 4 times longer), and
their track can undergo large deviations from the straight line especially after
collisions with nuclei. As an example, the observed range for 1 MeV B rays in
polysiloxane is about 4 mm, almost 100 times longer than alpha particles
[Birks1964].

The specific energy loss due to collisions inside the material can be described by an
equation very similar to the Bethe formula, but beside this, at high energies (around
10 MeV), another effect becomes important. This effect is called bremsstrahlung and
consists in the emission of electromagnetic radiation due to the acceleration of the
particle in the electric field of the nuclei. For the purpose of this work, the detection of
electrons is mainly connected with the detection of y-rays, as explained in the next
paragraph. For this reason, since the energies involved in the process are usually
below 5 MeV, the bremsstrahlung effect will be considered as negligible.



1.1.3 Photons

High energy electromagnetic radiations are classified as X-rays and y-rays
depending on their origin: X-rays are photons emitted by excited electronic orbitals of
atoms, while y-rays are emitted from atomic nuclei, as an effect of radioactive decays
or nuclear reactions. The detection of high energy photons usually exploits three
different mechanisms, depending on the material and on the energy of the radiation:
photoelectric absorption, Compton scattering and pair production. All of them lead to
complete or partial energy transfer from the photon to an electron, whose energy can
be detected. Depending on the material and on the radiation energy, these
processes can also occur simultaneously. The importance of the different processes
as a function of energy in polysiloxanes are shown in Figure 1. 2

1000 4 —— Compton scattering
100 —— Photoelectric
:., 3 Pair production
NE 104 —— Total
RE2
s
©
0.1
8 3
(2]
g 0.01 o
O g3
1E-4 A
1E-5 A
T T T T T T T
0.01 0.1 1 10 100 1000 10000

Photon energy (MeV)

Figure 1. 2.y-rays cross section for the different types of photon interactions as a function of
energy in a polysiloxane material (data achieved from [NIST2010]).

1.1.3.1 Photoelectric effect

In the photoelectric process, the photon is absorbed by an electron in the atomic
orbital of the medium. The energy of the photon is high enough to cause the
ionization of the material and the ejection of the electron with energy equal to:

E.-=hv—E, 2

being hv the photon energy and E the electron binding energy.
This electron can later cause excitation and ionization in the material, allowing the
detection of the radiation. As a first approximation, the probability to have

photoelectric effect is proportional to ZTns being n a number between 4 and 5. For
E)’
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this reason, photoelectric effect is the main process for relatively low energy photons
and is much more important in elements with high atomic number. Following these
considerations it is clear that in light materials, typical for organic scintillators,
photoelectric effect is almost negligible if no high Z element is added [Cho1975,
Bertrand2014, Hamel2011a].

1.1.3.2 Compton Effect

The Compton Effect is usually the most effective process for organic materials in the
energy range between 0.1-0.5 MeV and 10 MeV that is the energy of the most used
y sources. For this reason this is the process exploited also by plastic scintillators
(and polysiloxane ones among them) for the detection of y rays, and is particularly
important for this work.

During this kind of elastic process, y-ray interacts with an electron, considered at
rest, and transfers part of its energy to it. This electron recoils with a certain angle @
with respect to the direction of the incoming photon, and with a certain energy E,,
while the photon scatters with a different angle 8 and an energy E’. The energies of
the scattered photon and of the recoil electron depend on the scattering angle of the
photon, so that:

r_ E
E'= 1+m§c2(1_c‘759) (3)
E,=E—E' )
Following these equations, depending on the photon scattering angle, the energy of
the recoil electron can vary between 0 and a maximum value (E,,, . ), known as
Compton Edge, that takes the value:
Eemax = rioﬂ (5)

1+ 2E

The angular distribution of the scattered photons, calculated by Klein and Nishina
[Klein1929], varies with the y energy. At low energy this distribution is quite
homogenous while it becomes peaked to the forward direction at higher energies
(above 0.5 MeV). From this calculation, the energy distribution of recoils electron can
be easily derived, and the corresponding energy spectrum is shown in Figure . 3.
This is a very important result when dealing with detectors that operate in the energy
range of Compton scattering, as in the case of plastic scintillators, since this is the
expected energy spectrum for fixed y-rays energy. As clear from the figure, unlike
electrons and heavy charge particles, the energy spectrum of mono-energetic y-rays
in the Compton range is not a single peak, but a continuum going from 0 to £,
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Figure 1. 3. Energy distribution of Compton recaoil electrons for different y energies [Evans1958].

1.1.3.3 Pair production

At energies higher than 10 MeV, the Compton scattering cross-section decreases
and a third type of process becomes important. This process usually occurs in the
electric field of the atomic nucleus, where the high energy photon is totally absorbed
to create an electron-positron pair. In order to create this pair, a minimum energy of
2m,c? = 1.02 MeV is needed, so that this process cannot occur for y energies
below 1.02 MeV. Over this threshold, the energy in excess is transformed into kinetic
energy, so that:

E,- + E+ = E, — 2m,c? (6)

Also in this case then, as in the case of the photoelectric effect, the measured
energy spectrum is a single peak, with an energy corresponding to £, — 2m,c?.

1.14 Neutrons

Neutrons, similarly to photons, have no electric charge and for this reason they
cannot experience coulombic interactions with electrons or nuclei in the material.
Unlike the other types of radiation, neutrons interact only through the strong force
within the nuclei, but since this force requires a very short distance (~10713¢cm),
the interactions are much rarer than the Coulombic ones, so that they can travel
several centimetres in a medium without being scattered or absorbed. As a
consequence, in order to have an efficient neutron shield or an efficient neutron

detector usually large volumes are required. Neutron interactions with matter occur
10



mainly in two ways: in the first case neutrons are completely absorbed by a nucleus,
causing its excitation and the consequent decay through a neutron-induced nuclear
reaction, with the emission of heavy charged particles, other neutrons and, in some
cases, gamma rays; the second type of interaction instead is elastic scattering
between the neutron and a nucleus of the material.

The cross section of these processes has strong energy dependence, and for this
reason, historically, neutrons have been classified depending on their energy into
fast, epithermal, thermal and cold neutrons (Table I. 1). A wider classification divides
neutrons into fast and slow neutrons with the division set around 0.5 eV,
corresponding to the cadmium cut-off energy (i.e. the energy where the neutron
absorption cross-section of cadmium falls abruptly). It has to be remarked that this
limit and the previous classification are not univocally defined and different authors
have proposed different boundaries for the two groups [Herwig2009, Knoll2000,
Leo1987].

Table I. 1. Neutron classification [Herwig2009]

dasscaton  (mey) (me) A
Cold <1 <437 >0,9
Thermal 25 2187 0,18
Epithermal 1000 13832 0,029
Fast >1000 >14832  <0,029

1.1.4.1 Slow neutrons

The interaction of slow neutrons with matter occurs mainly by neutron capture
reactions. The cross section of these processes, excluding the effect of resonance

peaks, shows a % dependence (being v the neutron speed), so that at low neutron

energies the reactions are the most probable. The most employed elements for the
detection of slow neutrons are those allowing, through the (n,a), (n,p) or (nt)
reactions, to convert neutrons into heavy charged particles that can be promptly
detected with almost 100% efficiency. It is also crucial to have a high cross-section,
in order to reduce the volume of the detector and increase the efficiency. This
explains why 3He, 9B and ©Li are the most used elements for slow neutrons
detection. These isotopes have a very high cross section (Figure I. 4) and allow a
prompt neutron conversion respectively through the reactions ®He(n,p) ®H, 10B(n,a)’Li
and SLi(n,a)®H. Another isotope which is sometimes used for neutron detection is
157Gd. In this case the reaction doesn't produce heavy charged particles, but gamma
rays, through the reaction '¥7Gd(n,y)'%8Gd. These y-rays are more difficult to be
11



detected, but the incredibly high cross section of this reaction, which is almost 100
times higher than the other mentioned reactions (Figure I. 4) can make it convenient
in some cases.

Cross-Section (barns)

T T
10° 10"  10° 10" 10" 10° 10’ 10°
Energy (eV)

Figure 1. 4. Neutron absorption cross-sections for the most used reactions in slow neutron
detection [ENDF].

1.1.4.2 Fast neutrons

At high energies, especially over the keV range, the neutron absorption cross section
falls and a different process becomes important (Figure I. 5): the elastic neutron
scattering. In this type of interaction neutrons transfer part of their energy to the
nucleus they collide with. As a consequence this nucleus recoils with energy Eg
while neutrons are slowed down or even stopped.
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Figure . 5. Comparison between neutron elastic scattering cross section in hydrogen and the
neutron absorption cross section of the most used slow neutron converter in the keV-MeV
range.

More in details, the energy of the recoil nucleus can be expressed as:

Ep = 2252 (1 — cosO) (7

T (a+1)?

where A is the mass number of the recoil nucleus, E,, is the incoming neutron
energy and 6 is the scattering angle of the neutron in the centre of mass coordinate
system. For 8 = m, i.e. for head-on collisions, the recoil nucleus has the maximum
energy, equal to:

_ 4AB (8)

ERmax (4+1)?

It follows straightforwardly that with hydrogen atoms (A=1) Eg, .. = En, meaning
that the neutron transferred all its energy to the nucleus. From these considerations
it is clear that the best materials to slow down neutrons and to exploit the energy of
the recoil neutrons are light hydrogen rich materials.

For neutrons having E,, < 10 MeV scattering on hydrogen atoms, the angular
distribution of the recoil nuclei can be considered as isotropic, and since the energy
distribution is strictly correlated to the angular distribution, the energy spectrum can
be regarded as a horizontal line with a constant number of counts for energies going
from 0 to E,, (Figure 1. 6). This is a special case of particular importance since
hydrogen atoms can acquire the highest recoil energy in elastic scattering with
neutrons (Eq.8). For this reason, hydrogen rich materials are the most used target for
the detection of fast neutrons. This mechanism is also particularly important for this
work since it is exploited in liquid and plastic scintillators, including polysiloxane
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scintillators, for the detection of fast neutrons, as seen more in details in the next
paragraphs.

Counts

0 E
Energy

Figure I. 6. Expected energy spectrum of recoil protons produced by scattering on neutrons
with energy below 10 MeV on hydrogen atoms.

1.2 Scintillation detectors

Scintillation detectors played a major role in many nuclear physics experiments,
starting from the famous Rutherford experiment in 1909, when the light pulses where
counted by sight [Geiger1909] up to now, in ATLAS and CMS detectors
[Seiden2012] when much more advanced photodetectors are employed.
The working principle of scintillating materials is based on the emission of light
pulses produced by the excitation and ionization of the material induced by ionizing
radiations. These light pulses can be detected and used to achieve information about
the particles originating them. At the basis of the scintillation process is the property
called luminescence, which is the ability of a certain material to decay from an
excited state through the emission of light.
Depending on the type of material used for this application, scintillators are classified
as:
* Inorganic scintillators
»  Organic scintillators
o  Organic scintillating crystals
0 Liquid scintillators
0 Plastic scintillators

The popularity of scintillating materials is due to their versatility that allows them to
be employed both for counting and for spectroscopy, to their fast response,
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especially in organic scintillators, to their relatively low cost (plastic and liquids) and,
with the partial exception of plastic scintillators, to their capability to distinguish the
type of radiation exploiting the Pulse Shape Discrimination (PSD) technique.
Ideally, the characteristics that a scintillator should have are [Knoll2000]:

e High scintillation efficiency

e Linearity between particle energy and light output

e High transparency, especially at the emission wavelength

e  Emission wavelength matching the maximum sensitivity of the

photodetector

e Fastdecay time

e High manufacturability also in large volumes

«  High refractive index (close to that of photodetector window)

e Lowcost

¢ Pulse shape discrimination
At present, no material possesses these properties all together and for this reason,
several scintillators exist, that are optimized for different specific applications and for
the detection of different types of radiation.

1.2.1 Inorganic scintillators

Usually inorganic scintillators are inorganic crystals emitting light due to the presence
of impurities or crystallographic defects. Their luminescence therefore is not an
intrinsic property of the material itself, but comes from its crystallographic structure.
The most used inorganic scintillators are alkali halide crystals, usually doped with
heavy metal elements like thallium. Classical examples of this group are Nal(Tl) and
Csl(Tl) scintillators, that are two of the most used ones. Many other examples of
inorganic scintillators exist, among them it is worth mentioning the very fast BaF2 and
tungstates such as CaWOs, the first scintillating material used at the end of
nineteenth century [Weber2002], and PbWOs, more recently discovered (80s) and
massively used in the CMS calorimeter at CERN LHC [Zhu2004] due to its high
density and fast decay [Zhang2001]. For neutron detection, crystals based on Li
compounds (Lil:Eu, LiBaFs and LisGd(BOs)s:Ce) have been developed and, more
recently, Cs2LiYCle:Ce (CLYC) has been employed in both gamma and neutron
detection [Smith2013]. The main advantage of inorganic scintillators is given by their
high light output, their good linearity, the good energy resolution, the high stopping
power, due to their high density, and the high radiation hardness. They have
however in many cases the drawback of having a slow decay time and of being
highly hygroscopic. Furthermore, the crystal growth technique used to produce them
is not trivial and doesn'’t allow the fabrication of large size crystals. This makes these
materials much more expensive than their plastic or liquid counterparts and also
more difficult to be produced.
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1.2.2  Organic scintillators

Differently from inorganic scintillators, the luminescence of organic scintillators is an
intrinsic property of the molecules that constitutes the material, so that it is retained
even in vapour state. Scintillation of organic materials is usually given by the
emission of light following an electronic transition from the excited state to the
ground state of aromatic groups that are the fundamental component of any organic
scintillator. The main advantages of organic scintillators are the very fast response,
with decay times usually shorter than 10 ns, the possibility to be produced easily and
at reasonable prices, even in large size (for plastics and liquids), and the high
hydrogen content, that allow them to be used for fast neutron detection. The control
of impurities is less stringent than in inorganic crystals, but it is still very important
since it is reported that the contamination of some elements, especially oxygen in
liquid scintillators [Birks1964, O'Keeffe2011], can lead to quenching effects that
reduce the light yield and the time performances of the scintillators. The main
drawback of organic scintillators is that the scintillation light yield is usually lower
than in their inorganic counterpart, and this is reflected also in a poorer energy
resolution. Furthermore they proved to be less radiation hard than their inorganic
counterpart, thus limiting their use where low radiation doses are present.

Depending on their physical form, organic scintillators can be mainly divided into
three classes: pure crystals, plastic and liquid scintillators.

1.2.2.1 Organic crystals

Organic crystals were the first type of organic scintillators to be used, in 1947, with
the discovery of naphthalene crystals [Brooks1979]. Within organic scintillators they
are the materials with the highest scintillation efficiency, even if their fragility, the
anisotropy that reduces the energy resolution and the difficulty to produce them in
large volumes and cut them in the desired shape and size made their use
uncommon. The most used organic crystals are anthracene (best light yield),
stilbene (pulse shape discrimination) and naphthalene. Anthracene crystals, in
particular, remain the reference standard for organic scintillators as regarding the
light output.

1.2.2.2 Ligquid scintillators

Liquid scintillators are based on a solution of one or more organic dyes inside an
organic solvent. If only solvent and one solute are present, the system is called
binary scintillator; if two dyes are present, it is a ternary scintillator, and so on. The
aim of the dyes is to improve the efficiency of the system and to shift the emission to
longer wavelengths in order to reduce self-absorption, improve the spectral matching
with the detector and also to increase the radiation hardness [Zorn1990]. The
emission of the solvent, in fact, occurs around 290-320 nm, and its quantum
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efficiency is too low to be exploited for scintillation. For this reason a highly efficient
solute, called primary dye, is dissolved in the base, thus collecting the excitation from
the solvent and emitting it with higher efficiency at longer wavelengths. Both solutes
and solvents need to have aromatic groups in order to be able to emit light after
radiation excitation.

The main advantages of liquid scintillators are their fast response and the very large
detection volumes that can be achieved easily and with reasonable costs so that
they become the only affordable option in large scale facilities [Araki2005,
Zhan2013, Kraus2006]. Furthermore, in order to detect slow neutrons, they can be
easily doped with neutron absorbing materials like Gd [Beriguete2014], OLi
[Bass2013] and especially 9B [Birks1964, Swiderski2008], which is at present the
most common solution. Liquid scintillators also proved to be fairly radiation hard,
harder than plastic scintillators [Zorn1990], since they lack a rigid structure that could
be damaged by radiations, leading to yellowing and absorption of dye emission. As
mentioned above, a drawback of these scintillators is their strong sensitivity to
dissolved oxygen that seems to act as a quencher both for the solvent and for the
solute [Seliger1956], [Beriman1961a]. For this reason sealing and deaeration are
required in order to achieve the best performances from these materials.
Furthermore most efficient and therefore most used liquid scintillators (e.g. xylene
and trimethylbenzene) have also some drawbacks due to toxicity, volatility and
flammability of the aromatic solvents employed and these concerns become more
than an issue when very large volumes of these materials are needed. Therefore, in
the last decade, new solvents have been developed with low toxicity and low
volatility, e.g. linear alkilbenzene (LAB) [Marrodan2009, Lombardi2013], di-
isopropylnaphtalene  (DIN) [Lombardi2013] or phenyl-o-xylylethane  (PXE)
[Marrodan2009, Back2008).

1.2.2.3 Plastic scintillators

Plastic scintillators are solid solutions where one, two or, in few cases, three different
dyes have been dissolved in an organic matrix. Similarly to organic liquid scintillators,
the presence of aromatic groups within the matrix is crucial to have an efficient
scintillator, and for this reason, the most used materials are polystyrene and most of
all polyvinyltoluene. This type of materials can be easily produced, with low cost, and
in many shapes and dimensions, so that they represent the only feasible solution
whenever a solid, large volume detector is needed. In this case, an important
parameter to be considered is the attenuation length, representing the length at
which the intensity is decreased by the 63%, mainly due to self-absorption of dye
emission. An issue to be considered, especially when operating in harsh
environments, is the radiation hardness of plastic scintillators, which is not always
very high, since many plastic matrices show a reduction in the transparency due to
the creation of radical species during irradiation [Barashkov1996, Busjan1999].

Another aspect that has to be taken in mind when using plastic scintillators based on
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polyvinyltoluene or polystyrene is that they are attacked by many common organic
solvents such as acetone, toluene, benzene, and they can also undergo crazing,
with the formation of a cracks network on the surface that affect the optical quality of
the scintillator [Leo1987]. Also plastic scintillators, similarly to liquids, can be easily
doped in order to improve the sensitivity to some specific kinds of radiation, the most
significant cases are plastic scintillators loaded with heavy elements, mostly lead, for
x-rays and y-rays detection (especially imaging) [Hamel2011b, Koshimizu2015] and
boron, lithium or gadolinium loaded scintillators for slow neutron detection
[Britvich2005, Normand2002, Breukers2013, Ovechkina2009].

1.2.3  Scintillation process in organic scintillators

When a particle releases its energy in a scintillator, a fraction of this energy is used
to excite the molecules of the solvent or the matrix. This excitation is then partially
transferred to one or more dyes that are responsible for the emission of light. The
overall process is very fast, since it occurs in few nanoseconds, but it is composed of
different steps, where several competing processes can occur leading to different
non-radiative de-excitation paths. For this reason, only a fraction of the initial particle
energy is finally converted to light. This fraction depends on the scintillation efficiency
of the material, S and is usually around 3-4% of the particle energy. Beside S, other
important properties of an organic scintillator are the scintillation emission spectrum,
that, in case of plastic and liquid scintillators, depends on the last emitting dye, and is
important because it has to match the region of maximum efficiency of the
photodetector, but has also influences on other parameters like the attenuation
wavelength and the radiation resistance; another crucial property is the scintillation
decay time, that depends once again on the characteristic of the dyes and affects the
acquisition rate.

In order to understand more in details the working principle of a scintillator, the
scintillation process can be conveniently divided into two main parts: a first part,
when the particle releases its energy in excitations and ionizations, leading to the
excitation of the main constituent of the scintillator (organic crystal, solvent or
polymeric matrix); and a second part, when this excitation is transferred, through
different steps, at the emitting dye, responsible for the final emission, through the
process called fluorescence. Since organic crystals will not be part of this work, only
the case of plastic and liquid scintillators will be treated from now on.

1.2.3.1 lonization and excitation of the matter

During its passage through the matter, a charged particle loses its energy through
electromagnetic interactions with electrons and in few cases with nuclei. This
interaction causes the excitation and ionization of the material within a distance of
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several molecular diameters from the track, and in case the transferred energy is
high enough, secondary electrons (known as & rays) can also be ejected from the
atomic orbitals inducing more ionization and excitation further from the path. In such
a way, a particle leaves behind a track of excited molecules, radicals, ions,
secondary electrons and fragments, whose density depends on the specific energy

., dE
loss of the particle, e

Since, in plastic and liquid scintillators, exclusively the aromatic molecules in the first
excited singlet state, S1, can transfer their energy to the fluorophores [King1966],
only a small fraction (roughly 3-4%) of the energy released along the path will finally
be converted into scintillation light, while the larger part will be used in ionization of
the material, excitation of non-fluorescent species or it will be dissipated through non
radiative processes like thermal de-excitation and recombination. The latter occurs
especially within the track, where a high density of ions and radicals is created, and
ionization quenching occurs, reducing the intensity of the emitted light by molecular
collisions. This process explains the reason for the lower scintillation light yield of
alpha particles in comparison to electrons of the same energy, and accounts for the
non-linear behaviour of the scintillation with the radiation energy.

After being excited to higher singlet excited states, Sz or S3, the molecules of the
matrix undergo a very fast vibrational relaxation process (10-" s), called internal
conversion, to the lowest singlet excited state, S+. This process has almost unitary
efficiency when occurring in regions of low ionization density, while, in case of high

%, it is strongly affected by ionization quenching which is acting in the same time

scale [Brooks1979, Voltz1966, Fuchs1970].

As mentioned above, in order to produce scintillation light, the molecules need to be
in the Sy state. This state can be populated not only by direct excitation, but also by
ions recombination or by a process called triplet annihilation [Laustriat1968], in which
two excited triplet states interact to give rise to an excited and a ground singlet state,
following the scheme:

T1+T1>S1+ S0

These triplet states are mainly formed in ion-electron recombination processes, when
triplet and singlet excited states are formed in a 3:1 ratio. Since the excited singlet
states coming from triplet annihilation form later, their emission occurs at longer time,
giving rise to a slower component in the emission, called delayed fluorescence
[King1966]. Furthermore, since triplet annihilation occurs mainly due to ion
recombination, which is acting in competition to the ionization quenching process,
this delayed component is less sensitive to ionization quenching, and its relative
intensity, in comparison to the prompt component, will be more intense the higher is

the density of ionized states, thus depending on %. This consideration is at the
origin of the pulse shape discrimination (PSD) technique, allowing to distinguish

different particles on the base of the shape in time of the scintillation pulse

[Brooks1979, Laustriat1968].
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The relationship between the intensity of the scintillation light emitted per length unit,
%, and the specific energy loss has been studied in details by many authors. A very

popular mathematical formulation of this dependence is the one proposed by Birks
[Birks1964]:

dE

@ _ _Sax
dx  1+kBIE ®)

where S is the scintillation efficiency, B% is the density of ionized species,
depending on the specific energy loss, and k is the ionization quenching parameter.
An alternative formulation was proposed by Wright [Wright1953]:

%=%ln(1+23%) (10)

Finally a most complicated but most accurate relation was introduced by Voltz et al.
[Voltz1966], dividing the contribution to the scintillation intensity in two components,
respectively due to the prompt and the delayed emission. This relation seems to fit in
a better way the experimental data also for heavy charged particles [Brooks1979]. In

the limit of small Z—i instead, they all reduce to the linear relation:

dL dE
=S (1)

that has been experimentally verified for fast electrons.

1.2.3.2 Energy transfer

After reaching the first excited singlet state, S+, the molecule of the solvent (solid or
liquid) can undergo some different processes in order to return to the ground state
So. This de-excitation can occur either radiatively, with the emission of a photon, or
non-radiatively. In the first case, the photon can be absorbed by another solvent or
matrix molecule, in the so called radiative energy migration process; in particular, if it
is absorbed by a primary dye molecule, the process is called radiative energy
transfer. Non-radiative decay, instead, can occur by non-radiative energy migration
to another base molecule, by non-radiative energy transfer to a primary dye
molecule or by quenching and thermal de-excitation.

