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ABSTRACT 

Current challenges facing us in developing dedicated positron emission tomography 
(PET) systems for metabolic breast mammography (PEM) and small animal (ANIPET) 
are to achieve high spatial resolution (less than 2 mm) and high efficiency. It is also 
crucial to extend the sensitive areas of PEM detectors to their periphery in order to 
overcome the difficulty in imaging near a patient's chest wall. This limitation of the 
periphery dead region was revealed in the clinical trials of our previously developed 
PEM-I system. 

In the new study, we developed prototype detectors by using position-sensitive 
photomultiplier tubes (PS-PMTs) and pixelated bismuth germanate (BGO) crystals with 
depth encoding scheme to detect and localize gamma rays. We used the following 
methods in crystal processing: 

• Crystal cutting - each crystal block was cut by diamond saw into small elements of 
2.1 mm x 2.1 mm (2.2 mm pitch) on two opposite faces. The elements on one face 
of the block offset by half the crystal pitch from those on the opposite face in both X 
and Y dimensions. The depths of two layers were Il.5 mm and 6.5 mm, 
respectively. The middle solid space between the two layers was 2 mm. 

• Crystal polishing and encapsulating - The very roughly cut surfaces were chemically 
polished by acid etching method and the cut slots were encapsulated with an epoxy­
compound mixture. 

• Crystal separating - the pseudo discrete crystal blocks were cut along the middle 
solid space into two discrete segments. 

• Crystal coupling - the two crystal segments were glued together and optically 
coupled to the PS-PMTs window. 

We also developed front-end electronic circuits including high-voltage dividers, anode 
resistor chains, position readout circuits, and last-dynode timing circuits. Methods for 
combining four PS-PMTs with simple X+, X-, Y+, Y- outputs have been developed to 
further simplify the position recording. The detectors were constructed in the structure of 
arrays (two in the system) - modules (four in each array) - units (four in each module). 
The basic unit of one crystal and one PS-PMT was formed as field replaceable unit. The 
acquired list-mode data were analyzed with MATLAB and C. Different methods to 
generate distortion look-up-table were examined and evaluated. 

Our new prototype detectors have spatial resolutions of 1.8 mm (vs. 2.8 mm in PEM-I), 
timing resolution of 10.3 ns (vs. 12 ns in PEM-I), and a field-of-view of 88 mm x 88 mm 
(vs. 64 mm x 56 mm in PEM-I). Our analysis shows that the design improves the spatial 
resolution, enhances the detector field-of-view, and significantly reduces the peripheral 
dead regions. 



RÉsuMÉ 

Les défis actuels qui nous font faces quant au développement du système de la 
tomographie par émission de positrons (PET) pour l'étude métabolique de la 
mammographie du sein (PEM) et l'étude du petit animal (ANI PET) sont de parvenir à 
obtenir une haute résolution spatiale (plus petit que 2 mm) ainsi qu'une grande efficacité. Il 
est aussi crucial d'étendre les zones sensibles à la détection PEM aux endroits plus 
périphériques et ce afin de surmonter la difficulté de prendre des images près de la cage 
thoracique. Cette limite au sujet des zones mortes périphériques avait été révélée lors des 
essais cliniques de notre système précédant le PEM-I. 

Dans cette nouvelle étude, nous avons développé des détecteurs prototypes en utilisant 
des tubes photomultiplicateurs sensibles à la position (PS-PMTs) et des cristaux 
scintillateurs en germanate de bistmuth (BGO) avec un système de codage à haute 
résolution pour détecter et localiser les rayons gammas. Les méthodes pour le traitement 
du cristal qui ont été utilisées sont les suivantes : 

• La coupure du cristal- avec une chaîne à diamant, chaque bloc de cristal a été coupé 
en petits éléments de 2.1 mm x 2.1 mm (2.2 mm d'écartement) sur deux faces 
opposées. Les éléments sur la face d'un bloc sont décalés de la moitié de 
l'écartements des cristaux de la face opposée et ce par rapport aux axes X et Y. La 
profondeur des deux couches sont 11.5 mm et 6.5 mm, respectivement. L'espace 
solide central entre les deux couches est de 2 mm. 

• Le polissage et l'encapsulement du cristal - La surface coupée avec la scié a été 
polie chimiquement avec l'application d'acide et les entailles ont été encapsulées avec 
un mélange composé d'époxy. 

• La séparation du cristal - Les blocs de cristal distincts ont été coupés au long de 
l'espace solide central en deux segments distincts. 

• La réunion des cristaux - les deux segments de cristal ont été collés ensemble et 
réunis optiquement à la fenêtre du PS-PMTs. 

Nous avons aussi développé des châssis d'électronique incluant des diviseurs à haut 
voltage, des chaînes de résistances, des circuits lecteurs de position, et enfin des circuits 
reliés à la mesure du temps. Les méthodes pour combiner les quatre PS-PMTs avec 
simples sorties X+, X-, Y+, Y- ont été développées pour une plus grande simplification 
de l'enregistrement de la position. Les détecteurs ont été construits en forme de rangées 
(deux dans le système) - de modules (quatre pour chacune des rangées) - et d'unités 
(quatre dans chacun des modules). L'unité de base comprenant un cristal et un PS-PMT a 
été formée pour être une unité remplaçable. Les données acquises en mode liste ont été 
analysées avec MATLAB et C. Différentes méthodes pour générer une table de conversion 
avec distorsion ont été examinées et évaluées. 



Nos nouveaux détecteurs prototypes ont une résolution spatiale de 1.8 mm (vs. 2.8 mm 
avec le PEM-I), une résolution temporelle de 10.3 ns (vs. 12 ns avec le PEM-I) et le 
champ de vision est de 88 mm x 88 mm (vs. 64 mm x 56 mm avec le PEM-I). Les 
analyses préliminaires ont montrées que ce modèle améliore la résolution spatiale, 
augmente la détection du champ de vision et réduit significativement les régions 
périphériques mortes. 
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INTRODUCTION 

Dedicated Positron Emission T omography (PET) instruments for small animal 

(ANIPET system) and metabolic breast imaging (PEM-I) were previously developed in 

our laboratory of the Montreal Neurological Institute, McGill University. Each system 

consists of two detectors; each detector is constructed with four 36 mm x 36 mm x 20 

mm bismuth germanate (BGO) crystal blocks optical coupled to a position-sensitive 

photomultiplier tube (PS-PMT) - Hamamatsu R3941-05. Electronic circuits in these 

detectors include high voltage dividers, crossed anode read-out resistor chains, position 

preamplifiers, and fast timing amplifiers. The system spatial resolution is 2.8 mm; timing 

resolution is 12 ns. The detector effective field-of-view is 64 mm x 56 mm. 

Our clinical studies with PEM-I system revealed that the detectors have a relatively 

large peripheral dead region. This is mainly caused by the intrinsic structure of the PS­

PMT. The R3941 is a mesh type PS-PMT with a thick glass envelope. The PMT light­

photon input window is in a photocathode head-on configuration. The cross-anode 

outputs have 18 anodes in the X-axis and 16 anodes in the Y-axis. Even though the outer 

dimension of the PMT is 78 mm x 78 mm, its effective input window, or the effective 

field-of-view, is only about 60 mm x 54 mm. In the detectors of PEM-I and ANIPET, 

BGO crystals coyer the PMT window in a region of 72 mm x 72 mm. After previous 

efforts to develop and improve readout weighting matrix for the PMT, we identified 

crystal elements in the area of 64 mm x 56 mm. However, there are still 7-mm peripheral 

dead regions in each end of X-axis, Il-mm in each end of Y-axis. Since PMTs can only 

operate in a light tight environment, inevitably the detector enclosure further enlarges the 

dead region. In PEM studies, the overall peripheral non-sensitive area limits imaging near 

a patient's chest wall resulting in degrading diagnostic accuracy and efficiency. 

One of the main challenges in PET instrumentation research and development is to 

achieve high spatial resolution, ideally in less than 2 mm. Even though PET cannot 

approach the fme resolution attainable from anatomical diagnostic instruments, such as 
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X-ray radiography, computed tomography (CT) and magnetic resonance imaging (MRI), 

spatial resolution of 1 to 2 mm is still desirable in organ function studies. 

In order to enlarge detector field of view, achieve higher spatial resolution, and reduce 

the detector peripheral dead region, we developed prototype modular detectors for our 

proposed PEM-II scanner. 

Thesis Outline 
The thesis consists of seven chapters organized as follows. 

Chapter 1, "Primary Physics Principles of Positron Emission Tomography", is a 

primary outlook of the physical basis and principles of PET. It also includes a brief 

description of PMTs and their structures. 

Chapter 2, "Overview of Detector Development in Positron Emission Tomography", is 

a brief overview of the PET detector theories and major detector development in the 

fields of positron emission mammography (PEM) and animal PET. 

Chapter 3, "Improving the Performance of Small Planar Detectors of PEM-I and 

ANIPET System", describes our investigated techniques to improve the performance of 

PEM-I and ANIPET detector. This work was presented at the IEEE 2000 Nuclear Science 

Symposium and Medical Imaging Conference (NSSIMIC) in Lyon France, and published 

in the IEEE Transaction on Nuclear Science (TNS) (February 2002). 

Chapter 4, "Crystal Process in Prototype PEM-II Detector", de scribes the detailed 

crystal processing techniques that we investigated for our PEM-II detector. The work was 

presented at the IEEE 2002 NSSIMIC in Norfolk, Virginia U.S.A., and submitted to IEEE 

TNS (November 2002). 

Chapter 5, "Front-End Analog Circuits in the Prototype PEM-II Detector", presents the 

electronic circuits that we designed and developed for our PEM-II detector. This work 

was presented at the IEEE 2001 NSSIMIC in San Diego, California U.S.A., and published 

in the IEEE TNS (October 2002). 

Chapter 6, "Optimize Position Readout Circuits in PET Front-End Electronics", 

presents a theoretical analysis of the front-end electronic circuits for PET detectors. The 

methods we investigated for front-end electronics adjustment could he useful for general 
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PET detectors. The work was presented at the IEEE 2002 NSSIMIC in Norfolk, Virginia 

U.S.A., and submitted to IEEE TNS (November 2002). 

Chapter 7, "Detector Evaluation and Results", illustrates the evaluation methods and 

shows the results on this project. 

Appendix lists following documents: (l) A sample record of the "BGO Crystal Cutting 

Record"; (2) A record of "The Encapsulating Record of Mixing Epoxy EPO-TEK 301-2 

with White Paste REN DW-0131"; (3) documents of "Printed Circuit Broads of PMT 

Socket, Position Integrator, Fast Timing Readout, and Main Amplifier Buffer Circuits"; 

(4) MATLAB "Crystal Identification Image Processing" software structure . 
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CHAPTERI 

PRIMARY PHYSICS PRINCIPLES OF POSITRON 

EMISSION TOMOGRAPHY 

1.1 Positron Emission Tomography 

Positron Emission Tomography (PET) is a medical imaging technology that searches 

for cancer, damaged heart tissue, brain disorders and other heaIth conditions by seeking 

signs of abnormai metabolism. It reveais metabolic activity of the celIs, gives chemicai 

information about the body, and provides information about function and structure [l]­

[3]. 

PET can detect whether there are cancerous growths and where they are located. When 

disease strikes, the biochemistry of body tissues and ce Ils change. For instance, cancer 

cells have higher metabolic rates than normal cells, often feeding on sugars like glucose. 

If an area is cancerous and consuming glucose, the signaIs will be stronger there than in 

surrounding tissue, and show up as a denser region on a PET scan. PET is considered the 

most accurate way to diagnose whether or not a tumor is benign or malignant, if it has 

spread, if it is responding to treatment, and if a patient is cancer free after treatment 

without having to do surgery or a biopsy. It is currently the most effective way to check 

for cancer recurrences [2]. 

PET is also use fuI in diagnosing certain cardiovascular and neurological diseases 

because it highlights areas with increased, diminished or no metabolic activity, thereby 

pinpointing problems. It can identify cardiovascular disease by measuring both blood 

flow (perfusion) and metabolic rate within the heart. PET has significant implications in 

diagnosing Alzheimer's disease, Parkinson's disease, Epilepsy and other neurological 

conditions, because it can vividly illustrate areas where brain activity differs from the 

norm. It is one of the most accurate methods available to localize areas of the brain 

causing Epileptic seizures and to determine if surgery is a treatment option [2]. 
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PET often reveals illnesses much earlier than conventional diagnostic procedures, so it 

could eliminate the need for ineffective or unnecessary surgeries, treatments or other 

diagnostic tests. 

Recently, PET is used in conjunction with a MRI and CT scan through "fusion" to give 

a full three-dimension view of an organ and the location of cancer within it. The latest 

PET scanners are being made a combination of PET ICT devices, The PET and CT image 

data sets are registered and fused to form a single image that shows the anatomical 

location from CT along with the metabolic activity of PET. This new technology delivers 

a new frontier in medical imaging [4]. 

1.2 Nuclear Physics in Positron Emission Tomography 

1.2.1 Radionuclides Production 

Radionuclide Generation 
Radionuclides used for radioisotopes in the nuclear medicine are aH man-made rather 

than naturally occurring. They are made from nuclear reactions by bombarding nuclei of 

stable atoms with subnuclear particles (such as neutrons and protons), so a stable nucleus 

is converted into one which is unstable and radioactive. The most common methods to 

make radionuclides for nuclear medicine use nuclear reactors and accelerators. 

Nuclear reactors have provided large quantities of radionuclides for nuclear medicine. 

For example, l311 that is used for hyperthyroid diagnosis and treatment can be generated 

in a reactor. The reaction of 1311 from l3ITe is: 

(1.1 ) 

A medical cyclotron is a charged-particle accelerator that is used to produce a variety of 

radionuclides for nuclear medicine. Sorne of the most common nuclides used for PET 

studies are listed in Table 1.1. Cyclotron produced short-lived ~+ emitters, such as llC, 

ISO, and l3N, represent elements of the most prevalent in biologie substances (carbon, 

oxygen, and nitrogen), so they can be used to label various physiologically important 
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trac ers. In addition, the annihilation photons released following p+ emission from these 

traces can be utilized for novel three-dimensional imaging PET techniques. 

TABLE 1.1. SOME CYCLOTRON-PRODUCED RADIONUCLIDES USED IN PET 

Nuclide Decay mode Common Production Natural Abundance of 

Reaction Target Isotope (%) 

IIC ~+ (99+%) IUB(d, n)"C 19.7 

IIB(p, n)IIC 80.3 

150 W (99.9%) 14N(d, n)DO 99.6 

13N ~+ (100%) ILC( d, n) UN 98.9 

18F+ ~+ (97%), EC IINe(d, a)18F 90.9 

*Note: The radionuclide 18F decays by both positron emission (13+) and electron capture (EC) 
competitively - 3 % of the nuclei decay by (EC, y) and 97 % by (13+, y) [1]. 

labeled Radionuclides 

TABLE 1.2. LISTING OF SOME RADIOLABELS USED IN PET 

Nuclide Half Maximum Maximum Maximum Labeled 

Life Energy- Range (H2O) specific Radiopharmaceuticals 

(Min) E~max (MeV) (mm) activity 

(Ci/mol) 

"C 20.4 0.96 4.1 9.22 x 109 IICO, IIC -Methionine, 

Il C-Thymidine, etc 

DO 2.07 1.72 8.2 9.08 x 1010 150 2, H2
150, C150, 

CI5 O2, etc. 

I-'N 9.96 1.19 5.39 1.89 x 1010 I-'NH3, I-'N-amino acid 

I~F 109.7 0.635 2.39 1.71 x 109 I~F -fluorodeoxyglucose 

Table 1.2 lists the physical properties of radionuclide 18F, lle, ISO, 13N, and the labeled 

radiopharmaceuticals used in PET studies. For example, 18F labeled 18F_ 

fluorodeoxyglucose is used to measure glucose metabolism; ISO labeled H2
150, e l502 , 

and 150-butanol are used to measure cerebral blood flow; lle or ISO labeled "eo, e l50 

are used to measure cerebral blood volume; ISO labeled 1502 is used ta measure oxygen 

metabolism; "e labeled lle-nicotine, lle-raclopride, lle-schering are used for receptors; 
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t3N labeled amino acids are used to measure regional metabolism in brain; 18F labeled 

t8F_Dopa is used to measure dopamine synthesis [5]. 

1.2.2 Positron Decay and Annihilation 

In radionuclide decay by positron emission, a proton in the nucleus is transformed into 

a neutron and a positively charged electron, or positron (~) [1]. 

