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Abstract

The detection of low-intensity light is a crucial issue in many aspects of science
and technology. So far, the solution has involved extremely delicate and somewhat bulky
devices, the photomultiplier tubes (PMT), providing high sensitivity but suffering from
fragility and susceptibility to interference. The silicon photomultiplier (SiPM) is a new
solid-state photon detector that provides a new solution for a wide range of photometry
applications in fields as diverse as medicine, biology, environmental science, chemistry,
physics, and nuclear physics.

SiPMs are on a par with conventional PMTs in terms of internal gain and photon
detection efficiency, while they are undoubtedly superior in terms of mechanical
robustness, compact size, electronic stability, low power consumption, and affordability.
SiPMs offer the unquestionable advantages in ionizing radiation measurements based on
light emitting sensors, both for industrial nuclear technology applications and for hybrid
diagnostic imaging techniques.

In this thesis, two different application fields of SiPMs have been proposed,
developed and tested.

The first one is the use of SiPMs in scintillation detectors: in particular a
miniaturized beta probe was developed for measurements of tissue differential uptake of
aradio-drug beta emitter. The proposed solution is based on the use of a plastic scintillator
optically coupled with a SiPM.

The second application is the realization of a luminescence reader for passive

dosimeters based also on SiPM for detection and on LED for stimulation.
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1 Introduction

Detecting low intensity light with highly efficient and highly scalable sensors is
crucial in many aspects of science and technology. For example, photoluminescent
bioprobes triggered by single photon absorption linear optics or by other type of
processes, such as chemiluminescence, have an important role as miniaturized biosensors
for the biological and biomedical field [1]. Nonlinear optical phenomena [2] also play a
role in life sciences, for example when coherent light beams at high optical intensities are
used to trigger a faint second harmonic luminescent emission (SHG) from organic
compounds in solution [3, 4]. Indeed, two-photon excited fluorescence (TPEF) [5]
combined with SHG imaging provides extremely promising bioprobes [6-8], such as
those for the identification of early nodules in calcified aortic-valve disease [9]. The
detection of light is also fundamental in the field of ionizing radiation detection and
measurement [10], where prompt radioluminescence and optically stimulated
luminescence are widely used for field characterization and dosimetry [11, 12]. More
recently, the detection of light scattered by neutron-induced bubbles inside superheat
emulsions has been reported as an efficient detector readout approach [13, 14].
Undoubtedly, any application based on low-intensity light emissions will require
photosensors with superior photon detection performance combined with mechanical
robustness, and scalable size.

So far, the solution for measuring low-intensity light has involved extremely
delicate and somewhat bulky devices, the photomultiplier tubes, providing high
sensitivity but suffering from fragility and susceptibility to magnetic interference. The
introduction of the silicon photomultiplier (SiPM), also called multi-pixel photon counter,
has brought a real revolution in the field of measuring light. The SiPM uses an array of
CMOS compatible photodiodes, each operating in Geiger mode (GM) with an integrated
quenching circuit, connected in parallel on a silicon wafer. A photon interacting with any
photodiode produces a pulse of current at the sensor output, and the sum of all individual
current pulses from each photodiode produces the total output from the light recorded in
a timeframe. Therefore, the total output current is proportional to the incident photon flux.
The total SiPM gain is around one million, that is significantly higher than that of a
normal avalanche photodiode (APD), which is typically around one hundred. This recent

technology combines the positive features of conventional photomultiplier tubes (PMTs),



i.e., high gain, sensitivity, and stability with those of silicon APDs, i.e. small size, low
voltage operation, and ruggedness [15].

In order to fully appreciate the advantages offered by SiPMs, it is useful to review
the prior technology of APDs and PMTs. The APD is a silicon solid-state photo-detectors
that convers light to a proportional electrical signal using the photoelectric effect. This
detector requires a high reverse-bias voltage (~200 V) to create the necessary avalanche
effect.

Its physical structure is robust, insensitive to magnetic fields and compact [16];
on the other hand, its response has a strong dependence on temperature and it is not
suitable for single photon detection due to its low internal gain [15]. The conventional
PMT was the first detector that can convert a weak light signal into a measurable electric
one. In PMTs, an input photocathode converts light into electrons that are accelerated
against a series of electrodes (dynodes) positioned in cascade, thus extracting more
electrons from dynode to dynode due to a high bias voltage (~1000 V). A vacuum tube is
necessary for proper operation and magnetic fields will cause interference by deflecting
the electrons [10].

The SiPMs’ insensitivity to magnetic interferences combined with their compact
dimensions are two of the main reasons for their wide utilization. One of the first reported
SiPM viability studies was conducted for the Tesla Hadron Tile Calorimeter [17], where
SiPMs were coupled with a scintillator and a wavelength shifter (WLS) providing unique
energy and time resolution in nuclear particle calorimetry compared with PMTs and with
hybrid photo-diodes [18-20]. This study paved the way to applications in many different
research fields [21-28].

The SiPMs’ compactness, robustness and high photon detection efficiency makes
them possibly the best miniaturized optical sensors [29]. Also, SiPMs are highly scalable:
depending on the application it is possible to use a matrix of a few tens of cells [30] or up
to thousands of cells [31] just adjusting the electronics front-end. Another major
advantage of SiPMs is their low bias voltage, an order of magnitude lower than in PMTs
[32], allowing the design of compact, affordable and low power-consumption devices

[33].

In this work, all the above SiPM characteristics were utilized to realize devices
for two different type of applications. The SiPM, coupled with a scintillator, is a solution

to build a scintillation detector for future endovascular and intra-myocardial probe in an
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integrated theranostic system utilizing molecularly-targeted radiotracers to deliver
localized intra-myocardial therapies. Other intraoperative beta probes for radio-guided
tumor surgery have been already proposed in literature [34], but the solution here
described focuses on a new endovascular application that requires stringent technical
specifications such as low voltage, miniaturization and high time-resolution [35]. The
feasibility study presented in this work is the basis for the ultimate development of a beta-
particle basket-catheter for the imaging of a damage myocardial tissue after an acute
infarction. This kind of device would be a perfect reader for a tracer like the '*Fluorine-
labelled Matrix Metallo-Proteinases [36], that is different taken up by healthy and
damaged cardiac tissues.

The other SiPM based application investigated in this thesis, relates to the
realization of a reader for dosimetric optical luminescence materials [37]. These are used
in several fields: radiation dosimetry [38], clinical dosimetry [39], national security
applications, luminescence dating [40] for geological [41] and archaeological samples
[42]. OSL materials collect the dose received by ionizing radiations using electrons
trapped in the imperfections of the lattice crystalline structure; these electrons are then
released using light as stimulator; the amount of emitted light is proportional to the
absorbed dose [43]. An OSL reader is based on two parts: the light stimulator and the
light detector. Commercial (Risg Reader), and academic readers [44], [45],[46] are based
on PMTs; so they are large and delicate instruments made only for laboratory
measurements. Our innovative solution is a compact modular device based on the LED
as stimulator and on the SiPM as the light photodetector, both with appropriate optical

filters.
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2 Silicon Photo Multiplier (SiPM)

SiPMs are the newest solid-state technology for photodetectors and they are
replacing the PMTs in several different applications. SiPMs are the result of a long
technology development, in which the goal was to build a solid-state photodetector with
almost the same characteristics of a PMT. For this reason, a short review of PMT is

necessary to continue our discussion about this new technology.

2.1 Photo Multiplier Tube (PMT)

The PMT (Figure 1) is an electronic detector of light, with high sensibility able to
detect even a single photon in the UV, visible and near IR light range. A PMT is a vacuum
glass tube, with one photocathode, one anode and some dynodes. Photons enter through
an input window in the PMT and collide in the photocathode, which is covered by a
material that allows photoelectric effect. The photocathode is a light sensitive surface that

absorbs light and emits a proportional number of electrons, called photoelectrons.

Incident light
Semitransparent
£ o:ol:x:amnde
=

" \ ; ¢
\
\:‘ = 7’\;\\» Tyoica
—

Photocathode \
to dynode No. 1 \

€lectron cptics
£q
7 5
J

Electron Vacuum
muitiplier erclosure
9
1

photoelectron
trajectores

J

1-12: Dynodes 14: Focusing electrodes
13: Anode  15: Pnotocathode

Figure 1: Scheme of a PMT [10].

The photoelectrons are focused by an electrode to the multiplication stage. This

stage is made of an electrode series (dynodes), each one charged with an increasing
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potential. Each photoelectron is accelerated by the electric field and acquires kinetic
energy. When it hits the first dynode, other electrons are emitted (secondary emission);
at the end of this cascade effect the generated electrons reach the anode, and an intense

electric pulse is generated. This pulse is the proof of the photon detection.

Every dynode has a gain stage and the voltage between dynodes is one hundred
volts. The number of electrons (N,) that reach the anode depends on the number of
incident photons (Npy,), the efficiency of the first stage (), the total gain (G) and the
quantum efficiency (QE). The QE is defined as the ratio between the number of emitted

photoelectrons and the number of incident photons [10]:

Ne = Npp o G QE (1)

PMTs have to be magnetically shielded, in fact, an external magnetic field can
modify the electron path inside the tube, producing an artifact in the response of the

photomultiplier.

