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Abstract

The aim of this thesis is to understand the time resolution limitations of scintillation
detectors proposed for Time of Flight Positron Emission Tomography (TOF PET). This goal
is achieved by an analysis of the fundamental properties of the scintillation detector, such as
the photomultiplier’s quantum efficiency and time jitter or the scintillator’s light output and
decay time constant.

The first part of the thesis presents the most important aspects of positron emission
tomography (PET) as well as possible improvements due to incorporation of the time of flight
(TOF) technique. Scintillation detectors are also described in detail, including their general
properties and time resolution capabilities, along with a theoretical description of timing with
photomultiplier (PMT) systems. In the second part, the experimental data obtained by the
author from a wide set of scintillation detectors are presented. These results, mostly dealing
with timing resolution, are discussed in terms of the properties and dependencies introduced
in the first part of the thesis.

At the beginning of the experimental part, the limits of achievable time resolution with
an LSO scintillator and fast, 2-inch diameter XP20D0 photomultiplier are presented. These
data prove that the idea of a TOF PET system with detector modules based on the LSO crystal
is highly realistic. Next, time resolution optimization of the LSO-based detector is shown and
discussed with regard to the Hyman theory of timing. An analysis of the most important
parameters affecting the time resolution of a detector consisting of a XP20DO0 phototube and
LSO scintillator is further extended to a wide set of photomultipliers, including not only fast,
timing devices but also slow, general purpose tubes and multi-channel PMTs. A summary of
all the gathered data allows for a conclusion about the general dependency of time resolution
on the time jitter of the photomultiplier used. This linear dependency is shown for many types
of photomultipliers in a plot of normalized time resolution (normalized to a photoelectron
number and excess noise factor) as a function of the time jitter in the center of
a photocathode. The plot is later extended to other types of photodetectors, such as silicon
photomultipliers (SiPMs).

The thesis also deals with alternative concepts of PET block detector configuration. One of
the studied ideas is a detector where one monolithic scintillator, read by multi-anode PMT, is
used instead of many pixelated crystals. The time resolution of such a design is presented and
compared with data obtained with the use of the classic XP20D0 PMT and small LSO
samples.

Another tested improvement of the PET block detector is the application of LSO crystals
co-doped with calcium. The timing characterization of such LSO samples with different co-
doping percentages, ranging from 0 to 0.4 atomic % of Ca added to the starting raw material,
is presented and discussed with respect to a high quality LSO sample without co-doping. The
results show that calcium added to the LSO composition considerably improves its
scintillating and timing properties.

Finally, the timing properties of a scintillation detector with a light readout by means of
a silicon photomultiplier are presented and discussed. The results of the timing measurements



made with LSO and LFS scintillators and 3x3 mm?* SiPM are compared with the data obtained
with the use of the PMTs, presented in the previous chapters.
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Streszczenie

Celem rozprawy jest zrozumienie ograniczen zwiazanych z czasowa zdolnoscia rozdzielcza
detektorow scyntylacyjnych proponowanych dla Pozytonowej Tomografii Emisyjnej
z Czasem Przelotu (TOF PET). Cel ten jest osiagnigty poprzez analizg takich podstawowych
wlasnosci detektora scyntylacyjnego jak wydajnos¢ kwantowa i wewngtrzna czasowa
zdolnos$¢ rozdzielcza fotopowielacza, a takze 1l0$¢ 1 czas zaniku §wiatla w scyntylatorze.

Pierwsza czg$¢ rozprawy przedstawia najwazniejsze aspekty pozytonowej tomografii
emisyjnej (PET), a takze mozliwe usprawnienia dzigki wprowadzeniu techniki czasu przelotu
(TOF). Szczegdtowo opisane sa tu takze detektory scyntylacyjne, wtaczajac w to ich ogdlne
wlasciwos$ci, mozliwosci zwiazane z czasowa zdolnoscia rozdzielcza oraz opis teoretyczny
uktadow czasowych uzywajacych fotopowielaczy (PMT). W czg$ci drugiej przedstawione sa
dane eksperymentalne otrzymane przez autora z szeroka gama detektorow scyntylacyjnych.
Wyniki te, gtéwnie dotyczace czasowej zdolnosci rozdzielczej, sa dyskutowane w odniesieniu
do wiasciwosci 1 zaleznosci wprowadzonych w pierwszej czgsci rozprawy.

Na poczatku czesci eksperymentalnej przedstawione sa ograniczenia zwiazane z mozliwa
do uzyskania czasowa zdolno$cia rozdzielcza ze scyntylatorem LSO i szybkim, dwucalowym
fotopowielaczem XP20DO0. Te dane dowodza, ze pomyst systemu TOF PET, z zastosowaniem
modutow detekcyjnych opartych o krysztaty LSO jest wysoce realistyczny. Nastgpnie,
przedstawiona jest optymalizacja czasowej zdolnos$ci rozdzielczej detektora opartego o LSO,
ktéra dyskutowana jest w odniesieniu do teorii Hymana. Wczesniejsza analiza najbardziej
istotnych parametrow majacych wplyw na czasowa zdolno$¢ rozdzielcza detektora
sktadajacego si¢ z fotopowielacza XP20DO i scyntylatora LSO jest rozszerzona na inne typy
fotopowielaczy, wliczajac w to nie tylko ,,szybkie” urzadzenia przeznaczone do pomiarow
czasowych, ale takze ,,wolne” fotopowielacze ogdlnego zastosowania, a takze fotopowielacze
wielokanatowe. Podsumowanie wszystkich zebranych wynikow pozwala wyciagna¢ wnioski
dotyczace ogolnej zaleznosci czasowej zdolno$ci rozdzielczej od czasowych rozrzutow
wlasnych uzytego fotopowielacza. Ta liniowa zaleznos¢ jest przedstawiona dla wielu typow
fotopowielaczy na wykresie znormalizowanej czasowej zdolno$ci  rozdzielczej
(znormalizowanej do liczby fotoelektronow oraz wspolczynnika fluktuacji wzmocnienia)
w funkcji czasowych rozrzutow wlasnych w centralnej czgsci fotokatody. W dalszej czesci
jest ona rozszerzona na fotodetektory innego typu, takie jak fotopowielacze krzemowe
(SiPM).

Rozprawa zajmuje si¢ réwniez alternatywnymi koncepcjami budowy detektora dla PET.
Jednym z badanych pomystow jest detektor gdzie zamiast wielu matych krysztatéw (pikseli)
zastosowany jest jeden monolityczny scyntylator, odczytywany przez fotopowielacz
wielokanatowy. W pracy przedstawiono czasowa zdolno$¢ rozdzielcza takiej konstrukcji
i porownano ja z danymi otrzymanymi z klasycznym fotopowielaczem XP20DO0 i matymi
probkami LSO.

Innym testowanym usprawnieniem detektora PET jest zastosowanie krysztatow LSO
domieszkowanych wapniem. Charakterystyka czasowa tego rodzaju probek LSO z r6znym
procentowym domieszkowaniem, wahajacym si¢ od 0 do 0.4%, w materiale startowym, jest
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zaprezentowana i dyskutowana w odniesieniu do niedomieszkowanej probki LSO wysokiej
jakosci. Wyniki pokazuja, ze wapn dodany do zwiazku LSO znaczaco poprawia jego
wlasnosci scyntylacyjne i czasowe.

Na koncu przedstawione 1 przedyskutowane sa wlasnosci czasowe detektora
scyntylacyjnego z odczytem $wiatta za pomoca fotopowielacza krzemowego. Wyniki
pomiardw czasowej zdolnosci rozdzielczej wykonane ze scyntylatorami LSO 1 LFS,
i fotodetektorem SiPM o powierzchni 3x3 mm® sq poréwnane z danymi otrzymanymi dla
fotopowielaczy, przedstawionymi we wczes$niejszych rozdziatach.
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1. General introduction

1. Time-of-Flight positron emission tomography

Emission tomography is a kind of medical imaging which uses radioactive materials in
order to reproduce the physiological properties of a human body. Computed tomography
(CT), based on X-rays, shows the anatomical image of a patient. Emission tomography, in
contrast to CT, allows to create a functional image of the internal organs. Therefore, CT
shows how patients look like inside, whereas emission tomography exhibits how their organs
work.

Positron Emission Tomography (PET) uses radiopharmaceuticals based on B+ emitters.
Such isotopes, due to the annihilation of an electron and the emitted positron, become a
source of two 511 keV gamma quanta radiated collinearly in two opposite directions.
Simultaneous detection of these two quanta, originating from the same decay event, allows to
assign a line of response (LOR) which contains the position of the radiation source.
Information gathered from thousands of such response lines makes it possible to reconstruct a
radioisotope distribution inside a patient’s body and, consequently, the localization of regions
with increased metabolism.

Standard algorithms of image reconstruction assume that for a single event, the localization
probability of a source position is equal for the whole line of response. However, significant
improvement of the reconstructed image quality can be achieved due to the incorporation of
additional information about Time-of-Flight (TOF) of annihilation quanta. Knowledge of the
time difference between detection of the first and second photon allows to narrow down the
source localization area. The length of the TOF line of response is determined by the time
resolution of the used gamma-radiation detectors. Ultimately, the localization area can be
reduced from the full diameter of a PET scanner (about 90 cm) to only 8 cm, assuming a
detector time resolution of 500 ps. Images reconstructed in TOF PET systems are
characterized by improved signal to noise ratio and, hence, better image contrast.

2. Aim of the work

Improvement of image quality in PET scanners due to TOF information needs proper
optimization of the detectors used, especially as concerns their time resolution performance.
At present, most of the scanners in PET tomographs are based on scintillation modules in the
form of block detectors. This type of construction consists of a matrix of scintillators
(typically 8x8 or 9x9) read by a few photomultipliers (four in most cases). In the present work
a number of experiments with a wide set of scintillation detectors is discussed with respect to
the requirements for a TOF PET block detector.

The aim of the thesis is to understand the limitations and optimization methods of time
resolution of scintillation detectors proposed for TOF PET. Special attention is paid to
studies of dependencies between the fundamental properties of photodetectors and



scintillators, such as quantum efficiency, transit time spread (time jitter), light output
and the decay time constant of scintillators. The presented results of the time resolution
experiments are analyzed and compared with theoretical predictions given by the
Hyman theory of timing with photomultiplier systems.

The above studies were triggered by the EU 6™ Framework Programme project entitled
Molecular Imaging for Biologically Optimised Cancer Therapy (BIOCARE), led by the
Karolinska Institute in Stockholm, Sweden. In a part of the project new developments related
to the optimization of TOF PET detectors were planned and realized, which confirms the
importance of incorporating the TOF technique into modern PET systems.

Moreover, cooperation with Photonis (formerly Philips), one of the major producers of
photomultipliers, made possible experiments with plenty of photodetectors, including new
versions of existing constructions and prototypes that are commercially unavailable.

The LuSiOs:Ce (LSO) scintillating crystal was used during most of the studies. This
scintillator (or similar LYSO) is used in a majority of modern PET scanners and replaced
Bi4Ge;0;, (BGO), on which older constructions were based. In addition, due to close
collaboration with Chuck Melcher (inventor of LSO) at the University of Tennessee, also
measurements with new types of LSO crystals, co-doped with calcium, were possible and are
reported in the thesis.

The thesis is based on the following papers:

[1] T. Szczesniak, M. Moszynski, A. Nassalski, P. Lavoute, and A. G. Dehaine, “A further
study of timing with LSO on XP20DO0 for TOF PET,” IEEE Trans. Nucl. Sci., vol. 54,
no. 5, pp. 1464-1473, Oct. 2007.

[2] T. Szczesniak, M. Moszynski, L. Swiderski, A. Nassalski, A. Syntfeld-Kazuch, A. G.
Dehaine, and M. Kapusta, “A comparative study of fast photomultipliers for timing
experiments and TOF PET,” IEEE Trans. Nucl. Sci., vol. 56, no. 3, pp. 1017-1023, Jun.
2009.

[3] T. Szczesniak, M. Moszynski, L. Swiderski, A. Nassalski, P. Lavoute, and M. Kapusta,
“Fast photomultipliers for TOF PET,” IEEE Trans. Nucl. Sci., vol. 56, no. 1, pp. 173—
181, Feb. 2009.

[4] T.Szczesniak, M. Moszynski, A. Synfeld-Kazuch, L. Swiderski, M. A. Spurrier-
Koschan, and C. L. Melcher, “Timing resolution and decay time of LSO crystals co-
doped with calcium,” IEEE Trans. Nucl. Sci., vol. 57, no. 3, pp. 1329-1334, Jun. 2010.
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3. Thesis structure

The thesis consists of two main parts. The first part presents the most important aspects of
positron emission tomography and improvements due to the incorporation of the Time-of-
Flight technique. Moreover, in this part the details of scintillation detectors are discussed, as
are their time resolution capabilities along with a theoretical description of photomultiplier
systems. The second part covers the experimental data obtained by the author with a wide set
of scintillation detectors. The results are discussed in terms of the properties and dependencies
that were introduced in the first part.

The first chapter is a general description of the thesis. The aim of the second chapter is to
introduce the reader to the principles of positron emission tomography. Here, except for the
physical principles, particular emphasis is put on a description of the PET block detector and
the factors affecting the reconstructed image contrast. Incorporation of the Time-of-Flight
technique into the PET reconstruction algorithms is one of the methods leading to image
contrast improvement. Details of TOF information in PET, together with the benefits of such
improvement, are presented in chapter 3. Chapters 2 and 3 are, in fact, the general motivation
for the thesis. The presented capabilities of the PET system, as well as the numerous
advantages of TOF PET scanners, should convince the reader that the topic presented in the
thesis is of great importance to the medical community.

Components of the block detector are described in detail in chapters 4 and 5. Chapter 4
contains a general description of scintillators and their basic parameters, especially important
in TOF PET. In the last section of this chapter, the scintillators most commonly used in PET,
such as BGO and LSO, are presented together with their advantages and disadvantages. The
information gathered in this chapter suggests that LSO is presently the only candidate for
TOF PET and, hence, this type of scintillator was used in the studies presented by the author.

The most important elements of photomultipliers are presented in chapter 5. Here, the
crucial properties of a photodetector, such as the number of photoelectrons, time jitter, excess
noise factor and anode pulse, are introduced with respect to the construction details and
various types of PMTs. In a following chapter a theoretical description of time resolution with
photomultiplier systems is presented. In both chapters experimental examples of basic PMT
properties and experimental verification of the timing theory are also shown.



Chapter 7 begins the second part of the thesis, in which the experimental set-ups and
methods used in timing measurements are described. Subsequent chapters present the
experimental studies carried out by the author. These chapters have a similar structure starting
with motivation for a given measurement, followed by experimental details and results, and
ending with a discussion and conclusions.

Chapter 8 presents the limits of achievable time resolution with an LSO scintillator and
a fast photomultiplier XP20DO0 with a diameter of 2 inches. The results presented in section 2
are basic reference data and the starting point for most of the later measurements. Moreover,
these data have proven that the idea of TOF PET with an LSO crystal is highly realistic.
Section 3 discusses the time resolution optimization of an LSO-based detector with regard to
the Hyman theory of timing (presented in chapter 6). Section 4 shows the benefits of
improved light collection efficiency with the common light readout of a double-PMT system.

The experimental data of the time resolution measurements, made with a wide range of
photomultipliers, are presented in chapter 9. The set of tested PMTs includes not only fast
timing devices but also slow, general-purpose tubes and multi-channel PMTs. An analysis of
the gathered data showed a general dependency of time resolution on time jitter. The plot
introduced in this chapter allows for a comparison of the timing capabilities of various
radiation detectors based on a given type of scintillator and any kind of photomultiplier.
Moreover, as is presented in chapter 12, this plot can be extended to the other types of
photodetectors, such as silicon photomultipliers.

In chapter 10 the idea of a novel construction of a PET block detector is presented, where
one continuous, monolithic crystal is used instead of many scintillating pixels. The reported
measurements were triggered by the results obtained in section 3 of chapter 8, which showed
time resolution improvement due to a light readout by means of two photomultipliers. In the
case of this continuous crystal, the scintillation light is read by a 16-channel PMT.

Chapters 8 to 10 cover the time resolution measurements with various types of
photomultipliers and detector configurations. The last two chapters are focused on a new type
of LSO crystal — co-doped with calcium and a competitor of the classic photomultiplier — the
silicon photomultiplier (SiPM).

The timing characterization of LSO samples with different co-doping percentages, ranging
from 0 to 0.4 atomic % of Ca added to the starting raw material, is presented in chapter 11.
The measurements compare the time resolution, light output and decay time constants of
classic and new, co-doped LSO crystals. The results show that calcium added to the LSO
composition considerably improves its scintillating properties and creates a new generation of
LSO scintillators.

Finally, in chapter 12 the timing properties of a scintillation detector with a light readout by
means of a silicon photomultiplier are discussed. Silicon photomultipliers are currently widely
being studied by many research groups in the world in order to apply them in TOF-PET or
TOF-PET-MRI systems. The presented results of timing measurements obtained with LSO
and LFS scintillators and 3x3 mm?® devices are compared to the PMT properties presented in
the previous chapters. The final discussion concerning the timing capabilities of SiPMs is
made on the basis of the plot introduced in chapter 9 containing both PMT and SiPM data.

Chapter 13 contains the general conclusions and a summary of the thesis.



2. Positron Emission Tomography

1. Operation principles

A. Radiation sources

The aim of Positron Emission Tomography (PET) is to visualize the functional activity of
live organisms. This task is carried out through the imaging of positron emitter distribution
inside the human or animal body.

The positrons are emitted by B decaying isotopes. This kind of beta decay is a process in
which a proton is converted into a neutron, positron and electron neutrino:

JX>, Y +e +v, (1)

The B emitters are injected into the patient with the use of a radioactive drug that is labeled
with a positron-emitting isotope. The drug localizes itself in different places inside the body
according to its metabolic properties. The labeled drugs or radiopharmaceuticals are based on
isotopes of the most common elements of organic materials, e.g. oxygen ('°O), carbon (''C)
or nitrogen (°N). However, the isotope of fluorine (‘°F), which is used as a substitute for
hydrogen, e.g. in FluoroDeoxyGlucose (FDG), is the most widely used isotope in clinical
applications. Besides the B* emitter, the PET drug must also be characterized by a short half-
life in order to minimize the patient’s exposure to radiation. The half-lives of
radiopharmaceuticals vary from several minutes ('°O-2min, *’N-10min, ''C-20min) to several
hours (**F-110min). Examples of radionuclides used in PET in order to create images of
various body processes are presented in Table I [1].

TABLE I
POSITRON EMITTERS USED IN PET IMAGING

Radiopharmaceutical Biological process
F - FDG Glucose metabolism

8F - FMISO Hypoxia

'8F _ Estradiol Receptor

'8F - Annexin Apoptosis

18p . Fluorothymidine (FLT)

UC - Thymidine Proliferation
1C - Verapamil Multi-drug resistance
1C - Acetate Membrane biosynthesis
0 - H,0 Vascularity / Blood flow




B. Scanner geometry

Images in positron emission tomography are reconstructed on the basis of electronic signals
due to a simultaneous detection of two 511 keV gamma quanta emitted after annihilation of
a positron. These gamma rays are registered by a ring of detectors surrounding the patient. In
an ideal case, the signal registered in one detector, in coincidence with the second signal
registered in the opposite detector, originates from a single B* decay. Since annihilation
quanta are emitted nearly collinearly, such a coincidence event allows to determine the line-
of-response (LOR) that virtually connects the two triggered detectors. The line-of-response
determines the area (the line with a length equal to the scanner’s diameter) where the source is
localized. A collection of LORs from a large number of events gathered during the PET scan
makes it possible to reconstruct the radiopharmaceutical distribution inside the body and,
next, to create a tomography image. A diagram of a typical PET scanner architecture and
operation is presented in Fig. 1.
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Fig. 1. Diagram of a PET scanner. A patient injected with a radiopharmaceutical is surrounded by a ring of
detectors which transform the gamma energy, especially annihilation quanta of 511 keV, into electronic signals.
The signals registered in coincidence originate from a single annihilation event and allow the creation of the line-
of-response on which the source is localized.

2. Block detector design

A. Introduction

A single PET detector module, like most of the radiation detectors, consists of two main
elements, a scintillator and a photodetector. First, radiation energy is converted into weak
flashes of light in the scintillator, and then these scintillation photons are converted into
electric signals in the photodetector. The detector design, i.e. the scintillator shape and
chemical compound as well as photodetector type, is always optimized for a specific
application. The most common scintillators in PET are Nal:Tl (used in the first systems),
BGO, LSO or GSO. The number of photodetectors used in nuclear imaging is limited mainly
to three devices: photomultipliers, avalanche photodiodes and silicon photomultipliers. Both
scintillators and photodetectors are discussed in detail in the subsequent chapters.



B. Early designs

INTERDATA MODEL 70
COMPUTER

Fig. 2. First prototype of a PET detection system (A and B) based on 24 detectors consisting of single Nal:TI
scintillators coupled to single photomultipliers [2]. The images of a radioactive phantom acquired by the system
are also presented (C).

The first prototype of a gamma camera, invented by Hal Anger in 1952, was based on
a large pinhole collimator placed in front of the Nal: Tl scintillator, whose light was registered
on a photographic plate. Later in 1956, Anger developed a similar camera but with a light
readout made by means of a close-packed array of 7 photomultipliers [3]. In the newer design
the position of the interaction point within the crystal was calculated by taking into account
the light spread in the scintillator and the differences in the amount of light detected by
several photomultipliers. This method of determining the gamma interaction position is called
Anger logic and is still used in most of the presently available nuclear imaging devices, both
in Single Photon Emission Computed Tomography (SPECT) and PET. The detection systems
in most of the presently available SPECT scanners are based on two gamma camera modules.
In this configuration also coincidence measurements with positron emitting isotopes are
possible, however, application of the pinhole collimator dramatically reduces detection
efficiency and the number of coincidences.

Early PET systems were based on detectors in which a single crystal was coupled to
a single photomultiplier [4], [5], [6], [7]. The first prototype of a PET detection system,
created by Phelps et al. in 1975, is presented in Fig. 2 [2]. It consists of 24 Nal:Tl based
detectors in a hexagonal arrangement. In this design the lack of a collimator significantly
improves detection efficiency, but spatial resolution is limited by the size of the scintillators.
Improvement of the spatial resolution could be possible due to the application of smaller
crystals coupled to smaller PMTs, but such a modification leads to higher costs and a large
number of electronic channels. Moreover, the size of the detectors makes it difficult to build
a multi-slice scanner.

C. Present designs

The presently used block detector design, where a matrix of small, discrete crystals is read
by a few photomultipliers, was born in the 1980s [8], [9]. An example of a single block
detector module from a clinical PET scanner [10] is presented in Fig. 3.
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Fig. 3. Diagram (right) and example of a single block detector module from a clinical PET scanner (left). The
scintillation block consists of a matrix of single pixels whose light is read by only 4 photomultipliers (P1 — P4).
(Courtesy of University of Tubingen).

Retrieval of information about the position of the gamma interaction point in the scintillator
block, or in other words, decoding the crystal in which the interaction took place, is carried
out using Anger logic. In order to shape the light reaching the photomultipliers in a way that
assures optimal pixel identification, the interface of the reflecting cover between the crystals
is specially arranged (see Fig. 3). The single crystals in the block are not fully optically
separated and the length of the reflector is shorter in the middle of the scintillator block. In
consequence, the light related to the events absorbed in different pixels is differently
distributed to the photomultipliers. The ratios of light detected by each of the photomultipliers
allow identification of a single pixel in which the gamma energy was deposited. The pixel
coordinates may be calculated by using the Anger weighting algorithm in the following way
(P1 — P2 denote the signal amplitude of a given PMT):

Y- Pl+P2-P3-P4 Y= P2+ P4-P3-Pl

= = (2)
Pl+ P2+ P3+ P4’ P1+ P2+ P3+ P4
A Anger Weighting B Anger Weighting

SO

Fig. 4. Example of crystal decoding using the Anger weighting algorithm (Courtesy of University of Tubingen).

A graphical illustration of crystal identification by means of Anger logic together with an
example of the 2D response profile of a block detector are presented in Fig. 4. The number of
individual pixels in the block is defined by the light yield of the scintillator used. In the case



of BGO, 64 crystals can be decoded, while in the case of LSO, the detector may consist of
169 crystals.

In 1993 a modification of the block detector configuration was proposed by Wong et al.
[11], [12], [13]. In their design, called quadrant sharing, a single photomultiplier services
four crystal blocks instead of one. A diagram of the new, modified block detector is presented
in Fig. 5, following [13].
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Fig. 5. Diagrams of a classic block detector module with circular PMTs (left) and a quadrant sharing design
(right) proposed by Wong et al. (reprint from [13]).

The biggest advantage of such a configuration is the highly reduced number of necessary
photomultipliers. In the case of the quadrant sharing configuration, the number of PMTs is
equal to the number of scintillator blocks, so the photodetector costs can be reduced by
a factor of 4. However, the fact that one photomultiplier is shared between 4 blocks causes
a large increase of the system dead time. An event registered in a single scintillator block
deadens the 8 adjacent blocks which share the same PMTs.

3. Spatial resolution

A.  Annihilation process

The spatial resolution in PET is limited by the physics of B’ radiation and the annihilation
process. The total energy of " decay is shared between a positron and neutrino. On average,
one-third of that energy translates into a kinetic energy of the positron [14] (compare row one
and two in Table II). After emission, the positron loses its kinetic energy mainly by Coulomb
interactions with electrons in the surrounding tissue. Since the rest mass of a positron and
electron is identical, each interaction between these two particles has a large influence on the
positron path. In consequence, the positron changes its movement direction many times. After
thermalization of the positron energy, its interaction with an electron (with the same spin)
leads to the creation of a positronium — a hydrogen-like particle with an orbiting pair of an
electron and positron. The positronium is unstable and decays (in water) after about 1.8 ns or
125 ps [14]. The pair of electron and anti-electron annihilates, emitting two nearly collinear
and anti-parallel photons with energies equal to 511 keV. The electron and positron
possessing opposite spins annihilate directly, without creating the positronium. Instantaneous



annihilation, prior to thermalization, is also possible, but such a process occurs at a level of
2% of all the events [15].

B. Positron range

The radial distribution of annihilation events is sharply peaked at the position of positron
emission. However, the positron range, i.e. the distance between the positron emission site
and positron annihilation point, determines the fundamental limitation of the PET spatial
resolution. It is worth differentiating the term range from path length, since both are widely
used but in an ambiguous manner. The range describes the penetration depth. The path length
(sum of collision lengths), on the other hand, is defined as an integral of the reciprocal of the
stopping power of the medium and describes the continuous slowing down approximation
range [16]. Due to the Coulomb scattering of positrons, and hence their tortuous path in
matter, the path length is always much larger than the range. The positron energy, half-life,
theoretical path length and experimentally obtained range in water for the isotopes commonly
used in PET are presented in Table II [16]. It is worth noticing that the path length of
positrons is slightly longer as compared to the electrons. Due to their positive charge, the
positrons are repealed from the nucleus where the electron density, and hence collision
probability, is greatest, whereas the electrons are attracted [14]. Following the data in
Table II, spatial resolution is limited to 1-2 millimeters, depending on the
radiopharmaceutical. The shortest positron range, of about 1 mm at full width at half
maximum (FWHM), is related to the lowest energy of anti-electrons emitted by '*F.

TABLE 11
ENERGY AND RANGE OF POSITRON-EMITTING ISOTOPES USED IN PET IMAGING

18F 11C 13N 150 68Ga 82Rb

Max energy [MeV] 0.633 0959 1.197 1.738 1.898  3.148
Mean energy [MeV] 0.203 0.326 0432 0.696 0.783  1.385
Half-life [min] 109.7 20.3 10.0 2.0 68.3 1.3

Theor. path length for
electron in water [mm]
Exp. radial range in water,
FWHM [mm]

Exp. radial range in water,
FWTM [mm]

0.239 0498 0535 0.822 0.908 1.561

0.102 0.111 0.142 0.149 0.168 0.169

0.180 0.219 0.278 0.357 0.395 0.580

C. Non-collinearity

Another physical aspect connected with the annihilation process, which has a fundamental
influence on the PET spatial resolution, is the lack of collinearity of photons emitted after
annihilation. The positron or positronium possesses residual momentum prior to annihilation,
and hence the direction of the annihilation quanta is given by the sum of vectors of 511 keV
photon momentum and positronium residual momentum. The diagram of the worst-case
scenario, where the annihilation photons are emitted perpendicular to the vector of the
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positronium momentum, is presented in Fig. 6. The residual momentum of the positronium is

equally divided between both annihilation quanta. Since -/ E, m << mc, the deflection angle in

one direction is equal to: sina ~a =-/E, /mc® , where E; — residual kinetic energy of

a positronium, m — mass of electron and positron, ¢ — speed of light.
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Fig. 6. Diagram of momentum vectors of positronium and annihilation quanta. The annihilation photons are
emitted in the direction given by the vector sum of photon momentum and positronium residual momentum.

The kinetic energy of a positronium is less than 10 eV, which leads to 0.47 degree at
FWHM of an angular uncertainty in an aqueous solution [14], [17], [18]. The influence of
non-collinearity on the spatial resolution depends on the PET scanner diameters. Resolution
loss for different detector ring sizes is presented in Table III [7]. The PET image is less
affected by non-collinearity in the case of higher maximal energies of emitted positrons
(above 3 MeV). That is when the positron range plays a major role [14].

TABLE I1I
SPATIAL RESOLUTION LOSS FOR VARIOUS DIAMETERS OF A PET DETECTOR RING

Ring diameter [cm] 60 80 100
Resolution loss [mm] 1.3 1.7 2.2

D. Spatial resolution of scintillation detectors

Another limitation of PET image quality is the intrinsic spatial resolution of the detectors
used [19]. Their spatial resolution, as in any imaging system, can be described by the FWHM
of the so-called point spread function (PSF) [7]. PSF can be illustrated as a blurred spot
reflecting the point object. In the case of the PET imaging system, PSF represents its response
to a collimated point source placed at a given range from the detector. The image of any
object is a convolution of that object’s real shape with the PSF of the detecting device or
simply the intensity of the object weighted by the PSF [20] (see Fig. 7).