(1.2) 

The positron (~+) is the anti-particle to the electron. It is ejected from the nucleus with a 

neutrino during the decay. The positron undergoes inelastic collisions with atomic 

electrons of surrounding matter, usually within a few millimeters away from the site of its 

origin and in about 10-9 seconds. The positron then combines with an electron followed 

by an annihilation reaction, in which the masses of positron and electron are converted 

into two 511 ke V annihilation photons. The two photons in the form of gamma rays leave 

the site of the annihilation in approximately opposite directions. 

(1.3) 

The transition energy in (1.2) is divided among the kinetic energy of the positron, the 

daughter nucleus, and the annihilation photons (2 x 0.511 MeV = 1.022 MeV). In order to 

occur ~+ decay, the minimum requirement of transition energy is 1.022 MeV. The excess 

transition energy above 1.022 MeV (or El3rnax
, which is the transition energy minus 1.022 

Me V) is shared between the positron and the daughter nucleus. The average positron 

energy (kinetic energy) is approximately 1/3 E13
max

• Sorne medical important ~+ 

radionuclides and their E13
max listed in Table 1.2. 

1.2.3 Gamma-ray Interaction 

The annihilation 511 ke V gamma rays will most likely travel through the surrounding 

material of the subject (Le. tissue, fat, and bone) and deposit all or part of their energy 

into the dense scintillation crystals in PET detectors. The energy transformation from 

gamma rays to matter is in complex interactions with atoms, nuclei, and electrons. The 
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two primary interactions regarding 511 ke V gamma rays are photoelectric effect and 

Compton scattering [1] [8]. 

Photoelectric Effect 
The photoelectric effect is an atomic absorption process in which the total energy of an 

incident photon is absorbed in an atom. This process results in ejecting an orbital electron 

(photoelectron) from the atom. The photoelectron kinetic energy Epe is: 

(l.4) 

where Ep is primary energy which is the energy of the incident photon, Be is the binding 

energy of the liberated electron that is usually ejected from a K or L shell. 

Binding energies in low-Z elements (like body tissues) are only a few keV or less, thus 

causing sm aIl factor in photoelectric interactions. However, in heavier elements, the 

binding energies are in the 20-100 ke V range, which may account for a significant 

traction of Ep. 

Compton Scattering 
Compton scattering is a "collision" between a photon and an electron in the outer shell 

of an atom. The collision results a scattered photon of lower energy and an ejected 

Compton recoil electron. The energy of the scattered photon is related to the scattering 

angle e as: 

El' 
Esc = E 

1 + (1- cos B) -1'-

0.511 

(1.5) 

where Ep and Esc are the primary energy (energy of the incident photon) and scattered 

energy both in Me V; e is the angle between the path of the scattered photon and the 

original 'Y photon. 

1.2.4 Intrinsic Spatial Resolution of PET 

One of the major challenges of PET and also the most flourishing research topic is the 

spatial resolution. An empirical study by Moses and Derenzo summarizes the various 

factors affecting spatial resolution [9]. The spatial resolution (1) is given as 
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f=1.25· (~)' +(O.0022D')+s' +b' (1.6) 

where the factor 1.25 accounts for a resolution degradation resulting from the image 

reconstruction process; d is the width of each crystal element; D is the detector separation 

which amplifies the effect of gamma ray non-collinearity; s is the positron range 

(FWHM); b is the block effect. The block effect accounts for the uncertainty in 

determining of the event location within a block detector with multiple crystal elements. 

If the ratio of the crystal elements to coupled PMTs is 1:1, b equals zero. 

Intrinsic Limitation on Spatial Resolution 
Physical limits on PET spatial resolution are due to the isotope's positron range in 

tissue, and the non-collinearity of the annihilation photons in the detectors' frame of 

reference. 

• Positron Range 
The positron range is the finite distance between the location of the positron origin and 

that of the annihilation. PET coincidence detection can only localizes the gamma rays 

annihilation position, since the trajectory of the positron is undetermined. This 

uncertainty results in image blurring and de grades spatial resolution. 

The positron range depends upon the energy of the emitted positron and the density of 

the medium into which the positron is released. This is described as the distribution of the 

point-spread-function (PSF) [10], which is expressed by the sum of two exponentials. 

One accounts for small peak at a very short range where a small number of annihilations 

occur, another introduces broad tails corresponding to the range of the majority of 

positrons. 

For example 18F, which produces a relatively low-energy positron, the resolution 

broadening due to the positron range is 0.22 mm full width at half maximum (FWHM) 

and 1.09 mm full width at tenth maximum (FWTM) [1]. 

• Angular Distribution of Annihilation Photons 

The two gamma rays emerging from the positron annihilation are actua1ly in 

approximately opposite directions. The annihilation process must conserve both energy 
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and momentum. Typically, a positron has 10 eV residual energy prior to annihilation [12]. 

To conserve momentum, the annihilation gamma rays are slightly non-collinear. The 

deviation of the angular separation of the gamma rays is described by a Gaussian 

distribution in water-equivalent materials [13][14]. 

1.2.5 Scintillator Fundamentals 

A scintillation crystal or phosphor is a material that has the ability to convert energy 

lost by ionizing radiation into pulse of light [6]. They are classified into two major 

categories - organic and inorganic scintillators [7][8]. The organic scintillator can be 

present in the solid (crystals or plastics), liquid, or vapor phase [8]. The inorganic 

scintillator is mainly in a crystal phase, which can be grouped into three following main 

classes: 

• Impurity activated - activator sites are produced by adding impurities to the crystals. 

• Self activated - activator sites are produced by a stochiometric excess of one of the 

constituents of the solid. 

• Pure crystals - activator sites are produced by imperfections in the crystallattice. 

Table 1.3 lists sorne of the common inorganic scintillators and their activated factors. 

Impurity activated (doped) inorganic crystals like NaI(TI), GSO and LSO as weIl as self­

activated crystals like BGO are prevalently applied in the detectors of the Nuclear 

Medicine instrumentation. 

TABLE 1.3. INORGANIC SCINTILLATOR EXAMPLES 

Classes Crystals 

Na! (TI) Thallium activated Sodium lodide 

Impurity Activated CsI (TI) Thallium activated Cesium lodide 

OSO (Ce) Cerium activated Gadolinium Orthosilicate 

LSO (Ce) Cerium activated Lutetium Oxyorthosilicate. 

Self Activated CdS Cadmium Sulfide with excess Cd 

BGO Bismuth Oermanate 

Pure Crystals Diamond 
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Normally, organic scintillators are applied in low energy gamma, charged particle 

counting (alpha or beta detection), and fast timing applications. Inoganic scintillators are 

used in photon counting, x-ray detection, gamma detection and spectrometers, high and 

medium energy physics, and nuclear medicine imaging, etc. 

Scintillation Mechanism 
The main difference between organic and inorganic scintillators is in their scintillation 

mechanism [6]. Generally, the scintillating of an organic scintillator is known as a 

function of a single molecular process and is independent of the physical state of the 

scintillator. On the other hand, an inorganic scintillator requires a crystal lattice to 

scintillate. 

• Mechanism of Organic Scintillators 
Fig 1.1 shows the fluorescence and phosphorescence processes in organic scintillators. 

When an excitation occurs, sorne energy levels in the electron systems of singlet levels 

So, SI, ... , Sn and triplet levels To, TI, ... , Tn will be populated. The energy level above 

the SI level will make rapid transfer (lOto 100 ps) to SI level without radiation. The 

transition from the SI level to sa level will emit radiation with an energy of about 3-4 eV. 

Only certain types of molecules release a small fraction (~ 3%) of the absorbed energy as 

optical photons. The de-excitation for the SI level will follow an exponential decay with 

a time constant of a few nanoseconds. This is considered as the fluorescence process. As 

can be se en in Fig. 1.1, sorne excited S-states may be converted into T states. The de­

excitations would emit the phosphorescence light in the phosphorescence process. 

1 ---------------------------------------------------------------------------
X x-~ates 

Singlet Triplet 
S3 

Non-radiative T3 
+ i Non-radi i Non-radiative T2 t 

ative S2 

Inter System 
S1 Crossing : Non-radi ative 

ion 
T1 

Fluorescence Phosph 
Absorpt 

orescence 

So 

Fig. 1.1. The scintillation mechanism of organic scintillators. 
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• Mechanism of Inorganic Scintillators 
Fig. 1.2 shows several energy bands in an inorganic crystal system. In the lower band 

(valence band), the electrons are bound at lattice sites. In the upper band (conduction 

band), the electrons are free to move through the crystals. The energy band between these 

two bands is forbidden band - no electrons can be found in this band in a pure crystal. By 

implanting impurities in the crystal lattice, energy states called activator sites can be 

created in the forbidden band, this sites are marked as activator excited states, activator 

centers and activator ground states. 

>-
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Fig. 1.2. The scintillation mechanism of inorganic scintillators. 

When a scintillator absorbs irradiation, a large number of electron-hole pairs (excitons) 

are formed. The electrons will be excited to the conduction band leaving holes in valence 

band; the holes will move to the activator sites and ionize them. Then electrons will be 

attracted to these positive charged activator sites and neutralize them. If the activator 

center is configured with an allowed transition from excited state to the ground state, 

excitons will be rapidly de-excited with high probability of the emission of a photon. 

With a properly chosen activator, the light photons can be produced in such a way with an 

appropriate energy for detection. 

Scintillation Properties 
Severa1 important properties of scintillators need to be considered when used in PET 

detector. 

1) Density - Scintillator should be able to stop relatively high-energy gamma rays. 
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2) Effective Z - High Z and density scintillators present large cross sections for 

Compton and photoelectric interactions, and therefore offer high linear attenuation 

coefficient. 

3) Decay constant - The light decay time should be relatively short. A long decay 

constant will require elongated signal integration time, which could cause baseline 

shift and pile-up effects at higher count rate. The decay time also affects the detector 

time resolution. 

4) Timing resolution - The scintillation timing is dependent on the number of excited 

electrons, the light decay constant, and the photon emission rate; therefore, it is 

dependent on the production rate of photoelectrons after an event. Fast timing is 

crucial, since it largely determines the PET coincidence resolving time. 

5) Scintillation efficiency - The scintillator index-of-refraction determines the amount of 

produced light trapped inside due to the internaI reflections. The amount of the 

collected light will also determine the energy and timing resolution of the detector. 

6) Hygroscopicity - Hygroscopic scintillator requires encapsulation in an airtight 

envelope. 

TABLE 1.4. SCINTILLATION PROPERTIES OF SOME COMMON SCINTILLATORS 

NaI(TI) BGO LSO GSO BaF2 CsF 

Density (g/cmJ
) 3.67 7.13 7.4 6.71 4.89 4.64 

Effective Z 50 74 66 59 54 53 
Total Linear Attenuation 0.34 0.955 0.870 0.674 0.47 0.44 

coefficient at 511 keV (cm-1
) 

Average number of photons per 40 4.8 24 6.4 2.0 2.5 
ke V absorbed 

Relative light yield 100 15 75 16 4 (fast) 5 
20 (slow) 

Scintillation decay time (ns) 230 300 40 60 0.6 (fast) 5 
620 (slow) 

Peak emission wavelength (nm) 410 480 420 410 225 (fast) 390 
310 (slow) 

Index of refraction 1.85 2.15 1.82 1.85 1.49 1.48 
Background radioactivity No No Yes No No No 

Hygroscopic Yes No No No Slightly Yes 
Note: BaF2 has two scintillation components 
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Table 1.4 summarizes sorne of the common inorganic scintillators used in Nuclear 

Medicine [3][6][7][15]-[18], which include Thallium-doped Sodium Iodide (NaI(TI)), 

Bismuth Germanate (BÏ4Ge3012, or BGO), Cerium-doped Lutetium Oxyorthosilicate 

(Ce:Lu2SiOs or Ce:LSO). Cesium Fluoride (CsF), Cerium-doped Gadolinium 

Oxyorthosilicate (Ce:Gd2Si05 or Ce:GSO), Barium Fluoride (BaF2), and Cesium fluoride 

(CsF). 

1.2.6 Scintillation Detector - Photomultiplier Tube 

A photomultiplier tube (PMT) is an optoelectronic device that converts light into 

photoelectrons, amplifies photoelectrons by emission of secondary electrons, then collects 

the electron signaIs from the last dynode by anodes. Fig. 1.3 demonstrates the structure 

and function of a typical PMT [7], which includes the essential elements of a 

photocathode, a series of dynodes, and an anode. 

• Photocathode (cathode) - converts input light flux into electron flux. 

• Dynode - multiplies electrons by secondary emission. 

• Anode - collects the electron flux and supplies output signaIs. 

The amplification ranges of PMTs are from 103 to 108
, which provide output signal 

levels suitable for sensitive electronics detection. 

Anode 

/ 

=: ~ '::icda~ 
Photoelectrons \ electrons 

Dynode1 

Fig. 1.3. This schematic demonstrates the structure and operation of a photomultip lier tube. 

Photoemission and Secondary emission 

The fundamental physical processes in PMT operations are photoemission and 

secondary emission [8]. Photoemission is an emission of electrons resulting from the 
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action of incident photons on a photocathode surface. The pro cesses in photoemission 

have three phases: 

(1) Photon absorption - absorbed input photon flux impart energy to electrons in the 

material. 

(2) Electron diffusion - energized electrons diffuse through the material. 

(3) Electron escape - electrons with sufficient energy escape from the material surface 

into the vacuum. 

Only a fraction of the incident photons on a photoemissive material may cause electron 

emission. The main factors affecting this quantum efficiency (the ratio of the number of 

emitted electrons to incident photons) are the wavelength of photons and the properties of 

the photocathode [8]. 

Secondary electron emission occurs when incident electrons with sufficient kinetic 

energy strike the surface of a dynode. Compared with photoemission, secondary emission 

is caused by the impact of incident electrons rather than photons. The procedures in 

secondary emission are: 

(1) Electron excitation - incident electrons excite the electrons in dynode material to 

higher energy states. 

(2) Electron migrates to the surface - sorne of the excited electrons move toward the 

material surface dispensing a fraction oftheir excess energy. 

(3) Electron emission - the surface electrons with energy higher than the surface 

potential barrier are emitted into the vacuum. 

The secondary-emission efficiency is described as the secondary emission coefficient 

(8), which is the ratio of the number of secondary electron to the number of the primary 

electron. 

Photomultiplier Tubes in PET Detectors 
PMT consists 8 to 19 dynode stages that amplify electrons by a cascade secondary 

electron emission process. U sing low noise electron multiplier, PMT has superior 

sensitivity of high current amplification and high signal-to-noise ratio. Based on the 

dynode structures, many different types of PMTs have been employed in PET detectors 

that include linear-focused type, fme-mesh type, metal-channel type, and micro-channel­

plate type [19][20]. 
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• Linear focused type 

A linear focused type PMT nonnally has a photocathode in a head-on configuration. It 

has extremely fast timing response and high pulse linearity. The basic dynode structure 

and electron-multiplication operation is shown in Fig. 1.3. This type PMT has been 

broadly used in detectors of Nuclear Medicine instrumentation, such as gamma cameras 

and PET scanners. Because the PMT with single anode output does not give enough 

infonnation for position measurement, Anger logic readout scheme is typically required 

in the application of linear focused PMT [21]. 

• Mesh type 

(a). coarse-mesh type 

(b). fine-mesh type 

Fig. 1.4. This demonstrates the dynode structure of cross-section (a) coarse mesh and (b) fine 
mesh PS-PMT with electron movement through dynode micro-space. 

The mesh type PMT has fine mesh electrodes stacked in close proximity to compose 

dynodes. There are coarse mesh and fine mesh models, as shown in Fig. 1.4. Nonnally, 

the mesh diameter is only about 5 /lm and its pitch is approximately 13 Ilffi. It provides 

high immunity to magnetic field, good unifonnity, and high pulse linearity. Furthennore, 

it has position-sensitive capability when PMT uses cross-anodes readout structure. The 

PMT is in photocathode head-on configuration with glass envelope structure. Some 
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models of fme mesh PMT, like PS-PMI R3941, have been used in positron emission 

mammography and animal PET detectors [22]-[29]. 

• Metal channel type 

Metal channel type PMTs are constructed with stacked thin electrodes (Fig. 1.5). It has 

narrower space between dynode stages than other type of PMTs, so the metal-channel 

PMI has higher speed response (fast timing response). Ihis type of PMT can be 

constructed with a metal package instead of traditional glass envelope. Ihe features of 

compact metal package, very thin stacked electrodes, and very narrow dynode spaces 

enable the fabrication of metal channel PMI to achieve subminiature (very small and 

very thin) size. Moreover, As shown in Fig. 1.5, the electron trajectory demonstrates that 

this type PMT is adequate for position sensitive measurement. 

