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Abstract

Hussain, Junaid

Development of a telescope detector for °Sr detection

Master’s Thesis

Department of Physics, University of Jyvéiskyla, 2022, pages.

Nuclear catastrophes and accidents release harmful fission products containing long-
lived (™Se, Zr, PTc, 197Pd, 26Sn, 12T, and '3°Cs) radioisotopes having half-life of
hundreds of thousands or millions of years and short-lived (85Kr, °Sr, 1%Ru, 134Cs,
187Cs, MTPm, 1Sm, and %°Eu). After a few years, *"Cs and “°Sr radioisotopes
with a half-life of around 30 years dominate. These dominating radioisotopes are
potentially harmful for living creatures. They affect DNA, brain tissues, and even
stick with bones. To study the possible radiation damages, one need to prepare a
sample which is an expensive, tedious and long awaited process.

As telescope detector system was proposed to solve this sample preparation
problem. The thesis aims to develop and test a prototype AE - E type telescope
detector system for %°Sr. The detector system is based on the beta energy gating
period to distinguish °Y decay from ?°Sr decay. The detector identifies beta particles
via AE - E coincidences. The high energy of °Y beta particles are used to distinguish
this decay from other radiations.

The detector system consists pre-cut plastic scintillator of types EJ-200 and EJ-
212 of Eljen technology. Two prototypes containing (85 mmx1 mm + 75 mmx 10 mm)
and (35 mmx1 mm + 25 mmx10 mm) were developed, out of which smaller one
gave better light collection efficiency. For light collection purposes, two silicon
photomultipliers were used for each detector system. The performance of silicon
photomultiplier was also critically analyzed by checking the performance parameters.
SiPM is a new device used in spectroscopy and will be used more and more in the

future.

Keywords: Radioisotopes, plastic scintillator, detector, silicon photomultiplier

(SiPM), light collection, energy calibration, efficiency
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1 Introduction

Life is full of accidents, but a nuclear accident can seriously affect humans and
the environment. Whether it is Chernobyl (Ukraine) disaster (1986) or the recent
Fukushima (Japan) accident (2014), they result in the fallout of fission products
and harmful radioisotopes. The extent of radioactivity fallout from the Chernobyl
accident was about 12 x 10'® Bq. On the other hand, Fukushima accident gave
fallout of 2.7 PBq [1] (mostly '37Cs) that is ~10 % of Chernobyl disaster. These
released fission products consist of short-lived and long-lived radioisotopes with a
months or years decay constant. For example, long-lived fission product isotopes
MSe, B7Zr, 9Tc, 197Pd, 126Sn, 29I, and ¥5Cs usually have half-lives of hundreds
of thousands or million years. On the other hand, radioisotopes like **Kr, *Sr,
106Ra, 134Cs, 137Cs, 47Pm, '%'Sm, and '"’Eu have at least a one-year half-life. Both
the short-lived and long-lived radioisotopes decay with time, and after a few years,
two isotopes, 137Cs and ?°Sr, dominate. The other short-lived radioisotopes either
decayed or the fission yield is significantly low as compared to *"Cs and *°Sr.

Both the ¥7Cs and °Sr radioisotopes are biochemically active, have serious
environmental effects[2] [3] and are potentially harmful for biological life. For
example, 37Cs is highly soluble in water, and °Sr damage the DNA structure [4],
sticks in bones, tissues, and possibly in the neural system. To study the possible
damage on the living creatures of Chernobyl area, the biologists prepare the sample
for analysis. This sample preparation [5] is hectic and time consuming process as
after the cutting of the biological sample they need to be put for three weeks. This
enable the secular equilibrium of °Y with °°Sr. The samples then analyzed by using
different techniques[6] [7] [8] for ®Sr activity.

After getting some energy from incident ionization radiations, any material excites
its electrons from its ground state to a higher excited state. When electrons de-excite
from a higher to a ground state, energy in the form of a photon is released. This
mechanism is called scintillation. Scintillators produce a small amount of light,
which is then amplified with the help of a photomultiplier tube (PMT) or silicon
photomultiplier (SiPM) to get an electrical signal output [9]. Spinthariscope was
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the first scintillator based detector system used by William Crooks in 1903 [10].
The device was used to observe the a particle scintillation on the Zinc Sulphide
(ZnS) through a microscope in darkness. In 1909, Geiger and Marsden also used this
detector system to study « particle scattering [11]. In 1910, Rutherford’s famous
atomic nuclear discovery was also based on ZnS§ scintillator [12].

Over time, the scintillation observation through the naked eye was replaced by
instruments based on gaseous ionization. In 1944, the use of the photomultiplier tube
(PMT) in radiation detection entirely changed the scenario. Now, use of the silicon
photomultiplier (SiPM) for detection setting new marks. Today, scintillation detectors
are widely used in many fields, including nuclear, particle, environmental, medical,
ete for the detection of charged particles («, [3), ionization radiations, X-rays etc. A
scintillator detector system is usually composed of three components. The first one is
a scintillator, which can be any material (gasses, inorganic crystal, organic molecules,
glass, liquid, and plastic). In this thesis work, pre-cut EJ-200 and EJ-212 scintillators
from Eljen technology were used. The extent of radiation detection and sensitivity
depends entirely on the material used. The second component is a photodetector
which can be either a photomultiplier tube (PMT) or silicon photomultiplier (SiPM).
The third part of a detector system is electronic for the signal processing, and a
DAQ (data acquisition) system used for counting and amplifying the signal [13].

The main goal of this thesis work was to develop a prototype detector capable
of detecting environmental radioactivities i.e. °Sr and ¥"Cs. In additon, the light
collection efficiency of SiPM was also tested. There is a lot of study available on
the detectors specifically designed for *°Sr with photomultiplier tubes but a limited
literature available on the use of silicon photomultiplier. The reason is that SiPM
devices are newer ones, hence a limited study on their use for detector system is

available.

1.1 About Project and goals

In this thesis work, a prototype (AE-E) type telescope detector based on the plastic
scintillator and silicon photomultiplier was buit and tested. Using the “Beta energy
gating” technique, one can distinguish °Y decays from other types of decay. This
telescope type detector system will be based on two scintillators of different dimensions
(size and thickness) connected back-to-back having SiPM’s. To test the optimal

geometry effect of the samples, position and angle measurements were analysed.
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1.2 Structure of thesis

This thesis is divided into nine sections. The thesis starts with a brief introduction,
followed by background knowledge in section [2 Section [3] will give an overview of the
scintillation material-based detectors, including the plastic scintillator. In section []
the interaction of different types of radiations with matter and the response of plastic
scintillator to *Sr radiation was discussed. The basic construction, working, and
parameter affecting the performance of a SiPM are discussed in section [5] followed by
the general characteristic of the detector in section [0 The material and experimental
setup is discussed in section [7} and section [§] provides the experimental development,
light collection efficiencies of prototypes, energy calibration, and two dimensional

spectra of detectors. Finally, the last section [9, conclude the discussion.
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2 Theoretical knowledge

The two major environmental activities due to nuclear tests in 1945 - 1963 and
nuclear accidents such as Chernobyl (1986) and Fukushima (2011), are '37Cs and
9Sr. Both are produced large quantities in fission, and have long enough half-life
to remain in the environment for centuries. In the experimental work of this thesis,
radioactive sources of these environmental radioactivities were used. In addition,
standard radiation sources 2! Am and %Co were used in the measurements.

The decay scheme of *"Cs is given in Figure[l] It decays mostly (~ 95 %) by
releasing a 3 into isomeric excited state of ¥"Ba daughter nucleus and only 5 % to
the ground state of 1¥"Ba. The excited isomeric state 3"™™Cs having a half life of
2.55 minutes, releases a 662 keV gamma to reach ground state level with 85 % of the
13Tm (s decays. Probability of emitting gamma from 662 keV isomeric level is higher,
since 662 keV level is populated ”only” 95 % causes to start with. In addition, about
9.6 % probability of internal conversion. The emitted gamma with 662 keV energy is

casily detectable as '3"Ba ground state is stable.

137Cs (30 yr)

B~ (0.511MeV)
94.6%

(2.55 min) 137m_.Ba

B~ (1.176MeV)

]
5.4% ; !
! Internal |
0.662 MeV
iconversioni_/\/\/\> v 85% )
i 9.6% | °
v v

137568a

Figure 1. Figure showing the decay channels of 137Cs. Edited from [14]

Figure [2| shows the decay scheme of °Sr. It is clear from the figure that °Sr is
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a pure beta emitter. This is because °Sr emits a 8 from its nucleus and decays to
PY. This decay takes place between the ground states of %°Sr and Y. Y further
decays to °Zr by emitting 3 particles. Practically all °Y decays lead directly to the
ground state of ®°Zr. There is a very minor (0.0115 %) branching to the excited state
at 1761 keV, which decays via gamma emission to the ground state. The branch
involving the gamma ray emission is however so small that for all practical purposes

Y can be considered as a pure beta emitter as well.

90
3857 (28.6y)

B~ (0.546 MeV)

Y (1.7607 MeV)

100%
(64.1 h)
Ny “ B~ (0.5185 MeV)
“  0.0115%
1
B~ (2.28 MeV) L AN\~
99.9885%
v

SoZT

Figure 2. Decay scheme of *°Sr

9Sr have a similar biochemical structure as of calcium and replaces the calcium
from bones. That is why it is also called "bone seeker”. It enter in living organisms
through contaminated water, milk and about 70 - 80 % amount is expelled through
body as waste. The remaining radioactive °Sr sticks with bone, replaces bone
marrow, and a little amount in blood and soft tissues. It mainly causes bone cancer,
blood cancer, tissue cancer, and leukemia [15].

As mentioned, P°Sr is a pure beta emitter. The daughter nucleus of *°Sr, Y,
has a half-life of 64 h. The short half-life of Y means it is in secular equilibrium
with ?°Sr in practically any sample, if *°Y is not somehow actively removed from the
sample. Yttrium is not water soluble or very volatile, so it can be expected to stay in
the sample. This is good for detection, since the geometry of the ?°Y beta particles

extends to higher energy than most of the other environmental beta emitter.
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If the beta decays from an environmental sample are studied with a beta telescope
detector, consisting of a thin (plastic) AE-detector in front of thicker E-detector, the
impact of background radiation can be reduced approving only coincident signals.
Assuming a 1 mm thick AE-detector, a 1 MeV beta particle leaves about 190 keV in
the AE-detector and the rest 870 keV in the E- detector. Simultaneous observation
of the signals in both detectors is an indication of beta decay, and it will significantly
reduce the environmental gamma ray background.

Finally, the decay of ?°Y can be distinguished on the basis of the total energy
of the beta particle. The beta spectrum of Y extends up to 2200 keV; the beta
spectrum of ?°Sr ends at 546 keV. The beta spectrum of ¥7Cs extends to 1175 keV
but more than 95 % of the electron spectrum is below 660 keV. The beta endpoint of
the main beta decay of *"Cs is 510 keV. All in all, in a typical environmental sample
containing *°Sr/?Y in secular equilibrium, all beta events with total energy higher
than 700 keV can be assigned to the beta decay of *°Y. That is why the technique
can be called beta energy gating. More than 60 % of the *°Y beta decay events have
higher energy than 700 keV, which means high intrinsic efficiency for the detection.

241
95Am

12.8%

85.2% 5.443 MeV o.-decay

5.486 MeV  a-decay 0.103
0.1%| 0.0434 MeV v
0.0595
36%
0.0595 MeV vy
\ 4 0
o3Np?’

Figure 3. Decay scheme of 2! Am [16]

21 Am decays into daughter 3"Np, a-particles, and ~-rays with different energies.

The one of decay equation of ?'!Am is

ss'Am — J'Np + jHe*™ + 4 (1)
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It is clear from the figure [3| that ! Am decay mostly via a-decay with 85% and 13%
branching ratios having 5.486 MeV and 5.443 MeV energy respectively. In addition,
there is also gamma ray branches with keV energies ranges i.e. 59.5489 keV, 26.4 keV,
17.8 keV, and 13.9 keV.

The %°Co isotope has a half-life of 5.272 years and it decays mostly with beta
~ 99.88 % having 0.31 MeV energy to excited state of °**Ni. The other low probability
beta branch (~ 0.12 %) decay with 1.48 MeV. The exited states of %**Ni decays with
gammas to ground state of ®°Ni with 1.732 MeV and 1.3325 MeV energy respectively,
as illustrated in figure [4]

3960 (5.272 yr)

g (0.31 MeV)
(99.88%)

60* pr -
B~ (1.48 MeV) 28NVl

(0.12%) Y (1.1732 MeV)

0N

Y (1.3325 MeV)

B ———

SONi

Figure 4. Decay scheme of %Co
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3 Overview of scintillation material based detec-

tors

In this section, a brief overview of scintillation materials used in the spectroscopy of
ionisating radiations is given. The section starts with the types of scintillation material
and their use followed by a description of the properties of an ideal scintillator. In the
first part of this section, inorganic scintillators and their scintillation mechanism are
described. The second part deals with the organic scintillators and their scintillation
mechanism. Finally, the chemistry (production method) and physics (energy transfer)
of plastic scintillator used in this thesis has been discussed briefly.

There are two main types of scintillation materials: organic and inorganic.
Scintillation detectors based on these materials have different chemical composition,
production methods, scintillation mechanism, and operating limitations. Inorganic
scintillators are typically crystals composed of elements having high atomic number Z.
They have high density (3 - 8 g/cm?), which help them effectively detect in particular
~v-radiation, and short light attenuation lengthﬂ[lﬂ. They are expensive, toxic, and
the process of crystal growth is difficult. The organic scintillators are hydrocarbon
composed elements having low atomic number (Z), low light output, low density
(1-2 g/cm?), long light attenuation length and affordable alternative to inorganic
scintillators [18]. For S-spectroscopy and fast neutron detection, organic scintillators
(due to high hydrogen content) give better results. However, inorganic scintillators
are a preferred choice for y-spectroscopy.

According to |9} 19, 20], an ideal scintillator should meet a few features listed
below. A choice of scintillator material in practice is however a compromise, since
there is no such scintillation material that could offer all the following desirable

characteristics.

1. Show high conversion efficiency for converting incident energy into detectable

photons. The suitable emission wavelength for photomultiplier tube (PMT) is

! Attenuation length (or absorption length) is defined as the distance where the initial intensity
of a beam of light or particles has dropped to 1/e (~ 63 %)
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near 400 nm and for photodiode/avalanche photodiode it must be near 600 nm.
In addition, for a clear identification of full energy events, an ideal scintillator

must have a good energy resolution.

. Be transparent to the wavelengths of its own scintillation light. For this,

the overlap between emission and optical absorption band gaps that causes

self-absorption need to be minimal (see figure [9).

. Demonstrate a linear relationship between deposited energy and light yield.

Light yield is defined as the number of generated photons as a result of absorbed
energy amount. A higher light yield value gives brighter emission which means

a better detection performance.

. Short decay time for fast signaling, reduced dead time and lower afterglow.

For a good scintillator, the decay time must be < 10 ns and afterglow typically
0.1 % at 100 ms.

. Refractive index ~ 1.5 to enhance coupling with photosensors i.e. photomulti-

plier tubes, silicon photomultipliers, etc. The best light transmission from the
scintillator to the sensor is reached, when both have precisely same refractive

index.

. No damage due to chemical and radiation exposure. Some scintillator absorb

atmospheric water and require a special packaging to avoid damage. Therefore,

an ideal scintillator must also have hydroscopic hardness.