After a short review of PMTs an historical development of solid-state
photodetectors is presented. In fact, SIPMs are the result of a long development history
of solid state photodetectors, made to obtain results comparable with PMTs in terms of

sensitivity, gain and more.

2.2 Historical development of solid-state photodetectors

The development of solid-state photodetectors went through several steps: the first
one is the Conventional Photodiodes (PD) that only convert photons in electron-hole
pairs, without internal gain; then the Avalanche Photo Diodes (APD), with an internal
gain created by higher electric fields that increase the number of carriers; the Single
Photon Avalanche Diode (SPAD) and finally the Silicon Photomultipliers (SiPM) that
is an array of SPAD operating in Geiger mode. Before focus our attention to the SiPM, a

short review of the previous technology is needed to better understand the newest one.
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Conventional Photodiodes

A photodiode is a particular PN junction, with a strongly asymmetric doping;
typically, the P region is more doped than the N one. A directly polarized photodiode has
the same characteristics as a normal one, whereas an inversely polarized photodiode

presents a depletion region width (w), given by the formula:

w= N—q=«/ZPH€(V+Vbi)

in which ¢ is the dielectric constant, V is the external potential, Vy; is the internal voltage,
N is the doping-concentration, q is the electric charge, p is the resistivity and finally p is

the charged carriers mobility.

If incident photons deposit an amount of energy in the depletion region (Figure 2)
greater than the difference between the material valence and conduction band gap, one
electron-hole pair is created; the electron will move from the P* region to the N region
because of the electric field, and the hole from N to P" region.

The loss of the e-h pair in the depletion region leads to the production of an inverse
current, which can be read as an electric signal. The thickness of the depletion region
determines the probability of photon interaction. The I-V characteristic curve (Figure 3)
explains the photodiodes functionality: without photon interactions only dark current is
present, while a real (photo-currents and dark current) signal is produced under photon

exposure.

P - Depletion N
Region

Figure 2: Photodiode scheme.
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Figure 3: I-V characteristic of a photodiode.

The main photodiode technical characteristics are quantum efficiency and
response: the former, as stated above, is defined as the number of e-h pairs created per

incident photon, the latter is the ratio of photocurrent to incident optical power. The

photodiodes have an internal gain in inverse polarization that is almost zero, so for low

light level another step of development is required.

Avalanche Photodiodes (APD)

The APD structure is made of different doped semiconductor layers: P* region is
a high concentration region of acceptor atoms, ND region is a no doping region, that
keeps the electric field inside the junction almost constant, P region is a low concentration

. + . . . . .
region of acceptor atoms and N region is a high concentration region of donor atoms

(Figure 4).

Pt | ND | P | Nt

Figure 4: APD scheme.
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The created primary charges pass through the P doped region and generate
secondary charges, which will lead to a photocurrent. This avalanche phenomenon is
strongly connected with the ND layer.

The main parameter of the APD is the multiplication factor (gain): it is the number
of secondary e-h couples created for each primary couple. The APD gain increases with
the inverse polarization, usually it has a value of 10>-10°. Further development of APD is

necessary if a higher gain is required

Singled Photon Avalanche Diodes (SPAD)

If high gain values are required, it is necessary to work in the upper limit of
breakdown voltages, where the current increases exponentially. The SPAD is a normal
APD that works in inverse breakdown mode, also called Geiger mode; in this case, also
a single photon could be revealed. In Geiger mode, it is not possible to reveal another
photon if an avalanche is still in progress: some quenching techniques are used to stop

the avalanche phenomenon.
The main parameters of a SPAD are the Quantum Efficiency (QE) and the

Detection Efficiency (DE)

_ number of electron — holes pairs 3)

number of incident photons

_ number of photoelectrons 4)

number of incident photons

After this short review of the previous solid-state detectors it is possible to explain

what is a SiPM and how it works.

2.3 SiPM structure and characteristics

The SiPM is a pixelated device where each pixel, or microcell, is a combination

of a single photon avalanche diode (SPAD) and a quenching resistor (RL) in series, with
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all microcells connected in parallel, as shown in Figure 5. Typically, the dimensions of a
SiPM microcell range from 10 um to 100 um, whereby the number of microcells per
device depends on the application, and ranges from tens to several tens of thousands. The
active areas of SiPMs typically range from 1 mm”* to 6 mm” and their spectral response

ranges from ultra-violet (UV) to near-infrared (NIR) [47].

R R_ R_ R

SPAD1 SPAD2 SPAD/! SPADn Il

Figure 5: SIPM electronic schematic and a microscope image of the AdvanSiD SiPM.

A SiPM is externally biased so that the voltage on each SPAD is kept above the
breakdown voltage. The difference between the biasing voltage and the breakdown
voltage is known as overvoltage — the main adjustable parameter controlling the
operation of the device. If a SiPM absorbs a photon, the resulting charge carrier (an
electron or a hole, depending on the structure) can trigger an avalanche in the gain region.
The avalanche can produce 10°-10° carriers, which constitutes the overall gain. The role
of the quenching resistor is restoring the SPAD back to its initial state [48].

SiPMs are pixelated and thus recall a digital operation, however they produce an
analog output signal in real time. The output is a time sequence of waveforms (or current
pulses), which have a discrete distribution of amplitudes. The histogram of the amplitudes
depends on the intensity and time-characteristics of the incident light [49]. The signal
resolution of a SiPM allows resolving the number of photons hitting the device down to
a single photon.

The photon detection efficiency (PDE) is the probability that a silicon
photomultiplier (SiPM) will produce an output signal in response to an incident photon.
It is a function of several factors: quantum efficiency (QE), probability of Geiger

discharge (Puig) and geometrical efficiency (GE). The quantum efficiency is the
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probability that an incident photon will produce a charge carrier (electron or hole) capable
of triggering a Geiger discharge. The geometrical efficiency, also known as fill factor, is
the ratio between the active area and the total area of a SiPM [49]. The PDE can be

expressed as follows [15]:

PDE = QE X Pyiy X GE (5)

The dynamic range of a SiPM signal depends on the PDE and on the total number
of microcells; the amplitude of the output signal is proportional to the intensity of the
incident light when the number of photons hitting the device is much lower than the total
number of microcells. Therefore, the dynamic range is limited by the number of available
SPADs [15].

The SiPM time resolution depends on the rise time and the recovery time of the
device. The rise time is the time required to produce a Geiger discharge, while the
recovery time is required to return from the discharge back to the initial state. The timing
properties of a SIPM depend mostly on the quenching resistor and on the diode junction
capacitance [15]. A typical Geiger discharge is very fast (hundreds of ps), while the
typical recovery time is the order of tents of ns [50]. The high time resolution of a SiPM
allows several applications, including time of flight measurements in positron emission
tomography (TOF-PET).

SiPMs present similarities with photomultiplier tubes such as the magnitude of
the gain (10°) and the high photon detection efficiency; however, SiPMs have some
distinct advantages. The operational bias voltage of a SiPM is between 30 and 100 V,
while a PMT requires around 1000 V [20]; therefore, a SiPM is characterized by a lower
power consumption allowing the realization of compact multi-channel readout systems
[51]. Moreover, SiPMs present better long-term stability and slower aging compared to
PMTs [51]. Notably, SiPMs are insensitive to magnetic fields, and may be used inside
magnetic resonance imaging (MRI) scanners, i.e., hybrid PET-MRI machines [52].

On the other hand, SiPMs also present some disadvantages compared to PMTs,
like dark count rate (DCR), optical crosstalk and after-pulsing processes. Dark counts are
the pulses observed in a device in the absence of light, and they are due to thermal
processes occurring in the depletion region of the photodiode. The DCR increases with

bias voltage and temperature. In applications where hundreds of photons are detected, the
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DCR may be neglected, but for single photon measurements it must be corrected for.
Optical crosstalk occurs when a primary discharge (avalanche) in a microcell triggers
secondary discharges in one or more adjacent microcells. The secondary discharge may
be nearly simultaneous with the primary (direct or prompt crosstalk) or delayed by several
tens of nanoseconds (delayed crosstalk). If not corrected for, crosstalk makes the output
signal higher than that due to the incident light. After-pulsing processes are caused by
signal carriers trapped in silicon defects during the avalanche phenomenon: the trapped
carriers are released during the recovery phase, producing a secondary pulse in the output
signal [15].

Like a photomultiplier tube, a SiPM can operate in two distinct modes: continuous
wave and photon counting. In the former, the output pulses are not counted individually;
instead, an analog output current is recorded. In the latter, the individual pulses are either
counted (digital photon counting) or integrated to yield the charge released in the Geiger
discharge (analog photon counting). The choice of operation mode depends, among other
factors, on the frequency and duration of the output pulses. When pulses are frequent and
overlapping, the continuous wave mode is appropriate. When pulses are distinguishable,
then photon counting — analog or digital — is preferable.

A recent development of the SiPM technology was the introduction of the digital
SiPM (dSiPM). In dSiPMs, photons are counted as digital signals using an electronics
cell for each SPAD, containing active quenching, one bit memory and recharge circuits (
Figure 6). These new devices are less sensitive to electromagnetic interference and

temperature variations, and they require a simpler readout front-end [53].