The energy transfer process in particular is very important, since it is the one
allowing the excitation of the dye through the matrix aromatic groups. Indicating X as
the matrix or the solvent fluorophore, Y as the primary dye and Z as the secondary
dye, the energy transfer process from X to Y can be schematized in the following
way:

S1x + Soy = Sox + S1y
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where Sox and Six represent respectively the ground and excited singlet state of the
solvent, and Sov and Sty are those of the primary dye. In an efficient plastic or liquid
scintillator, this process is strongly competing with other de-excitation processes.
Especially non-radiative energy transfer is particularly important in the scintillation
process, since it is faster and more efficient than the radiative energy transfer,
involving the emission and re-absorption of photons and since it allows in some
cases also the transfer of triplet excitation energy [Kaschke1988]. The rate of non-
radiative transfer increases with the amount of dye and for this reason, in liquid or
plastic scintillators, where high primary dye concentrations are typically employed,
this mechanism becomes the leading one for the transfer of the solvent or matrix
excitation energy. At lower dyes concentrations, instead, the dominant process is the
radiative one, since the average molecule distance becomes larger than 3-10 nm
usually required for an efficient non-radiative interaction [Lakowicz2006].
From several studies performed on liquid and plastic scintillators, it appears that the
energy transfer from solvent or matrix to primary dyes occurs mainly by non-radiative
processes, through long range dipole-dipole interactions [Birks1964] between
molecules with similar energy levels, and thereafter also called resonance energy
transfer.
This mechanism has been studied by Férster [Forster1959], so that it is also known
as Forster energy transfer. Following his formulation, the energy transfer rate of this
process follows the equation:
1 (Re\®

ke =5 (%) (12)
where 3 is the donor lifetime in absence of acceptor, r is the donor-acceptor
distance and R, is the so called Férster radius, representing the donor-acceptor

separation at which transfer rate and decay rate (= Tio) are equal.
D
The Férster radius can be calculated as:
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where k2 is an orientation factor and assumes the value of = in case of randoml
3

distributed freely rotating molecules and the value of 0.476 in case of rigid media
where the molecules rotation is slower than the de-excitation rate [Valeur2001]. Na is
the Avogadro’s number, n is the refractive index of the medium in the wavelengths
region of interest, ®9 is the donor quantum yield in the absence of transfer, and the
last term represent the overlap integral between donor emission (normalized to
fom Ip(A) dA = 1) and acceptor molar absorption coefficient (g4). From this
equation it follows that a large overlap between donor emission and acceptor
absorption, and high donor efficiency lead to larger values of the Férster radius and
in turn to higher non-radiative energy transfer rate. For this reason, it is important

that the primary dye dissolved in the solvent or scintillator matrix has an absorption
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spectrum very well overlapping with the matrix or solvent emission spectrum,
together with high quantum efficiency. From Eq.12, it also follows that the transfer
rate is inversely proportional to the sixth power of the intermolecular distance
between donor and acceptor. This means that this kind of process is much more
efficient at high concentrations, when this distance is small, so explaining why the
primary dye is usually dissolved in the matrix with concentrations in the order of 1%
wt. If the process involves excited triplet states, the transfer mechanism is slightly
different: in this case, the only dipole-dipole interaction is not sufficient and the
transfer occurs by electron exchange mechanism, occurring at shorter distances
since it needs a certain degree of orbital overlap [Forster1959, Valeur2001].

In case of binary systems, the energy transfer from the base to the primary dye is
mainly non-radiative, due to the high concentration of the latter. This is especially
true in liquid scintillators, where the molecular diffusion contributes to bring the
excitation close to the acceptor molecule [Birks1970a], while a certain amount of
non-radiative one cannot be excluded in plastic scintillators [Hallam1978]. In any
case, after the excitation is transferred to the primary dye, light is emitted through
radiative decay by the latter. In case of ternary systems, a further step is required in
order to transfer the excitation to the secondary dye. Since this secondary solute is
dissolved in the system at much lower concentration, the intermolecular distance
between the two dyes is not small enough to allow complete non radiative transfer,
and the process partially occurs also via radiative transfer, through the emission of a
photon from the primary dye, and its re-absorption by the secondary one [Birks1964,
Birks1970a]. At the end of this process the light emission occurs almost entirely from
the secondary dye, by radiative de-excitation.

The energy transfer efficiency from primary to secondary dye and especially from
matrix or solvent to primary dye is favored by another process, called energy
migration. It can occur both radiatively and non-radiatively, but in plastic or liquid
scintillators, the latter, appears to be the dominant one. This process seems to be
driven by short range exchange interactions between adjacent aromatic groups both
in liquids and in plastics [Zhang1995, Horrocks1974, Hirayama1968, Mathad1986,
Birks1966).

In liquid scintillators, the energy migration is further facilitated also by thermal
diffusion of excited molecules that contributes, together with non-radiative
processes, to bring the solvent excitation close to the acceptor molecule.

In plastic scintillators, instead, the higher rigidity of the system hinders molecular
diffusion and only energy migration based on dipole-dipole or exchange interactions
are possible.
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1.2.4 Luminescence of organic molecules

1.24.1 Excited state

As already mentioned, the property at the basis of the scintillation capability of a
certain material is the luminescence, which is the ability to decay from electronic
excited states through emission of photons.

Excitation can be induced by several different processes (chemically, mechanically,
thermally, electrically,...), but in case of scintillation, the most important processes
are photoluminescence, induced by the absorption of photons, and
radioluminescence, that is at the base of scintillation and in which the excitation is
induced by ionizing radiations.

In case of atomic transitions, since the mass of the nucleus is several orders of
magnitude larger than that of the electron, electronic transitions are much faster than
the consequent rearrangement of the nuclei, which can thus be considered in a fixed
position during the excitation (Franck-Condon principle). After the transition has
occurred, the new electronic configuration changes the electric field felt by the
nucleus, that begins to oscillate around a new equilibrium position. For this reason,
electronic excited states can be divided into different vibrational sublevels having
slightly different energies one from each other. Since at the end of the excitation
process, the nucleus is not yet in the new equilibrium position, the electronic
transition occurs at higher vibrational sublevels. After the transition, the system
dissipates the excess energy, bringing the excited electron to lower vibrational
sublevels. This non-radiative relaxation is called internal conversion. In case of
luminescent species, the system cannot completely dissipate the excess energy in a
vibrational way, but once the lowest sublevel of the excited state has been reached,
the return to the ground state occurs radiatively with the emission of a photon, in a
much longer time than the excitation or than the internal conversion. Similarly to the
excitation, also the decay follows the Franck-Condon principle, so that, after coming
back to the ground state, further vibrational relaxation is needed to reach the lowest
vibrational sublevel of the fundamental state (Figure I. 7).

Following this mechanism, the energy needed to excite the molecule, and that
emitted in the de-excitation are different, and the absorption of the photon and its
emission occur at different wavelength. This difference is called Stokes Shift.
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Figure 1. 7. Franck-Condon diagram for an electronic transition showing the difference in energy
between excitation and de-excitation.

In organic compounds, luminescence is associated to the presence of conjugated
molecules, especially aromatics. The presence of unsaturated bonds (with sp or sp?
hybridization), allows the electrons to occupy T orbitals. If more T orbitals are
present next one each other, they form a delocalized system whose excited state is
responsible for luminescence (m - T* transition).

1.24.2 Radiative decay

Luminescence can be divided into two main radiative processes: fluorescence and
phosphorescence. The former is the decay from an excited singlet state (S1) to a
ground singlet state (So), S1 = So, where the electron in the excited state and its
counterpart in the ground state have antiparallel spin. This is an allowed transition
and therefore it occurs efficiently and quickly (108 to 109 s) with the emission of a
photon.

Phosphorescence instead is the decay from an excited triplet state (T+) to a ground
singlet state (So). The triplet state T1 has slightly smaller energy than the
corresponding singlet state S1, and is characterized by excited and ground state
electrons having parallel spin. Triplet states can be populated by ion recombination,
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as explained in the previous section (1.2.4.1) or from the excited singlet state, by a
non radiative process called inter-system crossing. The transiton T1>So is
forbidden by selection rules and the emission of photons occurs then slowly (10-3-1
s) and less efficiently.

There is also a third kind of radiative emission, called delayed fluorescence and
already mentioned earlier. In this process, lasting for a period of 107-103 s, the
decay from the excited triplet state to the ground singlet state doesn’t occur directly,
but through the interaction with another molecule in the same excited triplet state.
The result of this interaction is the formation of an excited and a ground singlet state,
T1+ T1 > S1+ So. St decays by fluorescence but, due to time needed for the triplet
state interaction to occur, the photon is emitted at delayed times.

The most important parameters needed to characterize a fluorescent molecule are
the lifetime (1) and the quantum efficiency (q).The former describes the time
evolution of the intensity of the light emitted by the fluorophore, and usually follows
an exponential decay.

I(t) = Iye ™ (14)

If the emission is the sum of different component, or in case also delayed
fluorescence occurs, the decay can be multi-exponential, presenting two or more
different decay time constants.

I()=Ae i+ Be (15)

The quantum efficiency instead is the ratio between the emitted photons and the
absorbed ones, and can be expressed as:

= (16
where ki is the radiative emission rate and knr is the non radiative one that can be
due to phenomena like quenching, inter-system crossing or energy transfer.

1.3 Neutron detection

The most important characteristics for a neutron detector are: high efficiency, good
time resolution, efficient neutron/gamma discrimination, good neutron energy
resolution and good pulse height resolution [Harvey1979]. No neutron detector can
however fulfil all these requirements at once, and for this reason, different
applications requires different detectors, depending on the specific need (e.g.
neutron counting, neutron spectroscopy, neutron imaging), on the neutron energy
range (fast or slow) and on the specific conditions (high gamma background,
required volume, ...).

As already explained in the section 1.1.4, different detection mechanism has to be
exploited depending if the aim is the detection of fast or slow neutrons.
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Fast neutron detection generally occurs in three different possible ways. A first
technique is to exploit neutron moderation, using water, heavy water, paraffin or
polyethylene, in order to slow neutrons down to thermal energies and detect them
using neutron induced nuclear reactions, as seen in the previous paragraph. This is
the case of one of the most used neutron detector, called Bonner Sphere. A second
possible strategy is to exploit neutron induced reactions that have a relatively high
cross section to the desired energies, similarly to what has been seen for slow
neutrons. At these higher energies however the cross section is usually much lower
than for slow neutrons. Typical exploited reactions are 3He(n,p)*H and 6Li(n,a)°H that
show a resonance peak in the MeV range. A third type of detector, which is probably
the most common one in this field, directly detects the recoil nuclei produced in the
elastic interactions. This technique has the advantage that the energy of the recoil
nuclei is somehow dependent from the neutron energy, and thus it allows to perform
neutron energy spectroscopy, not possible in the other types of detector.

Table I. 2. Main characteristics of most used slow neutron absorbers.

Converter o (25 meV) Reaction products Q-value
[barns]
3He 5353 H (0.573 MeV), a (0.191 MeV) 0.764 MeV
108 3870 o (1.47 MeV), 7Li (0.84 MeV)  2.31 MeV (94%)
a(1.78 MeV), Li (1.01 MeV)  2.79 MeV (6%)
6Li 945 0 (2.05 MeV), 3H (2.73 MeV) 4.78 MeV

Several products with
157 -
Gd 256000 energies below 100 keV

As regarding thermal neutron detection, it usually relies on the neutron capture
reaction described above. The neutron converter and the reaction products however
can be detected in several different ways depending on the application. The main
types of slow neutron detectors are gas detectors, scintillator detectors and solid
state detectors. Gas detectors can be filled by a neutron converting gas (*He or
enriched BF3). The products of the neuron capture reaction ionize the gas itself, and
the so formed ions are accelerated causing further ionization before being collected
at the electrodes. A slightly different version of gas detectors is represented by boron
lined counters, where the neutron conversion is not performed by the gas, but by a
thin layer of enriched boron deposited on the wall of the gas container. The reaction
products of the boron capture reaction are responsible for the gas ionization that is
collected by the electrodes in the same way as before [Knoll2000].

A different type of thermal neutron detectors is represented by solid state detectors
where a thin layer of converter (usually enriched B or enriched B4C, but also LiF) is
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deposited over a microstructured solid state detector, that allows to detect the
reaction products coming from the converter [Herwig2009, McGregor2009,
Mendicino2014]. Finally, thermal neutron detection can also be efficiently fulfilled by
scintillators, as treated below.

1.3.1 Scintillators for neutron detection

Table 1. 3. Main properties of EJ-301 and EJ-309 liquid scintillators and EJ-299-33 plastic
scintillators, all of them with PSD capability.

Properties EJ-301 EJ-309 EJ-299-33
Type of scintillator PSD liquid LF; svDTIZ)ijiléii(tjy PSD plastic
Light Output [% 78 75 56
anthracene]
Photon yield [ph/MeVee] 12000 11500 8600
Aem [nm] 425 424 420
H atoms [10%22 cm3) 4.8 437 5.13
C atoms [1022 cm] 4.0 5.46 4.86
Electrons [102 cm-9] 2.3 3.17 3.55
Density [g/cm?] 0.874 0.964 1.08
Fast Decay Time [ns] 3.2 35 5
Long Decay Times [ns] 32.3;270 n.a. 140; 150

FoM (th. 100 keVee) 22(3%3) 192%x2)  15(2x2)

Organic scintillators are widely used as neutron detectors because of their versatility
and their suitability to produce large detectors volumes, relatively easily and at
reasonable prices. Organic liquid and plastic scintillators are mostly composed by
hydrogen and carbon atoms and for this reason they are able to detect fast neutrons,
exploiting the neutron recoil reaction. So far, the most employed materials in this
field have been organic liquid scintillators, because the possibility to easily produce
very large scintillator volumes allows for good detection efficiency that would not be
achievable with organic crystals like stilbene or anthracene. But most of all, the
success of liquid scintillators is due to their capability to perform pulse shape
discrimination (PSD), which is a key aspect for neutron detection since it allows to
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distinguish neutrons from the gamma background [Brooks1979]. In this respect, the
best liquid scintillators, and still the most used is the xylene based EJ-301 (or its
equivalent BC-501A or NE-213). These liquids have the drawback of toxicity,
flammability and volatility, requiring sealing and consequently reducing the
handiness of the system. To overcome this issue, non toxic solvents were tested
[Chang2015, Joyce2012, OKeeffe2011, Bentoumi2013], and a new low toxicity, low
volatility liquid scintillator with PSD capability entered recently the market [EJ-309ds]
(Table I. 3).

The ultimate solution to these problems however would be the replacement of liquid
scintillators with plastic scintillators having the same performances. This would allow
detecting fast neutrons in an easier way, also combining in the same device charged
particles detection.

For this reason, recently, strong efforts have been put in the development of plastic
scintillators capable of PSD [Bertrand2015, Zaitseva2012], but the suitability and
stability of these new products is still under investigation [Cester2014] and for this
reason, at the moment, plastic scintillators are employed as fast neutron detection
only in the few cases when gamma discrimination is not a concern because of
relatively low background or because other discrimination techniques, e.g. time of
flight (ToF), can be applied [Agosteo2016]. In order to produce PSD plastics,
different strategies have been employed so far: composite scintillators, addition of
triplet harvesting materials and increase of the triplet-triplet interaction.

The first method consists of inserting organic crystal, capable of PSD in transparent
inert matrix [Tarasenko2013], with the drawback of low scintillation light output due to
light scattering by crystals. The second smart method consists of the addition to the
organic matrix of triplet harvesting dyes, emitting at different wavelength and with a
longer lifetime, allowing a combination of spectral discrimination and pulse shape
discrimination [Feng2012], but with the drawback of a much longer time response, in
the order of ps, typical of triplet harvesting organometallic compounds.

Finally, the most used technique so far employed to enhance PSD capability of
plastic scintillation has been the strong increase of the primary dye concentration, in
order to favor the dye molecules interaction and in turn increase the triplet-triplet
interaction probability. The first attempt was reported by Brooks in 1960
[Brooks1960], and other followed until very recently [Zaitseva2012, VanLoef2014].
Even if his technique seems to be the most promising and it also brought to the
commercialization of EJ-299-33 plastic scintillator, the performances reached so far
are still lower than liquids [Cester2014, Pozzi2013], and the scintillators seems to
have problems related to the long term stability of the high dye concentrations (up to
30 wt%) dissolved in the matrix [Bertrand2015].

Organic scintillators find applications also in the field of slow neutron detection
thanks to the ease of doping them with Li, B or Gd containing compounds, as
already mentioned in previous sections. On the market, several different formulation
exist of plastic scintillators doped with boron concentration up to 10%, e.g. BC-454
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[BC-454ds] or EJ-254 [EJ-254ds] or liquid scintillators doped with Gd [EJ-331ds, BC-
521ds] or 9B (EJ-339A, BC-523A). The main issue in this case is to find the most
suitable compound in order to achieve the highest solubility without affecting the
performances. In case of boron containing mixtures, the most used molecules are
carboranes [Pawelczak 2014], boric acid [Britvich2001] and other metallorganic
compounds [Bollinger1957]. In case of lithium, Li-methacrylate [Breukers2013],
lithium salts [Bass2013] and more complex metallorganic compounds [Zaitseva2013]
have been successfully employed. Finally, gadolinium has been incorporated in
organic systems, by using different aromatic and non-aromatic metallorganic
complexes [Ovechina2009, Bariguete2014]. All these systems have some
advantages and disadvantages. Boron is at the moment the most used solution
because it has a quite high abundance of '°B in the natural mixture and thus, in most
cases, enrichment is not needed, with great cost saving. It is also a well known and
documented element, and the high cross-section allows achieving very good
efficiencies. On the other side, the energy released by the reaction products is not so
high in comparison to other possible elements. Furthermore, enrichment is not so
easy, and in case enriched boron is needed the price of the system is strongly
increasing. Finally, some problems have been encountered with the toxicity of boron
compounds and also with their volatility that is reducing the long term stability of the
scintillator. Lithium instead has the advantage of a higher energy produced during
the neutron capture reaction, increasing the scintillation light yield and also allowing
for a better pulse height discrimination. From the chemical point of view, Li
compounds are easier to produce, but despite these advantages, the hygroscopicity
of most Li compounds and most of all, the lower cross-section are intrinsic limits of
this element, hindering its diffusion. Finally, gadolinium is one of the elements with
the highest thermal neutron cross-section. Unfortunately, the doping of organic
materials with Gd complexes is not straightforward. Furthermore, its reaction
products are mainly low energy x-rays and y-rays that due to their long range can
also escape from the material without being detected, cannot be easily distinguished
from the background, and doesn't allow good neutron-gamma discrimination.

The main advantage of organic scintillator in the field of thermal neutron detectors is
represented by their fast response, which is in some cases orders of magnitude
faster than other scintillators. In terms of efficiency and scintillation light output,
instead, their performances are lower than inorganic scintillators, which are, at the
moment, the most common scintillating system. In this field, in the last years, there
have been a large number of newly developed crystals, based on Li, B, Gd or a
combination of them. Not all of them entered the marked, but some of them proved
to be very interesting materials.

Differently from organic materials, where the most used converter is 1B, in case of
inorganic scintillators, the most used element is by far 8Li. The first materials to be
developed in this group were SLi-glass(Ce), SLil(Eu) and ZnS/SLiF, with the latter
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having the highest light output, but being limited to thin slabs due to low
transparency.

In the last decade, a new class of compounds have been developed, with very
interesting properties. This class of materials, called elpasolites, has composition
AsLiMXg:Ce, (A=Cs, Rb, M=Y, La, Sc, X=Br, Cl, I) (see [Van_Eijk2012] and
references therein), and has been developed after the discovery of the interesting
properties of Cs28LiYCle:Ce (CLYC) scintillators. Are part of this class Cs28LiYBrs:Ce
(CLYB), Cs2bLiLaCle:Ce (CLLC), Cs28LiLaBre:Ce (CLLB), all of them showing very
high light output, but also having the drawback of strong hygroscopicity.

Table 1. 4. Comparison between the most used inorganic scintillators for thermal neutron
detection. Properties of boron doped plastics and liquids are also reported.

Neutron Gamma

Scintillator '[)e/’;:%' Light  Lightyield Tr[ns] PSD
g yield[ph]  [ph/MeV]

5LiF/ZnS 26 160000 75000  >1000  Yes
6Lil:Eu 4.1 50 000 12000 1400  No
6Li-glass:Ce 2.5 6000 4000 75 Yes
CsALiYClCe(CLYC) 33 70000 22000 1000  Yes
CsLiYBreCe (CLYB) 4.1 90000 24000 1000  Yes
Cs28LiLaCle:Ce (CLLC) 110 000 35000 1000 Yes
CssLiLaBre:Ce (CLLB) 180000 60000  >270  Yes
6LiBaFs:Ce 53 3500 5000 B34 Ves

5 ' 2100

o 200:
LisGd(BO3)s:Ce 35 40000 14000 0 o
Organic Plastic =1 ~650 8600 =2 No
Organic Liquid =0.9 =900 10000 =3 Yes
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Chapter Il
Materials and methods

2.1 Polysiloxanes

The scintillators produced and studied in this work, liquid or plastic, are made by
materials belonging to the category of polysiloxanes, commonly known also as
silicones. These polymers are composed by a main backbone, formed by silicon and
oxygen atoms, regularly alternated, and by organic substituents, attached to the
silicon atoms of the main chain. Many of the optical and chemical properties of the
material depend on the type and distribution of these substituents. Furthermore, in
case of rigid polysiloxane, is the reaction between side groups that allows the
formation of intermolecular bonds (cross-linking) conferring to the polysiloxane,
mechanical properties typical of elastomeric materials.

211 Properties of polysiloxanes

The main difference between polysiloxanes and other common organic polymers,
including polyvinyltoluene (PVT) and polystyrene (PS) usually used for plastic
scintillators, is the composition of the main chain, where the usual C-C bonds are
replaced by the stronger Si-O bonds, having a bond energy of 445 kJ/mol against
346 kJ/mol for C-C bonds [Tiwari2014]. This difference is the reason for the very high
chemical and thermal stability (the operating temperature can range in some cases
from -100 °C up to over 300°C [Polymer_Ency]). Furthermore silicones have high
flexibility and Tg as low as -125 °C for poly(dimethylsiloxane) (PDMS) that rises to -
30 °C for poly(methyl-phenylsiloxane) (PMPS), as a consequence of the increased
rigidity due to the presence of phenyl substituents [Mark2005]. These properties are
related to the length f the Si-O bond (1.64 A), longer then the C-C bond (1.53 A), to
the regular succession of substituted silicon and non substituted oxygen, to large Si-
O-Si bond angle (143°, against 110° for the standard tetrahedral structure) and to
the low torsional barrier, that confers high chain mobility to the material. The higher
free volume connected with these properties allows much higher dye mobility in
comparison to polystyrene or epoxy resins [Chu1990]. The low Tg value, is important
in our case because it hinders the occurring of crazing, that strongly reduces the
transparency of the material. This phenomenon is instead a problem for standard
plastic scintillators, based on the more rigid PVT or PS, having a Tg as high as 90°C.
Beside all these interesting properties another very important reason for choosing
polysiloxane matrixes, or solvents, is the radiation hardness of this material. In
standard plastic scintillators, radiation breaks C-H or C-C bonds, producing free
radicals that cause the yellowing of the material, and the consequen light yield

reduction. This process occurs at higher radiation doses in polysiloxanes, due to
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their stronger bonds. This resistance is further increased by the presence of phenyl
side groups that absorb part of the radiation energy thanks to the T electrons in the
aromatic ring, thus reducing the damages along the polymeric chain. Another
advantage of polysiloxanes over standard organic materials is given by higher
electron density along the main chain, due to the presence of the unpaired couples
on the oxygen atom. This confers an higher electron mobility along the chain, thus
allowing to increase the energy migration distance and to extend the protective effect
of the phenyl groups over several monomeric units, differently from what occurring in
PVT and PS [Koike1960]. In this respect, several data can be found in literature,
reporting the superior performances of polysiloxane in terms of radiation hardness.
[Quaranta2013, Bowen1989a, Quaranta2010a].

The addition of phenyl moieties to the polysiloxane chain gives to the material some
more interesting properties, from a scintillator point of view. First of all it confers to
the material an intrinsic fluorescence, crucial for scintillation, whose emission
depends on the distribution and concentration of phenyl groups. If they are further
one from each other then two monomeric units, the interaction with neighbours is
hindered, and the emission, coming from the single monomeric unit, is centred at
about 290 nm. If instead they are closer, the emission occurs at 320 nm, and is the
typical emission coming from excimers [ltoh2001]: excited state dimers temporary
formed from the interaction of an exited state phenyl group with a ground state one
[Birks1967]. In any case, these compounds are characterized by the strong
absorption of the aromatic moieties, occurring at 260 nm (Figure Il. 1). The presence
of aromatic groups allows also increasing the refractive index of the material to
values close to glass and quartz. This is an important aspect, because it improves
the optical matching with cuvettes and photodetector windows, thus reducing
reflection light losses.

32



—O— Excimer emission
Single phenyl emission
—+— Single phenyl absorption

Ia
/ \\

L

>~

Normalized units

T T T T T
250 300 350 400
Wavelength (nm)

Figure II. 1. Comparison between absorption spectrum, single phenyl emission and excimer
emission for phenyl substituted polysiloxane materials.

As regarding the mechanical properties of the materials, in case of plastic
scintillators, the presence of the phenyl groups increases the rigidity of the material
and therefore also its fragility. From the chemical point of view, instead, the presence
of the aromatic moieties increases the dye solubility in the material. This is a very
important issue because, low dye solubility can lead to aggregations that strongly
reduce the efficiency of the fluorophore and in turn the light output of the scintillator.
For this reason, in the cases when high dye concentrations need to be added, also a
high phenyl concentration is needed, at the price of a higher fragility of the material.

21.2 Polysiloxane plastic scintillating materials

Within the large variety of polysiloxane resin, a good candidate to be chosen as
scintillator matrix needs to be highly transparent in order to minimize light losses, it
needs to have aromatic side groups along the main chain, in order to allow for
scintillation, it needs to be homogeneous and with reasonable mechanical
properties, in order to allow an easy handling of the samples. Furthermore, the
starting components need to have a low enough viscosity in order to allow the
complete mixing of the dyes, but also a long enough pot life to allow the complete
removal of gases and bubbles that could originate inhomogeneities and light
scattering. On the market a wide range of different possible alternatives is available,
having different phenyl group concentration and distribution, different viscosity of the
starting material and different cross-linking reactions.