3.1 Inorganic Scintillators

Inorganic scintillators are also called ionic crystals. They are usually crystals

of alkali-halides having a small impurity element called an activator. The most

commonly used organic scintillators include Nal(T1) and Cs(T1). Impurity or activator

is written in the brackets. Thallium (T1) acts as an activator in the above inorganic

scintillators. Activators are responsible for luminescence in crystals. They are used

in small concentrations. For example in Nal(T1), T1 concentration is 107 on a per
mole basis [21]. CsFy, CsI(T1), CsI(Na), KI(T1), and Lil(Eu) are other examples of

inorganic scintillators [22]. Some inorganic scintillators are also based on non-alkali

crystals. A few examples include BiyGezO1y (commercially known as BGO), BaF,,
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ZnS(As), ZnO(Ga), CaWO,, and CAWO,. The most important properties (i.e.
wavelength of maximum emission, scintillation efficiency, decay time, and density) of

some inorganic scintillators are given in table

Table 1. Properties of some inorganic scintillators.

Properties of Certain Inorganic Scintillators

Wavelength of Maximum  Scintillation Efficiency = Decay Time Density
Material Emission (hnm) (Relative, %) (us) (102 kg/m?3)
Nal(TI) 410 100 0.23 3.67
CaF,(Eu) 435 50 0.94 3.18
Csl(Na) 420 80 063 451
CsI(TI) 565 45 1.00 451
Bi,Ge;0;, 480 8 0.30 7.13
Cdwo, 530 20 0.90 7.90
SLil(Eu) 470 30 0.94 349

3.1.1 Scintillation mechanism of inorganic scintillators

The scintillation mechanism of inorganic scintillators is entirely based on the crystal
lattice’s intrinsic property. Electrons can only be found in discrete energy levels in
solids. The lower band in which electrons are tightly bound to a particular atom is
called the valence band. The higher band is called conduction band, having electrons
free to move in a crystal lattice [9]. Figure [f] shows the conduction and valence
bands of solids. Their relative location is different for insulators, semiconductors, and
conductors. The intermediate energy region between valence and conduction bands
without any allowed quantum states is called band gap or forbidden gap. There
is no probability for an electron to be found at these energies. In a pure crystal,
when an electron absorbs energy, it moves from the valence to the conduction band,
leaving behind a hole. When the electron de-excite and returns to the valence band,
it releases a photon by an inefficient process [9]. Inefficient in such a way that the
emitted photon wavelength is much shorter than visible due to a high band-gap
width (~ 8 eV).

These photons are difficult to detect by photosensors. Therefore, a small impurity
of metal is added to the pure crystal to resolve this issue. This doped impurity is
known as an activator. This doping aims to create an intermediate state in the crystal
structure for an electron to reside. The added activators do not change the entire

crystal structure but add a few sites for electrons. For example, in pure Nal crystal,
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Figure 5. Conduction and valence band of conductor, semiconductor, and

insulator. [23]

a trace amount of thallium is added as an activator. The scintillation mechanism

of the inorganic scintillator is shown in figure @ Incident radiations (having energy

E
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or radiation
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Figure 6. Prompt and delayed scintillation mechanism due to absorption of

incoming radiations. [24]
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greater than band gap energy) excite the electron, and it moves from the valence
to the conduction band leaving behind a hole. When an electron is de-excited, it
can quickly reside in these intermediate states (luminescence centers) before coming
to the valence band. Intermediate state-assisted emitted photons lie in the visible
region. These luminescent intermediate states typically have a half-life of 1077 s.
The half-life of the intermediate state decides the light output.

In addition, excited electrons sometimes can be trapped in a metastable energy
state. These energy states are formed due to defects and impurities other than the
dopant. The metastable state is quantum mechanically so different from the valence
band that the electron transition directly to valence band is forbidden. Therefore,
the electron stay in the trap state can last from a few nanosecond up to hours.
Then, after gaining some energy (due to thermal excitation or other means), these
trapped electrons excite back to the conduction band, from where they fall back to
the valence band by releasing energy. The energy released in this way is named as

phosphorescence or delayed scintillation [24].

3.2 Organic scintillators

Organic scintillators are widely used in radiation and particle detection, since they
are easy to use and adapt to any geometry. They are composed by combining two or

more aromatic hydrocarbon compounds. The higher concentration compound is

Table 2. Properties of some organic scintillators

Properties of Certain Organic Scintillators

Wavelength of Maximum  Relative Scintillation Decay Density

Material Emission (nm) Efficiency (%) Time (ns) (103 kg/m3)
Anthracene 445 100 ~30 1.25
trans-Stilbene 385 ~60 4-8 1.16

NE 102 350-450 ~65 2 1.06

NE 110 350-450 60 3 1.06

NE 213 (liquid) 350-450 ~60 2 0.867
PILOT B 350-450 68 2 1.06
PILOTY 350-450 64 ~3 1.06

named as ”solvent”, and the smaller concentration one is referred to as ”solute”. The
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solvent act as radiation absorber and solute act as scintillator as shown in figure

Based on the number of compounds, scintillators are classified as unitary, binary,
ternary, and so on. A unitary organic scintillator only consists of solvent, and a
binary scintillator is composed of a solvent and a solute. Similarly, a ternary organic
scintillator is synthesized using a solvent, a primary, and a secondary solute .
More solutes can be added to enhance the desired characteristics. Table [2] shows
some important properties of the commonly used organic scintillators. Based on
their composition, organic scintillators can be further divided into three categories:

organic crystals, organic liquids, and plastic scintillators.

3.2.1 Scintillation mechanism of organic scintillator

Organic scintillators contain a benzene ring in their molecular structure. The benzene
ring has a delocalized m-electronic cloud above and below the molecular orbital, as

shown in figure [7]

CeHg . i

Benzene Benzene ring delocalized pi
Malecular formula Simplified depiction 6 p.orbitals system

Figure 7. Delocalized m-electronic cloud in benzene ring

The scintillation mechanism in an organic scintillator is based on the molecular
transitions. A qualitative uncalibrated energy level diagram of an organic scintillator
is expressed in figure |8 Note that for clarity, the energy level spacings are not in
scale. The spacing between the Sy and S states is significantly greater (3 - 4 eV)
as compared with the spacing between S; and Sy or Sy and Sz (~ 0.16 e€V). The
spacing may vary slightly depending on the aromatic compound used. Singlet states
have vibrational substates denoted as Spg, So1, So2, S0z, and so on for Sy state, as
S10, S11, S12, S13 ... for S; state, and so on. The first suffix represent the sub-level.
Soo is the lowest vibrational state and at room temperature, all the electrons reside
in this state of molecule ﬂg[] Electrons excite by absorbing the energy of incident

ionisating radiation. The de-excitation of an electron in organic molecule can produce
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Figure 8. Scintillation mechanism in organic scintillators. [26]

three types of luminescence known as fluorescence, phosphorescence, and delayed

fluorescence [26].

Fluorescence: The absorption of incident energy allows electrons to occupy
higher (singlet) vibrational states Sy, So, S3. For a molecule, it usually takes ~ 1071 s
to reach thermal equilibrium before emission from Sig state. The radiative lifetime
of S;is ~ 1078 s - 107? s. Vibrational state transition to ground state is a favourable
one with release of ultraviolet or visible fluorescent photons [9]. The equation

represent the fluorescence emission intensity at a certain time t.

I=1ye V" (2)



34

where
I = intensity at time t
Iy = intensity at t = 0

7 = fluorescence mean decay time

Phosphorescence: There exist another scenario in which excited singlet state
S first decays to triplet state T7 through an intersystem crossing. The de-excitation
from T} to Sy occur slowly (~ 107* s) by emitting longer wavelength than that of

fluorescence. This process is called phosphorescence [9].

Delayed fluorescence: The third possibility is delayed fluorescence. The higher
triplet states quickly de-excite through a non-radiative emission to a lower level
triplet state. The de-excitation of excited triplet state is strongly forbidden and
give rise to the long live phosphorescence. Furthermore, due to higher stability
of triplet state as compared to singlet state, electron transition take more time to
occur (~ 107* s). The spectrum of delayed fluorescence is somewhat similar to
phosphorescence, but with a longer decay time and does not obey exponential decay.
Some molecules from S single excited state transition to 77 triplet state, through a
process called inter-system crossing. From here it de-excite to ground state. This
phenomena causes delayed fluorescence [9].

Figure [§| can be used to illustrate why the organic scintillator is transparent to
its own fluorescence emission spectrum. Absorbed photon energy, corresponding to
length of upward arrows in figure [§] is almost always greater than that of fluorescence
transitions corresponding to the length of the arrows pointing downwards. The
scintillator emission spectrum is thus separated from its optical absorption spectrum.
This separation is known as Stokes shift. The transition between Sjy and Syg states
however have same energy in both directions. This produces a small overlap between
the emission and optical absorption spectra, introducing some self-absorption. Since
fluorescence decay to the vibrational substates of S singlet state is favoured, the
overlap is typically insignificant. In general, a high value of Stokes shift results
lower probability of scintillation light absorption i.e. smaller value of overlap area.
In radiation detection, Stokes shift is used as a tool to measure the scintillator

appropriatness [24].
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3.3 Plastic Scintillators

In this thesis work, Eljen technology’s plastic scintillators of different dimensions
were used. The technical detail of used scintillator is given in table [3] The properties
of plastic scintillators are very similar to those of liquid organic scintillators. That
is why they are also called solid solutions of organic scintillators. The plastic
scintillators do not however need any container. Furthermore, they are inert to
water, air and many chemicals. Therefore, they are easier to use in practice than
the liquid scintillators. In addition, plastic scintillators are inexpensive, durable,
easy to manufacture, have high optical transmission, fast rise and decay time [27].
They are commercially available in different sizes and shapes (cylindrical, rods, flat
sheets, etc.). Due to their lower production cost, they find applications in nuclear
physics, medical imaging, ionization radiation detection, environmental purposes,
and particle identification [9]. They can detect X-rays, ionization radiations, fast
neutrons, and charged particles.

The thermal polymerization method is a commonly used preparation method for

plastic scintillators as elaborated in figure Plastic scintillator consists of a polymer
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base usually vinyltolune or styrene solvent and one or more solutes [18]. These solutes
are also called "fluor”. Some of the most commonly used monomer solvents are
polystyrene, polyvinyl toluene (PVT), and polyphenylbenzene. Typical solute include
P-Terphenyl and PPO (2,5-diphenyloxazole) [22]. The chemical composition with

formulas of primary and secondary solutes are shown in table [§ in appendix [B]

Mixing the ingredients

Solvent : Styrene monomer
Primary solute : PPO
Secondary Solute : POPOP

Heating to initiate polymerization

Heating to complete the

polymerization

Annealing process

Cutting process

Figure 10. Thermal polymerization method for plastic scintillators preparation
28]

Secondary solute is usually added as wavelength shifter to enhance or to achieve
desirable scintillation and optical properties. Composition variation leads to changes
in characteristics like optical properties (absorption, transmission, emission), radiation

resistance, fast rise, and decay time. For example, a small proportion of solvent
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named as POPOP (1,4 - bis benzene) can be added to enhance wavelength shifting
properties . However, only 1 % fluor concentration is added to scintillators.
The second fluor concentration is typically 0.01 %. Some of the commonly used
wavelength shifter in plastic scintillators are given in table [9] in appendix

As plastic scintillators are a type of organic scintillators. Therefore, scintillation
mechanism is same as of organic scintillator, discussed in section [3.2.1} Figure
illustrates the incident energy transfer in the plastic scintillator. Energy transfer
from incident radiation excites the molecule. Energy is then transferred from polymer
base to primary fluor through a non-radiative process called the Foster mechanism.
In this mechanism, energy transfer is due to dipole-dipole interaction between donor
and acceptor molecule distance apparated by 3 - 6nm . Energy from primary fluor
is released in the ultra-violet (UV) region through fluorescence. As photomultipliers
are incapable of working in UV region, therefore, a wavelength shifter needs to be
added to plastic scintillators. These wavelength shifters absorb the emitted UV
energy and convert it into a visible range, which is easily more detectable by silicon
photomultipliers (SiPM).

4 N

SECONDARY
FLUOR
POLYMERIC
BASE PRIMARY WAVELENGTH
FLUOR SHIFTER

NON-RADIATIVE
ENERGY
TRANSFER

FLUORESCENCE
(VISIBLE RANGE)

Figure 11. Transfer of energy in plastic scintillators
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4 Interaction and scintillator response to different

radiations

The interaction mechanism of particles and radiations are different in nature. These
interaction mechanism are the basis of designing a detector system. There can be
different interaction mechanism depending upon different energy ranges for the same
particle. That is why a variety of detection devices exist for radiations and particles.
Charged particles interact with matter via excitation and ionisation. Furthermore,
bremsstrahlung energy losses must also be taken into account for relativistic particles.
Penetration power of neutral particles is high as compared to heavy and charged
particles. Due to the interaction of neutral particles with matter charged particles
are produced. Photoelectric absorption, Compton scattering and pair production
are characteristic interaction processes for photon. In this chapter, the interaction
mechanism of heavy particles, electron, and neutral particles i.e. photon and neutron

are discussed shortly.

4.1 Heavy ions

Heavy charged particles e.g. a-particles interaction with matter is based on the
Coulombic forces. The interaction is similar for all massive charged particles, starting
already from protons. When a positive charged particle with kinetic energy E
enters the absorbing material it immediately interacts with electrons. As a result of
interaction, electron can either be excited to a higher state or completely knocked
(ionization) from the atom. Due to a collision with electron, particle looses about
4Emg/m of its kinetic energy, which is ~ 1/500 of particles energy per nucleon. Here
myg stands for electron mass and m for mass of the charged particle.