SiPM
I— Vbias -
ASIC front-end Digital
Discriminator > Time to Digital Converter }—— Time
|— Shaper > Integrator > Analog Digital Converter )—— Energy
Vbias
Cell Cell dSlPM Digital
electronics electronics
e :L | Trigger Network > Time to Digital Converter I—_. Time
! Photon counter I—— Energy

Figure 6: Comparison between SiPM and dSiPM.
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The performance of SiPMs is affected by damage caused by ionizing radiation:
the main effect induced by exposure to ionizing radiation is an increase in DCR. This
increase is more of a concern for single photon measurements, while it may be usually
neglected for high intensity light measurements. Therefore, irradiated SiPMs must be
accurately characterized in terms of DCR and other parameters [54]. In dSiPMs, the
prevalent damage is again in the SPAD and not in the integrated electronics. If a cell in a
dSiPM is damaged by radiation, it can be individually disabled to limit the effect on the

performance of the device [55].
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2.4 SiPM front-end

The analog front-end circuit for a SiPM is usually a trans-impedance amplifier
(Figure 7) which converts and amplifies the output current into a voltage. This stage has
a trans-impedance gain which is a function of R¢, and it is usually followed by other stages

to further amplify the signal when required by the application.

Vbias

R
100 ohm

—K

c SiPM

[10nF
A\V4

Figure 7: Circuit diagram of the trans-impedance amplifier connected to a SiPM.

The features of the SiPMs described in the previous chapter are the reason for
their wide acceptance and range of applications. These photodetectors are compact and
very powerful devices, capable of detecting low light intensities corresponding to a single
photon. The devices are highly customizable, since the number of micro-cells can be
chosen in relation to the specific application, e.g., in relation to the required active area.
Great opportunities are offered by their ability to detect light at low optical intensities
with an efficiency comparable to PMTs combined with the insensitivity to magnetic fields
typical of semiconductors. Further opportunities will be offered by dSiPMs, which are
already commercially available and are currently undergoing extensive validation studies.
An important concern to be addressed is their resistance to ionizing radiation damage,
which is especially relevant when high-energy neutrons or cosmic radiations are

measured [56, 57].
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3 State of the art of SiPM applications

SiPMs are a new type of solid-state photodetector, based on a matrix of APDs
working in GM; they are very promising detectors for low light measurements, thanks to
their stability and high internal gain. SiPMs are the modern substitute of PMT, they show
a lot of advantages like for example lower power consumption, compact size, stronger to
mechanical vibration and temperature changes, insensitive to magnetic fields and a higher
quantum efficiency [15]. One of the first application was replacing the PMT in the
scintillation detectors like calorimeter [50].

SiPMs are already used in a large varieties of different application fields. The
majority of these applications can be divided in two categories: biosensing and radiation
detectors. The first category illustrates the full potential of SiPMs in applications that
usually require miniaturization down to the micrometer scale, as well as the need for the
highest radiation sensitivity. On the other hand, in radiation detection, when micrometric
dimensions are less important, characteristics such as ultra-fast rise and fall times, as well
insensitivity to magnetic fields offer SiPM a significant advantage over conventional

PMTs.

3.1 SiPM in biosensing

A biosensor device can be defined as the integration of different components such
as fluidics, electronics, separation technology, and biological subsystems applied to a
biological model [1, 58]. Different categories of a biosensor are presented in Figure 8. If
light is the physical quantity transduced by the electronic component of such device, then

we have an optical biosensor [59].
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Figure 8: Different categories of biosensor [1].

A SiPM could be integrated as the electronic part of a biosensor acting as the
optical transducer which is able to detect small changes in the absorbance, luminescence,
polarization, or refractive index between the reactants and products of a biological
subsystem reaction [60, 61].

Bio-luminescence and light scattering methods are optical methods used by
biosensors, that have been proven to be the most effective methods in the field of
bioimaging research [62, 63], on the other hand, the collection of photoluminescence is
very difficult due its extremely low intensity, typically in the order of a micro-lux [64,
65]. Consequently, the challenge associated to collecting of these optical signals with
sufficient signal-to-noise ratio is enormous.

Several studies have shown that using a SiPM as a readout device provides an
adequate performance [66, 67] combined with micrometer dimensions, as shown in

Figure 9, that are also required for biosensors [29, 68].

Pulsed
UV laser

SiPM devices
surface with
fluorescent
nanobeads.

Figure 9: Prototype device of an integrated fluorescence-based microarrays [67].
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Indeed, a recent study (Figure 10) revealed that a simple, low cost and portable
optical system, with a SiPM optical transducer, is able to detect fluorophore
concentrations in the order of 10"? M. SiPMs are able to detect very low level of
fluorescence and show a linear response for two different molecular biotechnology: the

DNA microarray and the real time polymerase chain reaction [30].

Another application of SiPM in biosensing is the measurement of adenosine
triphosphate (ATP). In Figure 11 there are the particular of the SiPM (a), the
measurements scheme (b), the 3D printed microfluidics chip scheme (c) and the image of

the real device (d).
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Figure 10: Experimental setup for liquid samples characterization [30].

Thanks to the SiPM innovative technologies a miniaturized bioluminescence
sensing system is been developed and tested with positive result. In this proposed solution
SiPM is the key part of the project not only for its miniaturized characteristics and high
sensitivity but also because it simplifies the signals analysis compared with the traditional
image off-line analysis. In this work, the dynamic range of the SiPM biosensor is
compared with a PerkinElmer commercial reader with great results. Moreover, this real-

time solution allows to monitoring biological events without perturbing the system [29].
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Figure 11: Experimental setup for ATP bioluminescence detection [29].

Due to all SiPM described characteristics, it is expected that promising
applications will emerge in biosensing research by using SiPMs as optical transducers
instead of the conventional photodetectors.

The biosensing is not the first field of application in which SiPM have changed
the way to measure low level light; in fact, the first application was in a complete different
field the nuclear measurement, where SiPM has started to replace the traditional PMT in

the scintillation detectors.

3.2 SiPM in scintillation detection

Before analyzing the state of art of SiPM used as scintillation light detectors, it is
important to review the general features of scintillation detectors in general. A
scintillation detection system consists mainly of 3 components (Figure 12): first, when
ionizing radiation interact inside a scintillator, the light emitted is proportional to the
energy absorbed by the medium; then, a photomultiplier unit amplify and convert the

light into an electric signal, which is digitized by an electronic data acquisition board.
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Figure 12: Architecture of a scintillation detection system: the device is mainly composed by the scintillator,
the photomultiplier and the electronics acquisition board.

The scintillator materials are classified in two main categories (based on their

chemical composition and emission process): inorganic scintillator (Na(TIl), Cs(Tl),

BGO, LYSO, etc.) [69] and organic scintillator (plastic, PVT, anthracene, etc.).

Regarding the choice of the photomultiplier unit, two main types are available:
the traditional PMT and the new semiconductor based photomultiplier the SiPM.

The first SiPM application in nuclear radiation measurements has been in
scintillation detectors [70], and this is still the main application nowadays [71, 72]. Using
SiPMs optically coupled with an inorganic scintillator, such as CsI:Tl, it possible to
realize a gamma spectroscopy system with the same energy resolution characteristics as
the PMT-based systems [73]. SiPMs are used in various high energy physics
measurements, such as in calorimetry. For this reason, some studies have analyzed the
damage threshold of the SiPM exposed to high energy gammas up to 6.1 MeV [57, 74],
revealing that these photodetectors, besides the characteristics described above, also have
a higher energy damage threshold, making them even more suitable for this type of
research.

Now that their accuracy and energy resolution have been verified, SiPMs are
starting to replace PMT in various fields of application of scintillation detectors such as
environmental radiation monitoring [75] and even in portable fast detectors for radon [76].
Portable SiPM based dosimeters have also been described for measurements of ambient
dose equivalent H*(IO) with CsI(Tl) scintillators, which require a method to correct for
their non-tissue equivalence [77]. SiPM photodetectors have also been tried for neutron
detection where area monitors such as the “Rem counters” are often complex, expensive

and bulky. It is possible to overcome those limitations using a SiPM combined with a
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Lil(Eu) scintillator [78]. Recent application have shown that it possible to build an ultra-
thin (1.5 mm) neutron detector with a SiPM, a WLS coupled to a °LiF:ZnS(Ag)
scintillator and using pulse shape discrimination to achieve an effective gamma ray
rejection [79].

The compactness, robustness and low bias voltage of SiPMs are also ideal for the
development of personal radiation sensors; moreover, SiPMs are relatively inexpensive
and are an affordable choice for devices to be assigned to a large number of workers. For
homeland security applications SiPMs are a suitable solution to develop a personal
radiation detector; for example, the SENTIRAD, based on SiPM coupled with a CsI(Tl),

was proven to be a good solution for this kind of application [80].

SiPMs are suitable to be used also in medical radiation detection applications.
Using SiPMs coupled with scintillating optical fibers in coincidence mode [81], it is
possible to achieve a radiation dosimeter for low dose rates, such as those emitted by an
X-ray tube with anode currents of a few pA, overcoming the dark count rate limitations
by using two SiPMs. Beta particle detection has been examined in relation to the
development of intraoperative or endovascular radiation probes which will help detect
and map the differential uptake of positron emitting tracers and thus localize tumor tissue
or damaged cardiac tissue [34, 36]. Indeed, detecting the exact position of a tumor target
is fundamental in cancer therapy in order to improve the efficiency of cancer removal and
to avoid relapse of the disease. Using a probe for beta particle emitting radiotracers has
been found to increase the spatial resolution by a factor of 4 in the determination of the
tumor position, compared to a gamma sensitive probe [82]. SiPMs are probably the best

solution for the development of similar intraoperative beta particle probes [34].