The resolution of the coincidence detectors is given by the FWHM of their PSF, which in
this case is a convolution of the point spread functions of both detectors [21]. In the case of
a block detector, which consists of many single scintillation crystals, all of the registered
events are assumed to interact in the central part of the crystal. In consequence, the PSF
becomes similar to a step function with a total width equal to the size of the crystal.
Moreover, the PSF for the two detectors in coincidence is represented by a triangle with
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a base width equal to the crystal size and, hence, the PSF FWHM is one-half of the crystal
size [7]. The typical single crystal size in a PET scanner is equal to 4 mm, so spatial
uncertainty due to detector intrinsic resolution is at a level of 2 mm.

Fig. 7. Diagram of image formation as a convolution of a real object (light sources) with the point spread
function of an imaging device. The photon noise that must be considered in the final image is also presented.

A summary of the three discussed mechanisms affecting PET spatial resolution is presented
in Table IV [7]. The Table shows the best possible resolution of a PET system with a diameter
of 80 cm, for a given positron emitter, limited by the combination of positron range, non-
collinearity of annihilation quanta and the spatial resolution of a scintillation detector.

TABLE IV
SPATIAL RESOLUTION OF THE 80 CM PET DETECTOR RING RESULTING FROM POSITRON RANGE,
GAMMA NON-COLLINEARITY AND CRYSTAL SIZE

Detector pair resolution [mm] e [mml] BGa [mml] 2Rb [mml]

0 23 3.1 33
2 3.2 4.1 7.4
6 6.6 7.4 9.2

4. Factors affecting image conftrast

A.  Depth of interaction

The efficiency of gamma-ray detection is one of the most important parameters in nuclear
imaging. The radiation detector has to be optimized in this respect, particularly its scintillation
material and size of the crystals. Typically, a single crystal in a block detector used in PET is
a few centimeters high (2 cm in most cases), which assures more than 80% of absorption of
the 511 keV annihilation gammas (in LSO/LYSO or BGO) [22]. However, gamma radiation
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travels some unknown distance inside the crystal and also between the neighboring crystals
before full absorption. As a result, if a 511 keV photon enters the crystal at a certain angle, the
point of interaction will be different from the point of entry. Without information about the
depth of interaction (DOI), the line of response is created on the basis of the position at the
front of the crystal where the full absorption took place. As is presented in Fig. 8, such LOR is
incorrect because it refers to the wrong crystal. This effect is known as a parallax error and
leads to image blurring, which increases as the source position moves radially away from the
center of the scanner [7].

Fig. 8. Diagram of a parallax error in PET. LOR is assigned incorrectly because a gamma ray has penetrated
more than one crystal before full absorption. With depth of interaction information, the interaction point would
be defined precisely inside the crystal instead of at its front.

B. Types of coincidences

True coincidence Scattered coincidence Random coincidence

Fig. 9. Three kinds of coincidences accepted in the PET scanner.

In PET not all of the registered events correspond to true coincidences of two annihilation
quanta. In fact, about one half of the events is caused by scattered photons or random
coincidences. Since the patient’s body mainly consists of water, the probability of a Compton
scattering of 511 keV photons is high, and hence one or both annihilation photons may
change their movement direction before reaching the detector ring. Random coincidences
occur when two photons originating from two different decays are registered simultaneously
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in a device time window. As a result, a LOR reconstructed on the basis of scattered or random
events is false. The three types of coincidences that are accepted in PET are presented in
Fig. 9. True and scattered events are prompt events since both come from one decay, and the
emitted gammas are detected almost simultaneously. The rates of prompt events depend
linearly on the radiopharmaceutical activity, whereas random events increase as the square of
activity. Random coincidences become dominant at high activity levels [7].

The aim of PET imaging is the measurement and reconstruction of true coincidences while
minimizing the influence of scattered and random events. An increased number of the true
events allows for improvement of the signal to noise ratio and image contrast.

5. Possible improvements of the PET image

A. Increased dose

A few options are possible in order to improve PET image quality. The first approach is to
increase radiopharmaceutical activity. However, such an increase would result in much higher
radiation exposure of the patients and is rather impossible. Moreover, many medical centers
are already using the maximum dose rates accepted by their institutions (about 10-20 mCi for
®E-FDG) [7].

B. Longer scanning time

Another simple method could be extending the scanning time, but this could have a
negative influence on the patient’s psychological condition. In most cases a PET examination
is also combined with computed tomography (CT) and the requirement of a stable patient
position during both scans together with long scanning time is hard to realize. An unstable
body position is another factor that deteriorates image resolution. The solution of extended
scanning time is also not optimal because it decreases the total number of PET patients, what
is directly related to higher costs of a single scan.

C. More efficient scintillation detectors

From a physical point of view, an improvement of the PET image could be achieved by
applying more efficient scintillators inside the detector ring. The systems currently being used
are mainly based on BGO or LSO/LYSO crystals which are characterized by high density,
above 7.1 g/em’, and hence high stopping power of the 511 keV quanta. In the case of BGO,
which possesses a higher than the LSO atomic number (33Bi, 3,Ge compared to 7;Lu, 14S1),
detection efficiency at a level of 90% can be achieved with 30 mm high crystals [22]. The
LSO-based detector can have similar efficiency with 40 mm high scintillators. More efficient
systems, especially those close to 100%, are still unavailable. The biggest advantage of the
new scintillators, such as LSO, is their high light output (about 4 timer larger than BGO) and
fast decay time (40 ns compared to 300 ns in BGO). The properties of the LSO allow for
improvement of the block detector’s energy resolution or the incorporation of the Time-of-
Flight in PET.

D. Extended energy spectrum
One of the ideas for increasing tomography sensitivity was extending the accepted energy
range below the 511 keV photopeak. This type of image acquisition was first tested with
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a 2-head gamma camera based on Nal scintillators [23], because their efficiency is lower in
comparison with the BGO or LSO detectors. Two energy windows were set, the first one at
the photopeak and the second one at the Compton spectrum. The inclusion of lower energy
events improved sensitivity by a factor of two, however, the influence of the Compton
scattered photons was so large that it made this method clinically useless.

E. Increased solid angle

The most useful and technically available improvement is the increase of the solid angle
covered by the detector ring. This approach leads to the removal of all axial collimation (3D
imaging), reduction of the ring diameters and extension of the axial dimensions of the
detectors. The sensitivity of a typical whole body scanner to true coincidences can be
increased by a factor of 5 due to the removal of the axial collimation. Unfortunately, such an
improvement is followed by 3 to 4 times larger acceptance of the scattered events. Moreover,
the singles rates from outside of the field of view (FOV) are also increased [7].

F. Time-of-Flight

All of the methods described above allow sensitivity improvement but at the cost of other
important parameters of the PET scanner or the PET examination. The application of the
Time-of-Flight technique does not introduce any additional, unwanted effects. TOF is just
additional information added to the system. Knowledge of the time difference between the
detection of two photons registered in coincidence gives great benefits in image
reconstruction, which are reflected in reduced noise and improved image contrast. The details
of TOF PET are described in the next chapter.
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3. Time-of-Flight information in PET

1. Incorporation of TOF in PET

A.  TOF principles

In standard PET systems the reconstruction of the positron annihilation regions is made on
the basis of a set of lines of response on which a gamma source is localized. The sum of data
from many coincidence events, and hence many LORs, allows the reconstruction.

However, one can think of a different method that would utilize timing information instead
of geometrical information delivered by the lines of response. Finding the annihilation point
should be possible using information about the Time-of-Flight (TOF) of 511 keV quanta from
the point of origin to the detector. Measurement of the time difference between detection of
the first and second coincident gamma gives information about the distance from the LOR’s
middle point to the true source position.

The principle of application of TOF information in order to localize a positron annihilation
site is presented in Fig. 1. Let us mark the radius of the PET scanner ring as d and the distance
from the scanner central point to any other point as x. Now, the time of flight of the first
annihilation gamma ¢;, absorbed in PMT 1, is equal to: ¢, = (d + x)/ ¢, where c is the speed of

light. The second gamma will be registered in PMT 2 after time: ¢, = (d —x)/ c. The time
difference between detection of both quanta is equal to: Af= \tl —tz‘ =2x/c and hence the

source position can be found by using the simple formula: x = Az-¢/2.

Fig. 1. Calculation of a positron position on the basis of TOF information.
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So, if it is possible to calculate the position of a positron annihilation region using the Time-
of-Flight information, why are all of the commercial systems using the standard procedure?
The answer to this question is too poor time resolution of the currently available scintillation
detectors.

B. Required time resolution

Following the information presented in chapter 2, the spatial resolution of a PET scanner is
mainly limited by the positron range, photon non-collinearity and detector design, especially
the size of the crystals. Currently, commercially available PET scanners have a spatial
resolution at a level of 5 mm (Philips Gemini: 4.7 mm). Light travels such a distance in about
17 ps, which corresponds to the requirement of about 33 ps time resolution in the detection of
the time difference between two 511 keV annihilation quanta. Unfortunately, none of the
current detector configurations is able to achieve time resolution at the level of picoseconds or
even a tenth of picoseconds. The best results obtained in laboratory conditions for detectors
applicable to PET are close to 200 ps, however, a time resolution of only 500 ps is achievable
in actually developed scanners.

With regard to the time resolution of a PET detector module, the scintillating crystal is the
most crucial element. The rise time of light generated in scintillators is affected by the light
collection process inside the crystal volume. This parameter should be as short as possible in
order to assure good time resolution, however, in PET it is limited by the shape of the pixel-
like crystals used. Another important factor connected with the scintillator is its light output,
which means the number of photons generated per energy unit. Since photons are timing
information carriers, more photons, especially emitted in a short time range (fast decay time),
means more timing data and less spread of their arrival times at the photodetector and, in
consequence, better time resolution.

With the exception of basic scintillator properties, such as rise time, light output and decay
time, the crystal size also affects time resolution. Inside the crystal the photons are emitted in
all directions so that they have different path lengths and arrival times at the photodetector
(see red paths in Fig. 2). Such an additional spread can be minimized by setting a very low
threshold in the discriminators and triggering the electronics by the first photons that did not
undergo reflections. The speed of light is lower in the detector medium by a factor which is
the refractive index of a material, e.g. if we assume a 2-cm high LSO crystal, whose refractive
index is 1.8, then the time difference between the detection of photons emitted at the front of
the pixel and close to the photodetector is equal to about 120 ps (compare incident gammas
indicated in blue in Fig. 2). Moreover, without the depth of interaction information, the point
of gamma absorption is not known inside the crystal volume, and hence the crystal height
becomes the limit of spatial resolution even when the time resolution is at the level of
picoseconds.

120 ps

Fig. 2. Scintillation photon paths (red) and possible gamma absorption point (blue) in a pixel-like crystal.
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The second element of a detection module is the photodetector (a photomultiplier in most
cases). Optimization of this device is also of great importance for a final timing performance.
The time resolution capabilities of a photodetector are described mainly by 3 factors: number
of photoelectrons, transit time jitter and excess noise factor (ENF) [1]. In the case of
photomultipliers, the number of photoelectrons is a function of photocathode quantum
efficiency and photoelectron collection efficiency on the first dynode. Time jitter is the
intrinsic time resolution of a photodetector for one photoelectron, and in photomultipliers it is
associated with the different path lengths and initial velocities of electrons traveling from the
photocathode to the first dynode [2]. The excess noise factor of PMTs is the result of gain
spread in electron multiplication processes.

Scintillators and photodetectors are discussed in more detail in chapters 4 and 5.

2. Benefits of TOF in PET

A.  Reduction of statistical noise

Although the 500 ps of time resolution corresponds to only about 7.5 cm of spatial
resolution, TOF information is still very useful in image reconstruction.

Without the Time-of-Flight, a single line of response does not carry any further information
about the source position along this line. In consequence, during image reconstruction, the
probability of gamma source localization is homogeneous on the whole length of the LOR,
what is schematically marked as the red area in Fig. 3. Incorporation of the Time-of-Flight
information improves the localization of the annihilation point along the line of response. The
time resolution of 500 ps changes the probability distribution from flat at the whole LOR to
Gaussian around the source position and with an FWHM of Ax = A¢-¢/2, which corresponds

to about 7.5 cm (the blue area in Fig. 3).

Fig. 3. Comparison of the probability distributions of annihilation point position included in conventional (red
area) and TOF (blue Gaussian shape) systems.
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Time resolution of 500 ps is insufficient enough to fully replace the conventional
algorithms with a pure TOF reconstruction, but it is enough to significantly reduce the
statistical noise in a reconstructed image since the region of interest is restricted to a much
smaller area. Without the TOF information, a single coincidence event contributes to all the
image pixels along its LOR. The mean noise contribution to the other image pixels is removed
by filters applied in the reconstruction algorithm (filtered backprojection). However, the
filters do not remove the statistical fluctuations which increase the noise in all of the image
pixels. With the TOF information, a single event adds noise only to the image pixels close to
the annihilation point and within the range given by the system time resolution. Moreover, the
contribution to each of the surrounding pixels is weighted by the Gaussian distribution.

The TOF-improved localization provides a huge performance increase in contrast of the
reconstructed PET images [3], [4]. The noise variance reduction factor f depends on the size
of the emission source D and the system time resolution Az, and is given by [5], [6]:

f=2=22 (1)

Ax  cAt

As can be seen above, noise reduction appears when the line segment Ax is shorter than the
size of the emission source D. In the case of a whole-body PET scanner, a patient’s size with
a diameter of about 35 cm can be assumed, so the 500 ps of time resolution leads to almost a
5x reduction in the noise variance. Moreover, improvement in the image contrast starts ( > 1)
even with much poorer time resolution, but below 2 ns. For smaller organs, such as the brain
(D of about 20 cm), the time resolution requirements are higher and noise reduction appears
below 1 ns.

PET: Impaired Image Quality in Larger Patients

Slim Patient Large Patient
- A\ o4

Fig. 4. Comparison of image contrast in non-TOF system for 60 kg and 120 kg patients.

The fact that the noise variance reduction is proportional to the diameter of the studied
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object is of great benefit to the heaviest patients, for whom the PET image contrast is largely
affected by scattered and random events. A comparison of images acquired without TOF
during the same scan time with slim and large patients is presented in Fig. 4. For the large
patients, the TOF information works as a higher number of counts that improves statistics and
increases efficiency. In a standard PET system a patient weighing 120 kg must be scanned
about 2.3 times longer than a 60 kg patient to obtain the same image quality.

It is worth adding that the TOF technique also allows for a reduction of the noise
originating from random [7], [8] and scattered [9] coincidences, what further improves the
reconstructed image quality.

B. Reduced random event rate

Incorporation of the Time-of-Flight in PET requires improved time resolution of the
detector ring. Such a scanner upgrade allows the reduction of the random events rate R, which
for a single LOR is given by:

R =2R R,AT (2)
where R; and R, are the single detector event rates and AT is the hardware coincidence timing
window. The total number of random events is the sum over all the LORs and is proportional
to the coincidence timing window AT. The hardware coincidence window in conventional
PET is equal to 12 ns, and the mean contribution from random events can be subtracted
during the reconstruction process, but the statistical fluctuations remain. The influence of the
random events rate on the final, reconstructed image is often determined by the Noise
Equivalent Count Rate (NECR) [10]:

TZ
NECR=——— 3)
T+S+2R
where 7, S and R are the count rates of true, scattered and random events, respectively.
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Fig. 5. Predicted randoms and trues rates (left) and NECR (right) versus activity concentration and coincidence
window width. The object imaged was a uniform cylinder with a diameter of 20 cm and the camera simulated
had a detector ring with a diameter of 82 cm and 15 cm axial extent.

The dependency of the number of random and true events on the coincidence window width
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together with the NECR values are shown in Fig. 5 [6]. The presented measurements were
performed with a 20-cm long phantom with a diameter of 20 cm and imaged a in 2-D mode.
The plot in Fig. 5a shows that simple narrowing of the timing window leads to lower random
events counting rates. The level of improvement in the case of randoms depends linearly on
the window width (for low source activity). The rapidly changed slope of randoms for 12 ns
and 10 ns observed at high activity levels is the effect of increased electronics dead time. In
order to assure high efficiency, the coincidence window is in most cases set at a level of two
FWHM of the time resolution of the detection system. This means that the data presented in
Fig. 5 correspond to 6, 5, 3 and 2 ns time resolution. The reduced hardware timing window
also decreases the maximal counting rates that have to be computed by the electronics. This
effect is reflected in the point where the slope is changed for randoms. This point is shifted
towards a higher activity level (compare randoms for 12 ns and 10 ns). Moreover, the
narrower window also influences the shape of the true rates dependency indicated as dashed
lines in Fig. 5. In the case of windows set at 12 ns and 10 ns, the rate of the true events drops
at certain activity levels due to the increased dead time in the electronics, and hence the
limited detection efficiency. When the window is set below 6 ns, both the true and random
dependencies are smooth.

The benefits of narrowing the hardware coincidence timing window and reduced random
events rates can be perfectly seen in Fig. 5b, where the NECR values versus the source
activity are presented for various window widths. The technical limit for the hardware timing
window is equal to about 4 ns since this is the time of flight of the gamma rays through the
whole PET detector ring. The difference between the conventional 12 ns timing window and
4 ns shows an almost 50% improvement in the NECR.

C. Reduced axial blurring

1]
il

Fig. 6. Diagram of axial spatial resolution improvement due to the incorporation of TOF information in PET.
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The Time-of-Flight information in PET has a significant influence not only on the
reconstructed image contrast, but also on the spatial resolution along the axis perpendicular to
the detector ring. The TOF spatial uncertainty Ax along a line of response is equal to a few
centimeters, but the projection of Ax on the scanner axis provides precise information about
the axial slice in which the registered event took place (see Fig. 6). Such axial information
added to the reconstruction algorithms, both 2D and 3D, considerably decreases axial blurring
(especially near the edge of the field of view) [11], [12]. The level of improvement is
proportional to the ratio between the TOF distance uncertainty and the diameter of the
emission source [6].

D. Possibility of a simultaneous emission and transmission scan

As all kinds of radiation, gamma rays attenuate while traveling through a medium. The
attenuation length of 511 keV photons in water or tissue is equal to 10 cm. This means that
e.g. during a brain scan (about 20 cm in diameter) more than 80% of the events is lost. Such
intensity loss must be taken into account during image reconstruction of any tomography data
(CT, SPECT, PET).

The probability P; that the first annihilation photon will reach a detector is given by:

P, =e™™ where u is the attenuation coefficient and d; is the distance that a gamma ray

travels through the medium (patient’s body). Similarly, for the second photon: P, = e *". The
coincidence event detection probability P is a product of individual photon detection

probabilities: P = e #4*%) The sum of d; and d; is the total path inside the medium that the
photons had to travel before registration of a single coincidence event took place. This means
that probability P is independent of the source position along the LOR. Moreover, the
attenuation correction of an internal source is the same as an external source. Thus, the
attenuation correction in PET can be made on the basis of the transmission data from the
external rod or point source which is rotating around the patient. Most of the dedicated ring
scanners use a coincidence-based attenuation scan [13].

The transmission scan can take 10—15 minutes [14]. Incorporation of TOF in PET opens up
the possibility of simultaneous measurement of the transmission and emission data. Such
a technique is possible even without the TOF, but the amount of scattered events makes the
emission data useless. TOF information eliminates this scatter contamination, and allows the
simultaneous collection of emission and transmission data and, thus, reduced total scanning
time [6]. Since the distance between the patient and the external source is equal to about
15 cm, a time resolution at a level of 1 ns or less is required in order to distinguish the
transmission and emission events [15].
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4. Scintillating crystals in PET

1. General description of scintillators

A.  Definition

A scintillator is a medium which converts ionizing radiation into weak flashes of light —
scintillations. The number of photons emitted after the interaction of an ionizing particle is
proportional to its energy deposited in the scintillator. This is the most important feature of
scintillators which allows the reconstruction of an energy spectrum of the detected particles.
Depending on the scintillator material, the scintillation light is emitted in the visible or
ultraviolet region with a characteristic decay time ranging from a few nanoseconds to a few
microseconds. Scintillators can be made from hundreds of organic or inorganic chemical
compounds [1] having the form of gas, a liquid or solid. Light, organic materials (liquids and
plastics) are mostly used for detection of charge particles, such as alpha particles, electrons
and beta rays. Inorganic scintillators possess higher density and a higher effective atomic
number, and are used in the detection of X-rays and gamma radiation due to much better
detection efficiency. Such inorganic crystals are used in PET, where the detection of 511 keV
gamma rays is required.

B. Interaction of gamma rays with matter

The interaction of gamma rays in matter is described mainly by four processes: the
photoelectric effect, Compton scattering, pair production and Rayleigh scattering. The latter
two phenomena are unimportant from the point of view of PET scintillation materials.
Rayleigh elastic scattering of photons does not produce free, high-energy, ionized electrons.
Pair production happens only where the gamma energy is higher than 1022 keV.

In the photoelectric effect, a photon or gamma ray is absorbed by the atom and the initial
photon energy (E),) is transferred to the release of the bounded electron and further to its
kinetic energy. Thus, the energy of such a free photoelectron E,,. 1s reduced by the binding
energy Ejp:

E,. =E, ~E, (1)

Only the bound electrons undergo the photoelectric effect, and the probability of such
interaction is the highest for the most tightly bound electrons, i.e. located at the K shell of the

phe

atom. Photoelectric absorption is predominant for low-energy gamma rays and X-rays.
Moreover, the probability of this kind of interaction is enhanced in materials with a high
atomic number (Z). It is hard to express the probability of the photoelectric effect using
a simple formula valid for all materials with different Z and all ranges of energies of incident
photons. In general, this probability is described by the atomic cross-section 7, and is
proportional to the Z and inversely proportional to the gamma energy £, in the following way

[2]:
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T, =const-— - (2)
e
In the above equation, the n index varies between 4 and 4.6 for the gamma-ray energy region
from 100 keV to 3 MeV, whereas the m exponent is equal to 1 at energies above 600 keV, 2 at
energies above 150 keV and 3 for lower energy values [2].

As a result of a Compton scattering, an incident photon transfers a part of its energy to the
kinetic energy of an unbounded electron (recoil electron). After interaction, the incident
photon is deflected through an angle € with respect to its original direction. Since the energy
transfer to the electron can cover any part of the initial photon energy, all scattering angles are
possible. The energy of the deflected photon is expressed by the well-known Compton
formula and the recoil electron energy is given by:

E
=E, - : 3)

phe 7 E
1+—"-(1-cos0)
me

E

where mc” is the rest-mass of the electron (511 keV). The probability of a Compton scattering
per atom of the absorber depends on the number of electrons available as scattering angles
and, therefore, increases linearly with Z [3]. The Compton scattering is a predominant effect
for gamma-ray energies typical of radioisotope sources.

A comparison of the probabilities of three kinds of interactions depending on the gamma
energy and the absorber atomic number Z is presented in Fig. 1. The two solid lines represent
equal probabilities of the Compton effect, and the photoelectric effect (left curve), or the
Compton effect and the pair production phenomena (right curve).
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Fig. 1. Relative importance of the three major types of gamma-ray interaction. The solid lines show the values
of Z and gamma energies for which the two neighboring effects are equal. Reprint from [2].

C. Scintillation mechanism in activated inorganic crystals

Gamma rays or X-rays become “visible” to a scintillator due to ionization phenomena. The
high energy of incident photons is transferred to the kinetic energy of unbounded, fast
electrons. The electrons are “information carriers” inside the detector. These particles lose
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their energy through excitation of the bounded electrons of the medium and next, as a result
of de-excitation, the scintillation photons are emitted in processes of fluorescence or
phosphorescence. Fluorescence is the prompt emission of a visible light and, hence, is the
most desirable channel of scintillation material de-excitation. Phosphorescence, or delayed
fluorescence, are both characterized by much longer emission times and are the cause of
unwanted effects, such as long decay components and afterglow.

The absorption of energy in a scintillating crystal elevates an electron from the valence
band (leaving a hole there) to the conduction band. Such an excited electron may return to the
valence band emitting a photon. However, the energy of a typical band gap is larger than the
energy of visible light. Thus, activators need to be introduced into the crystal lattice, which
cause a modification of the energy band structure. Such changed energy bands are shown in
Fig. 2. In consequence, an activator energy states appear in the forbidden gap of a pure
crystal, thus creating an additional channel for electrons to de-excite back to the valence band.
The transmissions between the activator states release energy in a visible photon emission
range and are the basis of a scintillation process. Such de-excitation sites are called
luminescence centers or recombination centers, and their energy structure in the host
crystalline lattice determines the emission spectrum of the scintillator.

Conduction band

Activator
excited states
Band Scintillation
9ap photon
v Activator

ground state

Valence band

Fig. 2. Diagram of the energy bands in an activated scintillation crystal.

The excited medium, after the energy deposition of a gamma ray, consists of many
electrons in the conduction band and corresponding holes in the valence band. The holes may
drift to the activator site and ionize it. Such an ionized activator can accept an electron from
the conduction band, thus creating excited activator states. The typical half-lives of such states
are of the order of 50-500 ns [3]. Activator de-excitation is followed by the emission of
a visible photon. The time characteristic of the scintillation light is determined by the
configuration and decay times of the activator excited states.

Activator de-excitation through fast emission of visible photons is preferable. However, the
transition between the excited state and ground state may be forbidden. In this case, in order
to de-excite, the electron needs to be transferred to the upper energy state (by thermal
excitation), where the transition to the ground state is allowed. As a result of this process
a slow, phosphorescent light appears which is the source of long decay time components and
afterglow.

The excited medium of a scintillator may also de-excite in radiationless transitions,
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generally defined as quenching. These kinds of processes cause light loss during conversion
of particle energy into scintillation light.

2. Basic parameters of scintillators

A.  Detection efficiency

The detection efficiency of a scintillator is described by its stopping power of gamma rays
(or any other kind of radiation) together with the ability to convert the stopped quanta into
visible light. Intrinsic detection efficiency, which is independent of the counting geometry, is
defined as a ratio between the number of pulses recorded and the number of gamma quanta
incident on the detector. The gamma quanta can be recorded only after any kind of interaction
within the scintillator. Such interaction removes the photon from the beam (in the
photoelectric effect or during pair production) or scatters it (in the Compton effect), which
leads to the attenuation of the primary gamma-ray beam. Attenuation of gamma rays in any
medium is given by the well-known exponential function:

= 4)

where [ and I are the gamma-ray intensities before entry into the detector and at position ¢
inside the detector, respectively. The parameter 4 is the linear attenuation coefficient which
reflects the probability per unit length that a gamma-ray photon will interact with the medium.
This probability is the sum of probabilities of each possible interaction phenomena, i.e. the
photoelectric effect (7), Compton effect (o) and pair production (x):

H=T+0O+K (%)
Pair production is not important in PET applications. The linear attenuation coefficient in the
case of the photoelectric effect is given by [2]:

p

T=71 -Nzrp-ﬁ = txp-Z" (6)

where N is the number of atoms per cubic centimeter, 4 is the atomic mass and p is the
scintillator density. Similarly, for the Compton effect:

cxN-Z = ocxp-Z (7)
Taking into account the above dependencies, detection efficiency is limited by the density and
effective atomic number of the scintillation material.

The reciprocal of the linear attenuation coefficient describes the mean free path of gamma
rays in a given medium, which is defined as the average distance traveled in the absorber
before the first interaction takes place.

A dense and heavy scintillator in a PET detector has two main advantages. First of all, it
generally improves PET system detection efficiency. The second advantage is the possibility
of applying scintillating crystals with a reduced length, which leads to a reduction of the
parallax error and image blurring.

B. Scintillation efficiency
Scintillation efficiency, or scintillator light output (LO), describes how effectively gamma-
ray energy (or the energy of any other nuclear radiation) is converted into visible light.
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Scintillation efficiency is a product of the efficiencies of the three phenomena [4]: conversion
(p), transfer (S) and luminescence (Q). The number of photons emitted per 1 MeV of gamma
radiation can be expressed as:

LO x R p-S-0 (8)
Eg
where E, is the band gap energy of the host crystal. The conversion efficiency £ describes the
process of creation of the initial number of electron-hole pairs after gamma-ray interaction.
The transfer efficiency S reflects the probability that the activator excited state will be filled
by the electron from the valence band of the host crystal. The Q parameter is the activator
luminescence efficiency which describes the chance of visible photon emission during de-
excitation. Following [5], luminescence quantum efficiency Q can be expressed as:
P
0= PP )
where P, and P, are the probabilities of a radiative or non-radiative de-excitation,
respectively.

For many activators Q is close to 1, and £ can also be close to 1 in wide bandgap insulators,
hence the transfer efficiency becomes the main parameter affecting the light output of modern
scintillators [6]. The energy loss during the transfer stage is caused by the trapping of
electrons or holes and also by their non-radiative recombination. An example of the measured
S and Q efficiencies for a few scintillators is presented in Table I [7].

TABLE I
CALCULATED E-H PAIRS AND MEASURED LIGHT OUTPUT FOR DIFFERENT SCINTILLLATORS

Lo Calculated Observed .
Scintillator e-h / MeV ph / MeV Efficiency $-Q
CsL:Tl 69 444 65 000 0.936
Nal:Tl 75 330 38 000 0.504
BGO 88 889 8 500 0.096
LSO:Ce 69 444 27 300 0.393

The electrons can be called the scintillator input or starting information, whereas the
number of emitted photons is the output information, which later becomes input for
the photodetector. The light output is the most important parameter of any scintillating
material because the number of emitted photons has a direct influence on the two crucial
properties of a radiation detector. These properties are energy resolution and time resolution.
Both are proportional to the inverse square root of the number of photons emitted by the
scintillator.

The improved energy resolution of the PET detector allows to reduce the noise in the image
due to a narrower energy window and better discrimination of true from scattered events. The
improved time resolution (at the level of 4 ns) leads to a narrower hardware coincidence
timing window and, hence, to a better image contrast due to improved discrimination of
random events. A time resolution below 500 ps allows for the incorporation of TOF
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information in PET.