The ratio between differential energy loss dE to differential path length dx is

referred as linear stopping power P of charged particle [9].

dE
P=-— (3)
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The specific energy loss is the same thing as stopping power and can be expressed

by classical approach via Bethe formula

dE  4me*z?
B _TTCE Np 4
dx mg V2 (%)
where
Z 2
B=2 |in 2% _jna - 57 - 52 (5)

v = velocity of the ion

ze = charge of the ion

N = number density of electrons

Z = atomic number of absorbing material

I = average excitation and ionisation potential of the absorber

mgo = electron rest mass

B=v/c

4.2 Electrons

Electrons interact with absorbing material due to Coulomb field or radiative interac-
tion. As result of interaction, electron looses energy either by ionisation of absorbing
material or radiative loss (also known as Bremsstrahlung). Unlike the heavy ions,
fast electrons having the same mass as target, loose energy at a slower rate and follow
a zig-zag pattern in absorbing material [9]. The collisional loss by fast electrons due

to ionisation and excitation can be described by Bethe |30] expression as

(), =T (v o (1)
+(1—52)+;<1—m>2) (6)

where

N = number density of electrons

Z = atomic number of absorbing material
e = elementary charge

v = velocity of primary particle
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mo = electron rest mass
E = electron energy

I = average excitation and ionisation potential of the absorber

g =v/c

According to classical theory, every charged particle will radiate energy in form
of electromagnetic radiations when accelerated or decelerated |9|. Radiative energy

loss can be calculated using Seltzer and Berger [31] relation

- (dE) _ NEZ(Z + 1) ¢ (4 2B 4) 7

dx 137 m3 * mo ¢? 3

Where the symbols are same as for equation [f] The sum of collisional and radiative

energy loss is called total linear stopping power of beta particles.

dE dE dFE
(da)c ! (dxl - (dx)m )

The maximum range of beta particles in different absorber material can be calculated

by using empirical formula provided by Katz and Penfold [32]

1.265 — 0.0954 In(Eg)

0.412 Eg4 it 0.01 < Ez < 2.5 MeV
0.530 £ — 0.106 it B3 > 2.5 MeV

Ronaz [g/cm?] =

In equation @ Ej represents maximum beta energy expressed in MeV. The probability
to stop the beta particles entirely depends on number density of electrons of absorber
material. Figure shows the stopping range of a and  particles in aluminum.
In our case, the stopping range in EJ-200 scintillator for Sr/?°Y beta particles
having energies 0.546 MeV and 2.28 MeV can be calculated using equation [0} The
calculations (see appendix [A]) show that in EJ-200 plastic scintillator, 0.546 MeV 3
particles are completely stopped by a 1.804 mm thick scintillator, leaving their total
energy absorbed by the scintillator. The 2.28 MeV beta particles need a 10.7107 mm
thick detector to be stopped. The calculated maximum stopping range of § particles
calculated from equation [9]is consistent with Eljen technology data sheets as shown
in the figure [13]

In addition, low energy electrons show a higher backscattering probability because

of their small mass m.. Backscattering is highly dependent on geometry, energy,
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Figure 12. Proton and electron penetration range in a two mm aluminum sheet

[32].

and atomic number of absorbing material. For oblique angle of incidence, the
backscattering probability increases as compared to perpendicular incidence angle.
The ratio between backscattered and incident electrons is known as the backscattering
coefficient. Furthermore, backscattering for low energy electrons (< 10 MeV) is
higher and increases for material having a high atomic number Z value. For example,
an uncollimated [ source irradiation on a high Z value absorber material (e.g. Nal)
have a 80 % backscattering probability. That is why organic scintillators (used in
this work) with lower atomic number Z are suitable for 5 spectroscopy. Inorganic
scintillators with a high atomic number are a preferred choice for high energy beta
particles, and electromagnetic radiation. The light yield of electrons is much higher
as compared to heavy charged particles having the same energy due to electron
interaction mechanism and small mass [22]. Figure [14] illustrates the response of
EJ-200 plastic scintillator to alpha, electrons, protons, and carbon. It is clearly seen

from the figure that scintillator is more sensitive to electrons.
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4.3 Photons

The case of photon (X-rays and 7-rays) interaction with the matter is entirely
different than that of a’s and 3’s which interact through atomic nucleus Coulomb’s
field or direct electron to electron interaction. Photon energy is deposited through
different mechanisms, either by photoelectric absorption, Compton scattering, or
pair production. Gamma rays are more penetrative than « or [ particles. Before
interaction with matter, the rays travel some distance through the absorber material
without any interaction. In figure [15 inorganic scintillation material Nal (used
for y-ray spectroscopy), photoelectron absorption cross-section is illustrated. The

attenuation of gamma-ray intensity traveled by a distance x in material is given by
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Figure 14. Response of EJ-200 plastic scintillator to different particles having
MeV energy. Adopted from .

Beer-Lambert law
I(x) =1, exp™®* (10)

where

Iy = intensity outside of the material

x = distance in material

« = absorption coefficient (commonly given in cm™!), depends on type of material
and energy E of photon; o = «(E)

The reduction of the intensity after distance x is
I, — Iyexp ™ = [H(1 — exp™ ™) (11)
Therefore, the fraction F of gamma rays that interacted with the detector is

F=(1-exp ™) (12)
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Figure 15. Energy dependence of various vy-ray interaction processes in Nal
(inorganic scintillator) [9]
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4.3.1 Photoelectric absorption

A process in which an incoming photon interacts with an atom by transferring its
energy, results photo-electron emission from the bound shell is known as photoelectric
effect. It is worth noticing that in photoelectric effect v-rays do not interact with
free electron but with the atom as a whole. The involvement of the atomic nucleus
is required to satisfy the conservation of momentum. For y-rays with enough energy,
most bounded K-shell electron has a higher tendency to be emitted as photoelectron

as compared to L and M. The energy E of the photoelectrons is
E=hv—FEp (13)

where

h = Planck’s constant

v = frequency of incident photon

Ep = binding energy of emitted electron

Photoelectric absorption probability relation is given by [9]

n

3.5
E’Y

T = constant - (14)
In above equation [14] Z is the atomic number and the value of n lies between 4 and
5. It is clear from the relation that absorption cross-section is highly dependent on
atomic number Z. Absorber material with a higher atomic number Z can enhance the
photoelectric effect probability. Therefore, for gamma-ray spectroscopy, inorganic
materials with a higher Z is a preferred choice. For low energy vy-rays (£, < 100 keV),
interaction usually happens via photoelectric effect. For energies above a few hundreds

of keV, most of the initial photon energy is transferred to the photo-electron.

4.3.2 Compton scattering

Photon with a little higher energies (£, ~ 1 MeV) undergoes Compton scattering
in which an incident photon scatters from quasi-free atomic electron of absorber
material, as illustrated in figure [I6] Upon collision of a photon with the electron,
photon is scattered by making an angle ¢, and a part of photon energy is transferred
to electron, known as recoil electron and hence called Compton electron. In Compton

scattering, both the energy and momentum are conserved and from conservation
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equations one can derive relation for transferred energy, scattering angle 6., and

scattered electron energy.

Recoil
electron /
2 242
e \/ E”—(m,.")
C

- Target L Pe=
ncident 2 electron .-’

photon
l at res{tﬂ, ‘\ @E

Scattered
photon

h
A=A =AM =—"(l-cosg,) J
= A mﬁc( cos 9,)

Figure 16. Compton scattering with collision kinematics. Edited from .

Consider a photon with initial energy E. = hr and scattering angle 6. A relation

showing the scattered photon energy will be

’ hV
E = 15
7 14¢e(1—cosb,) (15)
where 5
_
c MeC2

Here, m.c? is the electron rest mass and its value is 0.511 MeV. The energy transferred

to scattered electron will be

m}ij:Q(l — cos )
Lo =Ly - E
14+ —%5(1—cosb,)

Mec?

(16)
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or
e(1 — cos@,)
E_ —E.- il 1
¢ 7 1+4¢(1 —cosb,) (17)

Because of conservation of momentum, total photon energy can not be transferred to
the electron but a part of it. In addition, scattering angle of electron ¢, can not be
greater than 7/2. With an increase in photon scattering angle 6., photon wavelength
shift also increases. For a small scattering angle 0, the energy transfer value is small.
For 6, = 0 case, incident and scattered energy are same (i.e. E, = E;) and scattered
electron energy E,.- = 0. In back-scattering case when 0., =7 = 180°, the Compton

electron energy has maximum value.

’ hV
E = 1
7142 (18)
2¢e
E-=E, —— 19
¢ 7142 (19)

Compton scattering probability of absorber material depends on number of available
scattering targets (i.e. electrons) and is directly proportional to Z. Figure 15[ shows
the energy dependence for y-ray absorption in Nal. The probability of Compton
scattering decreases with increasing energy. The probability of Compton scattering
decreases however slower than that of photoelectric effect, which makes Compton

scattering dominant interaction at intermediate energies (figure [18)).

4.3.3 Pair production

When high energy photons (E., > 1 MeV) is absorbed in the Coulomb field generated
by nucleus then an electron-positron pair is generated, as illustrated in figure [I7]

According to law of conservation of energy
hv=E_ + E, = (m.® + K_) + (me® + Ky) = K_ + K, + 2m.* (20)

where

E_ = total energy of electron
E, = total energy of positron
K_ = kinetic energy of electron
K = kinetic energy of positron

Pair production is feasible when v-rays energy is greater than the rest mass energy
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Figure 17. Pair production ||

~ 2m, ¢ = 1.022 MeV. The pair production probability remain very low until unless
the y-ray energy value reach to several MeV.

Depending upon the photon energy range and atomic number 7 of absorber
material, three different possible regions for photon interaction are illustrated in the
figure Photoelectric effect is dominant for low energy photons with high atomic
number Z of absorber material. For intermediate photon energy range, Compton

scattering is dominant one. Pair production becomes feasible for high energy ~-rays

[9].

4.4 Neutrons

Neutrons do not have electric charge. Therefore, neutrons interact only via nuclear
forces. The probability of nuclear collisions is very low and the penetration power of
neutrons is high.

On the basis of their energies, neutrons can be divided into high energy neutrons,
fast neutrons, epithermal, thermal or slow, cold or ultra-cold neutrons . Neutron
with energies above 20 MeV are high energy neutrons. They are mostly present in
outer space region. Fast neutrons have energy between a few hundred keV to tens
of MeV. Fast neutrons are usually produced in nuclear fission. Epithermal neutron
lie within 100 keV - 0.1 eV range.

Thermal or slow neutrons corresponds to low temperature agitation energy (i.e.
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Figure 18. Probability of three types of processes due to v-ray interaction [@I]

E =kT = 1/40 eV) carry an energy of hundreds of eV to 0.025 eV. Last but not least,
below 0.025 €V energy range neutrons are referred as cold or ultra cold neutrons .

Depending on neutrons energy, its interaction with nucleus can be divided into
two types: scattering and absorption. In scattering reaction, neutron interaction
with nuclei give back the same particles after the collision. This can be expressed as
(n, n) reaction i.e.

n+ 4X=4X+n (21)

Scattering can be inelastic or elastic. The interaction in which neutron looses kinetic
energy to excite the nucleus is called inelastic scattering. The kinetic energy loss
due to collision goes to excite the nucleus and after some time, excited nucleus can
return to its ground state with the emission of y-rays. In elastic scattering, both the

total kinetic energy and total momentum of colliding particles remain conserved.
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4.4.1 Thermal neutrons

Thermal or slow neutrons have energy from hundreds of eV down to 0.025 eV. This
energy corresponds to the average energy of neutrons in thermal equilibrium at 20 °C
temperature. Neutrons below this energy (0.025 eV or 0.0253 eV) are referred as
cold or ultra cold neutrons. Kinetic energy and momentum can be transferred from
one particle to another, but the total of both is conserved in elastic scattering.

Scintillation detectors are used for neutron detection. The interaction process is
similar to gamma ray detection. Neutrons collide only on atomic nuclei. When they
do, kinetic energy is transferred to the nucleus, which interacts with the detector as
a heavy ion (section . The neutron energy is most effectively moved to a proton,
whose mass is almost the same as that of neutron. In a head-on collision all the
energy can be transferred to proton. This is why neutron detector materials typically
have a high concentration of hydrogen.

All the collision however are not head-on collisions. The neutron energy transfer
to the detector material is incomplete. As the result, the response of radiation
detectors to neutrons is not very linear. Neutron signals can not be used for neutron
energy spectroscopy. The neutron signal can however be distinguished from signals
that are produced by gamma rays. The heavy charged particles tend to excite more
triplet states in organic scintillators than electrons. The neutron induced signals
have thus a stronger delayed fluorescence component that allows identify neutron
events. When neutrons are detected with scintillation techniques, their energy is
usually determined using time-of flight.

This thesis concentrate on discrimination of beta particles and gamma rays by
spectroscopic means. The neutron interactions with matter and detector materials

will therefore not discussed deeper.
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5 Silicon Photomultipliers (SiPM)

This section starts with a brief introduction to a silicon photomultiplier (SiPM),
followed by the structure, pn-junction under reverse bias, and working mode of a
SiPM. In addition, terms and performance parameters connected to a SiPM have
also been discussed. Primary and correlated noise have also been discussed in the
last part of this section.

From the past 85 years, photomultiplier tubes (PMT) have been used for scin-
tillation light signal detection. Traditional photomultipliers have been described
in detail in references [9, 22, 137, [38|. Silicon photomultipliers (SiPM’s) are more
cost-effective modern alternatives of PMT’s. Other advantages over PMT include
compact size, low bias operating voltage (below 100 V) [39], device stability, fast
timing, high gain (10° - 10°), good quantum efficiency, single photon detection
capability, and magnetic field tolerance. On the other hand, high thermal noise
rate (100 kHz - few MHz), after-pulsing, and cross-talk are some disadvantages.
A comparison between photomultiplier (PMT) and silicon photomultiplier (SiPM)
properties is illustrated in table [10] in appendix [C|

5.1 P-N Junction

A photodiode converts light into electricity. An ordinary p-n junction diode is shown
in figure [I9. A p-type semiconductor contains holes as majority and electrons as
minority carriers. A n-type material has electrons as the majority and holes as
minority charge carriers. When n-type and p-type semiconductor materials are
in contact with each other, a p-n diode has formed. An equilibrium of charge
concentration through diffusion of electrons and holes from n to p-type and vice
versa will take place. Due to this diffusion of charges p-region will be more negatively
charged and n-region will be more positively charged. A potential V{, will be created
in the form of depletion region. In a reverse bias condition, the movement of n and
p carriers away from the junction creates a broader depletion region with potential

Vo + V4 [21]. In addition, bias voltage will also generate an electric field across
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the depletion region of the diode. When a photon shines on the silicon surface, its
energy is transferred to excite electrons from the valence band to the conduction
band, creating an electron-hole pair. The movement of the produced charge carriers
(electrons and holes) towards electrodes under the influence of the electric field

will produce current. The produced photocurrent is proportional to incident light

intensity.
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Figure 19. (a) p-n junction under no bias condition with barrier potential
Vo. (b) p-n junction under reverse bias having depletion width zy and increased
barrier potential with a factor of Vj,. Hence a total barrier potential is Vi + V,,
[21].

5.1.1 P-N Junction under reverse bias condition

In reverse bias condition, p-type material is connected to the battery’s negative
terminal, and n-type is connected with the positive terminal. An ordinary PN-
junction diode shows different behavior depending upon the applied reverse bias
voltage range, as shown in figure 20h. The diode shows no charge amplification
phenomenon in the low reverse bias voltage case. An incident photon only creates
one electron-hole pair that is accelerated towards the terminal under the influence of
the electric field. Produced current is proportional to the incoming light intensity
[40].
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Figure 20. (a) PN-Junction diode behaviour under different ranges of applied
reverse bias voltage (b) Left side figure shows one sided flow of avalanche in
APD due to only e~ participation in impact ionization. Right side figure shows
the avalanche development in SiPM due to electrons and holes participation in
impact ionization. Adopted from [40]

5.1.2 Avalanche photodiode (APD)

Photodiode operating in near breakdown region is called avalanche photodiode
(APD). An avalanche photodiode consists of P* substrate, n-doped guard rings, P~
absorption region, and Si0, anti-reflective layer as shown in the figure The
function of the guard ring is to provide a uniform electric field.

Under a reverse bias condition below the breakdown limit, e-h pairs are generated
by incoming photons through the photoelectric effect. The electric field generated
by the reverse bias voltage is strong enough to accelerate and provide enough energy
to both the charge carriers (electrons and holes) to generate a secondary electron-
hole pairs through impact ionization [41]. Impact ionization is basically the charge
generation mechanism which is only feasible when an external electric field provides
enough energy to charge carrier for ionization. The number of e-h pairs produced by
a charge carrier (e or hole) per unit distance traveled is known as ionization rate c.