Current marketing of SiPMs by several manufacturing companies, such as
Hamamatsu, SensL, AdvanSid, and Ketek, leads to continuous, rapid improvements in
the performance of these photodetectors. A recent and extensive compared investigation
[83] has shown that the PDE from the commercialized SiPMs is similar to all tested
brands, whereas the pulse shape, DCR, and the time transit delay show significant
changes. The synergy between research and industry allows SiPMs to be widely used in
nuclear medicine, in particular in equipment such as Positron Emission Tomography
(PET) and Single-Photon Emission Tomography (SPECT) [84]. In these applications,

SiPMs are built as large area detectors with multichannel data acquisition as well a
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dedicated front-end preserving the quality of signals acquired over a multitude of
channels [53, 85]. Due to the insensitivity to magnetic interference, SiPMs can be used
inside strong magnetic fields such as those up to 7 T used in Magnetic Resonance Imaging
(MRI) [86, 87]. Another recent application which combines a SiPM and nuclear medicine
is the single-photon emission computed tomography (SPECT), called SPECT/MRI [88].
The fast rise and decay times of SiPMs also allow the adoption of these photodetectors in
techniques requiring time resolutions in the order of 107" s, such as TOF-PET [35, 89,

90].
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4 Development of a beta detector based on plastic scintillator and
SiPM

"The detection of ionizing radiation by the scintillation light produced in

certain materials is one of the oldest techniques on record” [10]

GLENN F. KNOLL

One of the first SiPM application, in nuclear radiation measurements was in
scintillation detectors, and this is still the main application nowadays. In short, a
scintillator is an organic or inorganic compound that absorbs ionizing radiation and emits
light proportionally to the amount of absorbed energy. Beta particle detection has been
examined in relation to the development of intraoperative or endovascular radiation
probes mapping the differential uptake of positron emitting tracers. SiPMs are arguably
the best solution for the development of these probes since they are small and require a
low-voltage bias. In this chapter, a beta probe was developed using a SiPM optically
coupled with a plastic scintillator, in order to fully understand the behavior of this new

scintillation detector.

4.1 Characteristics of the Beta Probe

The Beta Probe (BP), a lab-made detector, was created using a SiPM model ASD-
NUV1S-MG from AdvanSiD Company (Figure 13).
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Figure 13: AdvanSiD SiPM (ASD-NUV1S-MG) scheme.

AdvanSiD ASD-NUYV SiPMs are based on the AdvanSiD P-N silicon technology
for detection of Near Ultraviolet light (NUV). NUV-SiPMs have peak efficiency at
420nm, with detection spectrum extending from 350nm to 900nm with an active area of

Imm? (Figure 15).
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The SiPM (Figure 14 a, b) was coupled with a plastic scintillator (polipop 0180)
(Figure 14 c). A perfect optical coupling is required to collect all the light produced by
the scintillator. Optical coupling between scintillator and SiPM was achieved with an
optical glue (Meltmount) and carefully avoiding the inclusion of microscopic air bubbles
that may affect the refractive index.

The SiPM coupled with the scintillator (Figure 14 d) was wrapped with multiple
layers of white PTFE tape (Figure 14 e), in order to reflect scattered light and collect as
much as possible of the light yield.

Figure 14: (a, b) AdvanSiD SIPM, (c) plastic scintillator, (d) SiPM coupled with scintillator, (e) wrapped
couple.
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Product
Symbol | Parameter | \qp NUVIS-MMG | ASD-NUVIC-MIMG| ASD-NUV3S-M | ASD-NUV4S-M
AA Effective active area 1x1 mm? 1.13 mm? 3x3 mm? 4x4 mm?
N Cell count 625 673 5520 9340
CS Cell size (pitch) 40 pm x 40 ym
FF Cell fill-factor 60 %
RQ Quenching resistance 800 kQ
o] Cell capacitance 90 fF
TRC Recharge time constant 70 ns
Sg Spectral response range 350 to 900 nm
e | e 2om
BV Breakdown voltage'® Typical: 26 V Min: 24 V Max: 28 V
oBV BV standard deviation®® 50 mV
ov of;‘:f;gg’“:p::;em Min: 2V Max: 6 V
DCR Dark Count Rate® <50 kHzZmm?2@ 2 VOV <100 kHzZ/mm? @ 6 V OV
G Gain'® 3.6x10°
ot | zomirs

(1) Measured at peak sensitivity wavelength (A = A;) at +6 V overvoltage (not including afterpulse and crosstalk).
(2) Refer to the data provided with each shipped product.
(3) BV of SiPMs belonging to a same production lot is within 200 mV (+2¢) from mean BV value.
(4) Operating voltage (SiPM bias) is BV + OV, to be applied in reverse mode, i.e., Vax < 0 (see “Pins Function” section).
(5) 0.5 p.e. threshold level at 20 °C (primary dark count rate; not including afterpulse).

(6) Measured at 20 °C at +6 V overvoltage.

Figure 15: AdvanSiD ASD-NUYV SiPM datasheet.
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The AdvanSiD SiPM was connected to a dedicated, high performance AdvanSiD
evaluation board (mod. ASD-EP-EB-N) (Figure 16).

The board has been specifically designed to match and optimize the performances

of AdvanSiD SiPMs. It represents the most suitable way to use AdvanSiD detectors.
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Figure 16: ASD-EP-EB-N geometric specifications.

impedance amplifier stage (Z = 1000 Q) followed by two independent output stages
(Figure 17). OUT 1 provides a buffered output with a total trans-impedance gain G1 =
500 Q when terminated on a 50 Q load. OUT 2 provides a further non-inverting
amplification stage with a gain of 5 that gives a total trans-impedance gain G2 = 2500 Q

when terminated on a 50 Q load.

Transimpedance gain Z = 1000 Q

500 OUT1

+1

500 OUT2

S S S W B S S e +5

Figure 17: ASD-EP-EB-N schematic.
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The board requires a stabilized dual power supply (+5 V/-5 V), which is made
with a TDK-Lambda KMD40-55. Another single power supply (0/+30 V) is required to
bias the SiPM.

A mechanical and electronic support for the board (Figure 18 a) and the SiPM was

designed (Figure 18 b); since it is very important to avoid the environmental light

contamination, the enclosure was realized using a light tight plastic case (Figure 18 c).

Figure 18: Beta probe first prototype.

In all the preliminary tests, the output signal from electronic board was collected
with an oscilloscope Lecroy Waverunner 6zi; the scope creates a histogram, visible on
the right part of

Figure 19, based on the integrated areas under the signals, using the internal multi-
channel analyses (MCA). A SiPM current check was performed in advance to verify if

the I-V characteristic curve was the same as the one reported in the datasheet.

Figure 19: First beta probe measurements with the oscilloscope.
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A preliminary study verified the response of the lab-made system using
radioactive sources: in absence of the source, the system produced only a baseline signal;
with the presence of the source, the response of the system showed the typical signal of a
scintillator device.

Several tests were done before the measurements, in order to set the optimal bias
voltage of the SiPM and the trigger voltage level to reject the noise signals.

The goal for every measurement was to achieve at least 10,000 counts. This value,
considering the Poisson statistics followed by nuclear detection systems, yields a relative

standard deviation in the order of 1%.

Two kinds of measurements were performed: a beta attenuation measurement and
a beta spectrum analysis.

To perform both studies we used two types of radioactive sources:

- Beta and gamma solid sources (Figure 20): *°Sr that is a pure beta emitter and

¥Cs that is a beta/gamma emitter.

Figure 20: (a) Radioactive source Sr”, (b) Cs"” used in beta detector measurements.

- Liquid beta source on paper filters (

- Figure 21): fludeoxyglucose (‘*F-FDG)

Figure 21: "*F-FDG paper filter samples used in beta detector measurements.
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To develop a complete and compact probe, a suitable analog to digital converter
was necessary to replace the oscilloscope used in the first tests; therefore, a DRS4 board
(Figure 22) made by Paul Sherrer Institute (PSI, Switzerland) was chosen as the best
solution to replace the oscilloscope. This board is based on a FPGA chip, allowing GSPs

acquisition speed.

Figure 22: PSI DRS4 evaluation board.

The output of the board is a binary code that required a specific self-made software
written in Matlab in order to use the data and create the histogram spectrum. From the
table (Figure 23) present in the manual a translator code was developed capable to save

the header file and the measurement file (time and voltage).