C. Decay time

The decay time of a scintillation light pulse is directly related to the life-time of the excited
states that were created in the crystal after nuclear radiation absorption. De-excitation of such
states can take place in two ways, i.e. as a radiative transition followed by a photon emission
or as a non-radiative transition (quenching). The probability of de-excitation is the sum of
probabilities of both kinds of transitions. Since the life-time of the excited state is inversely
proportional to the probability of de-excitation of that state, the decay time 7 of
a luminescence induced in a scintillator can be expressed as:
- 1

B +P,
where P, and P, are the probabilities of a radiative or non-radiative de-excitation,
respectively. A comparison of the above equation with the one describing luminescence
quantum efficiency shows that the increased probability of a non-radiative transition makes
the scintillator faster, but also less bright due to the reduced light output. Following [8], the
decay time is proportional to the transition wavelength, which is reflected in the speed of the
scintillators, whose light is emitted in the ultra-violet range.

The dependence in time ¢ of the intensity J of the light emitted by the scintillator with
a single luminescent center is given by a single exponential function:

J(t)=J, exp(— ’j a1
T

where Jj is the initial intensity at = 0. However, many scintillators possess two or more
decay components, and then the light intensity is described by the sum of the exponential
functions:

T

(10)

J)=-y exp(— tj (12)

i T T.

where V; is the number of photons emitted in the component i characterized by the decay time
7.

The decay time of a scintillation light pulse is a key factor that defines the coincidence time
resolution and dead time of the PET detector system. The time resolution is determined by the
fastest component of the light pulse, whereas the dead time results from slow components.

As was mentioned in section B, improved time resolution leads to better discrimination of
random events and allows the incorporation of TOF information in PET.

D. Energy resolution
The energy resolution AE/E of the full energy peak, measured with a scintillator coupled to
a photomultiplier (PMT) or avalanche photodiode (APD), can be written as [9], [10] :
(AE/EY = (5, +(6,F +(6,) +(,) (13)
where O is the intrinsic resolution of the crystal, o, is the statistical contribution of

a photodetector, 9, is the transfer resolution and &, is the dark noise contribution.
The last two parameters depend on the photodetector used and the full detector design, and
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will not be discussed here. The second parameter (statistical contribution) is, in general,
inversely proportional to the square root of the number of emitted photons or scintillation
efficiency described in section B.

The first component is the intrinsic energy resolution of the crystal and constitutes
a fundamental limitation of the energy resolution. Intrinsic resolution is mainly associated
with the non-proportional response of the scintillator [9], [10] to numerous secondary gamma
and X-ray quanta, as well as secondary electrons (delta rays) produced in the stopping process
of gamma radiation in the crystal. The latter process seems to be dominant in the degradation
of energy resolution. Some of the crystals, e.g. LSO, seem to show particularly poor energy
resolution exceeding that expected from the non-proportionality, which can be correlated with
their thermoluminescence integrated intensity and afterglow [11]. A similar correlation of
intrinsic energy resolution and afterglow was observed for LGSO [12]. The experimentally
determined intrinsic resolution is also affected by inhomogeneities in the scintillator, causing
local variations in the light output and non-uniform reflectivity of the reflecting cover of the
crystal.

As in the case of high scintillation efficiency, improved intrinsic energy resolution, and
hence improved overall energy resolution of the PET detector, allows to reduce the noise in
the image due to a narrower energy window and better discrimination of true from scattered
events.

E. Other properties

e Non-hygroscopic — crystals should not deteriorate due to water absorption from the
atmosphere

e Low self-absorption — crystals should be highly transparent for the emitted
scintillation photons

e Index of refraction close to the index of refraction of the material of the photodetector
input window (about 1.5)

e Low price and simple production technology

e Scintillation light emitted in the range of 380-500 nm — well fitted to the
photodetector quantum efficiency curve

e High resistance to radiation damage

3. Scintillators used in PET

A.  Nal:Tl

Thallium doped Sodium lodide (Nal:Tl) was first demonstrated in 1948 by R. Hofstadter
[13] and since then has been the most popular scintillator in all areas of application where
radiation detection is needed. Sodium lodide was also originally used by Hal Anger in his first
gamma camera intended for use in the first nuclear imaging device. This device was based on
the single photon computed tomography (SPECT) principle. Presently, SPECT scanners are
still dominated by Nal:T1 detectors.

Sodium lIodide possesses a high light output of about 40 000 photons per MeV and good
energy resolution at a level of 8% at FWHM for 511 keV. The decay time constant of 230 ns
assures time resolution for 511 keV slightly below 1 ns [14]. Despite the fact that these
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parameters are better as compared to BGO or LSO (except for time resolution), the
application of Nal: Tl in PET is limited mainly due to its low density and low effective atomic
number. Moreover, this kind of crystal is hygroscopic and needs to be hermetically packed in
order to protect the scintillator from humidity. From the commercial point of view, the main
advantage of Sodium lodide is its low price due to the well-developed technology of the
crystal growth process.

Presently, PET systems are dominated by BGO or LSO crystals, however, scanners based
on Sodium lodide were built in the past. One of them was C-PET [15], where 6 curved Nal:T1
scintillators were used in a 90 cm ring with a 25.6 axial field of view. In this construction,
detection efficiency was partially improved due to a large field of view and scanning without
septa.

B. BGO

Bismuth Germanate BisGe;O;, (BGO) is an undoped scintillator characterized by high
density (7.1 g/cm’) and a very high, effective atomic number due to the content of bismuth
(Z=83). BGO 1is a non-hygroscopic, relatively hard material that possesses the highest
detection efficiency of gamma rays. Photofraction, i.e. the probability that a gamma ray will
be fully absorbed in the crystal, is much higher in BGO than in other scintillators that can be
used as PET detectors. Photofraction in LSO is lower by 25%, whereas in Nal:TI it is less
than half of the BGO. A PET detector made of 3 cm high crystals assures a detection
efficiency of 511 keV quanta at the level of 90%. Such short crystals have a direct influence
on scanner performance by reducing the parallax error and image blurring.

The scintillation light in BGO is emitted due to optical transitions in Bi*" ions. This crystal
does not contain an activator, however, the absorption and emission spectra are well
separated, which assures minimal self-absorption.

The disadvantage of BGO is its low light output of only about 9000 photons per MeV.
Moreover, the wavelength of emitted light is shifted toward green and is equal to 480 nm,
which further decreases the number of photons registered by the photodetectors, whose
quantum efficiencies are lower for longer wavelengths. The low light output affects energy
resolution, which for 511 keV is equal to about 18% at FWHM (for pixel crystals), which is
about three times worse than in Nal:Tl. The rise time of the BGO light pulse is slow (about
3 ns) and the light is emitted with a main decay time constant of 300 ns. Such timing,
characteristic of the light pulse together with the low number of emitted photons, leads to
a time resolution at a level of 2 ns for 511 keV [14].

Despite the disadvantages, high detection efficiency and a well-developed production
process have made the BGO one of the most popular scintillator in PET (without TOF)
applications.

C. LSO

Cerium-doped lutetium oxyorthosilicate, Lu,;SiOs:Ce (LSO), is one of the most promising
inorganic scintillators for application in Time-of-Flight PET systems. The crystal was
discovered by C.L. Melcher and J.S. Schweitzer, and their first paper about LSO appeared in
1992 [16]. This scintillator is characterized by a high effective atomic number Z; = 66,
which assures a high detection efficiency of 511 keV anihilation quanta. Because the
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detectors in PET scanners work in coincidence pairs and two annihilation quanta have to be
registered simultaneously, the detection efficiency for a single event is proportional to Zeffz.
Hence, the detection sensitivity for coincident 511 keV photons in the case of LSO is 1.5
times smaller as compared to BGO. However, the biggest advantages of LSO, such as a high
light output of 30 000 photons/MeV, better than BGO energy resolution and fast decay time
of 40 ns, make it the main competitor of BGO, and practically the only solution for TOF PET.
Moreover, LSO is a dense, non-hygroscopic and mechanically durable material with
a wavelength of emitted light equal to 420 nm, which is perfectly fitted to the typical
characteristics of popular photodetectors (photomultipliers, avalanche photodiodes, silicon
photomultipliers). Besides the TOF potential, the timing characteristics of the LSO light pulse
allow narrowing of the hardware coincidence timing window, and hence reduction of the
random events rate, especially in 3D PET. This feature was used in the Reveal PET system
developed by CTI (presently Siemens), where the timing window was set at a level of 6 ns.

The biggest disadvantage of the LSO scintillator is its internal radioactivity. This lutetium-
based crystal contains the naturally occurring (2.6%) isotope ''°Lu, which beta decays to '"°Hf
and emits a cascade of three gamma rays: 307, 202 and 88 keV. The total rate of this internal
activity (both gamma and beta) is equal to 39 cps/g. In consequence, in PET systems based on
LSO, the count rate in a single detector module highly increases, which may affect the signal
to noise ratio, especially in low dose examinations. The second disadvantage of the LSO
scintillator is its sensitivity to visible light, which induces the long-term phosphorescence
background in the crystal.

The LSO compound was originally invented by C.L. Melcher [17] and patented in 1990.
However, since then a few similar crystals with exactly the same properties have been
developed, such as Lu;gY(2Si05:Ce (LYSO) made by Saint-Gobain Crystals or Lutetium
Fine Silicate (LFS) made by Zecotek Photonics [18].

Presently, most of the commercially available PET scanners are based on LSO (Siemens
Biograph TruePoint PET-CT Systems) or LYSO (Philips Gemini PET/CT Systems) detector
modules.

D. Other scintillators

The first TOF PET systems, built about 25 years ago [19], [20], [21], were based on CsF
and BaF, scintillators. Nevertheless, due to the low stopping power of these crystals for
511 keV annihilation quanta, their performance was not as good as the classic PET scanner
with BGO. Recent years have brought four fast scintillators with a high light output: LSO,
Gd,Si105:Ce (GSO), YAIO;:Ce (YAP) [22], and LuAlOs:Ce (LuAP) [23]. LSO is presently
one of the two major scintillators (besides BGO) in commercial PET systems. YAP can be
used in small animal PETs [24] or Compton cameras, whereas GSO crystals were applied in
one of the Philips Allegro PET systems [25].

Scintillating crystals that meet the conditions of the PET detector modules are presented in
Table II.
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TABLE II
PROPERTIES OF THE SCINTILLATORS POSSIBLE TO USE IN PET

Light Decay Emission . Effective
.. Density . Index of .
Scintillator output constant wavelength [e/em’] atomic refraction Hygroscopic
[ph/MeV] [ns] [nm] g number
Nal:Tl 38 000 230 410 3.7 51 1.85 yes
CsL:Tl 66 000 900 550 4.5 52 1.80 slightly
BGO 8 000 300 480 7.1 75 2.15 no
LSO/LYSO 30 000 40 420 7.4 66 1.82 no
Ban .
2000/10000  0.6/620 220/310 4.9 53 1.51 slightly
fast/slow
LaBr; 75 000 16 380 5.1 45 1.9 yes
GSO 8 000 60 440 6.7 59 1.85 no
LGSO 23 000 40 420 7.5 63 1.82 no
LuAP 12 000 18 365 8.3 64.9 1.94 no
YAP 17 000 30 350 5.5 335 1.95 no
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5. Photomultipliers

1. Introduction

A.  Operation principles

A photomultiplier is a device that converts and amplifies weak light signals into a
measurable electric current. The first commercially available photomultipliers (PMTs)
appeared about 75 years ago. Presently, they belong to the most widely used photodetectors
applied in high energy physics, homeland security devices or nuclear medicine. All of the
commercially available PET systems possess detector modules based on photomultipliers.
The most important PMT advantages are: high gain, low noise, good quantum efficiency,
ultra fast response, excellent timing performance, single photon detection capability and
finally, a wide range of sensing areas (from centimeters to a few inches).
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Fig. 1. Diagram of a photomultiplier, based on the Philips S6AVP, following [1] .

A photomultiplier’s operation principle uses two phenomena: the photoelectric effect and
the secondary emission of electrons. A diagram of a typical photomultiplier is presented in
Fig. 1. The photons striking the photocathode (red) are converted into electrons due to the
photoelectric effect. Next, these electrons (called photoelectrons) are accelerated and focused
on the first dynode (light green) by the electric field of the focusing electrode and accelerating
electrode (blue). Each time the photoelectron strikes the dynode, this dynode emits several
secondary electrons which are further accelerated to the next dynode by the interdynode
potential. In this way, the dynode structure (green) can amplify one photoelectron at the first
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dynode to 10°-10% photoelectrons, leaving the last dynode (light green). Finally, the
photoelectrons emitted at the last dynode, moving towards the anode grid (orange), induce the
current and provide an output signal. The output signal is proportional to the number of
primary photoelectrons emitted at the photocathode, which in turn are proportional to the
number of detected photons.

B. Timing properties
The time resolution capabilities of modern, fast photomultipliers are associated mainly with
[2]:

e the number of photoelectrons released from the photocathode (which is a function of
the photocathode sensitivity) and the photoelectron collection efficiency on the first
dynode,

e the transit time jitter of electrons traveling from the photocathode to the first dynode,

e spread in the gain of the electron multiplier, which affects the pulse height and time
distributions of the output pulses — excess noise factor.

2. Photocathode

A.  Sensitivity
The most important parameter describing the photocathode is its quantum efficiency (QE)
p, defined as a ratio (expressed in %) of the number of emitted photoelectrons n; to the
number of photons striking the photocathode 7,:
n
p="% (1)

n,

Since the exact number of incident photons is difficult to measure, the QE is frequently
described by cathode radiant sensitivity, Sy, (expressed in mA/W), i.e. the ratio between the
current produced at photocathode /; to the incident light power @,. Cathode sensitivity is not
uniform and depends on the incident light wavelength, so the radiant sensitivity is defined for
a specific wavelength A, customarily for 400 nm (Sk 400um):

= L [A] , S, = lim al, (2)

o ] dsedo,

The same quantity S, but with the incident light power @, expressed in photometric units

Sy

[Im], is called cathode luminous sensitivity, which in contrast to the radiant sensitivity is
defined for a wide spectrum, typical for a given application. In the case of photometry and
scintillation, the application of a tungsten-filament lamp with a color temperature of 2856 K is
used as a reference light source. The two types of luminous sensitivity are the most commonly
used in the data sheets:

e White sensitivity — reflects the photocathode’s response to white light, i.e. the whole
spectrum of the reference lamp. The phototubes with spectral characteristics extended
to longer wavelengths are characterized by higher white sensitivity.

e Blue sensitivity — reflects the response to the blue part of the light from the reference
light source. The reduced spectral range is obtained by using Corning C.S. No. 5-58
filter ground and polished to half stock thickness. Blue sensitivity, also called corning
blue (CB), is often expressed in pA/ImF, where F stands for filtered.

In the case of bi-alkali photocathodes, the ratio of blue to white sensitivity is close to 0.15.
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The relation between radiant sensitivity and luminous blue sensitivity is given by:

S, (blue) ~0.125x107 [W/Im] (3)

k,400nm

The quantum efficiency can be calculated using the cathode radiant sensitivity in the

following way:
p[o] = 124 204 [t/ ] 4)

Anm]
B. Types and materials

The QE of a given photocathode depends on the composition and thickness of
the photosensitive material. The most common materials used in the production of
photocathodes are [1] silver-oxygen-cesium (AgOCs), antimony-cesium (SbCs), and the bi
and tri-alkali compounds SbKCs, SbRbCs, and SbNa,KCs. These compounds define the
spectral sensitivity characteristics, i.e. the dependence of the QE on the wavelength of
incident light. An example of such characteristics for various types of photocathodes is
presented in Fig. 2a. The long wavelength limit is caused by the photoemission threshold of
the material, whereas sensitivity at the short wavelength is limited by the glass material of the
photomultiplier input window. Increased thickness of the bi and tri-alkali photocathodes
allows an extension of the sensitivity curves toward longer wavelengths, however, at the
expense of blue sensitivity. Transmission as a function of the wavelength for different types
of glass is presented in Fig. 2b.
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Fig. 2. Spectral sensitivity characteristics for various types of photocathodes (a) and the transmission properties
of different types of glass (b).

3. Photoelectron collection efficiency

A.  Input optics

Photoelectron collection efficiency is defined [1] as the ratio between the number of
electrons reaching the useful area of the first dynode and the total number of electrons emitted
by the cathode. Depending on the input optics, i.e. the number and type of focusing and
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accelerating electrodes, the photomultipliers can be divided into 3 groups:

e Fast tubes — intended for timing applications in which the input optics is optimized for
as fast as possible and almost simultaneous collection of all the photoelectrons emitted
at the photocathode on the first dynode. Such optimization leads to a very short rise
time of the anode pulse, but the collection efficiency of electrons emitted at the
external parts of the photocathode is poor, thus causing a slight decrease in the
photoelectron number in respect to QE.

e Slow tubes — intended for spectroscopic measurements and optimized for maximal
collection efficiency of all photoelectrons, even those emitted at the external parts of
the photocathode at the cost of the output pulse rise time. The input optics in this type
of photomultipliers is very simplified and often does not contain any focusing or
accelerating electrodes. Moreover, in the slow tubes the first dynode is much larger as
compared to the fast PMTs.

e Standard tubes — which are general-purpose photomultipliers with a design that is
a compromise (timing-favored or collection-efficiency-favored) between fast and
spectroscopic PMTs. Such tubes have simpler input optics and a larger first dynode
than the fast tubes.

B.  Electron multiplier

The dynode structure presented in Fig. 1 and Fig. 3a, called linear focusing, consists of
linearly arranged dynodes facing each other in a way that ensures progressive focusing of the
electron paths between successive stages. In this construction the transit time of electrons
between the dynodes is minimized, thus leading to a fast response and improved timing
properties of the phototube. The first dynode in the linear focusing configuration differs from
the rest of the multiplier: it possesses higher gain, is slightly larger and its position is
optimized for the collection of photoelectrons at the second dynode.

Examples of other electron multiplier designs are presented in Fig. 3.

Fig. 3. Dynode configurations of electron multipliers: (a) linear focused, (b) box-and-grid, (c) foil (Photonis),
(d) metal channel (Hamamatsu).

In photomultipliers where the electron collection efficiency and excellent uniformity are
crucial, the box-and-grid type of multiplier is used (Fig. 3b). This type of structure consists of
large, quarter cylindrical dynodes which assure a large collection area at the first dynode and
between the stages. The consequence of dynode size and shape is a low electric field at the
internal surface of the boxes, which leads to poor timing characteristics.

The configurations of foil or metal channel dynodes (Fig. 3¢ and 3d) are used in position
sensitive multi-channel photomultipliers. In this type of PMT the dynode structure, in addition
to signal amplification, must also keep position information about the photoelectron emission
point at the photocathode through all the stages. This feature is achieved by special types of
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dynodes in the form of parallel thin metal foils with specially designed holes. The single hole
has a diameter of the order of tens of millimeters, and the shape of the holes differs slightly
between manufacturers. An electron focused on one such hole (sub-channel) propagates only
within its vertical axis, which assures a low level of crosstalks. Since the foil or metal channel
dynodes are thin, this type of electron multiplier allows for a very compact construction of
multi-channel photomultpliers. The small space between the dynodes leads to a fast response,
but also makes the tube more fragile to nonlinearity. The biggest disadvantage of this type of
multiplier is poor electron collection efficiency on the first dynode. This is due to the large
dead space of the dynodes in areas where there is no perforation and where electrons cannot
be multiplied.

4. Transit time spread

The design of the area between the photocathode and the first dynode is crucial for the
timing characteristics of the photomultiplier. The photomultiplier response time to a delta
light pulse differs between single events. The different flying paths of photoelectrons are the
source of variations of their transit times between the photocathode and the first dynode. An
example of the electron paths and equipotential lines of the electric field in a fast
photomultiplier is presented in Fig. 4a. A schematic representation of the transit time spread,
often called time jitter, is presented in Fig. 4b. Time jitter is defined by the FWHM of the
probability density function of anode pulse arrival times. This value is proportional to the
reversed square root of the number of emitted photoelectrons, however, in most cases it is
measured for single photoelectron pulses induced by single photons distributed over the
whole surface of the photocathode. Time jitter represents the intrinsic time resolution of
a photodetector. An increase in the gain of the first dynode up to 15 in modern
photomultipliers considerably reduced the contribution of the time jitter originating in the
dynode structure.
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Fig. 4. Photoelectron trajectories and equipotential lines of the electric field in a fast photomultiplier (a).
Diagram of an anode pulse transit time spread (b).
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The transit time spread has two components:

e Chromatic component — resulting from a spread of the initial velocities and emission
angles of the photoelectrons. The chromatic contribution also affects the
photoelectrons originating from the same point at the photocathode that are not
affected by the geometric component.

e Geometric component — resulting from different lengths of the primary paths of
electrons emitted from different points on the photocathode. In this case, the largest
contribution to the time jitter is caused by photoelectrons emitted behind the first
dynode (red in Fig. 4a).

Both components depend on the strength of the electric field, so an increase in the field
causes the time jitter improvement. Minimizing the electron path length differences also
decreases the transit time spread. In fast photomultipliers this is done by the application of
additional focusing electrodes. Another method is the use of a concave photocathode.

5. Anode

A.  Anode construction and space charge effect

As 1s illustrated in Fig. 1, the configuration of the anode and the last dynode differs from
the rest of the multiplier structure. In most of the general purpose photomultipliers, the anode
is a grid placed inside the last dynode. Such a configuration assures the best possible
collection efficiency of the secondary electrons emitted by the last dynode. Moreover, the
small distance between the two electrodes assures a high electric field in this area, which
minimizes the space charge effect (see below) and allows a linear response of the phototube.
Because the last dynode partially surrounds the anode grid, it also forms a kind of electrostatic
screen.

The space charge effect appears in the dynode structure at high currents, when the cloud of
secondary electrons in the inter-dynode region cannot be sufficiently collected by the next
dynode. The total electric charge of such a cloud affects the electron trajectories, thus causing
collection loss or even a return of some electrons to the dynode from which they were
emitted. In consequence, the output signal at the anode is no longer proportional to the
number of primary photons and the photomultiplier becomes nonlinear. The space charge
limited current density J; can by expressed by the Child-Langmuir formula valid for a diode
with plane-parallel electrodes:

(=22 ; ©)

where V' is the inter-electrode voltage and d is the inter-electrode distance in centimeters.
Formula (5) shows that the low distance between the last dynode and the anode grid together
with a high electric field increase the space charge current limit.

In the case of the discussed anode construction, the electrons emitted from the penultimate
dynode pass through the anode grid on their way to the last dynode. Hence, in most of the
photomultipliers, the linearity is limited by the electric field between the anode and the
penultimate dynode, which is 3 to 5 times lower as compared to the last-dynode — anode area.

In the case of multichannel photomultipliers with foil or metal channel dynodes, the anodes
are simply the metal electrodes, and these types of PMTs are more sensitive to the space
charge effect.
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One of the methods of improving the linearity range is the use of a progressive instead of
equal voltage distribution in the last stages of the voltage divider.

B. Screening grid at the anode
The study presented in [3] and [4] strongly suggests that time resolution deterioration in fast
photomultipliers is also associated with the design, as described above, of the grid-anode
placed inside the last dynode. Despite all of the mentioned advantages, this configuration has
one major drawback — the anode signal consists of two components:
¢ the main one due to the collection of electrons from the last dynode,
e a smaller, parasitic one induced in the anode by the electrons traveling from the

penultimate dynode to the last one
This parasitic component is earlier in time in relation to the main anode pulse, and can

cause a triggering of the fast discriminator. In other words, the initial rise time of the anode
pulse is slightly slowed down due to the addition of a small parasitic pre-pulse to the main
anode pulse. Thus, the discriminator threshold in the case of the triggering point set at the
main anode pulse is far too high as compared to the one resulting from the statistical
properties of the scintillation detectors requiring a low fraction of the anode pulse height for
the best time resolution [5]. If the threshold is set lower, at the level of the parasitic
component, the time resolution is affected by the deteriorated rise time of the output pulse.

In the past, i.e. in the XP1021 PMT, a special grid was placed in front of the anode to
improve the initial slow rise of the anode pulse [6], in other words, to minimize the parasitic
component. This PMT was known for its very good timing capabilities [5]. A diagram of the
geometry of the last stages in a linear focused photomultiplier, together with the position of
the screening grid, is presented in Fig. 5.

Position of the
screening grid

Anode

Fig. 5. Geometry of the last dynodes and the anode in a typical linear focused photomultiplier together with the
position of the screening grid.

It was verified in [7], [8] and [9] that the screening grid at the anode can be a solution that
makes possible the suppression of the parasitic component. Due to the screening grid, the time
resolution measured with various scintillators can be improved by a factor of 1.15-1.2,
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compared to a standard photomultiplier without the screening grid. This improvement is
independent of the decay time constants of the scintillation light pulses and the time jitter of
the scintillation detector.

The study of 2-inch PMTs, equipped with the screening grid [7], has allowed a successful
launch of a new type of commercially available fast photomultiplier XP20DO0, which is
superior in timing [8]. The time resolution improvement, due to the application of the
screening grid, was also confirmed during studies of large 3-inch PMTs XP43D2 performed
by the author [10].

6. Excess noise factor

A.  Origin of the excess noise factor

Signal amplification in a photomultiplier is possible due to the secondary emission process
in the dynode structure. Due to the statistical nature of this process, the amplitude of the
photomultiplier output pulse fluctuates. Such a gain spread during electron multiplication is
a source of the excess noise, which affects both the pulse height resolution and timing
resolution. The excess noise factor can be calculated on the basis of a single photoelectron
spectrum since its pulse height resolution reflects the gain variations of the dynode structure.

B. Experimental example

An example of single photoelectron spectra recorded with two types of Photonis (1-inch
XP1020, 1.5-inch XP3060) and Hamamatsu (1l-inch R9800, 1.5-inch R9420) fast
photomultipliers is presented in Fig. 6 [11]. When comparing the peak height resolution
(PHR) of the Photonis and Hamamatsu PMTs, it is easy to notice the significant advantage of
both Photonis tubes with superb resolutions of 55%. Also, a separation of the peak from noise
is excellent for the XP1020 and XP3060. In the case of Hamamatsu, the PHR is much worse
and equal to 95%. The R9800 spectrum is symmetrical, such as in the case of both Photonis
tubes. The spectrum for the R9420 PMT is asymmetrical because its right slope is raised due
to the contribution of the two photoelectron events.
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Fig. 6. Single photoelectron spectra recorded for 1-inch PMTs, XP1020 and R9800 (left), and 1.5-inch PMTs,
XP3060 and R9420 (right).
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The excess noise factor (ENF) is related to the single photoelectron peak resolution
expressed in o (R,) in the following way:

ENF =1+R’ (6)

The value for both Photonis tubes is equal to 1.05, while for the Hamamatsu photomultipliers
ENF =1.20.

As well as the gain variations, the excess noise factor in the photomultipliers is mostly
affected by the multiplication coefficient of the first dynode, whose gain is a few times higher
than for the rest of the dynodes.
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6. Theory of Time Resolution of Photomultiplier
Systems

1. Characteristics of the output pulse

A. Introduction

The accuracy of determining the time of nuclear particle interaction inside a scintillation
detector depends on its output signal and triggering method of the electronics. From the point
of view of time resolution measurements, the detection process of any kind of radiation by
a scintillation detector is determined by:

e Transfer of the particle energy into a scintillator through excitation of its optical states.

e Light emission due to de-excitation of the excited states with characteristic decay time
defined by the life time of these states.

e Light collection from the scintillator volume to a photomultiplier’s photocathode.

e Emission of photoelectrons from the photocathode.

e Collection of the photoelectrons on the first dynode.

e Multiplication of the photoelectrons in the dynode structure of the photomultiplier.

e Generation of a current pulse at the output of the photomultiplier.

e Triggering method of the electronic instrumentation by the PMT output pulse.

The theory of time resolution of scintillation counters covers the statistical analysis of the
detector output pulses. The two main theories were introduced by Gatti and Svelto [1], [2],
[3], and Hyman [4], [5]. Both have a similar logical structure, however, they assume slightly
different analytical functions of the probability distributions that describe individual processes
occurring in the scintillation counter after the detection of a nuclear particle. The functions
presented by Hyman [5] will be discussed here since his data are known to be more consistent
with the experimental results [6], [7], [8].

B.  Photocathode illumination function

The processes listed above, from one to three, determine the time distribution of the photons
striking the photocathode and can be summarized in a photocathode illumination function /(?)
normalized to the mean number of photoelectrons emitted in one scintillation event. The
function in its simplest form can be written as a single exponential decay / (t) =1, exp(— t/ r)

reflecting an ideal detector with the scintillator’s mean life time 7, and processes one and
three negligible. Such a function was used by Hyman in the first steps of his analysis [4],
however, the drawbacks of this form were also listed.

Both the scintillator’s excitation by radiation and further energy transfer to luminescent
centers have statistical time properties that decide about the rise time of the scintillation light
pulse and should also be included in /(¢). Hyman, after an analysis of the data covering the
light pulse shape studies presented by Koechlin and Raviart [9], defined the /(?) function as

[5]:
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1()= (WJ(exp(_ A )- exp(_ v/ D and 7 = T’l 1)

where 7 is the decay time constant and 7; is the rise time constant of a scintillation light.
Equation (1) is valid for a scintillation light pulse produced in three steps. First, a particle
deposits energy in the crystal, causing excitation of state A in a short period of time as
compared to the subsequent processes. Next, de-excitation of state A, with characteristic time
77, populates state B (the luminescent centers). Finally, the scintillation light is emitted after
de-excitation of state B with the characteristic decay time 7

The statistical fluctuations of such a defined average function are described by Poisson
statistics and hence a variance equal to /(#)dt can be attributed to the /(z)dt photoelectrons
emitted in the time period df.

C. Single photoelectron response (SER)

The properties of a photodetector (a photomultiplier in this case) can be described by
a single photoelectron response (SER) function which is characterized by three parameters:
the number of electrons (4) at the photomultiplier’s output (amplitude), time (%) between
emission of a photoelectron from the photocathode and the centroid of a consequent current
output pulse, and standard deviation (o) of this pulse width, relative to its centroid.

The average value of 4, assuming the same secondary emission gains (g) of each dynode, is
equal to:

A=g"" 2)
where n-1 is the number of dynodes (all n electrodes excluding the anode).