The ionization rate value is different for electrons «, and holes «,, and «, is
always greater than a,, [42]. Therefore, in an avalanche photodiode, the avalanche is
initiated by the electrons and flows in one direction, as illustrated in figure left
panel. The gain depends on the applied voltage and diode temperature. APD gain
ranges from tens to hundreds and current flow is directly related to detected light

intensity. No external circuit is required to stop the avalanche.
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Figure 21. An internal 1D structure of an APD with electric field strength

5.1.3 Geiger-mode avalanche photodiode or SiPM mode

The avalanche photodiode (APD) operated in above breakdown voltage (Vgp) region
is called Geiger-mode avalanche photodiode (GM-APD) or single photon avalanche
diode (SPAD). A silicon photomultiplier (SiPM) discussed in detail in section
consists of numerous such small SPAD’s called microcells. SPAD is designed to
operate in Geiger mode. The technical design of SPAD is almost the same as of
APD. The only difference is the applied reverse bias voltage value. APD operates
below or near the breakdown region, whereas SPAD works typically 10 - 20 % above
the breakdown voltage [41]. Figure [22] shows the basic internal structure of a SPAD

having a abrupt n+/p junction and a lowly doped () layer with an enrichment box

(p)-

At high temperature, the charge carriers loose more energy due to scattering with
crystal lattice. Therefore, a higher electric field is required to accelerate the charge
carriers. Reverse bias voltage above the breakdown limit generates a higher electric
field (order of a few 10° V cm™') [40]. This high electric field gives enough energy

also to holes generate a secondary electron-hole pairs through impact ionization. The
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Figure 22. Figure showing the internal structure of a single avalanche photodi-
ode in 1D and electric field strength. Figure from [43]

upper part of SPAD behaves as a multiplication region and the lower part as a drift
region. The upper side region (p side) offers a high electric field, and photo-generated
electrons in the lower part are being pushed towards the high electric field region
[43]. These generated charge carriers create a self-perpetuating ionization avalanche
in the depletion region as shown in figure right panel. Therefore, silicon behaves
as conductor drawing macroscopic current. This process can be stopped by either
by passive quenching or by active quenching. In passive quenching, a resistor R is
connected in series with the diode. The voltage provided over the SPAD and the
resistor is constant. Voltage over the SPAD, Vspap depends on the resistance of the
diode Rp and the the quenching resistor Rq as
Rp
Vspap = R + Ro 4 (22)
Normally the resistance of the diode Rp is very large and Vspap = V. During the
avalanche diodes resistance drops and so does Vgpap. This stabilises the breakdown
current and eventually brings Vspap < Vgp, when the current stops and the diode
reset to detect subsequent photons [44]. Each detected photon results in a cycle of

avalanche, quench and reset. In active quenching, a transistor is used instead of a



o8

resistor. The details of active quenching mechanism are described in reference .
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Figure 23. Left: A SiPM contains of up to tens of thousands microcells (tiny
SPAD’s). Right: A simplified circuit schematics of the SensL. SiPM, comprise
of 12 microcells with seperate quenching resistor and capacitive circuit. Edited
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Figure 24. 6 mm SensL (Micro FJ-
60035-TSV) SiPM standard output
pulse shape without a capacitive cir-

cuit

The one issue with a single SPAD is that the signal does not depend on how many

Figure 25. 6 mm SensL (Micro FJ-
60035-TSV) SiPM fast output pulse
shape with a capacitive circuit

photons were absorbed. One can not distinguish the single photon signal and two
or more incoming photons signal. A single SPAD sensor is not capable to provide
information on the number of the incident photon. To overcome this issue, a device

consisting of an array of SPADs connected parallel to same external bias (see figure
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has been developed. These SPADs have been miniaturised and therefore called
microcells [49]. Each microcell is equipped with its own quenching resistor attached
in series with the diode. These devices are called by several commercial marketing
names [40], but silicon photomultiplier (SiPM) is a commonly understood term. A
SiPM can contain from hundreds up to tens of thousands microcells, as shown in
figure 23] A capacitive circuit in each microcell is used for fast timing applications.
The typical output pulse without and with a capacitive circuit is illustrated in figure

and [25| respectively. Each microcell is capable of detecting photons individually.

Figure 26. Low level light pulse output in a SiPM. Retrived from [4§]

The sum of photocurrents gives information about the magnitude. Figure [26] shows

the detected SiPM signals of different (low) number of incoming photons.

5.2 Structure of a SiPM

Silicon photomultiplier (SiPM) is a Geiger-mode avalanche photodiode based photon
detector, which is capable of working at room temperature. The SiPM are labeled
as solid-state photomultipliers (SSPM), multipixel photon counter (MPPC), single
photon avalanche diode (SPAD), multi-pixel avalanche diode (MPAD), depending
on the manufacturer 40]. In this work, they are all called as silicon photomultipliers.
SiPM consists of an array of pn-junction based microcells connected parallel to each

other on a silicon substrate (p or n type) as shown in figure . The microcells are
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squares whose typical size varies from 10 to 100 pm [50]. The obtained signal is the
sum of all the signals of connected microcells.

In this work, two MicroFC-60035 6x6 mm? silicon photomultipliers of Onsemi
company were used. The technical specification of the used SiPM product is given
in table Bl

Table 3. Technical details of (MicroFC - 60035) 6x mm?, 35 ym SiPM. Edited
from [51}, 52]

Parameter Value
Breakdown voltage (Vpp) (24.2-247)V
Recommended overvoltage (V,,) range (1.0-5.0) V
Spectral range (300 - 950) nm
Peak wavelength 420 nm
Minimum operating temperature —40°C
Maximum operating temperature + 85°C
Temperature dependence of Vgp 21.5 mV/°C
Temperature dependence of Gain -0.8°C
PDE at A, 31 % at Vgp + 25V
41 % at VBD + 5.0 A%
Gain 3x 10° for Vgp + 25V
Rise Time 1 ns
Microcell recharge time constant 95 ns
Active area 6x6 mm?
Number of microcells 60035 : 18980
Fill factor 64 %
Dark current (618 - 1750) nA
Dark count rate (1200 - 3400) kHz
Cross talk 7%
After pulse 0.2 %

5.2.1 Equivalent electronic circuit

Figure [27] illustrates the equivalent electronic circuit of a single SPAD. The applied
voltage is Vpp, junction capacitance is denoted by Cp, and Rg represents the space
charge resistance of the avalanche region. In addition, there is also a quenching
resistor R connected in series [43].

At time t=0, the avalanche process has initiated, and resistor Rg discharges
the capacitance with Vgrag to Vgp. As a result, the current flowing through the

circuit i.e. Irnyr = (Veras — Vep)/Rs will decrease exponentially. On the other
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Figure 27. The basic equivalent electronic circuit model of single photon
avalanche diode along with a quenching resistor Ry and a capacitor with capaci-
tance Cp. [43]

hand, external current i.e. Ipx7 = Cp Rg will increase. At time t = t1, the current
reaches its maximum value i.e. (Vpras — Vap)/Rg, and the avalanche process has
quenched with probability Pg. After this, the switch goes to an open state.

The flowing current I;y7 drops to zero, and the external current Igx7 shows an
exponential decrease. The junction capacitance C'p will start to recharge until the
original bias voltage level has reached with time constant Cp Rg. The quenching
probability Py and avalanche triggering probability Pr are key elements of a microcell.
The first one Py will give an insight into the number of carriers enabled to cross
the high field region. Photon detection efficiency is dependent on this factor. On
the other hand, triggering probability Pr will give information about the produced
charge carrier, capable of generating the Geiger discharge. It is directly related to

detector efficiency [43].
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5.2.2 Pulse shape

For a SiPM, the shape of output pulse is shown in the figure 28 It contains a
quick rise time due to the avalanche process, then a slow decay time due to the
recharging of the pixel. The pulse rise time depends on total device area and effective
capacitance. It ranges from one to hundreds of nanoseconds. For example, the rise

time of a 1 mm SiPM is ~ 1 ns, and for 6 mm it is ~ 10 ns [53].
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Figure 28. Current output for different phases in a SiPM. Quenching resistor
Rg determine the value of peak current. The rise and the recovery time is
dependent on effective capacitance Cp. [54]

The decay time or the recovery time is dependent on device size, and can be
determined by the reset period. The reset period of a microcell can be calculated
using

Treset = RQ . C’D (23)

In the above relation, Rq is the quenching resistor and the effective capacitance of
all the microcells is represented by Cp = Cyq + C,, where Cy is the depletion region
capacitance and (), is the parasitic quenching capacitance. Quenching resistor R is
constant for a given SiPM. Therefore, reset time is a function of effective capacitance
Cp that is dependent on the area of a microcell. In other words, different sizes of
microcells will give different reset times. For example, a 35 pm SiPM will have a
shorter reset time than a 100 pm SiPM.

In the ready state of a microcell, no current i.e. I(t) = 0, flows from the cell. At
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the time ¢;, an avalanche is triggered due to e-h pair production in the depletion
region. This avalanche process is quenched by a quenching resistor 2g and the value
of current reaches its maximum point [55]. The maximum current value I,,,,, at time
tmae 1S given by
[~ VB = Vep (24)
o
The maximum current value is dependent on overvoltage V,, and quenching resistor.

Equation [25] gives total charge Q due to avalanche process [56]

/I T I dt = Q = Cb - (Visias — Visn) (25)

(t=0)

After time (¢,,4.), current starts to decrease slowly.

5.3 Terms and performance parameters associated with
SiPM

5.3.1 Breakdown voltage and overvoltage

The minimum applied reverse bias voltage that generates a Geiger discharge in the
depletion region and above which avalanche photodiode operates in Geiger mode
is called the breakdown voltage (Vpp). Figure shows the current and voltage
relation for different dimensions (20 pm, 35 pm, 50 pm, and 100 pm) of microcells
[49]. In this graph, the voltage value 27 V is the breakdown voltage point above
which a sudden increase of current takes place. The difference between applied bias

voltage Vj;.s and breakdown voltage Vgp is called overvoltage V,,,.
‘/ov = %ias - VBD (26)

SiPM diode operating voltage Vi, is typically 10 - 25 % higher than the breakdown
voltage Vgp, as depicted in the figure

Bias voltage and overvoltage are highly temperature-dependent. The dependence
between temperature and breakdown voltage is shown in figure [30] The graph
shows a linear relationship between the temperature and Vzp above —120 °C. Below
—120 °C, the linear dependence breaks, the decrease Vgp slows down, and the Vzp
seems to saturate towards Vgp = 20.7 V below —200 °C. The temperature coefficient

~ 21.5 mV/°C of this particular SiPM in the linear region is small as compared to
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Figure 29. I-V graph showing sudden current increase behaviour above break-
down voltage for different sized microcells. Edited from

some other similar devices [57].

At temperatures above —120 °C, the chances of more energy losses by charge
carriers due to crystal lattice scattering. As a result, the charge carriers require
more energy to initiate the impact ionization process. This extra energy is provided
through a higher electric field strength. Therefore, a higher bias voltage value
is required to generate a stronger electric field in the depletion region [58]. An
increase in the bias voltage means a higher value of breakdown voltage and lower
value of overvoltage. A lower V,,, value will ultimately affect the other performance
parameters of SiPM. Conversely, a higher V,,, value dramatically increase noise factor,
hence limiting the bias voltage up to a certain upper limit. Therefore, for a stable
operation, the large temperature fluctuations need to be compensated by adjusting
bias voltage.

Method for Temperature Compensation: There are many methods to
decrease the temperature fluctuation, described in references . One of these
method to control the temperature fluctuation is to cool the detector by using a
peltier element [64]. It operates on the thermoelectric principle or Seebeck effect. In
a peltier element, the applied current transfers heat from one side of the element to
another. A peltier element is shown in the figure

Another proposed method is to monitor the temperature through a programmable
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Figure 30. Temperature dependence of breakdown voltage (V) from room
temperature (20 °C') to liquid nitrogen temperature (-196 °C)) for J-series (J-
60035, 6x6 mm?) SensL SiPM.

PC device , , . In this method, active monitoring of the bias voltage is done
through a controllable PC device. The typical range of overvoltage is 2 to 5 V [66].

For a good performance of SiPM, the overvoltage needs to be kept constant.

5.3.2 Photosensitivity

Photosensitivity is defined as the output current of a PMT or SiPM divided by
the power of the electromagnetic radiation hitting the photocathode of the PMT
or the microcell array of the SIPM. The unit of the photosensitivity is thus A/W.
Photosensitivity gives a limited picture of the photomultiplier capability. A single
photon can photoemit at most one electron from the photocathode. Similarly, a
single photon typically triggers only one avalanche in one microcell. The energy of a

300 nm photon is two times higher than that of a 600 nm photon. It is needed twice
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as many photons to produce the same power at 700 nm than at 300 nm. To reach
the same photosensitivity, 300 nm photons need to be two times more effective to
cause photoemission or trigger a microcell avalanche.

In addition, photosensitivity is proportional to gain, so that photosensitivity
depends on the applied voltage for both PMT’s and SiPM’s. For PMT, the intrinsic
efficiency is described by the quantum efficiency (QE) of the photocathode defined
by

_ Number of emitted photoelectrons

QE =

27
Number of incident photons (27)

The PMT quantum efficiency can approach ~ 50 % for some wavelengths of incident
radiation but never exceed it. This is because the photoelectron has to escape
from the cathode material. The probability of a photoelectron excited at the surface
at cathode to escape is ~ 1/2 , and it is lower for the electrons excited deeper in
the bulk of the material.

5.3.3 Photon detection efficiency

In SiPM, the efficiency is best described by the photon detection efficiency (PDE).
It is related to the detection sensitivity and is defined as the probability of photon
detection by a SiPM [40]. The three-factor formula represents the photon detection

efficiency
PDE (A\,Vo,) = QE(X) - Fyeo - Pr (A,Vyy) (28)
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In this formula, QE()) is the quantum efficiency, F., is the geometrical fill factor,
and triggered avalanche probability is represented by Pr. The PDE consists of
several factors: quantum efficiency, effective area of the SiPM, entrance window

losses, breakdown possibility and the recovery time [69].

Quantum efficiency for photodiode is defined as the probability of an electron-
hole pair production due to the absorption of an incident photon by microcell of
SiPM. It is associated with the incident photon’s wavelength A. For example, the
quantum efficiency value for a SiPM developed same as for CERN CMS experiment
at 500 nm wavelength was more than at 80 % [70].

The quantum efficiency of an APD (and consecutively that of SiPM) is defined
differently as

_ Number of produced electron-hole pairs

QE =

29
Number of incident photons (29)
The quantum efficiency reaches 100 % if the energy of incident photons is higher
than the energy gap of ADP material (1.1 eV in silicon).

The effective area or fill factor F., for any device is defined as the ratio

between active area over total area.

Aactive

Atotal

Fgeo (30)

The device’s total area includes dead regions, i.e. quenching resistor, trenches, and
the metal layer as illustrated in figure Depending upon the layout design of the
device, the fill factor value ranges from (35 - 80) % [71-73]. The small effective area
can be compensated by illuminating the device from the back side. In addition, a
better layout design and advanced lithography techniques can also enhance a device’s
fill factor [74].

Entrance window losses in a SiPM arises due to absorption and reflection.
With the use of optical pure material and antireflective coating, the transimission

efficiency can be enhanced up to 90 %. [69]

The breakdown probability is the probability of self-sustaining avalanche
production by the electron-hole pair. It depends on the electrical field strength
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and wavelength A of an incoming photon . A higher value of bias voltage i.e.,
overvoltage V,,, produces a stronger electric field, hence increasing the chances of an
avalanche. It is common believe that a 100 % breakdown probability can be achieved.
The breakdown probability is also dependent on charge carrier type (electron/hole)

as both can initiate the avalanche breakdown [69)].

The recovery time is the time required for a microcell to again become fully
sensitive for subsequent photon detection after a breakdown. This recharge time is
usually less than ps. PDE is also dependent on the recovery time. About 0.1 % - 1 %
microcell are always in a state of recovery due to background noise and dark current.