The development of polysiloxane scintillators began almost 20 years ago, by Bowen
and co-workers [Bowen1989a, Bowen1989b]. These works reported for this material
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superior radiation hardness, showing no yellowing with doses up to 10 Mrad, far
beyond the limit observed for typical PS or PVT based scintillators with scintillation
light outputs ranging from less than 5% to 90% of a commercial reference sample
(BC-408). The same group performed an extensive series of studies on the radiation
hardness of polysiloxane scintillators doped with different types of primary dye,
[Feygelman1990a], [Walker1989], secondary dyes [Feygelman1990b] and different
phenyl concentrations [Harmon1991]. More than ten years later, Bell and co-workers
exploited these interesting properties for the production of polysiloxane scintillators
for thermal neutron detection, through the loading with boron or gadolinium
[Bell2002], [Bell2004].

More recently, due to interesting properties of these materials, together with their low
toxicity and low flammability of precursors, interest for polysiloxane scintillators was
renewed. A deep analysis was performed focusing on the optimization of the
scintillation performances of the materials, by varying the matrix composition, the
mixture concentration and composition [Quaranta2010a], [Quaranta2010b],
[Quaranta2013] by studying thermal neutron detection with the addition of o-
carboranes at different concentrations [Quaranta2011] and fast neutron detection by
TOF discrimination technique [Carturan2011].

On these basis, for the present work, two different materials have been chosen
depending on the application: when dye concentrations up to 4% had to be
dissolved, the chosen solution was poly(dimethylsiloxane-co-diphenylsiloxane) with
22-25mol% of diphenylsiloxane monomers (22PDPS) (Figure Il. 2). This material
was chosen for its higher scintillation light yield [Quaranta2010b]. When higher
primary dye concentration needed to be added to the material, higher amount of
phenyl groups was necessary and the chosen matrix was
poly(methylphenylsiloxane) (100PMPS) (Figure Il. 3), having poorer performances,
but allowing a better solubility.

Figure II. 2. Molecular structure of poly(dimethylsiloxane-co-diphenylsiloxane) vinyl terminated.
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Figure II. 3. Molecular structure of poly(methylphenylsiloxane) vinyl terminated.

In order to be more formally correct, it is finally necessary to give a clarification about
the classification of these materials as “polysiloxane plastic scintillators”. Even if the
term “plastic” has become a synonym of polymers in common language, from the
scientific point of view, polysiloxanes are not plastic materials, but elastomeric
materials. Nevertheless, within this work, these materials are classified as
“polysiloxane plastic scintillators” due to the strong similarities with other “plastic
scintillators”. The scintillation process, the production technique (dissolution of dyes
in a rigid matrix), the field of application of polysiloxane plastic scintillators is indeed
very similar to traditional plastic scintillators, that are the real competitors of these
materials, and that for this reason are also used as standard reference for the
evaluation of their performances.

2121 Cross-linking reactions

There are several possible cross-linking reactions that occur with the formation of an
intermolecular network, and the consequent passage from a viscous material to an
elastomeric matrix. These reactions can occur spontaneously after the exposure to
atmospheric conditions as in the case of mono-component resins, or they can begin
only after the addition of a second component, as in the case of bi-component
resins. The reactions of interest for the present application are of two main types:
condensation cure and addition cure.

Condensation cure is the most widely used type of reaction for commercial silicone.
It is employed both with mono- and bi-component resins having hydroxide side
groups (silanol) and other hydrolysable terminations. In presence of the atmospheric
moisture, these groups react with the silanol group of other polymeric chains leading
to the formation of cross-links (Figure II. 4). In all cases, by-products are formed in
this process, that depends on the type of hydrolysable group and need to be
removed from the material. Depending on the reaction occurring, it can be classified
as alcoxy condensation, acetoxy condensation, amine condensation, and many
others. The formation of by-products is one of the main problems for a possible use
as scintillators, since, especially for bulk samples, they are difficult to be removed
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and lead to the formation of pores and bubbles that reduce the transparency of the
material.

Cl)H CHs ?H CHj
—o—:T‘i—CH3 + /O—Sli—O— — _o—?i—o—Si— + Ry—OH
OH Ri chy CH;  CHs;

Figure II. 4. Schematic representation of the condensation cross-linking reaction, with formation
of volatile by-products.

Another type of cross-linking reaction is represented by the addition cure. It relies on
platinum catalyzed vinyl addition, also called hydrosilylation reaction, occurring from
a terminal vinyl group and a hydrogen moiety of two different polymeric chains. The
process is exploited in bi-component resins, with addition of platinum, in form of
metallorganic complex, as catalyst. During this reaction no by-product is formed
allowing for a good dimensional stability and a high transparency, since the
formation of pores and bubbles is avoided. For this reason, this is the most used
solution whenever very good optical properties are needed, and it is also the type of
cross-linking exploited in this work. Some problems however may arise from the
presence of the metallorganic compound that could absorb light and so reduce the
transparency of the material. Therefore it is very important that no exceeding amount
of platinum is added to the resin. The vinyl addition reaction is a type of room
temperature vulcanization (RTV), but it can be much faster if it is carried at about
50°C-60°C. In order to further improve the optical properties, a cure moderator can
be added to the starting mixture, allowing extend the pot life of the mixture to perform
the compete deaeration of the material before the occurrence of cross-linking.

—c|> CH, ot —<|3 CH,
—O0—Si—H + H,C— ?i—o— — —O—?i—CHZCHZ—Si—O—
CHs CHs CH, CH,

Figure II. 5. Schematic representation of platinum catalyzed vinyl addition.

A standard recipe for the preparation of a polysiloxane sample using this method
consists of a certain amount of vinyl terminated polysiloxane (A part) with the
addition of hydride terminated polyhydrosiloxane (B part), a cure moderator and a
platinum complex, whose relative concentrations depend on the type of polysiloxane.
There are several possible platinum compounds and cure moderators, with different
performances and optimized for different materials and various production methods.
For the purposes of this work, the moderator employed is 1,3,5,7-Tetravinyl-1,3,5,7-
Tetramethyl-cyclotetrasiloxane, while Platinum-Divinyl-tetramethyl-disiloxane
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complex in xylene has been used as catalyst. All the reagents used for this activity
were purchased from ABCR GmbH.

2.1.3 Polysiloxane liquid scintillating materials
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Figure II. 6. Molecular structure of the different polysiloxane liquids used in this work.

Polysiloxane liquids used in this work belong to a wide group of materials, having a
polysiloxane main chain, with phenyl and/or methyl substituents attached to the
silicon atoms and no reactive functional group, since no cross-linking reaction is
desired. They have very different chain length, ranging from a minimum of 3 siloxane
units up to more than 20, and consequently different molecular weights and
viscosities. Also the concentration and the distribution of phenyl groups is not the
same between molecules, and as it will be shown later, this is influencing the optical
properties and so the scintillation response. Despite this differences, all this
materials have some very interesting characteristic, as low toxicity, excellent
chemical and thermal stability, good transparency, very low volatility (vapour
pressure smaller than 10 bar), high flash point (higher than 220 °C).

A list of the liquid polysiloxanes used for this thesis, and their main physical
properties is listed in Table II. 1, while Table Il. 2 shows the HMIS codes (Hazardous
Material Identification System) reported in the Materials Safety Data Sheet (MSDS)
of each fluid, indicating the health hazard, the flammability and the physical hazard in
a degree from 0 (lower) to 4 (higher) for every compound. It can be observed that no
specific risk for health or environment is derived by the use of these materials. For
comparison, HMIS indexes of EJ-301 and EJ-309 are also reported. All the liquids
polysiloxanes used in this work were purchased from ABCR GmbH.
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Table II. 1. Main properties of the polysiloxane liquids used in this work.

n [ W Phenyl n

Chemical name Label [cSt]  [g/mi] [mol/l]

18-22%-diphenyl-co-
dimethylsiloxane
48-52%-
phenylmethylsiloxane-co- ~ PMDM50 125 1.07 2100 4.7 15
dimethylsiloxane

DPDM20 160 1.05 2000 3.9 1.49

Phenylmethylsiloxane PM100 500 1.1 2600 7.6 1.53

1,1,5,5-tetraphenyl-
1,3,3,5- TPTMTS 38 1.07 485 8.8 1.55
tetramethyltrisiloxane
1,1,3,5,5-pentaphenyl-

1.3 5-trimethyltrisiloxane PPTMTS 175 1.09 547 10 1.58

Table II. 2. HMIS index and cas number for the materials used in this work, as reported in the
Materials Safety Data Sheet (MSDS). EJ-301 is also shown for comparison.

Material HMNII:IZ§ de cas number
DPDM20 1,1,0 68083-14-7
PMDM50 1,1,0 63148-52-7

PM100 1,1,0 9005-12-3
TPTMTS 1,1,0 3982-82-9
PPTMTS 1,1,0 3390-61-2

EJ-301 2,30 n. a.

EJ-309 1,1,0 n.a.
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2.2 Dyes

In order to be used for scintillation, a dye needs to have some fundamental
characteristics:

. Efficiency needs to be the closest possible to unity.
. High radiation resistance.
. High chemical stability, no reaction with matrix or solvent materials, with

other dyes or with other elements in the operation environment, since these
reactions could reduce the efficiency of the dye, or increase the absorption of the
material.

. High solubility in the matrix or solvent.

Furthermore, in order to choose the proper dye for a certain system, it is extremely
important to have a good overlap between base emission and primary dye
absorption, between primary dye emission and secondary dye absorption and, in
case of quaternary scintillators, between secondary dye emission and ternary dye
absorption. This allows for an optimal energy transfer, crucial for good scintillation
efficiency, as explained in the previous chapter.

Not all the organic dyes commercially available can satisfy the above requirements.
In particular, radiation resistance is an issue for many organic substances, and also
the solubility is not always possible in the regired quantities. Among the dyes with
the desired performances, 2,5-diphenyloxazole (PPO) and BASF Lumogen F series
dyes [Lumogen] resulted to be very good candidates to be used in polysiloxane
scintillators. The former is already largely employed in many liquid and plastic
scintillators [Birks1964, Brooks1979, Lombardi2013] the latter have been specifically
developed to be used as dyes for photovoltaic applications.

2.2.1 2,5-Diphenyloxazole (PPO)

2,5-Diphenyloxazole (PPO) (Figure II. 7) has been used as dye for liquid and plastic
scintillator for a long time. lts use arises from the need to overcome the solubility of
other common dyes, as p-terphenyl. Generally, the substitution of a phenyl group
with an oxazole or oxadiazole group greatly increases the solubility of a linear
aromatic chain, without affecting its quantum efficiency [Birks1964]. Furthermore,
beside the high efficiency (close to 1) and the very good solubility also in
polysiloxane, this dye shows also good radiation hardness [Quaranta2010c]. The
excitation spectrum, centred at about 300 nm (Figure II. 8), is well matching the
emission of the polysiloxane base, thus allowing a good energy transfer from the
matrix or solvent to the primary dye. The PPO used in this work was scintillation
grade 2,5-diphenyloxazole purchased from Fluka.
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Figure II. 7. Molecular structure of the molecule 2,5-diphenyloxazole (PPO).
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Figure I1. 8. Excitation and emission spectrum of the PPO molecule in chloroform.
222 Lumogen Violet

BASF Lumogen F Violet 570 (LV) is the secondary dye used in this work. As already
mentioned, originally it was employed as dye in photovoltaic applications. It has good
efficiency, close to 85% [BASF_LV] and it has been already reported to be a very
promising secondary solute in plastic scintillators, in combination with PPO
[Carturan2011, Hamel2008]. This molecule belongs to the family of 1,8
Naphthalimides (Figure II. 9 left) and has an emission peak centred at 430 nm and
an excitation spectrum very well overlapping with the PPO emission (Figure II. 9
right).
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Figure II. 9. (Left) Generic molecular structure of 1,8-Naphthalimide. The substituents R1 and
R2 are patented for the LV molecule. (Right) Emission and excitation spectra of the LV
molecule in chloroform.

2.2.3 Lumogen Red

In the case of quaternary scintillator, a third dye has to be added to the solution. In
this work, in order to produce a red emitting polysiloxane material, the chosen dye
was BASF Lumogen Red F 305 (LR). This dye belongs to the perylendiimide family
(Figure I1. 10) and it also has been developed for solar energy applications. It has
very high efficiency (over 90% [BASF_LR]) and very good solubility in many media
including polysiloxane. Furthermore, this dye has a good stability, crucial also for
solar applications [Baumberg2001] and a good radiation resistance [Keivanidis2008].
All these characteristics, together with long emission wavelength, at 610 nm, make
this dye suitable to be employed as wavelength shifter in plastic scintillators. lts
absorption spectrum, even if having its maximum at 570 nm, shows a secondary
peak at 450 nm (Figure Il. 11), well matching the emission of LV, and thus being
suitable to be excited by the secondary dye used in this work (Figure Il. 12).

Both LR and LV dyes used for this thesis were kindly offered by Colorflex
(Mannheim, Germany).
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Figure II. 10. Molecular structure of the LR molecule [Balaban2014].
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Figure II. 11. LR emission and excitation spectra in acetone.
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Figure II. 12. Overlap between the different dyes emission and excitation spectra.
2.3 Samples preparation
23.1 Polysiloxane plastic scintillators

The production of polysiloxane plastic scintillators occurs through different steps. A
first step is represented by the dissolution of the desired amount of dyes in the A
resin, by stirring the mixtures for some hours at about 50 °C. It is worth to note that
all concentrations reported in this work refers to weight percentage of dye with
respect to the only A component. Following this step, the remaining components of
the polysiloxane material (Pt complex, cure moderator and B part) are added in the
proper quantities, depending on the type of A resin employed, and the resulting
mixture is stirred for some more minutes at room temperature. After this, the mixture
is poured in the mould having the desired dimensions and the samples are degassed
in low vacuum, in order to remove gas and bubbles produced during the stirring
process and to reduce the concentration of dissolved oxygen that could reduce the
efficiency of the scintillation process [Birks1964]. After the deaeration the mould are
put in an oven overnight at 60°C to accelerate the cross-linking reaction. The so
produced samples have 2 cm or 3 cm diameters and a thickness of 1 mm for the
larger samples and 3 mm to 7 mm for the smaller ones. In the following tables, the
specific recipes for the two different resins employed are reported. All the samples
having diameter 3 cm are made by 22PDPS polysiloxane, while the smaller one are
produced using both resins.
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Table Il. 3. Typical formulation of 22PDPS based polysiloxane matrix.

Component Chemical name Quantity
Poly(22-25mol% diphenylsiloxane-co-
A part dimethylsiloxane) vinyl terminated "9
B part (cross- Poly(45-50mol% methylhydrosiloxane-co- 748 0l
linker) methylphenylsoxane) hydride terminated < H
Cure moderator 1,3,5,7-Tetravinyl-1 ,3.,5,7-Tetramethyl- 5l
cyclotetrasiloxane
Catalyst Platinum-Divinyltetramethyldisiloxane complex in 0.8 4l
xylene
Table Il. 4. Typical formulation of 100PMPS based polysiloxane matrix.
Component Chemical name Quantity
A part Poly(phenylmethylsiloxane) vinyl terminated 19
B part (cross- Poly(45-50mol% methylhydrosiloxane-co- 0.15
linker) methylphenylsoxane) hydride terminated 9
Cure moderator 1,3,5,7-Tetravinyl-1 ,3.,5,7-Tetramethyl- 5l
cyclotetrasiloxane
Catalyst Platinum-Divinyltetramethyldisiloxane complex in 1l

xylene

2.3.2 Polysiloxane liquid scintillators

In case of polysiloxane liquid scintillators, no chemical reaction is occurring during
the preparation of the samples. The steps for the production of solutions however
are similar to those employed for plastic scintillators: after the addition of the dyes to
the polysiloxane liquid, the mixtures are stirred at 60°C for some hours in order to
allow their complete dissolution. The solutions are then deaerated in low vacuum for
the removal of bubbles and dissolved oxygen. After this step the liquid is poured in
the quartz cuvette used for the measurement, before a final quick further deaeration
step, needed to remove the gases introduced in the cuvette during the pouring.
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2.4  Characterization techniques
2.4.1  Optical measurements

Both liquid and plastic scintillators have been optically characterized before their test
with radiations. Optical measurements involved UV-Vis spectroscopy, steady state
fluorescence spectroscopy and time resolved fluorescence spectroscopy.

24.11 UV-Vis spectroscopy

Absorption measurements have been performed by using a Jasco V-570 double
beam spectrophotometer, equipped with a deuterium lamp, covering the range from
190 nm to 350 nm, and a halogen lamp, covering the range 330 nm- 2500nm. Direct
absorption measurements have been performed in case of solid sample, while in
case of liquid mixtures, the solutions have been analyzed in quartz cuvettes having
10 mm optical path. A special cuvette, with reduced 2 mm optical path has been
instead employed to measure the absorption spectrum of the undoped polysiloxane
liquids in tetrahydrofuran (THF) solution, in order to reduce saturation effects due to
the strong absorption in the UV range of the materials.

2412 Steady state fluorescence spectroscopy

Steady state fluorescence measurements have been performed using a Jasco FP-
6300 spectrofluorometer, equipped with Xe lamp. The fluorescence emission and
excitation spectra for plastic samples have been measured both in front-face and in
transmission geometry (Figure Il. 13). The first type of measurements allows to
reduce the distortions due to inner filter effects in the samples, the latter is a
configuration similar to the scintillation measurements, and allows to understand the
effect of self absorptions in the scintillation process.
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Figure II. 13. Schematic representation of the front-face and transmission geometry employed
in the fluorescence measurements of solid samples.

Fluorescence measurements on liquid samples have been performed in right angle
geometry, using 10 mm optical path quartz cuvette. Also in this case, the analysis of
the undoped polysiloxane liquids has been performed using a 2 mm optical path
cuvette in front face geometry, in order to reduce the distortions coming from the
strong absorption of the phenyl groups in the UV range, and for the same reason,
measurements have been done on 1 g/l diluted THF solutions. All spectra are
presented as recorded, without any correction for the instrumental response, with the
exception of the spectra reported in the chapter regarding red emitting scintillators. In
that case, since the emission of the sample was occurring also above 600 nm, a
correction for the spectrofluorometer response curve was need, and therefore, all the
spectra showing red emitting samples have been previously corrected.

2.4.1.3 Florescence lifetime measurements

Time resolved spectrofluorimetry has been performed at the Fluorescence Lab of the
University of Verona, Department of Computer Science. The used instrument is a
Horiba® Nanolog spectrofluorometer, and exciting the samples with 280 nm and 375
nm pulsed Horiba LED (pulse width smaller than 1.2 ns). The fitting of the decay,
was performed directly by the instrument software, and the reported uncertainties are
the fitting errors given by the software itself. The measurements are performed using
a quartz cuvette with 10 mm optical path in right angle geometry.

The employed fitting function is a multi-exponential decay where the rise time is
modelled as an exponential function with negative pre-exponential term.

t

1(6) = Ae % —De (17)

46



Where 7 is the decay time of the acceptor (LV in this case), whereas 7, is the one
of the donor (PPO in this case) in presence of energy transfer and represents the
rise time of the system [Birks1968, Valeur2001].

In some cases, it has been necessary to introduce a further exponential term,
according the equation

t

I(6) = Ae™™ + Be 7 — De 7 (18)

Being Tr the rise time and 11, 12 the decay times of the system. In that case, the
fractional intensity of the fast and slow components was calculated as [Valeur2001]:

_ At

4% =2 100 (19)

B%=—"=—_.100 (20)
AT{+B T,

2.4.2  Scintillation light yield measurements

24.2.1 Plastic scintillators

Table Il. 5. Main characteristics of the photodetectors used for this work.

Hamamatsu Hamamatsu RMD

Detector R1450 R2228  S0814
Sensitivity range [nm] 300-650 300-900 400-1050
Maximum sensitivity [nm] 420 600 950
Applied Voltage [V] -1500 -1200 +1810
Gain 1.7108 75105 108

The scintillation performances of polysiloxane plastic scintillators have been tested
with alpha particles and y-rays. For the characterization with a particles, 24'Am a
source (5.486 MeV) has been used, while 8Co (activity 370 kBq, energy 1.17 MeV
and 1.33 MeV) and '¥Cs (activity 370 kBqg, 0.662 MeV) sources have been used for
y rays. Depending from the sample, tests have been performed using as
photodetector either a Hamamatsu R2228 red enhanced photomultiplier tube (PMT),
a RMD S0814 avalanche photodiode (APD) or a fast response Hamamatsu R1450
PMT, all of them fed by Ortec 556H High-Voltage Power Supply, with voltages
reported in (Table II. 4).
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The red enhanced PMT and the APD, having higher efficiency at longer wavelength
were used to test red emitting polysiloxane scintillators. In all cases, the scintillator
was placed directly in contact with the detector window, with no need for optical
grease since the polysiloxane was perfectly adhering on the detector surface, and
the addition of optical couplant was not improving the performances of the apparatus
(Figure 11. 14). This can be regarded as a further advantage of polysiloxane
scintillators, since, as visible in Figure Il. 15, the same is not true for standard plastic
scintillators.

3004 1%PPO, 0.04% LV, 0.01% LR
250_ 241Am
200

[2]

T 1504 —— Optical grease

3 —— Direct coupling

O 1004

50

400 800 1200 1600 2000
Channels

Figure II. 14. Comparison of a 241Am scintillation spectrum collected by a polysiloxane
scintillator with or without optical couplant.

The system was then wrapped on the front face with 10 um aluminated Mylar tape,
and on the sides with white Teflon tape, with the aim of reducing the scintillation light
losses without stopping the a particles. In order to minimize the ambient light during
the measurement, the system was placed in a completely darkened scattering
chamber. When performing a particle tests, the source was placed directly in contact
with the sample, while in case of y measurements, the sources were kept at about 1
cm from the scintillator. In case of red emitting materials, in order to evaluate the
contribution coming from the red part of the visible spectrum, some measurements
were also performed using a 515 nm long-pass filter (Thorlabs), interposed between
the scintillator and the PMT window. In this case, the optical coupling between the
detector and the filter was guaranteed by the application of a droplet of A resin
between the two components.
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Figure 1I. 15. Comparison of a 2'Am scintillation spectrum collected by EJ-212 plastic
scintillator with or without optical couplant.

Signals from the PMTs have been directly amplified by a Canberra 2021
Spectroscopy Amplifier, with a shaping time of 0.25 us and a gain of 30. When using
the APD instead, a preamplification stage was added before sending the signal to
the amplifier, the preamplifier having a gain of 45 mV/MeV. The Spectroscopy
Amplifier produces Gaussian signals having amplitude proportional to the integral of
the scintillation pulse. The signal is then converted by an analog to digital converter
(ADC) and a channel, proportional to the Gaussian amplitude, is assigned to each
signal. In this way the scintillation spectrum is recorded as a histogram showing the
number of counts for each channel, the higher is the intensity of the scintillation
pulse, the higher is the channels number of the signal.

In order to compare different materials the scintillation yields were evaluated in terms
of relative light output in comparison to EJ-212 (Elien Technology) commercial
plastic scintillator with the same dimensions of the tested samples. In case of alpha
particles, the relative light yield has been evaluated by comparing the positions of the
centroids of the peaks in the scintillation spectra. In case of gamma rays, this
evaluation is not so straightforward, since the scintillation spectrum is not a single
Gaussian peak. In this case, the scintillation light yield has been calculated from the
position of the so called Compton edge, and in case of thin samples, when this was
also not clearly distinguishable, from the position of the Compton end point.

2422 Liquid scintillators

The scintillation yield of polysiloxane liquid scintillators have been evaluated with
gamma rays from 80Co and '¥’Cs (and also 2Na in some cases) sources and
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compared with a commercial EJ-309 (Eljen Technology) low toxicity liquid scintillator.
80Co and 137Cs sources were the same used also for the characterization of plastic
scintillators, while for liquid scintillators also 22Na source has been used in some
cases, emitting y-rays at two different energies, 511 keV and 1277 MeV. The
scintillating solutions have been tested in cylindrical quartz cells (Hellma Optics) with
50 mm optical path and 25 mm diameter flat parallel faces, using a Hamamatsu
R1450 PMT as photodetector. The optical coupling between the PMT window and
the cell face has been achieved using silicon based optical grease (Dow Corning).
The quartz cuvette has been wrapped in white Teflon tape in order to minimize light
losses, and the y source was placed in front of the cell, at a distance of 1 cm from
the other face of the cylindrical vessel Figure II. 14.

The electronic chain employed for the measurements is the same described in the
previous section, with the only difference that the bias of the PMT was set in this
case to -1300 V and the Spectroscopy Amplifier is a Canberra 2024. Also in this
case the relative scintillation yields have been evaluated on the base of the position
of the Compton edge in scintillation spectra, calculated through the fitting of the
Compton peak with a Gaussian function. For each sample, tests were repeated
several times in order to optimize the light collection and to acquire enough data to
allow a determination of the spread in the results. This spread resulted to be around
10%, in well agreement with literature data [Haas2008].
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Figure II. 16. Schematic representation and picture of the measurement geometry.
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243 Pulse shape analysis

Pulse shapes of polysiloxane liquids were analysed using a pulsed neutron beam at
the “CN” Van de Graaff accelerator at the INFN-Legnaro National Laboratories. The
neutron flux was produced exploiting the “Li(p,n)’Be reaction produced by the
collision of 4 MeV protons on a LiF target, with the emission of 2.32 MeV neutrons in
forward direction. The pulsed proton beam had a repetition rate of 3 MHz, with 2 ns
width pulses.