The mean value of time 4 is a sum of the mean flight times between successive dynodes
(assuming independent probability density functions of successive flights):

h=hy+h +h,+...+h_, 3)
where each index denotes the flight leaving the considered dynode and 0 denotes the flight
time between the cathode and the first dynode. Here, the continuous induction of electrons in
flight from the last dynode to the anode is neglected and simply only the arrival time at the
anode is considered.

The average value of a pulse width variance ¢’ can also be expressed as a sum of
consecutive variances associated with the probability density functions of the flight times
between dynode i and i+1:

c’=0l+0;+..+0., 4)
In the above formula, the variance related to the photoelectron traveling from the
photocathode to the first dynode is excluded since this single photoelectron contributes only
to the statistical shift of the whole SER, but not to its width. If all o; are equal and denoted by
044, formula (4) can be witten as:

o* =(n-1)og, 5)

In general, the average shape of the single photoelectron response f,(2) will be given by the
convolution of probability density functions of all n —1 cascaded flights between dynode i and
i+1:

£,6)=£i(e)* fo ()% £, ¢) (6)
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An analysis of the single photoelectron pulse shapes recorded with the 56AVP
photomultiplier allowed Hyman to find a reasonable description of the single photoelectron
response in the form of the clipped Gaussian function [4]:

_ L1125 |35 | (t-221660) | 3 = ~
fg(t)—(zﬂ)l/za{nexp[ 2o } 32} and [ f,()de =1 (7)

valid for: 0<7<4.43320, f, (t) =0 for <0 and ¢>4.43320. Formula (7) is the response at
the anode to light striking the photocathode in the form of a o function.

D. Statistical fluctuations of the SER parameters

The single photoelectron response is affected by statistical fluctuations of amplitude (gain),
time and width, so the corresponding variances of 4, 4 and o have to be taken into account in
the analysis.

The fluctuations of a photomultiplier amplification are mainly caused by the gain spread of
the first dynode. The amplitude variance &, for a photomultiplier with a sufficiently high
number of equal dynodes can be written as [3]:

ei=leg/lg-1)]e; ®)
where g is the secondary emission factor and &, is the relative variance of the number of
secondary electrons in a single secondary emission process. Assuming that this process can be
described by Poisson statistics, 6g2 should be equal to 1/g. Formula (8) can be obtained by
using the theory of the branching process [10] and the detailed calculations are presented in

[3]. Similar results were shown by Hyman [4], however, he introduced the coefficient r
describing the gain fluctuations at n stages with an equal mean gain g at each stage:

r=+22)" =[i+(g" -1)g"(g-1)]" )
Note that for &> = 1/g in (8) and high 7 in (9), g" — 1 = ¢", and &, in (8) and (9) are equal.

The statistical fluctuations of time 4 are related to the flight time differences of electrons
inside the photomultiplier. The photoelectrons traveling between the photocathode and the
first dynode have the main contribution to these fluctuations due to different initial velocities
and the point of emission at the photocathode. The width of such transit times distribution
(o) is called time jitter or transit time spread. Following the calculations presented in [3], the
variance of the time jitter can be written as:

O_v2: O_vih_i_ O 4 8 (10)

where o, denotes the variance of the flight times of photoelectrons from the photocathode to
the first dynode and the second part of this equation describes the flight time of
photoelectrons through the dynode structure. The probability density function proposed by
Hyman [4] in the case of the electrons transit time f,(z) is Gaussian and identical as formula
(7), but with the width equal to o’

Gatti and Svelto [3] showed that the variance of width o of the single photoelectron

response can be expressed as:
2(n—1) g -1

varo =
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A comparison of formulas (10) and (11) shows that the variance of o is much smaller than the
variance related to the transit time spread and hence can be neglected.

E. Output current pulse

In the further discussion a photomultiplier response will be considered only with respect to
a single photoelectron impinging the first dynode (photoelectron emission at the photocathode
will be omitted) [3]. In this approach a PMT is an ideally deterministic object whose transfer
function is a single photoelectron response. All the fluctuations of the electron flight times o
(even the second term in (10)), as well as spread in gain &;° will be attributed to the cathode-
first dynode area. Following the above assumptions, the electron multiplier can be treated as
a conventional, noiseless electrical network having &%) response equal to the single
photoelectron response.

All of the statistical properties of a photomultiplier are comprised into an equivalent
illumination function which is a convolution of the photocathode’s illumination function /()
(e.g. given by (1)) and the probability distribution function of the electrons transit time f(2):

') =1(e)* 1,.(¢) (12)

The current pulse at a photomultiplier’s output i(?) is described by a convolution of the
equivalent illumination function (12) and the single photoelectron response (7):

i(0)=1"()* £, (0) (13)

If all the mean values and statistical fluctuations of the parameters describing the equivalent

illumination function and single photoelectron response are known, the above general formula

allows to calculate the shape of the output current pulse i(z) together with its characteristic
times.

2. Time resolution

A. Machine times

The next step of the theoretical analysis considers the triggering methods of the electronics
by the PMT output signal defined by (13). These methods lead to different characteristic
times, called machine times, to which the instrumentation is sensitive. Machine time is the
time difference between the beginning of the detector output pulse and the triggering time of
the electronics.

Three of several types of detector response related to different methods of triggering the
electronics are:

e Straight response — the trigger time signal is generated when the current pulse from
a PMT i(t) exceeds a given threshold & measured as a fraction of the maximum
amplitude of the average of many current pulses.

e Integral response — the trigger time signal is generated when an integrated current
pulse from a PMT exceeds a given level of C/R measured as a fraction of a total
charge of the average anode pulse.

e (Centroid response — the trigger time signal is generated at the centroid position of the
pulse due to a pre-selected amount of charge collected at the anode, and the triggering

fraction is measured with reference to the total charge of the mean anode pulse.
In the case of all the machine times, the limited time resolution of a scintillation detector is
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caused by statistical fluctuations of the shape and amplitude of the photomultiplier output
pulses. Examples of typical anode current pulses calculated for 10 to 100 photoelectrons,
using Monte Carlo methods, are presented in Fig. 1, following [4].

Calculation of variances of the above-defined machine times leads to values that constitute
the theoretical limits of the time resolution for a given system. Numerical data can be
obtained by approximate analytical calculations or using Monte Carlo methods.
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Fig. 1. Typical waveforms of the anode current pulse, calculated using Monte Carlo methods. Reprint from [4].

B. Examples of approximate analytical calculations and Monte Carlo results

First, a simplified example of a detection system will be considered with the SER described
by a Dirac delta function o). Such a system reflects a detector consisting of a scintillator
with a decay time that is much longer than the time jitter of the photomultiplier used. In this
case, a detector current output pulse is affected only by the characteristic times of the
scintillation light (photocathode illumination function).

Following Post and Schiff [11], and assuming a total number of R photoelectrons and an

exponential equivalent illumination function with the decay time z which is:
1°(t)= (R/r)exp(~1/7) (14)
the variance of the arrival times of the C™ electron (describing the trigger level) can be

expressed as:
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& :(TZ/RZ)C{1+§(C+1)+..} (15)

Calculations for a scintillation light pulse described by the characteristic decay time 7; and
rise time 7, were performed by El-Wahab and Kane [12]. Their equivalent illumination
function was defined as:

ro={g Zffen()-oo )

An example of the calculated probability density functions of arrival times of the C™ electron
(normalized collected charge) for a total number of R = 100 photoelectrons and different
values of the 7;/7; ratio are presented in Fig. 2. The FWHM of these distributions, which
determines the time resolution in the function of C, is presented in Fig. 3.
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Fig. 2. Probability density functions for a trigger set at the C™ electron, a total of R=100 photoelectrons and
different ratio between rise time and decay time of a scintillation pulse. Reprint from [3].
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Fig. 3. The FWHM in the function of the trigger set at the C™ electron of the PDF calculated by El-Wahab and
Kane. Reprint from [3].

The transit time spread of electrons traveling from the photocathode to the first dynode was
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incorporated into the Monte Carlo calculations made by Gatti and Svelto [2]. They proposed
the probability density function that describes the time jitter in an exponential form. The
presented plots of variances in the function of C (normalized output charge in the number of
electrons) showed that the minimum value of the time resolution can be obtained for C — 0.
Moreover, the influence of the photomultiplier parameters on time resolution, even in the case
of slow decaying scintillators, was also shown. The data obtained in [2] for the different
values of the SER width A, time jitter &, and gain variations & are presented in Fig. 4.
Curve 1 represents an ideal photodetector with statistical contribution only due to
photoelectron emission statistics. Curve 2 includes a finite width of the SER, whereas curve 3
is valid for the SER width equal to 0 but finite time jitter. Curve 4 reflects a real detector.
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Fig. 4. Centroid time variances calculated using Monte Carlo methods for different statistical parameters of
a photomultiplier. Reprint from [3].

C. Hyman theory

The theoretical model proposed by Hyman [5] assumes a finite rise time of the scintillation
light pulse and the photocathode illumination function given by equation (1). The effect of
different ratios y between the rise time and decay time on the output current pulse is presented
in Fig. 5. In the theory, the transit time of photoelectrons between the photocathode and the
first dynode as well as a single photoelectron response are described by similar clipped
Gaussian functions (7). The only difference is the value of the distribution widths, denoted as
o’ and o, and with variances described by (10) and (11) in the case of the time jitter and SER,
respectively. In the analysis it is also assumed that the system is linear and superposition is
valid.

Following Hyman [5], a standard deviation of the time resolution (o) in the case of the
integral response (without the time jitter) can be written as:

e {j‘:l*(r)drmr du f,(u)0(4.43320 - u)ﬂm
- i(t)

where 6(4.43320—u) =1 for positive arguments and 64.43320—u) =0 for negative

(17)
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arguments, i(z) is a current pulse at the anode, ¢’ is the trigger time of the electronics that is
a function of C/R, N is the number of photoelectrons, » reflects the photomultiplier gain
variations and is given by (9). Similar results, although in the form of more complex integrals,
were presented by Hyman [4] for the straight, integral and centroid response. In each mode
the form with and without the time jitter was discussed.
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Fig. 5. Calculated anode current with y as a parameter. Reprint from [5].

Hyman performed analytical calculations for various values reflecting the different
parameters of a scintillator and photomultiplier. The results were presented in the form of
curves, where the standard deviation of the time resolution is normalized in the following
way:

R b T b O_ b

and where function H depends on the following parameters: triggering fraction C/R, ratio

= (18)

(o) N2 H(C c o }/j

T-r

between the width of SER and scintillation decay time o/7, ratio between the time jitter and
the SER width o”/0, and ratio between the rise time and decay time of the scintillation light
pulse y.

Examples of the calculated and normalized curves in the case of an integral response are
presented in the following figures. In Fig. 6 the data for y — oo and the different values of o/7
and o’/o are presented as a function of a fraction of the anode pulse. A similar plot, but for y
equal to 2.5, is shown in Fig. 7. The Hyman curves allow to find an optimal triggering point
for a given detection system or an influence of the change of system parameters, such as
scintillator decay time or photomultiplier time jitter.

An analysis of the C/R curves shows that their shape and optimum position depend on the
o’/o ratio. A comparison of the plots presented in Fig. 6 and 7 leads to the conclusion that the
introduction of an exponential rise time of the scintillation light deteriorates the time
resolution, but does not affect the shape of the Hyman curves. The width of the single
photoelectron response has no effect on the time resolution, however, it changes the shape of
the C/R curves and shifts the optimum toward higher trigger levels.
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Fig. 6. Width of the triggering time distribution for an integral response and y — oo as a function of a fraction of
the pulse used. Reprint from [5].
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the pulse used. Reprint from [5].

D. Comparison with experiments

The Hyman theory predictions, in comparison with experimental data, are not completely
reliable since the theory does not account for all the physical and geometrical characteristics
of the scintillator. Gatti and Svelto [3] have pointed out the main discrepancies between the
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theoretical and experimental values of the time resolution as a function of the triggering
fraction C/R:

e The minima in the theory are obtained for lower C/R than observed experimentally.

e Separate curves are observed experimentally for different energy, while with the
normalized unit used one single curve is expected.

e The experimental values are better than the theoretical ones by about a factor of 2,
referring to a curve for 100 keV.

A modification of the Hyman theory that assures agreement with the experimental data was
introduced by Bengtson and Moszynski [13]. The authors compared the time resolution
properties of the NE111 and Naton136 scintillators (similar decay times) of different heights
to extract the influence of light collection in the crystal and the faster rise time of the NE111.
Fig. 8 shows the C/R curves obtained for the tested scintillators.
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Fig. 8. Influence of scintillator height (left) and utilized photocathode area (right) on C/R curves. Reprint from
[13].

The influence of the scintillator height is presented on the left. For a I-cm and 2-cm
Naton136, the shape of the curves is similar and the time resolution is improved with
a smaller crystal. In the case of the NE111, not only is the time resolution improved, but also
the shape of the C/R curve is changed, moving the optimal threshold from about 7% for the
2-cm crystal to 2% for the 1-cm scintillator. Moreover, the time resolution obtained with the
NEI111 is better compared to the Natonl136, despite the fact that the light yield from the
NE111 is 40% smaller.

The curves on the right in Fig. 8 present the influence of the utilized photocathode area on
the optimal C/R threshold. In these measurements thin scintillators with diameters of 1.25 cm
and 2.5 cm were used. A further change of the C/R curves’ shape is seen. The curve for the
thin Naton136 with a diameter of 2.5 cm is very similar to that for the NE111 with a height of
2 cm.

As was mentioned in the previous section, in the Hyman theory the shape of the C/R curves,
and in particular the optimal threshold value, strongly depend on the o’/c ratio. Moreover,
an exponential rise of the light pulse from the scintillator impairs the time resolution, but it
has a very weak influence on the optimal value of C/R and the shape of the curves.

From the plots presented in Fig. 8 it is visible that the shape of the C/R curves depends on
the timing properties of the scintillators. The shape of the experimental curves changes in the
same way as the shape of the theoretical ones for the different values of o”/o [5]. It is
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interesting to note that the optimal fraction value moves from 7% for Naton136 to 2% for
NEI111. A similar change has been found between the S6AVP and XP1020 photomultipliers
[14] characterized by different time jitter.

These facts suggest that the scintillator contributes to o’, and for further analysis this
parameter in the Hyman theory should be redefined in the following way:

o’ =0, =0 +0"y, (19)
where o’sc is the standard deviation of a Gaussian function describing the time spread of the
scintillator and o’pys 1s the standard deviation of a Gaussian function describing the time
spread of a photomultiplier.

In consequence, a new description of the photocathode illumination function is introduced
in the form of the following convolution:

1(t)= foclt)xe™ (20)
where fsc(?) is the clipped Gaussian function describing the generation and collection of light
in the scintillator. A similar description of the light pulse has been suggested before by
Bertolini et al. [6]. A quantitative comparison of the experimental C/R curves and the two
families of theoretical curves (o/7=2/3 and o/7=1/3) is shown in Fig. 9. All of the curves
are normalized according to eq. (18). The shape of the experimental curves measured for the
different scintillators follows the shape of the theoretical curves calculated for different
parameters of photomultipliers, which confirms the need of the above redefinition of the o’
parameter.
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Fig. 9. Comparison of the theoretical curves of Hyman [5] with the time resolution dependency on the pulse
height fraction measured with the Naton136 and NE111 scintillators of different dimensions coupled to the
XP1021 photomultiplier. Reprint from [13].

The dependency of the time resolution versus energy is contained in the average number of
photoelectrons emitted from the photocathode (V). This number is distributed around the
average value with a spread which is reflected in the pulse height resolution oF, which is
proportional to VE. During investigations of the dependency of time resolution on the
absorbed energy, it is important to set the width of the energy window AE proportional to VE.
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The time resolution studies according to the above considerations were carried out in [13],
[8] using NE111 scintillators and XP1021 photomultipliers. The results of the experiments are
shown in Fig. 10. For the correct choice of window settings, the time resolution is
proportional to 1/VE and gives excellent agreement with the theoretical predictions given by
Gatti and Svelto [1], [2], [3] and Hyman [4], [5]. For comparison, the results for a window AE
proportional to £ are also shown and which have been used by many authors [15], [14]. It is
worth underlining that the time resolution versus energy is independent of the energy window
when constant fraction timing is used in the experiment.
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Fig. 10. Time resolution versus energy for two types of pulse height selection for leading edge and constant
fraction timing. Reprint from [13].

Fig. 11. The best fit (obtained for ¢’;,; = 0.3 and o= 1.2) of the calculated dependency of the time resolution on
the pulse height fraction to the distribution of the experimental points averaged over the measurements at
different energies between 50 and 200 keV. Reprint from [8].
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A study [8] of the time resolution as a function of the pulse height fraction performed for
a 2-mm thick NE111 scintillator coupled to a XP1021 photomultiplier showed a quantitative
agreement with the predictions of the modified Hyman theory. Fig. 11 presents the fit of
calculated dependency and measurement points of time resolution versus the pulse height
fraction. The experimental points were averaged for energies between 50 and 200 keV.
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7. Experimental methods

1. Number of photoelectrons

The number of photoelectrons per energy unit (Nphe) can be determined using the
Bertolaccini et al. method [1], [2] . This method is based on a comparison of the two spectra
registered in a multi-channel analyzer (MCA).

The first spectrum is a single photoelectron spectrum recorded with a photomultiplier
whose photocathode is completely covered from external light sources. In such
a configuration the spectrum is a result of only dark counts due to the thermal emission of
mostly single photoelectrons from the photocathode. The centroid or peak position (PP ;,) of
the single photoelectron spectrum defines its mean amplitude at the photomultiplier output.

The second spectrum is obtained with a scintillator coupled to the photomultiplier and
represents the energy spectrum of gamma rays from the radioactive source containing
a characteristic peak or point (like full energy peak or the Compton edge), whose energy is
well known. The characteristic peak position reflecting the chosen energy (PPg) should be
higher than a few hundred keV due to the non-proportional response of scintillators in low-
energy ranges. In most cases the photoelectron number is calculated on the basis of the
662 keV full energy peak from the '*’Cs gamma source. When energies below 100 keV are
used (e.g. due to non-linearity of the photodetector), the final result has to be corrected for the
scintillator non-proportionality curve. Examples of a single photoelectron spectrum together
with the energy spectrum for "*’Cs are presented in Fig. 1.
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Fig. 1. Examples of spectra (recorder with Photonis XP3060 photomultiplier and LaBr; scintillator) used for
calculation of the number of photoelectrons.
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Taking into account the fact that due to large differences in amplitudes between the signals
of a single photoelectron and the full energy peak for '*’Cs (or another source), the peak
positions are recorded with different gains of the spectroscopy amplifier (K), the number of
photoelectrons per energy unit can be calculated in the following way:

PP, K
Nphe|phe/MeV | = ——£—. 7. 1 (1)
PP,. K, Energy[MeV]

2. Timing measurements

A. Time resolution
A block diagram of the basic experimental setup used during the timing measurements
presented in this thesis is shown in Fig. 2. This is the so-called slow-fast arrangement since it

consists of two parts that process the corresponding slow and fast signals.
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Fig. 2. Slow-fast arrangement for timing measurements. In the fast part the time spectra of the response
difference of the detectors is recorded. In the slow part the gate is generated to choose the energy range of
interest.

The fast part of the setup is indicated in red in Fig. 2 and includes fast discriminators (the
Leading Edge (LE) or Constant Fraction (CFD)) and Time-to-Amplitude Converter (TAC). In
the fast signal electronic chain, the direct, fast anode signals from the photomultipliers are
used. The arrival time of these signals is resolved by discriminators and next, in the form of
NIM negative logic pulses, sent to TAC. The Time-to-Amplitude Converter generates the
output pulse whose amplitude is proportional to the time difference between the start
(reference PMT) and stop (tested detector) input signals. This TAC signal is then sent to the
Multi-Channel Analyzer (MCA). In this way, the time spectrum of the response difference of
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the detectors can be recorded.

The slow signal electronic chain indicated in blue in Fig. 2 consists of two identical tracks
where the dynode signals are fed to pre-amplifiers whose output signal is next sent to the
spectroscopy amplifiers. The aim of this part is to select the energy range of interest and to
generate a gate for the TAC signal. This is done by using the Single Channel Analyzers
(SCA). In the case of the time resolution measurements, the energy windows are set at
511 keV full energy peaks originating from a **Na gamma source.

The slow-fast timing setup allows measurements of the fast timing response of two
detectors under two conditions: the signals in both detectors are in coincidence and the
detected radiation energy is within the energy range set at SCA.

During the measurements, in the reference detector a BaF, crystal coupled to the
XP20Y0Q/DA PMT was used.

B. Decay time constant

Decay time constant measurements were made by the Bollinger-Thomas single photon
method [3], [4] using a '*’Cs gamma source. This method also uses the slow-fast arrangement,
but slightly modified (see Fig. 3). Now, in the start channel the pulses induced by the gamma
source placed close to the measured crystal are processed. The single photons, originating
from the same event that triggered the start electronic chain, which reached the reference
PMT, are the source of the stop signals. The timing spectrum of single photons detected by
the reference PMT reflects the statistics of the photons emitted during the scintillation light
pulse and allow calculation of the decay time of the scintillator under test.
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Fig. 3. Slow-fast arrangement for timing measurements modified for the Bollinger-Thomas single photon
method.
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In the case of measurements of the decay time, instead of the reference scintillation detector
a very fast photomultiplier R5320 from Hamamatsu, characterized by a time jitter of 140 ps,
was used as a single photon detector. The energy windows were set at the single
photoelectron peak in Hamamatsu R5320 and at the 662 keV full energy peak in Photonis
XP20DO coupled with the tested crystal.

The tested crystals were wrapped with Teflon, but only on the sides, leaving one surface
opened to the Hamamatsu PMT. Such a configuration assures the detection of single photons
from the scintillator, induced by a '*’Cs gamma source.

C. Timejitter

The experimental setup used during the time jitter measurements was also a modified
version of the slow-fast arrangement and is presented in Fig. 4. This time, the time response
of the photomultiplier for single photons generated by the LED light source was measured.

single photons

Anode « #
Tested PMT < | xp221eD out
[ | Lost Dynode «
I TAC CFD [«
CFD or
out »| Stop Start j« out LE
== Output
o
Q
3 Y
o Amplitude
Signal
— MCA
Tukan8k
A\ 4 Gate
A
Spectroscopy
amplifier
gate at 1phe Gate Generator

A

Single Channel
Analyzer

Fig. 4. Slow-fast arrangement for the time jitter measurements using an XP22 light emitting diode.

The time jitter of all the tested photomultipliers was measured using a light pulser based on
an XP22 light emitting diode (LED) driven by an avalanche transistor. The FWHM of its light
pulse was determined in the past by a microchannel-plate photomultiplier to be equal to
130 ps [5]. The effective wavelengths of light seen by the PMT with the bi-alkali
photocathode were centered at 560 nm. The energy window in the PMT track was set at the
single photoelectron peak and instead of a reference detector the pulse from the XP22 LED
was used to trigger the “start” discriminator.
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The time spectra of the single photoelectrons were measured in two modes, when the LED
pulser illuminated a full photocathode and a spot 8 mm in diameter in the center of the
photocathode. In the second case the entire surface of the PMT input window, except the hole
that was 8 mm in diameter in the center, was covered to avoid light.

D. Electronics

The timing measurements were carried out using the fast Leading Edge Discriminator Polon
1520 and the Constant Fraction Discriminator Ortec 935. Time spectra were measured with an
Ortec 566 Time-to-Amplitude Converter and recorded by the PC-based multi-channel
analyzer Tukan8k [6]. The time calibration of the Time-to-Amplitude Converter was done
using a precise Time Calibrator Ortec 462 based on a quartz clock.
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8. Study of timing with LSO on XP20DO0

1. Introduction

A.  Motivation

The first Time-of-Flight PET scanners, based on CsF and BaF, scintillators, were built
about 25 years ago [1], [2], [3]. Nevertheless, due to low stopping power of these crystals for
511 keV annihilation quanta, their performance was not as good as a classic PET scanner with
BGO crystals. It is obvious that a good scintillator for TOF-PET should be characterized not
only by a fast decay constant but must also be sufficiently dense to ensure high stopping
power. Scintillators such as LaBr; and LSO are presently one of the strongest candidates for
the TOF PET detectors. However, significantly lower stopping power of LaBr; compared to
LSO suggest study of the fast timing with the latter one as more practical solution. This is
particularly supported by the recent studies of performance of the Photonis XP20DO
photomultiplier, carried out with LSO and LaBr; crystals, which showed a comparable time
resolution measured with both crystals [4]. As it will be shown in the next section (following
[5]), very good time resolution recorded with a 4x4x20 mm’® LSO crystal coupled to the
XP20D0 PMT confirms that an LSO crystal (7.4 g/cm’) is the best candidate for the future
TOF-PET [5], [6].

A further improvement of the time resolution, due to the common light readout by a cluster
of photomultipliers in a block detector, was proposed by Kuhn et al [7]. They measured time
resolution of 313 ps for two block detectors based on 4x4x30 mm® LaBr; crystals [8] and time
resolution of 295 ps using a sum of the signals from the cluster of 7 PMTs [7]. These results
triggered further studies (presented in the second part of this chapter) of the time resolution
with the LSO crystals; in particular, with a light readout by means of several photomultipliers.

B. Aim of the study

In the first part of this chapter, a comparison of timing with Hamamatsu R5320 and
Photonis XP20D0 PMTs is shown in relation to the classic fast timing photomultiplier
XP2020, following the data presented in [5].

In order to improve the performance of positron emission tomography scanners, precise
optimization of the detectors used is required, in particular, their timing capabilities. Such
optimization of the time resolution with an LSO crystal coupled to the XP20D0 PMT using
a leading-edge fast discriminator (LE) and a constant fraction discriminator (CFD) is
presented in the second section. The results of the leading-edge time resolution are compared
with the predictions of the Hyman theory of timing (presented in chapter 6) .

In the third part, the tests of the time resolution with the system realizing the light readout
by two PMTs is presented. During the reported measurements a finger-like 4x4x20 mm® LSO
crystal was placed in the center of each PMT and in the middle of the system, between the
PMTs and, in each case, the light was collected via a light guide to both PMTs.
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2. Prospects for Time-of-Flight PET with LSO scintillators

A.  Photomultipliers and scintillators

In Table I the properties of the photomultipliers studied in [5] are collected. The
XP20YO0/DA is the prototype of the XP20DO, studied in [9]. In comparison to the classic
XP2020, in XP20D0 the number of dynodes was reduced to 8, to avoid an influence of the
space charge effect on the time resolution [10] and the screening grid was applied at the
anode. Moreover the XP20D0 PMTs posses very high sensitivity of the photocathode. The
blue sensitivity of 13.7 pA/ImF of the PMT No. 2026 corresponds to a quantum efficiency of
about 34% at 400 nm. The R5320 photomultiplier was tested in its original assembly
H6610DY, delivered by Hamamatsu. Time jitter, listed in Table I, was measured for all the
PMTs using a light pulser based on an XP22 light emitting diode [11]. A very low time jitter
of 140 + 7 ps at FWHM for the R5320, comparable to that reported in [6], is more than three
times better than that of XP20DO0.

TABLE I
THE MAIN PARAMETERS OF THE TESTED PHOTOMULTIPLIERS

XP2020 XP20Y0/DA XP20D0 XP20DO0 R5320

Type No0.25377  No.021  No.2025 No.2026 No.BA0091
Diameter 51 mm 25 mm
Photocathode Bialkali
Window borosilicate glass Quartz
B I‘Eizﬁfgity 10.4 12.2 132 13.7 8.9
Whige;zzit]mty 70.5 110.2 150 150 81.3
Ti“E; i]itter 500425 660430 610430 520425 14047
Screening grid No Yes Yes Yes No
No of dynodes 12 8 8 8 10

All the measurements were done with two LSO crystals. First one, with the dimension of
10x10x5 mm’, was used in the comparative study of photomultipliers. The second, finger-like
crystal, with the size of 4x4x20 mm’, was used in the feasibility study of a TOF PET detector.
The mechanically polished LSO crystals were wrapped with several layers of white Teflon
tape.

B.  Time resolution with 10x10x5 mm’ LSO
In all the studies the slow-fast arrangement was used with the Ortec 935 Constant Fraction
Discriminator adjusted separately for the best timing for each combination of the scintillator

and photomultiplier.
First, comparison of timing with Hamamatsu R5320, and Photonis XP2020 and XP20D0
PMTs was performed using a 10x10x5 mm® LSO crystal. This selected crystal allowed
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determining of the limits of the time resolution achievable with LSO when scintillation light
is not affected by the light transport and attenuation inside the crystal. In Table II, the
measured numbers of photoelectrons with different PMTs are collected.

TABLE 11
PHOTOELECTRON NUMBERS MEASURED WITH LSO CRYSTAL COUPLED
TO THE TESTED PMTS

Phe number/
Blue sensitivity Phe Number blue sensitivity

PMT [LA/Im F] [phe/MeV] [phe/MeV
/uA/lm F]
XP2020
No. 25377 10.4 6300+£200 606120
XP20DO0
No. 021 12.2 6900200 565420
No. 2025 13.2 7700+200 583420
No. 2026 13.7 8100+200 591420
R5320
No.BA0091 8.9 5400+200 60720

It is worth noting the superior numbers of photoelectrons measured with the XP20D0 PMTs
due to enhanced blue sensitivity of the photocathodes. In the case of PMT No. 2026, the
photoelectron number is up to 50% larger than that of XP2020 and R5320 equipped with the
standard bialkali photocathodes. The last column presents the normalized photoelectron
number to the blue sensitivity. It shows that the number of photoelectrons follows well the

blue sensitivity of the tested PMTs.
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Fig. 1. Time spectra obtained with 10x10x5 mm® LSO crystal coupled to Photonis XP20D0 and Hamamatsu
R5320 PMTs, as measured for the 511 keV full energy peak in relation to the small BaF, crystal.
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Fig. 1 presents comparison of time spectra measured with the Photonis XP20D0, No 2026
and the Hamamatsu R5320. An excellent and comparable time resolution was recorded with
both PMTs, close to 200 ps. The results of the measurements with all the tested PMTs and the
analysis of the time resolution with respect to the number of photoelectrons measured at
511 keV are collected in Table III.