Word Byte 0 Byte 1 Byte2 Byte 3 Contents
0 g’ \RY - 2 File header, Byte 3 = version
1 v Ao Wt ol Time Header
2 ‘B’ #' Board number Board serial number
3 o 1 ‘0’ 5 Channel 1 header
4 Time Bin Width #0
5 Effective time bin width in ns for

Time Bin Width #1 3 11 encoded in 4-Byte

floating point format

1027 Time Bin Width #1023

1028 feld 0! ‘0! A Channel 2 header

1029 Time Bin Width #0

1030 Time Bin Width #1 Effective time bin width in ns for
t 12 encoded in 4-Byte

floating point format

2052 Time Bin Width #1023

2053 \E/ i \pr \RY Event Header

2054 Event Serial Number Serial number starting with 1

2055 Year Month Event date/time 16-bit values

2056 Day Hour

2057 Minute Second

Figure 23: PSI DRS4 binary conversion table.
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Beta attenuation measurements

During these measurements, the device response to the same radioactive source was
calculated using several polycarbonate layers (p=1.2 g/cm3, t=1.5 mm) to shield the
device (Figure 24); by increasing or decreasing the total thickness of the layer between
the source and detector, we obtained the absorption curves (the number of electrons that
crossed the matter thickness as a function of the thickness). Measurements were made

without any layers of plastic, and then one layer added one by one.

& Y
~ NP J /S

R
ﬁadioactive Source

Figure 24: Source scheme during the attenuation measurements.

The set-up used for the measurements (Figure 25) was made using a lab-made 3D
printed support (on the right part of Figure 25); this strategy allowed to achieve the same

geometry for every measurement.

In fact, the sources were mantaneid in the same marked position and the distance
between sources and probes was fixed at 9 mm (corresponding to 6 pieces of

polycarbonate PC).
The same power supply (Vbias = 26 V), which determines the gain of the SiPM, was

used in order to compare the data acquired during the tests. All the measurements are

normalized against the time.
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Figure 25: Attenuation set-up used in beta detector measurements.

The number of counts through the material depth determines the absorption curve, in
which the maximum depth is called maximum range (Rmax). One typical example of this

curve is reported in Figure 26.

Normalized counts
(—]
hn
| |

>
Rinax Material thickness

Figure 26: Typical beta absorption curve.
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This value is related with the beta maximum energy. There are several methods to
calculate the R, based on semi-empirical equations, one of most accepted one is the

followed relations [91]:

m
Rmax( 92) 412 E" 0.01 MeV < E < 3 MeV (6)
cm
n = 1.265 — 0.0954 In(E)

m
Rinax (7‘92) =530E — 106 1MeV < E< 20MeV (7)

Beta spectrum analysis:

An energy spectrum is measured using the detector in pulse mode operation, in
which each radiation quantum gives rise to a distinguishable signal pulse. This kind of
detection mode allows measuring the energy distribution of the incident radiation
(spectroscopy analysis). Indeed, the analysis of the pulse amplitude gives information
about the charge generated by the radiation interaction in the detector.

The subtended area of each pulse produced by the detector (Figure 27) is collected
in the histogram on Figure 27 b, in which the height of each column is related to the
number of pulse with the same amount of area. The area of the pulse is proportional to

the energy release by the radiation on the detector.

4 Voltage signal 4 Number of pulse with different areas
A1 Time i
A,
A; .
A A, Ag Energy

Figure 27: Spectrum analysis.
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Spectra are collected by applying the MCA theory, using the calculated area,
measured in volt for seconds (Vs) above the SiPM pulse curve obtained by the

oscilloscope. This allow to choose the threshold and create the counts histogram.

4.2 Result and discussion

The results obtained with the BP probe (Figure 28) are consistent with the known beta
attenuation behavior: for a beta source like the *’Sr the absorption curve is a pseudo-
exponential as we say in the previous paragraph and the maximum range (for the 2.2 MeV

particles) is 9.1 mm as it expected from the previous semi-empirical formula.
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Figure 28: Experimental *’Sr attenuation curve obtains with the BP probe.
g p p

The "’Cs attenuation measurements confirm the same correct behavior of the
probe and also allow to see another phenomenon. The beta particles range for the 0.512
MeV from *’Cs is 1.41mm less than 1 layer of polycarbonate. So only one polycarbonate
layer is enough to stop all that beta particles. This phenomenon is clearly visible in the

graph (Figure 29) for the BP probe. Only in the first two point there are beta particles,
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whereas only gamma rays are detected in the other. This is a correct behavior compatible
with the range of the particles. Another observation is that the probe is capable to measure
also gamma rays because after the attenuation of the beta particles the numbers of count
does not go to zero as for the *°Sr that is a pure beta source. So, the attenuation curve

from the third point is a real exponential.

137Cs Attenuation
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Figure 29: Experimental "*’Cs attenuation curve obtains with the BP probe.

The experiment with '*F-FDG (Figure 30) on paper filter confirms that the
response to the *'Cs is very similar to the '*F-FDG, because these two sources emit
gamma radiation of similar energy (annihilation photons for the '*F-FDG and 662 keV
for the '*’Cs) and beta particles with close energies: 624 keV for the '*F-FDG and 512

keV for the "*’Cs as maximum beta energies.
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Figure 30: Experimental FDG paper filter attenuation curve obtains with the BP probe.

The following graphs show the spectrum variation with different beta source and
numbers of polycarbonate layers.

Since we used a plastic scintillator, only the Compton valley is present in the
spectrum; the photoelectric peak is completely absent. Moreover, the contribution from
the low energy particles is cut off, from the signal threshold set in the electronic
acquisition board.

The graph reported in Figure 31 shows the energetic spectrum of the *’Sr that is
compatible with theoretical consideration about energy spectra:
e All the curve shows the same maximum energy

e The spectra areas decrease with the number of polycarbonate layers

Adding more PC layers means to attenuated a bigger number of beta particles, the low
value of energy is the same. The attenuation phenomenon only decreases the number of

events, not the maximum energy of the particles.
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Figure 31: BP Experimental *’Sr spectra with different number of attenuation layers (1 PC =1.5 mm).
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As we already show, the '*F-FDG behavior is similar to '*’Cs: only one PC layer is

enough to remove the beta signal and after it only the gamma signal remains. In fact, the

gamma rays are not absorbed by the polycarbonate layers, so with two or three layers the

number of counts does not vary, as evident from Figure 32, where the spectra with 1 and

2 PC are overlapping.

The *’Sr energy spectrum appears less continue than the '*F-FDG spectrum (Figure

32), due to the different activities of the two sources (the first one is much lower than the

second one).
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Figure 32: BP Experimental "*F-FDG paper filter spectra with different attenuation layers (1 PC=1.5
mm).

The lab-made Beta Probe (BP) developed in this work showed a correct response
as a beta and gamma detector for medical applications. The good results obtained with
the scintillator coupled with the SiPM suggest that this is a feasible solution for beta
detection and spectrometry. Moreover, the PSI DRS4 board was tested and proved to be
the ideal solution to create the compact beta probe for the final prototype solution instead
of using the bulky oscilloscope.

The energy spectrum is very important in nuclear detection, because it give us the
possibility to clearly understand many aspects of the observed phenomena: for example,
after an appropriate energy calibration, it is possible to define which radioactive source
is involved and its level of intensity.

The energy spectrometric information is fundamental in the imaging of a damaged
myocardium with the intravascular probe [36], which is capable to map the differential
tissue uptake of a beta emitter radiotracer. Different myocardial damaged areas are, in
fact, characterized by different level of absorbed '*F-labelled Matrix Metallo Proteinases;

to define a myocardial map, a probe with a differential reading output is then required.

43



Furthermore, by using the BP it is possible to collect gamma radiation signals, allowing
to extract even more information from the data.

The SiPM, coupled with scintillator, is a perfect solution to build a scintillation
detector for future endovascular and intra-myocardial probe for an integrated theranostic
system utilizing molecularly-targeted radiotracers to deliver localized intra-myocardial
therapies. The goal in this case will be the creation of a steerable endovascular catheter-
based device that identifies injured myocardium via endocardial detection of systemically
delivered beta-emitting radiotracers, and utilizes the molecular signal to guide delivery

of therapeutics to the injured tissue via direct intra-myocardial injection [36].
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5 Development of a luminescence reader based on LED and SiPM

“... the Motion introduc'd into the Stone did generate the Light upon the account of its
producing Heat there, I held it near the Flame of a Candle, till it was qualify'd to fhine
pretty well in the Dark...”

Fellow of the ROYAL SOCIETY, about a Diamond that Shines in the Dark — 1664

ROBERT BOYLE

One of the most frequently used dosimetric techniques is based on passive
luminescence dosimeters. Luminescent materials trap electrons in defects of their
crystalline structure during exposure to ionizing radiation. When they are appropriately
stimulated, electrons are released from the traps, emitting light (luminescence)
proportionally to the exposure. Electrons can be released using heat or light, in
thermoluminescence dosimetry (TLD) or optically-stimulated luminescence (OSL)
dosimetry, respectively.

The most widespread dosimeters are TLDs, but OSL dosimeters have begun to
replace them. In fact, OSL presents many advantages: absence of thermal quenching,
possibility of multiple readings of the same sample, higher sensitivity and accuracy,
greater control of the stimulation power which guarantees higher reproducibility and
faster sample reading. The major challenge of the OSL technique is separating the
stimulation light from the emission light, which requires complex and expensive optical
filtration [92].

Luminescent materials are used in many fields, like personal, spatial and clinical
dosimetry, and also in geological, archaeological dating and in the field of national
security [43].