The quartz cells containing the scintillators were mounted on the PMTs as described
in the previous section, and the assemblies were placed at a distance of 60 cm from
the target, in forward direction. With this configuration, the neutron flux at the
samples was of the order of 102 neutrons cm2 s*!. Every single pulse produced by
the PMT was recorded directly by 250 MS/s, 12 bit CAEN V1720 digitizer, and the
single waveforms were analyzed offline. Time of Flight (ToF) discrimination
technique was used in order to distinguish the signals produced by neutrons to the
signals coming from gamma rays, also produced during the Li(p,n)’Be reaction.
With this aim, the signal coming from an inductive pickup placed immediately before
the LiF target was also collected and used as time reference.

In the post-processing the average pulse shapes produced by neutrons and gammas
were obtained by summing up all the normalized pulses, labelled as neutrons or
gammas using the ToF technique and with the zero position on the timescale
corresponding to the position of the maximum. The waveforms were fitted using the
OriginPro 8.5 software. The reported errors for the fitting parameters are the sum of
the fitting errors given by the software itself and an estimation of the uncertainties of
the experimental setup, whose main contribution comes from the PMT transit time
spread (0.76 ns at the FWHM).

Also in this case the curves were fitted with a multi-exponential decay, but in this
case, the introduction of a second decay term was always necessary in order to
achieve a good fitting, and the employed fitting function was therefore always in
according to Eq. 18, Eq. 19 and Eq. 20.

2431 Pulse shape discrimination

Pulse shape discrimination performances of polysiloxane liquids were evaluated by
using the so called charge comparison method, described for the first time by Brooks
[Brooks1959] and still largely used with liquids [Pawelczak2013, Comrie2015,
Luo2014, Sderstrdm2008] and even plastic scintillators [Pozzi2013]. In this method,
every pulse is integrated over two different periods, a fast one, including the first part
of the decay, and a second longer one, integrating the slower part. The ratio
between these values depends on the shape of the scintillation signal, and allows to
distinguish the events produced by different particles. In this work, the fast interval
was set from -8 ns to 50 ns, while the slow integral was calculated from 50 ns to 800
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ns. After obtaining these two values, a PSD value was assigned to each pulse,
calculated as:

PSD = 10 -slow integral (21 )

fast integral+slow integral

And a PSD frequency distribution was consequently derived for each set of data,
typically showing two Gaussian-like peaks, corresponding to neutrons and gammas
signals. From these histograms, the so called figure of merit, FoM, has been derived,
allowing to compare the pulse shape discrimination capability of different scintillating
mixtures. The FoM is conventionally defined as [Annand1987]:

<n>-—<y>
FoM = —=127=r> (22)
FWHMn+FWHM,,

Where <n> and <y> are respectively the centroids of neutron and gamma
distributions, and FWHM,, and FW HM,, their full width at half maximum.
Following this procedure, the FoM was derived for different energies, after dividing
the pulses in 200 keVee bins, on the basis of the pulse amplitude, and after
calibration of the scintillator with y-rays. The calibration was performed assigning to
each channel the energy of the electrons producing a signal with the corresponding
amplitude, and for this reason, the energy scale used for in the graphs is electron
equivalent keV (keVee).

2.44  Time resolved ion beam induced luminescence (TRIBIL)

Time resolved ion beam induced luminescence measurements were performed at
the INFN-LABEC laboratory in Sesto Fiorentino. These measurements allow to
record the signal emitted by the samples when irradiated with a pulsed ion beam.
For the measurements, 10 MeV C3, 10 MeV O3%* and 3 MeV H* ions were used.

The light emitted from the samples was collected by Hamamatsu R3478 fast PMT,
biased with -1700 V, and the signal from the PMT was directly acquired by a 250
MS/s CAEN V1720 digitizer. The pulsed beam had a frequency of 20 Hz, with 4 ns
pulses. Acquisition from the PMT was set in coincidence with the beam pulses, using
as a time reference the signal of the beam deflector. Also TRIBIL pulses were fitted
using Eq. 18, Eq. 19 and Eq. 20 in order to compare the signals produced by
different ions on different samples.

Measurements were performed in high vacuum, placing both samples and PMT in
the measurement chamber at about 107 bar.
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Chapter Il
Polysiloxane liquid scintillators

Part of this chapter has been published in:

M. Dalla Palma, S. M. Carturan, M. Degerlier, T. Marchi, M. Cinausero, F. Gramegna, A.
Quaranta

“Non-toxic liquid scintillators with high light output based on phenyl-substituted
siloxanes”,

Opt. Mater,Vol. 42 (2015) pag. 111-117.

3.1 Introduction

As already mentioned in the first chapter, liquid scintillators are widely used in many
applications, ranging from nuclear physics [Leo1987] to homeland security
[Joyce2012], materials analysis [Vartsky2003], medicine [Kirov2005] and fusion
science [Kaschuck2000]. In large-scale scientific facilities, liquid scintillators are
largely employed, and will be even more used in future experiments, in extremely
large volumes (Table Ill. 1) [Bellini2013, Araki2005, Zhan2013, Kraus2006,
Wurm2012]. The choice of liquid scintillators is unavoidable in these cases since
they represent the only reasonable possibility to achieve extremely large detection
volumes with good efficiency, and relatively low costs. Furthermore, as it will be
extensively treated in the next chapter, they are the preferred solution in fast neutron
detection whenever neutron-gamma discrimination is needed, thanks to their
superior PSD capability.

Table IlI. 1. Volumes of liquid scintillators employed in some important large-scale facilities
(foreseen or in operation).

Experiment Liquid scintillator volume [I]

Borexino (LNGS) 300 000

Daya Bay (CN) 320000

SNO+ (CAN) 800 000
KamLAND (JP) 1000 000

There are however some drawbacks in the use of these materials. Most efficient and
most used liquid scintillators present indeed problems connected with their toxicity,
their flammability, their volatility and with their high sensitivity to oxygen. These
issues are mainly due to the aromatic solvents used in the scintillating mixtures (e.g.
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xylene), and for his reason in the last years, much work was done on the
investigation of the scintillation performances of new aromatic solvents [Chang2015,
Joyce2012, OKeeffe2011, Bentoumi2013]. Thanks to these new researches on the
topic, new interesting scintillation solvents were discovered, having lower toxicity and
lower volatility. Among the number of these new scintillators, it is worth to mention
LAB (linear alkyl benzene) [Marrodan2009, Lombardi2013], di-isopropilnaphtalene
(DIN) [Lombardi2013] or phenyl-o-xylylethane (PXE) [Marrodan2009, Back2008], all
of them having a lower volatility (lower than 10 torr) and higher flash point (above
140°C) than the traditional aromatic solvents. In this framework, also commercial
liquid scintillators are following the need for less harmful materials, with the new EJ-
309 liquid scintillator, characterized by low toxicity, high flash point, good light yield
and good PSD performances [EJ-309ds, Enqvist2013, Tomanin2014], even if
without reaching the performances of xylene based EJ-301 or the equivalent BC-
501A [Pawelczak2013, Stevanato2012).

The improved characteristics of PXE or LAB based scintillators are the reason for
their use in new large-scale facilities like Double Chooz [Aberle2012] and SNO+
[Kraus2006] and in future large scale detectors [Oberauer2013].

Polysiloxane liquids could also play a role in this research for new, less hazardous
solvent, given their very good chemical stability, their excellent thermal stability, very
low toxicity, low flammability, low volatility (lower than 10 torr at room temperature)
and high flash point (more than 200°C) [GelestMSDS]. There is an extremely large
variety of possible polysiloxane liquid scintillators, having different content and
distribution of phenyl groups, different molecular weight, and different viscosity. This
chapter reports the analysis of several liquid polysiloxanes, with the aim of finding
the best solvent in terms of optical properties and light output.

3.2 Experimental part

In order to compare the performances of different polysiloxane liquids as solvents for
liquid scintillators, 1 w% PPO and 0.02 w% LV were added to all solvents (see
Chapter Il for solvents structure and properties). The mixtures were then tested by
UV-Vis spectroscopy ad by fluorescence spectroscopy in order to analyze the optical
properties and to evaluate the differences in energy transfer between solvent and
dyes and between different dyes. The pure solvents were also analysed with the
same techniques, in order to determine the differences in the photophysical
properties and to correlate them with the molecular structure. Aiming at reducing the
self-absorption effects, the measurements were performed in a reduced optical path
(2mm) quartz cuvette and the materials were diluted in tetrahydrofuran (THF) in 1g/I
concentration; furthermore, fluorescence measurements were performed in front face
geometry. The dilution of 1g/l was chosen as the one allowing the best compromise
between maximum intensity and minimum inner filter effect. This is clear when
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looking at Figure IlI. 1: when increasing the dilution factor, from undiluted material to
1 g/l the intensity is strongly reducing, but the shape of the spectrum is also
changing, the component at lower wavelength becoming increasingly more important
due to the reduction of the self-absorption in that region.
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Figure IIl. 1. Comparison between the emission spectra of TPTMTS in THF solution at different
dilutions. Spectra are shown with (right) and without (left) normalization.

Scintillation yields of the samples were measured using 8Co and ¥7Cs gamma
sources, relatively to EJ-309. The position of the Compton edge was used for the
comparison of the different samples, and in order to have a precise estimation of this
position, the last part of the spectrum was fitted with a Gaussian function (Figure I1.
2).

A detailed description of the experimental setup is reported in the Chapter I1.
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Figure Ill. 2. Typical *¥7Cs scintillation spectrum, with the fitting function used to evaluate the
position of the Compton Edge.
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3.3 Optical properties of polysiloxane liquids
3.3.1 Absorption spectra

3.3.11 Absorption spectra of polysiloxane liquids

A first characterization of polysiloxane liquids involved the analysis of their optical
absorption, performed in diluted solutions in order to distinguish the shape of the
absorption spectra and avoid saturation effects. This analysis allowed to have a
confirmation of the phenyl content and to ensure that no other strongly absorbing
contaminant was present in the material, causing a possible reduction of the final
light output. In Figure IIl. 3, the absorption spectra of the diluted solutions are shown.
It has to be noted that no absorption peak occurs above 300 nm, in the region where
PPO and LV emits, meaning that all these materials are suitable for hosting the
fluorophores in liquid scintillating cocktails. As regarding the absorption peak at 260
nm, it is important to observe that the peak position is the same for all liquids. This
peak corresponds to the ™ = m* transition of the phenyl rings [Itoh2001, Horta1991],
and its intensity therefore depends on the amount of phenyl rings in the solution. A
confirmation of this can be found in Figure Ill. 4, showing the linear correlation
existing between the peak absorbance at 260 nm and the content of phenyl moieties
in the material. The large error bars on the figure are due to the difficulty in
measuring precisely small quantities of undiluted resins, due to their viscosity. This
results on errors larger than 10% in the solution concentrations that affect also the
absorption measurements. This estimation was obtained by repeated measurement
on different nominally identical samples.

08
1.gllin THF
0.6 DPDM20
° PM100
e — PMDM50
S 04/ — PPTMTS
S — TPTMTS
(2]
o]
<
0.2
OO L T T T T T
250 300 350 400 450 500

Wavelength (nm)

Figure 1. 3. Absorption spectra of 1 g/l diluted solutions of different polysiloxane liquids.
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Figure lIl. 4. Linear correlation between the amplitude of the absorption peak and the amount of
phenyl groups in the different polysiloxane liquids.

It is worth noting that the shape of the absorption peak is unchanged for different
materials, this allows to exclude that stable non-fluorescent intramolecular dimers
are formed. If this occurred, the shape of the absorption spectrum would be different
or would not follow the observed linear dependence with the concentration of phenyl
groups [Birks1964]. In fact, the chemical interaction between two chromophores, or
between a chromophore and a different species, affects also the electronic levels of
the chromophore and appears as a shift or a secondary shoulder in the absorption
spectrum.

3.3.1.2 Absorption spectra of scintillating solutions

Absorption spectra have been measured also for polysiloxane liquids doped with 1%
PPO and 0.02% LV. Given the large difference in the concentration of the two dyes,
it was not possible to detect the absorption spectra of both, because of PPO
saturation occurring in undiluted samples and too low LV absorption occurring in
diluted ones. For this reason, two different measurements were needed in order to
analyse the absorbance of both dyes. Therefore, PPO absorption was analyzed by
studying the materials in 5 g/l THF solutions (Figure Ill. 5), while LV was studied in
undiluted solutions (Figure Ill. 6).
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Figure 1. 5. Absorption spectrum of polysiloxane liquids doped with 1% PPO and 0.02% LV in
5 g/l THF solutions. PPO absorption peak is visible between 280 nm and 350 nm.
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Figure IIl. 6. Absorption spectrum of undiluted polysiloxane liquids. LV absorption band is
visible between 360 nm and 410 nm. Below 350 nm the signal is saturating due to the strong
PPO absorption.

In both cases, as expected, all the spectra are very similar, since the hosting
solutions have very similar chemical properties. The differences in the absorbance
are due to errors in the weightings of the dyes. These errors are higher for LV due to
the much smaller quantities to be measured, but in any case they are smaller than
10%. In Figure IIl. 6, it can be noticed how the signal of PPO, due to its high
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concentration in undiluted liquids, is not distinguishable anymore due to absorbance
saturation.

3.3.2 Fluorescence spectra

3.3.21 Fluorescence of polysiloxane liquids

The emission spectrum of polysiloxane liquids in THF solution was measured by
exciting the materials at 260 nm, corresponding to their absorption peak (Figure IIl.
5). All spectra showed two main peaks, with relative intensities varying according to
the material. In most cases, the longer wavelength peak, at around 320 nm,
represented the most intense emission, with the exception of TPTMTS, having the
main emission at 290 nm and only a secondary shoulder at 320 nm. The origin of
these two features can be found again in the presence of the phenyl moieties
attached to the main siloxanes backbone: the shorter wavelength component (290
nm) represent the emission of the single aromatic unit, while the one at longer
wavelength (320 nm) comes from the emission of excimers, formed by the
interaction of an excited state phenyl unit with a ground state one [ltoh2001,
Hirayama1965, Hamanishi1993].

The formation of intramolecular excimers, which is affecting the photophysical
properties of the solutions, strongly depends on the molecular structure of the
material. In carbon based compounds, excimers form only when the aromatic groups
are positioned along the main chain at a distance of three carbon atoms (Ph-C-C-C-
Ph) [Hirayama1965]. Given the rigid tetrahedral structure of the organic bonds, with
the fixed bond angle of 109.5°, this configuration is the only one allowing a face-to-
face configuration with a reciprocal distance of 0.254 nm, needed for the interaction
to occur. In polysiloxane materials, instead, the Si-O-Si bonds have a lower rigidity,
allowing the molecule to assume configurations that are not possible in carbon
based materials. For this reason, in aromatic polysiloxanes, excimers can form much
more easily, not only with a separation of three atoms (Ph-Si-O-Si-Ph) but also with
an intramolecular distance of five atoms (Ph-Si-O-Si-O-Si-Ph) [Itoh2001, Horta1991].
These considerations are consistent with what observed in the fluorescence
measurements, where the molecules formed by longer chains (DPDM20, PM100,
PMDM50), having at least the 20% of pheny! siloxane units, show a strong excimer
band, as confirmed also by other authors reporting similar values for the excimer to
monomer intensity ratio (Ie/lw) [Itoh2001, Salom1989, Salom1991, Itoh1996]. In
particular, PM100, the solvent having the highest phenyl content among the long
polymers, is the material showing the highest Ie/lu ratio, in good agreement with
theoretical observations (Table Ill. 2).
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Figure Ill. 7. Fluorescence emission spectra for different liquid polysiloxane in 1g/l THF solution.
Excitation wavelength was fixed at 260 nm for all samples.

As regarding shorter molecular weight compounds, TPTMTS and PPTMTS, it is
interesting to notice how, despite the very similar molecular structure, their
florescence emission is totally different. The spectrum of PPTMTS is not too
dissimilar from the ones of the previously observed molecules, while TPTMTS is
instead the only material showing a much stronger monomer emission than excimer
emission [ltoh2001]. This indicates that, at least at room temperature, the formation
of excimers is somehow hindered for this compound, probably due to the presence
of the methyl group between the phenyl units, and to the larger distance existing
between close chromophores. The replacement of a central methyl group with an
aromatic moiety in PPTMTS, strongly favours the reciprocal interaction, leading to a
high excimer formation probability.

Table lll. 2. Excimer to monomer intensity ratio for the different polysiloxane liquids in 1g/l THF
solutions and undiluted.

Sample Ie/lw Diluted Ie/lw Undiluted

PPTMTS 24 34
TPTMTS 0.34 1.4

PM100 3.6 54
PMDM50 20 2.7
DPDM20 2.1 46
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The fluorescence spectra of the undiluted polysiloxanes were also measured (Figure
II. 8). TPTMTS is still the compound showing the highest monomer relative intensity,
as it can be observed from the comparison in Figure IIl. 9, but in this case there is an
apparent increase in the excimer to monomer intensity ratio for all the samples. This
phenomenon can be mostly ascribed to the inner filter effect due to the strong
absorption occurring below 290 nm. To a certain extent, part of this effect can also
be due to the increased viscosity of the system as an effect of the reduced dilution,
but the influence of the viscosity in the excimer formation process is reported to be
very small in linear polysiloxane compounds [Salom1991]. Another reason could also
be the formation of intermolecular excimers, formed by the interaction between
aromatic groups of different molecules, much more probable in highly concentrated
or undiluted solutions. In any case, other authors already reported a similar effect for
diphenyl and triphenyl alkenes at different concentrations [Hyrayama1965].

1.0
Undiluted
DPDM20
PM100
> 981 —o— PMDM50
B —a—PPTMTS
S —o—TPTMTS
£ 064
° %_=260 nm
3 ox
N
g 044
S
Z
0.2
0.0

300 ' 350 ' 400
Wavelength (nm)

Figure 1. 8. Emission spectra of undiluted polysiloxane liquids excited at 260 nm.

3.3.2.2 Fluorescence of scintillating mixtures

In liquid or plastic scintillators, the efficiency of the energy transfer from the solvent
to the primary dye and from the primary dye to the secondary dye is crucial for the
final performances of the material. As explained in Eq. 13, one of the key factors in
order to have a good energy transfer is the spectral overlap between solvent
emission and primary dye absorption. Experimentally it appears that the process
reaches the best efficiency when the energy levels of the donor are slightly higher
than those of the acceptor (0.5 eV — 1 eV) [Birks1964]. In these terms, the single
monomer emission appears to be favoured over the excimer emission for the energy
transfer to PPO.
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Figure IIl. 9. PPTMTS and TPMTS emission spectra overlapped to PPO molar absorption.
Emission spectra are normalized over the area. Grey areas represent the overlap integral
(equation(13)).

Furthermore, Figure Ill. 9 shows the overlap between TPTMTS (mainly monomer
emission) and PPTMTS (mostly excimer emission) emissions, with peak areas
normalized to unity, and PPO absorptivity. The grey areas represent the overlap
integral used in the calculation of the Forster radius, needed to derive the energy
transfer efficiency. As it can be seen, for both liquids there is a good degree of
spectral overlap with the acceptor absorption, but the overlap is larger for TPTMTS,
showing the highest monomer emission. The value for the overlap integral calculated
following the expression in Eq. 13 is reported in Table IIl. 3.

Table lll. 3. Calculated value of the overlap integral for PPO in liquid polysiloxanes.

Sample

Overlap

integral [cm€]

PPTMTS
TPTMTS
PM100
PMDM50
DPDM20

1.72 E-11
2.08 E-11
1.48 E-11
1.51 E-11
1.60 E-11

In order to evaluate the energy transfer efficiency from the solvents to the primary
dye, PPO excitation spectra were also measured. Figure lll. 10 reports the
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normalized spectra recorded at 360 nm for the different polysiloxane liquids with 1%
PPO concentration. The range from 240 nm to 290 nm is shown in the large image,
while the full spectra are reported in the inset. The spectra are very similar, but small
differences in the intensity can be noticed at 270 nm (corresponding to the solvent
absorption wavelength). Due to the very strong excitation of PPO also at those
wavelengths, to the uncertainties in dye concentrations and to the inner filter effect
distorting the spectra, a precise evaluation of the energy transfer in this way is very
difficult. The trend seems however to be similar to the one shown by the overlap
integral, with the best performances shown by TPTMTS (25% higher intensity than
DPDM20), followed by PPTMTS. For a more precise evaluation, the values of the
excitation intensity at 270 nm are reported below (Table II. 4).
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Figure IIl. 10. Normalized PPO excitation spectrum, measured at 360 nm, for different
polysiloxane samples with 1% PPO.

Table IIl. 4. Normalized intensity measured a 360 nm with excitation at 270 nm for the different
polysiloxane samples with 1% PPO.

Normalized intensity

Sample \ =270nm An=360nm)
PPTMTS 0.347
TPTMTS 0.362

PM100 0311
PMDM50 0.322
DPDM20 0.289
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In addition, energy transfer from PPO to LV was also studied. Figure lll. 11 reports,
as an example, the emission spectra of PM100 with 1% PPO concentration, with and
without the addition of LV. As it can be observed, the addition of LV, leads to the
obvious appearance of the LV peak at 430 nm, but also to a decrease in the PPO
emission intensity. This reduction is due to energy transfer occurring between the
two dyes. Furthermore, the shape of PPO emission, almost unchanged after the
addition of secondary dye, indicates that the type of energy transfer is mainly the
non-radiative one [Valeur2001]. This observation is in good agreement with other
works also in plastic polysiloxane scintillators [DallaPalma2014].
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Figure I1l. 11. Emission spectra of PM100 doped with 1% PPO and with 1% PPO and 0.02%

LV, excited at 260 nm.
In order to monitor the differences in the behaviour between the different
polysiloxanes, the ratio between the emission at 360 nm (PPO emission peak) and
the emission at 430 nm (LV emission peak) was calculated. As it can be seen from
Figure lll. 12, this ratio is unchanged, within the errors, for all the solutions, giving a
first indication that the solvent is not strongly influencing the energy transfer from the
primary dye to the secondary one. Error bars were calculated from the differences
between nominally identical solutions, and are mainly due to errors in the dye
amounts.
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Figure Ill. 12. Ratio between PPO and LV emission, for different polysiloxane solutions, excited
at 320 nm.

The energy transfer efficiency can be evaluated as [Valeur2001]:

o= 1R @)
Where A2 (Ae,) and Ap(Aex) are the donor absorbance at the excitation
wavelength respectively in absence and presence of acceptor, while 13 (Aex, A2y
and Ip(Aex, ADy) are the donor emission, in absence and presence of acceptor,
measured at the donor emission wavelength. For the polysiloxane solutions used in
ApQex) i
Ap(Aex)
very close to one, since the contribution of LV absorption to the total absorption is
negligible. Eq. 23 thus reduces to

this work, due to the very high concentration of PPO employed, the ratio

D
¢T=1_M (24)

13 RexAm)

An accurate quantitative calculation of the energy transfer efficiency, ®r, is however
not straightforward in the present case, due to the high dye concentration involved
that leads to non negligible distortions due to inner filer effect. On the other side, a
more accurate study with less concentrated solutions would be meaningless for the
aim of this work, given the strong dependence of the energy transfer efficiency to the
dye concentrations [Valeur2001]. These distortions however do not depend on the
polysiloxane materials employed, that are all transparent at the considered
wavelengths (see Figure Ill. 3), and for this reason, even if a quantitative accurate
description is not possible, a comparison of the PPO-LV energy transfer efficiency in
the different materials can still be done on the basis of Eq. 24.
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The estimation of the transfer efficiency is therefore shown in Figure Ill. 13. The
graph still confirms that there is no difference as regarding the energy transfer
efficiency from PPO to LV between the different solutions. This is not an obvious
outcome, because different properties of the liquids like viscosity, phenyl content or
different dye solubility could have some influence on the molecular interaction. This
certifies that, at these high concentrations, energy migration and diffusion, strongly
dependent on the solvent, have only a minor role in the energy transfer from primary
to secondary dye, as already noticed also by other authors [Malimath1997].
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Figure IIl. 13. Estimation for non-radiative energy transfer efficiency.

3.4 Scintillation response of polysiloxane liquids

The scintillation response of the different mixtures and of EJ-309 liquid scintillator
was measured with 8Co (Figure Ill. 14) and '3’Cs (Figure ll. 15) y-rays. In all cases
the typical Compton spectra produced by gamma rays in organic scintillators was
observed. Since these materials are composed by light elements, at the involved
energies only Compton scattering occurs, allowing the detection of gamma rays
thanks to the scattering of electrons in the material. An accurate comparison of the
spectra produced by the two sources shows a slight difference in the shape of the
spectra. This difference is due to the fact that '3’Cs emits only gamma rays at 0.662
MeV, while 8Co emits with equal probability gamma rays at two different energies
1.17 MeV and 1.33 MeV. For his reason, in Figure Ill. 14 a shoulder appears
immediately after the main Compton peak, due to the higher energy photons. It is
interesting to notice that the peak in Figure Ill. 14 occurs at about twice the channels
of the peak from 1¥7Cs. This is in very good agreement with the energies of the
emitted gamma rays, 8Co emitting photons at an average energy of 1.25 MeV,
about double the energy of 137Cs.
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Figure IIl. 14. Scintillation spectra of polysiloxane based liquid scintillators measured with 6Co
y-source. Spectrum of EJ-309 is also shown for comparison.
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Figure 1lI. 15. Scintillation spectra of polysiloxane based liquid scintillators and EJ-309
measured with *¥Cs y-source. Spectrum of EJ-309 is also shown for comparison.
Figure Ill. 16, shows the scintillation light yields of the different samples, as a
function of the phenyl concentration, expressed in percentage of EJ-309. It clearly
appears that the scintillation light output increases with the concentration of phenyl
groups in the solvents, with the only exception of TPTMTS, having the best
performances despite a lower amount of phenyl moieties than PPTMTS. The
observed dependence from the phenyl concentration can be explained by the
increased energy migration rate within the solvent, leading to an increased energy
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transfer probability to PPO. As regarding TPTMTS, instead, its different behaviour
can be linked to the different excimer to monomer ratio (Figure IIl. 7).
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Figure IIl. 16. Scintillation light yields for different polysiloxane liquid scintillators, relative to EJ-
309, as a function of the phenyl concentration.