TABLE III
TIME RESOLUTION MEASURED WITH LSO CRYSTAL COUPLED
TO THE TESTED PMTS
Time resolution, ot [ps] Phe number® 8tVN
PMT h [psVphe]
Measured Tested detector” [phe] x 10°
XP2020
No. 25377 25745 22246 3200+£100  12.6+0.4
XP20D0
No. 021 225+4 18545 3500+£100  10.9+0.4
No. 2025 21444 17245 3930+100  10.8+0.4
No. 2026 210+4 166£5 4140£100  10.6+0.4
R5320
+ + + +
No.BA00O1 21545 17345 2760+100 9.140.4

a) corrected for the contribution of the BaF, reference detector of 128 ps.
b) photoelectron number for 511 keV

The measured time resolution, presented in the second column, is corrected for the
contribution of the reference BaF, detector (128 ps) and shown in the third column. In the
fourth column the number of photoelectrons corresponding to the 511 keV peak is listed. The
last column shows the time resolution of the tested detectors normalized to the number of
photoelectrons.

The measured time resolution with the XP20D0 PMTs is comparable to that of R5320 and
significantly better than that recorded with the XP2020. It reflects advantages of XP20DO0
associated with the screening grid at the anode and high quantum efficiency. In the case of
R5320, the excellent time resolution is due to a very low time jitter.

The time resolution normalized to the number of photoelectrons, is better for XP20DO0 than
for XP2020 reflecting an improvement due to the screening grid at the anode. An
improvement of 1.17 is observed, comparable to that reported in [9]. The time resolution
normalized to the number of photoelectrons is superior in the case of the R5320 PMT. It is a
consequence of a very low time jitter of this tube. However, the improvement by a factor of
1.18 over XP20DO0 and even a factor of 1.36 over XP2020 seems to be rather low compared to
more than three times lower time jitter.

C. Time resolution with 4x4x20 mm’® LSO

In the second part of the experiments, the 4x4x20 mm® LSO crystal was tested coupled to
the XP20DO0, no. 2026. First, it was coupled in the center of the PMT. In this case the number
of photoelectrons was reduced by about 25%, to 5900 + 200 phe/MeV, because of the reduced
light collection in the long and narrow crystal. The measured time resolution of 234 + 5 ps
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corresponds to the time resolution of 196 £ 5 ps for the single LSO detector, which follows
well the reduced number of photoelectrons.

In order to better approximate a real performance of the future block detector, a further
study was carried out with an 11 mm thick and 52 mm in diameter Lucite disc light diffuser
coupled optically to the PMT (see Fig. 2). The edge of the disc was covered with a black tape
to avoid light reflections and to approximate the block detector geometry where light spreads
out to the neighboring PMTs.

E black tape

[

1st dynode

XP20D0

2nd dynode

[

Fig. 2. Position of the light diffuser at the photocathode of the XP20D0 PMT and positions of the LSO crystals
tested in the experiment.

The measurements were carried out with the LSO crystal coupled in the center, and then at
the edges of the PMT, parallel and perpendicular to the dynode plane (see Fig. 2). The
photoelectron number measured for the LSO crystal coupled in the center was reduced further
to 4400 + 150 phe/MeV. It showed that about 25% of the light was spread out, potentially to
the neighboring PMTs.
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Fig.3. Time spectra measured with 4x4x20 mm® LSO coupled in the center and at the edge of the light diffuser.
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The time resolution measured with the crystal located in the center of the PMT was equal to
258 £ 6 ps. The time resolution at the edges of the PMT, was deteriorated to 305 £ 7 ps, in
average. Timing spectra measured at both crystal positions are presented in Fig. 3. The time
resolution of the single LSO detector was equal to 234 + 5 ps and 277 + 6 ps, respectively.
Again, in both positions of the LSO crystal, the time resolution followed the number of
photoelectrons. The results of the measurements at all the positions of the LSO crystal and the

analysis of the time resolution with respect to the number of photoelectrons measured at
511 keV are collected in Table IV.

TABLE IV
TIME RESOLUTION MEASURED AT DIFFERENT POSITIONS ON THE PHOTOCATHODE

N Time resolution, ot [ps] Phe number” VN
Position of LSO . [psVphe]

Measured Tested detector” [phe] X 103

No light diffuser,
Center 23445 196+5 3015+100 10.8+0.4
With light diffuser:

Center 258+6 22446 2250+70 10.6+£0.4
PIN 17-18 300+6 27246 161060 10.9+0.4
PIN 7-8 314+6 287+6 1410+50 10.8+0.4
PIN 13-14 305+6 27746 1530+50 10.8+0.4
PIN 3-4 300+6 271+6 1620+60 10.9+0.4

a) corrected for the contribution of the BaF, reference detector of 128 ps.
b) photoelectron number for 511 keV

The same values of the normalized time resolution shown in the fifth column of the Table
III and IV confirm that the time resolution is not affected by a possible local deterioration of
the PMT time jitter and follows the number of photoelectrons. It is observed also for “the
worst” position on the photocathode, behind the first dynode, being the most critical part of
the photocathode with the lowest photoelectron collection efficiency in the linear-focused
PMTs. Moreover, the results show that in the very well polished finger-like crystal, the main
component of the light transport is due to the total internal reflection, weakly increasing the
total time jitter of the detector [12], [13].

D. Conclusion

The performed measurements strongly suggests that the time-of-flight PET, based on LSO
crystals, is a realistic proposition for further studies and development. This conclusion is
based on the excellent time resolution measured with the finger-like 4x4x20 mm® LSO crystal
coupled to XP20DO0O PMTs and a possible further improvement due to the light readout by the
cluster of PMTs in the block detector, according to Kuhn et al [8].

3. A Further Study of Timing with LSO on XP20D0

The aim of this part was to solve the problem of optimization of the time resolution with
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LSO crystal coupled to the XP20D0 PMT. Such optimization was made using a leading-edge
fast discriminator (LE) and a constant fraction discriminator (CFD) and the results of the
leading-edge timing were compared with the Hyman theory of timing [14].

A.  Scintillators

The timing measurements were done with two LSO crystals. The first one, with dimensions
of 10x10x5 mm’, coupled to a single XP20DO0, was used for the optimization of timing with
CFD and LE. The second, finger-like crystal, 4x4x20 mm® in size, was used for
measurements of timing with two PMTs coupled to a common light guide. The mechanically
polished LSO crystals were wrapped with several layers of white Teflon tape.
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Fig. 4. Screen captures of the average anode pulses for LSO 10x10x5 mm® (top one) and LSO 4x4x20 mm’
(bottom one). The result of fitting of a single exponential decay for each crystal is also presented. The “step”
which occurred in both right side spectra is caused by the afterpulses in the PMT.

In order to define the light pulse shape properties of the crystals, both scintillators were
coupled to the Hamamatsu R5320 PMT, which is characterized by a very fast time response
of about 800 ps at FWHM (Full Width at Half Maximum) and 700 ps rise time of the single
photoelectron anode pulse [5], [15]. The scintillators were irradiated by a **Na gamma source
and an average anode signal of 10 000 acquisitions was recorded by a Tektronix Digital
Oscilloscope type TDS5034B. Events taken into account have been chosen by a triggering
level set to about 2/3 of the anode pulse. Screen captures of the pulses and the results of fitting
of a single exponential decay are presented in Fig. 4. The main properties of the crystals are
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presented in Table V. The observed difference of the decay time between the two crystals is
characteristic for LSO. The excitation and emission process in the LSO crystals leads to a
variation in the decay time between 36 ns and 48 ns [16] [17].

TABLEV
THE MAIN PARAMETERS OF THE SCINTILLATORS USED

. Size Manufac- Apk e
Scintillator 3 decay
[mm’] turer [nm] .
time [ns]
10x10x5 46.2+0.5
LSO:Ce CTI 420
4x4x20 422+0.5

B.  Photomultipliers

The studies were carried out on two XP20DO0 tubes representing the commercial Photonis
production [18], [4]. In Table VI, the main characteristics of the PMTs are presented. Note
that this type of a PMT is optimized for timing measurements due to the application of
a screening grid at the anode [9] and high blue sensitivity of the photocathode. Also, the
number of dynodes was reduced to 8, which minimizes the influence of the space charge
effect on time resolution [10]. The number of photoelectrons per energy unit (phe/MeV) was
measured using Bertolaccini method [19] and '*’Cs gamma source.

TABLE VI
THE MAIN PARAMETERS OF THE PHOTOMULTIPLIERS USED
XP20D0
Type
SN2083 SN2087
Photocathode Bi-alkali
Window Borosilicate glass
Blue sensitivity [uA/ImF]” 12.65 12.75
No of dynodes 8
Screening grid Yes
. 2.4x10° 2.4x10°
Gam/Voltageivi 1978 /1008

for LSghf(/)I:(/IleO\)]( - 6600200 7000 + 200
for leg’%?ggo o 5200200 5000 200

a) where F stands for filtered for blue sensitivity.

The time jitter of both tested photomultipliers was measured using a light pulser based on
an XP22 light emitting diode (LED) (see chapter 7) [11]. Fig. 5 presents the time spectra of
the single photoelectrons measured when the LED pulser illuminated the full photocathode
and a spot of 8 mm in diameter in the central part of the photocathode. The results of the
measurements, including FWHM and FWTM (Full Width at Tenth Maximum) are collected
in Table VII.

Comparable time jitter was obtained for the central part and the whole photocathode, what
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confirms an excellent uniformity of the photoelectron collection from the external regions of
the photocathode. The observed small shoulders at the late slopes in the case of the time
spectra for the whole photocathode reflect a contribution of photoelectrons from the region
“behind” the first dynode. These photoelectrons are always the poorer focalized ones.
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Fig. 5. Time spectra of the single photoelectrons measured for the XP20D0 SN2083 and SN2087. The light
pulse from the LED pulser with FWHM of 130 ps illuminated the whole photocathode and its central part.

TABLE VII
THE TIME JITTER OF THE PHOTOMULTIPLIERS USED

Center of the photocathode

‘Whole photocathode
PMT
FWHM [ps] FWTM [ps] FWHM [ps] FWTM [ps]
XP20D0
SN2083 470 =20 920 + 50 510+30 1090 + 50
SN2087 490 +20 950 + 50 540 +30 1170 + 60

C. Optimization of the time resolution

The optimization of the electronics for the best time resolution was a starting point for all
later measurements of the time resolution with a sum of the signals from two PMTs. All the
measurements of this part were performed with a single 10x10x5 mm® LSO crystal coupled to
the single XP20D0 PMT, SN2026 with blue sensitivity equal to 13.7 pA/ImF. The size of the
selected scintillator allowed the determination of the limit of achievable time resolution not
affected by light transport and attenuation in the crystal.

The first measurements of timing were made using a constant fraction discriminator with
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various settings of a threshold and shaping delay. The results of these tests are presented in
Fig. 6. Based on the behavior of the time resolution with the shaping delay, the constant
fraction discriminator was replaced by a fast leading-edge discriminator. The results of the
time resolution measurements with different thresholds set on LE are presented in Fig. 7.
Analysis of the plots shows that, for the LSO crystal, the lowest possible threshold set on the
LE leads to the best timing results, which are even better than that measured with the CFD.
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Fig. 6. Time resolution dependence due to a shaping delay of a constant fraction discriminator. Values on the
plots are corrected for the contribution of the BaF, reference detector.
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Fig. 7. Time resolution dependence due to threshold set on a fast leading-edge discriminator. Values on the plots
are corrected for the contribution of the BaF, reference detector.

After establishing the best conditions for the timing measurements, both LSO crystals were
tested with XP20D0, SN2083 (PMT 1) and SN2087 (PMT 2). The results of the time
resolution measured with both PMTs are collected in Table VIII. The time resolution at
FWHM, presented in the second column, corresponds to the mean value of at least four
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independent measurements. The corrected values for the contribution of the reference BaF,
detector are collected in the third column. In the fourth column, the photoelectron numbers
corresponding to the energy window are listed. Since, the time resolution is in general
inversely proportional to the square root of the number of photoelectrons it is hard to compare
results obtained with different detectors characterized by different quantum efficiencies of the
PMTs and different parameters of the scintillators. Normalization of the measured time
resolution by multiplying it by the square root of the number of photoelectrons for a given
energy leads to the value independent on the detector differences. Such normalized values are
presented in the last column of Table VIII.

TABLE VIII
THE TIME RESOLUTION MEASURED WITH LSO CRYSTALS COUPLED DIRECTLY TO THE PMT
Time resolution at FWHM, P b
At € numboer
PMT [ps] forSlikeV \/A;f]‘lxl ”
Measured Corrected? [phe] PSYP
LSO 10x10x5 mm®
PMT 1 215+6 172+9 3200 + 100 97+05
PMT2 212+6 170+9 3600 + 100 102+0.5
LSO 4x4x20 mm°
PMT 1 242 +7 206 +9 2600 + 100 105+0.5
PMT2 2407 204 +9 2500 + 100 102+05

a) corrected for the contribution of the BaF, reference detector of 128+4 ps

D. Comparison to the Hyman theory of timing

The measured time resolution using the LE discriminator is compared below with the
prediction of the Hyman theory of timing [14]. The details of the theory were presented in
chapter 6. Briefly, Hyman has presented a prediction of the time resolution for a given system
as a series of plots for different values of parameters, characterizing the scintillation detector.
These parameters are the number of photoelectrons (N), the decay constant of the light pulse
(7), the gain dispersion of the electron multiplier (»), the time jitter of the PMT and its
response for the single photoelectron, represented by their standard deviations, ¢’ and o,
respectively. The standard deviation of the time distribution (&) is normalized in the theory in

the following way [14]:
&-IN
T
where 4 is the triggering fraction of the anode pulse.
Fig. 8 presents the normalized time resolution versus pulse height fraction used to trigger
the fast discriminator, calculated by Hyman [14] for the set of parameters fitted well to those
of the LSO crystal coupled to the XP20D0 PMT. The plots were calculated for o/7=1/48
which corresponds well to o = 1 ns for the single photoelectron response of the XP20D0 and

H(h) (1)
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7=48 ns, which is close to the decay time constant of LSO. According to [14], the plotted
curve for 6’/ 6 = ' is practically not improved further for the lower time jitter of the XP20DO.

The whole curve in Fig. 8 cannot be compared to that presented in Fig. 7, since the
calculations were done by Hyman for a so-called integral response, corresponding to the
triggering of the fast discriminator by the integrated anode pulse. In contrast, the experiment
was done for a so-called straight response, when the current pulse of the PMT triggered the
discriminator. However, according to Hyman [14] the best time resolution is independent of
the type of response. Thus, one can use the best time resolution predicted by the curve in
Fig. 8 for a direct comparison to the experimental tests.
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Fig. 8. The normalized time resolution, according to eq. (1), versus the triggering fraction of the PMT anode
pulse, following [14].

Table IX summarize results of the calculation of the H parameter based on the experimental
data. In column 2, the decay time constants of the tested crystals, according to Table V, are
given. Columns 3 and 4 follow the data of Table VIII, with the time resolution in column 4
expressed by the standard deviation. The last column presents the H parameter, which can be
compared to the best one plotted in Fig 8, following the Hyman predictions. An r value of
1.05 was used, which is typical for the XP2020 family of the PMTs.

Excellent agreement is seen between the experiment and the Hyman theory predictions.
Moreover, it reflects the fact that, for LSO, the time resolution is weakly affected by the time
jitter of the PMT and it is mainly controlled by the decay time constant of the light pulse and
the number of photoelectrons.
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TABLE IX
CALCULATION OF THE BEST H PARAMETER BASED ON THE EXPERIMENTS

Measured Phe number Time resolution
PMT decay time, for 511 keV, of the tested H?Y
7[ns] N [phe] detector, ot [ps]
LSO 10x10x5 mm’®
PMT 1 3200 x 100 73 x4 0.085 = 0.005
46.2+0.1
PMT 2 3600 = 100 724 0.089 + 0.005
LSO 4x4x20 mm®
PMT1 2600 + 100 88 +4 0.101 + 0.005
422 +0.1
PMT2 2500 =100 87 +4 0.098 = 0.005

a) the r = 1.05 was used, typical for the XP2020 family of PMTs.

4. Time resolution of the two-PMTs system

A. Time resolution

In this section, the tests of timing with the system realizing the light readout by two PMTs
are presented. The experimental arrangement of the system is shown in Fig. 9. The
measurements were made with a finger-like 4x4x20 mm® LSO crystal placed in the center of
each PMT and in the middle of the system, between the PMTs. In each case the scintillation
light was collected via 1 cm thick light guide to the both PMTs. All elements of the system

were coupled using silicon grease.

(A

LSO crystal \> anonas

XP20D0 || XP20DO0O

Fig. 9. Positions of the LSO crystal and experimental arrangement of the light guide and PMTs.

For all the three positions of the crystal, the time resolution was measured in two modes. In
the first mode, the anode signal was gathered separately giving individual time spectra of each
PMT. In the second mode, the output signal was a sum of signals from both PMTs. In order to
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achieve a sum-signal, two cables with anode signals from each PMT were simply connected
into one cable. To avoid reflections in the signal, short cables of about 10 cm were used for
anode signals before connecting them into one cable. The impedance of the PMT base was
equal to 1 MQ.

Fig. 10 shows sample spectra for all the acquisition modes for the LSO placed in the middle
of the two PMTs, whereas the results of the time resolution measurements for all the crystal
positions are collected in Table X.

In the case of positioning of the crystal in the middle of each PMT, the time resolution is
completely independent of the additional signal from the second PMT. This is not surprising
because the amount of light collected by the second tube is fully negligible in comparison to
the light collected by the primary PMT.

A large improvement in timing for the sum of signals has been achieved in the case when
the scintillator was placed in the middle of the light guide, between the PMTs. This is
a consequence of improved light collection by the two PMTs, which gives 1000
photoelectrons for 511 keV in comparison to only about 500 photoelectrons measured with
PMT 1 and PMT 2 separately. It leads to an improvement of the time resolution from about
490 ps to 350 ps. The time resolution normalized to the number of photoelectrons gives
almost identical values and that is another proof that the obtained timing results are mainly
affected by the number of photoelectrons collected by the PMTs.
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Fig. 10. Time spectra for LSO placed in the center of the light guide, between PMTs. Values on the plots are
uncorrected for the contribution of the reference detector.

80



TABLE X

THE TIME RESOLUTION FOR THREE POSITIONS OF THE LSO CRYSTAL

Time resolution at FWHM, Phe number
Signal taken St [ps] StVN
from R [psVphe] x10°
Measured Corrected? [phe] LM
LSO crystal in the center of the PMT 1
PMT 1 271+8 239+9 1600 + 100 9.5+05
PMT 1
+PMT 2 276 +8 245+ 10 1600 + 100 9.8+0.5
LSO crystal in the center of the PMT 2
PMT 2 269+ 8 237+9 1700 £+ 100 9.8+0.5
PMT 1
+PMT 2 269 +8 237+9 1700 £ 100 9.8+0.5
LSO crystal between PMT 1 and PMT 2
PMT 1 503 +15 486 =16 500 £ 50 10.9+0.6
PMT2 50915 493 £ 16 500 =50 11.0+0.7
PMT 1
+PMT2 373+ 11 350+ 12 1000 =70 11.1+0.5

a) corrected for the contribution of the BaF, reference detector of 128+4 ps

During the measurements, different settings of the experimental system were checked to

minimize the influence of the differences between the properties of each PMT, such as gain or
time jitter. The details are presented below.

B.  Pulse arrival time effect

During the preliminary measurements, it seemed to be clear that an identical gain of both
PMTs should give the best results when the output pulses are summed. To ensure this

condition, single photoelectron spectra of both PMTs were compared and the voltage of the
PMT with the higher gain was lowered.
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Fig. 11. Time spectra for LSO placed in the center of the PMT 1 for different (left) and identical (right)
voltages.
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Unfortunately, for the timing measurements, in the case of the sum of signals from two
PMTs and for an LSO crystal placed in the center of the PMT with the lower voltage, a large
deterioration on the fast side of the timing spectrum occurred (see Fig. 11 - left). Similar
change of the time resolution did not appear when the LSO scintillator was placed in the
center of the second PMT, with the higher voltage. This effect is associated with the different
voltages on both PMTs. Such a situation leads to different transit times of the electrons inside
the tubes and, in consequence, to different times of an output anode pulse appearing. In the
case of an LSO crystal placed on the slower PMT, a sum of the slow main signal and the
faster signal from the second PMT, gives a sum-pulse with a slower rise time. This slower rise
time deteriorates the time resolution and produces broadening of the time spectrum. For the
crystal placed on the faster PMT, the time resolution deterioration is not observed because the
slower signal is “inside” the fast, main signal. It has to be noticed that, in both cases, the
amplitude of the main signal is much higher then the second one. The prepulse effect
disappears when both PMTs have identical voltages (see Fig. 11 - right).

C. Influence of the gain of the PMTs

In order to determine the influence of the gain difference of the PMTs on the timing
resolution of the tested system, additional measurements have been done for identical gains
and a 30% difference in gains.

TABLE XI
THE TIME RESOLUTION FOR DIFFERENT GAINS OF THE PMTS

Time resolution at FWHM,

Signal taken 3t [ps] T LS SN
from DL O [psVphe] x10°
Measured Corrected” [phe] LN
LSO crystal in the center of the PMT 1
PMT 1 268 + 8 235+9 1700 = 100 9.7+0.5
PMT 1
+PMT 2 266 + 8 234 +9 1700 = 100 9.6 +0.5

LSO crystal between PMT 1 and PMT 2 for identical gains

PMT 1 494 + 15 477+ 16 500 =50 10.7+£0.6
PMT2 501 %15 484+ 16 500 + 50 10.8 +0.6
PMT 1

+PMT 2 37011 348+ 12 1000 =70 11.0+£0.5

LSO crystal between PMT 1 and PMT 2 for 30% difference in gains

PMT 1 492 £ 15 47515 500 + 50 10.6 £ 0.6
PMT2 48915 471+ 15 550 =50 11.1+£0.6
PMT 1

+PMT2 369 £ 11 347 £12 1050 £ 70 112+0.5

a) corrected for the contribution of the BaF, reference detector of 128 + 4 ps
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To adjust the gain, the single photoelectron spectra of both tubes were compared. The
appropriate gain was set by changing a voltage divider ratio on the potentiometer of the
screening grid [9]. Results of the timing measurements made in different conditions are
collected in Table XI. Note that changing of the voltage parameters for the screening grid did
not influence the time resolution of the system. The values in Table XI for an LSO crystal
placed in the center of the PMT 1 are in perfect agreement with Table X. Comparison of the
timing results gathered in Table XI leads to the main conclusion that the time resolution of the
system is, in the limit of 30%, independent of the gain of its elements. This result has
a serious practical impact: selection of the tubes for a block detector does not require precise
matching of their gains in order to achieve optimal time resolution.

D. Anode pulse shape

In order to determine the pulse shape of the double-PMT system, the scintillator was placed
in the middle of the light guide, between the PMTs, and it was irradiated by a **Na gamma
source. Next, an average anode signal of 10 000 acquisitions was recorded by a Tektronix
Digital Oscilloscope type TDS5034B for a single and double PMT readouts. The screen
captures of the registered pulses as well as the results of fitting of a single exponential decay
are presented in Fig. 12.
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Fig. 12. Screen captures of the average anode pulses for LSO 4x4x20 mm’ and signals taken from PMT 1, PMT
2 and both. A result of the fitting of a single exponential decay for each case is also presented.

According to the results of the fitting, it is easy to observe that the reported adding of the
two anode signals does not destroy the decay time constant of the output pulse. The amplitude
of the final signal is simply a sum of the amplitudes of the input signals. The two above facts
show that the sum-signal is only a result of the improved light collection due to the light
readout by means of two PMTs.

5. Conclusions

The data presented in the first part of this chapter strongly suggests that the time-of-flight
PET, based on LSO crystals, is a realistic proposition that should be further studied. This
conclusion is based on the excellent time resolution measured with 10x10x5 mm’ and
4x4x20 mm® LSO crystals coupled to XP20D0 PMTs. A further improvement can be
achieved with the development of PMTs that combine the performance of the XP20D0 and
R5320, it means the lowest possible time jitter, high quantum efficiency and are equipped
with the screening grid at the anode.

In the second part of this chapter, considerable differences in the time resolution for various
settings and types of discriminators were shown. This strongly confirms that a proper
optimization of the experimental system is a key factor for the timing measurements. Very
good agreement of the experimental data with the Hyman theory shows the most important
parameters that have to be considered during optimization of the timing setup electronics.

It was also shown, that in the case of LSO, the time resolution is weakly affected by the
time jitter of the PMT and is mainly controlled by the decay time constant of the light pulse
and the number of photoelectrons. The influence of each parameter is, of course, dependent
on the detector used. In the case of LSO, the lowest possible threshold set on the LE
discriminator leads to the best time resolution. However, for example in the case of timing
with plastic scintillators characterized by a much faster light pulses, CFD would be a better
choice [12].

In the third part of the presented experiments, very good time resolution of 350 = 12 ps with
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a single 4x4x20 mm’® LSO and the system realizing light readout by two PMTs was reported.
It is worth to underline that in the tested experimental arrangement the light collection
performance was not fully optimized due to geometrical limitations. First of all, only two
PMTs were used in the experiment but, even in this configuration, an improvement of the
light collection by a factor of 2 was possible. Using more PMTs, for example adding two
more above and two more below of our system, should considerably increase the amount of
the collected light and, in consequence, the time resolution. Such a cluster of 6 PMTs is
consistent with the current PET designs. Moreover, the scintillator was placed in the middle
of the system, between PMTs and, in fact, in the region outside of the area of the input
windows of the PMTs (see Fig. 9). This configuration also leads to loss of a considerable
amount of light from the crystal. Nevertheless the results show that using a sum of signals
from several PMTs improves timing and should allow for the achievement of good
homogeneity of the time resolution over a whole surface of the detectors.

During the measurements, two additional important observations have been made. The
transit time of the electrons inside the tube is crucial and, for the sum of anode signals, the
same values of the voltage are needed to ensure good timing properties of the system.
Moreover, different gains of the photomultipliers (in the range of 30%) have no influence on
the final performance of the multi-PMT system. Finally, summing of the anode signals does
not change the output sum-pulse decay time constant.
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9. Fast photomultipliers for TOF PET

1. Introduction

A.  Motivation

The data presented in chapter 8 (following [1]) showed very good time resolution obtained
with the 10x10x5 mm® LSO crystal coupled to Photonis XP20D0 and Hamamatsu R5320
photomultipliers. The results were almost identical for both detectors and close to 170 ps.
Fig. 8.1 in section 8.2 presents the measured time spectra and Table 8.1 contains data of
sensitivity and transit time jitter of the PMTs. The XP20DO0O possesses a high quantum
efficiency (QE) and the measured photoelectron number is 40% higher than that of the R5320.
On the other hand the R5320 has the time jitter of 140 + 7 ps at FWHM, three times better
than that of the XP20DO.

The above example shows that the final result of timing performance is a composition of
the two major parameters of a PMT: its time jitter and quantum efficiency. In the case of
XP20DO the photocathode with very high quantum efficiency and application of the screening
grid at the anode [2] resulted in the superior time resolution, even though the PMT had
moderate time jitter. In the case of R5320 the photocathode sensitivity was low but due to the
excellent time jitter the timing performance was equal to that of the XP20DO.

B. Aim of the study

The above observations triggered a further study of the most important properties of
photomultipliers and their influence on timing and energy resolution, with a goal of
optimizing the TOF PET systems. Thanks to a close cooperation with one of the largest
producers of photomultipliers (Photonis in Brive, France), during last few years, a large
amount of experimental data was collected from timing measurements using various types of
PMTs. The aim of the presented studies is to show dependencies and general conclusions that
were derived from these multiple experiments. This should help to develop an ultimate, PMT
based detector for TOF-PET systems.

2. Experimental details

A.  Experimental setup

The studies were done mainly with the 10x10x5 mm® LSO crystal coupled to the tested
PMTs. The mechanically polished LSO crystals were wrapped with several layers of white
Teflon tape. In order to characterize the dependency of the time resolution on the number of
photoelectrons the data given in chapter 8 for the 4x4x20 mm® LSO pixel crystal were also
used.

In the reference detector, a truncated cone, 20 mm and 25 mm in diameter and 15 mm high
BaF, crystal coupled to the XP20Y0Q/DA PMT was used. Its time resolution of 128 £ 4 ps
for the 511 keV full energy peak, selected in the side channel, was reported in [2].
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Together with the time resolution measurements, the number of photoelectrons produced by
the LSO crystal in the PMTs (using Bertolaccini method and '*’Cs gamma-source) and their
time jitter (using XP22 LED) were measured in the course of this work. The details can be
found in chapter 7. The time jitter was measured in two modes, when the LED pulser
illuminated a full photocathode and a spot of 8§ mm in diameter in the center of the
photocathode. In the second case whole surface of the PMT input window, except the hole
8 mm in diameter in the center, was covered to avoid light.

B.  Tested photomultipliers

The studies were carried out on a wide set of the photomultipliers, mostly representing the
Photonis production [3]. All the tubes, except the 4-channel (Quad) XP1485 based on the
metal foil dynodes, had bi-alkali photocathodes and linear focused dynode structure. In
Table I, the main characteristics of all the PMTs are presented. Note, that this table contains
PMTs of various types, with different constructions, diameters and designed for different
applications. In general, the set can be divided into three groups: the first one of fast PMTs,
optimized for timing measurements, the second one representing the semi-fast PMTs of
a general use and the third group of the fast XP20D0 and Quad PMTs. The two latter tubes
are characterized by a modified construction of the last dynode-anode region due to the
screening grid in XP20DO [1] and a simple anode construction in form of a plate instead of a
grid in XP1485. The detailed description of the differences between the tubes of various kinds
can be found in chapter 5. For all the photomultipliers a tapered voltage divider was used to
assure good linearity of the anode pulse.