For low light applications, this decrease in the PDE is negligible. However, for intense



69

light applications, the case is different as recovery time becomes comparable with
consecutive events.[69)

For a given SiPM, geometrical fill factor F., and quantum efficiency QE are
constant. Therefore, photon detection efficiency PDE only can be adjusted by
triggered avalanche probability i.e. incoming photon’s wavelength and overvoltage.
Figure [33] and [34] demonstrate the dependence of photon detection efficiency on
wavelength A and overvoltage V,,. According to figure [33] the maximum achieved
value of PDE is around 40 % at ~ 420 - 450 nm. But, with the back illuminated
SiPM this value can be up to 80 % [69]. In figure [34] an increase in bias voltage

result increase in the PDE in almost linear fashion.
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Photon Detection Efficiency (%)

Photon Detection Effeciency (%)
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Figure 34. Photon detection effi-

Figure 33. Photon detection ef- ciency versus bias voltage graph at

ficiency versus wavelength graph of 490 nm for 6 mm SensL MicroF.J-
SensL MicroFC-350035-SMT _5iPM 60035-TSV SiPM. Size of microcell
for different overvoltages V,, [48] is 35 um [49)

Responsivity R or spectral sensitivity of a sensor generally affect the PDE and

is define as the ratio between produced photocurrent to the optical power [48].

3 (31)

where
I,, = measured photocurrent

P,, = incident optical power
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The unit of responsivity R is amperes per watt (A/W). Resposivity dependence
on wavelength for a 3 mm SiPM is shown in figure 34} In addition, photon detection

efficiency can also be calculated using the responsivity R [4§]

h-¢ R 1 1

PDE = . .
A G‘@ (1+PAP)<1+PXT)

- 100% (32)

where

R = responsivity

h = Planck’s constant

¢ = speed of light

A = incident photon wavelength
G = gain

e = elementary charge

P,p = afterpulse probability
Pxr = crosstalk probability

5.3.4 Gain

The incident photon-created avalanche process, generates a fixed amount of charge
carriers, called gain of a SiPM. Each SPAD working in Geiger mode results in the
same output number no matter the number of charge carriers taking part in the
triggering process [58]. The gain value ranges from 10° — 107 [76]. The generated
charge of each microcell is highly uniform and quantized. The ratio between the
total charge generated by the active area of microcells to charge on an electron is
named gain G of a SiPM. The equation for gain calculation is
_ Total produced charge Qo C . Vo

= 33
Charge on electron e e (33)

where

Qo = total chage

C = Single microcell capacitance
V,, = overvoltage

e = elementary charge
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The gain G is directly related to overvoltage V,,, and the size of SiPM’s microcell.
Overvoltage is a temperature dependent factor as discussed section [5.3.1] Therefore,
the gain is directly temperature-dependent. At higher temperatures, the probability
of charge carriers (electron or holes) collision with the crystal lattice increases,
resulting in loss of energy. Charge carriers need more energy for impact ionization
and initiation of the avalanche process. Therefore, at a particular bias voltage, an
increase in temperature results decrease in overvoltage V,,. Decrease in gain as
illustrated in figure [35]

Operating Voltage Variation versus Temperature
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Figure 35. Gain decreases with in-
crease in temperature in Hamamatsu
1x1 mm? SiPM with (50 pm microcell
size) at constant bias voltage [77]

Figure 36. Comparison of temper-
ature coefficients between a high
voltage silicon photomultiplier and
SensL. SiPM [7§]

The temperature should be consistent for a constant gain, or the bias voltage
needs to be adjusted accordingly. Among the available SiPM’s, SensL: has a lower
breakdown voltage Vpp due to a narrow depletion region and doing layer. On the
other hand, high voltage SiPM having a high bias voltage are more sensitive than
the SensL SiPM, as shown in the figure [36] It shows a temperature variation of
21.5 mV /°C [78].

The other two factors in the equation, microcell capacitance and electron charge,
show no change under a constant temperature. The effect of overvoltage and microcell

size, on the gain is illustrated in figure [37]
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Figure 37. Gain increases with increase in overvoltage and microcell size (20 pm,
35 pm, 50 pm, and 100 pm) [53]

5.3.5 Dynamic range and linearity

Optical signal range over sensor output is called the dynamic range of a given SiPM.
The relation of incident photon N, and and number of fired microcells Ny eq is
described by a relation [48]

Niirea(M, V, X)) =M (1 -exp(- PDE(V, A)-Nphoton /| M )) (34)

where

Nyirea = number of microcells fired
Nphoton = number of incident photons
M = total number of microcells

PDE = photon detection efficiency

Different sizes microcells (1 mm, 3 mm, 6 mm) SiPM’s response is shown in the
figure 38 It is clear from the figure that for lower counts of photons, the response is
linear. However, for large number of incident photons, the sensor response deviate
for the linearity. The reason for this deviation is that more microcells offer a larger
dynamic range. In general, a SiPM show linearity up to level about 70 % of SiPM
range, as shown in the figure .
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Figure 38. The SiPM response for

different microcells (1 mm, 3 mm, Figure 39. A relationship between
6 mm). The response is liner for lower incident power and photocurrent for
count of photon, or more incident pho- 6 mm SiPM. The response is liner up
ton with more microcells [48] to 70 % of SiPM range. [4§]

5.3.6 Noise

The unwanted and superimposed signals are called noise. The noise in the SiPM
arises due to three main phenomena, i.e. dark counts, cross-talk, and after-pulsing.
Dark count is classified as primary noise and correlated noise includes cross-talk and

after-pulsing. [79]

Dark Counts: In a SiPM, the avalanche process is initiated by two phenomena.
In the first scenario, an incoming photon excites electrons to trigger the avalanche
process. Apart from that, the thermal excitation of electrons also generates a
secondary avalanche. Signals generated in this way are called dark counts. Signals
generated by both ways give the same signal profile and are distinguishable. The
primary noise source in a SiPM arises due to dark count rate. Therefore, a higher
value of dark count rate in SiPM is considered a disadvantage. Photomultiplier tubes

dark count rate lies in the kHz range while SiPM lies in the MHz region.

The dark count rate is SiIPM’s active area, over-voltage and temperature dependent

factor. Overvoltage and temperature dependence of dark count rate (DCR) is
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described by [80] using the following relation.

DOR (Vo T) = A+ (Vi Vo) - (5?2 - (B2 5200280 (35

where

V,», = overvoltage

T = absolute temperature in K

A = dark rate to overvoltage ratio at room temperature i.e. 298 K (25°C)
E = band gap energy of silicon = 1.1 eV

kp = Boltzman constant = 1.381 x 10723 JK !

A higher temperatures mean a higher thermal excitation rate of carriers, re-
sulting a higher probability of secondary avalanche initiation. Hence, dark count
rate increases. A lower operating temperature can reduce this problem significantly.
For example, a ~ 10°C raise in temperature can double the dark count rate and a
decrease of ~ 10°C make it half [40]. Over-voltage and temperature dependence is
illustrated in figure and [{Ip, respectively.
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Figure 40. 1 mm SiPM’s dark Figure 41. Temperature dependence
count rate (DCR) dependence on over- of dark count rate for 400 pixel SiPM
voltage [53)] at constant overvoltage (2.5 V). [81]

Cross-Talk: Besides the primary noise, the other noise factor that affects the
performance of a SiPM is cross-talk. There might be a chance of secondary photon
emission during an avalanche process. These secondary emitted photons initiate
an avalanche process in the neighbouring cell. This process is called cross-talking.
The extent of cross talk depends on bias voltage, dead spaces between the active

area, and pixel size. For a higher bias voltage, the probability of more charge carries
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production increases due to the avalanche process, also increasing the cross-talk
rate. On the other hand, the probability of avalanche-generated photons reaching a
neighbouring pixel increases with a smaller pixel size [82]. Cross-talk can be reduced
by introducing opaque trenches between the microcells. A prominent reduction from
the level of 20 % - 30 % can be reduced to 1 % - 2 % [83].

After-Pulse: Another correlated noise type is after-pulsing. Silicon crystal struc-
ture contains impurities in it. Charge carrier produced by avalanche can be trapped
into it. A time-delayed release of these charges carrier can produce a secondary
delayed avalanche. The time delay range vary from nanoseconds to microseconds.

The probability P4p(t) for an after pulsing signal occurence is described by [5§] as,

Pan(t) = B, - SPEU™ p (36)

Tt

where
P, = trap capture probability
7; = trap lifetime

Pr = avalanche triggering probability

For a shorter time period t, the generated signal will be smaller than the 1 p.e.
signal (signal generated by one absorbed photon). But, for a larger delay time t,
same height signal (1 p.e.) can be produced resulting a fake signal. There are several
factors that increase the probability of after-pulsing signals. A large number of
available charge carriers or more defects/traps due to production malfunction will
increase the probability of after-pulsing. Similarly, a bigger cell area will offer more
trap spaces to charge carriers. In addition, a higher overvoltage, greater capacitance
from bigger cell size, and extended trap time due to cold temperature will also boost

up the after-pulsing.
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6 General characteristics of detectors

The performance of a detector system is governed by several parameters such as
energy resolution, timing, detection efficiency, pulse-shape discrimination, quantum

efficiency, dead time etc. Some of these parameters are discussed in this section.

6.1 Sensitivity

Sensitivity is one of the important parameters of any detector. It tells about the
capability of a detector to produce a usable signal for studied radiation types and
energies. No single detector is capable of detecting all types of radiation. Instead,
every detector is sensitive to a certain radiation type and usually has a certain
detection limit. Above that limit, the detector does not work, produces an unusable
signal, or decreases the detection efficiency. The detection sensitivity of a detector

for different types of radiation is dependent on many factors [22].
o Mass of the detector
o Reaction cross section
e Sensitive area protective material

o Defects responsible for noise

6.2 Response time

Response time is another important parameter of a detector. It is defined as the time
taken by a detector after absorption of incident radiation. A detector is considered
to have a good timing if output signal formation is quick with a sharp pulse. The
duration of signal is the period in which a second signal can not be registered due to
insensitivity of detector or pile pile up effect. This limits the detector count rate and

contribute to the dead time of detector [22].
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6.3 Dead time

Many detectors are not capable of detecting a new event immediately after a radiation
detection. This may be because there is a certain reset time of the detector (or data
acquisition), or because the signals are too close to each other to be distinguished.
The time the detector system is incapable to detect an event, is called dead time.
Dead time is usually expressed as percentage of true time. There exist always a
probability of a true event loss due to random nature of radioactive decay. For a high
counting rate, the dead time loss can be severe and accurate measurement require

some correction factor [9).

6.4 Pulse shape discrimination

No detector can detect all types of radiation simultaneously. However, a detector
is preferably capable of effectively discriminating between «, §, and 7 radiations.
This discrimination is usually based on the shape of signal. In comparison with
glass and inorganic crystalline solids, plastic scintillators are more sensitive to heavy
charged particles even with Z = 1. However, the sensitivity of each detector system is
different and depends on the material used. For example, amber is the least sensitive
plastic detector capable of detecting fission fragments with Z > 30. On the other
hand, the most sensitive plastic detector is PADC (polyallyldiglycol carbonate), also
known as CR-39 [84].

6.5 Pulse height distribution

For a radiation detector operating in pulse mode, each radiation encounter generate
a pulse height which gave information about generated charge. The performance or
information about incident radiation of the detector is retrieved from pulse amplitude
distribution. Pulse amplitude information is provided by differential pulse height
distribution. The pulse height distribution is given as %, the differential which is
essentially the density of pulse height. In practice, the pulse height distribution is
produced by dividing the "binning” detected pulse heights to finite channels with
equal width AH and counting them. There should always be a sufficient amount of

channels that the spectrum shape can be followed.
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6.6 Energy resolution:

The capability of a detector to distinguish between two closely related energies is
called energy resolution. The most common definition of resolution is based on the
full width at half maximum (FWHM) of the peak (see figure 42). FWHM resolution
is defined as the ratio of FWHM to the number of channel of peak centroid Hy |9)].

FWHM
R =

(37)

Hy

H

Figure 42. Detector resolution definition using FWHM. The value of FWHM
is 2.35 o for a Gaussian shape peak with standard deviation o [9]

The choice of FWHM resolution as a favoured measure of resolution comes from
the simple fact that if two peaks lies closer than FWHM to each other, there is no
valley between the peaks. If they are located further than FWHM from each other,
there is a valley between the peaks. A sharp energy resolution peak, gives better
sensitivity and detection capability to distinguish between nearly lying energies of
radiations as illustrated in figure 3] Being a ratio, energy resolution is dimensionless
and expressed in terms of percentage. For scintillation detectors used in gamma

spectroscopy, the energy resolution ranges 3 - 4 % [9]. For semiconductor detectors
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the resolution is significantly better (< 1.0 %).
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Figure 43. Effect of detector resolution on the gamma ray spectrum of *7Cs.
HPGe represents a measurement with a semiconductor detector. Other spectra
represent scintillation detectors with different resolution. Figure from [85].

6.7 Detection efficiency

The detection efficiency of a detector is a measure of response to different radiation

types and energies. The efficiency of ionising radiation detectors depends on

o The type of the radiation (charged particle such as alpha, beta or heavy ion;

gamma ray; or neutron)
e The properties of the detector material

o The geometry of the measurement, which includes the size and distance of the
detector from the source of radiation, as well as the spatial distribution of the

source (point-like, areal, or voluminous)
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6.7.1 Impact of the radiation type

The response of the detector to charged particles is the most straightforward. A
charged particle moving trough detector material causes ionisation (gas filled de-
tectors) or electronic excitations (scintillation and semiconductor detectors). The
amount of ionisation, molecular excitations or electron-hole pairs is almost linearly
proportional to the amount of energy transferred to the detector material. The
intrinsic efficiency of the detector to charged particles is 100 %: every particle hitting
the detector produces a signal.

Detection of gamma rays or neutrons requires more complicated interaction.
Neither gamma rays nor neutrons do not ionise material nor excite electrons. Instead,
their interaction with detector material produces energetic charged particles that
produce ionisation and excitations. The neutrons interact only in nuclear collisions.
The most efficient energy transfer to charged particle is received in a head-on collision
with a proton. The moving proton then interacts with the detector material. The
interaction of the gamma rays is even more complicated.

The gamma photon can cause photoelectric effect. It can Compton scatter from
an electron. Very energetic gamma photon can trigger a formation of electron-
antielectron pair. In each case, it is a moving electron (or antielectron) that interacts
with the detector. It is therefore possible that a gamma ray or neutron goes through
the detector without interacting it: the detectors intrinsic efficiency is thus less than
100 %. In addition, the detector signal response to the initial energy of the neutrons
or the gamma photons is not linear, because the energy transfer to the charged
particle strongly depends on the initial energy of the neutrons or gammas as well as

the details of the interaction process.

6.7.2 Impact of the detector material

Radiation detection is based on the energy transfer of the detected radiation to
the detector material. Thus, light (low Z, small A) detector materials favor the
observation of neutrons. High electron density favors the detection of gamma rays
and charged particles. High electron density is associated to the high density in
general. Therefore, the inorganic scintillators, in particular such as BGO, are most
appropriate to gamma ray detection. Neutrons are best detected with scintillation

materials with a high concentration of hydrogen, which typically means organic
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scintillators. An additional requirement is the pulse shape discrimination to be able
to distinguish between neutrons and gamma rays, which are typically emitted from
the same radiation sources.

Many of the neutron discrimination capable scintillation materials are derivatives
of trans-stilbene (C14H;s , trans-1,2-diphenylethylene), why they tend to be both
highly flammable and highly carcinogenic. The best choice for a detection material
for alpha and beta detection mostly depends on whether alpha-beta discrimination
is needed. If only counting is required, thin organic plastic scintillators are often the
most affordable and flexible solution. The stopping power of organic scintillators
for electrons [86] is sufficient to keep the required detector thickness for calorimetric

measurements reasonably small at electron energies up to a few MeV (see figure .
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Figure 44. The electron range dependence on its energy in Csl and in a typical
polyvinyltoluene [87] based plastic scintillator
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6.7.3 Impact of the measurement geometry

The largest effect to the radiation detection efficiency is due to the geometry: position
of the detector with respect the source of radiation. This is called geometrical
efficiency. All the absorbing material, including the possible casing of the detector
(vacuum case of a germanium detector, window of a gas-filled detector) and the body
of a voluminous radiation source (eg. a contaminated land vole) can be considered as
a part of the measurement geometry and thus influences on the geometrical efficiency.