(-) ELECTRON 

r 

Fig. 1.5. This shows the dynode structure of cross-section metal channel PS-PMT with electron 
trajectories. 

Ihe metal-channel dynode structure and metal package construction make this type 

PMI very attractive in PEI detector application. Iwo models of this type, R5900U-00-

CS and R7600-00-CI2, have been tested in our prototype PET detectors [30]. 

• Multi-channel type 

Multi-ehannel PMI (MC-PMI) can be considered as many PMTs in one small tube 

envelope. It is actually fabricated with "foil-multiplier" structure. The PMI consists 

several CuBe foils with a large nurnber (64 or 96) of dynode-shaped multiplication ho les, 

50 the secondary eleetrons stay collimated through dynodes. Therefore, each anode output 

corresponds to a specifie area of the photocathode providing position information. 
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Multi-channel PMTs feature high spatial resolution, low noise, and low inter-channel 

crosstalk. MC-PMT XP1722 from Photonics [31] has been used in an animal PET 

(microPET) system [32]. 
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CHAPTERII 

OVERVIEW OF DETECTOR DEVELOPMENT IN 

POSITRON EMISSION TOMOGRAPHY 

2.1 Scintillator Schemes in PET Detectors 

2.1.1 Investigations of Scintillation Crystals 

The scintillation materials used in PET detennine the detector sensitivity, the image 

resolution, and the count rate capability [4]. The first medical applications with positron 

technology were made by Dr. W. H. Sweet in the early 1950s [33]. UntiI1977, almost aIl 

PET imaging systems used NaI(Tl) [34]. Due to its hygroscopic nature, NaI(TI) is 

difficult to fabricate. It aiso has a Iow density and Iow effective atomic number, which 

Iimits the efficiency to detect 511 ke V gamma ray. 

In the Iate 1970s, BOO was introduced into use in PET [35](36]. Compared with 

NaI(Tl), BOO has a higher density, higher stopping power, and is not hygroscopic. The 

first actual tomography constructed that empIoyed BOO was designed in 1978 by Dr. C. 

l. Thompson at the Montreal Neurological Institute [4]. Since then, BOO has been used in 

the fabrication of most PET system for over 2 decades [4]. 

As an alternative to BOO, OSO has been investigated for PET application since 1985 

[37][38]. Compared with BOO, OSO has higher light output (30% vs. 15% of NaI(Tl» 

and much faster decay time (65 ns vs. 300 ns), which reduces the detector dead time and 

potentially improves detector timing resolution. Recently, OSO based PET scanners that 

demonstrate spatial resolution of 3.5 mm have been developed for brain studies [39]. 

The main disadvantage of BOO and OSO is their relatively lower light yield (30% and 

15% ofNaI(TI». Furthennore, GSO has a low stopping power (0.67 cm-I
); BGO has slow 

scintillation decay time (300 ns) so the coincidence time resolution is restricted and 

coincidence-resolving time needs to be extended. 

In the early 1990s, an improvement with the use of LSO crystal was invented by Dr. C. 

L. Me1cher [40](41]. LSO has slightly greater density, slightly lower effective atomic 
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number, and five times more light output than BGO; moreover, the light output of LSO 

has 7.5 times faster decay time than BGO. Its overall performance results in a combined 

speed and light output improvement of37.5 times over BGO [4]. 

It seems LSO rather than GSO would be considered a potential substitute of BGO in 

PET detectors. Even though LSO has superior performance to BGO and GSO, it is very 

costly. In addition, the produced LSO crystals seem to have considerable variability in the 

light output [42]. On the other hand, GSO crystals have quite uniform performance in 

light output and are less expensive than LSO [39]. 

2.1.2 Black Scintillation Crystal Design 

In 1984, Dr. M. E. Casey and Dr. R. Nutt of CPS Innovations invented the concept of 

the "block" detector [43][44]. The design of BGO block detector has turned out to be 

extremely successful in high resolution and high efficiency PET cameras. Since 1985, the 

majority of commercial PET systems have used the concept of the block detector. Table 

2.1 shows the specifications of the crystal block [45] in CT! "EXACT HR PET" and 

"EXACT HR PLUS PET"[ 46]. Fig. 2.1 shows their block geometry. 

TABLE 2.1. DETECTOR BLOCK SPECIFICATION OF "EXACT HR" AND "EXACT HR PLUS" 

EXACTHR EXACT HR PLUS 

Dimension ofblock (mm) 50x23x30 38x36x30 

Block area (mm-) 1150 1368 

Crystal matrix 8x7 8x8 

Area/element (mmL
) 20.5 21.4 

Dimension of element (mm) 5.2x2.9 4.39x4.05 

PMTtype 2 x Dual rectangular 4 x 3/4" round 

Coupling area (%) Approx.l00 Approx.83 
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Fig. 2.1. These schematics demonstrate the block detector design of "EXACT HR" and "EXACT 
HR PLUS" scanners. "EXACT HR" scanners have dual-rectangular PMT and rectangular crystal 
matrix. "EXACT HR PLUS" scanners have circular PMT and square crystal matrix. 

Modular block detector design is prevalently used in the commercial PET (Cn and 

GE). Most of them employ pseudo-discrete or discrete block configurations [47]-[52]. 

Fig. 2.2 demonstrates the pseudo-discrete pattern of CTI "EXACT HR PLUS" detectors. 

As can be seen. each detector module consists of one BGO block and a four PMT matrix. 

The crystal block is not cut to fully discrete. The cutting uneven grooves in the block 

controls the light distribution. By applying Anger weighting method [53], the 8 x 8 

crystal elements can aH be identified. The block crystal can also be cut fully to resolved 

discrete elements. The light distribution can be controlled by sandwiching a fiber plastic 

light guide between the crystal block and the PMTs. 

Fig. 2.2. This demonstrates the block design scheme. The crystal was eut to 8 x 8 pseudo-discrete 
elements: the PMTs were in 2 x 2 matrix. 
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An alternative method is that the crystal block is directly coupled to PMTs. The crystal 

block is fonned by gluing discrete elements. The light distribution on the PMT windows 

is controlled by following methods [49][54]. 

(a) different degrees ofpolish in the surfaces of the crystal elements; 

(b) different coupling material (air or optical coupling) between the crystal elements; 

(c) different degrees of encapsulating epoxy mixture (transparent to optical opaque) 

between the crystal elements. 

Fig. 2.3 illustrates the pseudo-discrete and discrete block comparisons between the 

CTI design and Dr. W.-H. Wong's design for high resolution MDACC PET camera 

[54]-[56]. 

PMT PMT pMT· PMT 

A B 

Fig. 2.3. The CTI block detector design is shown in A. The proposed high resolution MDACC 
PET block detector design is shown in B. 

Fig. 2.4. This demonstrates the principle PMT quadrant sharing detector design of MDACC PET 
camera. Each princip le crystal-PMT matrix include 3 x 3 PMTs and 2x 2 BGO crystal blocks. 

The PMT and BOO crystal block layout in Fig. 2.3-B allows to cut crystal elements in 

half size while using the same dimension PMT. This method can improve the detector 

spatial resolution nearly by half (comparing with Fig. 2.3-A) without using more or 

smaller PMTs. Fig. 2.4 shows the principle crystal-PMT block matrix of the MDACC 
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PET detector [57], for which 1 designed and developed the front-end digital electronic 

circuits and the coincidence timing master control circuits [57][58]. 

cn "EXACT HR PET' used dual-rectangular cross-section PMTs, which provide 

close to 100% coupling area between the BGO crystal block and PMT input windows. 

The rectangular or square PMTs are expensive and have very few options. In contrast, the 

circular cross-section PMTs are much less expensive and are available from many of 

manufactures, such as Photonis [31], Hamamatsu [59], Burle [60], etc. 

Light distribution control is a challenge while using circular PMTs. Sorne of crystal 

elements, such as the corner and center elements in "EXACT HR PLUS" detector (Fig. 

2.1) and the center elements in MDACC PET detector (Fig. 2.4), have only partial or no 

overlap between the scintillator and PMT active photocathode regions. In order to 

identify the crystal elements in these regions, sufficient scintillation light must be 

coUected. The different trials of uneven groove cutting, fiber plastic light guide sharing, 

and different degree (shape) epoxy mixture painting, are aU needed to ensure fully control 

light distributions. 

2.2 Detector Designs in PEM-I and ANIPET Systems 

The high resolution, high efficiency PEM-I system and ANIPET system were 

developed and constructed at the Montreal Neurological Institute of McGill University 

[22]-[28]. The detectors in PEM and ANIPET systems consist of BGO crystal blocks 

optically coupled to Hamamatsu R3941-05 PS-PMTs. The detector field-of-view (FOV) 

is 56 x 64 mm. The PEM-I and ANIPET have a spatial resolution of 2.8 mm, and the 

timing resolution of 8.7 ns [29]. 

2.2.1 PMTs and Scintillation Crystals 

PS-PMT in PMT -1 and ANIPET 
Position sensitive PMT (PS-PMT) R3941 [100] is used for PEM-I and ANIPET 

systems. The PMT is in a glass envelope, with dimension of 77 mm x 77 mm x 70 mm. 
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Since the envelope is painted with black conductive coating (HV coating) with high 

voltage potential, it is surrounded with vinyle tape for hazardous protection. The PMT bas 

16 dynode stages, in a proximity mesh type structure. The gain of the PMT is about 4.0 x 

105
• The cross anode output wires have 18 in X-axis and 16 in Y-axis. The effective 

window of the PMT is about 66 mm (X-axis) x 55 mm (Y-axis). The PMT can be 

operated at a negative high voltage ofup to 1300 volts. 

The PMT uniformity is measured by illuminating a light spot (light wavelength is 400 

nm, spot size 1 mm) via a plastic optical fiber to a PMT window [100]. The uniformity is 

defined as: 

TT. ifi . S.D. 
uni ormlty =-- (2.1) 

mean 

where S.D. is the standard deviation. 

For example, a R3941 PS-PMT (seriaI no. AA0366) has a photocathode uniformity of 

26.3%; the output gain varies from 47 to 180. 

Crystal Schemes for PEM-I and ANIPET 

Fig. 2.5. This is a cut BGO scintillation crystal used in the PEM-I and ANIPET detectors. The 
cuts were made with many passes using three diamond saw blades. Each 2.1 mm x 2.1 mm crystal 
can be identified to produce high resolution images. 

Each detector used in PEM and ANIPET systems consists of four 36 mm x 36 mm x 20 

mm bismuth germanate (BGO) crystal blocks coupled to R3941 PS-PMT. As depicted in 

Fig. 2.5, the crystal blocks were pixelated by diamond saw into small elements of2.0 mm 

x 2.0 mm on two opposite faces. The elements on one face of the block offset by halfthe 
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crystal pitch from those on the opposite face in both X and Y dimensions. The crystal 

elements with 11.5-mm depth are coupled to the PS-PMT window. Those with 6.5-mm 

depth are on the opposite face. This crystal depth scale is based on a Monte Carlo 

simulation results ensuring an equal probability of gamma ray interaction in each of two 

layers [22]. The depth-of-interaction (DOl) information can be obtained by identifying 

the layer in which events occur. 

2.2.2 Detector Electronics 

The R3941-05 includes a manufactured high-voltage divider, anode resistor chain 

circuit, and preamplifier (integrator) circuit. The high-voltage divider was designed in 

such a way that the last dynode signal can be taken out for detector timing. The X and Y­

axis anode wires are connected in an Anger resistor chain readout type [21] which 

provide X-, X+, Y-, y+ position signals. The standard resistor chain in this PS-PMT has 1 

Kn resistors between each anode wire. The two resistor-chain outputs in X-axis and two 

in Y-axis are integrated and buffered (so the outputs can drive 50n coax cable) from the 

preamplifier circuit. The manufacturer sets up the time constant as 2!J.s. Even though the 

PMT has 18 (X-axis) and 16 (Y -axis) crossed anode wires, the total position outputs from 

R3941-05 has only :X-, X+, Y-, y+ four output signaIs, which significantly simplifies the 

electronics complexity. 

2.2.3 PEM-I and ANIPET system Outline 

PEM-I System Qutline 

Fig. 2.6 shows the PEM-I and X-ray mammogram (Mammo Diagnost-UC system, 

Philips, Danbury, CT) co-registration system. The detector assembly is mounted on the 

mammography magnification table that attaches to the mammography gantry. The two 

detectors in PEM-I system are attached to a support pole. The upper detector can slide 

along the supporting pole so that the separation of the two detectors can be adjusted in 

order to match the thickness of a compressed breast [103]. 
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Fig. 2.6. This is the outline of PEM-I detector, which is co-registered with X-ray mammogram 
system. 

Fig. 2.7 and Fig. 2.8 show the detector data acquisition schemes for X-ray mammogram 

and PEM imaging, respectively. With the system setup for mammogram imaging, the 

PEM detectors are located outside the X-ray field-of-view (Fig. 2.7). During acquisition 

for the emission image, the PEM detectors are positioned over the compressed breast 

(Fig. 2.8). A co-registration tool in the form of a steel wire frame, which is visible in the 

mammogram image, is attached to the upper detector. The frame area is equal to the 

useful fie1d-of-view of the PEM scanner after projection via the X-ray magnificat ion to 

the mid-depth of the compressed breast. The sides of the rectangular frame have regularly 

spaced marks that are used for scaling the emission images to match the mammogram 

images. The system arrangements ensure the acquisition of mammogram and FDG PEM 

images easily positioning and facilitate accurate co-registration images from two 

modalities [104]. 

The PEM-I system's spatial resolution is 2.8 mm (FWHM). A tumor uptake ratio of6:1 

(tumor-to-background ratio) is required to pro duce images with visually identifiable 

uptake [103][105]. 
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Fig. 2.7. The system is in mammogram position. 
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Fig. 2.8. The system is in PEM scan position. 

ANIPET System outline 
The ANI PET system has two emission imaging modes: longitudinal (2D-axial) and 

rotational (3D-rotary) [23]. The longitudinal mode produces multiple focal-plane images 

by back-projecting an inverse probability weighted value into the intersection of each 

plane with the line-of-response joining the coincidence crystals [23][73]. This technique 

is also used for breast cancer mammography (PEM-I). In this mode, a whole body scan 
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can be performed by moving the subject bed up to 256 mm through a detector 65 mm 

field-of-view (FOV). This produces a reconstructed image with a 256 mm x 65 mm FOV. 

The rotational mode allows the detector pair to rotate around a point that is not 

necessarily the center line of the detectors. While the detectors rotate around the center 

line, the FOV is 65 mm. However, the detector can offset from the axis of rotation up to 

25 mm, this setup increases the radial FOV to 90 mm. 

*Detectors contain collimators 1 PMT 1 crystals 

Fig. 2.9. The side view of ANIPET system. 
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Fig. 2.10. The plan view of ANIPET system. 

The side and plan view of the ANIPET scanner are illustrated in Fig. 2.9 and Fig. 2.10 

[102]. The scanner bed can enter the detector either from the front or the side. This 
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facilitates either longitudinal or rotational scans to be perfonned. The bed is mounted on a 

translation stage. The detectors rotate on a 25 mm diameter stainless-steel shaft which is 

driven by the rotary stage. Table 2.2 gives the ANIPET system specifications [73]. 

TABLE 2.2. DETECTOR BLOCK SPECIFICATION OF ANIPET SYSTEM 

2D mode 3D mode 

Detector separation (mm) 75-200 75-200 

Efficiency 0.8-0.1 % 0.8-0.1 % 

Timing resolution (ns) 10 10 

Axial FOV (mm) 256 54 

Trans-Axial FOV (mm) 54 59-84 

Spatial resolution (mm) 2.8 3.2 

#The Iower energy threshold 15 250 keV In the efficlency mea5urement. 

2.3 Sorne Dedicated Detector Designs for Small Animal and 

Metabolic Breast Imaging 

Even though PET cannot approach the fme resolution (about lOOjlm) attainable with 

autoradiography, spatial resolution of 1-2 mm is still much more preferable in 

biodistribution studies, organ function studies, and tumor studies [32]. Two types of 

PMTs, positron-sensitive PMT (PS-PMT) and multi-channel PMT (MC-PMT), have been 

extensively used in the high-resolution dedicated PET systems for small animal and 

metabolic breast imaging. 