TABLE |
THE MAIN PARAMETERS OF THE STUDIED PHOTOMULTIPLIERS

PMT [frilz] senlzilg‘e/ity Window d;iﬁ)gzs g;f()e d(;z Grid  Description Phell(l)lylcT(l));; tt?;nlgso M?ia.tstl:r'?rl’st;me
[WA/ImF]? [phe/MeV]

XP2882 SN029 19 113 bor‘;’:ivlifate 8 LF®  No  Semi-fast 6000 =+ 200 1560 + 80
XP31X1 25 113 borosilicate 8 LF No  Semi-fast 6000 200 750 £ 40
XP31X2 25 9.8 borosilicate 8 LF No Fast 5100 + 200 630 + 30

XP3060 SN193 39 112 borosilicate 7 LF No Fast 6400 + 200 620 %30

XP3060 SNO18 39 115  borosilicate 7 LF No Fast 5300 + 200 670 %30

XP1020 SN1021 25 113 borosilicate 8 LF No Fast 4900 + 100 550 %30

XP20G0 SN162 39 12.7 borosilicate 10 LF No Fast 5600 = 200 1300+ 70

XP2020 SN25377 51 104  borosilicate 12 LF No Fast 6300 + 200 500 +25
XP20D0 SN2026 51 137  borosilicate 8 LF Yes Fast 8100 200 520+25
XP20D0 SN2083 51 12.65  borosilicate 8 LF Yes Fast 6600 200 51030
XP20D0 SN2087 51 1275  borosilicate 8 LF Yes Fast 7000 + 200 540 %30
XP1485SN1789 38 135  borosilicate 8  Metal Foil No 4'°1F‘Z‘s‘fel’ 6400 + 200 1300 70

R5320 BA0091 25 8.9 quartz 10 LF No Fast 5400 + 200 140+ 7

a) where F stands for filtered for blue sensitivity
b) Linear Focused
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3. Results

A.  Number of photoelectrons dependence of timing

In order to analyze the time resolution dependence on the number of photoelectrons
gathered in the PMT, the results of the timing measurements with a given type of a PMT were
studied. Three units of XP20D0 PMTs were used. Their blue sensitivities were equal to 13.7,
13.1 and 12.8 pA/ImF which corresponds to QE of about 34%, 32.5% and 31.7%
respectively.

It is important to say that these measurements are in general independent of the time jitter
because PMT units of the same type, with the same input optics were used. Moreover, small
differences of the time jitter existing between any given unit are further minimized by using
LSO crystals that are small compared to the 2-inch diameter photocathode. In the case of the
tested PMTs the same normalized time resolution was reported in chapter 8.

The data from experiments made with two LSO crystals were used in the analysis. The
crystals are characterized by different light attenuation due to different dimensions of
10x10x5 mm’ and 4x4x20 mm’. These scintillators coupled to the XP20DO SN2026 PMT
yielded photoelectron numbers of 8100 phe/MeV and 5900 phe/MeV respectively, which
means a 30% difference in light output of both crystals. To compare different numbers of
photoelectrons, also the data from chapter 8 with the finger-like LSO crystal placed on the
light diffuser in various positions in relation to the center of the photocathode had been taken
into account. In such conditions the number of photoelectrons is determined not only by the
QE of the PMT and light output of the scintillators used, but is also influenced by the light
loss and poorer photoelectron collection efficiency resulting from the different positions of
the crystal.
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Fig. 1. The measured time resolution versus the number of photoelectrons collected in the PMT. Data points
represent measurements made with three units of XP20D0 PMTs and two LSO samples: 10x10x5 mm® and
finger-like 4x4x20 mm® placed in various positions in relation to the center of the photocathode, following
chapter 8.

Fig. 1 presents measured time resolution (for the LSO detectors only) versus number of
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photoelectrons collected in the PMT. The observed linear dependence of timing on the inverse
square root of the number of photoelectrons confirms the importance of high photocathode
quantum efficiency in timing measurements. Furthermore, the high number of photoelectrons
improves not only the timing, but also the energy resolution particularly in the finger-like
crystals used in PET detectors.

It is worthy to add that there are also some minor disadvantages of the PMTs with very high
QE. Highly efficient photocathode can lead to the considerable increase of dark noise and
may disturb linearity and gain stability of the tube. The improved QE of the photocathodes is
also related to broadening of spectral sensitivity characteristic towards longer wavelengths,
which affects the time jitter component originating from a variation of initial velocities of
photoelectrons. All these changes in the PMT parameters have to be taken into account during
the final detector construction.

B. Time jitter dependence of timing

Fig. 2 presents the time resolution, measured with the 10x10x5 mm® LSO crystal coupled to
the number of the tested PMTs, plotted versus time jitter. The time jitter measured in the
central part of the photocathode, corresponding to the 8 mm in diameter region is used in the
plot. This region of the photocathode is comparable (regarding the photoelectron collection)
to the size of the LSO exit window of 10x10 mm?. Time resolution, in turn, represents the
time resolution of the single tested detector; it means that the measured value was corrected
for the contribution of the BaF, reference detector (128 ps).
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Fig. 2. Time resolution versus time jitter for the tested PMTs. Measurements were done for the 10x10x5 mm?®
LSO crystal. Presented values were corrected for the contribution of the reference detector.

Fig. 2 shows the general trend of deterioration of the time resolution with the increased time
jitter of different PMTs. The square points (called “standard’) represent measurements done
with classic, fast PMTs, such as XP2020, optimized for timing measurements. The triangle
points (called “slow”) refer to the semi-fast PMTs, which provide a compromise between
decent collection efficiency and average timing properties, what is reflected in a slower rise
time of the anode pulse. Finally, the circle points represent fast PMTs with different way of
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anode construction (XP20D0 and XP1485 Quad).

Large spread of the experimental points is seen exceeding their experimental errors. Such
spread is a result of dependency between the time resolution and the number of
photoelectrons produced at the photocathode. Note, that the best time resolution is shown for
the XP20D0 PMTs, despite their moderate time jitter.

Because the time resolution is in general inversely proportional to the square root of the
number of photoelectrons (see section A), it is hard to compare results obtained with different
detectors characterized by different quantum efficiencies and equipped with different
scintillators. Multiplying the time resolution by the square root of the number of
photoelectrons for a given energy gives a normalized value independent of the detector
differences.

In Fig. 3 the measured time resolution normalized to the number of photoelectrons and the
parameter » versus the time jitter is presented. The parameter r (values between 1.05 and 1.2),
reflects the gain dispersion of the electron multiplier (see chapter 6 for details). The gain
dispersion was taken into account, since in the studied PMTs, a significant variation of the
width of the single photoelectron peak was observed, down to 45% (r = 1.05) for XP3060,
SNO18.

The normalized time resolution (A7),) was calculated in the following way:

AT, = At-~/N/r-10° (1)
where At is the measured time resolution, N is the number of photoelectrons for 511 keV and
the gain dispersion 7 is proportional to the energy resolution of the single photoelectron peak.
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Fig. 3. Normalized time resolution versus time jitter for the tested PMTs. Measurements were done for the LSO
crystal, as presented in Fig. 2.

The plot displays the linear growth of the time resolution versus the time jitter, especially
well visible in the case of the classic fast PMTs (blue squares). It is worth noting the value of
around 7 x10° ps\phe reflecting the ideal PMT, with the time jitter equal to zero. In such
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a case the time resolution is limited only by a slow decay of the LSO light pulse. The time
resolution measured with LSO and other slow decaying scintillators depends stronger on
statistics of the photoelectrons produced in the decay process of the light pulse, while the time
jitter of the PMT much weaker influences the measured time resolution. This effect was
predicted by the Hyman theory of timing [4], [5] and it was known in the past for Nal(TI)
crystal [6], whose time resolution was often discussed in terms of the Post and Schiff theory
[7].

In the case of fast scintillators such as plastics where the time jitter of a PMT is of great
importance [8], [9], [10] a similar linear dependence should be observed but with a much
steeper slope. Conversely, for the slow crystals like Nal(Tl) where timing is mainly controlled
by the number of photoelectrons, the time jitter influence is minimized resulting in a flat
dependence.

The triangular points in Fig. 3 represent the results obtained with the semi-fast PMTs
characterized by a slow rise time of the anode pulse. Also in this case a linear dependence
could be assumed but shifted up in respect to the classic, fast PMTs line. A similar situation
applies to the circular points, which represent PMTs with a different anode construction.

All the results presented in Fig. 2 and Fig. 3, are collected in Table II.

TABLE 11
TIMING PROPERTIES OF THE STUDIED PHOTOMULTIPLIERS

Phe number resor{lill:ilzn at ANr Time jitter in
PMT  for [5p1 hleﬁ(ev FWHM?., [pi\{%lsae] centor [ps]
At [ps]

§§§§§2 3100+ 100 489 +24 259+13 156080
XP31X1 3100+ 100 287+ 14 155+0.8 520 + 30
XP31X2 2600+ 100 254413 12.6+0.6 450+ 20
?ﬁfggo 3300 + 100 200 £ 10 112+0.6 440 £20
}8(153(1)30 2700 + 100 20510 10.4+0.5 340 + 20
)Siﬂigg? 2500 + 100 21211 103+0.5 380 4 20
)S(;fgg’o 2900 + 100 332417 16.840.8 990 50
)s(fé(s)g% 3200100 22311 120406 490420
)5(15382])60 4100 +100 166 + 8 10.1£0.5 490 +20
)Silggg]é);) 3200 + 100 173£9 9.2+05 470 +20
}5(1538?70 3600 £ 100 1698 9.7+0.5 490 + 20
)S(IE};‘SS 3300 + 100 324+ 16 171409 1300+ 70
gfozo% 2800+ 100 1739 8.7+ 0.4 140+ 7
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C. Influence of the initial rise time of the anode pulse

In all the measurements, presented in Figs 1, 2 and 3, the optimization of the electronics for
the best time resolution was made. Analysis of the data collected with the XP20D0 PMTs
shows that, for the LSO crystal, the lowest possible threshold set on a leading edge
discriminator leads to the best timing results, even better than that measured with a constant
fraction discriminator (see chapter 8). These experimental results are in perfect agreement
with predictions of the Hyman theory of timing [4]. However, the PMT design has a big
influence on the rise time of the anode pulse, so for certain types of tubes it is not possible to
reach the sufficiently low fraction level and achieve good time resolution. The three families
of PMTs presented in Fig. 3 can be considered as the three classes of the anode pulse shape
quality, according to the dynode structure and electron focusing structure. The anode pulse
shape quality means not only the rise time of the anode pulse but also the steepness of its
initial part which is crucial for optimization of the LSO detector towards the best time
resolution.

In Fig. 4 the dependency between centroid of the time spectra and fraction level set on the
discriminator is presented. Change of the threshold level leads to the shift of the fraction time
accordingly to the pulse shape, and in consequence, to the shift of the time spectrum centroid.
Thus, this dependence reflects the rise time of the anode pulse. Note, the large difference
between XP2882 and XP3060, which is one of the source of the large time resolution
difference presented in Fig. 3.
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Fig. 4. The dependency between the centroid of the time spectra and the threshold set on a leading edge
discriminator. Measurements were done for the 10x10x5 mm® LSO crystal.

Fig. 5 presents the dependence of the time resolution on the fraction level in the case of the
XP2882, XP3060 and XP20D0 PMTs. Note a minimum on the XP2882 plot, corresponding to
the best timing, obtained with the fraction level of about 10%. As it can be seen, for the first
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class of photomultipliers, characterized by the slow rise time of the anode pulse (triangle
points in Fig. 3) the very low threshold set on a discriminator deteriorates the time resolution.
For the standard, fast PMTs, represented by the square points in Fig. 3, no improvement of the
time resolution with the threshold level, for the fraction below 10% is observed. Only in the
case of photomultipliers optimized for timing measurements, such as XP20DO0, the time
resolution can be improved by setting the lowest threshold level on a discriminator. The
behavior of the circular points representing XP20D0 PMTs is consistent with the Hyman
theory and plots presented in chapter 6.
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Fig. 5. Time resolution dependence on the LE threshold for the three PMTs representing different designs.
Measurements were done for the 10x10x5 mm’® LSO crystal. Presented values were corrected for the
contribution of the reference detector.

Above observations confirmed that the geometry of the last stages in the electron multiplier
could improve timing properties of a given photomultiplier. This fact can be clearly seen for
the two XP31X1 and XP31X2 PMTs. The new construction of XP31X2 allows improving the
normalized time resolution from 15.5 x10° ps\/phe to about 12.6 x10° ps\/phe, with the change
of threshold level from about 10% to 6%, see Table II.

The group of points marked with dashed ellipse in Fig. 3 represent the same XP2020 family
of photomultipliers. The only difference between the XP2020 and XP20DO tubes, that
improves timing is the screening grid at the anode introduced in the latter one (filled circles).
This kind of the PMT optimization was described in details in chapter 5 and tested in [1], [2],
[11]. The screening grid leads to suppressing of the parasitic component induced at the anode
by the electrons traveling from the penultimate dynode to the last dynode, and in consequence
to an improvement of the initial rise time of the anode pulse. A similar situation applies to the
XP1485 Quad PMT, but here the screening grid is not needed because of the simplified anode
construction. In the case of XP20DO the anode is a grid inside the last dynode and in the case
of XP1485 the anode is a metal plate followed by the foil dynodes structure.
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D. Decay time constant dependence of timing

It is also interesting to look on behavior of the detector time resolution for different kinds of
scintillators. All the measurements discussed in this part were made with the same type of the
XP2020 photomultipliers and a large set of various crystals characterized by different
properties, especially the decay time constant. The decay time constants, results of the timing
measurements and the photoelectron numbers obtained with the tested scintillators are
collected in Table III. The "time jitter" entry at the bottom of the Table represents the ideal
scintillator with the decay time constant equal to 0. The plot of the normalized time resolution
versus the square root of the decay time constant is presented in Fig. 6. The numbers collected
in Table III and plotted in Fig. 6 are based on several experiments carried at the Soltan
Institute in Swierk for the last 15 years, following [12], [2], [13], [11], [14], [15], [16], [17].
Although different XP2020 PMTs were used in the measurements, the adjustments of timing
and experimental techniques were the same. Nevertheless, the presented plot represents only
the general trend, which may help to understand better an influence of the decay time of
scintillators on the time resolution.

TABLE III
TIMING PROPERTIES OF THE STUDIED SCINTILLATORS COUPLED TO THE XP2020
PHOTOMULTIPLIER
Nphe/MeV  Norm.Time.Res Decay Const i
Crystal ] e ’ of  Refs
[phe/MeV] [ps\/phe] x10 [ns] Decay
NE111 1400 + 30 2.48+0.12 1.40 £0.10 1.18 [19]

Nal(T1) 4500 £100 3499 +£0.59 250.0+12.5 15.81 [19]

LuAP 2900 + 200 9.0+0.5 174+0.3 4.17 [20]

YAP 4300 + 100 10.8+0.5 26.70 £0.12 517  [21]
LSO-1 6300 £ 200 12.6 £ 0.4 462+0.5 6.80 [[11%’]
LSO-2 5950 + 290 129+0.5 448+1.6 6.69 [22]
LYSO 5150 +250 13.8+0.5 485+ 1.7 6.96 [22]
MLS 5340 £270 12.5+£0.5 478+1.7 691 [22]
LGSO 3130 + 160 155+0.6 78.6+2.8 8.87 [22]

CsF 510+ 30 4.0+0.2 2.80+0.14 1.67 [23]
NE213 1200 + 30 8.64+0.14 32402 1.79  [19]
LaBr3 11940 + 590 11.3+04 184 +0.6 429 [22]
LaCl3 7800 + 400 13.7+£0.3 250+13 500 [2]

Time jitter 1phe 0.5 0 0

In general, the linear dependence can be easily observed leading to the best time resolution
for the fastest crystals. However, a group of blue squares above the general, linear trend
reflects timing experiments done with the scintillators characterized by the finite rise time of
their light pulses (NE213, LaBr; and LaCls). This kind of the time resolution deterioration is
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very well known for ternary plastics [10] or liquid scintillators and it was reported recently for
the LaBr; and LaCl; crystals [18].
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Fig. 6. Normalized time resolution versus square root of the decay time constant measured with various
scintillators coupled to the XP2020 PMT.

4. Discussion

A.  Factors influencing timing in an LSO based detector

Time resolution dependence on the number of photoelectrons and that on the time jitter can
be easily seen in Figs 1 and 2, respectively. The most pronounced difference in the time jitter
can be observed between XP20D0 SN2026 (490 ps) and Hamamatsu R5320 (with a superb
value of 140 ps). However, a higher photoelectron number in the case of XP20DO0 (supported
also by the screening grid effect) leads to the same time resolution of about 170 ps despite the
worse time jitter. Here a 3.5 times poorer time jitter is partly compensated by high QE of the
photocathode giving 4100 photoelectrons, about 1.5 times more than 2800 measured for
R5320. Worth noting is also an improvement of the normalized time resolution for the
XP3060 PMTs from 11.2 x10° psVphe (SN193) to 10.4 x10° psVphe (SN018) correlated with
the reduced time jitter from 440 ps to 340 ps, respectively. Difference in the time jitter
between these two tubes reflects the evolution in the development process at Photonis
addressed to an amelioration of the photoelectron collection in SN193 tube. However, 23%
reduction of the time jitter gives only about 7% better normalized time resolution. Moreover,
the measured time resolution in the case of both detectors was comparable (see Table II) due
to a larger number of photoelectrons in the XP3060, SN193.

These above examples show that in the case of LSO the time resolution dependence on the
number of photoelectrons is stronger than the one connected with the time jitter. Moreover,
the impact of the anode pulse improvement seems to be also more significant than the time
jitter. It is confirmed by a much better normalized time resolution measured with the
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XP31X2, in comparison to the XP31X1, obtained due to modification of the last stages in its
dynode structure. The improvement, by a factor of 1.2, is seen in Table II. A better time jitter
of the XP31X2 seems to be less important in the light of the tests with the XP3060. The
improved initial rise of the anode pulse in the XP20D0 due to application of the screening
grid is equivalent to the reduction of the time jitter by a factor of two (see Fig. 3).

B. Anideal timing photomultiplier

Taking into account all the analysis and measurements presented in this chapter the ideal
possible PMT can be discussed. First, let us point out the key factors influencing the time
resolution together with the photomultipliers realizing these requirements in the best way. The
time jitter of 140 ps gives Hamamatsu R5320 the leading position regarding the transit time
spread. On the other hand the number of 4100 photoelectrons for 511 keV measured with the
XP20D0 SN2026 and LSO crystal reflects much better QE of the Photonis tubes. As it was
mentioned throughout this chapter the final timing of both detectors was equal to about
170 ps. The easiest thing that can be considered is “mixing” of both photomultipliers in order
to achieve a PMT with very low time jitter and very high QE. If we take the normalized time
resolution of 8.7 x10° ps\phe corresponding to the R5320 (see Table II) and divide it by the
square root of the 4100 photoelectrons measured for the XP20D0 SN2026 the final time
resolution will be equal to about 135 ps.

It was the simplest approach. In the second step, also a possible fraction level relevant to the
anode construction can be taken into account. As it is presented in Fig. 3, the R5320 and
XP20DO0 belong to different groups of the anode pulse quality proposed in the previous
section. Assuming a linear dependence of the normalized time resolution on the time jitter for
each group, a value of the time jitter equal to 140 ps leads to the normalized time resolution as
low as 6.5 x10° ps\phe in the case of the best group containing the XP20DO0 tubes. Then, the
photoelectron number recorded with the XP20D0 SN2026 gives the time resolution at the
level of 100 ps. This value looks very promising, but is it realistic?

C. Ideal PMT versus the real world

First of all, the above estimations were carried out for the measurements made with the
10x10x5 mm® LSO crystal, whereas in PET block detectors finger-like scintillators are used.
As it was presented in chapter 8, the light output of the typical 4x4x20mm’ crystal is about
30% lower in comparison to the mentioned 10x10x5 mm® sample. However, the fact that the
highest QE of the Photonis photocathodes, could reach values of 40% [19], allows assume
that the considered numbers of photoelectrons for 10x10x5 mm® LSO crystal are possible also
in the case of the finger-like scintillators, which light is read by the most efficient
photocathodes.

The second problem is that the photoelectron collection is not homogenous over the surface
of the photocathode. Moreover, the light collected from the real block detector is also not
homogenous and in most cases is spread between four PMTs in order to enable the Anger
logic. In the experiments presented in chapter 8.2.C the difference in photoelectron numbers
measured for a finger-like crystal placed in the center and at the edge of the 2 inch PMT
reached up to 50%. It means that idealized, time resolution of 100 ps in the photocathode
center will be deteriorated to 140 ps at its edge. This effect can be partly compensated in the
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block detector by summing up the signals from several PMTs, as proposed by Kuhn et al [20]
and tested in chapter 8.4.

Now, let us consider the LSO block detector read by the four XP1020 PMTs, the 1 inch
version of the well known XP2020. Its normalized time resolution of 10.3 x10° ps\phe is
close to that measured with the XP20D0 due to a better time jitter of 380 ps. The same
XP1020 PMT, equipped with the screening grid at the anode, should give improvement of the
time resolution by a factor of 1.2, similarly to the data presented here for 2 inch XP2020 [2]
or for 3 inch XP4312 in [21]. Thus, a value of 8.6 x10° psVphe, which reflects the time
resolution equal to about 170 ps seems to be realistic. Further, assuming the photoelectron
number similar to the one recorded with XP20D0 SN2026, an improvement of timing up to
135 ps can be achieved. Finally, assumption of the time jitter level similar to the Hamamatsu
R5320, leads to the time resolution of 100 ps. Again, this value appears to be a limit for the
top class PMTs represented by the construction of the XP20DO in Fig. 3.

The last statement presented in the previous paragraph is very promising, however one has
to remember that an improvement of the time jitter is not an easy task. Very high quantum
efficiency of the photocathode is connected with broadening of its spectral sensitivity
characteristic towards longer wavelengths. It affects the time jitter component originating
from a variation of initial velocities of photoelectrons. Thus, it is very hard to get both, very
high quantum efficiency and very low time jitter. However, in the light of the presented study,
in the case of an LSO, the high quantum efficiency is more important than the superb time
jitter.

D. Conclusions

The time resolution of about 100 ps at FWHM for an LSO based detector, which
corresponds to about 2 cm of spatial resolution for two PET detectors, seems to be realistic
and appears to be a present limit for the top class PMTs.

The anode pulse shape quality is, besides time jitter and number of photoelectrons, the third
important parameter determining the final timing properties of the detector.

In the case of LSO the dependence on the number of photoelectrons is stronger than the one
connected with the time jitter.

Success of the TOF PET demands further development of PMTs that combine the
performance of the XP20D0 and R5320 phototubes. The goal is the development of a fast
PMT with the lowest possible time jitter, high quantum efficiency and improved anode pulse
shape quality due to application of the screening grid at the anode.

Overall detector performance would also benefit from further improvements in an LSO
crystal such as faster decay time and higher light output. Characterization of a new improved
LSO, co-doped with Ca, which exhibits the decay time down to 30 ns and 30% higher light
output [22] is presented in chapter 11.
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10. A Time Resolution Study of a Continuous
Crystal Detector for TOF PET

1. Introduction

A.  Motivation

Presently, most of the detectors used in positron emission tomography is based on a large
number of pixelated scintillating crystals read by a much smaller number of photomultipliers.
Commercially available TOF PET systems with pixelated block detectors are characterized by
a coincidence time resolution around 600 ps [1]. In chapter 8 very good time resolution was
presented with 10x10x5 mm”® and 4x4x20 mm® LSO crystals coupled to the Photonis XP20D0
photomultiplier showing that LSO or LYSO scintillators (7.4 g/cm’) are good candidates for a
future TOF-PET [2]. A further improvement of the time resolution was achieved by using the
common light readout from the cluster of PMTs in the block detector, as proposed by Kuhn et
al [3] and tested in chapter 8.4. The better light collection from the 4x4x20 mm’ LSO
scintillator due to light readout by two PMTs led to an improvement of the time resolution
from about 490 ps to 350 ps (see Fig. 10 in chapter 8). The difference by a factor of 1.4 was
observed as expected from statistics.

Recently, a number of studies were devoted to the possible application of the continuous
crystals in PET instead of the block detectors, with special methods of determination of the
point of gamma rays interaction. Ojala et al [4] presented a study and comparison of different
sensor configurations for accurate determination of the gamma interaction point in
a monolithic scintillation crystal. This triggered an idea to replace a common pixelated block
detector used in present TOF PET scanners by a continuous crystal. A comparative study of
anumber of different photomultipliers in fast timing, presented in chapter 9, showed the
importance of the number of photoelectrons collected in a photomultiplier for the optimal
time resolution. Use of one, monolithic scintillator, instead of many small pixels should
considerably increase the number of photons collected at the photocathode of a PMT. Because
the time resolution is inversely proportional to the square root of the number of
photoelectrons, the timing performance of such a detector should be significantly improved.
Of course, such a change involves introducing a multichannel photodetector to assure
determination of the gamma interaction point inside the crystal.

B. Aim of the study

The aim of the studies presented in this chapter is to measure and optimize the timing
properties of a detector consisting of a 16-channel photomultiplier H8711-200MOD from
Hamamatsu and a 20x20x20 mm® LYSO crystal from Saint-Gobain. It is worth underline, that
a PMT with very high quantum efficiency of 43% was selected for these experiments.
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2. Experimental details

A.  Scintillators and photomultiplier

Presented studies were carried out with three scintillating crystals. The 10x10x5 mm® LSO
crystal was used for general timing characterization of the tested photomultiplier. Then the
monolithic 20x20x20 mm® LYSO crystal was tested as a candidate for a future continuous
TOF PET detector. Finally, measurements with the 4x4x20 mm® LSO scintillator were
performed for comparison with the results obtained for the monolithic 20x20x20 mm® LY SO.

In each case the mechanically polished LSO/LYSO crystals were wrapped with several
layers of white Teflon tape.

TABLE I
THE MAIN PROPERTIES OF THE HAMAMATSU H8711-200MOD PHOTOMULTIPLIER

Type Serial No.
H8711-
200MOD ZB0730
White Sens. Blue Sens. QE [%] at Uniformity
[uA/Im] [uA/im] 350nm Max/Min
117 15.5 43 1.5

Photocathode Window Structure Stages

. Metal
Bialkali B°'g?;’;'§ate Channel 12
Dynodes

For the presented experiments the Hamamatsu 16-channel, multianode photomultiplier
H8711-200MOD has been chosen. The main properties of this PMT are presented in Table I
and the dimensional outline of its input window is shown in Fig. 1. This metal channel
photomultiplier is characterized by very high quantum efficiency of 43%. Its single channel
size of about 4 mm is comparable to typical finger-like crystals commonly used in PET.
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Fig. 1. The dimensional outline of the Hamamatsu H§711-200MOD input window.
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The linear voltage divider with the ratios of: 2-2-2-1-1...1-1-1, integrated into the PMT
assembly, was made by Hamamatsu.

B. Experimental methods

The number of photoelectrons per energy unit (phe/MeV) was measured for all the crystals
using the Bertolaccini et al method. The time jitter of the tested photomultipliers was
measured using a light pulser based on an XP22 light emitting diode. In all the timing
measurements, a slow-fast arrangement was used for a precise selection of the required
energy window set at the 511 keV full energy peak from a **Na gamma-source.

C. Arrangement of the sum-signal

In the previous experiment, described in chapter 8.4 the PMT anode signals were summed
simply by connecting two short cables from the anode outputs into one cable. However, such
a simple method is not useful for a PET detector, since the anode signals are needed for
determination of the gamma interaction position. Moreover, the summing of the 16 anode
signals into one cable destroys the rise time of the output pulse, leading to significant
deterioration of the time resolution. Since the metal channel photomultipliers like H8711
possess a common dynode structure, the signal from the last dynode can be used instead of the
sum of the anodes.

In the experimental set-up the sum of the anode signals was used only for energy gate
generation. Each signal was plugged into a spectroscopy amplifier (2x Stelzer MA8000) and
the output signals were sent to the summing module. The module had sixteen 500 Q inputs
and one output with 10 kQ connected parallel. The output signal was then sent to a single
channel analyzer.

Due to the fast decay time of the anode pulse the spectroscopy amplifier was working
properly even without the preamplifier. Examples of the signal after the amplifier and the sum
of 16 anode signals are presented in Fig. 2.
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Fig. 2. Screen shots from a digital scope showing the output signal after the spectroscopy amplifier (left) and the
sum of 16 anode signals (right). The time scale is 20ns/div.
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3. Results

A.  Time jitter

In the first part of the study a general characterization of the timing capabilities of the
Hamamatsu H8711-200MOD photomultiplier was made.

The time jitter spectra recorded with the tested PMT are presented in Fig. 3. During the
experiments the XP22 LED illuminated the whole photocathode. The signal from the area of
interest on the photocathode was read in three different modes. First, the gate was generated

using a sum of all 16 anode signals. In the next step only 4 central pixels were used and
finally, the time jitter for only one pixel was tested.
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Fig. 3. Transit time jitter spectra measured with XP22 LED illuminating a whole area of the photocathode. First,
the gate was set using all the channels of the PMT (top-left), next the gate was changed to allow events only
from the central channels (top-right) and finally the time jitter for one channel was measured (bottom).

The results obtained for the tested Hamamatsu metal channel PMT are similar to the
properties of commonly used fast photomultipliers with linear focusing dynode structure like
Hamamatsu R9800, XP1020, XP3060 or XP20DO [5], [6] (see chapter 9). However, when the
output signal involves more anode signals, considerable deterioration of the time jitter is
observed. The multi-anode time jitter spectra are broadened due to the transit time differences
between the individual channels.

The second peak, with around one hundred times smaller amplitude, is visible at the right
shoulder of all the spectra in Fig. 3. This is a common effect seen in time jitter spectra,
induced by the photoelectrons not multiplicated in the dynode structure but inelastically
scattered back on the first dynode towards the photocathode.
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B.  Time resolution with 10x10x5 mm’ LSO

This section is the second part of the general characterization of timing capabilities of the
Hamamatsu H8711-200MOD photomultiplier. The presented results are compared with the
timing data collected in [7], [5], [6] and mostly presented in chapters 8 and 9. The size of the
selected scintillator allowed the determination of the limits of achievable time resolution
when not affected by light transport and attenuation in the big, monolithic crystal.

Since in PET applications the PMT anode signals are often used for identification of where
the gamma interaction took place, the signal from the last dynode was used for the time
resolution measurements. As it was mentioned in section 2.C, the dynode structure of H8711
photomultiplier is common for all the channels and hence the last dynode signal can be used
instead of summing of the anode signals.