In addition to the geometrical efficiency €y, , every detector has an intrinsic
efficiency €;,;. Together these two contribute to the absolute or total efficiency €.

The geometrical efficiency describes, which fraction of ionisating radiation
quanta impinges the active part of the detector. If possible, it is advantageous to
make the measurement in a pointlike source geometry, where the geometry can
be approximated by the solid angle in which the source "sees" the detector. More
mathematically, solid angle of the detector is the area two-dimensional projection
of the detector on surface of the source-centered sphere, divided by the area of this
sphere. A thin areal source can be considered to consist of many point-like sources.
For a uniform areal source the geometrical efficiency can in principle be calculated
analytically by integration. For non-uniform and/or voluminous sources accurate
determination of the geometrical efficiency requires Monte Carlo simulation. This is
also because in addition to the detector, the radiation interacts with the absorbing
material as well.

According to Knol [9], intrinsic efficiency ¢;,; of a detector is defined as the

ratio of recorded pulses to the number of radiation quanta incident on detector.

No. of recorded pulses

(38)

€int =
" No. of radiation quanta incident on detector

The intrinsic efficiency depends on physical parameters (distance, angle, thickness),
extent of radiation energy (i.e. type), and detector material.

On the other hand, the absolute or total detector efficiency ¢, is defined as
the ratio between the number of recorded events to total number of events generated

by a radioactive source.

No. of event recorded

(39)

€ —=
"™ No. of events emitted by source

The absolute efficiency of a detector is dependent on the detector properties and
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counting geometry (distance, angle). The product of intrinsic and geometrical
efficiency will give the total efficiency. The absolute or total efficiency of the detector

can be written as

€tot = €int * €geo (4())
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7 Experimental, materials and methods

The section starts with an overview of telescope detector purpose, followed by some
details about detector system, used material in this thesis. In the second section, a

detailed description of experimental detector setup will be provided.

7.1 Goal of experimental development

In this thesis work, a prototype (AE-E) type telescope detector based on plastic
scintillators and silicon photomultipliers was built and tested. Using the “3-energy
gating” technique, one can distinguish *°Y decays from other types of decay. In
addition, the performance of silicon photomultipliers (SiPM) was also tested.

The main goals of this work were:

o To build a prototype detector system that will allow on-site testing and will

reduce the sampling time for researchers
o To investigate the suitable plastic scintillator for detector system
« To be able to distinguish between v rays and [ particles

o To critically analyze the performance of silicon photomultiplier (SiPM)

7.2 Description of telescope detector

The goal of the development work was to construct a telescope detector consisting of
AE and E detectors operating in coincidence mode. Figure [45| shows the schematic
arrangement of the telescope detector.

An electron from the beta decay passes the AE detector causing scintillation.
Beta electron is eventually stopped in the E detector, producing scintillations with
the remaining of its energy. These scintillation pulses are literally simultaneous. In
contrast, a v ray from the sample usually passes through the AE detector without
interaction and leaves energy only in the E detector. Also, a gamma ray entering

the telescope detector elsewhere than the studied source, interacts more likely with
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Figure 45. Schematic arrangement of the telescope detector. See text for details

the E detector, without generating a coincident signal in AE detector. Coincident

signals in both AE and E detectors indicate a beta particle from the source.

It is however worth of noticing that a more detailed analysis shows that gamma
ray can in some circumstances produce a coincident event. The most typical gamma
ray from the sample is 662 keV gamma from 37Cs. The developed telescope is
meant to detect “°Sr in environmental samples. Both *7Cs and ?°Sr are nuclear
fission products, thus sample containing “’Sr usually contain 37Cs as well. The
most common interaction between 662 keV gamma ray and any material is Compton

scattering, as illustrated in figure (18]

Compton scattering of a gamma ray produces a Compton electron and a scattered
gamma ray. If scattering takes place sufficiently close to the surface between the
scintillators, the scattered electron can be detected in both AE and E detectors.
Another possibility is that after the Compton scattering in the AE detector, the
scattered gamma ray is detected with the E detector. The amount of 662 keV gamma
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rays that interact with the AE detector depends on the thickness Ax of the detector.
The attenuation of gamma ray intensity follows Beer-Lambert law just as described
earlier in equation [10 The reduction of the intensity and the fraction F of ~-rays
that interact with the detector is given by equation [11] and [12] respectively. For
gamma rays that move perpendicular through the AE detector, Ax is the thickness
of the detector. For gamma going through AE in an angle, Ax is more.

In any case, detection of “°Sr is not only based on the discrimination of gamma
rays but also "beta energy gating”. The beta spectrum of °Y, the child of *Sr,
extends up to 2 MeV. Energy threshold of the events around 0.5 - 0.6 MeV removes

the most of the few false events.

Delta E scintillator Light shield

’/ E scintillator
BETA SOURCE WITH COLLIMATOR l

& SiPM's

Figure 46. SiPM arrangement with scintillators

From the geometry of the telescope detector, it is obvious that the silicon
photomultiplier of the E detector needs to be attached behind the detector. An
obvious choice is to attach the SiPM in the middle of E detector to guarantee most
equal light collection all over the detector. The geometry dictates that the SiPM
from the AE detector needs to be attached at the side of the detector, as shown in
the figure [46] The first research questions were thus:
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o How uniform the light collection from the detector is?

» How large the possible differences are?

o Is there a way to minimize them?

7.3 Material

The detail of used material is as follows.

7.3.1 Plastic scintillators

Precut plastic scintillators were ordered from the Scionix Holland [88] for constructing

the prototype of the [ telescope. Two types of Eljen’s plastic scintillators [89] were
employed: EJ-200 for the E detector (thick detector) and EJ-212 for the AE detector
(thin detector). The properties and dimensions of the scintillators are given in the
table[d As seen from the table, the properties of EJ-200 and EJ-212 are quite similar.

The use of the two different scintillators is thus not obvious but merely follows the

recommendation of the Scionix Holland representative.

Table 4. EJ-200 and EJ-212 plastic scintillators properties [34]

Properties EJ-200 EJ-212
Polymer base Polyvinyltoluene | Polyvinyltoluene
Refractive index 1.58 1.58
Temperature range —20°C to 60°C | —20°C to 60°C
Light output (% Anthracene) 64 65
Rise Time (ns) 0.9 0.9
Decay Time (ns) 2.1 2.4
Pulse width, FWHM (ns) 2.5 2.7
Density (g/cm?) 1.023 1.023
Light Attenuation length (cm) 380 250
Wavelength of max. emission (nm) 425 423
Scintillation efficiency (Photons/1 MeV e™) 10,000 10,000

Ordered scintillator dimensions
(Diameter x Thickness)

75 mmx10 mm
25 mmx 10 mm

85 mmx1 mm
35 mmx1 mm
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7.3.2 Silicon photomultipliers (SiPM’s)

Silicon photomultipliers (SiPM’s) are devices that convert weak light signals to
measurable electrical signals. They are pretty sensitive and are widely used in
nuclear and particle physics experiments. The basic construction, working principle,
and parameters affecting the performance of a SiPM is discussed in detail in section
In addition, the electronic board and circuit schematics of used SiPM is illustrated
in figure {7} A total of two SiPM’s were used for each detector system. One was

attached to thicker and one with a thinner scintillator.

Q@ operational voltage (negative)

— 10 nF 10 nF 10 nF

Back side Bias filter circuit diagram Front side

Figure 47. Front and back side of SiPM with bias filter circuit schematics

7.3.3 Radioactive sources

The test involved use of radioactive sources to produce the scintillation. Three
radioactive sources 2! Am, °Sr, 37Cs from the Accelerator Laboratory of the Univer-
sity of Jyvéaskyla (JYFL) were used for a, (, and 7 radiations as shown in the figure
In addition, for energy calibration purposes, few reading with %°Co radioactive

source were also taken. The detail of used radioactive sources is given in table
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Figure 48. a, $ and 7 radioactive sources from JYFL

Table 5. Used radioactive sources with their activity

Source | JYFL code | Activity (Bq) | Ref. date | Description
2 Am JYFL-103 3,70E4+04 1.1.1989 | Point source; o emitter
0Gy JYFL-103 3,70E+04 1.1.1989 | Point source; 3 emitter
137Cs JYFL-103 3,70E+05 1.1.1989 | Point source; vy emitter
Co JYFL-019 1,20E+4-04 30.3.2006 | Point source on 25 mm
diameter disc; v emitter

7.3.4 Collimators

A radioactive source emits particles or photons isotropically. To be able to study
light collection from a particular location in the detector, the radiation need to be
localised sharply to this region. A device used to narrow down a beam of particles
(radiations) is called a collimator. The first collimator used in tests was a piece
of aluminum with a hole. This collimator was sufficient as such, but it was very
difficult to align properly with the essentially point-like radiation source. Since a set
of radiation sources (JYFL-103) had threads for attaching to the storage shielding, a
new collimator utilising these threads was designed and produced in the department’s
mechanical workshop. The newly designed collimator was quite handy, as it can be

put onto the radioactive source. The used collimator can be seen in figure (49
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Figure 49. The final version of radiation collimator

7.3.5 Degraders

Plastic sheets of 1 mm of thickness were also used in this thesis work as energy
degraders. The ultimate goal in the project is to be able to quantitatively measure
the beta activity of a voluminous source. Degraders were used to mimic the slowing
down of 3 particles travelling through matter, and also change the °Y spectrum for

detector energy calibration purposes.

7.3.6 Boxes as light shield

In order to avoid any external light to enter the light-sensitive SiPM’s, two plastic
boxes were used. The primary shield was a plastic box in which the experimental
setup was placed, as shown in figure [f4h. The connection cables for signals were
punch through the box. Since, specially the cable feed-through from the first box
were not necessarily fully light tight, the primary shield was covered by a larger black

plastic container put on the top of it. The used boxes are shown in figure
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7.3.7 Voltage Power Supply

BK Precision 9174 dual channel DC power supply was used to regulate the power
supply, as shown in figure [50] A complete product description of the power supply
can be found in reference . The scintillators are quite sensitive, therefore the
voltage reading must be less than 30 V. One must be careful while using the power
supply. The experimental apparatus box must be closed before switching the power

supply ON and must be turned OFF before opening the box.

Figure 50. Voltage power supply used in this work
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7.3.8 Data Acquisition and LINUX system

Data acquisition system containing preamplifier, amplifier, and STUK DAQ system
was used to collect the data as shown in the figure This data was then transferred
to another operating system. A LINUX based operated system with Grain software

was used to analyze the collected data.

Figure 51. Data acquisition system

Other used material include oscilloscope (for signal analysis), aluminum sheets
to cover the scintillators, optical couplant, methanol and ethanol for scintillator

cleaning purposes. The used material in this research are shown in the figure

7.4 Experimental detector setup

Basically, the experimental setup consists of scintillators, silicon photomultipliers,
and data acquisition system. During the course of the detection setup development,
various arrangements to hold the detector and radiation sources were employed.
Schematic and actual detector and measurement setup is shown in figure 53] and
B4l The detector system was mounted on a hand-made made of polystyrene foam

(packaging foam) as shown in figure 55 Two SiPM’s were used in this work. Thicker
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Aluminum Sheet

i o

Cleaner and Optical Couplant Plastic Boxes

Figure 52. Other material used in this thesis

scintillator SiPM was used at the middle point, while the other SiPM (for thinner
scintillator) was used at the corner. Position sensitivity measurements were taken
using different scintillators. In the progress of development, the results were more
refined and closer to the targeted goal.

In order to ensure the accuracy, position and angle sensitivity measurements were
assisted by using a scale and protractor in the experimental setup. An iron stand
was used to keep the radio source mounted onto a fixed position. As the SiPM’s
are light-sensitive, therefore in order to avoid light contact, the experimental setup
was placed in a closed box as light shield. In addition, an extra box was also placed
above. The readings were taken with and without the collimated radioactive sources
(o, B, and 7). In the last few measurements, data were also taken using plastic

degraders (1 mm each) in the front of the radioactive sources.
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Experimental
Setup Box

——1= T?——

Power Supply

Computer with
Grain Software

CRO for Signal Analysis

Figure 53. Schematic diagram of experimental setup

(f) (e)

Figure 54. Real experimental setup (a): Detector setup in box, (b): Covering
box for detector setup, (c): Oscilloscope to observe signal, (d): DAQ setup, (e):
LINUX system with GRAIN software, (f): 8 Spectra on computer screen
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Detector Holder
Plastic
scintillator
Polystyren foam stand Collimator
Silicon Photomultiplier
Iron stand

Radioactive Source

Figure 55. Experimental setup in light shielded box
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8 Development of the telescope detector

Before building the actual telescope detector, the light collection efficiency of each
scintillator was tested separately. The main scintillator was the thicker one, which
was irradiated for alpha and beta sources with and without the collimator. Position
and angle response measurements were taken to check the effect of geometry of the
sample. The angle measurements were also utilised for the energy calibration of the
thin AE detector. Firstly, the scintillators were tested using «, 3, and v sources
without the collimator, as shown in the figure [57] Tests were continued with the
collimated 3 source that allowed aiming the beta particles on a specific point of the
detector. Tight collimator also allowed to specify angle at which beta particles hit

the detector.

8.1 Prototype telescope detector

The first research question was, how uniform the light collection from the detector
was? It is not obvious that the scintillation light produced at different places in
the detector is collected to the SiPM with equal efficiency. In particular, the AE
detector was expected to show this effect, since SiPM must be positioned close to
the edge of the detector as shown in figure [46] In the E detector, SiPM was always
positioned in the center.

The scintillator detectors were prepared by covering them with a reflecting
polymer foil. This foil is better than 98 % reflective 3M Enhanced Specular Reflector,
layered polymer film, whose most common application is as back reflector of LCD
displays [91]. The 3M foil helps keeping the photons in scintillator, until they find
their way to SiPM. In the beginning, the SiPM was attached to 6 x6 mm? opening cut
in the 3M polymer foil just by the adhesion of the optical grease that also provided a
surfaceless optical contact between the scintillator and the SiPM. It turned however
out that the weight of signal cables were enough to twist the optical connections loose.
After that, more secure ways to clamp the SiPM’s to the detector were adopted.

Ultimately, the SiPM electronic board was attached with a screw to a detector holder
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made of PMMA (polymethyl methacrylate) plastic as illustrated in figure .
Figure 57| shows the pulse height spectrum of uncollimated *'!Am («), %°Sr/°Y

(8) and 37Cs () sources (JYFL-103) of 75mm x 10mm EJ-200 scintillator plastic.

The beta spectrum of Y extends to 2.28 MeV. The beta electrons generate directly

Figure 56. Final prototype detector setup. Left: SiPM attached on the back of
the E detector. Right: Detector irradiated with radioactive source. Note that
the AE SiPM is attached on the front face of the detector

scintillating excitations with the highest efficiency (figure . 2 MeV electrons
will produce 20,000 scintillations in the plastic. The gamma rays are not directly
producing any scintillations but transfer energy to the Compton electrons. The high
energy edge of the gamma spectrum corresponds to the ~ 480 keV Compton edge of
137Cs. 662 keV y-ray will produce ~ 5000 scintillations. The 2! Am a-particle energy
is 5.485 MeV and 5.442 MeV (the strongest lines). The scintillation response to
alpha particles of EJ-200 is lower than that of electrons (see Figure . ~ 5.5 MeV
particles will produce only ~3000 scintillation photons in the plastic. In general, the

position of o, 8, v spectra in figure [57] seems to correspond to this light output.
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Figure 57. Measurements with EJ-200 (75 mmx10 mm) scintillator with «,
and ~ sources. Here d is the distance between radioactive source and scintillator.