2.3.1 Applications of Multi-Channel Photomultiplier Tubes 

MicroPET system, which was developed by Dr. S. R. Cherry et al. in the University of 

California, Los Angeles (VCLA) for small animal imaging, is the first PET system to use 

a Lutetium Oxyorthosilicate (LSO) scintillator [32][64]-[66]. Between the LSO crystal 

and MC-PMTs in the MicroPET detector, fiber-optic coupling is employed to read out 

small crystal elements in order to minimize detector dead space. The system has a 1.6 mm 
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cubic resolution [4]; the field-of-view is Il cm transaxial and 1.8 cm axial. The detector 

is in a ring 0 f 17.1 cm diameter; the animal port diameter is 16 cm. 

The MicroPET system consists thirty LSO blocks. Each block has an 8 x 8 array of 

discrete 2 mm x 2 mm x 10 mm elements. The crystal elements are polished on aIl sides, 

except on the front surfaces, which have a fmely ground treatment. This combinat ion has 

been demonstrated to yield the highest light output [67]-[71]. Each element is 

individually wrapped with PTFE (Teflon) tape. The block is then glued to 24 cm long, 2 

mm diameter, double clad optical fibers. The opposite ends of fibers are glued into a MC­

PMT XPI722. XPI722 (from Photonis, fonner Philips Components) [31] is a 64 channel 

(8 x 8 grid), 3 inch diameter PMT [70][72], which has a 4.5 mm thick fiber-optic entrance 

window helping to prevent spreading of the opticallight. 

The detector scheme has the feature of effectively one-to-one coupling between discrete 

crystal element and MC-PMT pixel (single channel), so the scintillation position is 

determined by PMT channel rather than by scintillation light sharing. Applying optical 

fiber coupling method can overcome peripheral dead space in the MC-PMT, so the crystal 

blocks can be formed tightly with no gaps. The main drawback ofthis design (scintillator 

- optical fiber - PMT) is the substantiallight loss from the scintillation crystal to the PMT 

entrance window [64]. 

2.3.2 Applications of Position-Sensitive Photomultiplier Tubes 

Position-sensitive PMTs (PS-PMTs) have been prevalently used in small animal PET 

and PEM systems. Different PS-PMTs models have been tested and employed in many 

research groups. For example: 

• R3941-05, by Dr. C. J. Thompson [22][23][29][73]-[79] of McGill University, Dr. 

Yamashita of Hamamatsu Photonics K. K. [80], and Dr. 1. Seidel and Dr. 1. 1. 

Vaquero of the National Institutes ofHealth (NIH) [82]. 

• R5600, by Dr. Watanabe of Hamamatsu Photonics K. K.[83]. 

• R5900-C8 or R5900U-C8 (U version has insulation coyer outside the PMT metal 

envelope), by Dr. C. 1. Thompson, Dr. S. R. Cherry [84], Dr. 1. Seidel and Dr. 1. 1. 

Vaquero [85]-[87]. 
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• R7600-00-C12, by Dr. C. 1. Thompson [30], Dr. Nagai of Hamamatsu Photonics K. 

K. [89]. 

In addition, many different scintillation crystals, such as BGO, GSO, and LSO, have 

been used in the PS-PMT detectors. Again, block detector design is the main crystal 

scheme in these proposes. Many research groups have investigated the discrete crystal 

schemes (Dr. Yamashita, Dr. S. R Cherry, Dr. 1. Seidel, etc.) or pseudo-discrete patterns 

(Dr. C. 1. Thompson, Dr. S. R Cherry, etc.) in their PS-PMT detectors. The latest results 

presented the spatial resolutions of less than 2-mm in prototype PET systems. These 

results have demonstrated that the combination of PS-PMTs with block scintillation 

crystals is a promising detector configuration for dedicated PET systems for small 

animaIs and metabolic breast imaging. 

2.3.3 Multi-Iayer Phoswich Configuration 

Dedicated PET systems for small animal and breast imaging have smaller diameter of 

scanner ring. The 001 information from scintillation crystals become more important in 

order to achieve higher spatial resolution and resolution uniformity [85]-[98]. 

Recently Dr. 1. Seidel et al. from NIH presented a design of three-Iayer phoswich 

detector scheme. Fig. 2.11 demonstrates their phoswich detector module [85]. The 

detector is in a 9 x 9 array. The dimension of each LSO (entrance layer), GSO (middle 

layer), and BGO (exit layer) element is same of2 mm x 2 mm x 4 mm. AIl the elements 

are mirror polished to specular-reflective on aIl sides, except the entrance ends of the 

LSO crystals which are ground polished to diffuse-reflective. Each LSO/GSOIBGO 

phoswich element is assembled individually by permanently gluing together. The 

phoswich element is wrapped with Teflon tape and packed together to form the detector 

array. 

Three levels of 001 information are obtained by delayed-charge-integration (DCI) 

method. This is based on the phenomenon of the three phoswich scintillators having 

different light decay times (LSO = 40 ns, GSO = 60 ns, BGO = 300 ns). Fig 2.12 draws 

the DCI processing diagram. As can he seen, the pulse of the last dynode is split into two 

routes. One is the current pulse which is integrated 600 ns just after the pulse arrives. 
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Since the pulse peaks ofthree phoswich scintillators ail fall in this integrating region, this 

integrating process is also called full-charge-integration. In the another route, the last 

dynode output is delayed 130 ns frrstly, then the pulse is integrated 600 ns. The delay 

time is manipulated in such a way that only the taiis of the dynode pulses are integrated. 

This process is the case of DCI. By 100 king up the ratio of full to delayed integration 

outputs, the layer of interaction information can be obtained. 

LSO 

GSO 

8GO 

Fig. 2.11. This illustrates the module assembly of phoswich detector design. 

Integrate 

(600ns) 1 --------l Division ~ LUT 1 
,-----, / 

Integrate /' 
(600ns) 

Fig. 2.12. This is diagram of Del process. IDyn is the CUITent output from the last dynode of the 
PS-PMT. LUT is division look-up-table. 

2.3.4 Application of Avalanche Photodiodes 

The fust dedicated PET system for dynamic imaging of small Iaboratory animaIs based 

on avalanche photodiodes (APD) was designed and constructed by Dr. R. Lecomte et al. 

in the University of Sherbrooke, Sherbrooke, Quebec Canada [106]-[122]. The 

specification of the Sherbrooke APD PET scanner is listed in Table 2.3. The system uses 

small discrete scintillation detectors based on APD to achieve uniform, isotropie, and 14 

J...lI volumetrie spatial resolution with high image signal-to-noise ratio. 
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TABLE 2.3. PHYSICAL DESCRIPTION OF THE SHERBROOKE ANIMAL TOMOGRAPHY 

Detector type EG&G model C30994 

Number of detectors 512 (256/ring) 

BGO crystal size 3 mm x 5 mm x 20 mm (beveled) 

Module dimension 3.8 mm x 13.2 mm x 33 mm 

BGO crystal spacing 3.8 mm in-plane, 5.5 mm axially 

Detector rings 2 (1 layer of modules) 

Ring diameter 310mm 

Port diameter 135 mm 

Useful field-of-view 118 mm 

Axial field-of-view 10.5 mm 

Reconstruction planes 3 (2 direct, 1 cross) 

Plane interval 2.75 mm 

Sampling Calm-shell, 2 positions 

Number of line-of-response 98,304 (total) / 65,536 (useful) 

From (1.7), the "block effect" is zero if the coupling ratio between gamma ray detectors 

and their readout is 1: 1. The Sherbrooke PET system uses small discrete detectors with 

individual readout and parallel signal processing to achieve high spatial resolution. The 

data acquisition system features list-mode data storage and real-time image reconstruction 

[120][121]. As time marks, physiological data (cardiac and respiratory gating) and other 

information (such as bed position, detector sampling location) are inserted into the list­

mode data, images can be sorted out into static, dynamic or gated frames. Recently, Dr. 

Lecomte reported on cardiac studies of blood flow, metabolism and function in normal 

and infracted rats using the Sherbrooke APD PET scanner [122]. This presented the use 

of PET as an effective in vivo imaging tool for the investigation of cardiac physiology and 

metabo lism in small animal models. 
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CHAPTERIII 

lMPROVING THE PERFORMANCE OF SMALL 

PLANAR DETECTORS OF PEM-I AND ANIPET 
SYSTEM 

Dedicated PET instruments for small animal (ANIPET) and breast imaging (PEM-I) 

were previously developed in our laboratory. PS-PMTs and pixelated crystals with depth 

encoding scheme were used to detect and localize gamma rays. Large faceplate PS-PMTs, 

like R3941 which was employed in ANI PET and PET-l, show more distortion and have 

difficulty identifying crystal elements near their periphery. We have recently enhanced 

the BOO detector modules used in the PEM-I and ANIPET systems by modifying the 

crossed anode read-out resistor chain, modifying a faster timing amplifier circuit which 

takes the last dynode signal as event timing, and adding a new image weighting function 

to improve the crystal identification. The PMTs field ofview increased from 46 mm x 58 

mm to 56 mm x 64 mm and the timing resolution of system improved from 12.0 ns to 8.7 

ns. 

3. 1 The PS-PMT Edge Effect Reduction 

3.1.1 The Field-of-View of Detectors 

The Hamamatsu R3941 PS-PMTs are employed in PEM and ANI PET detectors. This 

PS-PMT is a crossed-wire anode type with 18 wires in the X-axis and 16 wires in the Y­

axis (100]. The wires are connected in an Anger resistor chain readout type [21] which 

provide :X-, X+, Y", y+ positioning signaIs. The standard resistor chain in this PS-PMT 

has 1 KQ resistors between each anode wire. This provides a linear readout of the charge 

deposition in the central portion of the PS-PMT. However, for events near the periphery 

of the PS-PMT, the charge spread can extend past the last anode wire. This truncation of 

the charge distribution causes the position readout to be non-linear near the edges of the 
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PS-PMT. In previous research by R. Clancy et al. [75], two resistors from each end of the 

X-axis resistor chain (RI & RI7) and two from the Y-axis resistor chain (RI & RI5) 

were changed to 15Kn. The usable field-of-view increased from 40 mm x 48 mm to 46 

mm x 58 mm. These changes improved the field-of-view significantly. But we found that 

the corners of the image were rounded and blurred. Recently we re-evaluated the 

electronic circuits based on this resistor chain design, and reconsidered the tradeoff of the 

readout linearity, sensitivity in the PS-PMT field-of-view with the charge loss 

compensation on the periphery. 

3.1.2 The Edge Effect Reduction Re-evaluation 

The gain (CUITent amplification) of the PS-PMT is not uniform over its field of view 

[100]. The gain drop at the periphery is significant, and is due to electron loss at the edge 

of each dynode because the electrons gradually spread through the cascade multiplication 

[7]. Several researches have been proposed to reduce the edge effect and to make the 

sensitive area of the PS-PMT as large as possible [75][80]. 

Fig. 3.1 displays the schematic of Hamamatsu R3941 PS-PMT crossed anode resistor 

chain with N anode wires interconnected by resistors where N is 18 for X-axis and 16 for 

Y-axis. 

Anode Wires A(1 .. N) 

~ A.-1 AN 

~. __ ... 

To Charge Pre.Amp 

Fig. 3.1. The schematic of crossed anode wire PS-PMT read-out resistor chain. 

A simple technique to increase the field-of-view in PS-PMT was developed by R. 

Clancy et al. [75]. Increasing the end resistors RI & RI7 in X-axis and RI & RI5 in Y-axis 
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from IKQ to 15KQ, additional crystal rows and columns of proximal crystal elements 

were identified - overall there were 29 rows crystal elements in the X-axis and 23 

columns in the Y-axis. 

The studies by R. Clancy which lead to the change in resistor value from 1 KQ to 15KQ 

were based on single crystal readout and moving the crystal along the edges. As the value 

was increased, the effect of the lost charge decreased, and the range of linear readout 

extended. However the image from a full crystal array has rounded corners - we could see 

this artifact from previous 2-D crystal identification image as the corners were rounded 

and overlapped. So the events could not he positioned in those regions. We re-evaluated 

the se peripheral resistors in X-axis and Y-axis resistor chain by choosing different resistor 

value with 10 KQ resistors instead. 

Fig. 3.2 is the crystal identification "fish-net" array representing the boundary 

assignments for the both near and far elements. This is from one of the PEM detector (PS­

PMT seriaI #: AA0366). By re-evaluating the end resistors in crossed-wire anode read-out 

chain for both X-axis and Y -axis, the corner linearity was improved and position 

sensitivity increased as weIl. About 28 by 32 crystal elements can he identified. So the 

detector field-of-view has heen improved from 46 mm x 58 mm to 56 mm x 64 mm. 

Fig. 3.2. Crystal identification map after modification of PS-PMT resistor chain. 32 rows in the 
X-axis and 28 columns in the y -axis can be identified. 
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3.2 Fast Timing Amplifier Circuit Development 

3.2.1 Detector Timing 

The timing trigger of detectors could be acquired by discriminating the energy signaIs 

from the sum of anode output X-, X+, V-, y+ signaIs. If the anode outputs were used for 

timing, four fast preamplifier buffers and a fast summing circuit would be needed. But the 

trigger can also be acquired from the PS-PMT last dynode output because the last dynode 

gives a signal for aU events, and the signaIs from last dynode are also synchronous with 

anode outputs [8]. A high gain, high speed timing amplifier circuit which evolved from a 

Hamamatsu original design bas been instaUed and tested. This circuit performs the timing 

trigger from the output of PS-PMT last dynode by using wideband, fast setting CUITent 

feedback amplifiers. 

3.2.2 Developing a Fast Timing Amplifier Circuit to Improve System 

Timing Resolution 

The event timing trigger is obtained from last dynode output by modifying the PS-PMT 

high voltage (HV) divider circuit. The main problem of this design is to obtain the 

required signal without disturbing the anode output signaIs. The pulses taken from a 

dynode are positive going which is different from anode output polarity [8]. 

A new Hamamatsu dynode timing amplifier circuit has been built and tested as shown 

in Fig. 3.3. The coupling capacitor Cc connects the output of last dynode and timing 

amplifier circuit. Because the last dynode is at a voltage potential of about 70 volt 

(negative), the Cc requires a higher voltage rating. This capacitor also should be big 

enough, otherwise the pulses of last dynode output would be differentiated. 

A single ground point for coax cable must he used to minimize the inductive effects. 

The shield ofcoax cable is connected to HV divider ground [8] as shown in Fig. 3.3. 

This timing amplifier circuit board is located in the detector housing. The total gain of 

the amplifier is over 600, which provides an output signal high enough to feed the 

constant fraction discriminator directly. A CUITent feedback topology amplifier [81] is 

used. The two inputs for these kinds of amplifier are dissimilar and the CUITent noise of 
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the inverting input is much larger than that of the non-inverting. Fig. 3.3 shows that the 

frrst stage of last dynode amplifier circuit is chosen non-inverting gain circuit. In this 

configuration, the amplifier is sensitive to stray capacitance to ground at the inverting 

input, 50 the inverting pin connections is kept small with minimal coupling to the ground 

in printed circuit board layout. Two to 5 pf trim feedback capacitors are also used to 

compensate PMT dynode output capacitance and parasitic capacitance. For ANIPET, this 

is more critical as the circuit should avoid picking up the noise created by the stepping 

motors that move the detectors and bed. 

--------------._--
LastDynode 

115 Cc 

20K H,~u 
~ ~~ 

3150K 

180K 
...LODI 

PMT lN Druide!' 

1 

COAX 

Rf! 

v- v+ 

VOUT 

Rf2 

Fig. 3.3. The schematic of last dynode amplifier circuit 

Timing resolution of the PEM and ANIPET system was measured by general fast-slow 

coincidence technique. The timing signal of one detector inputs to a Time-to-Amplitude 

Converter (TAC) module (CANBERRA Time Analyzer, model 1443A) directly, another 

timing from the opposite detector inputs to TAC through a Delay Box Module 

(CANBERRA Nsec Delay, Model 2058). The amplitude output from TAC which was 

proportional to the input timing difference was measured by a Multichannel Analyzer 

(Tracor Northern, model TN-1705). 

Fig. 3.4 is the measured PEM system timing resolution. By applying the new timing 

amplifier circuit, the system timing resolution improved from 12.0 ns to 8.7 ns. 
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Fig. 3.4. PEM system timing resolution. FWHM is 8.7 ns. 