Fig. 4 presents the time spectrum measured with the 10x10x5 mm’ LSO crystal in
coincidence with the BaF, reference detector. In this case the gate was derived from the
4 central pixels.
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Fig. 4. The time spectrum measured with the 10x10x5 mm3 LSO crystal placed in the center of the Hamamatsu
H8711-200MOD 16-channel photomultiplier.

The more detailed results of the time resolution measurements together with a number of
photoelectrons are presented in Table II. In the Table, the data collected with various fast
timing photomultipliers with linear focusing dynode structure is also presented. The time
resolution (at FWHM) for a single detector, after subtracting the contribution of the reference
BaF, detector, is presented in the third column. The numbers of photoelectrons per MeV and
for 511 keV are shown in the fourth and fifth column, respectively. In the last column the time
resolution normalized to the number of photoelectrons and excess noise factor is shown.

The timing capabilities of the Hamamatsu H8711 phototube are similar to other candidates
for a future TOF PET. However, the Hamamatsu tube suffers due to poor electron collection
efficiency, which is reflected in the small number of photoelectrons. Photoelectron collection
efficiency in multichannel photomultipliers is limited to about 60 — 70% due to geometrical
open area of the metal channel dynodes. This type of electrodes possesses large dead area on
the top, flat part of the dynodes (see chapter 5.3). The excellent timing value of 198 ps, was
possible due to a very high QE of 43%.
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TABLE 11

TIME RESOLUTION MEASURED WITH THE 10xX10X5 LSO COUPLED TO VARIOUS FAST

PHOTOMULTIPLIERS

o Time resolution at FWHM, At [ps]  None/MeV Zg:‘:ef“;f AtN/VENF 3
Measured Corrected® [Phe/MoV] N [phe] [psVphe] x10

H8711 235% 7 198 % 9 5900+ 200 3000% 100 10.1* 0.5
RO800Y 237+ 7 199 + 9 6300+ 200 3200+ 100 103+ 0.5
XP1020° 247 7 211+ 9 4900 + 100 2500+ 100  10.3 + 0.5
XP3060° 2381 7 200 + 9 6400+ 200 3300+ 100 11.2% 0.5
XP20D0? 210t 6 166+ 9 8100+ 200 4100+ 100 104+ 05

a) corrected for the contribution of the BaF, reference detector of 128 + 4 ps

b) data taken from [15]

c) data taken from [9]
d) data taken from [2]

The final result of the time resolution equal to 198 ps is an outcome of an optimization of
the settings in the experimental set-up, especially the LE discriminator threshold. The
dependency of timing on the fraction of a signal triggering the LE discriminator for the H8711
photomultiplier compared to that of linear focused PMTs is presented in Fig. 5. The plot was
discussed in more details in chapter 9. For the H8711 phototube an optimum is seen around

the 5% fraction, similar to the classic fast photomultipliers.
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Fig. 5. The time resolution dependence on the LE threshold for the H8711-200MOD PMT and for two fast
photomultipliers with linear focusing dynode structure. The measurements were done with the 10x10x5 mm’
LSO crystal. Presented values have been corrected for the contribution of the reference detector.

In chapter 9 the plot of the time jitter versus the normalized time resolution for
the 10x10x5 mm® LSO crystal was presented for various types of fast photomultipliers. Such
plot is presented in Fig. 6 together with the data for the Hamamatsu H8711-20MOD tested in
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this study (diamond point). The square points in Fig. 6 represent measurements done with
classic fast PMTs. The relation is linear and proportional to the time jitter. The circle points at
the bottom represent fast PMTs with a different anode construction, in particular with a
screening grid at the anode (XP20DO0) [8] and with a design characteristic for metal channel
photomultipliers. In this case a linear dependence could also be assumed but shifted down in
relation to the classic PMTs line.
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Fig. 6. The dependence of the normalized time resolution versus the time jitter for the tested H8711-200MOD
phototube and other fast PMTs. The measurements were made with a 10x10x5 mm® LSO crystal.

The results obtained for the tested Hamamatsu phototube are in very good agreement with
the data collected for various kinds of linear focused fast photomultipliers. However, the last
dynode and the anode construction of this metal channel PMT should allow further
improvement of the time resolution due to a lower fraction level. Such improvement is
observed in the case of XP20DO0, equipped with the screening grid at the anode [8] or for 4-
channel PMT XP1485. The anode pulse of the metal channel PMT should not be affected by
the prepulse resulting from electrons travelling between the penultimate dynode and the last
dynode as it does in linear focused PMTs. However, high number of 16 channels may
introduce additional effects that do not made the low fraction level advantageous.

C. Time resolution with 20x20x20 mm’ LYSO

In the next part of the study the detector was tested with the continuous 20x20x20 mm’
LYSO crystal. As in the case of measurements with the LSO crystal, all the timing
information was gathered using the dynode pulse.

Fig. 7 presents the time spectrum measured with the 20x20x20 mm® LYSO crystal in
coincidence with the BaF, reference detector. In this case the energy gate was formed using
all the channels of the Hamamatsu PMT. Again, the final result of the time resolution of
272 ps is an effect of the optimized threshold setting of the LE discriminator. The plot of the
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time resolution versus the fraction triggering the electronics is presented in Fig. 8.
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Fig. 7. The time spectrum measured with the 20x20x20 mm® LYSO crystal coupled to the Hamamatsu H8711-
200MOD 16-channel photomultiplier.
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Fig. 8. The time resolution dependence on a LE threshold for the detector consisting of the H8711-200MOD
photomultiplier and the 20x20x20 mm’ LYSO crystal. The values were corrected for the contribution from the
reference detector.

The time resolution measured with the large LYSO crystal is more than 35% worse than
that of the small 10x10x5 mm® LSO. This is due to the smaller number of photoelectrons,
only 4000 phe/MeV, compared to 5900 phe/MeV obtained with the LSO crystal. The
observed light yield degradation is caused by geometrical effects of light transport in the
larger crystal and also by different qualities of the tested crystals. The LSO was specially
selected for timing measurements and posses high light output whereas the LYSO is
a standard crystal. The second effect, which deteriorates the time resolution in the monolithic
scintillator, is a contribution from the time spread of the light collection inside the larger
LYSO crystal. Nevertheless, the value of about 275 ps measured for a single continuous
LYSO detector (after correction for the reference BaF, detector) suggests that the proposed
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TOF PET system with the monolithic crystal could establish a new approach for this kind of
tomography scanners.

The time resolution of the tested detector along with the number of photoelectrons is shown
in Table III. The data recorded with the same 20x20x20 mm’® LYSO crystal but with the
XP20D0 (QE=35%) photomultiplier was also added for comparison. The big difference in the
numbers of photoelectrons between both tubes can be easily seen, despite the higher quantum
efficiency of the Hamamatsu tube (QE=43%)).

TABLE III
TIME RESOLUTION MEASURED WITH THE LY SO 20x20x20 COUPLED TO THE H8711 AND
XP20D0 PHOTOMULTIPLIERS

Time resolution at FWHM, At[ps]  Nphe/Mev Nphe for AtYNNENF
Position he/M 511keV, 3
Measured Corrected” G L) N [phe] [Psphe] x10

H8711 3019 272 10 4000 = 100 2100 = 100 1.6 % 0.5
XP20D0 260 8 226+ 9 6000 £ 200 3000 £ 100 121+ 0.5

a) corrected for the contribution of the BaF, reference detector of 128 + 4 ps

In Table IV a comparison is made between the continuous crystal detector and a single
4x4x20 mm® LSO pixel placed in various positions on standard fast photomultipliers. In the
case of the 16-channel Hamamatsu H8711 the energy gate was set using a single anode signal
corresponding to the chosen pixel. In the case of the linear focused PMTs the time resolution
was measured in five positions over a photocathode. Drawings of the crystal positions and
pixels used in the tests with H8711 PMT are shown in Fig. 9.
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Fig. 9. Drawings of positions of the 4x4x20 mm’ LSO crystal on the photocathode in linear focused PMTs and
pixels used in the H8711-200MOD photomultiplier.

In the case of the H8711 photomultiplier the time resolution is identical at all the three
measured positions. The number of photoelectrons in each pixel is also the same. The
situation is different in the case of the linear focused PMTs. The values in the middle of the
standard fast photomultipliers are better in comparison to the values obtained with single
pixels in the tested 16-channel Hamamatsu, however the results obtained on the remaining
four positions are much worse. The time resolution measured for the three channels in the
continuous crystal detector shows that the homogeneity of the time resolution over the whole
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area of the detector is its major advantage.

TABLE IV
TIME RESOLUTION MEASURED WITH THE LY SO 20x20x20 COUPLED TO THE H8711 AND LSO
4xX4x20 PLACED IN DIFFERENT POSITIONS ON LINEAR FOCUSED PMTS

Time resolution at FWHM, At [ps]  \phe/Mev Nphe for AtYNWENF
Position he/M 511keV, J 3
Measured Corrected? Gl Ll N [phe] [psVphe] x10

H8711 A1 207+ 9 268 £ 10 4000 £ 100 2100 = 100 115+ 0.5

H8711 A2 299+ 9 270 £ 10 4000 £ 100 2100 = 100 115+ 0.5
H8711 A6 208+ 9 269 £ 10 4000 £ 100 2100 = 100 115+ 0.5
R9800 C. 246+ 7 210+ 9 6100 + 200 3100 + 100 109+ 05
XP1020 C. 267 + 8 234+ 9 4700 + 100 2400 + 100 111+ 05
Left 307 + 15 279 + 17 3800 + 100 2000 + 100 121+ 0.8

Right 310+ 15 282 £ 17 3900 £ 100 2000 = 100 122+ 0.8

Top 331+ 17 305t 18 2900 = 100 1500 £ 50 114+ 0.7
Bottom 297+ 15 268 + 17 4000 + 100 2100 + 100 119+ 08
XP3060 C. 272+ 8 240+ 9 6300 + 200 3200 + 100 13.2+ 0.6
Left 350+ 11 326 £ 11 3800 + 100 2000 + 100 14.2 + 0.6

Right 322+ 10 205+ 1 4300 £ 100 2200 = 100 13.5= 0.6

Top 328 £ 10 302+ 11 3600 = 100 1800 £ 100 125+ 0.6
Bottom 3365+ 10 310 + 11 4400 = 100 2200 + 100 14.1+ 0.6
XP20D0 C. 2347 196+ 9 5900 £ 200 3000 + 100 105+ 05

a) corrected for the contribution of the BaF, reference detector of 128 + 4 ps

4. Discussion

A.  Timing characteristic of the H8711-200MOD

In this chapter, all the experiments, discussion and analysis were made in order to
understand the time resolution limitations of the continuous crystal detector.

The 16-channel photomultiplier H8711-200MOD used during the study showed poor
photoelectron collection efficiency and in consequence a low number of photoelectrons. As it
was showed in Chapter 9 in the case of LSO/LYSO crystals, the photoelectron number is
a key factor influencing the final timing capabilities of a scintillation detector. This rule was
also reflected in the present study. Even with very high quantum efficiency (43%) of the
tested Hamamatsu PMT the time resolution obtained with the 20x20x20 mm® LYSO was
worst in comparison to the data obtained with the linear focused PMT with lower
photocathode sensitivity (see Table III). The biggest advantage of the continuous crystal
detector is its homogeneity of the time resolution over the whole area of the photocathode (see
Table IV).

In the present study the time resolution was measured also with a single 4x4x20 mm’ LSO
crystal placed on one of the channels in the H8711 photomultiplier. The result is presented in
Table V. The obtained time resolution is equal to 255 ps for a single detector, whereas the
photoelectron number is equal to 3900 phe/MeV. These values indicate that instead of
a continuous crystal, a pixelated block detector coupled to a position sensitive photodetector
could be an alternative solution for the future TOF PET.
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TABLE V
TIME RESOLUTION MEASURED WITH THE LSO 4xX4X20 COUPLED TO ONE CHANNEL OF THE
H8711 PHOTOMULTIPLIER

Time resolution at FWHM, At [ps] Nphe for
PMT Np;‘hilleev 511keV, At:j/NI\/ENF .
Measured Corrected® [phe/MeV] N [phe] [psVphe] x10
H8711 285+ 9 255+ 10 3900 + 100 2000 + 100 10.6 £ 0.5

a) corrected for the contribution of the BaF, reference detector of 128 + 4 ps

B. Position decoding in a continuous crystal

Application of a continuous crystal instead of a pixelated block detector requires new
methods of spatial identification of annihilation quanta interaction point inside the scintillator.
Finding the optimal and accurate method of position decoding inside a monolithic crystal is
a challenging task. Analysis of the best algorithms is out of the scope of this work, however
the main difficulties are mentioned below.

One of the main problem is the reflective layer on the scintillator walls. For the time of
flight capability the amount of light collected from the crystal has to be maximized.
Moreover, directional information cannot be lost in order to allow the gamma interaction
position decoding, so the black wrapping is not useable. The Teflon wrapping assure high
light output but the photons reflected from this dispersive layer only create a statistical
background useless during the decoding. Mirror-like walls (covered for example by VM2000
film from 3M) seems to be the best choice, since only this kind of wrapping gives a chance to
keep the directional information.

LSO/LYSO crystals have a very high level of background due to internal radioactivity. This
is a consequence of its composition. These materials are lutetium-based scintillators, which
contain the radioactive isotope ''°Lu, a naturally occurring beta emitter. During the
measurements with the 20x20x20 mm® LYSO crystal its natural background gives around
2300 c/s, and can dominate the events resulting from 511 keV annihilation quanta. Such high
internal radioactivity is a problem even in coincident measurements (such as PET) causing
increase of the random events.

Another important aspect of the discussed detector is the fact that the attenuation length for
511 keV in LYSO crystal is equal to 1.2 cm. It means that gamma interactions occur in the
entire volume of the crystal. Such a situation leads to inaccuracy in spatial resolution due to
poor depth of interaction (DOI) determination. One of the possibilities of improving the DOI
information is adding of 4 avalanche photodiodes on the top of the crystal as proposed by
Ojala [4].

C. Conclusions

The presented results suggest that metal channel position sensitive PMTs with very high
quantum efficiency can provide very good timing capabilities in a TOF PET detector. On the
other hand, the multichannel PMT suffers due to poor photoelectron collection efficiency. The
timing performance obtained with the small 10x10x5 mm® LSO crystal is as good as that of
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a fast linear focused photomultipliers. The time resolution of 272 ps measured for a single
detector with a monolithic LY SO scintillator corresponds to 385 ps for the same two detectors
in coincidence. This value is approximately 200 ps better than the time resolution of
commercially available TOF PET scanners.

The continuous crystal detector with improved photocathode uniformity is characterized by
a much better homogeneity of the timing response comparing to detectors based on linear
focused PMTs and pixelated block detectors. However, the analysis of the experimental data
and the requirements of spatial resolution in PET suggests that a pixelated block detector
placed on a position sensitive PMT could be a more practical solution.
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11. Timing Resolution and Decay Time of LSO
Crystals Co-doped with Calcium

1. Introduction

A.  Motivation

Incorporation of information about the time of flight of annihilation quanta in positron
emission tomography needs a scintillator optimized for high efficiency of 511 keV gamma
detection and characterized by the best possible timing properties. Very good time resolution,
below 200 ps for a single detector measured with LSO crystals was presented in previous
chapters proving that an LSO scintillator is, at present, the best choice for a TOF PET.

The time resolution of a scintillating crystal depends mainly on the decay time constant of
a light pulse and is proportional to the inverse square root of the number of photoelectrons
collected in a photodetector (see chapter 9). Recently a new, improved LSO, co-doped with
Ca, was reported [1]. The modified scintillators exhibit a faster decay time, reduced to
approximately 30 ns, and about 30 % higher light output.

B. Aim of the study

The goal of this chapter is to present a comparative study of LSO samples with different co-
doping percentages, ranging from 0 to 0.4 atomic % of Ca added to the starting raw material.
Characterization of these co-doped crystals includes measurements of the time resolution with
annihilation quanta from **Na gamma source, number of photoelectrons, and decay time
constant.

2. Detector details

A.  Scintillators

The studies were carried out on five samples of unpolished 5x5x5 mm® LSO crystals doped
with 0.1 atomic % Ce (with respect to Lu); each was co-doped with a different amount of Ca.
The co-dopant concentrations were equal to 0.0, 0.1, 0.2, 0.3 and 0.4 atomic percent Ca with
respect to Lu in the melt from which the crystals were grown. The actual concentrations of the
dopant in the crystals themselves have not been measured and will differ from these values
due to solid-liquid segregation and the fraction of melt solidified, as discussed in [1] and [2].
In general, the dopant concentrations in the crystals should be around 20% of the melt values,
with the precise concentration depending to some degree on the location of the sample in the
boule. All of the samples were grown at the University of Tennessee in the same growth
station via the Czochralski technique, in an atmosphere composed of nitrogen mixed with
a small amount of oxygen. The Lu,O3, SiO,, CeO,, and CaO starting materials were at least
99.99% pure. More details can be found in [1].

Results obtained with the tested samples were compared with a pre-existing LSO crystal
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(LSO2003) that was not co-doped. This sample has dimensions of 10x10x5 mm’, is polished
on all sides and was used during the measurements presented in Chapters 8-10. This crystal
was specifically selected from a larger pool of crystals as having one of the highest light
outputs, and was put at our disposal by Chuck Melcher in 2003 for use in a fast timing
experiments. It is characterized by very good time resolution [3] and light output much above
the mean value for standard LSO:Ce.

In all experiments the crystals were wrapped with several layers of white Teflon tape and
coupled to a photomultiplier using silicone grease.

B.  Photomultiplier

During the study a Photonis XP20D0, SN2026 photomultiplier, equipped with a screening
grid at the anode [4] was used as a photodetector. Its blue sensitivity is equal to 13.7 pA/ImF
which corresponds to a quantum efficiency of about 34%. This PMT was tested earlier in
experiments described in chapters 8-10. A tapered voltage divider was used to assure good
linearity of the anode pulse.

C. Experimental methods

The number of photoelectrons per unit energy (phe/MeV) was measured for all the crystals
using the Bertolaccini method and '*’Cs gamma source.

The time resolution study was performed in coincidence experiments with 511 keV
annihilation quanta from a “*Na gamma source. In a reference detector, a BaF, crystal in the
shape of a truncated cone (20 mm and 25 mm in diameter and 15 mm high) was coupled to
the XP20Y0OQ/DA PMT. Its time resolution for a 511 keV full energy peak was equal to
143 £ 4 ps.

Decay time constant measurements were made by the Bollinger-Thomas single photon
method [5], [6] using a B7Cs gamma source.

3. Results

A.  Number of photoelectrons

Sample spectra of B7Cs gamma source collected with all the tested crystals are presented in
Fig. 1. The shape of the single photoelectron spectrum is also shown. The calculated values of
photoelectrons per MeV are presented in Table I together with the result obtained for
10x10x5 mm® LS0O2003, tested in previous chapters.

The lowest photoelectron number was observed for the standard LSO, without co-doping.
This crystal gave only 5700 phe/MeV. Co-doping of 0.1% of calcium significantly improved
the light output to 7800 phe/MeV. Unfortunately, high co-doping levels gave systematically
lower values of the photoelectron numbers and finally led to the result below 6000 phe/MeV
for co-doping equal to 0.3% of Ca. The dependency of the photoelectron number versus the
Ca co-doping is presented in Fig. 2. These results are in very good agreement with the
measurements done in [1].

Taking into account the photoelectron numbers presented here, co-doping with a low
amount of calcium seems to be optimal with respect to the light yield; however the LSO2003,
without co-dopant, shows comparable performance. This is due to the fact that the LSO2003
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crystal was hand-picked from a larger pool of crystals due to its high light yield, while the
standard and codoped LSO crystals in this study are representative of the mean value for each
composition. In general, the mean light output of calcium co-doped crystals is significantly
higher than that of standard LSO.

800 r—r+ r - r - 1 - 1 1 T ' 1T °© 1
Single Photoelectron
x800 -dopi
600 | 4 LSO Ca co-doping
0.1%
N 0.4% 029
3 0.3%
o 400 | i
o
©
Q0
S 0.0%
>
Z
200 A
0 | 1 1 ' | ' |

400 800 1200 1600 2000 2400 2800 3200 3600 4000

Channel number

Fig. 1. Sample spectra of the tested LSO crystals with various Ca co-doping collected with '*’Cs gamma source.

TABLE I
THE NUMBER OF PHOTOELECTRONS COLLECTED WITH THE TESTED LSO SAMPLES AND SELECTED
10x10x5 LSO2003
Nphe/MeV
Crystal [phe/MeV]
LS02003 0.0% Ca 8100 = 200
LSO 0.0% Ca 5700 = 200
LSO 0.1% Ca 7800 = 200
LSO 0.2% Ca 6900 £ 200
LSO 0.3% Ca 5900 £ 200

LSO 0.4% Ca 6700 + 200
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Fig. 2. Dependence of the photoelectron number on the Ca co-doping, measured with the tested samples and
selected LS0O2003.

B. Time resolution

Examples of the timing spectra obtained with the standard LSO, without co-doping and
with the one co-doped with 0.4 % of Ca are presented in Fig. 3.
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Fig. 3. Sample timing spectra of the tested LSO crystals with 0.0% and 0.4% Ca co-doping collected in
coincidence experiments with **Na gamma source.

In the case of the standard LSO (left spectrum) the measured time resolution was equal to
224 ps, or 173 ps after subtracting the reference BaF, detector. This is the worst timing
resolution measured during the study. On the other hand, the best time resolution was
obtained with the highest Ca co-doping of 0.4%. The collected spectrum is presented on the
right in Fig. 3 and shows the coincidence time resolution below 200 ps, which corresponds to
136 ps for a single detector.

All of the timing results together with data for the 10x10x5 mm® LSO2003 are presented in
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Table II. In the second column of the Table, the measured values for two detectors in
coincidence are presented. In the third column the values for a single crystal are given after
subtracting the contribution of a reference detector.

TABLE II
TIME RESOLUTION OF THE TESTED LSO SAMPLES AND SELECTED 10X10X5 LS0O2003

Crystal Time resolution at FWHM, At [ps] Nphe for 511keV, AtYN/VENF
Measured Corrected? N [phe] [psVphe] x10°
LSO 0.0% 'selected"” 210+ 6 166 + 9 4100 = 100 102 £ 05
LSO 0.0% Ca 224+ 7 173+ 9 2900 £ 100 89105
LSO 0.1% Ca 201+ 6 142+ 9 4000 + 100 851 06
LSO 0.2% Ca 204+ 6 145+ 9 3500 £ 100 821+ 05
LSO 0.3% Ca 202+ 6 143+ 9 3000 + 100 751 05
LSO 0.4% Ca 197 £ 6 136 £+ 9 3400 £ 100 76 % 05
a) comrected for the contribution of the BaF, reference detector of 143+4 ps
b) following chapter 8

It can be easily seen that in all the cases of co-doped crystals the time resolution is
improved. However, the difference between 0.1% and 0.4% of calcium is small and within the
error range. A plot of a single detector time resolution versus Ca co-doping is presented in
Fig. 4. In general, the crystals co-doped with Ca had timing resolution at the level of about
140 ps. Despite the highest photoelectron number, the time resolution of 166 ps for the
10x10x5 mm® LSO2003 was inferior to the Ca co-doped samples tested in this current study.
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Fig. 4. Dependence of the single detector time resolution versus Ca co-doping measured with the tested samples
and the LS02003.

In the last column of Table II the measured time resolution for a single detector is
normalized to the number of photoelectrons for 511 keV, presented in the 4th column, and to
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the excess noise factor (ENF = 1.1) calculated using FWHM of the single photoelectron
spectrum. Improvement of the calculated, normalized time resolution can be observed for
successive co-doping. Such behavior suggests differences in the decay time constants of the
tested samples, as reported in [1].

C. Decay time constants

The decay time constants were measured using a Bollinger-Thomas single photon method.
Examples of the spectra collected for 0.0 % and 0.3 % of Ca co-doping together with fits of a
single exponential decay are presented in Fig. 5 and 6. All the results are presented in
Table III. The measured quantities agree well with those given in [1].
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2(IJO
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400

Fig. 5. Time spectra of single photon distribution induced by "*’Cs gamma source in the LSO sample with 0.0 %

calcium.
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Fig. 6. Time spectra of single photon distribution induced by *’Cs gamma source in the LSO sample with 0.3 %

calcium.

Both crystals without Ca co-doping demonstrate the longest decay times, up to 42.4 ns for
the LSO2003 and 39.5 ns for the standard LSO sample. The samples with the highest co-
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doping of 0.3 % and 0.4 % showed the shortest decay times of around 30 ns. Dependence of
the decay time versus Ca co-doping is presented in Fig. 7. Successive co-doping of the LSO
led to about 25 % improvement of the decay time constant in comparison to the standard
LSO, characterized by a value of approximately 40 ns. However, the question whether it is the
limit of the improvement remains open.

TABLE III
DECAY TIME CONSTANTS OF THE TESTED LSO SAMPLES AND SELECTED 10X10x5 LS0O2003

Decay time  AtVN/YENF/

il constant [ns] \Decay
LS02003 0.0% Ca 424 + 1.3 1.56
LSO 0.0% Ca 395+ 1.2 1.41
LSO 0.1% Ca 36.7 £ 1.1 1.41
LSO 0.2% Ca 341+ 1.0 1.40
LSO 0.3% Ca 29.0 + 0.9 1.39
LSO 0.4% Ca 30.3 £ 0.9 1.37
50 T T T T T T T T T
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Fig. 7. Dependence of the decay time constants versus Ca co-doping measured with the tested samples and
selected LS02003.

In chapter 9.3.D, dependence of time resolution on a decay time was shown for a wide set
of scintillators. A similar plot of the normalized time resolution (from Table II) versus the
square root of the decay time is presented in Fig. 8. Linear fit with a slope of 1.4 is also
shown. In the last column of Table III the normalized time resolution from Table II (last
column) was divided by the square root of the measured decay time constants. The value
obtained for all of the tested samples is equal to 1.4 and reflects an influence of the decay time
constant on the final timing performance of the detector.
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Fig. 8. Dependence of the time resolution normalized to the number of photoelectrons versus a square root of

the measured decay time constant.

The value for the LSO2003 is higher and inconsistent with the data obtained for Ca co-
doped samples. It is hard to explain such behavior; one thing to consider is that the LSO2003
sample was highly polished, whereas the co-doped crystals were all unpolished, what may
have had some influence on the results. In addition, LSO2003 was a different shape than the
others, possibly slightly affecting the time distribution of photons reaching the photocathode

and therefore the light pulse and light yield.

D. Energy resolution
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Fig. 9. Dependence of the energy resolution for 662 keV from B7cs gamma source versus Ca co-doping

measured with the tested samples and the selected LSO2003.

This chapter is focused on the timing properties of LSO co-doped with calcium, however,
since energy spectra with '*’Cs gamma source were collected during the study (see Fig. 1), the
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values of energy resolution will be also presented.

Fig. 9 shows a plot of energy resolution for 662 keV from '*’Cs gamma source versus Ca
co-doping. The observed trend is similar to the one presented in Fig. 2 in the case of
a photoelectron number. For small amount of co-doping an improvement is observed from
9.8% to 7.3%, but further co-doping leads to deterioration of the energy resolution up to
8.3%. It follows the results presented in [7] where detailed study of non-proportionality,
energy resolution and afterglow of the crystals tested here can be found.

4. Conclusions

The results presented in this study showed that calcium co-doping in LSO crystals has
a significant influence on the properties of these scintillators. The light output is improved
with a small amount of Ca co-dopant, although above 0.1% it starts to drop to values similar
to the standard LSO. However, all the tested samples were less bright than, or comparable to
the specifically selected, not co-doped LSO produced in 2003. The time resolution is
improved with Ca co-doping to around 140 ps for a single detector. The best timing value was
obtained for 0.4% Ca, however other co-dopings led to similar values. The decay time
constant is improved to around 30 ns for co-doping of 0.3% and 0.4% of Ca and no additional
components are observed.

The presented study was performed only on one set of samples and it is obvious that more
tests have to be done to fully confirm all the properties reported here.
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12. Time Resolution of Scintillation Detectors Based
on SiPMs in Comparison with Photomultipliers

1. Introduction

A.  Motivation

First commercially available photomultipliers (PMTs) appeared about 75 years ago.
Presently, they belong to the most widely used photodetectors, especially in nuclear medicine.
However, photomultipliers have some disadvantages such as sensitivity to magnetic field,
high power consumption, fragility or high price due to complicated mechanical structure.

Recently, silicon photomultipliers (SiPMs) become the candidates for PMTs successor in
many applications. A SiPM, trade marked by Hamamatsu as a Multi Pixel Photon Counter
(MPPC) [1], is a matrix of micro avalanche photodiodes (APDs) working in a Geiger mode.
Each micro cell generates a signal after detection of a single photon and a sum of the signals
from all the pixels gives the SiPM output pulse, proportional to the number of detected
photons. SiPMs while keeping important PMTs advantages, like a single photon detection
capability and a high gain in addition are also compact, possess higher quantum efficiency,
operate with a low bias voltage and are insensitive to magnetic fields.

Timing properties of silicon photomultipliers are reported to be extremely good although
the literature data are very inconsistent. Single photon time jitter of 200 ps at FWHM is
quoted by Hamamatsu in the general MPPC technical note [1]. The Hamamatsu datasheet in
the case of MPPC S10362-33-050C (used in this study) contains the time jitter values
between 500 ps and 600 ps [2]. In the work done by Buzhan, et al. the value of 120 ps at
FHWM is shown [3], what is better than the best results achieved with photomultipliers [4]
(see chapter 9). In contrast, Ronzhin, et al. presented time resolution for a single
photoelectron at the level of 700 ps [5]. Moreover, the reported timing results are below
expectations in the case of full detectors with scintillators coupled to SiPMs.

B. Aim of the study

The aim of this work is to present detailed study of the time resolution of the MPPC with
scintillators and compare them to the PMTs’ data presented in previous chapters of this thesis.
The studies are based on experiments with 3x3 mm?® device produced by Hamamatsu, with
micro-pixel size of 50 pum (S10362-33-050C). This MPPC was chosen due to its very
pronounced peaks in single photoelectron spectra for various bias voltages. It allowed
quantitative analysis of the obtained data. In the case of 3x3 mm® SiPMs from other
manufacturers only qualitative discussion might be included due to their poor single
photoelectron spectra and hence inaccurate calculation of the photoelectron number.