This difference indeed influences not only the emission spectrum of the solvent, but
also its fluorescence quantum yield and the energy migration rate.

As already reported in the previous section, the spectral overlap between solvent
emission and PPO absorption is higher for TPTMTS, due to the stronger monomer
emission (Table lll. 3), and this affects also the scintillation light yield. A proof of that
can be found in Figure lll. 17, where the existence of a certain correlation between
spectral overlap and scintillation light yield can be clearly noticed, especially for the
highest phenyl amounts, while at lower phenyl concentrations this correlation is
poorer since the effect of a worse energy migration rate is more important than a
better spectral overlap.
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Figure IIl. 17. Trend comparison between scintillation light yield (from €Co) and overlap integral
for different polysiloxane liquids.

Even if it seems to be the most important, this effect is not the only possible
advantage of TPTMTS. It has to be recalled that monomer emission, diversely from
excimer, is occurring at slightly higher energies than PPO absorption, which is also
an advantage for an efficient energy transfer. Furthermore, as it can be seen from
Eq. 1212 and Eq. 13, the rate of non-radiative transfer depends also on the donor
quantum efficiency. Since data from literature [Hirayama1965, Hamanishi1993,
Adadurov2011, 1toh2002] report that monomers have higher efficiency than
excimers, this could be another aspect influencing the behaviour of the material.
Finally, when comparing TPTMTS with the other solvents, the energy migration has
also to be taken into account. One of the most accepted theories about energy
migration in solvents suggests that this process occurs by migration of excited states
through Coulombic interactions between neighbouring aromatic moieties [Voltz1963,
Hirayama1968, Mathad1986], following the scheme:

M; + M, > M; +M; (25)

Being M1 and M2 phenyl groups of two different molecules, and the star indicating
the excited state.

Another approach [Birks1966, Birks1970b, Horroks1974] suggests that the migration
process occurs by consecutive formations and dissociations of intermolecular
excimers, following the process:

Mi + M, > (M, M;)" > My + M; (26)

Where (M, M,)* is the intermolecular excimer formed between aromatic groups of
different molecules.
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In any case, whatever being the real process, the formation of intramolecular
excimers seems to reduce the efficiency of the energy migration in the solvent. In the
first case, excimers can be regarded as excitation traps, thus decreasing the
efficiency of the solvent-solvent energy transfer [Hallam1978]. In the second case,
intramolecular excimers hinder the formation of the intermolecular ones, and
therefore, according to the proposed transfer mechanism, they affect the solvent-
solvent energy transfer efficiency.

The correlation between energy transfer efficiency and scintillation light yield is
confirmed by the PPO excitation spectrum shown in Figure IIl. 10, reporting a trend
similar to the one observed for scintillation in the region corresponding to the phenyl
group excitation (260 nm-270 nm). It has however to be recalled that this comparison
is not completely explaining the results achieved in the scintillation light yield, since
the differences observed between samples with fluorescence measurements are
much smaller than the one reported for the scintillation output. These discrepancies
between fluorescence and scintillation were already reported by other authors
[Birks1964, Hirayama1968, Ott1956, Lipsky1956, Berlman1961a, Furst1956] and
can be ascribed partly to the different geometries of the measurement setups, partly
to the different excitation and the different importance of the energy migration
process between light excitation and radiation excitation.

3.5 Conclusions

In this chapter, the development of new non-toxic polysiloxane liquid scintillators has
been described. Various polysiloxane liquids, characterized by different phenyl
concentrations and distribution were analyzed in terms of optical properties by
means of UV-Vis spectroscopy and fluorescence emission spectroscopy. The
analysis was performed both on undoped materials and on liquids containing 1 w%
PPO and 0.02 w% LV, and the results were correlated with the molecular structure
and the concentration of aromatic species. In particular, the fluorescence analysis on
diluted polysiloxane revealed that the predominant emission was due to the
formation of intramolecular excimers in most of the materials, except 1,1,5,5-
tetraphenyl-1,3,3,5-tetramethyltrisiloxane (TPTMTS), showing mainly the typical
emission of unbounded phenyl units.

The results of the optical characterization were employed to explain the behaviour
observed in the scintillation measurements performed with ©Co and ¥7Cs gamma
sources. The best spectral overlap between solvent emission and PPO absorption,
the higher quantum efficiency of monomer emission, the different position excited
state energy levels relatively to PPO absorption and the better expected energy
migration rate allowed to explain the better performances shown by TPTMTS in
terms of scintillation light output. When compared to EJ-309 liquid scintillator, this
material reached relative scintillation light yields of over 95%, resulting by far the
best polysiloxane liquid. In the following chapter, the time performances of TPTMTS
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liquid scintillators will be investigated in order to evaluate its pulse shape
discrimination capability and in turn its suitability to be used al liquid scintillator for
neutrons.
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Chapter IV
Pulse shape discrimination in
polysiloxane liquid scintillators

Part of this chapter has been published in:

M. Dalla Palma, T. Marchi, S. Carturan, C. Checchia, G. Collazuol, F. Gramegna, N. Daldosso,
V. Paterlini, A. Quaranta, M. Cinausero, M. Degerlier,
“Pulse shape discrimination in polysiloxane based liquid scintillator”

IEEE Trans. Nucl. Sci., article in press.

4.1 Introduction

3He is at present the most used material for neutron detection, due its very high
efficiency and low gamma sensitivity [Kouzes2011], especially in systems exploiting
its very high capture cross-section of slow neutrons obtained after fast neutron
moderation [Hall-Wilon2012, ASTMC1807]. After September 2001, however, the
increase in the demand for this gas due to homeland security reasons and the
contemporary decrease in its production following non-proliferation treaties reduced
the availability of this material, consequently increasing its price [CRSreport2010,
Hurd2014]. This fact triggered the research for valid *He alternatives [Kouzes2010]
and a number of new systems with interesting characteristics was recently
developed employing fast neutron elastic scattering or thermal neutron capture
reactions (see Chapter I).

As regarding the detection of fast neutrons, liquid scintillators are one of the most
used solutions since their pulse shape discrimination (PSD) capability allows
achieving very good gamma rejection. Best performing liquid scintillators, based on
xylene have however some drawbacks connected with their high toxicity, high
volatility, and high flammability as already seen in the previous chapter. The obvious
solution to overcome these problems is the replacement of toxic solvents with less
harmful ones, but this is not so easy and newly developed low-toxicity liquids
[Back2008, Bentoumi2013, Marrodan2009, Lombardi2013] at the moment do not
equal the performances of xylene based scintillators [Pawelczak2013, Hamel2014].
Polysiloxane materials, thanks to their low toxicity and inertness could be a
promising candidate in this field. On the basis of the good results in terms of light
yield reported for polysiloxane liquid scintillators (see previous chapter), the time
response of the best performing polysiloxane liquid, 1,1,5,5-tetraphenyl-1,3,3,5-
tetramethyltrisiloxane (TPTMTS) was investigated in order to characterize the pulse
shape discrimination capability of this material. In particular different solutions of
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TPTMTS at different PPO concentrations were investigated, with UV excitation,
neutrons and y-rays and the results were connected with their PSD capability.

4.2  Experimental part

TPTMTS samples were produced with four different concentrations of PPO (0.5
wt%, 1 wt%, 2 wt% and 4 w%) and with 0.02 w% fixed concentration of LV, following
the procedure described in Chapter II. The optical properties of the scintillators were
then tested by steady state and time resolved fluorescence spectroscopy, in 10 mm
optical path quartz cuvette, using right angle geometry. The scintillation response of
the material was tested by 22Na, 8Co and by "¥7Cs y-rays. The scintillation pulses
instead were investigated using a 2.3 MeV pulsed neutron beam at the “CN”
accelerator in INFN-Legnaro National Laboratories. The PSD capability of the
material was finally evaluated using the charge comparison method, as described in
Chapter II. All the results were compared with commercial low-toxicity liquid
scintillator EJ-309, recently developed by Eljen Technology. In Table IV. 1 the most
important physical properties of TPTMTS are reported and compared to EJ-309 and
to one of the best performing liquid scintillators in terms of PSD, EJ-301.

Table IV. 1. Main physical properties of TPTMTS, EJ-309 and EJ-301 liquid scintillators.

Product TPTMTS EJ-309 EJ-301
Viscosity [cSt] 38 <10 0.7
Density [g/cm3] 1.07 0.96 0.87
Refractive Index 1.551 1.57 1.50
Flash Point [°C] 220 140 26
Boiling Point [°C] 233 (0.5 mm Hg) 290-300 141

Vapor pressure [nm Hg] ~ <0.001 (25°C)  0.002 (20 °C) 18 (37.7 °C)
HMIS 1,1,0 1,1,0 23,0

4.3  Fluorescence analysis

The fluorescence response as a function of PPO concentration was measured for

the various PPO samples. In right angle geometry, inner filter effect is so strong that

PPO is not visible, since it is completely absorbed by the secondary dye. This effect

can be seen in Figure IV. 1, showing the emission spectra of the same sample
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(TPTMTS 1% PPO 0.02% LV) recorded in 2 mm thin optical path cell with front-face
geometry and in 10 mm thin cell in right angle geometry. It is clear that the reduction
in the emitted intensity below 400 nm is due to inner filter effect. This effect is even
more important in case of scintillation measurements, where the optical path is
longer, and for this reason, in order to study the final time response of polysiloxane
materials as liquid scintillators, the fluorescence lifetime measurements were
performed in right-angle geometry.
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Normalized Intensity
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Figure IV. 1. Comparison between emission spectra of TPTMTS with 1% PPO and 0.02% LV,
measured with right angle geometry in 10 mm optical path cell and with front face geometry in 2
mm thin optical path cell.

Figure IV. 2 shows the normalized emission spectra measured in right angle
geometry, and, for comparison, the emission spectrum of a sample without LV. It
clearly appears that normalized spectra are all very similar, indicating that PPO
concentration has no effect on the LV emission and that all the light emitted by the
primary dye, even at 4% concentration is almost entirely transferred to LV. From the
combination of the observations done in the previous chapter, and the distortions
due to inner filter effect, it can be inferred that the energy transfer in these samples
occurs both radiatively and non-radiatively, in good accordance also with what

already reported also for polysiloxane plastic scintillators [DallaPalma2014].
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Figure IV. 2. Normalized florescence emission spectra at different PPO concentrations. The
emission spectrum of a sample without LV is also shown for comparison.

4.4  Fluorescence lifetime analysis

Fluorescence lifetimes of the samples were measured by exciting the solutions at
280 nm (PPO excitation) and at 375 nm (LV excitation), and recording the emission
at 427 nm, corresponding to LV emission. Due to the spectra shown in Figure IV. 2
however, these curves are representative for the entire emission of the samples,
occurring almost completely from the secondary dye.

Figure IV. 3 and Figure IV. 4 report the fluorescence decay at 427 nm for the
investigated samples. In case of LV excitation (375 nm) the curves represent LV
decay, and are a further confirmation that different concentrations of PPO are not
affecting at all the emission of LV. The three curves are indeed completely
overlapping and their fit gave very similar values.

On the other side, Figure IV. 4 shows the decay curves of the same samples when
exciting the primary dye. There are some evident differences in this case, with the
lifetime clearly increasing with PPO concentration.

In

Table IV. 2 the fluorescence lifetime values are reported in the two cases. It is worth
noting that the values measured with PPO excitation are not only different between
the samples, but they are also constantly higher than in case of direct LV excitation.
These differences can be ascribed to the energy transfer from PPO to LV, which is
responsible for the increase in the fluorescence lifetime and for the clear increase in
the rise-time.
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Figure IV. 3. Fluorescence decay spectra for TPTMTS with different concentrations of PPO and
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Figure IV. 4.

0.02% LV, measured by excitation at 375 nm and emission at 427 nm.
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Fluorescence decay spectra for TPTMTS with different concentrations of PPO and
0.02% LV, measured by excitation at 280 nm and emission at 427 nm.

Figure IV. 6 and Figure IV. 7 show a comparison of the LV decay curves at the two
different excitation wavelengths for a sample with 1 % PPO and a sample with 4%
PPO. In both cases, there is a clear difference between the rise-time at the two
excitation wavelength that is always visibly longer in case of PPO excitation. This
effect is due to the occurrence of energy transfer between PPO and LV, with the rise
time, of about 3.5 ns, corresponding to the lifetime of the donor in presence of
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acceptor [Birks1968, Valeur2001]. The lack of energy transfer in case of direct LV
excitation didn’t allow determining a value for the rise time, since in that case the rise
time would be corresponding to the excitation pulse width that has been however
deconvolved from the measured curve before the fitting.

Table IV. 2. Fluorescence lifetime fitting values as a function of PPO concentration for PPO and
LV excitation. Measurements were performed at 427 nm.

Aex=375 nm Aex=280 nm
PPO T [ns] T [ns] TR [ns]

1% 76+0.1 79+01 3.7%£0.6

2% 7.6+0.1 81+0.1 32+0.6

4% 76+0.1 9.0+0.1 3406

9.2
TPTMTS 0.02% LV A= 427 nm
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8.8 —e—), =375nm
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8.4
8.2
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Figure IV. 5. Fluorescence decay time as a function of PPO concentration at the two different
excitation wavelengths.

The clear increase in the decay time with dye concentration (Figure IV. 5) can be
ascribed either to self-absorption effects, or to the formation of excimers
[Yguerabide1962] between excited and ground state PPO molecules. It is known that
their formation is characterized by longer emission wavelength (410 nm-430 nm),
similarly to what already reported for phenyl groups in the previous chapter, and by
longer decay times [Beriman1961b, Weinreb1962, Birks1967]. This phenomenon
was already observed in liquid solutions [Marrodan2009, Berlman1961b] and also in
polysiloxane plastic scintillators, as reported in Chapter VI.
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Figure IV. 6. Fluorescence decay for a sample with 1% PPO excited at 280 nm and at 375 nm.
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Figure IV. 7. Fluorescence decay for a sample with 4% PPO excited at 280 nm and at 375 nm.

4.5 Scintillation lifetime analysis

As mentioned in Chapter Il, in case of scintillation pulses, in order to achieve a good
fit of the curves, a second decay term was needed, corresponding to the slow
component of the scintillation signals. Measurements were performed using both y
and neutron excitation and the fitting parameters are reported respectively in Table
IV.3 and Table IV. 4.
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Table IV. 3. Fitting parameters for y induced scintillation pulses in TPTMTS samples at different

PPO concentrations and 0.02% LV.

PPO [%]

0.5%

1%

2% 4% EJ-309
Tt (ns) 82+x04 85+x04 92+04 107x04 5004
12 (ns) 705 743 68+3 67+2 62+ 10
1r (NS) 3704 31+04 27204 19204 2904
A 1.62 £ 139+ 121+ 1.03 £ 1.80 £
0.06 0.03 0.01 0.01 0.01
5 0.046 + 0.062 + 0.075 0.088 + 0.039
0.004 0.003 0.004 0.004 0.006
A% 81+4 72+2 68 £1 65+1 80+1
B% 202 28+2 32+2 35+2 205

Table IV. 4. Fitting parameters for neutron induced scintillation pulses in TPTMTS samples at
different PPO concentrations and 0.02% LV.

PPO [%]

0.5%

1%

2% 4% EJ-309
11 (ns) 86+04 87x04 90+04 98+04 54104
12 (ns) 91+3 96 +2 882 842 58+2
1r (nS) 3404 28+04 25%x04 15204 3204
A 145+ 123+ 113+ 092+ 1.87
0.03 0.02 0.01 0.01 0.01
B 0.063 + 0.092 £ 0.122 £ 0.148 + 0.135+
0.002 0.002 0.003 0.003 0.005
A% 69+2 547+09 485x09 422+06 56406
B% 3M+2 45+ 1 51+ 1 58+2 44 +2
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Figure IV. 8. Comparison between measured average pulse shape and fitting function
employed to extract the fitting parameters reported in Table IV. 3 and Table IV. 4.

As an example, in Figure IV. 8 The comparison between the fitting function and the
measured average shape is reported, showing the good agreement between the
two.
As it can be seen, in this case, the fast component 11 is a bit higher than in case of
fluorescence lifetimes measurements, probably due to the different geometry of the
experimental setup [Moszynski1979] and to the different timing properties of the
electronic setup.
Also in this case, similarly to what observed for PPO excitation, the decay time is
increasing with the concentration of primary dye, as a result of excimer formation
(Figure IV. 9, Figure IV. 10).
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Figure IV. 9. Averaged y-rays scintillation pulse shapes for TPTMTS at different PPO

concentrations.
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Figure IV. 10. Averaged neutrons scintillation pulse shapes for TPTMTS at different PPO
concentrations.
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Figure IV. 11. Fast decay time fitting value as a function of PPO concentration in case of
neutrons and gamma irradiation.

The increasing rate however is not the same for the two types of radiation (Figure IV.
11), and the explanation for this phenomenon can be connected with a different
sensitivity of excimers to ionization quenching, which is stronger for neutrons than for
y-rays [Beriman1961a, Beriman1973].

As visible from the fitting data and from Figure IV. 12, the rise time, Tr, seems also to
be slightly correlated to the PPO concentration, changing from 3.7 ns at the lowest
concentration to 1.9 ns with 4% PPO. Such behaviour can be explained with an
improvement in the solvent to PPO energy transfer, consequently leading to a faster
overall transfer to LV. A similar behaviour was observed in the reduction of the fast
PPO decay time in binary solution, both with radiation excitation and with UV
excitation at 267 nm [Lombardi2013], in agreement also with other reported
measurements on similar systems [Marrodan2009, Ranucci1998]. It is worth noting
that in this work no significant change was observed in the rise time when 280 nm
excitation was employed, probably because at this wavelength mainly PPO direct
excitation occurs, and the effect of solvent-solute energy transfer is hidden. Since
the rise time of acceptor emission is associated to the donor lifetime (Chapter 1), the
effect of a rise time reduction can be also linked to a decrease of PPO lifetime. This
decrease, observed even without acceptor, can be also partially regarded as a
further proof of the formation of excimers leading to a decrease of the fast single
molecule emission lifetime, and to an increase of the slower excimer emission
intensity [Valeur2001].
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Figure IV. 12. Detail of the neutron induced scintillation pulses, showing the difference in the
rise time at the various PPO concentrations.

For the purpose of this work, however, the most important effect is the variation of
the second component, Tz, with the primary dye concentration. This slower emission
is connected with the delayed fluorescence, responsible for the PSD capability. In
fact, it has to be noticed that this component was not observed in
photoluminescence measurements, but only with neutrons or y-rays excitation. As
already mentioned in Chapter I, this term is due to the triplet-triplet annihilation
process, which in turns depends on the ionization density produced by the particle in
the material [Birks1964, Brooks1979]. Triplet states are formed with higher
probability when the ionizing particle produces a high density of ionized states, since
their formation is principally connected to the capture of an electron by ionized
species. For this reason neutron scattered protons and gamma induced Compton
electrons are expected to produce different triplet states densities and therefore to
have different delayed fluorescence intensities. This expectation is confirmed in
Figure V. 13, showing the average pulse shapes at the four tested concentrations
for neutrons and for gamma rays coming from two different sources ("Li(p, n)’Be
reaction and 60Co). There is a good agreement between the two different gamma
signals, while the pulses produced by neutrons show a much more intense delayed
fluorescence. The small differences between gamma induced pulses have to be
ascribed to the difference in energy between the two types of photon.
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Figure 1V. 13. Average pulse shapes for TPTMTS at different PPO concentrations. Each graph
shows the comparison between neutrons and gamma rays produced by two different sources.
The difference between the various samples is quantitatively shown in Figure IV. 14,
reporting the fractional amplitude of the slow component pre-exponential term as
function of the primary dye concentration. As expected, it can be seen that for
neutron induced scintillation pulses the intensity of this component is always
stronger. Furthermore, as already visible also in Figure IV. 9 and Figure IV. 10, it
clearly appears that its intensity is also dependent on the PPO concentration for both
kinds of radiation: higher dye concentrations lead to higher triplet-triplet interaction
probabilities, and in turns to higher delayed component intensities. It is worth noting
that the increasing trend is not the same for neutrons and gammas, but the neutron
induced pulse shapes have a higher increasing rate, so that the maximum difference
in the intensity of the slow emission between neutrons and gammas occurs with the
highest PPO concentration (4%). This behaviour seems to be related to solvent
employed for the liquid scintillators, since it was not observed with PPO in linear
alkylbenzene (LAB) or di-isopropylnaphtalene (DIN) [Lombardi2013], but it was
reported, at smaller concentrations in p-xylene and in plastic scintillators
[Zaitseva2012). This is reasonably due to the slightly higher TPTMTS viscosity that,
reducing molecular diffusion, is also reducing dye molecules interactions and
therefore requires higher dye concentrations to allow an optimal triplet states
interaction. A high primary dye concentration is indeed increasing the non-radiative
energy migration probability allowing to compensate for the reduced molecular

mobility [Valeur2001, Birks1970a].

The small signals at about 110 ns are due to spurious effects in the PMT. These
effects are called after-pulses and can be due to two main different reasons. A first
one is the elastic scattering of electrons on the first dynode, another possible reason

is the ionization of residual gases inside the tube. The positive ions are accelerated
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to the cathode where they cause the late emission of electrons. Different gases
having different molecular masses are accelerated in different ways by the voltage,
giving rise to different after-pulses. The presence of two peaks can then be
explained as the ionization of two different gases [HammamatsuPMT]. Examples of
similar effects have already been reported in literature [Abbasi2010].
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Figure IV. 14. Slow component intensity for neutrons and gamma shapes as a function of PPO
concentration.

4.6 Scintillation light yield

80Co and '37Cs y-sources were used to investigate the scintillation light yield as a
function of PPO concentration during the beam tests. The best concentration, as
regarding the light output, resulted to be the one with 2% PPO concentration, as
visible in Figure IV. 15, with a relative light yield reaching 80% of EJ-309. The worst
mixture instead resulted to be TPTMTS with 4% PPO. The performances the
samples however were quite similar, so that these results could be influenced not
only by the material itself, but also by small errors in the weightings of LV and by
imperfect coupling with PMT. In order to perform a more accurate estimation of the
light yield of the materials, a series of measurements has been repeated using 8°Co,
137Cs and 22Na y-sources (Figure IV. 16). Also in this case the relative scintillation
light yields were about 80%-90% of EJ-309, with small differences between the
various concentrations. The best mixture resulted to be the one with 1% PPO, and,
similarly to the evaluation performed at the beam test, the worst was the one with 4%
PPO. Once again, it is worth recalling that the differences between samples fall
within the experimental errors, even if repeated measurements, seems to confirm a
decrease in the light yield for concentrations above 2% PPO. This could be linked to
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a concentration quenching phenomenon, which is a side effect of the increased dye
molecules interaction.
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Figure IV. 15. Scintillation light output as a function of PPO concentration with ©Co y-rays.
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Figure 1V. 16. Compton Edge position as a function of PPO concentration evaluated for the
different gamma sources.

4.7 Pulse shape discrimination capability

As described in Chapter Il, the PSD parameter distribution was drown for the

different TPTMTS samples (Figure V. 17) and for EJ-309 liquid scintillator (Figure

IV. 18). In all cases, two peaks corresponding to neutrons and gammas signal could

be distinguished. In order to set the Figure of Merit for each distribution, the two
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peaks were fitted by a Gaussian function, and the fitting parameters (i.e. peak centre
and peak width) were used to calculate the FoM.
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Figure IV. 17. PSD distribution for different TPTMTS solutions with 0.02% LV and variable PPO
amount, shown for energy of 800 keVee (keV electron equivalent). Dashed red lines represent
the fit used to determine the FoM. Corresponding fitting parameters are also reported.
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Figure IV. 18. PSD distribution for EJ-309 liquid scintillator, shown for energy of 800 keVee.
Dashed red lines represent the fit used to determine the FoM, and the relative fitting
parameters.

In this way, the FoM could be calculated for each sample at different energies. As an
example, in Figure IV. 19, FoM is reported for three different energies as a function
of PPO concentration. As clearly visible, the trend shown by this parameter is
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different at high or low energies. In the latter case, it reaches a maximum with 2%
PPO before decreasing at higher concentrations; at high energies instead it
increases monotonically.
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Figure IV. 19. FoM as a function of PPO concentration for TPTMTS with 0.02% LV, at three

different energies. FoM of EJ-309 is also shown for comparison.
This behaviour is due to two different effects, acting in contrast one to each other.
FoM is the ratio between the peak centroids separation and their FWHM, and these
two terms depends on the PPO concentration in different ways. The former is
constantly increasing with the quantity of dye dissolved in the material, as shown in
Figure IV. 20, due to the increased difference in the delayed component intensity
between neutron and gammas (Figure IV. 14). The higher is the difference in the
intensity of the delayed component, the larger is the peak separation in the PSD
distribution.
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Figure IV. 20. Peak centroids separation as a function of PPO concentration at three different
energies. Values for EJ-309 are also shown.