Another type of luminescence used for dosimetric purposes is radio-
photoluminescence (RPL). The main difference with the previous techniques is that in
RPL materials, mainly glass detector (RPLGD), the luminescence centers are not erased
by the stimulation [93]. Conversely, the luminescence centers in TLD/OSL disappear

after the reading process.
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A luminescence reader is mainly built around two components: a light stimulation
module and a light detection module. The detection module in a typical commercial
reader, the Risg Reader, and in many research readers, is based on a PMT. The innovative
solution proposed in this work is a compact modular device based on a LED system as
stimulation module and on a SiPM as a light photodetector, both equipped with optical
filters.

5.1 State of Art for OSL Reader

The reference reader for luminescence is the Rise Reader of Nutech DTU (Figure
33), the reader is a bench-top instrument first developed as a TL reader and subsequently
modified to perform OSL as well. The reader was designed for the most commonly used
natural (quartz, feldspars) and artificial materials (BeO, Al,O3:C, CaSQ,); therefore, it
was equipped with only two stimulation wavelengths, blue and infrared. Recently, it has
been equipped with an optional device (Automated DASH for the Risg TL / OSL Reader,
2017), allowing the study of other materials thanks to a new set of filters and an extra

green stimulation light.

Figure 33: Riso Reader of the Nutech DTU.

Another commercially available reader is the Freiberg Instruments Lexsyg
(Figure 34) [94]; this allows greater flexibility of stimulation as it offers a wider range of

stimulation light wavelengths and optical filters compared to the Rise Reader.
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Figure 34: Freiberg Instruments Lexsyg research.

Both readers are benchtop instruments capable of reading TL, OSL, and photo-
luminescent (PL) materials. The readers are equipped with irradiation sources and have
sample holders for sequential reading of a large number of samples. Inevitably, in order
to offer all these characteristics, the readers are large and expensive.

Other OSL readers have been developed in recent decades [44] , [45], [46]: they
are all equipped with photomultiplier tubes, as shown in the following pictures (Figure

35, Figure 36, Figure 37).

BETA IRRADIATOR
PMT HOUSING

SOLID STATE
GREEN/IR
OSL SOURCE

STATUS DISPLAY — 7
SHUTTER ACTUATOR

Figure 35: Bortolot OSL reader [44].
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Figure 36: Smetana OSL reader [46].

Figure 37: Kearfott OSL reader [45].

However, all these devices are bench-top instruments, and they are not easily
portable. Moreover, the mounted PMTs are fragile, sensitive to magnetic fields, large and
with the need of high voltage (kV) supply. In order to create a compact and robust
luminescence reader a SiPM is used instead of a PMT, providing all the positive features
described in the previous chapters. For example, the cost of the reader will be minimized,
so that it will be affordable for a greater number of research centers, it is also plausible to
develop a reader powered by USB or battery, thus being entirely portable for

measurements in the field.
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Moreover, all the previous commercial readers are optimized for the stimulation
and emission wavelengths encountered with the most commonly used luminescence
materials. These readers are not always suitable for measurements with new luminescent

materials, which require different stimulation and emission spectra.

5.2 Luminescence reader based on SiPM

In our approach (Figure 38), a SiPM based luminescence reader is proposed. The
reader is equipped with an LED driving circuit able to delivery light of different
wavelengths (between UV and visible), merely changing the LED source. The light
emitted is collected by a silicon photo-multiplier (SiPM) equipped with an optical
filtering module. The output of the SiPM is acquired and processed by a control and

analysis electronic module. A suitable 3D printed holder for the samples was designed.

Detecting Unit

Optical Filters Optical Filters

LED
Driver

YTF

SiPM

Dosimeter —T

Collimator

Signal Processing Unit Lol PC

Figure 38: New luminescence reader structure proposed in this work.

This completely modular configuration allows the study of several different
luminescent materials: by selecting suitable LED wavelengths and optical filtering
modules it is possible to study specific dosimetric materials. A first set-up (Figure 39),
based on LED as stimulation module and the SiPM as detection module, was built in

order to verify the feasibility of the proposed reader.
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Figure 39: First measurement set-up of the new luminescence prototype reader.

50



5.2.1 SiPM luminescence reader

Two additional setups were then developed and examined: the first prototype
works only in continuous wave (CW) mode, while the second one works both in CW and
pulsed wave (PW) mode. In CW mode, light stimulation and collection are performed at
the same time. In PW mode, the LED light is pulsed, and the light emitted from the sample
is collected when the LED light is off.

Initial set-up

This setup was built around a cubic sample holder (mod. C4W, Thorlabs), as
shown in Figure 41. Inside the cube, a 3D printed piece was inserted to hold the sample,
the stimulation and collecting optics. The chosen LED (mod. M375L3 Thorlabs, see LED
Figure 40) is driven by a Thorlabs LED (mod. LEDO1, Thorlabs) driver operated in CW

mode.

Figure 40: M375L3 LED from Thorlabs.
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The photoluminescence from the samples was analyzed by two devices: a compact
spectrophotometer from Thorlabs, mod. CCS200 (Figure 44), and a Silicon Photo
Multiplier from Excelitas, model LynX, part number NR-A-33-050-T1-A (Figure 42 and
Figure 43). The first device (Figure 45) was used to record the samples emitted spectra,
while the latter was used to transduce the emission signal in terms of mean voltage. In

both cases, the light was guided from the sample to the devices by using an optical fiber.

Detector
Parameter Condition Min. Typ. Max. Unit
Effective Active Area 3x3 mm
Num. Of Microcells 3600
Microcell Size 50 x 50 pm
Spectral Bandwidth 350 950 nm
Peak Wavelength 500 nm
Module
Parameter Condition \' Min. Typ. Max. Unit
Positive Supply Voltage 45 5.0 55 \"
Positive Supply Current 350 1000 mA
Power Up Settling Time 15 s
Output Voltage Swing High impedance +5 v
Responsivity @525 nm in 50 Ohm 0.75 VinW
Bandwidth 1 1.5 MHz
NEP 1.0 Wi(Hz)"?
Output offset voltage 1.5 mV
Storage Temperature -10 +50 °C
Operating Temperature +5 +50 °C

Figure 42: SiPM Lynx Excelitas mod. NR-A-33-050-T1-A datasheet.

Figure 43: The SiPM LynX, mod. NR-A-33-050-T1-A from Excelitas.
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Item # CCS100 CCS175 CCS200
Wavelength Range 350 - 700 nm@ 500 - 1000 nm 200 - 1000 nma.P
FWHM Spectral Accuracy @<%gsn:‘m @<%gsn?m @<§32T1m
S/N Ratio <2000:1

CCD Sensitivity 160 V/ (Ix - s)

Integration Time 10pus-60s

Figure 44: CCS200 Thorlabs compact spectrometer specification.

Figure 45: The CCS200 spectrometer from Thorlabs.

The first measurements were made in order to characterize the spectral shape of

the light source in a CW mode. The LED beam was acquired with a beam splitter that

reflected approximately 10% of the LED light beam into the optical fiber that was coupled

to the Thorlabs spectrophotometer and then the spectrum was recorded. This procedure

was repeated with different optical average power (20 mW, 80 mW and 140 mW). The

acquired spectra shown in Figure 46 reveals the spectral shape of the light source used to

stimulate the samples.
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Figure 46: The spectra of the LED at different average optical powers.

Second set-up

A second prototype was created to collect the signal still using the PW mode of
the UV-LED source. The electronic board to control the LED was developed in the
laboratory, as shown in the rendering in Figure 47 and Figure 48. The mechanical

structure of this prototype was created using a 3D printer (Figure 49).

Figure 47: 3D rendering of the LED driver board (left) and of the main control board (right).
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Figure 48: LED driver used for the luminescence reader.

Figure 49: 3D printed support for the luminescence measurements. From the left the LED, the optical
filter holder, the sample and the SiPM holder.
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Since LEDs are current polarized devices, the light output intensity is linear with
the current itself (at least for low current values). Therefore, a constant current LED driver
circuit is required to drive the LEDs in a stable manner. The circuit is based on a trans-
conductance amplifier, which is a voltage to current converter; it allows to drive the LEDs
in both CW and PW mode. The control signals for the LED driver circuit are generated

by a suitable microcontroller unit (MCU) as shown in Figure 50.

A+9.5V
L21-aauvaa Sifm
S l K I
LED
K A
VREF W)
a Rpat
Rk 1k D{: A —|VBIAS_MONCP)
AVAV.
e[ IRLZ214 VBIAS.SETC(R)
K GND(G)
TLV431
Aoy VCCCR)
REF 1 LynX
u1 Rset
& 2.5-1@a
I
\vj
LED CTRL

MCU

Figure 50: The readout system for RPL is composed by the stimulation part (MCU, LED driver and UV
LED) and the detection part (SiPM, LynX Module and Lynx Module control network).

When the LED driver is operated in CW mode, the “LED CTRL” signal is always
held at +5V (TTL logic level) during the stimulation and collection of the light signal. If
the LED driver is operated in PW mode the “LED CTRL” signal is switched ON and OFF
with a frequency of 250 Hz (period 4 ms) and a duty cycle between 0.25% (ON time 10
ps) and 2.5% (ON time 100 ps).