In this chapter the timing characteristic of the SiPM based detector will be made by analysis
of the most important factors of scintillation detectors in timing performance, such as number
of photoelectrons, time jitter, excess noise factor and also output pulse properties. The timing
results obtained with SiPMs will be compared with the data gathered for PMTs, presented in

123



previous chapters.

C. The fundamental properties of SiPMs in comparison to PMTs

The time resolution capabilities of a photodetector are described mainly by 3 factors:
number of photoelectrons, transit time jitter and excess noise factor (ENF) [6] (see chapter 5
for details).

For photomultipliers, a number of photoelectrons collected on the first dynode is a function
of the photocathode sensitivity and photoelectron collection efficiency. For SiPMs a number
of fired pixels, equivalent to the photoelectron number is defined by the Photon Detection
Efficiency (PDFE) expressed as:

PDE = QF - FF -THR (1)
where QF is quantum efficiency of silicon, FF is a geometrical fill-factor (the ratio of the
active pixels area to the total area of the device), and THR is a combined probability of
electrons and holes to initiate a Geiger breakdown. Because FF and QF are constant for
a given SiPM, PDE depends only on the THR that is a function of applied bias voltage (HV)
[7].

Single photon transit time spread (time jitter) in the case of photomultipliers is associated
with different path lengths and initial velocities of electrons traveling from the photocathode
to the first dynode. In the case of silicon photomultipliers the transit time spread is
a consequence of differences in speed of an avalanche process between single micro-pixels
for various bias voltages.

An excess noise factor of PMTs is a result of gain spread in electron multiplication
processes. It affects pulse height resolution and timing resolution. The gain variations of the
photomultipliers are mostly connected with the multiplication coefficient of the first dynode,
which affects the single photoelectron peak resolution. ENF of SiPMs is caused by two
effects: crosstalks and afterpulses. Both of them create additional electron-hole pairs, over-
proportional to the number of initial photons.

In the case of a full scintillation detector, it means a crystal coupled to a photodetector, also
a pulse shape at its output plays important role. In fast timing, except photon statistics during
the scintillation decay time also the fast rise time of the light pulse is important, which should
not be deteriorated by a photodetector.

2. Experimental details

A.  Photodetectors and scintillators

The studies were carried out with Hamamatsu MPPC S10362-33-050C, SN22 of an area of
3x3 mm’ and micro-pixel size of 50 um, delivered to Swierk in 2008. The main properties of
the device, following the Hamamatsu data sheet [2] are presented in Table 1. The breakdown
voltage of this MPPC is equal to 66.9 V and was calculated on the basis of the single
photoelectron peak positions measured at various bias voltages.

The time resolution measurements were performed with **Na gamma source and
3x3x3 mm’ LSO and LFS-3 (Lutetium Fine Silicate) [8] crystals. The scintillators were
polished on all sides, wrapped with Teflon tape and coupled to the MPPC by means of
silicone grease.
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The reference detector was a truncated cone, 20 mm and 25 mm in diameter and 15 mm
high BaF; crystal coupled to a XP20Y0Q/DA PMT. Its time resolution of 145 £ 13 ps for the
511 keV full energy peak, was determined on the basis of measurements with two other
detectors consisting of similar PMTs and BaF, and 10x10x5 mm’ LaBr; scintillators. Timing
resolution data of these 3 detectors, measured in coincidence with each other, led to a 3x3
matrix and allowed calculation of the reference detector time resolution without the need of
possessing the two identical detector configurations.

TABLE
MAIN PROPERTIES OF THE TESTED MPPC
Type $10362-33-050C
Serial No. 22
Active area 3x3 mm?
Number of pixels 3600
Pixel size 50x50 um
Fill factor 61.5%

Gain / bias voltage [7.51x10°/68.66 V
Spectral resp. range 270 -900 nm

Q.E. 70% at 400 nm
Dark count 2.38 Mcts/s
Capacitance 320 pF

B.  MPPC preamplifier

To reduce an influence of the MPPC 33-050C capacitance of 320 pF and preserve
parameters of a scintillation signal, a current preamplifier with low input resistance of few
ohms was build following [9]. The preamplifier posses two outputs: slow — accepted by
spectroscopy amplifiers and fast — reflecting the direct SiPM output and used for timing.

3. Results

A. Time resolution

First, an optimization of the electronics was done, in particular a threshold settings of a LE
discriminator and a CFD shaping delay. In Fig. 1, the time resolution of a single detector
consisting of the MPPC and 3x3x3 mm’® LFS-3 crystal, as a function of the CFD shaping
delay, is presented. An optimum was achieved for a very short shaping time delay equal to
only 2ns. In Fig. 2, the time resolution dependence on the discriminator threshold is
presented. The data were recorded for two different shaping time delays of the CFD, the
optimal 2 ns and for 1 ns. The 1 ns shaping time delay in the case of Ortec 935 CFD means
the work regime of a leading edge discriminator. The best measured timing resolution values
were identical in both cases, however, the characteristics of the plotted timing data as
a function of the triggered fraction are significantly different. As expected the constant
fraction working regime was weakly depended on the triggering fraction, however above the
12% fraction the significant timing resolution deterioration was observed. In the case of the
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leading edge settings the time resolution was improving linearly with the fraction decrease.
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Fig. 1. Single detector time resolution dependence on CFD shaping delay. The data were recorded with
3x3x3 mm’ LFS-3 crystal coupled to 3x3 mm” MPPC (S10362-33-050C, SN22).
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Fig. 2. Single detector time resolution dependence on CFD threshold for the two shaping delays of 2 ns and 1 ns
(LE discrimination). The data were recorded with 3x3x3 mm’® LFS-3 crystal coupled to 3x3 mm’ MPPC
(S10362-33-050C, SN22).

As it was mentioned in section I.C, for a given SiPM, the PDE is a function of the bias
voltage. In consequence, timing resolution is expected to vary with HV since it is proportional
to the inversed square root of the number of photoelectrons. The plot of the MPPC timing
resolution versus applied voltage is presented in Fig. 3. As expected, the best timing
resolution was achieved for the highest bias voltage of 69.2 V. Large improvement (45%) of
the time resolution was observed for the measurements done in the range of 68 V to 69.2 V of
the MPPC bias.
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Fig. 3. Single detector time resolution dependence on bias voltage. The data were recorded with 3x3x3 mm’
LFS-3 crystal coupled to 3x3 mm? MPPC (S10362-33-050C, SN22).

Fig. 4 presents an example of the timing spectrum recorded with the optimized
experimental setup, it means HV = 69.2 V, CFD shaping delay of 2 ns and threshold set at the
level of about 8% of the signal amplitude. The time resolution of the single MPPC + LFS-3
detector, calculated on the basis of the results shown in Fig. 4, is equal to 199 + 13 ps. This
value is slightly worse than the best results, presented in previous chapters. Values below
170 ps were obtained with fast photomultipliers like Photonis XP20D0 and LFS-3 or LSO
crystals [4], [8], [10]. Similar results at the level of 250 ps in coincidence for two MPPC
based LY SO detectors were shown in [11].

22
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FWHM: 246 = 7 ps

100 | Single: 199 £ 13 ps |

Number of counts
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ELouquh | . .
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Fig. 4. Example of the timing spectrum recorded with the 3x3x3 mm’ LFS-3 crystal coupled to the 3x3 mm’
MPPC (S10362-33-050C, SN22).
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B. Light pulse shape

Poor rise time of the MPPC output pulse could be one of the reason of the time resolution
deterioration. Each cell in the SiPM matrix contains capacitance and the total capacitance of
the detector together with the input resistance of the readout electronics creates a large time
constant that destroys the rise time of the output signal. Hence, the timing resolution of the
MPPC with scintillators is worse than that measured with PMTs. An example of the output
pulse recorded with the tested MPPC SN22 and 3x3x3 mm’ LSO in comparison to the PMT
anode pulse is presented in Fig. 5. An influence of the large terminal capacitance of 320 pF in
3x3 mm’ MPPC is reflected in the 15 ns rise time of the MPPC output signal.

Hamamatsu MPPC 33-050C
LSO 3x3x3 mm’
22

Na - average anode pulse

0.1

T T T T T T
| LSO 10x10x5 mm® on PMT |
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Fig. 5. Photomultiplier light pulse shape in comparison to the averaged MPPC pulse after fast output of the
preamplifier used during the studies. The data were recorded with 3x3x3 mm® LSO crystal coupled to 3x3 mm®
MPPC (S10362-33-050C, SN22).

Taking into account the results presented in Fig. 1, it is worth to underline the optimal CFD
shaping delay of 2 ns presented in previous section. It is much shorter than the MPPC signal
rise time of 15 ns and not consistent with the common conviction about CFD delay that
should be set at the level of the rise time. It means, it corrects only the initial rise at the
beginning of the MPPC pulse. Influence of the slow rise time on timing resolution can be seen
in successive deterioration of the results in the measurements done in the leading edge mode
of the discriminator (see Fig. 2).

C. Photon detection efficiency

Fig. 3 in section 3.A showed, that timing resolution for different bias voltages is changing
significantly. Such behavior suggest that the PDE, and hence also a number of photoelectrons
are improved with the increasing voltage. The number of photoelectrons (fired pixels) per
energy unit (phe/MeV) was measured directly (NpheDir) using Bertolaccini method [12],
[13]. The measurements were done with three gamma sources: >'Co (122 keV), **'Am
(59.5 keV) and 'Cd (22 keV) in order to verify linearity of the MPPC’s response in a whole
range of applied voltage. The results for all the three sources are presented in Fig. 6. In each
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case the experimental value of the NpheDir was corrected for the non-proportionality of the
LFS-3 following [8]. The data recorded with LEDs will be discussed in the next section.
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Fig. 6. Number of photoelectrons per MeV recorded with gamma sources and 3x3x3 mm’ LFS crystal coupled to
the 3x3 mm’ MPPC (S10362-33-050C, SN22). The data obtained with light emitting diodes, without the
scintillator are also presented.

The plot shows strong dependence of the photoelectron number on the applied bias voltage
and also a high inclination of the MPPC 33-050C to nonlinearity even for low number of
photons. In the case of 122 keV gamma peak the nonlinearity appeared at 68.5 V, at the level
of only 800 photoelectrons. Linearity was highly improved for lower gamma energy of
59.5 keV and hence, lower number of incident photons. In the case of **'Am gamma source,
the nonlinear behavior started to be seen at higher voltage of 68.9 V what corresponds to
about 550 photoelectrons. Linear MPPC response in a whole voltage range was achieved only
for 22 keV gammas from '*’Cd source.

Voltage of 69.2 V was used during the timing measurements with the tested MPPC SN22,
what corresponds to about 16000 phe/MeV calculated using the direct, Bertolaccini method.
However, this value is certainly overestimated due to a high contribution from crosstalks and
afterpulses.

D. Excess noise factor

The processes leading to crosstalks and afterpulses, responsible for an excess noise factor in
silicon photomultipliers should have different influence on a pulse amplitude and energy
resolution. Both processes create additional photoelectrons, not proportional to the initial
number of photons. In consequence, the spectrum in a multichannel analyzer (MCA) may be
shifted towards a higher channel number, leading to the overestimated number of
photoelectrons. These additional photoelectrons do not carry any statistical information and
hence should not improve the pulse height resolution. However, the peak width in the MCA is
broadened due to a spread of the MPPC signal amplitude, affected by the crosstalks and
afterpulses.
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As an alternative to the direct method (NpheDir), the statistics of photoelectrons in the peak
originating from the LED light source can be taken into account in calculations of the number
of photoelectrons (NphePhr). The statistical contribution 0 to the pulse height resolution
(PHR) for SIPMs can be described, as [14]:

5. =23s5. |ENVE )
| PHE

where: PHE is the number of photoelectrons (NphePhr) and ENF is the excess noise factor.

According to equation (2), the determined PHE number is proportional to the ENF. In the
case of the LED peak, the lowest possible number of photoelectrons, estimated on the basis of
PHR, corresponds to the peak width described only by the pure PHE statistics and ENF = 1.

The results of the measurements with the LED light source are presented in Fig. 6. The data
were obtained with a 650 nm LED light pulser. The number of the emitted photons was
adjusted varying the amplitude of the pulse triggering the diode. The number of
photoelectrons was set to correspond to that of the '’Cd gamma peak. The LED data
represented by circle points in Fig. 6 made possible a comparison of the number of
photoelectrons measured by the direct method with that determined from the pulse height
resolution of the light pulser peak. A large difference can be observed in Fig. 6 between the
photoelectron numbers measured using these two methods. The flat dependence
corresponding to the PHR method denotes the lower limit of PHE and ENF = 1, whereas the
DIR points represent the upper limits of both values. The shape of the PHR dependence is
related to saturation of the THR parameter introduced in equation (1), it means to probability
close to 1 for generation of an electron-hole pair after the photon detection [7]. Following [7],
the crosstalks and afterpulses probability is increasing with overvoltage. It leads to higher
amplitude of the MPPC output pulse and increased excess of the photoelectron number which
can be seen on the NpheDir plot in Fig. 6.
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Fig. 7. The upper limit of the excess noise factor of the MPPC 33-050C SN22 for various bias voltages.

The ratio between the NpheDir and NphePhr values is presented in Fig. 7 and reflects the
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upper limit of the excess noise factor for a given voltage. The real ENF lays somewhere
between the two plots discussed above and presented in Fig. 6.

The values of the excess noise factor for the tested MPPC are much larger comparing to
other photodetectors. ENF in case of PMTs is equal to 1.1 — 1.2, for photodiodes with no gain
is equal to 1 and for high quality APDs is equal to 2.

E. Time jitter and crosstalks

Time jitter of the tested MPPC was measured using PicoQuant Diode Laser LDH-P-C-405
with 49 ps pulse width (FWHM) and wavelength of 403 nm. The laser driver was triggered by
an external pulse generator at frequency of 10 000 Hz. The laser intensity was set in the way
that assured detection of only single photons. It was reflected in about 300 cps recorded in the
time jitter peak (3% of the emitted light).

Silicon photomultipliers are known to have excellent photon counting capabilities. Its single
(or few) photoelectron spectrum is characterized by well separated peaks corresponding to
a consecutive number of detected photons. Example of such spectrum, recorded with the
tested MPPC is presented in Fig. 8.
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Fig. 8. Example of a single photoelectron spectrum measured in coincidence with the picosecond laser. The
rectangle areas indicates the gates set at consecutive photoelectron numbers during the time jitter measurements.
The solid line schematically shows the mean number of photoelectrons for a given laser light intensity.

As it was described in chapter 7, measurements of the time spread of the MPPC response to
the one photon generated by the laser (time jitter) can be made when the SCA gate (rectangle
areas in Fig. 8) is set on the first peak in the spectrum. Timing obtained with the gate set at the
second, third or higher photoelectron peak should follow the photoelectron statistics and be
inversely proportional to the square root of its number. However, the experiments with such
SCA settings and constant laser intensity led to results, which are similar despite the different
SCA windows, corresponding to a different number of photoelectrons. The data presented in
Fig. 9 show that in the case of the time jitter measurements, the number of pixels triggered in
MPPC by the incident laser light cannot be chosen by a simple peak selection in a single
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channel analyzer.
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Fig. 9. Time jitter measured with the tested MPPC and SCA gates set at peaks corresponding to a successive
number of photoelectrons (see Fig. 8).

The above results suggest that for MPPC the time jitter is determined by the mean number
of detected photoelectrons, which can be schematically expressed as an envelope of peaks
presented in Fig. 8 (solid curve). This mean photoelectron number can be changed by varying
the light source intensity. During the time jitter measurements the adjustment of the laser
intensities, corresponding to the first up to the fifth photoelectron, were made using a digital
oscilloscope Tektronix TDS 5104B. It was done by monitoring the MPPC output pulse,
containing traces of consecutive photoelectron pulses. Laser light intensity was then set in the
way that led to an average pulse, which amplitude reflected the desired number of
photoelectrons. The average from 10 000 pulses was recorded using a double trigger. The first
trigger was set at the laser pulse and the second at the MPPC output pulse. Such configuration
prevented the deterioration of the mean pulse by the dark counts. An example of screenshots
taken during the measurements performed with the mean amplitude of 1 and 3 photoelectrons
is presented in Fig. 10. Timing results obtained for various laser light intensities,
corresponding to a different number of photoelectrons, are presented in Fig. 11.

Comparison of the top two screens in Fig. 10 shows that minimal observed mean
photoelectron number (top-right screen) is slightly higher than the amplitude of the first
photoelectron trace (top-left screen). The lower limit of the mean photoelectron number is
equal to about 1.2. Such effect could be a consequence of crosstalks which appear with
probability of about 20% at the applied voltage of 69.2 V [7].

In order to estimate the crosstalk influence on the MPPC output pulse the same
experimental set-up was used as in the case of the time jitter measurements. Again, the laser
intensity was set in the way that assured interactions of only single photons but this time the
number of counts per second (cps) in the time jitter peak, in coincidence with the laser light
was measured at different CFD thresholds. The counts in background were subtracted from
the recorded spectra and then the number of counts under the time jitter curve, was divided by
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the measurement live time. Such experimental set-up allowed the measurements in a narrow
coincidence window of only 5 ns. This procedure was repeated several times increasing the
CFD threshold. The sample spectra and an idea of the cps calculation are presented in Fig. 12.
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Fig. 10. Screenshots of the MPPC output pulses. On the left, the direct pulses triggered by the laser are
presented. On the right, the same pulses but averaged from 10 000 events are shown. Their average amplitudes
correspond to 1 (top) and 3 (bottom) photoelectrons.
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Fig. 11. Time resolution and noise contribution measured for various number of photoelectrons detected in the

3x3 mm’> MPPC (S10362-33-050C, SN22). The open points represent the experimental data, while the solid
points are normalized to the number of incident photons.

133



o CFD thr. below 1 phe e CFD thr. below 2 phe
T T Livetime: 120s T T Live time: 360 s

5ns 5ns

1000 | - 1000 |- -

42616 total

355 ops

800 |-
28242 total

600 [ 600 | 78 ¢cps

400

Number of counts
Number of counts

200 |

Buar b

P ORI TN
Vot

L Background .
2500 2600 2700 2800 2900 2600 2700 26800 2000

0 Background

Channel humber (23.26 psfch) Channel humber (23.26 ps/ch)

Fig. 12. An example of the time jitter spectra recorded with the 3x3 mm* MPPC (S10362-33-050C SN22) at two
different thresholds set in the CFD.

The dependence of the cps value on the discriminator threshold is presented in Fig. 13. The
dashed line at the top represents the mean number of counts per second while the threshold
was set below the first photoelectron. A sudden drop of events can be observed at about
80 mV threshold which is close to the amplitude of the single photoelectron pulse. The data
above 100 mV correspond to multi-photoelectron events, it means the events that produced
two photoelectrons (or more) in response to the one laser photon. The dashed line at the
bottom marks the mean number of double-photoelectron events induced by a single laser
photon and crosstalk. The ratio of cps measured with the threshold set below and above the
single photoelectron amplitude gives the number of crosstalk events for a given bias voltage.
The observed crosstalk level, which appear with probability of about 20% at the applied
voltage of 69.2 V is in good agreement with the data presented in [7]. Moreover, the value of
20% explains the 0.2 excess of the mean single photoelectron amplitude observed in Fig. 10.
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Fig. 13. Number of counts per second versus the CFD threshold. The ratio between the mean values of cps
indicated as dashed lines allowed calculation of the crosstalk probability.
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Taking into account the crosstalk influence on the mean MPPC output pulse the values of
the mean amplitudes read from the oscilloscope (open points in Fig. 11) have to be corrected.
Since the amplitude of 1.2 corresponds to one photon striking the MPPC all the data in
Fig. 11 have to be rescaled to photons and hence divided by 1.2. (solid points). Such operation
assure consistence with the definition of the time jitter measurement based on the single
photon events.

In the case of silicon photomultpliers and measurements with a very low light level also the
noise component has to be taken into account. The noise was estimated on the basis of timing
spectra obtained with a signal from a Pulse Generator fed into the preamplifier. The
measurements were made in coincidence with the laser trigger output and the generator signal
was set as similar as possible to the MPPC output pulse.

The noise free time jitter values were calculated by subtracting the noise component from
the measured spectra. The results in Fig. 11 show that the time jitter is proportional to the
inversed square root of the number of photoelectrons. The calculated single photoelectron
time jitter of the tested MPPC is equal to 826 £+ 54 ps. This value is much worse comparing
with fast photomultipliers which are characterized by the time jitter of 500 ps or less (see
chapter 9). The obtained resolution is in big disagreement with the data presented in [1] or in
[3]. On the other hand the results and functions presented in Fig. 11 follow almost perfectly
the predicted dependence on the photoelectron number. Similar results (about 700 ps) and
dependencies for the Hamamatsu MPPCs were shown in [5].

The same timing measurement technique, with the average MPPC output pulse set by
means of a digital oscilloscope was used for measurements of the time jitter dependence on
the MPPC’s applied bias voltage. The bias voltage was varied in the range of 68 V to 69.2 V
in 0.2 V steps. The results, showing strong dependence of the time jitter on the HV are
presented in Fig. 14.
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Fig. 14. Time jitter and noise dependence on applied MPPC bias voltage. The data were recorded with the
3x3 mm” MPPC (S10362-33-050C, SN22).
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F.  Comparison with photomultipiers

In chapter 9 the plot of the normalized time resolution versus the time jitter obtained for
a 10x10x5 mm® LSO crystal was established for various types of photomultipliers. Similar
plot is presented in Fig. 15 with addition of the data gathered for a detector consisting of
3x3 mm® MPPC 33-050C, SN22 and 3x3x3 mm’ LFS-3 scintillator at various bias voltages.
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Fig. 15. Normalized time resolution versus a time jitter for various photomultipliers and MPPC 33-050C, SN22.
Measurements were performed for the 10x10x5 mm’ LSO crystal (PMTs) and 3x3x3 mm’ LFS-3 crystal
(MPPC).

Here, the single detector time resolution is normalized to the number of photoelectrons,
excess noise factor and decay time of the scintillator used. It means that the values presented
in Fig. 3 were multiplied by the square root of the photoelectron numbers for 511 keV,
divided by the square root of the ENF and also divided by the decay time of the LFS-3 crystal
equal to 39.7 ns [8]. Such normalization follows Hyman’s theory of timing with
photomultiplier systems [15] (see chapter 6 for details).

It is worth to add that since the timing results are normalized to the number of
photoelectrons and excess noise factor at the same time and both these quantities are mutually
dependent their values do not have to be known separately. In fact, only the ratio between
them is important and hence overestimated NpheDir value does not change the plot in Fig. 15.

The calculated normalized time resolution, presented on Y-axis in Fig. 15, shows similar
timing capabilities of the tested MPPC in comparison to the fast photomultipliers. In the case
of fast PMTs the time jitter is always lower than 500 ps, however high potential of silicon
photomultipliers in timing applications is clearly visible even despite its poor time jitter.
A large difference in the rise time of the slow MPPC pulse comparing to the fast
photomultipliers together with a high dark counts rate has a significant influence on the
MPPC timing performance and leads to its deterioration. High quantum efficiency of SiPMs
which gives very high photoelectron numbers is its biggest advantage. The photoelectron
statistics compensates drawbacks of the MPPC like a large time jitter, a high excess noise
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factor and poor rise time of the output pulse.

4. Conclusions

The timing resolution of a single detector consisting of MPPC type S10362-33-050C and
3x3x3 mm’ LFS-3 scintillator is 10% worse comparing to the best detectors were fast
photomultipliers are used. The high potential of the MPPC in the timing applications is due to
their high quantum efficiency. The other MPPC properties such as time jitter, excess noise
factor and signal rise time differ significantly from PMTs characteristics. These factors need
to be addressed in the proper construction and optimization of the electronics to achieve the
timing resolution of 200 ps.

High QE of the MPPC leads to a high photoelectron number, which is further increased for
a higher bias voltage due to a higher probability of a Geiger breakdown. However, this
working regime leads to the overestimated number of photoelectrons due to a high excess
noise factor.

ENF is a result of crosstalks and afterpulses. Since a probability of these two effects rises
with bias voltage also ENF strongly depends on HV and can be higher then 2 in the case of
conditions optimized for timing measurements.

The time jitter of a 3x3mm? MPPC at bias voltage of 69.2 V is 2 times larger comparing to
modern fast PMTs. The time jitter is also dependent on HV and deteriorated at lower bias
voltage. The value of 826 ps was measured for HV at the level of 2.3 V over breakdown.

It is important to note that the MPPC mode of operation optimal for timing correspond to
high overvoltage, what in consequence leads to large nonlinearity of the MPPC response.
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13. Summary

Positron Emission Tomography is one of the most widely used technique in cancer
diagnosis and treatment. The present state of art of the commercial PET systems, produced by
leading medical companies, assure high quality images with spatial resolution close to the
physical limits. However, the signal to noise ratio and hence the image contrast is still
a problem, especially in the case of heavy patients. Incorporation of the Time-of-Flight
information into image reconstruction algorithms makes possible an improvement of the
image contrast. In consequence, by using the next generation TOF-PET scanners, even small
tumors can be early diagnosed and properly treated, increasing the chance for a patient to be
fully recovered.

The need of a fast scintillation block detector that could be applied in the TOF-PET device
became a motivation for the time resolution studies in many laboratories in the World, an also
for the experiments presented in this thesis. Because laboratory in Swierk do not have access
to a full PET system the reported investigations were focused on optimization of a detector
design and settings of timing electronics. Close cooperation with Photonis, a producer of
photomultipliers, and with LSO makers at University of Tennessee allowed deep studies of
the present limits of achievable time resolution with scintillation detectors intended for use in
PET.

The time resolution of 170 ps obtained with an LSO crystal coupled to a XP20D0 PMT,
demonstrated that a TOF-PET detector based on an LSO scintillator and a fast photomultiplier
is a realistic proposition. As is presented in this thesis, the timing results, as well as steps of
optimization of electronics, i.e. discriminator settings, are in perfect agreement with the limits
predicted by the Hyman theory of timing. It suggest that the values presented in the thesis are
the current limit of possible time resolution using LSO and classic, fast photomultipliers.

The dominating role of the number of photoelectrons in timing performance of
a scintillation detector was confirmed in measurements with 4x4x20 mm® LSO crystal placed
in various positions at the photocathode, and also in the case of a common light readout using
two photomultipliers.

The studies of a wide set of various types of photomultipliers, including prototypes supplied
by Photonis, allowed to show the key factors affecting the time resolution in detectors
consisting of a fast photomultiplier and an LSO crystal. It was presented that in the case of
scintillators like LSO, characterized by slow decay time of about 40 ns, the dependence of the
time resolution on the number of photoelectrons is stronger than the one connected with the
time jitter. The performed experiments also highlighted the influence of the initial rise time of
the anode pulse on the final time resolution and confirmed validity of the PMT construction
with a screening grid placed at the anode.

The introduced plot of the normalized time resolution dependence on the time jitter
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provides the general method for comparison of various scintillation detectors. Moreover, the
plot allows to predict the limit of the time resolution possible to achieve with a given
photomultiplier and LSO crystal. As is also shown, this dependency is valid not only for
classic photomultipliers but also in the case when light readout is made by means of silicon
photomultipliers.

A part of the reported experiments was focused on a PET detector design where one
continues crystal was used instead of many smaller pixels in a block detector. The idea of
such configuration was triggered by improved light collection during the measurements
utilizing light readout by means of two PMTs. In the case of a continuous crystal a one, 16-
channel PMT was used instead of few PMTs, however the time resolution experiments
showed that all benefits due to improved light collection are lost because of the poor
photoelectron collection efficiency in the metal channel PMT. The overall timing capabilities
of the continuous crystal detector appeared to be similar to the results obtained with linear
focused PMTs, although quantum efficiency of the tested 16-channel PMT was about 25%
higher comparing to the other photomultipliers used in the experiments. The biggest
advantage of the continuous crystal detector is its time resolution homogeneity over the whole
surface of the photocathode. Nevertheless, due to a challenging task of reconstruction of the
gamma interaction point inside a monolithic crystal and also because of lack of improvement
in time resolution, this type of a block detector did not proved to be advantageous over the
presently used designs incorporating pixelated crystals and linear focused tubes.

The presented characterization of the new LSO crystals, co-doped with calcium showed that
commonly used LSO scintillators in commercially available scanners can be further
improved. The results confirms that calcium co-doping in LSO scintillators leads to shorter
decay time and higher light output, which directly influence the time resolution. The
performed measurements showed that the decay time at the level of 30 ns can be achieved
with co-doping of 0.3% or 0.4% of Ca (in the melt from which the crystals were grown) and
that no additional components are observed. Moreover, the time resolution at this level of co-
dopings can by improved up to 140 ps.

It is worth to underline that the reported tests of the LSO:Ce,Ca samples were one of the
first done outside the University of Tennessee, where these crystals were invented.

As a final part of the thesis a study of a silicon photomultipliers in timing applications was
made. These devices are presently the most intensively studied type of a photodetector for
application in positron emission tomography. The timing characterization of SiPMs was
performed in the same way as previous tests of photomultipliers, pointing out such parameters
as number of photoelectrons, time jitter, excess noise factor and output pulse characteristics.
The obtained time resolution for a 3x3 mm® SiPM is 10% worse comparing to the previous
results achieved with timing photomultipliers. Such deterioration is a consequence of slow
rise time of the SiPM output pulse, high time jitter and high excess noise factor. The results
suggest, that at present classic photomultipliers are still a better solution for a TOF-PET
photodetector.

It is worth to underline the performed measurements of the time jitter of SiPMs. The data in
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the literature about the transit time spread of these devices are not consistent and differ
significantly, even in the range of 100%. As is shown in chapter 12, the experimental method
that is correct in the case of photomultipliers, may lead to underestimated values of the time
jitter when is applied to SiPMs. The experimental technique proposed by the author assures
the correct identification of the photoelectron number that triggers the electronics and
therefore accurate calculation of the SiPM time jitter.
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