The latter term influencing FoM is the sum of the FWHMs, that is also affected by the
PPO amount. Among other things, it depends from the scintillation light output,
because the better is the light output, the better is the signal to noise ratio and the
narrower is the PSD distribution [Zaitseva2012]. This means that at low energies,
when the light yield is small and the signal is close to the identification threshold, the
best solution is the one with the most intense light output, that is EJ-309 overall and
TPTMTS with 2% PPO and 0.02% LV among the polysiloxane solutions. At high
energies instead, the signal to noise ratio is good enough for all samples and the
PSD distribution is consequently narrow. In this situation the best FoM is achieved
by the material showing the largest peak separation, corresponding to the highest
PPO concentration (Figure IV. 20) that shows a FoM even slightly better than EJ-309
(Figure IV. 19). This trend is well shown in Figure IV. 21, where FoM is reported as
function of the radiation energy. It has to be observed how, the solution with 4% PPO
has one of the worst performances at low energies, since it is the one showing the
least intense light output, but, thanks to the larger peak separation (largest difference
in the neutron and gamma slow component intensity), its increasing trend is higher
than the other solutions, and above 900 keVee, it becomes the best performing
solution, reaching a FoM which is even slightly better than EJ-309.
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Figure IV. 21. FoM as a function of energy for the different TPTMTS samples and for EJ-309.

On Figure IV. 22 the PSD-Energy distribution is shown. This plot allows to have a
more complete overview over the pulse shape discrimination capability of the
materials. Understanding which is the energy threshold allowing reasonable neutron
gamma discrimination. It is again clear that at lower energies, the performances of
the scintillators in terms of light output are affected by the width of the PSD
distribution, becoming narrower at higher energies.
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Figure IV. 22. PSD parameter-energy 3D plot for the different TPTMTS mixtures.
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4.8 Conclusions

This part of the work dealt with the analysis of the time response of different 1,1,5,5-
Tetraphenyl-1,3,3,5-Tetramethyltrisiloxane (TPTMTS) samples, doped with variable
concentrations of PPO and 0.02% LV. The final goal was the investigation of the
pulse shape discrimination (PSD) capabilities of these newly developed liquid
scintillators. In particular, the effect of PPO concentration was studied by various
techniques. Fluorescence lifetime analysis showed that higher primary dye
concentration leads to a longer fluorescence lifetime in case of PPO excitation at 280
nm. This behaviour, not observed for direct LV excitation at 375 nm, was connected
with the formation of excimers between PPO molecules. The analysis performed on
the samples using radiation excitation (neutrons and y-rays), revealed the
appearance of a second slower component in the samples emission. This
component was ascribed to the delayed fluorescence induced in the scintillator by
the particles ionization. The intensity of this component depends on the type of
impinging radiation and can be exploited to distinguish neutrons from gamma rays
using PSD techniques. The intensity of this slower component was also increasing
with the PPO concentration thanks to the improved dye molecules interaction, but at
different increasing trends between neutron and gammas, so that the difference
between the two shapes was larger with the highest amount of dyes. The variation of
the FoM of the process as a function of the energy was also studied for the different
samples and for the reference EJ-309 liquid scintillator. From this investigation it was
observed that at low energies, the light output is the most important parameter also
as regarding PSD. At higher energies instead, the most important aspect is the
difference in the slow component intensity between neutrons and gammas, which is
increasing with the amount of PPO. Thanks to this, above 900 keVee, TPTMTS 4%
PPO 0.02% LV was the best solution, showing an even slightly better FoM than EJ-
309. These results confirms the suitability of this material to be used as solvent for
polysiloxane based liquid scintillators, having performances comparable to the
commercial  products, with the advantages of lower harmfulness and better
handiness.
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Chapter V
Time response of polysiloxane plastic
scintillators

Part of this chapter has been published in:

M. Dalla Palma, T. Marchi, S. Carturan, A. Quaranta, F. Gramegna, G. Collazuol, M.
Cinausero, N. Daldosso, V. Peterlini

“Fluorescence Lifetimes in Polysiloxane Based Scintillators: Effects of Primary Dye
Concentration”,

LNL-INFN Annal Reprt 2013.

T. Marchi, M. Dalla Palma, S. Carturan, A. Quaranta, F. Gramegna , G. Collazuol,

M. Degerlier, M. Cinausero

Low Cost, Eco-Friendly Siloxane-Based Scintillators with Neutron/Alpha/Gamma
Discrimination Capabilities

LNL-INFN Annal Reprt 2012.

5.1 Introduction

The use of plastic scintillators for fast neutron detection, at present, is mainly
hindered by their very poor pulse shape discrimination performances. In order to
overcome this problem, many attempts have been done in the last decade
[Bertrand2015], but for most of them the effectiveness and the efficiency were quite
poor and also a newly commercialized plastic scintillator with PSD capability is still
under evaluation. The reason for this behaviour is that in rigid matrixes, molecular
mobility is strongly hindered and as a consequence also triplet-triplet interactions,
crucial for pulse shape discrimination is less probable [Bertrand2015]. For this
reason, at the moment, the only reasonable PSD in plastic scintillators has been
achieved through the dissolution in the matrix of extremely high amounts of PPO, up
to 30 wt% [Zaitseva2012, VanLoef2014], with inherent stability problems connected
to the high concentration. Beside the already mentioned advantages (Chapter Il)
polysiloxane materials may be favoured also in this respect. In the last years they
have been successfully tested as plastic scintillators, displaying reasonable light
yield and very good radiation hardness [Quaranta2010a, Quaranta2010c,
Carturan2011, Quaranta2013, Bell2004, Harmon1991].

It has been reported [Chu1990] that for viscosity (n) above 50 cP, the mobility of
small organic molecules in PDMS is not controlled by system viscosity, but by the
micro-viscosity. The former, called also macro-viscosity, depends on the movement
of the entire solvent molecules; the latter, called also local viscosity instead, depends
on the movement of segments or side groups of the macromolecule. It has been
estimated that in polysiloxane rubbers the micro-viscosity can be as low as 10 cP, in
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materials with macro-viscosity of 108 cP. This unique properties of polysiloxanes are
connected with free volume fraction, in turn depending on their higher chain mobility
[Jones2013], already described in Chapter II. For the same reason, PDMS is also
one of the polymers with the highest gas permeability [Robb1968]. The very low
micro-viscosity is also at the basis of the observed dependence of the solute
interaction rate from the viscosity of the solvent, which becomes almost independent
from n for values above 50 cP [Chu1990]. The low micro-viscosity could increase the
triplet-triplet interaction probability, thus allowing to achieve an efficient PSD at lower
PPO concentrations and consequently reduce the related long term stability issues.
In order to investigate the possibility to achieve pulse shape discrimination with
polysiloxane plastic scintillators, their time response has been investigated using
time resolved spectrofluorimetry, time resolved ion induced luminescence (TRIBIL) at
the INFN-LABEC in Sesto Fiorentino, and the pulsed neutron beam at the INFN-LNL
in Legnaro. Tests were performed at different PPO concentrations ranging from 1
w% to 8 w% with and without LV.

5.2 Experimental part

Since the PPO concentration to be added to the polysiloxane matrix in this case was
higher than the usual one, in order to achieve the maximum dye solubility a higher
amount of phenyl groups was needed in the base resin, because it was not possible
to dissolve 8 % PPO in Poly(22-25mol% diphenylsiloxane-co-dimethylsiloxane)
(22PDPS). To achieve this goal, the employed A part was an homopolymer
composed by only phenylmethylsioxane units: Poly(phenylmethylsiloxane)
(100PMPS), allowing a better dye solubility at the price of a small reduction in the
optical transparency. The synthesis procedure for this material was very similar to
the one employed for 22PDPS, and it is extensively described in Chapter Il, together
with the precise mixture formulation. All the tests were performed on small samples,
produced with 1.5 grams of A component resin, having 5 mm thickness and 20 mm
diameter. In order to evaluate the effect of the high dye amount on the photophysical
properties, fluorescence studies (both steady state and time resolved) were
performed on the samples with and without LV. Furthermore, for a better
comprehension of the dye concentration effect on the fluorescence spectra, different
solutions of PPO in toluene were also analyzed.

5.3 Fluorescence emission analysis

Fluorescence emission spectra for 100PMPS samples at different PPO

concentration are shown in Figure V. 1 and Figure V. 2. In both figures, the

appearance of a long wavelength tail at high PPO concentrations can be clearly

noticed, and its presence was connected with the formation of excimers between an

excited state and a ground state PPO molecule. At high dye concentrations, the

molecules interaction probability is increasing, and this can be of great advantage for
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delayed fluorescence and pulse shape discrimination, but this has also the
unavoidable effect of excimer formation and concentration quenching. The latter can
be clearly noticed from the non-normalized spectra in Figure V. 2, where the overall
emission intensity decreases at increasing PPO concentration. The same effect was
observed also for PPO in toluene solutions, in the same range of concentrations
(Figure V. 3) and a very similar phenomenon was also observed by Berlman
[Berliman1961b] in xylene solutions at 100 g/l.
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Figure V. 1. Normalized fluorescence emission spectra of polysiloxane samples at different
PPO concentrations without LV, recorded with 250 nm excitation.
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Figure V. 2. Non-normalized fluorescence emission spectra of polysiloxane samples at different
PPO concentrations without LV, recorded with 250 nm excitation.
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Figure V. 3. Fluorescence emission with excitation at 320 nm different PPO concentrations in
toluene.

In order to confirm the attribution of the tail to excimer formation, a deeper
investigation was performed as a function the excitation wavelength. As visible from
Figure V. 4, for excitation wavelength longer than 360 ns a secondary peak arises at
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higher wavelength. The intensity of this peak is again dependent from the PPO
concentration, as it can be observed in Figure V. 5, and can be regarded as a further
indication of the formation for excimers between PPO molecules.
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Figure V. 4. Fluorescence emission at different excitation wavelength for a polysiloxane
samples with 8% PPO and no LV.
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Figure V. 5. Fluorescence emission spectra of different polysiloxane samples, without LV, at
different PPO concentrations, excited at 390 nm.
Fluorescence analysis was performed also on the samples doped with 0.02% LV,
and the relative emission spectra are shown in Figure V. 6 and Figure V. 7. There
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seems to be a reduction in the overall emission intensity at the highest PPO
concentrations, but a quantitative analysis of this decrease is not straightforward
since many external parameters, including small differences in the measurement
geometry and in the quality of the samples could greatly affect the recorded intensity.
It is however worth noticing that despite the large variation in PPO concentration, the
relative intensity of the LV and PPO peaks shows little changes (Figure V. 7), with
only a small reduction of the PPO/LV emission ratio. This effect could be due to a
slight improvement in the energy transfer to LV due to the improved energy migration
between PPO molecules that allows excitation to reach closer distances from the
acceptor molecules. This improvement is however balanced by a reduction in the
overall intensity due to concentration quenching effects, whose effect is more
important, and is the reason for the decrease observed in Figure V. 6.
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Figure V. 6. As recorded fluorescence emission excited at 290 nm for 100PMPS samples with
0.02% LV and various PPO concentrations.

98



1.0
100PMPS, 0.02% LV
2 0.8 1% PPO
2 4% PPO
£ 061 6% PPO
S 8% PPO
(0]
N 04
g %= 290 nm
5 0.2
=z
0.0

350 400 450 500 550
Wavelength (nm)

Figure V. 7. Normalized fluorescence emission excited at 290 nm for 100PMPS samples with
0.02% LV and various PPO concentrations.

5.4  Fluorescence lifetime analysis

The fluorescence decay of the polysiloxane samples was investigated for the
different PPO concentrations, with and without LV. As clearly visible in Figure V. 8,
when recording PPO emission (Aem= 385 nm) after excitation at 280 nm, the decay
curves show a clear multi exponential decay. In order to perform the fit of the curves,
a tri-exponential function has been used, showing a fast lifetime of about 1-2 ns, a
second one in the range from 7 to 15 ns and a third decay time higher than 25 ns.
These components are generally ascribed respectively to the regular singlet-singlet
transition [Birks1964, Berlman1973], to excimer formation [Beriman1961b] and, even
if with some uncertainty, to triplet-triplet interactions [Marrodan2009, Beriman1973]
and their values are in good agreement with other data previously reported for PPO
liquid solutions [O’Keeffe2011, Marrodan2009]. The relative intensity of the slow
components appears to increase with the concentration of dye (Figure V. 9), and
this increase can be associated once again with the formation of excimers
[Berlman1961b, Weinreb1962, Birks1967], as already reported also in polysiloxane
liquid scintillators.
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Figure V. 8. Fluorescence lifetime at different PPO concentrations for samples without LV.
Excitation wavelength at 280 nm and emission at 385 nm (PPO emission) have been employed
for the measurements.

Furthermore, as shown in Figure V. 10 and Figure V. 11, the intensity of the slower
component is also increasing with the emission wavelength, and this is a further
confirmation that it can be ascribed to excimers, whose emission is more intense at
higher wavelengths (Figure V. 1 and Figure V. 2)

T T T T T T T T 30
100 . .
L 25
95 ~— —
L 20
— 90+ g =
S L5 &
*g 85 - c_%
e o L10 @
80
L5
75
¢ Lo
70 T T T T T T T

o 1 2 3 4 5 6 7 8 9
PPO (%)

Figure V. 9. Fast and slow component relative intensities, as derived from the fittings of the
decay curves, as a function of PPO concentration.
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Figure V. 10. Fluorescence decay for a sample with 1% PPO concentration at different
wavelengths, excited at 280 nm.
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Figure V. 11. Fluorescence decay for a sample with 8% PPO concentration at different
wavelengths excited at 280 nm.

As already noticed for liquid polysiloxane scintillators, this phenomenon affects also
LV emission lifetime, exhibiting dependence from PPO concentration, as shown in
Figure V. 12 and Figure V. 13. In case of LV emission however, the fitting of the
decay curve was well performed by a single exponential decay, with lifetimes
dependent on the PPO concentration, ranging from 7.2 ns to 9.3 ns, which are in
well agreement with the values observed in similar solution of TPTMTS (Chapter IV).
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Figure V. 12. Fluorescence lifetime at different PPO concentrations for samples without LV.
Excitation wavelength at 280 nm and emission wavelength at 426 nm (LV emission) have been
employed for the measurements.
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Figure V. 13. Fluorescence lifetime as a function of PPO concentration for polysiloxane
scintillators. Emission was recorded at LV emission peak (426 nm) excited at 280 nm.

5.5 Timeresolved ion beam luminescence (TRIBIL)

100PMPS samples were also analyzed by TRIBIL technique at the INFN-LABEC
laboratory, in order to evaluate the change in the light pulse shape with the different
ions. The ions employed for the analysis are listed in Table V. 1, together with their
main characteristics and the most important interaction parameters in 100PMPS
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matrix. Projected range and stopping power values were calculated using the SRIM
software [SRIM].

Table V. 1. Main parameters for the ions employed in TRIBIL analysis and their interaction with

100PMPS matrix.
. dE  keV
lon Mass[amu] Energy [MeV] Projected range [um] = [u_m]
H* 1 3 154 12.3
c* 12 10 15.3 775
o* 16 10 12.2 1169

TRIBIL spectra for the different type of ions are shown in Figure V. 14, Figure V. 15
and Figure V. 16. In case of carbon ions (Figure V. 14) and protons (Figure V. 15), a
small difference was observed between samples, with the arising of a faint slow
component, whose intensity was increasing with the concentration of PPO, as
already observed in fluorescence emission for both plastic and liquid scintillators. In
case of oxygen ions instead, the difference between samples was negligible.
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Figure V. 14. 10 MeV C3* beam TRIBIL curves at different PPO concentration.
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Figure V. 15. 3 MeV proton beam TRIBIL curves at different PPO concentration.
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Figure V. 16. 10 MeV O3 beam TRIBIL curves at different PPO concentration.

Also in this case the fit was performed using a bi-exponential decay function. The
faster decay-time ranges between 9 ns and 11 ns, for all the different
measurements, which is in quite good agreement with fluorescence lifetime
measurements. In order to have a quantitative comparison between the intensities of
the slow component in the different cases, the fractional amplitude of the slow term
(B%) has been plotted as a function of PPO (Figure V. 18). It clearly appears that in
case of protons and carbon ions, B% increases with the PPO concentration even if
with different trends, while in case of oxygen ions the differences are within the error
bars.
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Figure V. 17. Slow decay fractional intensity as a function of PPO concentration measured for
carbon ions, oxygen ions and protons.

This unexpected behaviour is most likely due to the change in the concentration of
PPO during the measurement session. Carbon and oxygen irradiation were
performed on different spots of the same samples, in two consecutive days, and
between the two measurements the samples were left overnight in high vacuum.
This, combined with the high dye mobility in polysiloxane might have resulted in
sublimation of PPO, with a consequent dye depletion of the first layer of the samples,
where ion interaction occurs.

As a result, the light intensity of carbon and oxygen light pulses resulted to be almost
30 times larger for carbon ions, while the theoretical difference in the light output,
due to the different ionization quenching of the particles, was expected to be linearly
dependent with the particles range [Birks1964], and thus only about 20% (see Table
V1)
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Figure V. 18. Comparison between carbon and oxygen average pulses in a sample with 8%
PPO.

On this basis, the comparison between the intensity of the light pulses produced by
the different ions becomes difficult, and so the comparison between pulses of
different ions, since samples with identical nominal composition might have different
PPO concentrations.

Tests with proton beam, instead, were performed on new samples, in order to allow
a better comparison with the results achieved with carbon ions. The comparison
between pulse shapes didn’t show any significant difference between protons and
carbon ions (Figure V. 18). Also this comparison however is not straightforward
because it was not possible to control the time spent by the samples in the vacuum
chamber, and therefore it was not possible to compare with precision two samples
with the same nominal composition.
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Figure V. 19. Comparison of proton and carbon induced TRIBIL pulses for a sample with 8%
PPO concentration.

The comparison of the fluorescence emission of irradiated samples with that of non-
irradiated ones showed a strong increase in the fluorescence emission after
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irradiation for all the samples except those with 1% PPO, where the difference is
negligible (Figure V. 20).
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Figure V. 20. Comparison of emission spectra for irradiated and non-irradiated samples with

1% PPO and 4% PPO.
This is a further confirmation of the reduction in the PPO concentration due to the
sublimation of PPO in high vacuum. As already shown in Figure V. 6, the intensity of
the emission is decreasing with the dye concentration, so that a reduction in this
quantity results in more intense emission. This instability of PPO in high vacuum
could be the reason for the large differences observed in the light outputs in the work
of Zaitseva [Zaitseva2012] and in that of Van Loef [VanLoef2014]. The former work
observed a maximum in the light yield for concentrations about 1 w% PPO, and a
decrease light output for higher concentrations, similarly to what reported in the next
paragraph for polysiloxane scintillators. Van Loef and co-workers instead, observed
a steadily increasing trend up to concentrations as high as 30 w%. This very large
difference can be explained by the slightly different production techniques: in the first
case, polyvinyltoluene based scintillator was produced, with PPO concentrations up
to 30 wt%, by polymerizing the monomer under nitrogen atmosphere, in the second
case polystyrene samples with similar nominal concentrations were produced by
polymerisation of the monomer in evacuated containers. The much smaller pressure,
kept for several days during polymerization in the second work, results in a smaller
effective dye concentration that well explains the differences in the observed
behaviours.

5.6 Scintillation light yield

The scintillation light yield of the samples was also measured with 24'Am, in order to
understand the influence of the high PPO concentration on the samples and in all
cases a clear a peak was visible (Figure V. 21). The scintillation light yield resulted to
be decreasing with the PPO concentration, as reported in Figure V. 22, showing an
important lowering in the scintillation output for the sample with 8% PPO
concentration. This is due to the concentration quenching effect, in good agreement
with what already reported for fluorescence intensity and similarly to what observed
by other authors [Zaitseva2012]. As a consequence, the light yield decreases from
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almost 55% of EJ-212 with 1% PPO, to below 40% in case of 100PMPS with 8%
PPO and 0.02% LV.
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Figure V. 21. Scintillation spectra, measured with 24/Am alpha source at different PPO
concentrations. EJ-212 is also shown for comparison.
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Figure V. 22. Scintillation light yield as function of PPO concentration, measured with 2/Am
alpha source.

5.7 Scintillation pulses

Scintillation pulse shapes were finally evaluated also for neutron and gammas, using
the pulsed neutrons beam at the “CN” accelerator at INFN-LNL, already used also
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for polysiloxane liquids. During this test, two samples were compared, having 1%
PPO and 8% PPO concentrations and fixed amount of LV (0.02%).

The first important thing, to be noticed from this analysis, is the arising of a slow
component, much more intense than in case of TRIBIL measurements. Furthermore,
both in case of neutron and gamma rays, there was a clear difference between the
signals of the two samples, with a much stronger delayed component in the 8% PPO
sample, similarly to what already noticed in polysiloxane liquid samples (Figure V.
23). This effect can be ascribed to increasing dye interaction probability with the
PPO concentration, leading to a higher triplet-triplet interaction rate and therefore to
a more intense delayed fluorescence.
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Figure V. 23. Pulse shape comparison between samples with 1% PPO and 8% PPO for
neutrons and gamma rays.

1 1
——gamma ———gamma
01 —— neutrons % 01 neutrons
g £
E o
= 0.01 g oot
N T
s £
o =
g 1E-3 S 1E3
-4
1% PPO 0.02% LV 8% PPO 0.02% LV
1E-4 T T T T T 1E4 T T
0 100 200 300 400 500 0 100 200 300 400 500
Time (ns) Time (ns)

Figure V. 24. Pulse shape comparison between neutron and gamma signals for two different
PPO concentrations

Table V. 2. Slow component fractional intensity for neutron and gamma pulses for samples with
1% PPO and 8% PPO.

Sample Bn[%] By[%]

1% PPO 0.02% LV 23+1 7+4

8% PPO 0.02% LV 41+3 174
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What is more important however is the clear difference observed between neutron
and gamma rays induced pulses even for the sample with only 1% PPO
concentration (Figure V. 24). In particular, the difference can be well appreciated in
Table V. 2, where the fractional intensities of the slow component in the different
cases are reported, showing that the amplitude of the slow component for neutrons
is always more than double that of gamma pulses. These results, were never
reported before for so low dye concentrations, and confirm the superiority of
polysiloxane matrixes in terms of dye mobility.

These data, both as regarding the dependence from the PPO concentration and
from the type of radiation of the pulse shapes, do not agree with the TRIBIL
measurements results. There are however some main differences between the two
types of measurements that could explain this apparent mismatch.

The first difference is that TRIBIL measurements were carried in vacuum, with the
result of a decrease in the concentration of PPO in the sample, while scintillation
tests were performed at atmospheric pressure. The second notable difference is the
type of interaction of heavy ions used in TRIBIL and gamma and neutrons used for
this test. As explained in the first chapter, the latter interact randomly with the whole
volume of the sample, while the range of the former has a maximum of 155 um for
protons and is ten times smaller for oxygen and carbon ions. As a consequence,
TRIBIL measurements are even more sensitive to PPO sublimation, which is
affecting much more strongly the surface of the material then the bulk, and is thus
influencing TRIBIL measurements much more than neutron or gamma scintillation
pulses. In Figure V. 23 the appearance of spurious features between 50 ns and 100
ns and between 300 ns and 350 ns can be noticed. These signals, called “after-
pulses” were already described in the previous chapter, and are related to the PMT
employed for the measurements.

5.8 Conclusions

In this chapter, an investigation of the response of polysiloxane samples based on
poly(methylpheylsiloxane) with different concentrations of PPO and 0.02% LV was
reported. The steady state fluorescence measurements, performed also in highly
concentrated toluene solutions, showed the arising of a long wavelength tail,
corresponding to the formation of excimers between an excited PPO molecule and a
ground state one, similarly to what already noticed also in polysiloxane liquid
scintillators. This phenomenon is due to the increased dye molecules interaction at
high concentrations, leading also, as a side effect, to a decrease in the overall
emission intensity due to concentration quenching effects that was confirmed both by
fluorescence emission measurements and by scintillation light yield analysis.
Fluorescence lifetime measurements, verified the formation of excimers with high
dye amounts, showing the arising of a slower decay component in the most
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concentrated samples without secondary dye, resulting in an overall lifetime increase
in ternary systems.

Time resolved ion beam induce luminescence (TRIBIL) measurements, performed
with C3, 0% and H* ions, confirmed once more the arising of a slower component
for increasing PPO concentrations, but didn’t allow a direct comparison between the
signals produced by the different ions, due to the sublimation of PPO in high
vacuum, necessary for the measurement. This phenomenon resulted in an
uncontrolled decrease in the effective PPO concentration in the first layer of the
material, which is also the area of interaction of the impinging ions. The result is
however important to be considered in future applications of these materials,
showing that these highly doped scintillators are not suitable to be used in high
vacuum atmosphere.