The LED driver is based on a bandgap voltage reference (TLV431, Texas
Instruments) with nominal voltage output of +1.24 V, and a logic level N-channel
MOSFET (IRLZ14). When the “LED CTRL” signal is ON, small current flows through
Rk, allowing the bandgap voltage reference to hold the “REF” pin at a voltage par to
+1.24 V. The current flowing through Rset, whose value is settable between 2.5 and 10
(1, is then +1.24 V/Rset (Iref is then settable between 124 mA and 496 mA). The current
through Rset is the same current flowing through the MOSFET (drain to source) and the
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LED. If the current becomes too high, then the K pin of the voltage reference (or the gate
voltage of the MOSFET) is decreased in order to hold the REF pin at +1.24 V; if the
current becomes too low, the gate voltage is, instead, increased. The described negative
feedback allows to keep the current through the LED constant, also when the +9.5 V
power supply is not well regulated. Therefore, the circuit is configured as a constant
current sink.

The Lynx SiPM module is controlled with a resistive control network (Rpot).
When the module is powered up (i.e. VCC pin is at +5V and GND pin is at 0V), the Vref
pin is regulated to +4.525 V. A fraction of this voltage is fed back to the Vbias_set pin in
order to the set the voltage bias of the SiPM through an internal network. If required the
bias voltage of the SiPM can be monitored by measuring the Vbias_mon pin voltage using
a voltmeter.

The output of the LynX module is connected to a data acquisition board (DAQ).
The LynX is just a pre-amplification and conditioning stage of the SiPM detector, which
is biased up to 100V by an internal network.

In order to perform a CW stimulation and acquisition, the “LED CTRL” pin must
be held HIGH; therefore, the LED is working in constant current mode. Then, the mean
value of the voltage measured by the data acquisition system can be acquired.

To perform a PW stimulation and acquisition, the “LED CTRL” pin is square
pulsed between LOW and HIGH with a ON period between 10 pus and 100 ps and a
frequency of 250 Hz. The square pulse signal is used both to drive the LED and as an
external trigger for the data acquisition system. The output from the LynX is then

averaged 128 times before being acquired to reduce noise.

In order to decrease the rise time and fall time of the LED driving system a new
architecture was developed. The high-speed LED driver circuit is based on a MCP1407
MOSFET driver (Microchip), featuring a 6 A peak current (Figure 51).
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Figure 51: Architecture of the LED driving system used to achieve a rise and fall time of a few hundreds
of ns.

In the previous circuit (Figure 50), which was based on a TLV431 constant current
sink, the response speed was limited by the rise and fall time of the current regulator (few
us). Moreover, it was hard to switch high currents (more than a few hundred mA) because
of the capacitive loads of the FET, wires and LED itself: the TLV431 is, in fact, not stable
when driving large capacitances, resulting in unwanted oscillations when switching high
currents. The proposed circuit does not include a current regulation circuit, and the current
through the LED is limited by the sum of the output impedance of the MCP1407 and the
Rset resistor value. The integrated circuit is driven by a TTL logic signal generated by a
microcontroller (CTRL port on pin 2).

The output of the MCP1407 (OUT, pin 6 and 7) is directly connected to the anode
of the LED through a Rset resistor. When supplied by a regulated 5V power supply (pin
1 and 8), the OUT pins are able to drive to 5V a capacitive load in the order of 10 nF in
just a few tens of ns. The current required is supplied by the decoupling capacitors C1
and C2. When the CTRL input is LOW, the output pins are grounded and no current flows
through the LED; when the CTRL input is HIGH, the output pins are at VDD (5V) and
the current through the LED is calculated as follows: the voltage drop across the LED is
given by the difference between VDD and the product between the LED current itself and
the sum of the output impedance of the MCP1407 and the Rset resistor. Therefore, by
measuring the voltage drop across the LED, the current is obtained from the I-V
characteristic of the diode. When the Rset resistor is removed, the current is about 800

mA.
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The current can be decreased by increasing the value of the Rset resistor. The

response of the circuit (measured by a 2022C Tektronix Scope) is shown in Figure 52.

Tek Ju H Trie'd M Pos: 0.000s Tek Ay rig’d M Pos: -10,00ns Tek =M i Trig'd M Pos: 0.000s
- +

M 250ns 3 M 10.0ns W M S00ns

Figure 52: (A) Shape of a 1 us pulse generated by a GPIO pin of the microcontroller; (B) Fall time of the
TTL signal generated from the microcontroller; (C) Shape of the LED driving signal on the output of the
MCP1407 (yellow line) and shape of the light signal detected by the SiPM LynX Module (light blue
line).

The rise and fall times of the digital TTL signal from the microcontroller are less
than 20 ns, but the GPIO (General Purpose Input-Output) current (limited to 40 mA) is
not high enough to directly drive the LED directly, especially at high speed due to stray
capacitance. However, thanks to the MCP1407, the rise and fall times of the LED driving
signal on the output are less than 100 ns. The response of the SiPM to a 1 us LED pulse
is also shown in the previous figure: the shape of the detected waveform suggests that the
10 MHz cut-off frequency of the LynX module response is a limiting factor too.
Therefore, a faster response can only be obtained with a stimulation and detection

modules modification.
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5.2.2 Luminescence material tested

An ongoing research on silver activated phosphate glasses (RPLGD) offered the
opportunity to test the innovative luminescence reader and demonstrate its flexibility.

The RPLGD dosimeters are glass plates as is visible in Figure 53.

Figure 53: Silver activated phosphate glasses samples.

After irradiation, the RPLGD has some electrons in the traps (color centers),
which originates an emission centered approximately at 635 nm, when stimulated
(excited) with UVA light (Figure 54). After the excitation process, the electrons return to
the color center traps, and for this reason, the samples can be re-read for a single
irradiation and this characteristic is suitable for our purpose, because it allows multiple
test for the same sample of our reader. Only a thermal annealing around 400 °C, during

at least 1:30 hour can erase the color centers of the RPLGD [95].
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Figure 54: The energy levels of RPLGD [95].
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RPLGD samples were irradiated at the linear accelerator Elekta Synergy (Figure
55) at San Lucca Hospital (Lucca, Italy) using 6 MV X-rays, a 600 MU/min dose rate and
a 15x15 cm? irradiation field to deliver the following doses: 0.1 Gy, 0.5 Gy, 1.0 Gy, 5.0
Gy and 10.0 Gy. In Figure 56 it is possible to see the corresponding emitted orange light
if UV-light stimulates them.

Figure 55: Linear accelerator Elekta Synergy, Lucca Hospital.

Figure 56: UV-LED stimulated RPLGD sample with different dose. Starting from the left we have the not
irradiated sample, that is transparent, and the incremental irradiated samples, that emit in the orange
wavelength region, after a dose of 0.1, 0.5, 1, 5, 10 Gy.

61



As we use RPLGD glass sample, a 3D printed support was made (Figure 57).
However, the development is foreseen of other sample holders whose shape will depend

on the type of sample to be analyzed.
e 2es0888 on
Y 0 +—
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Figure 57: A designed homemade sample holder for the RPLGD dosimeter, the CAD software on the left
and the 3D printed holder on the right.

The absorption spectra of the RPLGD were obtained by a UV-VIS
spectrophotometer system (Agilent Cary 5000). In this experiment, five samples were
used with the following doses: 0.1 Gy, 0.5 Gy, 10 Gy, 30 Gy, 100 Gy, and 500 Gy. Figure
58 shows the recorded spectra, which seem to comprise two overlapping absorbance
bands in the spectral region of 300 nm to 500 nm. Within this region, the higher energy
band is centered around 310 nm, and the presence of a shoulder around 370 nm, suggests
that the lower energy absorbance is centered in that spectral position. This result indicates

that the stimulation light must be tuned to one of the two bands, to achieve the highest

RPL intensity.
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Figure 58: Absorbance spectra of RPLGD samples measured using an Agilent Cary 5000
spectrophotometer.

62



The RPLGD set-up required optical filtering, all performed with Thorlabs filters:
in stimulation the FGUVM (Figure 59) and FGUVMO11M (Figure 60) to assure that the
stimulation spectrum is only centered at UV wavelengths; in emission, the FELH0450

(Figure 61) and the FELHO0600 (Figure 62) to avoid excitation light reaching the detector.
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Figure 59: Thorlabs FGUVM transmission.
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Figure 60: Thorlabs FGUV11M transmission.
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Figure 61: Thorlabs FELH0450 transmission.
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Figure 62: Thorlabs FELH0600 transmission.
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The complete scheme of the second RPLGD prototype reader is visible in Figure
63.

SiPM output
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Figure 63: RPLGD reader set-up scheme: on the left side, the stimulation module with the LED and
optical filter and on the right the emission part with the SiPM.

With the CW configuration set-up, the samples were stimulated, and the emission
of photoluminescence was collected at 90° from the stimulation beam, as shown in Figure

64 for the first prototype and in Figure 65 for the second one.

Figure 64: The complete and compact first prototype to acquire the RPL signal from the samples.
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Figure 65: The second prototype used to acquire the RPL signal from the samples using the CW and the
PW.
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5.3 Results and discussion

The emission spectra of the RPLGD samples, acquired with the Thorlabs mod.
CCS200 spectrometer were recorded in CW stimulation mode using the first prototype
reader, and results are shown in Figure 66. The narrow band centered around 370 nm is
the stimulation light, and the broadband centered around 635 nm is the
photoluminescence emission of the samples. The glitch observed between approximately

645 and 650 nm is an artifact produced by a detected malfunction of the spectrometer

CCS200, reported in the next paragraphs.