60 

3.3 Implement Weighting Factors to Improve Crystal 

1 dentification 

3.3.1 Crystal Elements Identification 

The crystal blocks in PEM and ANIPET detectors have been pixelated on two opposite 

faces to provide depth of interaction information. To generate spatial distortion look-up­

table, a 5/lCi 68Ge rod source is used to irradiate only the proximal crystal elements 

(coupled to the PS-PMT windows directly) from the side of the detector. In order to 

acquire sufficient data to pro duce the two-dimension crystal identification image, both 

sides of the crystals are irradiated. Previously a graphical software was developed in 

MATLAB for crystal identification written by J. Robar et al. [78][105]. 

The crystal elements are much more clearly visible in the region close to the source in 

the side irradiation image. This is due to the effect of the attenuation of the gamma rays 

from the side of the block towards the center. Instead of merely adding the images from 

both side irradiation, we expected that a weighting factor could he applied such that 

regions where the crystal identification was good were highly weighted while the regions 

where adjacent crystal elements could not he easily separated were less weighted. We 

have added a new feature in the software which weights the images to improve the crystal 

elements identification. 
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3.3.2 Implementation of Weighting Factors 

Data for the spatial distortion identification is coIlected by acquiring single events using 

a slit collimated 68Ge rod source to side-irradiate the proximal crystal elements as 

illustrated in Fig. 3.5. In order to identify aIl crystals, two separate side-irradiation are 

done from opposite sides. 

Top View 

Electro nics 
circuits 

15 cm 
,.... ~ 

PMT r-------.... ... housing 

PSPMT 
Lead 

_____ shield ing 

Lead shielding 
Le ad collim ation 

reGe rod source 

Proximal BGO 
Crystal elements 

Distal BGO crystal 
elements 

Fig. 3.5. The 68Ge rod source is aligned to irradiate only the proximal elements of the BGO 
crystal blocks. 

In PEM and ANI PET data acquisition system, the data of LV< = (x+ - X-), Ô V = (V+ -

V-) and E = (X+ + X- + V+ + V-) are digitized by Jorway Aurora Model 14 six channel 

ADC [129] and eight bits are saved in list files. The positioning (X,V) is done in software 

by calculating X = ôXlE and V = Ô VIE. The two-dimension histogram of (X,V) image 

are formed for energy windows of 32 - 63, 64 - 95 ... 224 - 255 from each of the two 

source positions. 

AlI fourteen energy windowed images corresponding to the different energy range will 

he read. Generally, the images corresponding to the lower-energy windows do not shown 

separated crystal elements, while those in the mid-range windows will contain the images 

in which adjacent crystal elements can be separated. Images for the highest energy­

windows may contain useful data aIso, but often contain few counts. The software allows 

the user to select image which show the best crystal identification. One can select one 
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energy-windowed image several times to increase the weighting of this image. The 

histogram image for crystal identification is the summed result of selected images. 

Fig. 3.6. This is the one of side-irradiation image. The energy window is from 128 to 160 and the 
source is at the botlom of the image. 

The image of Fig. 3.6 is the image that has energy window from 128 to 160. From this 

image, we can fmd only a certain area of this image is useful for crystal element 

identification. 

A weighting function has been developed to filter each selected windowed energy 

image. For each selected image which has certain energy window, we fIfst set a weighting 

mark point IP(Ox,Oy) by moving and clicking the mouse in the image range. This is 

illustrated in Fig. 3.7. This IP mark should be selected around the image area in which 

adjacent crystal elements can be separated clearly. According to the mark Ox, Oy 

coordinates we establish weighting factor image WgtFac(X,Y) as following: 

WgtFac(X,Y) = «(X -128)/128) X Xscale + 1) 

x «(Y -128) /128) x Yscale + 1) 

where Xsca1e and Y scale are defmed as: 

Xscale = (Ox -128)/128 

Yscale = (0' -128)/128 

(1) 

(2) 

The weighting factor WgtFac(X,Y) is used as a filter. We can get the weighted image 

Wgtimg(X,Y) from the original image Orgimg(X,Y) as: 

Wgtimg(X, Y) = Orgimg(X, Y) x WgtFac(X, Y) (3) 
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We then sum all selected images which pass the weighting process to get the final two 

dimension histogram image. 

(1,256) y (256,256) 
J~ 

~~ x 

/ (128, 128) 

IP(Ox.oYJ 
(1,1) (256,1) 

Fig. 3.7. Weighting factor selection: IP is the mouse selected point -IP(15,16) in an energy 
windowed image. 

B 
Fig. 3.8. Crystal identification image before (A) and after (B) applying weighting function to the 
original energy windowed image. 
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Fig. 3.8 is the crystal identification image after applying weighting image function. We 

can see the adjacent elements are separated very weIl. Fig. 3.9 and 3.10 are the profiles of 

the original and the weighted images from the same corresponding position. 

Compare these profiles, we can see the peak-to-valley ratio are improved significantly. 

The overall peak-to-valley ratio improved by 88 %. 

This Weighting Image function has been applied to improve the crystal identification 

for generating spatial distortion look-up-table. 

160~--~----~----~----~----~ 
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Fig. 3.9. The profile of original image. 
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Fig. 3.10. The profile of weighted image. Compared with Fig. 3.9, the weighting affects 
significantly on the right region of the image. 

3.4 Generating the Energy and Efficiency Look-Up-Table 

The energy and efficiency tables are generated during a single reading of the flood 

irradiation file. The 680e rod source is positioned at a distance of 40 cm from the detector 
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face in order to approximate a flood source. The single events are acquired and stored in a 

list file. This list file is processed with reference to the previously generated spatial 

distortion look-up-tables. For each event contained in the list file, the (X, Y) coordinates 

are used as indices to look up the distortion tables and returned corresponding crystal 

coordinates (Cx, Cy). 

The energy of an event is the amplitude of the signal determined by summing the X-, 

X+, V-, y+ signaIs. The energy E of this event is read from the list file with (X, Y) 

coordinates. After checking the distortion look-up-table, the element of a 72 x 72 x 256 

matrix specified by the indices [Cx][Cy][E] is incremented. By repeating this procedure 

for each of the events in the list file, an energy spectrum for each of the identified crystal 

elements is compiled. 

The spectra of individual identified crystal elements is displayed in Fig. 3.11. The key 

point is how to locate the photo peaks and then setup the energy low, high thresholds to 

format the energy identification windows. By smoothing each energy histograms, 

computing the slope of spectrum segments, the photo peaks are identified more accurately 

without incorrectly assigning the peak of the resulting from the noise. The peak locations 

in Fig. 3.11 are from the automatic software identification. As there are about 896 crystal 

elements can be identified in one detector; the automated software gives an efficient and 

precise way to find the position of photopeaks. 

96.0-r-------r--r---------------, 

72.0 

48.0 

24.0 

Position of PhotoPeak 1 = 76 
Position of PhotoPeak 2 = 93 

O.0-f-.......I...----r-.......I...--L. __ --r:::;;;;;i;l;; _____ ----~ 
0.0 64.0 128.0 192.0 256.0 

ADe value (Energy) 
Energy Spectra of Single Crystals 

Fig. 3.11. This is the display of detector element spectrum. The positions of the photopeak are 
come from software automatic locating results. 
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The content of energy look-up-tables and efficiency tables are represented in Fig. 3.12 

for ANIPET detectors. Each shaded square in energy and efficiency tables represents an 

identified crystal element according spatial distortion maps. The intensity of energy tables 

indicates the location of the energy spectrum photopeak for every crystal element, which 

has a digitized value from 0 to 255. The intensity of efficiency tables indicates the crystal 

element's relative efficiency, which is assigned a valued from 0 to 255. 

Fig. 3.12. This is the map of energy look-up-tables and efficiency tables for detector A and B of 
ANIPET. 

Four crystal blocks coupled to a PS-PMT coyer a 72 mm x 72 mm area, approximately 

corresponding to the dimensions of the PS-PMT outline window. The total area of 

efficiency look-up-table displays this area. However the anode wires span only about 55.5 

mm in the X-direction and 63.6 mm in the Y-direction. After improving the performance 

of detectors, we can identify aIl the crystal elements in the area spanned by the anode 

wires. These images represent data acquired after the changes were made. 
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CHAPTERIV 

CRYSTAL PROCESS IN PROTOTYPE PEM-II 

DETECTOR 

Dedicated PET instruments for small animal (ANI PET system) and breast imaging 

(PEM-I) were previously developed in our lab of the Montreal Neurological Institute, 

McGill University [22][23][77]. Each system consists oftwo detectors; each detector is 

constructed with four 36 mm x 36 mm x 20 mm BGO crystal blocks optically coupled to 

a Hamamatsu R3941-05 PS-PMT [100]. Electronic circuits in these detectors consist of 

high voltage dividers, crossed anode read-out resistor chains, position preamplifiers, and 

fast timing amplifier circuits. The system spatial resolution is 2.8 mm; the timing 

resolution is 12 ns. The detector field-of-view is 64 mm x 56 mm [29]. 

Our clinical studies with PEM-I system revealed that the detectors have relatively large 

peripheral dead region. This is mainly caused by the PMT intrinsic structure. R3941 is a 

mesh type PS-PMT with a thick glass envelope. The PMT light-photon input window is 

in a photocathode head-on configuration. The cross-anode outputs have 18 anodes in the 

X -axis and 16 anodes in the Y -axis. Even though the outer dimension of the PMT is 78 

mm x 78 mm, its effective input window, or the effective field-of-view, is only about 60 

mm x 54 mm [100]. In the detectors of PEM-I and ANIPET, BGO crystals coyer the 

PMT window in a region of 72 mm x 72 mm. After the previous efforts to develop and 

improve readout weighting matrix for the PMT, we identified crystal elements in the area 

of 64 mm x 56 mm [29][123]. However, there are still 7-mm periphery dead regions in 

each end of X-axis, Il-mm in each end of Y-axis. Since PMTs can only operate in a light 

tight environment, inevitably the detector enclosure further enlarges the dead region. In 

PEM studies, the overall peripheral non-sensitive area limits imaging near a patient's 

chest wall tesulting in degrading diagnostic accuracy and efficiency. 

One of the main challenges in PET instrumentation research and development is to 

achieve high spatial resolution, ideally in less than 2 mm. Even though PET cannot 
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approach the fine resolution attainable from anatomical diagnosis instruments, such as X­

ray radiography, CT and MRI, spatial resolution of 1 to 2 mm is still desirable in organ 

function studies [32]. 

In order to enlarge detector field of view, achieve higher spatial resolution, and reduce 

the detector peripheral dead region, we developed prototype modular detectors for our 

proposed PEM-II scanner. 

Crystal pro cess for the prototype PEM-II detector is discussed in this chapter. The 

design and development of the front-end electronic circuits will be described in the 

following chapter. 

4.1 Crystal Pixelating 

We used Hamamatsu PS-PMT R7600-C12 [124] to build our new PEM-II detectors. 

R7600-C12 is a metal-channel type PMT fabricated with stacked thin electrodes. It has 

very narrow space between dynode stages and is constructed with a compact metal 

package instead of the traditional glass envelope. The PMT package has outer dimensions 

of26 mm x 26 mm, and the effective window is 22 mm x 22 mm. 

Fig. 4.1. This is one of the solid BGO crystals. Ali the crystal surfaces were mirror polished. 

The dimensions of the solid BOO crystals we ordered [125] are 22 mm x 22 mm x 20 

mm, since the effective area of the PS-PMT R7600-C12 is 22 mm x 22 mm. These 

crystals were fmely mechanical polished on aIl the surfaces (Fig. 4.1). We further 

prepared the crystals by cutting, chemical polishing, and epoxy encapsulating. 
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In PET detectors, block crystal designs with discrete or pseudo-discrete schemes have 

been extensively investigated and used [54][126]. We investigated a pseudo-discrete 

design in our prevlous PEM-I and ANIPET [22][23][77]. The same BOO crystal 

pixelated scheme was used in the new PEM-II detectors. 

I~ 
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o 
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l~ 
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~/ 
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~/ Unit:mm 

----_/. 

Fig. 4.2. This shows the structure and dimensions of BGO scintillation crystal for PEM-I1 
detectors. The black regions in the graph demonstrate the saw-cut gaps. 

As depicted in Fig. 4.2, the crystal blocks were pixelatcd by a diamond saw [127] into 

smaU elements of 2.1 mm x 2.1 mm (2.2-mm pitch) on two opposite faces. The elements 

on one face ofthe block offset by halfthe crystal pitch trom those on the opposite face in 

both X and Y axes. The crystal elements with Il.5-mm depth are coupled to the PS-PMT 

\vindow - we de scribe this layer as the "near the PMT-window layer" or the "near-Iayer". 

Those with 6.5-mm depth are on the opposite face, descrihed as the "far-layer". These 

crystal depth scales are based on a Monte Carlo simulation result ensuring an cqual 

probability of gamma ray interaction in each oftwo layers [22]. With this scheme, one bit 

depth-of-interaction information can be obtained by identifying the layer in which events 

occur. 

Fig. 4.3 shows the diamond saw machine. Normally, three diamond blades (0.2S-mm 

thickness) can he mounted on the shaft in a single cutting pass. The multiple blades were 

separated by 1.85-111111 thiek aluminum flanges. During the cutting operation, the blade 

rotation speed was adjusted to 1,000 RPM. Due to the hardness and fragility of the BOO 

characteristics, the [eed speed was set to the machine's minimum value (about 0.05 

mm/s). A specifie coolant (containing a rust-inhibitor) steady streams over the crystal 
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surface. This prevents heat generation in the blades and the crystal - the heat expansion 

could break the crystal element. The coolant also washes away the BOO "saw dust". 

Fig. 4.3. This is the diamond saw used fOf cutting BGO crystals. A crystal was held in the vice 
below the motof shaft and the diamond blades. 

4.2 Crystal Chemical Polishing 

After we cut the crystals, the cut surfaces produced by diamond saw blades became 

very rough. This roughness would degrade the light collection [78]; therefore we need to 

polish the crystals. Since the cut crystals were extremely fragile, and the crystal elements 

are in the complex pattern, it is extremely difficult to polish the crystals mechanicaIly. For 

that reason, chemical polish by aeid etching was chosen to polish the surfaces of aIl the 

crystal elements. 

The etching aeid is a solution of30% Hydrochloric (HeL) and 70% Nitric aeid (HN03) 

[128]. The cut crystal was placed on a band of glass wool immersed into a 259 ml beaker 

containing the acid solution for 5 minutes (Fig. 4.4). Then the beaker was put in an 

ultrasound bath (ultrasonic cleaner) for another 2 minutes. Next, the crystal block was 

removed from acid and rinsed under a thin stream of water. Finally, it was rinsed again 
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with ethanol solution. By carefully following these steps, the risk of breaking the crystal 

elements off the block was sufficiently reduced. 

Fig. 4.4. A crystal block was sunk into the acid-etching bath held by cushion glass wool. 

4.3 Crystal Epoxy Encapsulating 

The acid etching makes the crystals even more fragile, any additional mechanical 

processing (painting, packing) would easily break the crystal elements, so we chose to 

encapsulate epoxy compound to coat crystal elements. 

In PS-PMT detectors, maximum light output from each crystal element is preferred and 

no light sharing on the PMT window is required. The criteria for selecting epoxy 

compound are that it is both optically opaque and high reflective. Optical opaque 

compounds can isolate light transmitted to adjacent crystal element; high reflectivity will 

largely recover the light transmitted outside the event crystal volume. The reflectivity of 

the coating material is important because a significant fraction of the scintillation light 

may interact with this reflector before finally reaching PMT window [130]. 

The epoxy compound selected includes a two-component epoxy, and an epoxy base 

coloring paste. The epoxy product is "EPO-TEK 301-2" [131] containing base epoxy 

(part-A) and hardener (part-B) two components. Their mixed ratio is 100:35 parts by 

weight. This product has several superior characteristics, such as excellent adhesive 

ability, very low viscosity, very low shrinkage, and low outgassing. So in the curing 

procedure, minimal air bubbles could be generated and trapped inside epoxy resin, and 
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least shrinkage stress eliminates any possibility of cracking the very fragile crystal 

elements. 

Since the mixed epoxy is transparent after curing, we colored the epoxy mixture with 

an epoxy-based white paste (REN DW-0131). The proportion ofwhite paste to epoxy was 

2: 1 parts by weight. The mixed product was opaque, highly reflective, and still relatively 

low viscosity. 

One original experiment record is shown in Appendix B. 

Fig. 4.5. The inner dimensions of the mode are 23.00 mm x 23.00 mm x 21.00 mm, with a 
tolerance of ±O.05 mm. 