The shape in time of neutron and gamma pulses was also analyzed for 1% and 8%
PPO concentrations. As already noticed also in polysiloxane liquids and in contrast
with TRIBIL measurements, the arising of a slow component was clearly noticed in
these measurements, and its intensity was depending both on PPO concentration
and on the type of impinging radiation. In particular, due to the higher dye molecules
interaction probability, the intensity of the slow decay was increasing with the primary
dye concentration, and for the same reason, due to the consequent higher triplet-
triplet interaction, there was a clear difference in the pulse shapes between neutrons
and gammas. These results are very important, since they were never reported
before in plastic scintillators for such low concentrations of primary dye. This seems
to indicate that PSD is feasible with polysiloxane based scintillators, even at PPO
concentrations as low as 1%. The results are in contrast with what observed during
TRIBIL analysis, but the differences can be explained by the different setup
employed in the two measurements (especially as regarding the measurements in
vacuum) and by the different type of interaction of heavy charged particles in
comparison to gamma rays or neutrons. A more detailed analysis needs however to
be performed, in order to evaluate the Figure of Merit of the system and also in order
to investigate the long term stability of the samples.
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Chapter VI
Red emitting polysiloxane scintillators

Part of this chapter has been published in:

M. Dalla Palma, A. Quaranta, T. Marchi, G. Collazuol, S. Carturan, M. Cinausero, M. Degerlier,
F. Gramegna

“Red Emitting Phenyl-Polysiloxane Based Scintillators for Neutron Detection”,

IEEE Trans. Nucl. Sci.,vol. 61 n. 4 (2014) pag. 2052-2058 .

M. Dalla Palma, A. Quaranta, S. Carturan, F. Gramegna, T. Marchi, G. Collazuol, M.
Cinausero,

“Red emitting silicones for particles detection: Coupling with APD”,

Proc of Sci.(2013) 51t Intem. Winter Meeting on Nucl. Phys. Bormio, pag. 10.

6.1 Introduction

The read-out of a polysiloxane scintillator with an avalanche photodiode would allow
combining the promising properties of both components, overcoming the problems
connected to the use of PMT, in view of the development of more compact devices,
required by several fields of application. One of the main factors limiting the
widespread of APD detectors in coupling with scintillators is that the spectral
efficiency of these devices is higher in the red part of the visible spectrum, with the
maximum responsivity often above 700 nm. Following this consideration, the shifting
of the scintillator emission to longer wavelength could allow improving the spectral
matching between APD responsivity and scintillator emission [Kalivas2012].
Furthermore, future progresses in microelectronics, with the development of 3D
diodes having internal multiplication [DallaBetta2012] could further increase the
importance of these considerations, combining direct radiation detection with
scintillation detection in a compact, integrated device.

This chapter describes the development of red emitting polysiloxanes plastic
scintillators, aimed at improving the optical coupling with APD. In order to achieve
this goal, several samples have been produced with different concentrations of
secondary dye (LV) and tertiary dye (LR), and their optical properties have been
investigated by Uv-Vis and fluorescence spectroscopy optimizing the energy transfer
process and maximizing the scintillation light output. These samples have then been
tested with a particles and y rays, both with PMT and APD readout. The
measurements showed a clear improvement in the light output measured by APD in
case of red emitting materials in comparison to standard blue emitting ones.
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6.2 Experimental part

In order to optimize the dye concentration, several samples have been produced
using Poly(22-25mol% diphenylsiloxane-co-dimethylsiloxane) based matrix, a fixed
concentration of PPO (1 w%) and different concentrations of LV and LR. PPO
concentration was kept fixed on the basis of previous works reported in literature
[Quaranta2010c], showhing 1 wt% to be the one optimizing the scintillation light yield
in polysiloxane plastic scintillators. All the samples were produced with thickness 1
mm and diameter 3 cm.

The optical properties of these samples were tested by fluorescence emission
spectroscopy in transmission geometry, in order to reproduce the geometrical
configuration of the scintillation process. As explained in the second chapter, in this
case, all the reported spectra have been corrected for the spectrofluorometer
response curve. Without this precaution, spectra would result distorted at wavelength
longer than 600 nm due to the decrease in the instrument detector efficiency.
Scintillation light yield of the samples have also been tested with 2'Am and %Co
using both red emitting PMT and APD. Measurements performed with PMT, were
repeated also interposing a 515 nm long pass filter (Figure VI. 1) between the
sample and the detector, in order to evaluate the contribution of the red emission to
the total emitted intensity.

\

N—

Figure VI. 1. 515 nm Thorlabs long-pass filter used in this work.

Also red emitting polysiloxane based plastic scintillators were tested for neutron
detection at the “CN” accelerator at INFN-Legnaro National Laboratories.

6.3 Fluorescence and energy transfer

The first part of the analysis focused on the investigation of the optimal LV
concentration in this type of mixture. With this aim, the fluorescence spectra of
several polysiloxane scintillators having 1% PPO, 0.02% LR and variable amounts of
LV were analyzed and the energy transfer from PPO to LV was studied.

6.3.1 Fluorescence emission
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Figure VI. 2 reports the emission spectra, excited at 270 nm, normalized on the LV
emission peak (425 nm). It is clear that the intensity of the PPO emission (360 nm)
decreases at higher concentrations of LV, as an effect of the more efficient energy
transfer, so that with 0.04% LV, the energy transfer is almost complete and the
relative intensity of PPO is reduced by 10 times. It is also very important to notice
that the shape of the PPO emission band is unchanged while decreasing in intensity,
meaning that the energy transfer is mainly non-radiative [Valeur2001], and the
importance of re-absorption process is small, at least for 1 mm thin samples. For
these reasons, 0.04% LV concentration appears to be the one optimizing the energy
transfer from the primary dye, and it will be used for the remaining part of the work.

A =270 nm
—~ 164" 1% PPO, 0.02% LR
3 ——0.005% Lv
& ——0.01% Lv
= 121 0.02% Lv
é PPO  ——0.04% Lv
2 y
- 0.8
[}
N
©
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(e}
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0.0 T T T
300 350 400 450 500

Wavelength (nm)

Figure V1. 2. Normalized emission spectra of red emitting polysiloxane samples having 1%
PPO, 0.02% LR and different concentrations of LV, excited at 270 nm.

Similarly to LV, also the effect of changing the concentration of LR was analyzed by
means of fluorescence measurements. In this case, several samples, with a tertiary
dye concentration ranging from 0% to 0.08% were studied, at fixed concentrations of
PPO (1%) and LV (0.04%). Once again, the focus of the investigation has been put
on the energy transfer between dyes, which is a crucial aspect for the overall
scintillation light yield of the material, and is the factor where the dye concentration
has the greatest influence.
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Figure VI. 3. Emission spectra of different samples at fixed 1% PPO and 0.04% LV
concentration and with variable amount of LR. Excitation wavelength was fixed at 370 nm.
From Figure VI. 3 it is clear that when increasing concentrations of LR, beside the
trivial increase of the emission between 550 nm and 700 nm, there is also a
decrease in the LV emission intensity. Differently from what occurring for LV, in this
case, the decrease is also followed by a peak distortion, recognisable from the
appearance of the local minimum at 450 nm with high LR concentrations, in
correspondence to the secondary absorption peak of the dye (Figure VI. 4), and also
from the change in the relative intensity between the shoulder at 410 nm and the
peak at 425 nm, that is even inverted for the highest LR concentration (Figure VI. 5).
The distortion of the LV band is a consequence of the occurrence of radiative energy
transfer, and is due to the different absorbance of the dye at the different
wavelengths, also called inner filter effect. The different type of transfer between
primary and secondary dye and secondary and tertiary dye is linked to the lower
concentrations involved and to the lower degree of overlap between donor emission
and acceptor absorbance, since in the latter case, a secondary absorption peak (450
nm, Figure VI. 4) is involved in the transfer instead of the main one (570 nm)

[Valeur2001].
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Figure V1. 4. Absorption spectra at different LV concentration, the secondary absorption peak at

450 is clearly visible.
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Figure VI. 5. Ratio between the intensity at 408 nm and the intensity at 426 nm as a function of

the LR concentration.

A secondary effect to be noticed when increasing the amount of LR dissolved in the
polysiloxane is the red shift of its emission peak (Figure VI. 6). This behaviour is due
to the self absorption, occurring in the part of the emission band having lower
wavelength, due to the partial overlap with its own absorption spectrum. The
occurrence of this effect is deleterious for the scintillation light yield of the system
since the absorption and re-emission process has efficiency smaller than one, and
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the repeating of this process reduces the overall efficiency of the system. For this
reason, the maximum concentration of LR has not been increased above 0.08%.
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Figure VI. 6. LR peak position as a function of LR concentration.

6.3.2 Energy transfer analysis

In order to better understand the effect of LR concentration on the final scintillation
light yield, a more accurate study on the energy transfer was performed, for different
samples with LR ranging from 0% to 0.08%.

Radiative energy transfer can be quantified through the factor a (fraction of LV
emitted photons absorbed by LR) defined as [Valeur2001]:

a= q)in S 1y @) [1 = 1074r@D]d2 @7)

where @9 is LV fluorescence quantum yield in absence of LR, lv(A) is LV
fluorescence emission intensity, for a sample without LR, normalized to unity

(fODOILV(A) dA=1) and Awr(\) is LR absorbance at the different dye

concentrations calculated using Lambert-Beers law: A,z (1) = €,z (1)Cx [, where
Cir is LR concentration (in g/l), | is sample thickness in cm and €ir (A) is LR mass
absorptivity. Precise thickness values, measured with a micrometer, are listed in
Table VI. 1. The absorptivity has been calculated from absorption measurements of
LR solutions in acetone with different dye concentrations. Given the linear behaviour
of absorbance with concentration, €ir (A) spectrum has been drawn normalizing the
absorbance curve of solutions over LR concentration, achieving a very good
agreement for the different concentrations used (Figure VI. 7).
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Figure V1. 7. Mass absorptivity as calculated from normalization of measured absorption over
concentration.

Table VI. 1. Average sample thickness measured by micrometer.

Sample Thickness [mm]
1% PPO, 0.04% LV, no LR 0.69 0.1
1% PPO, 0.04% LV, 0.02% LR 0.74 £ 0.1
1% PPO, 0.04% LV, 0.04% LR 0.77 £ 0.1
1% PPO, 0.04% LV, 0.08% LR 0.76 £ 0.1

Factor a has been calculated for different percentages of LR dissolved in the matrix,
and values are shown in Figure VI. 8. Calculations for those values were done
employing either ALr(A) directly measured from polysiloxane samples, or Air(A)
calculated from the mass absorptivity measured from acetone solutions, as it can be
seen, the agreement between these two values was very good. Factor a was
consequently used to predict the decrease in LV emission spectrum due to inner

filter effect, following the relation 170 = ﬁ where lo is LV emission intensity without

LR and | is the same emission intensity in presence of LR. The so calculated 17" ratio
has then been compared with the same ratio achieved from direct measurements of
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LV emission intensity, integrated over the range from 390 nm to 550 nm, for different
LR concentrations. The comparison of these results is shown in Figure VI. 9.
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Figure VI. 8. Estimated a factor values.
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Figure V1. 9. 10/l ratio for different LR concentrations both as measured from fluorescence
emission spectra and as calculated from a factor.

As can clearly visible, measured ratio is higher than the expected one, meaning that
the emitted intensity decreased more than how expected from radiative energy
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transfer. This difference can be explained with the existence of a non radiative
energy transfer from LV to LR.

In order to evaluate the importance of this short range transfer, Forster dipole-dipole
mechanism has been considered as the leading non-radiative transfer, since the low
concentration, and consequently the relatively high intermolecular distance, allows to
discard shorter range multipolar columbic interactions or other transitions involving
intermolecular orbital overlap (Dexter interaction, charge resonance interaction).
These short range mechanisms are indeed effective only for distances below 10 A
while Forster energy transfer can still be operative at much larger distances on the
order of 100 A [Valeur2001, Blasse1994, Lakowicz2006].

In a rigid matrix, with a LR random distribution in the volume of the sample and a dye
translational diffusion negligible compared the energy transfer, the following relation
can be used to describe the decrease in LV quantum vyield due to LR quenching
[Valeur2001]:

d’_(L)V =1-—+vrye’[1—erf(y)] @)
PLy

with
y = gCLR gnRS @)

where Crr is LR concentration in molecules per A3,
Forster radius Ro, in cm, can be evaluated using the expression [Lackowitz]:

RG = IOy (2 (), ()44 (30)

128 TN ynt

Where considering for dyes a random orientation, fixed during the lifetime of the
exited state, the orientation factor k2 is assumed to be k2=0.476. It has to be
remembered however that this value is only an approximation, and errors up to 10%
can occur due to the hypothesis of fixed orientation [Lakovicz]. LV quantum
efficiency (®2,) and the matrix refractive index n, accordingly with suppliers have
been taken respectively as ®;,,=0.9 [Basf] and n=1.493 [Gelest] achieving a value
for Ro of about 33.5 A.
The non radiative transfer efficiency can be consequently evaluated as:
®p

br=1-32 31)
Or values for different LR concentrations are shown in Figure VI. 10. As expected,
given the low concentration employed, the non radiative transfer efficiency is quite
low, as it never goes beyond 10 %.
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Figure VI. 10. Theoretically calculated resonance energy transfer efficiency from LV to LR at
different LR concentrations in samples with 0.04% LV.

Figure VI. 11 shows the relative reduction of LV emission intensity as a function of
LR concentration, reporting the measured values and comparing them with a factor
alone and with a factor plus non-radiative transfer contribution. From the graph, it is
clear that in all cases, the greater contribution to LV intensity decrease comes from
the radiative energy transfer, and that the non-radiative transfer efficiency cannot be
higher than 20%. Even considering the large variability in the fluorescence
measurements there seems to be a certain discrepancy between the measured LV
intensity reduction and the one expected from the sum of calculated non-radiative
and radiative transfers.

In order to clarify this discrepancy, the non radiative energy transfer efficiency was
evaluated also using time resolved fluorescence spectroscopy, according to the
equation:

bp=1-2 (32)
v

Were 7., and T, are respectively the fluorescence lifetime of LV in presence and
absence of LR. Figure VI. 12, shows LV decays for different LR concentrations. In all
cases, the curves could be fitted by a single exponential decay and as expected, the
lifetime is slightly decreasing due to the occurrence of non-radiative energy transfer.
The fitting decay times are reported in Table VI. 2 for the different tested samples.
Using these data, new values were calculated for the non-radiative transfer
efficiency, ®r, reported in Figure VI. 13.
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Figure VI. 11. Relative reduction in LV emission intensity as a function of LR concentration. The

values are shown as calculated from a factor, from a factor with addition of non radiative
transfer and as measured from fluorescence emission.
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Figure VI. 12. LV fluorescence decays for different LR concentrations.
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Table VI. 2. LV decay times, measured at 410 nm for different LR concentrations.

Sample Tw [ns]
1% PPO, 0.04% LV, no LR 6.42 +0.01
1% PPO, 0.04% LV, 0.01% LR 6.04 £0.01
1% PPO, 0.04% LV, 0.02% LR 5.81£0.01
1% PPO, 0.04% LV, 0.04% LR 5.46 0.1
1% PPO, 0.04% LV, 0.08% LR 499+0.1
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Figure VI. 13. Non-radiative transfer efficiency calculated from LV lifetime decrease.
Theoretically calculated values, using Forster theoretical formulation, are also reported for
comparison.

The difference between the values calculated theoretically and those measured
using the lifetime method, can be at least partially explained with the assumption of a
completely rigid matrix, with no molecular diffusion and no molecular rotation. These
assumptions are not completely true in the case of polysiloxane matrix due to the
higher chain mobility and the higher molecular mobility, and this can be translated
into higher energy transfer efficiency. Furthermore, it has to be recalled that all the
curves observed were clearly single exponentials, while Forster theory predicts non-
exponential decays. This fact was already reported by other authors, and gives an
indication of the complexity of the processes involved, and the difficulty to extract
precise quantitative description of the system [Birks1968].

Figure VI. 14 shows the comparison between the measured LV emission intensity
reduction, due to transfer to LR, and the expected values calculated considering the
a factor and the non-radiative transfer efficiency. As it can be noticed, the best

agreement occurs when the non-radiative transfer efficiency calculated with the
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lifetime method is considered. This agreement is very good especially up to LR
concentrations of 0.04% good, while it is slightly worse at the highest concentration,
probably due to non linearity produced by the very high percentage of dye.
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Figure VI. 14. Relative reduction in LV emission intensity as a function of LR concentration. The
figure is the same as Figure VI. 11 with the addition of the energy transfer efficiency calculated
from the decay times.

Finally, in Figure VI. 15, LR decay curves are shown, recorded at 610 nm, with
excitation at 373 nm. From these decays, it clearly appears that LR lifetime is slightly
increasing with LR concentration. This phenomenon can be ascribed to inner filter
effect, and is a further proof of the occurrence of LR self absorption. This
phenomenon has to be minimized in order to achieve the best scintillation light

output, since it reduces the overall efficiency of the system.
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Figure VI. 15. LR emission lifetime at 610 nm with excitation at 373 nm for different LR
concentrations

6.4  Scintillation light yield analysis

After this preliminary analysis, polysiloxane samples were tested as scintillators,
comparing their scintillation light output with that of EJ-212 plastic scintillator.

6.4.1 PMT measurements

For a first test, the scintillation light produced by 2'Am a particles was detected
using a red enhanced PMT. Measurements were repeated two times, with and
without a long-pass filter having its cutting edge at 515 nm, in order to distinguish the
contribution of the LR emission to the overall scintillation light. The result of this
analysis is shown in Figure VI. 16, where, for comparison, also the spectrum of EJ-
212 is shown without filter. No signal could be detected from EJ-212 using the filter
since its emission occurs at lower wavelengths, and is completely absorbed by the
filter.

As expected, the spectra collected using the filter have a lower light yield, since only
part of the emitted light is allowed to reach the detector that has non-zero
responsivity in the region of LV emission (Figure VI. 17). It has to be noted how the
relative position of the peaks at high and low LR concentrations is inverted. At low
concentration (0.01% LR) the overall scintillation light output is slightly more intense
than the sample with 0.08% concentration. But once the filter is used, the light yield
decreases abruptly, meaning that most of the emitted light comes from LV and has
shorter wavelength. With 0.08% LR instead, the light yield decrease observed after
using the filter is less important, and the measured scintillation light yield becomes
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the highest among polysiloxane scintillators, as a proof of the increased energy
transfer, leading to a stronger red emission (see Figure VI. 3 for comparison).
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Figure V1. 16. Scintillation spectra, with and without filter, for two samples with 1% PPO, 0.04%
LV and two different concentartions of LR (0.01% and 0.08%). EJ-212 is also shown for

comparison.
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Figure VI. 17. Comparison between the response curve of the red enhanced PMT and APD
used in this work. The dashed line shows the typical emission spectrum of red emitting
polysiloxane scintillator.

Figure VI. 18 reports the position of the a scintillation peak, as a function of the LR
concentration, expressed relatively to EJ-212, measured with or without filter. It
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clearly appears that the total light output is only slightly decreasing for LR
concentrations above 0.01%, since the smaller LV emission is almost entirely
balanced by the higher red light intensity. The small decrease is related to self
absorption effects and to the non-unitary efficiency of the transfer process. It is also
worth noting that the overall scintillation light output shows a small increase when
going from 0 to 0.01% LR. This can be linked to the improved spectral matching with
the PMT response that is balancing the small decrease in the LV emission.

The spectra measured with the long—pass filter, instead, show a clear monotonic
trend, due to the increased red emission. The non-linearity of this trend is once again
connected with self-absorption effects that reduce the light output at elevated
concentrations of the dye [Lakowicz2006].
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Figure VI. 18. Scintillation light yield, relative to EJ-312, as a function of LR concentration.

6.4.2 APD measurements

Following the measurements with the PMT, polysiloxane scintillators were finally
tested using a RMD S0814 APD (see Figure VI. 17 for the spectral response). In this
case, tests were performed both with 2#'Am and with 5°Co, and the respective
scintillation spectra are reported in Figure VI. 19 and Figure VI. 20. As for the PMT,
the scintillation light output with a particles was determined on the basis of the peak
centroids positions, in case of gamma rays instead, the position of the Compton
shoulder was not easy to be determined, since the reduced thickness of the samples
doesn't allow to stop all the recoil electrons produced from the interaction of y rays
within the material. Therefore the scintillation light output was calculated from the
end point position of the scintillation spectrum. This was evaluated by fitting the
linear part of the spectrum, and by considering the intersection of the fitting line with
the abscissa axis. In such a way it was possible to compare the spectra of the
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different samples in a reliable way, and to achieve an estimation of relative
scintillation yield for y rays.

From the spectra it clearly appears that the sample with 0.01% LR has a much better
scintillation light yield in comparison to the standard polysiloxane scintillator without
LR. This phenomenon can be explained by the improvement in the spectral matching
factor with concentrations up to 0.01%, which is accompanied by only a small
reduction in the overall light yield. For higher concentrations, instead, the reduction in
LV emission is more important, and the further improvement in spectral matching is
not enough to avoid a decrease in the overall scintillation light yield.
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Figure VI. 19. Scintillation spectra produced by a particles for three polysiloxane samples at
different LR concentrations, compared to EJ-212.
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Figure V1. 20. ©Co gamma rays scintillation spectrum, measured by APD for different LR
concentrations. Thin lines represent the linear fit used for the determination of the Compton end
point.

The spectra reported in Figure V1. 20 show also an increase in the number of counts
at higher channel numbers, roughly over channel 1000. This effect is due to the
direct interaction of gamma rays on the APD device, as it can be clearly seen in
Figure VI. 21, where the 8Co spectrum with and without thin polysiloxane scintillator

is shown.
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Figure VI. 21. Comparison between the 8Co gamma spectrum recorded with a red emitting
polysiloxane scintillator (0.01% LR) and without scintillator.
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The relative scintillation yields measured by APD for a and y are summarized in
Figure VI. 22 It is worth noting that the trend is very similar for 2'Am and Co, with
0.01% LR being the best performing mixture. In all cases it can be seen that the
scintillation light yield increases up to 0.01% LR concentration and then it starts
decreasing as an effect of the stronger self absorption and the strong reduction in LV
emission. From this analysis it can be observed that the sample with 1% PPO,
0.04% LV and 0.01% LR shows a light output which is, in case of a particles, 17%
higher than the normal blue emitting polysiloxane scintillator without LR, and this
improvement is as high as 34% in case of gamma rays, with a relative efficiency
about 83% that of EJ-212 commercial scintillator.

The discrepancy in the light yields between a and y are due to the different
interaction of these particles: a particles travel only few micrometers in the material,
and the emitted light has consequently to travel through the whole thickness; y rays
instead interact more randomly in the whole material, so that, on average, light has
to travel a smaller distance, and is therefore less sensitive to self-absorption. This
different sensitivity to self-absorption explains the higher light yield reduction shown
by the sample with 0.08% LR for a particles (-7%) in comparison to y rays (-4%)
when compared to the sample without LR.

The overall lower relative light yield of y rays in comparison to a particles can be
instead explained by the slightly higher thickness of the EJ-212 sample used as
reference. This small difference has no effect when comparing the light output from
21Am, but results in a slightly higher efficiency of EJ-212 to gamma detection and so
in a relatively lower light yield in the thinner polysiloxane samples.
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Figure VI. 22. Relative scintillation yield measured by APD for alpha particles and gamma rays
as a function of LR concentration.
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6.5 Neutron response

These samples were finally tested as neutron detectors at the Van de Graaff “CN”
accelerator at the INFN-Legnaro National Laboratories, with 2.2 MeV neutron beam.
It has to be highlighted that the small thickness of the samples is not the best
solution for fast neutron detection, as explained in the first chapter of this thesis.
Despite this, the time of flight (ToF) discrimination technique, used to separate the
signal induced by neutrons from the signal induced by y rays, allowed to clearly
show the neutron detection capability of these red emitting polysiloxane plastic
scintillators. A typical ToF spectrum is shown in Figure VI. 23 for a sample with
0.02% LR concentration. The two peaks represent the signals coming from neutrons
and from y rays. As a proof of that, it is important to notice that the separation
between the two peaks is close to 26 ns, which is the foreseen theoretical value in
case of y-rays and 2.2 MeV neutrons travelling a distance of about 60 cm.
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Figure V1. 23. ToF spectrum for a sample with 0.02% LR concentration.

6.6 Conclusions

This work showed the development of new red emitting 1 mm thin polysiloxane
plastic scintillators, having the aim to improve the spectral matching factor with red
sensitive avalanche photodiodes. Beside the primary dye, 2,5-diphenyloxazole, and
the secondary dye, Lumogen Violet, already employed in polysiloxane scintillators, a
third dye, Lumogen Red, has been added to the polysiloxane matrix, capable of
efficiently undergoing energy transfer from the secondary dye. In such a way, the
emission of the scintillator was shifted up to over 600 nm. The investigation of the
optical properties of the samples at different concentrations, allowed to select 1%
PPO, 0.04% LV as the best combination of primary and secondary dye amounts.
Fluorescence emission spectra analysis in transmission mode on samples having
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1% PPO, 0.04% LV and increasing amounts of LR showed a more intense red
emission accompanied by a decrease in the LV intensity, that can be connected
energy transfer processes.

From measurements of the scintillation light output performed with a red enhanced
PM, with and without 515 nm long-pass optical filter, it could be confirmed that LR
contribution increases when going from 0 to 0.08% LR concentration, but they also
showed the occurrence of saturation effects at the highest concentrations due to
self-absorption. Furthermore, it has been shown that, above 0.01% LR, the decrease
in the LV emission is not completely balanced by the red emission, thus resulting in a
slight decrease of the overall light yield.

Similar behaviour was observed with an APD detector, both with a particles and with
y rays. In this case however, an important improvement in the measured scintillation
light yield was observed in the sample with 0.01% LR in comparison to blue emitting
polysiloxane scintillators without LR. This improvement was of the order of 17% for a
particles and 34% for y rays, even if the light output relative to EJ-212 was never
higher than 83%. Finally, a test with 2.2 fast neutrons using ToF technique, showed
the possibility to perform fast neutron detection with this new materials, exploiting the
proton recoil process inside the polysiloxane. These results prove that the followed
approach is the right strategy toward the development of a compact, efficient and
radiation hard detector, coupling red emitting polysiloxanes with APD photodetector.
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Chapter VII
HYDE experiment
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7.1 Introduction

As a result of the already mentioned He shortage [CRSreport2010, Hurd2014], in
the last period there has been an increasing attention towards the development of
solid state neutron detectors [McGregor2013].