8.2 Light collection efficiency

The light collection efficiency was tested with a and 3 sources. The radiation was
pointed to the certain location by collimating the radiation as illustrated in figure
In principle, the use of alpha source has certain advances. The alpha particles
have short range in the plastic. The place of interaction is well defined. The range
of a-particles is however so short that they did not penetrate the 3M polymer foil.
Small holes were punched in the reflective foil to allow « particles enter the detector.
Furthermore, as discussed above, the light production in the Eljen plastic scintillator
per MeV is lower with o particles than with electrons. In practice, the weakest alpha
signals were so close to noise that their usefulness for analysis was limited. It might
have also been that the data acquisition was not properly adjusted to the alpha
induced scintillation pulses. With the beta sources, sufficient data could however be

collected. 1 MeV electron passing perpendicularly 1 mm thick AE detector leaves



100

~ (0.2 MeV which corresponds to ~ 2000 scintillation photons, as clear from figure

T4l

1
TR eSS

Figure 58. 75x10 mm scintillator experimental setup

8.2.1 Light collection efficiency of 75x10mm EJ-200 scintillator

Figure shows the pulse height distributions of collimated beta radiations at
different locations on the detector. The SiPM was attached at the center of the back
face of the scintillator. The detector was irradiated along its diameter at 5, 15, 25
and 35 mm front the detector edge on both sides of the SiPM, whose position was in
the center 37.5 mm from both edges as shown in figure |58 The first observation

is that the detected signal height distribution from symmetric irradiations (e.g. at
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Figure 59. Position sensitivity measurements using collimated [ for EJ-200
(75 mmx10 mm)

15 mm from the left edge and at 15 mm from the right edge) are almost identical as
depicted in figure 59 With small effort it is seen also that in each case the shape
of the spectrum is similar. This is in fact what to expect. The beta spectrum of
DSy /%Y source is the same in every irradiation. Every irradiation produces the
same distribution of scintillation counts. The light collection from a certain point is
expected to be a constant. The height of every detected pulse is lowered by a certain
factor, but the shape of their distribution remains the same. This is shown in the
figure In the top panel, the pulse height spectra from irradiations at 5, 15, 25,
and 35 mm from the detector are shown. Since it is seen from the figure |59 that
spectra of symmetric position irradiations are identical, they have been added up to
increase the counting statistics.

In the central panel the spectra have been adjusted firstly by stretching them
in the x-direction and scaling in the y-direction. The lowest panel is the same
as the central panel but to reduce the staggering of data points, it uses a sliding
average, producing a smoothened "interpolation” through the data. The maximal

light collection is observed at 35 mm from edges, which position is already in front
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Figure 60. Finding the light collection efficiency by the shape-fitting technique
(by stretching the spectra on the top of each other). See text for details.
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of the SiPM. The absolute light collection from this point is not known, expect that
it is less than 100 %. In the stretching the other beta spectra, this was however used
as a normalisation. The light collection efficiency with respect to 35 mm from the
edge is the inverse of the stretching factor needed to match the shapes. A similar
technique quoted as shape-fitting technique, has been in fact used in the past to
determine the beta endpoint energies [92].

The inverse of the stretching factors are shown in figure [6I} The reference point
in the figure is moved to the center of the detector so that zero is put at 37.5 mm
from the edges. The data points are reflected on the both sides of center of the
scintillator. The fitted curve with its 1o (68 %) confidence bands on the data points
is also shown. The fitting function is a Lorentzian on the top of constant background
without no other particular basis than it fits better than e.g. a Gaussian shape. The

fit can be considered a smooth interpolation through the data points.

8.2.2 Light collection efficiency of the 25x10 mm EJ-200 scintillator

The light collection efficiency of smaller 25 mm diameter EJ-200 detector was studied
in a similar way as the 75 mm detector. The beta particles from “’Sr/?°Y source were
directed at 5 and 10 mm from the edges, as well as at the center of the scintillator,
12.5 mm from the edges. The shape fitting analysis was performed in a similar
manner as for the 75 mm diameter scintillator. The results are shown in figure [62

The light collection of the 25 mm scintillator is not quite as symmetric with
respect to the detector edges as that of 75 mm diameter scintillator. The data points
can however nicely fitted using the same fitting function. It might be that the SiPM
has not been precisely in the center in these measurements, which however can not
be checked any more.

Somewhat surprisingly, the light collection efficiency "peak” is narrower than in
the 75 mm scintillator, and the relative light collection efficiency falls to 60 % at the
edges of both scintillator. There is however indication, displayed in figure [63| that the
absolute light collection efficiency of the small detector would be significantly higher
than that of the large one. Figure 63| displays the same ?°Sr/?°Y spectra of beta
particles impinged close to the edge of the detector. Both positions have 65 % relative
light collection efficiency, as compared to the center of the detector. Although there
can be small differences in the signal amplification and in the transparency of the

surface between the scintillator and the SiPM, the average pulse height from 25 mm
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Light collection efficiency from 75 x 10 mm E detector
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Figure 61. Light collection efficiency from 75x10 mm E detector

scintillator is about three times higher. It is very plausible it is due to much more

effective overall scintillation light collection from the small scintillator.

8.2.3 Light collection efficiency of the 85x1 mm EJ-212 AE scintillator

The light collection efficiency of the 1 mm thick AE detector sheet was investigated
in principle in the same manner as that of the thicker scintillator. The detector was
radiated along its diameter at 5, 10, 15, 25, 35 mm from both edges, and at the
center 42.5 mm from the edges.

1 mm of plastic is enough to entirely stop 2! Am alphas. Exposing the detector to

241 Am alphas should produce ~ 3000 scintillations per a-particle. The beta particles
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Light collection efficiency from 25 x 10 mm E detector
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Figure 62. Light collection efficiency from 25x10 mm E detector

instead mostly penetrate 1 mm scintillator. The energy left in 1 mm of scintillator
material depends on the beta particle energy. Initially 1 MeV betas leave ~ 0.2 MeV
to the scintillator. The energy of the betas from *°Sr/%Y source however ranges from
0 to 2.28 MeV. Combining the knowledge of the initial shape of the beta spectrum
and the energy transfer to the detector it is possible to mimic the actual shape of
the electron transmission peak. The penetrating beta particles are expected to leave
minimum 0.2 MeV in the detector. This means ~ 2000 scintillation photons per a
beta particle. The average is higher since all the betas do not go straight through
the detector. The collimation allows some small angle at which the betas can hit
the detector, making the trajectory longer and increasing the deposited energy. In

addition, the less energetic betas leave more than 0.2 MeV to the detector, generating
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Figure 63. Comparison of pulse height from 25 mm and 75 mm diameter
scintillator. The measurement positions have the same relative light collection
efficiency of 65 % with respect to the 100 % in the middle of each detector.

the high energy tail of the peak. However, the low energy edge of the transmission
peak should locate around 0.2 MeV.

Figure |64 shows the recorded transmission beta spectra at 5, 15, 25, 35, 50, 60, 70
and 80 mm from the "left” edge of the detector: the SiPM was attached on the "left”
side of the detector. The height of the scintillation pulses is distinguishable from the
noise only for the ”left” side of the detector. In addition, a clear transmission peak
is seen only for the two radiations closest to the SiPM. The light collection efficiency
for 25 and 35 mm radiations was deduced from the tail of these spectra. This should
be compared to the pulse height distributions of the 35x1 mm AE scintillator (see
figure : every spectrum has a distinguishable transmission peak. Based on the
previous discussion, the location of the low energy edge of the beta transmission
peak at 5 mm from the detector edge should be ~ 0.2 MeV and correspond initially
to 2000 photons. The 24! Am alpha particles implanted in the same location should
produce ~ 3000 photons. However, the entire alpha spectrum was below the low
energy edge of the beta transmission peak, as seen in figure [65]

The light collection efficiency from the 85x1 mm EJ-212 scintillator is summarised
in figure Meaningful data points could be collected only on the SiPM side of the
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Figure 64. Position sensitivity measurements using collimated (§ for EJ-212
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scintillator sheet. The data points can clearly not be fitted with a single exponential.
An exponential on the top of constant collection efficiency and fit of two exponentials
were found to be able to fit the data points equally well. Extrapolation to the
other side of the scintillation sheet gives slightly different result depending on the
fitting function. The data on the 35x1 mm scintillator (section supports
single exponential and a constant being the more reliable model. Even so, the light

collection efficiency from the other left of the scintillator is only 15 % that of vicinity
of SiPM.
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Figure 66. Light collection efficiency from 85x1mm AE detector

8.2.4 Light collection efficiency of the 35x1 mm EJ-212 AE scintillator

The pulse height spectra from the beta irradiation on different positions i.e. 5, 10,
15, 17.5, 20, 25, and 30 mm from the SiPM side edge diameter of the 35x1 mm
scintillator sheet are shown in figure Unlike in the case of 85x1 mm sheet, all the
pulse height spectra show a distinguished transmission peak. This allows to analyse

the light collection efficiency in three ways.

1. Assuming that the transmission peak shape is constant and making a similar

shape stretching as for the thick E detector
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2. Determining the centroid (center of gravity) of the transmission peak

3. Determining the transmission peak maximum position

Light collection efficiency from small 35 x 1 mm AE detector
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Figure 67. Light collection efficiency from small 35x 1mm AE detector

It turned out that all these techniques give almost identical light collection
efficiencies. Method 1 and 2 gave almost perfect arrangement, the transmission peak
maximum position giving systematically 5 % higher values. The average efficiencies
of all techniques were used for analysis. Light collection efficiencies are shown in
figure [67] The data points are best fitted with a single exponential and a constant.
For this basis this would be the more accurate fit for the 85x1 mm AE short light

collection as well.
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8.3 Conclusions from the light collection efficiencies

The results may be summarised by that the light collection and thus the scintillator
efficiency is not very uniform for any detector. It has to be however noted that the
way to attach the SiPM to the scintillators is relatively crude. It could perhaps
be improved using specifically designed light guides. In fact there is one common
feature in all the light collection efficieny curves in figures [61] [62] [66] and [67] Light
collection far from the SiPM seems to be quite constant and uniform. Close to the
SiPM light collection efficiency increases exponentially but falls to the uniform level
within 10 - 15 mm from the SiPM. The exception is 75x10 mm E detector where
the exponential drop is slower.

The next step in the development of a telescope detector was however the choice
of scintillator to be used in the prototype telescope. The main research questions of

the first telescope test was:

o How well AE - E coincidences can distinguish between electrons and gamma

rays?

o How well AE - E coincidences can distinguish between beta electrons from the

sample and the background radiation from the environment?

Answering these questions requires building a telescope, but the test can also be
performed with less uniform detector efficiency. The smaller 25x10 mm scintillator
and the matching 35x1 mm AE detector were chosen. The main reason was that
the signals from both 25 mm E and 35 mm AE detector were stronger than the
comparable signals from the larger scintillators; in particular, the signals from

everywhere in the 35 mm AE detector were clearly above the noise level.

8.4 Telescope detector and its energy calibration

The telescope detector prototype consisted of 25 mm diameter 10 mm thick EJ-200
scintillator plastic as E detector and 35 mm diameter 1 mm thick EJ-212 sheet as
AE detector. The plastics were covered with M3 polymer film and attached to a
holder frame made of black PMMA plastic. After the first tests an aluminium foil
was added between the detectors as an additional light shield to ensure there is no
cross-talk between the detectors. The SiPMs were attached in the center of the
back face of the E detector and (exceptionally) on the front face of the AE detector.
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Although in the final version the light collection will probably be on the back of
the AE detector, the feasibility tests could be performed as well having the SiPM
attached in this way, as illustrated in figure [56| right panel.

Since the light collection from AE and E detectors was not the same, the response
of the detectors to the deposited energy was different. In the measurements, the beta
particles can enter the detector in an oblique angle, which means that the energy
deposit of the beta to the AE detector is not insignificant. The final identification
of Y decays is based on their high energy. To maximize the efficiency, the total
energy deposited in both E and AE detectors need to be known. To be able to add

up the energies, the detectors need to be energy calibrated.

8.4.1 Energy calibration of the E detector

The simplest approach from the energy calibration would have been with mono-
energetic electrons. Since such a source was not easily available, the energy response

was studied with radioactive sources. Two methods were applied
o Measuring the beta spectrum from a collimated source with energy degraders

¢ Measuring the position of the Compton edge of ¥"Cs and °Co gamma ray

source

In the first technique, the collimated beam of betas from the *Sr/?Y source were
impinged perpendicularly to the E detector. The perpendicular geometry was needed
just because in the next step, 1.0 mm thick plastic sheets were added between the
source and detector on by one. Having the degrader sheets perpendicular to the
beam of beta particles minimises the variation of the energy loss. Figure [69 shows
how the measured spectrum changes with adding the degraders. In the first spectrum
there are no external degraders, it is measured however already with the telescope
prototype (figure , so that the E detector has the 1.0 mm thick AE detector with
the 3M polymer reflectors and a light shielding aluminium foil in between it and
the collimated *Sr/*YY sources. The highest energy electrons are estimated to be
slowed down by ~ 230 keV in the AE detector and by ~ 230 keV in each degrader
sheet. The calculated energies are listed in table [6]

The beta spectrum is continuous, but the lowering of endpoint energy could
be used for energy calibration. The endpoint channel of the beta spectrum is not

straight-forward to determine, since the beta spectrum approaches to zero gradually,
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Figure 69. End point channel determination

Table 6. The both spectrum and endpoint channels of the spectra shown
in figure [69] and the corresponding calculated endpoint energies. See text for
calculation and endpoint channel determination details.

Number of

Endpoint channel

Calculated endpoint energy (keV)

degraders

0 2180 + 15 2050
1 1985 + 20 1860
2 1765 £ 20 1670
3 1550 £ 40 1480

and there is always very little data close to the endpoint of the spectrum. There

are techniques to determine the endpoint using the shape of spectrum, such as
Fermi-Kurie plot [9] and shape fit [92] that was mentioned in the section [8.2.1]
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Both these techniques utilise the shape of the beta spectrum. In principle, adding
degraders changes the shape of the spectrum because the energy loss of beta electrons
depends on their energy. Above 1 MeV the energy loss of electrons however depends
only little on their initial energy. The shape fit technique could be otherwise applied,
but there is no reference spectrum available. In the case of light collection, where
only relative shape was of interest, any spectrum could have been chosen as the
reference. Here, the actual end point channel of none of the spectra is known. This

is why the shape stretching method runs in difficulties and can not be used.

Figure |69 shows a Fermi-Kurie plot applied on the data. The plots in the figure
are not strictly Fermi-Kurie plots but square root of counts plotted against the
channel number. A linear fit is then applied to the region that is estimated to be
above 1 MeV, and extrapolated to zero. The uncertainty of endpoint channel is taken
from the 20 confidence of the fit. The fitting region is indicated in the figure by

larger size data point symbols.

The data deviate from the fit in the high energy tail of the spectra. The data
points start be above the fitted spectrum. These points are excluded from the fit
because they deviate from the square root behavior. Unlike in the real Fermi-Kurie
analysis, the endpoint of the analysed spectra is not because of the Q-value of the
corresponding beta decay. Here the electron’s energy is degraded from some higher
value. There is staggering in the energy of the slowed down electrons. It is assumed
that the electrons in the high energy tail of the spectrum represent those electrons
whose energy has been reduced less than average. The average endpoint of the
degraded electrons would be found better by extrapolating from the lower energies,
where the data are more abundant and the behavior seemingly follows the square

root of observed counts.