The low viscosity compound was chose to fill the crystal cutting gaps without trapping 

air bubbles, but the trade-off was that the compound could drain out of the gaps before 

curing. To solve this problem, an aluminum mold for confining the potting material was 

built with milling machine in of the Physics Department Workshop. Fig. 4.5 shows the 

mechanical drawing of the potting mold. The inner dimensions of the mold are 23.00 x 

23.00 x 21.00 mm, with a tolerance of±O.05 mm. The four molding walls were fixed to 

the aluminum plate, and secured each other with screws after the target crystal was 

positioned. AIl the mo lding walls were designed for easy assembly and removal. The 

inner walls and the top surface of the plate were aIl polished in order to facilitate the 

release ofthe cured crystal. 

The release agent RP 79-2 [132] was chosen to facilitate the release of the cured crystal 

from an aluminum-encapsulating mold. It is an aerosol, semi-permanent, and Teflon 

based release agent formulated without wax or silicone, designed especially for epoxy 
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applications [133]. Sprayed RP 79-2 to the inner surfaces of mold, the epoxy curing resist 

is transferred from the mold to the encapsulating crystal block. 

4.4 Optimizing the Crystal Process 

4.4.1 Edge Crystals in the Far-Layers 

After cutting, the solid crystal block had 10 x 10 elements in the ne ar-layer, and (Yz + 9 

+ Yz) x (Yz + 9 + Yz) elements in the far-layer (Fig. 4.1). By evaluating crystal irradiation 

images, we found that the edge crystal elements in the far-layer were not visible. Images 

show that these edge elements were even blurring the edge ne ar-layer elements and the 

inner far-layer elements as weIl. Hence, we decided to break off the entire far-layer edge 

crystal elements to reduce the image distortion. To avoid damaging the near-Iayer crystal 

elements, this procedure was done after encapsulating the near-Iayer. Fig. 4.6 shows a 

partially fmished crystal. The near layer has been filled with reflector and the edge crystal 

elements have been removed from the far layer. 

Half crystal 
elements 
broken off 

Fig. 4.6. After cutting and acid polishing, the near-Iayer of the crystal block was encapsulated 
with epoxy compound and surrounded by white Teflon tape. The half-crystal elements of the far­
layer in the image were aIready removed. 

4.4.2 The Uncut Region Between the Near and Far Layers 

Fig. 4.7 shows an initial crystal identification image resulting from frontal irradiation 

with a 68Ge source [136]. In this image, the near-Iayer elements can he clearly identified. 
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The far-layer elements can be accentuated by applying an energy-banding tcchnique 

[136]. As shown in Fig. 4.7, there are near-far element overlaps in the images. These 

overlaps would cause difficulty in assessing the depth of interaction information. 

100-

200-

400-

000_-__ ~~~=_--~--~--~ 
100 200 300 400 500 

Fig. 4.7. This is a BGO crystal front-flood irradiation image with a 68Ge source. The hardware 
lower energy threshold is 150 keV. 

We subsequently investigated other methods to better identify crystal elements in both 

layers [136]. The most successful approach was to completely eliminate the 2-mm uncut 

rcgion interconnecting the near and far layers. Our Monte-Carlo simulation also indicated 

that this uncut region could be a cause ofthe near-far image blurring [130][137]. 

We first cut the crystal along the uncut-region with a thick diamond saw blade (l-mm 

thickness). The diamond saw with the crystal in position is shown in Fig. 4.8. An 

aluminum mold was built with a milling machine to mount the crystal to the diamond saw 

table during the cutting procedure. Fig. 4.9 shows the separated two layer segments. Next, 

we mechanically removed the remnants of uncut regions on both segments. Then wc 

mirror-polished the eut surfaces providing a specular-reflective fmishing. Finally, the two 

segments were aligned and glued together by an optical coupling compound - a product of 

Sylgard-186 [125] containing two eomponents of Silicone Elastomer (part A) and harder 

agent (part B). The mixed ratio is 10 parts elastomer to 1 part curing agent by weight. The 

index ofrefraction ofSylgard-186 is 1.465. 
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Fig. 4.8. A crystal was mounted in an aluminum mold ready for separating by a thick diamond 
saw blade. 

Fig. 4.9. The crystal of 22 mm x 22 mm x 20 mm was eut into two segments. The 
interconnecting uncut region was eliminated. 

4.4.3 The Optimized Crystal Process Procedure 

The optimized crystal processing procedures are illustrated in tlowchart Fig. 4.10. 

Compared with the crystal operation procedures in PEM-I and ANIPET dctectors, wc 

added two major steps: cutting the crystal along the interconnecting uncut region and 

crystal segments polishing. Even though the pixelatcd and acid-ctching crystals were very 

fragile, they became quite solid after encapsulating with adhesive epoxy-pigment mixture. 

It turns out that the process of cutting along the uncut region is much easier than 

pixelating the near and far layers. 
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Encapsulating 
only the near layer 

Removing edge crystal 
elem ents in the far layer 

Eliminating 
the uncut region 

Optical gluing the 
near and far layers 

Fig. 4.10. This tlow-chart illustration the optimized procedure in crystal processing. 

4.5 Discussion on Encapsulating Epoxy Materials 

"Block detector" design [43][44J with either discrete or pseudo-discrete block schemes 

has been frequently employed in PET detectors. Between the discrete crystal elements. 

different type of reflective / interfaces materials (even left as air gap) have been tested or 

simulated in the designs of utilizing different light sharing schemes to localize the event 

crystal elements. The specular and diffused reflecting materials include aluminum foil 

[45][69][145J, MgO paint [45J[69J[144J, Teflon white paint [145J, Ti02 paint [146J, tilter 

paper (0.2 ~m) [45J, and Teflon tape (5 layers) [45J. It appears that Teflon tape and MgO 

paint are better reflectors; and the diffuse reflectors are preferable to specular reflectors in 

mirror polished crystals [45J. 

While using PS-PMT [22][23] or multi-channel PMT (MC-PMT) [32][45], the event 

crystal element is localized by PMT' s position sensitive ability rather than relying on 

reading light sharing on the PMT's window. The materials that surround each crystal 
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element should be optical opaque that can isolate light transmitted to adjacent crystal 

element, and high reflectivity that could maximally recover the light transmitted outside 

the event crystal vo lume. 

In our PEM-II detectors, each BGO crystal has a pattern of 10 x 10 elements in the near 

layer and Il x Il in the far layer. Each element attaches to the middle solid uncut region 

of only 2-mm thickness. The cut gaps between crystal elements are about O.25-mm width 

after acid etching. The cut and etched crystals were very fragile. Overall, this pseudo­

discrete crystal design with two-layer discrete element pattern prevents us from 

mechanically packing each element. Any additional mechanical processing may damage 

or even break the crystal elements by chance. Therefore, we chose to fill epoxy 

compound between the element gaps as crystal optical reflector. 

4.5.1 Epoxy Compound 

Epoxy is postulated to contain the following molecular grouping: 

-c-c­o 
(4.1) 

A typical epoxy molecule made from bisphenol-A and epichIorohydrin can be 

represented as: 

(4.2) 

The value of "n", the repeating unit, is less than 1 for the lowest-molecular-weight 

liquid resins. As the value of "n" increased, the molecular weight also increased, and the 

material turns from a liquid into a solid resin [146]. 

Many different epoxies have been developed for connecting, splicing, bundling, 

coating, and encapsulating (potting) applications. Due to the various options, it is a 

challenge to choose an ideal epoxy suitable for a specific application. The main criteria is 

based on the epoxy' s physical and chemical properties, which include the adhesive 
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strength, shrinkage and outgassing, curing and handling characteristics, consistency, and 

glass transition temperature (Tg) feature. 

• Adhesives. The selected Epoxies should exhibit excellent adhesion to substrate like 

glass and crystal, so we can fill it to BGO crystal gaps. For example. EPO-TEK 301-2 

has frrmly adhesive ability to plastics, metals, and glass. 

• Shrinkage and Outgassing. Solvent-free epoxy formulations are essential in crystal 

potting application because shrinkage is reduced to minimal levels when no solvent is 

released during the curing process. The absence of solvents also means there is no 

problem with outgassing, so minimal air bubbles could be generated and trapped 

inside resin in curing procedure. The optical-grade epoxy EPO-TEK 301-2 is an 

especially low-stress material, causing linear shrinkage of only 1.4 % during curing. 

This eliminates any possibility of cracking the very fragile BGO crystal elements. 

Based on outgassing test [147], The EPO-TEK 301 demonstrates a total weight loss of 

only 1.08 % after outgassing. 

• Thermal Properties. Most epoxies are cured by exposmg them to a specified 

temperature for adequate time. Cure temperature may range from room temperature to 

150°C or higher. To avoid extra handling process with BGO crystals, we prefer 

epoxies with room temperature curing in crystal potting application. EPO-TEK 301-2 

has the property of curing at room temperature (two days) or with heat (1.5 hour at 

80°C). 

• Shelf Life and Pot Life. Shelf life is the period of time for which the epoxy can be 

stored without any deterioration of physical, optical, or other properties. Epoxies exist 

in both single-component and two-component formulations. Two-component epoxy 

has the advantage of longer shelf life. Pot life is the period of time during which a 

two-component epoxy can be used after mixing without causing significant variation 

in its consistency. For example, two-component EPO-TEK 301-2 has shelf life around 

one year at room temperature, but once Part B (hardener) is mixed with Part A (resin), 

pot life is about eight hours. Toward the end of epoxy's pot life, the material will 

thicken and become more difficult to use. 

• VlScosity. The consistency ofuncured epoxies ranges from watery and free-flowing to 

the thick and non-flowing. Low viscosity materials tend to provide the widest possible 
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choice of application such as dispensing, coating. In our BGO crystal potting case, the 

viscosity of epoxy need to be especially concerned so that the selected epoxies can be 

poured into the crystal 0.25-mm very narrow gaps without trapping air bubbles. Very 

low-viscosity epoxies are suitable for crystal potting as they can flow easily between 

the crystal elements. Of trus kind of epoxies, EPO-TEK 301-2 has low viscosity at 

only 300-600 centipoise (cps) @ 23°C/l 00 RPM. 

• Glass Transition Temperature (Tg). Tg defmed as the midpoint of the temperature 

region where the physical properties of an amorphous polymer (such as epoxy) shi ft 

from those of a hard, glassy state to those of a soft and rubbery condition. At 

temperatures above the Tg, the thermal coefficient of expansion (CTE) and elasticity 

are increased, while the strength of the bond formed by the adhesive is diminished. 

For example, EPO-TEK 301-2 has Tg around 80°C, the project operating temperature 

should be controlled to lower than this. It should also be taken into consideration that 

Tg is affected both by the formulation of the epoxy and by how it is cured. To 

maximize Tg, it is necessary to cure the epoxy for an adequate period oftÏme [148]. 

4.5.2 Specified Epoxy and Color Paste for BGO Potting 

The epoxy compound solutions chosen for our crystal blocks include two-component 

epoxy and an epoxy based white color, light opaque, and reflective paste. This is based on 

the suggestions of Andrew Truman from Dept. Physics, University of Southampton, and 

applied in our ANIPET and PEM detector [22][23][128]. 

Two Component Epoxy 

Epoxy chosen for potting crystal elements is the product of "EPO-TEK 301-2" from 

Epoxy Technology Inc. [l31]. Table 1 lists its characteristics. 

This two-component epoxy has certain favorable features for crystal potting. It has a 

very low viscosity, thus is easily distributed through the crystal narrow gaps without 

trapping air bubbles; it also has low thermal expansion (62 x 10-6 in/in/°C), so does not 

pro duce exothermic heat while curing. 
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TABLE 4.1. CHARACTERISTICS OF PRODUCT 301-2 EPOXY 

Number ofComponents: Two components: 

"EPO-TEK" 301-2, part "A" (base epoxy), 

and part "B" (hardener) 

Mix ratio: 100:35 Parts by Weight 

Cure Temperature (minimal): 80 DC - 1.5 hour / RT - 2 days 

Viscosity @ 23 DC: @100rpm300-600 cps 

Index of Refraction: 1.564 

Spectral Transmission: >96% 300-900nm 

Color Before/ After Cure (thin film): Clear/Clear 

Lap Shear Strength (psi): 2000 

Shore D Hardness: 82 

Tg: >65 DC 80DC/3 hours 

CTE Below Tg/Above Tg (in/in/DC): 62 x 10-6 / 177 x 10-6 

Pot Life @ Room Temperature: 8 hours 

ShelfLife @ Room Temperature: 1 year 

Epoxy Color Paste 

The selected epoxy colors are cIear both before and after cure (see Table 1). But the 

purposes of cured epoxy in crystal gaps are using it as both optical reflection and 

isolation. So we added an epoxy based coloring paste REN DW-0131 mixed into the 

EPO-TEK 301-2 epoxy. 

REN DW-0131 is the coloring paste from Ren Shape Tooling system [132]. It is in a 

package of an easy-to-blend tube. There are seven pasting colors (white, red, bIue, black, 

yellow, green, and brown) for customer coloring of epoxy, polyurea and polyurethane 

materials [133]. In our application, white color is chosen to paste the EPO-TEK 301-2 

epoxy in order to maximally reflect photons back to the BGO scintillating crystal 

element. 
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4.5.3 Epoxy Resin Crystallization and Solutions 

The manufacture data of epoxy compound EPO-TEK 301-2 that we ordered from 

Epoxy Technology [131] was September 18,2001. When we wanted to encapsulate more 

BGO crystals in December 12, 2001 (less than three months after epoxy manufactured), 

we found that about half of epoxy base resin (part A of EPO-TEK 301-2) has been 

crystallized - the resin shows up as a lot of free floating crystals and solidified masses. 

But the shelf life of EPO-TEK 301-2 is one year. Then we contacted with Epoxy 

Technology to inquire. As described from Ms. Hope Jones [134], technical and 

application staff of Epoxy Technology, "Crystallization in base resins and two component 

formulations is a major inconvenience but not an insurmountable problem" [135]. To deal 

with the crystallization, it is necessary to understand the influence factors and find 

possible solutions. 

Epoxy Crystallization 
Crystallization shows up as cloudiness, free- floating crystals. crystal masses. or as a 

completely solidified mass. It is the phase change of a material from a liquid to a solid 

crystalline state. Because the main ingredient of most epoxy resins is a solid material at 

room temperature, the phenomenon of crystallization is possible in aIl epoxy resins and 

hardeners. 

The factors that contribute to the crystallization process are due to the properties of 

epoxy resin and its storage conditions. High purity, low viscosity, irnpurities, extreme 

cold, and temperature cycles environment aIl increase the probability of occurrence [135]. 

Usually the presence of a "seed" initiates the crystallization process. The seed crystals in 

combination with other factors can rapidly change the liquid to a solid. 

A high purity resin has been stripped of aIl chemical byproducts and contaminants and 

falls within a given range of molecular weights. It has a narrow temperature range during 

which it transforms from liquid to solid. When a high purity epoxy resin gets to the point 

where it changes from a liquid to a glassy crystalline solid state, the minute crystals acting 

as seeds will start to form. 

Low viscosity epoxies are very low in molecular weight and short chained. The lower 

the viscosity the easier a liquid epoxy can move and orient itself around seed crystals. 
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Impurities (usually minute particulate matter) often act as seeds initialing the formation of 

resin crystals. Storing a seed free epoxy liquid at low temperature (O°C) will slow 

molecular motion and impede crystal formation and growth. But extreme cold 

temperature (-40°C) accelerates crystal formation once seed crystals have formed. Low 

enough cold can cause complete crystallization by itself without seed. 

Temperature cycles as 20-30°C is the most common cause of crystallization. Once the 

epoxy is warmed, molecular motion is enhanced allowing liquid epoxy to orient itself 

around seed crystals. Subsequent cold temperature will then accelerate crystal growth. 

The temperature fluctuations that occur hetween daytime and nighttime temperature can 

initiate and accelerate the crystal growth process. 

Solutions with Epoxy Crystallization 
Minimizing temperature fluctuations in epoxy resin storage conditions may eliminate 

the phenomenon of crystallization. When crystallization occurs, heating method seems to 

be the only solution to two component epoxy formulations. Heating crystallized epoxy 

base resins at 50-60°C several hours would reverse the phenomenon. In practice, 226.8 g 

(8 oz) EPO-TEK 301-2 base epoxy resin needs three hours heating when about half was 

crystaIIized. 