Samples 0.1 to 10.0 Gy

0.3F Spectrophotometer
Artifact | Excitation and Emission Spectra
\ —0.1 Gy
> ——0.5Gy
0 - 1.0 Gy
c W ——5.00y
% i 10.0 Gy
_e. 0.2 | Integration time: 600 ms
® ’\ | collection@90deg
N
L ||
P |
o ]
o O01F]
- |
E |
A
! \
I\
0.0 bt s canurh N SR it
400 600 800

Wavelength (nm)

Figure 66: Spectrophotometer artifact in the excitation and emission spectra using Thorlabs CCS200 of
five RPLGD samples.

To understand the origin of the previously mentioned artifact (glitch), a
conventional LED lamp was used to illuminate the spectrometer CCS200 in two different

configurations of light collection: with and without the optical fiber connection. Both
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spectra presented the artifact, thus indicating that the malfunction was due to the CCS200

spectrometer and not to the optical fiber, as shown in Figure 67 and Figure 68.
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Figure 67: Spectra of a conventional LED lamp, at different angles, with an optical fiber coupled to the

CCS200.
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Figure 68: Spectra of a conventional LED lamp, at different angles, without an optical fiber coupled to

the CCS200, in order to check the artifact.
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The artifact confirmation tests proved that there is no phenomenological behavior
of the RPLGD emission associated with the discontinuity centered around 645 nm. The
photoluminescence intensity of three wavelengths, before the artifact (620 nm), near the
maximum of the emission (636 nm) and after the artifact (690 nm), are shown in Figure
69. Those intensity values were then plotted as a function of the irradiated doses, showing

a linear behavior in the considered dose range for all the selected wavelengths, as shown

in Figure 70.
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Figure 69: Selection of three wavelengths from the emission spectra to compare the light emission
intensity of the different doses.
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Figure 70: Linear behavior between dose and light emission using CCS200 at 620 nm (a), 636 nm and at
690nm (c).
(c)

As described earlier, our optical system collects the RPL signal simultaneously
into a compact spectrometer and a silicon photomultiplier (LYNX). This dual real-time

acquisition allows checking that the described and presented linearity of the intensity
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emission as the function of the irradiated doses is also detected in the LYNX SiPM, as

shown in Figure 71.

2.0

O Emission of FL collected with SiPM through an optical fiber
Linear fit of mean voltage

Mean voltage (V)

Dose (Gy)

Figure 71: Linear behavior between dose and emission light using LYNX SiPM in CW mode

The same procedure was implemented in the second prototype (optical setup)
using the LED in pulsed-wave mode. In this optical setup, an LED driver based on
ATMEGA328 was used to measure the lifetime decay of the photoluminescence, by
exciting the sample with a periodic function (square wave) and collecting the emitted
light, reducing the interference of the stimulation light. In this case, the recorded data was
acquired only with the SiPM, while the compact spectrometer was used to check if any
scattered stimulated light reaches the SiPM. The average value of the maximum plateau
of the square stimulated pulse was used to verify the presence of a linear behavior of the
emission signal as a function of the irradiated dose. Figure 72 shows the signal for the not
irradiated sample and the sequence from Figure 73 to Figure 77 show the obtained results

and analysis made for the pulsed mode of the irradiated samples.
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Figure 72: PW measurement of the blank sample not irradiated.
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Figure 73: PW measurement of the 0.1 Gy sample.
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Figure 74: PW measurement of the 0.5 Gy sample.
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Figure 75: PW measurement of the 1.0 Gy sample.
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Figure 77: PW measurement of the 10 Gy sample.
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The results show the same linear response (Figure 78) as obtained using the
previous set-up, except for the highest dose value (10 Gy), which appears to be due to

SiPM saturation effects.
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Figure 78: Linear behavior between dose and light emission using LYNX SiPM.

The comparison of the responses of the different samples, visible in Figure 79,
shows that the reader is able to measure different amounts of photoluminescence emission

light.
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Figure 79: Comparison graphs of all the irradiated samples using the 100 ps stimulation pulse.

The study of the lifetime decay emission from the samples is another type of
measurement that can be done with this new photoluminescence reader. As shown in the
previous graph (Figure 79) the emission lifetime decay is acquired by the system in the

period during which the LED is off.

To avoid the SiPM saturation with the highest-dose sample the intensity of the
LED stimulation light was decreased, and the time duration of the pulse was also
decreased from 100 ps to 10 us using the fast LED driver to better evaluate the emission

lifetime decay.

In the following graph (Figure 80), the same type of measurements is shown

however using the new LED driver to generate a stimulation pulse of 10 s instead of 100

us.
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Figure 80: Comparison graphs of all the irradiated samples using the 10 ps stimulation pulse.

All lifetime decays of each photoluminescence signal presented in Figure 80 were
analyzed by taking into account only the fall time of the signal, i.e., by examining just the
region depicted by the dashed orange rectangle from the respective figure. An example

of this procedure is shown in Figure 81, while Figure 82 shows the exponential decay

fitting from the signal fall time.
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Figure 81: Output signal for the 5 Gy sample using the 10 us stimulation pulse.
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The lifetime decay values obtained by Ihara, Yohei, et al [96] are between 3.8 and

4.3 ps, which is in perfect accordance with the value obtained for our RPLGD sample
irradiated with 5 Gy dose.
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Figure 82: Emission lifetime decay fitting for the 5 Gy sample (10 ps)
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Figure 83: Emission lifetime decay fitting for the 5 Gy sample (100 ps)
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Further research and probably more improvements on the optical setup presented
are necessary to study the lifetime decay thoroughly. Also, this optoelectronic apparatus
responds only to signals within the microseconds, limiting the analysis of faster
photoluminescence phenomena, i.e., in the order of nanoseconds. Although, the lifetime
decay constants obtained for the regimes between 10 ps (Figure 82) and 100 ps (Figure

83), were almost the same, showing that for the response time is not an issue.

The Figure 71 and Figure 84 clearly shows that in this work, was achieved the
highest reproducibility of the results in terms of RPL signal versus dose, for the range
between 0.1 Gy to 10 Gy. Once that we were able to achieve the same linear behavior
(R=0.994 and R=0.998) with two different optical systems, in which the common
denominator was the SiPM and the collection of the emission light at 90 degrees. Further
investigations will show if this linear trend will continue with doses above 30 Gy, once
that the 30 Gy sample was already tested in the second apparatus and the linear trend was

maintained (Figure 84).
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Figure 84: Linear behavior between dose and light emission using the new LED driver.
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6 Conclusions and future perspectives

In this thesis, the applications of SiPMs in different research fields, like biological
and radiological photonics, was evaluated. The numerous appealing features of SiPMs
are the reason for their wide acceptance and success [97]. These photodetectors are
compact and very powerful, capable of detecting low light intensities, even a single
photon. They are highly customizable because the number of their micro-cells can be
chosen depending on the specific application, e.g., in relation to the active area to be
examined. Great opportunities are offered by their ability to detect light at low optical
intensities with an efficiency comparable to PMTs, combined with the insensitivity to
magnetic fields typical of semiconductors: this feature has led to an entirely new field of

medical imaging with “hybrid” systems such as PET-MRI scanners.

In this work, a beta detection probe was realized, show how SiPM coupled with
plastic scintillator is a good solution for scintillation detector, so for development an
intravascular beta probe. Exciting developments are at the horizon such as the possibility
of realizing endovascular and intra-myocardial SiPM based probes for an integrated
theranostic system utilizing molecularly-targeted radiotracers to achieve localized intra-

myocardial therapeutic delivery [36].

An experimental set-up was developed and studied for the realization of an ultra-
compact and low-cost reader for luminescent dosimeters. Our completely modular
configuration, based on LED as stimulation and SIPM as detector, allows the study the
properties of many luminescent materials, such as OSL dosimeters: by varying the
elements of the modules, it is possible to obtain many configurations optimized for the
reading different dosimetric materials.
To obtain different stimulation or reading wavelengths it is sufficient to change the
couplings between the LEDs and SiPM and the optical filters. An ongoing research
project offered the opportunity to test the system with Radio-Photo-Luminescence Glass

Dosimeters (RPLGD) that are stimulated with UV wavelength and emit around 550 nm.

The possibility of creating an ultra-compact reader is an optimal solution especially in the
field of dating, where to carry out on-site analysis guarantees optimization of resources,

avoiding further campaigns to collect samples in case of errors, and for luminescence-
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based dating in harsh environments [98-101]. A portable luminescence reader based on
PMTs has already been described [102], but it is not ideal for in field use due to PMT

mechanical fragilities.

Being composed of all elements available on the market, the reader is
characterized by a low cost that will allow access to a larger number of research centers.
Moreover, it will guarantee a future technological development that will follow the new
and improved technologies in the field of photonic detection: new detectors or LEDs can

in fact be installed in the module with small changes in the support structure.

The optical system proposed in this work is very versatile, thanks to the modular
solution and to SiPMs flexibility is possible to build reader for a large variety of materials.
In addition, the small size, the affordable cost and the mechanical robustness will allow
to design and build a portable optical system for environmental campaign. So, the field
of radiation detection with optically stimulated luminescent materials will greatly benefit

from the SiPM’s ruggedness.
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