HYDE experiment (HYbrid DEtector for neutrons) aims at the development of a pixel
hybrid detector for neutrons, by filling the cavities of a 3D silicon diode with a suitable
thermal neutron converter. This could allow to produce a new compact detector with
good spatial and temporal resolution, capable of interesting neutron imaging
performances that could find many application in medical physics [Strobl2009],
homeland security [Kouzes2010], forensics [Varga2009], nuclear and high energy
physics and others [Caruso2010]. As already explained in Chapter |, direct neutron
detection is not possible, also in solid state detectors, and for this reason a neutron
converter is needed, which, depending on the energy of incoming neutrons, can be
an hydrogen rich material for fast neutrons [Uher2008] or a thermal neutron
converter, mostly 1°B or éLi, but also '5’Gd and 13Cd [McGregor2003, Jakubek2008].
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Detector geometry has also a great importance, since it allows enhancing the
efficiency of the system by increasing the sensitive area. In this respect 3D sensor
represent an advantage over planar sensors. Several different geometries have
been proposed, including Si columns surrounded by SLiF or 1B converter
[McGregor2013, Shao2013], single [Bellinger2012] and double sided Si trenches
filled by SLi [Fronk2015], sinusoidal trenches [McGrgegor2009], and cylindrical holes
filled by converter [McGregor2013]. 19B as a converter has the advantage of the
larger cross section, but it can be fully exploited only with very small dimensions of
the neutron converting part. On the other side, 6Li has the advantage of higher
conversion product energies and longer ranges that allow for larger dimensions and
higher discrimination thresholds. In this chapter, the preliminary results on the
investigation of the performances of a first design of 3D silicon sensors filled with
different type of converters for fast and thermal neutrons are reported, and compared
with the results of planar silicon diodes.

7.2 Experimental part
721 Device structure

3D silicon diodes were produced at FBK, using a single p-type column design,
[Piemonte2005], with n* 3D electrodes and p* planar ohmic contacts in the back
side, n* regions of each cavity were isolated by p-spray thin layer, and all metal
contacts were placed on the same side of the device thanks to 8 um narrow
polysilicon columns (Figure VII. 1). In this first batch, the 3D structure was composed
by 200 um side cubic cavities, having 8 polysilicon columns on the bottom (Figure
VII. 2), with 400 pm pitch. The thickness of the silicon below the cavities was instead
of about 30 pum.

Converter
n+

passivation p-spray

Figure VII. 1. Cross-sectional view of the structure of the HYDE 3D diode (left) and the planar
diode used for comparison (right).
For these preliminary tests, all the electrodes were shorted in order to allow a much
simpler test procedure and avoid bump bonding process, so that the tested device
was finally composed by a sensitive square area with 5 mm sides, containing 144
cavities.
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7.2.2  Polysiloxane deposition

The cavities were filled with different type of materials. In case of fast neutron
detection, the converter employed was either Poly(22-25mol% diphenylsiloxane-co-
dimethylsiloxane) (22PDPS), already described in Chapter I, or condensation curing
polydimethylsiloxane (PDMS), with the latter to be preferred due to its higher
hydrogen content (79 mol/l against 71 mol/l for 22PDPS). After mixing of the
components and a first quick deaeration step, in order to assure the good adhesion
between the converter and the silicon wall, the fluid resin was poured on the surface
of the device, and left in low vacuum for some minutes in order to allow the release
of the air trapped inside the silicon wells. When restoring the atmospheric pressure,
the pressure difference pushes the resin inside the cavities, thus allowing the
complete filling. The whole system was finally placed in oven at 60 °C overnight for
cross-linking.

Figure VII. 2. Optical microscope image of the 3D diode, showing the 8 polysilicon columns on
the bottom of the cavity.

Figure VII. 3 shows a scanning electron microscope picture of the cross section of a

silicon cavity filled by polysiloxane. The very good adhesion between the converter

and the diode is visible, confirming the validity of the filling procedure and the good

adhesion between silicon and polysiloxane.
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Figure VII. 3. SEM image in cross-section of a silicon cavity filled with polysiloxane.

7.2.3  Thermal neutron converters deposition

Table VII. 1. Different type of sample employed in thermal neutron detection tests.

Sample Material Converter Depos.ltlon
technique
6l i Enriched sub-micrometric LiF 6l i Dry mechanical
LiF Li o
powder filling
PDMS Polydimethylsiloxane doped with 108 Polysiloxane
. o
carborane 10 w% o-carborane resin filling
PDMS 1B Polydlmgthylﬁ'loxane doped with 108 Polysiloxane
30 wt% enriched B powder resin filling
10 i
B«C 30 Thin enriched B4C layer 108 Sputtering 30
min min
10B4C 1h Thin enriched B4C layer 108 Sputtering 1h
108 Thin enriched metallic B layer 108 Sputtering 1h

In order to perform thermal neutron detection, the filling of the wells with neutron
converting materials was needed. With this purpose several different strategies were
employed, involving direct mechanical filling of the cavities with enriched sub-
micrometer size LiF powder, filling of the cavities with polysiloxane containing '°B
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rich compounds (o-carborane or metallic 9B powder), or direct physical vapour
deposition of thin layers of metallic 1°B or 19B4C (Table VII. 1).

LiF filling was performed at the Czech Technical University in Prague, by pressing
the enriched LiF powder, with average grain size smaller than 1 pm, inside the wells
of the diode. Figure VII. 4 shows the SEM image of a 3D diode filled with LiF powder.
Thanks to the small dimensions of the powder, the filling was complete and quite
homogeneous.

SEM HV: 20.0 kV WD: 7.06 mm VEGA3 TESCAN
SEM MAG: 1.81 kx Det: BSE 20 pm
SEM MAG: 1.81 kx | Date(m/d/y): 10/04/13 Performance in nanospace

Figure VII. 4. SEM image of the cross-section of a 3D diode filled with SLiF powder.

The samples with PDMS containing 10% o-carborane or 30% metallic '°B were
produced by dispersing the desired quantities of additives in the A part resin. After
the dispersion, the remaining components of the resin were also added and the
cavities were filled as already described above.

Also in this case, SEM analysis of the filled cavities showed a very good adhesion
between the polysiloxane and the silicon wall, even if, in case of metallic boron
powder, the large grain size, up to tens of micrometers, didn’t allow a homogeneous
distribution of the converter inside the material (Figure VII. 5).
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SEM HV: 10.0 kV WD: 9.82 mm VEGA3 TESCAN

View field: 332 ym Det: BSE 100 ym
SEM MAG: 834 x | Date(m/d/y): 09/17/13 Performance in nanospace

Figure VII. 5. SEM cross-section image of a 3D sensor filled with PDMS containing 30% of
metallic 1°B powder.

Thin converter layers were deposited via sputtering, both on planar and 3D sensors.
Two different enriched B4C depositions were performed, with deposition time 30
minutes and 1 h, resulting in a thickness of roughly 0.5 um and 1 um, while for
metallic 9B, 1 h deposition resulted in a converter layer of about 0.4 pm (Figure VII.
6). In case of planar sensors, given the presence on the front side of metal contacts,
a tape mask was applied before sputtering, in order to avoid the deposition of the
converter on the contacts that would have hindered the charge collection. In planar
devices therefore, there was a small variability of about 10% in the area of the
deposited layer, due to the low reproducibility in the masking process (Table VII. 2).

Table VII. 2. Geometrical parameters of the deposited converter layers on planar Si diodes.

Sample Thickness [um]  Area (mm?)

10B4C 30 min 0.420.1 1.45
10B4C 1h 1.0£0.1 1.53
18 0.50.1 1.46
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The thickness of the deposited layers was measured by a profilometer and from
SEM images, with a good accordance between the two techniques. The area instead
was evaluated from optical microscope images, after a proper calibration.

SEM HV: 10.0 kV WD: 11.81 mm VEGA3 TESCAN
SEM MAG: 22.0 kx Det: BSE + SE
View field: 12.6 ym | Date(m/d/y): 01/29/15 Performance in nanospace

Figure VII. 6. Cross sectional SEM image of a °B thin layer deposited on the planar detector
surface. 1.3 um metal layer and 0.6 um oxide layer are also clearly distinguished.

As visible from the comparison of the sputtering time with the layer thickness, the
deposition rate for metallic boron was half that of BsC, but as clearly visible from
Figure VII. 7, the quality of the deposit was better. B4C layers, in fact, resulted to be
highly stressed, and shortly after the deposition the surface was covered by wrinkles
in the whole surface (Figure VII. 8).

Figure VII. 7. Comparison between optical microscope images of B4C 1h and metallic B
deposition.
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Figure VII. 8. Time evolution of the B4C deposit. The increased number of wrinkles is clear.

7.2.4 Neutron Tests

As already mentioned, 3D hybrid detectors were tested both with fast and thermal
neutrons in different facilities. The read-out system was the same in all tests, and
was composed by CREMAT CR-110 charge sensitive amplifier, Cremat CR-200
gaussian shaping amplifier (4 ps peaking time) and AMPTEK MCA8000a
multichannel analyzer.

7.2.4.1 Fast neutrons

A first test of the performances of the device was performed using fast neutrons at
the Van de Graaff “CN” accelerator at INFN-LNL laboratories, exploiting the
"Li(p,n)"Be reaction of 4.0 MeV protons on a LiF target, producing 2.3 MeV neutrons,
with a flux of about 102 neutrons cm2 s at a distance of 60 cm from the target, in
forward direction, corresponding to the position of the sample during the irradiation.
Each measurement was run for approximately one hour in order to acquire enough
statistics.

Further tests with fast neutrons were perfomed at U-120M Isochronous Cyclotron in
Rez (CZ), were fast neutrons with a wide energy range from 4 to 12 MeV were
produced by the reaction of 2H- ions on a thick Be target, with fluxes higher than 106
neutrons cm2 s, In this case, each sample was irradiated for 20 minutes.

7.2.4.2 Thermal neutrons

Tests with thermal neutrons on 3D sensors were firstly performed at the LVR-15
research nuclear reactor in Rez (CZ), using a collimated neutron beam, with a flux
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about 1.5 107 neutrons cm2 s, In this case, in order to compare different detectors,
a scintillator counter was monitoring the effective dose.

Further measurements on 3D and planar sensors were performed at the TRIGA
research nuclear reactor at JoZef Stefan Institute Ljubljana (SLO), having a thermal
neutron flux of about 108 neutrons cm2 s1. Measurements were run for one hour in
case of planar sensors and only 20 minutes for 3D sensors, having a larger sensitive
area.

7.3 Performances of 3D hybrid detectors
7.3.1 Fast neutrons

First tests were performed at the “CN” accelerator at INFN-LNL laboratories,
comparing the energy spectrum of 3D diodes, with and without polysiloxane
converter, measured with neutrons and with a 9Co calibration source. Figure VII. 9
shows the comparison of the spectra measured by the same sensor with 8Co
gamma rays and with fast neutrons. For low energies the spectra are very similar,
while for energies above 0.25 MeV they start to diverge, showing higher counts
number in case of fast neutrons. This effect is due to the interaction of fast neutrons
with the polysiloxane converter, producing recoil protons that can be detected by the
silicon sensor. The number of counts is quite small, due to the small detection
volume and to the non-optimized geometry. This first test however showed the
feasibility of the concept, even if large improvements were needed.

103 . . . . .
y source calib. m——m
with converter
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2
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Energy [MeV]

Figure VII. 9. Energy spectrum of fast neutrons compared with that of ©Co gamma rays, for a
sample filled by 22PDPS.
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A second test, employing higher energies, was performed at the U-120M Cyclotron
in Rez (CZ). In this case, the neutron flux was much higher, so that, even if the
measurements were run for a shorter time (20 min instead than 1 hour), the number
of counts was much higher.

Figure VII. 10 shows the comparison of the spectra produced by fast neutrons on 3D
sensors filled by PDMS (two different samples) and by PDMS with 10% o-carborane.
Data acquired without polysiloxane converter are also shown for comparison. The
improvement in the detection rate due to the presence of the converter is clear, with
much higher counts in the case of polysiloxane filled cavities in comparison to the
empty ones. It is interesting to notice that the presence of 10 % o-carborane
concentration, aimed at improving thermal neutron detection capability, doesn’t affect
the performances of the detector, and a greater variability can instead be due to
geometrical factors like converter thickness (compare sample 1 and sample 2,
having same composition), that needs also to be optimized in dependence of
neutron energies.

2500
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2000 PDMS sample 2
—— PDMS + O-Carborane
w 15001 Empty
€
>
o
O 10004
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Figure VII. 10. Energy spectra produced by fast neutron on 3D silicon diodes filled with different
types of converters.

7.3.2 Slow neutrons

As regarding thermal neutron detection, different 3D sensors employing different
types of converter were tested at the LVR-15 research reactor in Rez (CZ). In this
first test, sensors filled with 6LiF powder, with PDMS + 30% metallic '°B and with
PDMS + 10% o-carborane were analyzed and compared to empty sensor. Energy
spectra measured during these runs are shown in Figure VII. 11. In this figure, is
clear that 6LiF powder represents the best solution, despite the lower neutron
capture cross section of 6Li in comparison to 1°B, due to the combined effects of the
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longer ranges and of the higher energies deposited in silicon by 6Li reaction
products, that allows to record more events at energies above the discrimination
threshold [McGregor2013]. Very rough estimates of thermal neutron efficiency (Table
VII. 3) indicated for LiF powder an efficiency almost 20 times higher than the best
boron containing sample. It is interesting to notice that in the SLiF spectrum, the
signal produced by the two different reaction products can be clearly distinguished:
at higher channels 2.72 MeV tritium peak and at about channel 60 the signal
produced by 2.05 MeV a particles.

Furthermore, the use of metallic boron converters seems to be more effective than
the use of o-carborane, that doesn't allow the introduction of very high amount of
boron.
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Figure VII. 11. Energy spectra of 3D sensors filled with different converters for thermal
neutrons.

Table VII. 3. Roughly estimated neutron detection efficiency for the tested samples.

Sample Estimated efficiency (%)
6LiF powder 04+02
PDMS, 30% 10B sample 1 0.02 +0.01
PDMS, 30% 9B sample 2 0.01 +0.005
PDMS , 10% o-carborane 0.004 £ 0.002

In case of 1°B converters, the signal of the neutron capture reaction products were
not so clear, but they could be anyway distinguished in the log scale plot (Figure VII.

12), thus confirming that the signal was produced by 9B capture reaction. In this
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case, indeed, the two shoulders can be ascribed to a particles produced in the two
different possible neutron capture reactions (Chapter 1), while Li has a too shorter
range in the material, and only very few particles can reach the detector with high
enough energy to be detected. A confirmation of that can be found in the rough
estimation of the number of counts for the two shoulders, with the least energetic
one having a number of counts approximately 20 times higher than the other, in
good agreement with the probability ratio of the two °B reaction (respectively 94%
and 6%). The sensor without converter instead showed only the signal produced by

the gamma background.

\\ Empty

Normalized Counts

20

40

PDMS, 30% "°B sample 1
—— PDMS, 30% '°B sample 2
PDMS, 10% o-carborane

N

L

60 80 100
Channels

Figure VII. 12. Energy spectra in log scale, signals from different conversion products can be

distinguished.

Similar tests were performed also at the TRIGA reactor in Ljubljana, and in this case,
for comparison, the same tests were performed both on planar and on 3D sensors
having the same converter layers. In all cases the peaks from boron alpha particles
were clearly distinguished, once again with very good agreement with the expected
ratio between high energy and low energy a particles.
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Figure VII. 13. Recorded energy spectra produced by thermal neutrons on planar detectors with
different converters.

Also in 3D sensors employing the same converter layer, similar results were

observed, with the clear appearance of the two a particles peaks (Figure VII. 14). In

this case, the sample filled by 6LiF powder was also tested, showing very similar

spectrum to the one already measured in the previous tests (Figure VII. 11).
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Figure VII. 14. Measured pulse height spectra produced by thermal neutrons on 3D sensors
with different neutron converters. Both linear scale and log scale spectra are shown.

In Table VII. 4, an estimation of the neutron detection efficiency is reported. The
estimation is very rough since the high gamma background prevents the less
energetic “Li particles to be distinguished, and the uncertainty in the neutron flux,
due to the reactor power fluctuations during the measurements are close to 50%.
From the data reported in Table VII. 4, there seems to be a higher efficiency for 3D
diodes, even if this result is not as high as expected, probably due to the incomplete
deposition of the converter on the vertical walls of the detector.

147



Table VII. 4. Rough estimation of thermal neutron detection efficiency for planar and 3D
sensors with different converters.

Sensor  Converter Estimated efficiency (%)

3D 6LiF powder 1.1+£06

3D 10B, 0.4 um 0.06 +0.03

3D 10B4C, 1 um 0.03 £0.02
Planar 1B, 0.4 um 0.02 +0.01
Planar  19B,C, 0.5 um 0.004 +0.002
Planar  10B4C, 1 um 0.008 + 0.004

7.4 Conclusions

In this chapter, some results on the detection of fast and slow neutrons with 3D
hybrid detectors were presented. From the data, is clear that the detection of both
fast and slow neutrons is possible, but several issues where encountered. The
detection of fast neutrons, showed a very low efficiency, mainly due to the low cross-
section of the elastic scattering process. This is an intrinsic limit of the system, and
the only way to overcome it would be the increase of the dimensions of the system,
leading to completely different setups. Furthermore, the use of the same detector
geometry for both fast and thermal neutrons has the consequence of a non-
optimized system for both types of radiation. As an example, it is worth recalling that
the range of 2 MeV protons in PDMS is about 90 um, while the range of the reaction
products of 9B is respectively 4 um for Li and 8 um for a particles. For this reason, a
silicon cavity dimension of 200 um seems to be suitable for the detection of fast
neutrons in that energy range, but is ineffective in the detection of thermal neutrons,
since most of the useful energy is lost before reaching the silicon walls. Following
these considerations, and given the larger field of application of thermal neutron
detection, and especially thermal neutron imaging, new detector geometry was
recently designed and its production is on-going.
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Conclusions and Future Perspectives

This work dealt with the development and the characterization of both liquid and
plastic polysiloxane based scintillators.

With the aim of developing a new non-toxic liquid scintillator exploiting the interesting
properties of polysiloxanes, several different solvents were tested, characterized by
very good thermal and chemical stability, very low volatility and low toxicity. The
optical characterization was connected with the phenyl group distribution and
concentration, and special attention was paid at the formation of intramolecular
excited state dimers (excimers). These results allowed to explain the outcome of the
gamma ray scintillation measurements, showing better performances in the sample
with the smaller excimer formation, 1,1,5,5-tetraphenyl-1,3,3,5-tetramethyltrisiloxane
(TPTMTS). After this first selection, the work focused on the investigation of the time
response of polysiloxane liquid scintillators based on TPTMTS. In particular, different
mixtures with different concentrations of PPO were studied, analyzing their pulse
shape under various excitations: UV light, neutrons and gamma rays. The results
were finally correlated with the pulse shape discrimination (PSD) capabilities of the
mixtures. Figure of Merit (FoM), calculated by means of the charge comparison
algorithm, was employed to analyze the PSD performances and a clear dependence
with PPO concentration was noticed. It has been observed that at low energies FoM
depends on the scintillation light output, so that commercial EJ-309 resulted to be
the best material, followed by TPTMTS with 2% PPO and 0.02% LV. At higher
energies instead, the difference in the slow component intensity between neutrons
and gamma rays is the most important feature. Since this difference increases with
PPO concentration, for energies above 900 keVee, the best mixture resulted to be
the one with the highest PPO concentration (4%), reaching even slightly better
performances than the commercial reference (EJ-309). Despite the good results, the
optimization of the PSD performances of this new class of materials is not completed
yet. The comparison of the time response of TPTMTS samples with that of EJ-309,
showed that the fast component for the latter was shorter than for polysiloxane
samples. This decay time depends mostly on the secondary dye employed in the
scintillating mixture. A shorter value for its fast decay is an advantage in term of PSD
since it allows further reducing the contribution of the fast component to the delayed
signal, with a consequent better separation of the PSD distribution peaks and a
larger FoM value. In this view, the replacement of LV with a faster secondary dye
would allow to improve the PSD performances of the materials, outreaching those of
EJ-309 even at energies below 900 keVee.

The second part of this thesis dealt with the development and characterization of
polysiloxane based plastic scintillators. These materials have some very interesting

properties, like good chemical and thermal stability (up to 200 °C) and good radiation
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hardness. They also exhibit higher chain mobility that could be exploited to achieve
PSD in plastic materials also with reasonable primary dye concentrations. With this
aim, the time responses of polysiloxane plastics doped with different PPO
concentrations up to 8 w% and 0.02 w% LV were analyzed with the goal of
evaluating their PSD performances. Previous fluorescence emission measurements,
also on PPO solutions in toluene, allowed to observe the formation of excimers
between PPO molecules, and consequently to connect this phenomenon with the
pulse shape analysis performed by UV excitation, time resolved ion beam induced
luminescence (TRIBIL) and neutron and gamma excitation. Also in this case, an
increase in the delayed component intensity with PPO concentration was observed.
TRIBIL measurements, showed no clear difference between H*, 0% and C3 pulse
shapes, also due to the fact that high dye concentrations are not stable in high
vacuum, because of PPO diffusion and sublimation.

This outcome was in contrast with neutron and gamma scintillation pulse shape
analysis that showed instead a clear difference in the intensity of the delayed
component between neutrons and gammas, and also a dependence of this
component from the primary dye concentration. These last results were very
important since they were never reported before, at these low concentrations, for
plastic scintillators and could pave the way to the development of stable,
polysiloxane plastic scintillators, capable of efficient PSD. The differences with
TRIBIL measurements can be explained by the different setup and by the different
type of interaction between heavy charged particles and neutrons and gammas.
Nevertheless, a more detailed analysis is needed in order to investigate the long
term stability of the materials and in order to analyze more in detail the PSD
capability of the polysiloxane samples, evaluating the FoM of the system at different
PPO concentrations and investigating the effect of samples dimensions on the PSD
performances. Furthermore, similarly to what already mentioned for polysiloxane
liquids, the pulse shape discrimination capability of the material could be further
improved by the replacement of LV with a faster dye, allowing to better separate the
fast component from the slow component, and thus to increase the FoM value.
Important results were also achieved with red emitting polysiloxane scintillators
coupled to avalanche photodiode (APD). The addition of a third dye, Lumogen Red,
having emission above 600 nm, allowed to increase the spectral matching with APD
responsivity, achieving very good improvements in comparison to the light output
measured by the same detector with blue emitting polysiloxane scintillators. To reach
this result, the energy transfer between different dyes was studied by means of
spectrofluorimetry and spectrophotometry, and by scintillation measurements
performed with red enhanced PMT. This work, paves the way to the development of
more compact systems, replacing awkward and fragile PMT with more compact and
robust APD, reducing the sensitivity to magnetic fields of the system, and improving
its radiation hardness thanks to the use of polysiloxane scintillators.
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Finally, in the last chapter, some preliminary results on the development of hybrid
detectors for neutrons are presented. These sensors combine 3D silicon diode with a
proper neutron absorber, allowing to convert fast or slow neutrons in detectable
particles. These results proves the feasibility of the concept, showing the detection of
both fast and thermal neutrons using respectively a polysiloxane converter and
different types of 9B or 6Li based materials. The reported efficiencies are however
low, due to the non-optimized geometrical structure of sensor and converter
deposition. A new design is in production, optimized for thermal neutron detection
with boron converters that is expected to improve the efficiency by several orders of
magnitude. If this result was achieved, the development of a high efficiency pixel
sensor for thermal neutrons would become possible, finding wide applications in
many fields.

151



152



List of Abbreviations and Acronyms

100PMPS
22PDPS
ADC
APD
DPDM20
DIN

FoM
HMIS
keVee
LAB

LR

Lv
MSDS
PDMS
PM100
PMDM50
PMPS
PMT
PPO
PPTMTS
PS

PSD
PVT
PXE
RTV
THF

ToF
TPTMTS
TRIBIL

Poly(methyl-phenylsiloxane) elastomer
Poly(22-25mol% diphenylsiloxane-co-dimethylsiloxane) elastomer
Analog to Digital Converter

Avalanche Photodiode
Poly(18-22mol%-diphenyl-co-dimethylsiloxane) liquid
Di-isopropylnaphtalene

Figure of Merit

Hazardous Material Identification System

keV electron equivalent

Linear alkylbenzene

BASF Lumogen F Red 305

BASF Lumogen F Violet 570

Materials Safety Data Sheet

Poly(dimethylsiloxane)

Poly(methyl-phenylsiloxane) liquid
Poly(48-52mol%-phenylmethylsiloxane-co-dimethylsiloxane) liquid
Poly(methyl-phenylsiloxane)

Photomultiplyer tube

2,5-diphenyloxazole
1,1,3,5,5-pentaphenyl-1,3,5-trimethyltrisiloxane
Polystyrene

Pulse Shape Discrimination

Polyvinyltoluene

Phenyl-o-xylylethane

Room Temperature Vulcanization

Tetrahydrofuran

Time of Flight
1,1,5,5-tetraphenyl-1,3,3,5-tetramethyltrisiloxane

Time Resolved lon Beam Induced Luminescence
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