Along with the gentle hearing, epoxy resin should be stirred to assure the heat is heing 

evenly distributed. AIl the crystals must be completely melted as any microscopic remain 

crystals will act as seeds and cause the crystallization to retum in days. If crystals appear, 

merely apply heating method to melt it. 

There is no good solution for crystallization of one component epoxy resin. Heating 

method ta one component epoxy should not he used as product damage or curing may 

occur. If the epoxy is within the stated shelflife and the recommended storage conditions, 

it many have to he retumed for replacement. 

4.5.4 Epoxy Decapsulating Methods 

Epoxies are usually noted for their chemical resistance. They are also rigid adhesives 

and tend to have higher temperature resistance than other orgarnc adhesives. So 
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removing, or "decapsulating" the cured epoxy would be very difficult. Several techniques 

have been tcstcd as kinds of "effective" in removing process [149]. The methods include 

chemical solution processing (chlorinated solvents such as methylene chIo ride, warm 

solution of sulfuric acid. toluene ... ), combination of heat and pressure, temperature 

degradation (burns away epoxy to carbon ash at temperatures of 400°C), using boiling 

water with prying action, thermal shock, etc. As mentioned in [149], several of above 

techniques can be "suicidaI" in terms of re-useable parts. We believe that it would be 

extremely difficult to remove (decapsulating) epoxy coating from our BGO block due to 

the fact that epoxy is cured inside the very narrow (0.01 inch) gaps; with 10 x 10 (the 

near layer) and Il x Il (the far layer) crossed patterns. Furthermore. the epoxy is adhered 

to fragile crystal elements that we would rather to keep undamaged. So we should take 

great cautions in epoxy potting pro cess in order to avoid those very uncertain epoxy­

removing procedures. 

4.5.5 New Epoxy Compound 

Recommended by Mr. Michael J. Hodgin [138], a new Epoxy compound T905-BN2 

has been applied as crystal reflector. This new epoxy has very high optical reflecting 

ability. Due to its very high viscosity, the T905-BN2 is suitable for coating individual 

polished crystal elements. 

4.5.6 "PET" Film - Lumirror 

"Lumirror", a biaxially oriented polyester film [139], has been applied as crystal 

reflecting material [140]. One of our proposaIs is to get the O.OI-inch thickness customer 

ordered Lumirror film, then accurately eut the film to a frame as demonstrated in Fig. 

4.11. The size follows the dimension of proximal layer. Twenty pieces of same frames 

can construct proximal layer reflector (Fig. 3.12). Distal layer refleetor ean follow same 

structure. 
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Fig. 4.11. This is the one of comb shape frame used for creating the form as crystal reflector 
(proximal layer). The frame could be a customer ordered 0.25 mm (0.01 inch) Lumirror. 

~: --,- ~ , ,. ~ ,- , ~ , -,,' 
. 

Fig. 4.12. This is the scheme of crystal reflector form for crystal proximal layer. 

4.5.7 SPECTRALON and SPECTRAFLECT 

Unlike plumber's Teflon tape and Lumirror film, the "professional" reflectance coating 

and materials can he found from Labshpere Inc. [141]. The reflective material 

SPECTRALON (SRM-990-0ptîcal-Grade) and coating SPECTRAFLECT [142] are very 

attractive. Especially, SPECTRALON has the highest diffuse reflectance of any known 

substance [143]. It can also be built to diftèrent shapes as customer needed. 
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CHAPTERV 

FRONT-END ANALOG CIRCUITS IN THE 

PROTOTYPE PEM-II DETECTOR 

Previously, positron enusslon mammography (PEM-I) systems [22] and animal 

positron ernission tomography (ANIPET) systems [23] have been developed and 

constructed in our Lab. The detectors in PEM-I and ANI PET systems consist of BGO 

crystal blocks optically coupled to Hamamatsu R3941 -05 PS-PMTs. The detector field­

of-view (FOV) is 56 mm x 64 mm. The timing resolution is 8.7 ns [29]. 

Recent/y, we designed and developed new high spatial resolution PET detectors for 

small animal and breast imaging. In these detectors, PS-PMT (R7600-CI2) and dual-layer 

pixelated BGO crystals are employed to detect and localize gamma rays. Modified high­

voltage dividers with last dynode readout circuits, front-end anode position and last 

dynode timing schemes have been investigated and developed for these detectors. 

Methods for combining four PS-PMTs with simple four (X-, X+, V-, and y+) outputs 

have been developed to further simplify the position processing. The front-end circuits 

are srnall so they can be fitted into the detector's structure. A prototype of two detector 

modules, each having two PS-PMTs with corresponding electronic circuits, has been built 

for evaluation. The crystal elements of 10 x 10 in the near layer and 9 x 9 in the far can 

be clearly identified. 

5.1 Position Sensitive Photomultiplier Tube 

Hamamatsu PS-PMT R7600-C12 [124] was used for our new PEM-II detectors. It is a 

metal-channel type PMT fabricated with stacked thin electrodes. The PMT is constructed 

with a compact metal package instead of the traditional glass envelope. One advantage is 

the PMT package (envelope) wall is very narrow, so the periphery dead region of the 

PMT light input window (faceplate) is very small. The PMT has outer dimensions of 26 
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mm x 26 mm, and the effective window is 22 mm x 22 mm. It is in a "flangeless type"; 

therefore the PMT has very flat faceplate, and it has better gain uniformity crossing the 

PMT window. The high voltage of the PMT can be up to negative 900 volts. The gain of 

the PMT is about 7 x 105
• It also has fast time response - the anode pulse rise time is 

about 1.4 ns. The dynodes of the PMT have Il stages, Hamamatsu gives a typical high­

voltage divider schematic. The position sensitive feature is attained by reading out the 

cross plate 6 (X) + 6 (Y) anode outputs. 

As the PMT is a vacuum device, is should be installed and handled with caution. The 

PMT faceplate, metal package, or pin to be pushed, to be scratched, or the PMT to be 

subjected to a shock might cause vacuum air leakage. Especially the vacuum exhaust very 

sharp tip portion should not be touched as it can be damaged easily. Light illumination to 

the PMT also needs to be concemed. Even when the PMT is not operated, strong 

illumination (like direct sunlight) striking the faceplate could permanently damage the 

tube. 

When we assemble the PMT with BGO crystal, the PMT faceplate, base and socket 

should not be touched with bare hands. Dirt and fingerprints on the faceplate may cause 

transmittance loss; they can cause ohmic leakage on the high voltage base. The PMT can 

be wipe clean with alcoho I. 

Electrostatic Potential on PMT Package and HA coating 

The polarity of the photomultiplier power-supply voltage with respect to ground can be 

positive or negative. Certainly the cathode must he always negative with respect to the 

anode. In sorne application, the cathode is grounded and the anode operated at a high 

positive potential with a capacitance-coupled output. In this case, the PMT magnetic or 

electrostatic shields should be connected to ground potential (photo cathode potential). 

In application of the cathode is at a high negative potential with respect to ground, extra 

precautions must be taken in the mounting and shielding of the tube. Operation of a PMT 

with an improper potential on the external shield may not only cause an increase in dark 

noise. If PMT envelope has some potential like ground, the electron path inside of the 

PMT might be changed, and the electron might hit the glass envelope. In this case, 

radiation from glass (glass scintillation) will be created. Since PMT is so sensitive and 
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easy to detect such radiation light, that radiation will cause ofnoise [150]. The improper 

potential on the faceplate can result in permanent damage to the photocathode by ionic 

conduction through the glass o. If glass scintillation occurs in the faceplate, it can cause 

deterioration of the photo cathode sensitivity. Once deteriorated, the sensitivity will never 

recover to the originallevel [20]. Furthermore, the proximity of a positive potential near 

the PMT envelope can cause a noisy operation even there is no an actual contact. 

In order to prevent these effects, the envelope wall should be maintained near 

photo cathode potential by wrapping or painting it with conductive material (Hamamatsu 

names this normally black conductive material as "HA coating") and connecting this 

material to cathode potential. The connection is usually made through a high impedance 

to reduce the shock hazard to personnel. If a cathode potential shield is not provided, the 

glass surface in the vicinity of the photo cathode must he insulated from any source of 

potential difference so that leakage currents to the bulb are less than 10-12 ampere O. 

The high-voltage of Hamamatsu PS-PMTs R3941 (for our PEM-I and ANIPET) and 

R7600 (for PEM-II) are all in negative polarity - grounding the anode with a high 

negative voltage applied to the cathode. R3941 is in a glass envelope with HA coating on 

it. A black tube from high isolation material is surrounded the HA coating for safety. 

The metal package of R7600-C12 is connected to cathode voltage potential. As the 

PMT is operated under negative high voltage (we used negative 800 volts), the metal 

package also becomes negative high voltage. There is no any isolation from the high 

voltage in the PMT package. So we should have enough safety measure to prevent an 

operator from electric shock and equipment damage. 

5.2 Front-End Position and Timing Circuits 

The front-end electronics in our new detectors include crossed anode read-out circuits, 

modified high-voltage dividers, position preamplifier circuits with voltage-feedback 

amplifiers, and timing preamplifier circuits with current-feedback amplifiers. We 

investigated a method of combining four PS-PMTs with simplified four (r, X\ Y", Yl 
outputs to further simplify the position processing [136]. 
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5.2.1 Anode Position Read-out Schemes 

Many different schemes for anode readout circuits [21][63][72][84]-[86] are based on 

the fact that a PMT behaves as an almost perfect CUITent generator - the anode CUITent 

depends only on the incident flux and is completely independent of the 10ad [8]. The 

common method of reading out anode signaIs from a single PS-PMT is to combine aIl X 

or y anode wires through a resistor divider chain. Then only four (X-, X+, V-, y+) 

position signais are output, regardless of the number of anode wires. Since the PS-PMT 

R7600-C12 has 6(X) + 6(Y) anode wires, this method reduces the number of processing 

signaIs by a factor ofthree. 

Each detector panel in our new PEM and ANIPET cameras comprises sixteen R7600-

C12 PS-PMTs. After going through the divider chain, we need to process 4 (A, X+, V-, 

v+) x 16 (PMTs) individual position signais for each detector. So it is necessary to 

investigate further compression methods to simplify the electronics complexity. Sorne 

approaches, like combining PMTs through common X and Y resistive dividers, have been 

applied in the detector with multiple multi-channe1 PMT (MC-PMT) and PS-PMT 

applications [72][84][85]. 

We developed a new method to simplify the position circuits by combining four PS­

PMTs with four (X-, X+, V-, y+) position outputs. The new arrangement will reduce the 

number of processing signaIs by an additional factor of four. In the low count rate 

application, this method can be extended to achieve more compression by combining 9 or 

16 PS-PMTs while keeping the number of outputs fixed at four. 

Each detector module with 2 x 2 PS-PMTs has individual position circuits. Fig. 5.1 

illustrates the schematic for a module with four PS-PMTs (A, B, C, D). The multi-anode 

wires of PS-PMTs A and B (C and D) are combined through common X resistive 

dividers. The anode wires of PS-PMTs A and C (B and D) are combined through 

common y dividers. Eight charge sensitive preamplifiers (XAB-, XAB+ ••• ) integrate the 

output signais from each end of the resistor chain. After four sum circuits, we have four 

(X-, X+, V-, v+) outputs for position identification. 
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Fig. 5.1. Four PS-PMTs are combined together to build up one block to further simplify the 
position read-out circuits. AU RI resistors are 1000, R2 are 200, and R3 are 700. The charge 
sensitive preamplifiers are L T1880. 

Consider the case of one photon interaction occurring in a crystal element coupled to 

PS-PMT A. Four integrators (XAB-, XAB+, YAC-, YAC+) will give position signaIs; another 

four integrators (Xcn-, Xcn+' YBn-, YBn+) stay at the background level (with electronic 

noise). A fmal position signal (for example, X+) is the sum of signal (XAB+) with 

background noise (Xcn+). In order to achieve a high signal-to-noise ratio, the sum 

amplifiers are placed after the integrators. 

The event position can be located by: 

x+-x­
x=--­

x++x-

y+ -y­
y=--­

y+ +y-

(4.1) 

(4.2) 

Each integrator in Fig. 5.1 is the c1assical second order model with a fast VF A, a 

feedback resistor Rr, and a charge storage capacitor Cr. The output voltage magnitude 

(VM) of the charge sensitive amplifier is: 
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Vm ~ Q/C/ (4.3) 

Q is input charge with: 

tw 
Q = f it·dt 

o (4.4) 

where it is CUITent output from the PMT anode, and tw is the signal duration time. The 

feedback resistor Rf (- IMn) discharges Cr (- 1.2pF) in continuous operation. Rr also 

gives the DC negative feedback to stabilize DC working points. 

Only VF As are suitable for integration purposes. The low bias cUITent, high precision 

VF As CLC420 and the latest L T 1880 [151] were tested for our integrator circuits. 

5.2.2 Last Dynade Output tram HV Divider 

Typically, the event-timing trigger is acquired by discriminating the energy signal from 

the anode output. Due to the multi-anode output structure in the PS-PMT, the electronics 

is simplified by taking the timing from one dynode output rather than from the sum of 

multi-anode signaIs. 

The last dynode is chosen for taking event timing because: 

The dynode signal is synchronous with anode output so it can be chosen for anode 

timing measurement [8]. 

The signal taken from the last dynode has an amplitude comparable to that from the 

anode. It has a higher signal-to-noise ratio than the other dynodes. 

The Hamamatsu HV divider for R7600-C12 PS-PMT was modified in order to read out 

a signal from the last dynode for event timing. Fig. 5.2 shows the schematic. 

K • G DY1 DY2 DY3 DY8 DY9 DY10 DY11 

1M 51 51 

1R 3R 4R 2R 2R 2R 2R 1 R -=::-
~ R = 110 K 0.0 1[0. 0[0. o[ 

500V 500V 500V 
-=- -=-- -=-RG-174/U - - -

Fig. 5.2. This is the modified divider circuit. LDout is the last dynode output. 
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The main problem with this modification is how to obtain the signal from the last 

dynode without disturbing the anode signaIs. Compared with the manufactured HV 

divider circuit, three O.Olf.lF decoupling capacitors were changed from series decoupling 

to parallel. Fig. 5.2 shows a 2000 resistor connected before the dynode output. This 

resistor needs to be large in order to output a high amplitude signal with a higher signal­

to-noise ratio. On the other hand, if it is too large - the voltage across it exceeds a few 

volts - the dynode output could disturb the anode signaIs. When a 500 characteristic 

impedance coaxial cable is selected to transmit the dynode signal, a resistor of 2000 to 

3000 is appropriate [8]. Because the last dynode still has about 30V (negative) voltage 

potential, a high voltage capacitor (0.02f.lF in Fig. 5.2) is used to AC couple the dynode 

output. The signal from the dynode has an opposite polarity from that of the anode. Fig. 

5.3 shows the PS-PMT socket with modified high-voltage divider and anode resistor 

chains. The signal from PMT last dynode is taken out from the socket for event timing. 

Fig. 5.3. This is a completed high-voltage divider socket with anode readout resistor chain 
circuit. One extra PGA socket is attached for preventing the vacuum air exhaust tip portion in the 
R7600-C12 PS-PMf from accidentally touching resulting in permanent PMf damage. 

The CF A CLC450 (shown in Fig. 5.4 as transimpedance amplifier) was chosen to 

convert dynode current output to a fast response voltage signal. Compared with VF A, 

CF A with transimpedance setting gives a signal with a faster leading edge so it is ideal for 

accurate timing. Another important feature of CF A is that its inverting input impedance is 

very small. So CFA has much less sensitivity to inverting input capacitance [152]. With 

transimpedance setting (inverting mode as IN converter), CF As are suitable for 
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compensating the capacitance from PMT output. In practice, a small value feedback 

capacitor Cr between 1.0pF to 5.0pF is used to compensate for PS-PMT output 

capacitance. The feedback resistor Rr is 1 KQ. 

LOoutA: 33 Cr 
: Vta 47 

- Vtim 
-

.......... _----_ ..... _--' 

LOout B : . .I~.s~.m.~~~~)L.; Vtb 
~: ' 

LOout C ;.·I~~.~#~P.i4~~~~.·~.·.·.·.·; Vtc 
~: : 

LOout D :~t~~.~.~~~~~)~.·.·~.; Vtd 
~: 1-, "':"":"::'----J 

Fig. 5.4. This is schematic of timing amplifiers with transimpedance configuration. Sum and 
buffer amplifier is CLC420. 