In addition, if the endpoint channel of all spectra is analysed in the same way,
the possible bias is similar. At least when the data points are used to determine
rather the gain (energy per channel) than the absolute energy calibration, the bias

should for the most part cancel out.

Figure [70] displays the calculated endpoint energies versus endpoint channels and
the linear fit through the data. According to the fit, the energy in the zero channel
would be 65 + 130 keV. Since the estimation of the energy of the endpoint of the
degraded spectra is not super accurate either, this value comes satisfying close to

zero and increases confidence that the way the endpoint channel has been determined
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is not severely biased. The determined energy calibration with this technique is

E =091 x channel + 65 keV (41)
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Figure 70. Energy calibration with degraded beta spectrum

Another method for energy calibration is calibration using the position of the
Compton edge. The benefit of this technique is that the Compton electrons are
generated inside the detector, so they do not loose their energy in any foils or other
detectors. The figure 72 shows the E detector spectra of ¥7Cs and ®Co gamma
ray sources. The well-known position of the ¥"Cs Compton edge is 478 keV (see
figure . Ideally, the edge would be sharp, but it is smeared due to limited
resolution of the detector. As for ®°Co, it has two strong gamma rays and thus,
ideally, two Compton edges. Limited detector resolution smears the edges together
to one apparent Compton edges at 1041 keV [93]. The edge position was determined
as shown in the figure [72] The position of the Compton edge is determined on the
basis of references |94} |95] as the point where the slope of the Compton edge drops
below 75 % of the top of the Compton peak, as shown in figure [72] The result is
summarized in the table [

The energy calibration with the Compton edges is shown in figure The energy
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Figure 71. ¥7Cs v energy spectra

Table 7. The energies and positions of the Compton edges of 37Cs and ®°Co

Nuclide | y-ray (keV) | Compton edge (keV) | Channel
BT Cs 662 AT8 452 + 4
%Co 1173, 1332 1041 970 £ 5

calibrations of the E detector are thus

E =091 x channel + 65 keV (42)

E =1.07 x channel + 3 keV (43)

These two energy calibrations are sufficiently close to be combined by including
all the data points in a linear fit. This is done in figure [74] The fit leaves just one
data point, the one from Compton edge of ®°Co, off from the linear fit. The final

energy calibration of the E detector becomes

E =0.93 x channel + 27 keV (44)
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Figure 72. The position of the Compton edges is determined as the energy
where the slope of the edges falls below 75 % of the level of the Compton peak.
The corresponding levels and the crossing point are identified. The channel
uncertainty comes mostly from the adjustment of the Compton peak height level.

8.4.2 The energy calibration of the AE detector

The energy calibration of the AE detector is based on the energy that is left in
the detector by a passing electron. The electrons with more than 1 MeV leave
approximately 190 keV in 1.0 mm of scintillation material. Under 600 keV the energy
transfer to the detector starts rapidly increase, until electrons at 300 keV and under
are entirely stopped. This low energy part of the beta spectrum produces the tail on
the high energy side of the beta particle transmission peak, as well as real counts on
the low energy side of the transmission peak. The peak itself is expected to locate at

190 keV for electrons that hit the detector in the right angle.

In principle the position of the transmission peak could be adjusted by allowing

the collimated beta electron beam pass the detector in more oblique angle. The
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Figure 73. Energy calibration of the E detector using ®*Co and 3"Cs Compton
edge positions. The origin (energy at channel 0 is zero) is included in the fit.

trajectory length L of the electron should follow
L=d/ cosb (45)

where d is the thickness of the detector and theta is the inclination angle.

The transmission spectra of a collimated beta beam was measured at three angles,
0, 30 and 60 degrees with respect of the detector normal. The measured spectra are
shown in figure [75] As explained, the transmission peak consists of a peak, and a
tail on the high energy side. The position of the peak is determined as the maximum
of each spectrum. The Gaussian fits shown in the figure are used as an aid to locate

the maximum.

Using relation 49| it was calculated that the transmission peak would locate at
220 keV at 30 degrees and at 380 keV at 60 degrees. Assuming also that zero channel
would correspond to zero keV, it was expected that the transmission peak would

move to approximately 15 % higher channel at 30 degrees and 100 % higher at 60
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Figure 75. Fit of transmission peak positions.

degrees. The result of the analysis shown in figure [76 is not in agreement with this.

Observed increase of the channel is only 4 % at 30 degree and 35 % at 60 degree.



120

400 -
Energy calibration of 35x1 mm AE detector
with transmission peak positions
300 —
>
(0]
< 200 ® Data ~
>
© —— Linear fit
2
L FIT: E =b x channel + a
100 — a = -334.75+68.6 B
b = 5.2912 + 0.601
0
T | | | |
60 80 100 120 140

Channel

Figure 76. Energy calibration of 35x1 mm AE detector with transmission peak
position

A linear fit to these data suggests zero energy locating at channel 60, and gain
5.3 keV /channel. This is clearly impossible, since then the tail of the transmission
spectra would extend above 1.5 MeV.

It seems that assumption of approximately parallel collimated beta particle beam
and straight-forward application of [45] are too simplifying. Since the calibration of
the E detector strongly supported the zero energy being located close to zero channel,
it is plausible this is the case for the AE detector as well. The energy calibration
for the AE detector is therefore finally taken from the location of the perpendicular

transmission peak. The adopted energy calibration for the AE becomes as

E =2.0 x channel keV (46)
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8.5 Two dimensional spectra

The data taken with the telescope detector can be visualised as a two-dimensional
matrices. Such a matrix of is displayed in figure [77] On the horizontal axis is the
energy of the AE detector and on the vertical axis the energy of the E detector.
Energy calibration determined in the previous section [8.4 have been applied.

The requirement of having a coincidence condition between the detectors has
first of all totally removed the AE detector noise from the spectrum (see for example
figure . The projection of the AE - E matrix in figure [77| on the AE direction
is shown in figure [7§ The remnant of the strong noise peak is shown by an arrow.
Note the logarithmic scale.

In the E spectrum the noise does not disappear. The red area in the matrix, the
highest counts, represent a decent AE spectrum that is somehow in coincidence with
E detector noise. It is not clear whether it is a weak signal really in coincidence, or a
noise that is in random coincidence with the AE detector.

Since the AE detector clearly measures a large fraction of the electron energy,
for the final analysis the AE and E detector signals need to be added up on event
basis. The small E signals can however be excluded from this calculation without any
effect on the high energy (more than 700 keV) end of the total beta energy spectrum.
This is shown in figure The energy of AE detector signals is not high enough to
contribute to the total energy intensity above 500 keV.

8.5.1 Telescope efficiency

The telescope efficiency was determined from the total energy spectrum produced
from the two-dimensional matrix. The total beta energy spectra of a °Sr/%Y source
was recorded at two distances, at 5 mm and and at 16 mm from the telescope. The
generated total energy spectra are shown in figure 81} The accepted in the shaded
area (Ei,; > 700 keV). The low energy beta events are not of interest, thus the E
energy threshold is set well above the noise (see figure .

The beta radiation exposure last 30 minutes or 1800 s for both spectra. From
the known beta source activity 16.9 kBq (table , calibrated activity projected to
August 2021) it can be calculated that the source emitted N = 1800 s x 16900 1/s =
30420000 ?°Y beta electrons during the measurement. 60 % of those, 18252000, has

energy larger than 700 keV. The total efficiencies €, for ?°Y detection becomes then
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Figure 77. Two-dimensional matrix of the beta telescope prototype. The source
is 90Sr /Y without any collimation and located at 5 mm from the detector.

€or = 2.33 % at 5 mm and 1.14 % at 16 mm.

The measurement were made at 5 mm and 16 mm from the end of the source
stick. The source itself is however about 3 mm deeper in a small well in the tip

of the stick. For calculations of the geometrical efficiencies distances of 8 mm and
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Figure 79. Summed up energy of E and AE detectors with different thresholds
set in the E detector. The graphs are in reality on top of each other in region
above 500 keV. They have been slightly offset for clarity.
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Figure 80. Two dimensional matrix of non-collimated ?°Sr source at 16 mm
distance for 30 minutes irradiation.

19 mm were used. The geometrical efficiency for a point source at these distances

from a 25 mm diameter detector are 23 % and 8.2 %, respectively. The detector

intrinsic efficiency €, is
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Figure 81. Total beta energy spectra extracted from AE - E matrices in figure
@ and @ The number of beta events with E,,; > 700 keV is shown.

€t = 2.33% /0.23 =101 %
€ = 1.14 % / 0.082 = 13.9 %

from the 5 mm and for the 16 mm measurements. The average value for the intrinsic

efficiency is thus about 12 %.

8.5.2 Gamma ray discrimination

In figure [80] is shown the two-dimensional matrix of a measurement of 37Cs source
at 4 mm distance from the telescope. The gamma ray should not produce a signal
in both detector simultaneously except in some special situations. In the AE - E
matrix, there is however a structure that looks like a ¥"Cs Compton continuum in
coincidence with a AE detector signal. A closer look shows however that the AE
detector signal can not come from an electron since its energy is clearly smaller than
that of beta electron transmission peak. The projection of the matrix in figure
on the AE axis is shown in figure |83] with the projection of the matrix in figure
having a clear transmission peak.

It can be calculated that the used 175 kBq '3"Cs source emitted 89 million 662 keV

gamma rays in 10 minutes. They have 26 % geometrical efficiency to hit the telescope
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Figure 82. Two dimensional matrix of 37Cs source at 4 mm distance for 10
minutes. The red rectangular indicates the area of proper beta particle events.
The blue line surrounds the area of events with E;,; > 700 keV.

detector. When the AE and E thresholds were applied, of these 23 million gamma
rays only 9000 produced a signal that could have been interpret as a beta event.
The region of proper beta events is indicated by the red rectangle in figure The
reduction factor was thus such that from the gamma rays hitting the detector one
of 2500 gives a coincident signal. The amount of misleading signals is reduced even

more, when the total energy threshold of 700 keV is set. The area surrounded by the
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blue line in figure [80| show shows the area of acceptable events such as are counted
in the figure 81} The amount of false events is reduced to ~ 200 out of 23 million. It
is also worth of noticing that the gamma count rate was ~ 38 kHz; most of those
~ 200 false events must be random coincidences between pile-up events. These will
not appear in low-level measurements. The combination of AE - E coincidence and

total beta energy gating seems to very efficiently reject the gamma radiations.
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Figure 83. Beta AE signal projected from AE - E matrix shown in figure
versus noise AE signal projected respectively from figure
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9 Conclusions and Discussion

A AE - E telescope detector was build and tested. It was found capable of discrim-
inating gamma radiations from Y. The discrimination against gamma rays was
better than a factor of 1,000. Combined with total beta energy gating the gamma
event rejection was found to be at the order of a factor of 10°.

The intrinsic efficiency of detector was about 12 %, which is a ratio between
detected and incident radiation events. In the intrinsic efficiency calculation the
shielding of the AE SiPM was not taken into account. SiPM was attached on the
front face of the telescope in this first prototype.

The intrinsic efficiency was found to be smaller in the closer geometry. A physical
explanation to this could be backscattering of electrons from the surface of the
detector. Backscattering is more probable for oblique angles. This effect could be
studied in more detail in the future.

The total efficiency depends on the geometry and geometrical efficiency. For °Y
detection it was about 2.33 % at 5 mm and 1.14 % at 16 mm respectively. The
detection limit with low intensity sources was not tested.

The main problem during the work was low energy noise that was only partly
removed by the coincidence between the detectors. The reason might be that the
light shielded box was not good enough or the dark count rate of SiPM was high.

The light collection efficiency was quite uneven in both detectors. A solution to
this could be improving the light collection with light guides instead of attaching the
SiPM directly on the detectors. In particular this could improve the light collection
efficiency from the AE detector and possibly allow using larger area scintillators. It
could however also make the light collection more even from different parts of the
scintillator as well. With SiPM attached directly on scintillators, the signals from

the immediate vicinity of the SiPM are too pronounced.
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Table 8. Some of the primary fluor used in plastic scintillators [1§]
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Name Abbreviation | Chemical structure
Polystyrene PS g\h
Polyvinyl toluene PVT H
CHy n
P-terphenyl PTP

2,5 - diphenyloxazole | PPO

2-(4-tert- BPBD
buthylphenyl)-5-
(4-biphenylo)-1,3,4-

—N
oxadiazole
2,5-diphenyl-1,3,4- PPD Q\/O\}’/Q
oxadiazole \S/
N—MN
2-phenyl-5(4- PBD @\{ .
biphenyl)-1,3,4- /
) —N
oxadiazole

2,5-biz(4-biphenyl)- BBD
1,3,4-oxadiazol




144

Table 9. Commonly used wavelength shifter in plastic scintillator ||

e g

Name Abbreviation | Chemical structure
N N
1,4-bis(5-phenyl-2- POPOP o o
oxazolyl)benzene
HsC.__N N._-CHa
1 4-bis(4-methyl- DM-POPOP | c?_@_(o ‘
5-phenyl-2- |
oxazolyl)benzene
LS
diphenylanthracene '
HsC
1,4-bis(2- Bis-MSB CHs O Vi Q
methylostyryl)benzene Q V4
e s OO
diphenylstilbene G D
N
| \
2,5-di(4- BBO O v O
biphenylo)oxazole O O
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B Second appendix

Maximum [ particle range in EJ-200 plastic scintillator

For, Ejs = 0.546 MeV ; p = 1.023 g/cm?
[g/cm2] _ O.412E;’.265—0.0954~ln(E5)
maz [9/cm?] = 0.412(0.0546)1-265-0-0954n(0.546) — () 1845 g/cm?

b= fuae = OI8B0/en 01804 cm = 1.804 mm

R
R

FOI', Eﬁ = 2.28 MeV ; p= 1.023 g/cm2
maz [g/cm?] = 04122070054 (ER)
maz [9/cm?] = 0-412(2.28)1'265*009544"(228) — 1.0953 g/cm?

b= fuas — LOB9/en” 4 07067 cm = 10.707 mm

R
R
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Table 10. Properties comparison between photomultiplier tube (PMT) and
silicon photomultiplier (SiPM) [96]

Properties Photomultiplier Tube | Silicon Photomulti-
(PMT) plier (SiPM)

Sensitivity Single photon Single photon

Gain ~ (10° - 107) ~ (10° - 10°)

Operating voltage 800V - 2000V 30V - 100V

Temperature sensitivity Low Medium

Mechanical Robustness Low High

Damage by stray light Yes No

Spectral range Blue/UV UV - VIS - NIR

Form factor Bulky Small

Photon-counting resolution Good Excellent

Response time Fast Fastest

Uniformity Good Excellent

Dark noise Low Middle

Immune to ambient light No Yes

Immune to magnetic field No Yes

Compact and lightweight No Yes

System cost High Lowest

Scalable technology No Yes




148



D Fourth appendix
List of abbreviations

DNA = Deoxyribonucleic acid

PMT = Photomultiplier tubes

SiPM = Silicon photomultiplier

ZmS = Zinc sulphide

DAQ = Data Acquisition

Nal = Sodium Iodide

Zn0O = Zinc oxide

PVT = Polyvinyl Toluene

APD = Avalanche Photodiode

SPAD = Single photon avalanche photodiode
GM-APD = Geiger-mode avalanche photodiode
SSPM = Solid-state photomultiplier

MPPC = Multipixel photon counter

MPAD = Multipixel avalanche photodiode
QE = Quantum efficiency

PDE = Photon detection efficiency

DCR = Dark count rate

FWHM = Full width at half maximum
JYFL = Jyvaskylan Yliopiston Fysiikan Laitos
LCD = Liquid crystal display

PMMA = Polymethyl methacrylate
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