As shown in Fig. 5.4, each CUITent output (LDout A, B, C, D) from a PS-PMT last 

dynode is converted to a voltage signal (Vta, Vtb, Vtc, Vtd) by the transimpedance 

amplifiers. The timing trigger (Vtim) of one detector module is simply the sum of these 

four voltage outputs. 

Combining this timing scheme with the position read-out arrangement, one detector 

module with four PS-PMTs looks exactly like a four times larger PS-PMT - it has four 

(X", X+, V-, Yl position outputs and one timing output. 

5.2.3 Fast-Slow Preamplifier Design 

The fast-slow preamplifier design is generally used in PET front-end electronics. The 

slow circuits are for position locating by integrating the anode outputs up to 800 ns in 

BGO scintillator applications [58]. The fast circuits are for timing processing to trigger 

the possible coincidence event. 

The position preamplifiers usually employ wideband JFET input operational amplifiers 

because of their reduced input bias CUITent. When precision is required, JFET amplifiers 
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are generally inadequate due to their relatively higher input offset voltage and drift [151]. 

Based on this consideration, we use high precision voltage-feedback amplifiers (VF As) in 

the position charge sensitive preamplifier circuits. 

In order to respond quickly to event timing, we chose the high bandwidth and ultra-fast 

setting time current-feedback amplifiers (CFAs) in our timing amplifier circuits. 

Compared with VF As, CF As have very low inverting input impedance, so they are less 

affected by inverting input capacitance [152]. This specification meets our needs because 

we know the phase shift caused by the PMT capacitance is often a source of instability. 

5.2.4 Circuit Simulation and Printed Circuit Design 

The Spice simulation software "Circuit Simulator" (an enhanced version of Berkeley 

SPICE3f5/Xspice) which is embedded in Protel 99/SE [154] was used to verify the 

schematic design. 

The position integrating and timing amplifying circuits stack up are shown in Fig. 5.5. 

The printed circuit boards (PCBs) are in miniature so they can be fit in the detector 

enclosure. The main amplifier board, which will be mounted in a NIM module near the 

workstation is displayed in Fig. 5.6. 

Fig. 5.5. This is the stack up of the front-end position integrator (bottom printed circuit board) 
and the last dynode timing amplifier circuit (top printed circuit board). The dimension of the 
board is 100 mm x 100 mm. 

- 72-



Fig. 5.6. This is the main amplifier buffer printed circuit board. The gain and De offset are 
adjusted in this board. The dimension of the board is about 118 mm x 166 mm. 

5.3 Detector Array, Module, and Unit Configuration 

Detector Unit 
20 mm 20 mm 

PS-PMT 
R7600-C12 

15mm 

+x 
-x 
+Y 

,....'""'''l''!I'-'~- -y 
~~~-- HV 

~~~~I __ ~ ____ ~~~~~~ LOout Anode Read-out 
~~Resistor Chain 

Dual Layer / 
BGO Crystal PS-PMT High Voltage Oivider 

Fig. 5.7. This is the stack up layout of one detector unit. Two circuit boards with connecting 
resistors and capacitors function as the high voltage divider. The layout is roughly to scale. The 
length of one unit is about 55 mm (before coax cables). 

An individual detector unit is shown in Fig. 5.7, which inc1udes a BGO dual-layer 

crystal, PS-PMT R7600-C12, the HV divider, and the anode read-out resistor chain 

circuits. The dimensions of an uncut crystal are 22 mm x 22 mm x 20 mm. Each crystal 
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block has heen pixelated into small elements of 2.1 mm x 2.1 mm (2.2 mm pitch) on two 

opposite faces. The elements on one face of the block offset by balfthe crystal pitch from 

those on the opposite face in both X and Y dimensions. The depths of near and far layer 

are II.5 mm and 6.5 mm, respectively. The space between the near and far layers is 2 

mm. The 1.1 mm width outer elements in the far layer are removed after the crystal block 

is cut. 

Array, Module, and Unit Configuration 
Pileup effect with a number of PS-PMTs in combination [85] was one issue we had to 

consider in our detector structure design. Because our BGO scintillation crystal bas a 

complex dual-layer structure, the readout circuits should he capable of identifying all 

crystal elements. Detecting position accuracy was therefore another issue we were 

concemed with. 

Unit Unit Unit Unit 
1-1 1-2 2-1 2-2 

-1 Module1 1 1 Module2 r-
nll unir nlr unir 

1-3 1-4 2-3 2-4 

Unit Unit Unit Unit 
3-1 3-2 4-1 4-2 

-1 Module3 1 1 Module4 r-
nlr unir nn un Il 

3-3 3-4 4-3 4-4 

Fig. 5.8. This is the configuration map of one detector array. Bach array has four modules. Every 
module has four detector units. 

The PEM-II system is constructed with two detector arrays; each one is divided into 

four modules; each module consists of four detector units; each unit bas one dual-layer 

BOO crystal optically coupled to a PS-PMT. The basic detector unit is designed as "field­

replaceable-unit". Each detector module has its own position and timing electronic 

circuits with (X-, Je, V-, y+) and a timing trigger output. One module in a detector array 

can have coincidence with any module in the opposite detector array. The coincidence 
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events in different module pairs can he processed simultaneously. Fig. 5.8 shows the 

detector array-module-unit structure. 

Each detector module has its own position and timing electronic circuits with OC, :X+, 

Y-, and n and a timing trigger output. SignaIs from each module in one detector array 

can coincide with any module in another detector array. The coincidence events in 

different module pairs can he processed simultaneously. 

5.4 Discussion 

It is very important in PEM scanners to make the sensitive area of the detector extend to 

their physical edges. This allows improved imaging near the patient's chest wall. and the 

detectors to he packed without gaps in the sensitive area. So far we have used axial 

through-hole resistors and HV ceramic disc capacitors to build our HV divider circuits. 

The axial dimensions can be reduced by applying surface mount resistors and capacitors. 

A method of simplifying the electronic processing channeis by combining four PS­

PMTs bas heen proposed. One consideration in our circuits is to modify the charge 

sensitive preamplifiers (Fig. 5.1). While the rising edge of the preamplifier output is 

mainly defmed by the value of Cr and the amplifier bandwidth, the falling edge is defmed 

by Cr and Rr. In order to integrate over 300ns (the BGO primary decay time), Rris very 

large, normally above 1MQ. Since the falling edge of the integrator output is quite slow 

with a timing constant l' (RrxCr) over 1J.ls, other discharge schemes, such as applying an 

analog switch [58] and using an additional non-inverting low-gain amplifier [153], will 

he tried in future experiments. 
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CHAPTERVI 

OPTIMIZING POSITION READOUT CIRCUITS IN 

PET FRONT-END ELECTRONICS 

Most of the front-end position readout circuits in positron emission tomography (PET) 

detectors originate from the Anger logic design. In PET detectors with position-sensitive 

photomultiplier tubes (PS-PMTs) and multi-channel photomultiplier tubes (MC-PMTs), 

anode position readout circuits are more complex due to multi-anode outputs from a 

single PMT. To simplify the circuits, many researches have investigated different 

schemes by combining multiple PMTs with simplified X-, X+, Y-, y+ outputs. 

In this chapter, we aim at optimizing the performance of the position readout electronic 

circuits. First, we compared the signal-to-noise ratios in different position readout 

schemes. Then we examined the truncation and round-off errors in the irradiation-image 

processes by applying the Root-Sum-Square (RSS) analysis and the Uniform Distribution 

simulation methods. Furthermore, we investigated the gain adjustment and balance issues 

in the :X-, X+, Y-, y+ analog signal channels. 

The performance of the front-end position readout circuits determines the event 

location in which a gamma ray interaction occurs; thus, it affects the PET spatial 

resolution. In order to optimize these circuits, we analyze them from the following 

aspects: 

• Noise in different position readout schemes. 

• Artifacts in the irradiation images. 

• Gain optimized adjustment. 

• Gain balanced adjustment. 

We demonstrated that an eight-bit analog to digital converter (ADC) is probably 

insufficient in the position recording if a garnma-ray event position is calculated from 

digitized :X-, X+, Y-, y+ signaIs. We also reveled that an energy non-uniformity error 

could occur if the signal gains in the front-end analog circuits are improperly adjusted. As 
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a result, the quantitative gain adjustment criteria are given to optimize the PET position 

readout circuits. 

6.1 Noise Analysis in Different Anode Readout Schemes 

ANODE OUTPUT 
R3/70 

X1 
R1/100 

X2 
R1/100 

PS-PMT X3 R1/100 
X4 

R1/100 
X5 

R1/100 
X6 

R3/70 

Fig. 6.1. This is an anode readout resistor-chain for a single PS-PMT. We mark the circuits as "a". 

ANODE OUTPUT 
R3/70 

X1 x-
R1/100 

X2 
R1/100 

X3 
PS-PMT A R1/100 

X4 
R1/100 

X5 
R1/100 

X6 R2/20 ... ~ ....... " ...... , ................... ••••••••••••• u •••••• 

X1 
R1/100 

X2 
R1/100 

X3 
PS-PMTB R1/100 

X4 
R1/100 

X5 
R1/100 

X6 x+ 
R3/70 

Fig. 6.2. This is the PEM-II anode readout resistor chain, which is constructed with two "a"; thus 
named "2a". 

Many researchers have investigated different schemes by combining multiple PMTs 

with simplified cr, X\ Y-, Yl outputs [72][84][85]. In these designs, great efforts have 
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heen taken in how to effectively reduce the readout complexity. However, the signal-to­

noise issue is also necessary to he addressed. 

Fig. 5.1 shows the schematic of our PEM-II position readout circuits. An anode readout 

resistor chain for a single PS-PMT is illustrated in Fig. 6.1 [124]. For clarifying, the 

anode readout resistor chain circuit in Fig. 5.1 is depicted in Fig. 6.2. 

Since a PMT anode output is nearly an ideal current source [8], the current from each 

anode only depends on the incident flux and will not he affected by readout circuits. 

However, after passing through the resistor chain, the CUITent signaIs from :x- and X- in 

Fig. 6.2 (circuit ''2a'') is only one-half AC amplitude of that in Fig. 6.1 (circuit "a"), with 

biasing a OC offset. 

Assuming the CUITent noise from each anode is the same, the CUITent noise output of the 

circuit ''2a'' is .fi times larger than the one in the circuit "a". Overall the signal-to-noise 

ratio (SNR) of the simplified anode readout circuit is 2·.fi times degradation. 

The anode readout resistor chain in Fig. 6.2 (circuit "2a") is basically formed from two 

individual PMT resistor-chain circuit of Fig. 6.1 (circuit "a"). In general, if a simplified 

circuit is constructed from "n" individual circuit "a", the SNR degradation is: 

SNR(na) 1 
SNR(a) ~ n~ 

(6.1) 

In conclusion, the simplification of the circuits is obtained by trading off SNR 

degradation. Even our position readout scheme can he applied into 3 x 3 and 4 x 4 PS­

PMT combinat ions, in spite of count-rate and pile-up issues in these circuits, the crystal 

elements in the irradiation images will be more difficult to be identified because of the 

SNR's degradation. 

6.2 Artifact in Irradiation Images 

After digitizing by an analog-to-digital converter (ADC), list mode data with XA, XB, 

YC, YD (digitized:X-, X+, Y", v+) are acquired to generate 2D crystal irradiation images. 

These intensity images are accumulated from each event - its address is calculated by: 
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( 
XB-XA) Xp=128x 1+---
XA+XB 

Yp = 128 x (1 + -YD---YC_J 
YC+YD 

(6.2) 

(6.3) 

Fig. 4.2 shows the structure of the bismuth germanate (BGO) crystal used in our PEM­

II detector. In order to accentuate the image artifacts, we generated irradiation images by 

side irradiating the uncut region of a BGO crystal with a highly collimated 137CS source. 

The list mode data were acquired with a I2-bit ADC, and the I2-bit data were truncated 

to 10 and 8 bits for analysis (Fig. 6.3). 

25lI llDl 2!iIJ llDl 2!iIJ llDl 

200 llD 200 llD 200 llD 

1511 liIXJ 1511 liIXJ 1511 liIXJ 

100 400 100 .m 100 .m 

511 200 511 200 50 200 

0 0 0 
50 100 150 200 2!iIJ 511 100 150 200 250 50 100 150 200 2!iIJ 

A. lmoga from 12 bit doto B. !mOlle !rom 10 M dm!! C.1rMge from 8 M della 

Fig. 6.3. The irradiation images of A, B, and C are created from 12 bit, 10 bit and 8 bit data, 
respectively. 

Two types of errors, truncation and round-off error, occur in the irradiation image 

processes [155]-[159]: 

• Truncation error - Error due to the ADC digitization of truncating analog X- to digital 

XA, x+ to XB, y- to YC, and y+ to YD. 

• Round-off error - Error due to digital rounding process in (6.2) and (6.3) calculations. 

We applied the Root-Sum-Square (RSS) method to analyze the truncation and round­

offerrors. The RSS value is calculated as [159]: 

(6.4) 

where X is a random variable with possible values of{xl'x2 , ••• xJ, E(X) is an expected 

value. 
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Fig. 6.4. These are the RSS analysis results. The left depicts the function of error RSS vs. energy 
Ex; the right shows error RSS vs. image address Xp. 

The artifacts of an irradiation image in X-axis are analyzed according to (6.2). We 

applied the Uniform Distribution simulation method [158] to analyze the RSS function. 

Fig. 6.4 shows the functions of the unified RSS vs. event energy Ex (Ex = XA + XB) and 

the unified RSS vs. event X-axis position Xp (Xp is defmed in (6.2)), respectively. As can 

be seen, the lower energy gamma rays (scattering events) would cause more artifacts; and 

the artifacts mainly located at the address 127; 84 and 170; 63 and 191; 50 and 204; etc. 

As revealed in Fig. 6.3, the 8-bit image (C) shows noticeable artifacts compared with 

10-bit (B) and I2-bit (A) images. So 8-bit ADC is probably insufficient in the position 

recording if a gamma-ray event position is calculated from digitized X-, X+, Y-, y+ 

signaIs. 

6.3 Optimizing Gain Adjustment 

We re-examined the irradiation images from our PEM-I system with an energy-banded 

window technique. The irradiation images were re-generated with different energy 

windows, from (32 - 63), (64 - 95), to (223 - 256). The energy-banded images reveal that 

while the banded window go es higher, the region of the irradiation image becomes 

gradually smaller. This indicates that an energy non-uniformity error could he created if 

the signal gains in the front-end analog circuits are adjusted improperly. 
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A B 

C D 

E F 

Fig. 6.5. These irradiation images from our PEM-I system were generated with different energy 
windows. The banded energy windows are from (32 - 63) (image A), (64 - 95) (B), (96 - 127) (C), 
(128 - 159) (D), (160 - 191) (E), and (192 - 223) (F). 
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As indicated in (6.2) and (6.3), there is no correlation between Xp and Yp. So the 

principle of the energy non-uniforrnity can be demonstrated by analyzing image in one­

direction (X-axis). 

Considering an 8-bit ADC digitization system, we have: 

where: 

Ex=XA+XB 

0$XA$255 

0$XB$255 

0$Ex$511 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

From (6.2), we have Image X-axis address Xp. The position Xp vs. Energy Ex 

probability function is: 

0$Xp$255 if 0$ Ex$255 (6.9) 

256 _ 655365 $ Xp $ 65536 
Ex Ex 

if 256 $ Ex $ 511 (6.10) 

Fig. 6.6 plots the Xp probability function. The dark area in the graph demonstrates the 

possible recorded region in the image X-axis. 

256 

224 

~ 192 

Ô 160 
'Q 

'in 
o 
a.. 128 
~ 
~ 96 
.0 e 
a.. 64 

32 

o 
384 448 512 

Fig. 6.6. This plots the function of probability position Xp vs. energy Ex. 

For instance, we take a photon interaction with an energy Ex of 384. The event could 

only be recorded ifits interaction occurs in such a place that its Xp (calculated from (6.2» 

- 82-



is between 86 to 170; the event that occurs in the regions from 1 to 85 or 171 to 255 will 

not be recorded. 

In general, a "n" bit (such as 10 or 12 bit) digitization system has a Xp vs. Ex 

probability function of: 

O~ Xp < 2/1 if O~ Ex <2" (6.11 ) 

if 2/1 ~ Ex < 2"+1 (6.12) 

In Fig. 6.7, SI, S2, and S3 are three possible Ex spectra from the different X- and X+ 

gain adjustments. The gain in SI is obviously too low. Low X-, X+ would cause more 

imaging artifacts (due to truncation and round-off error); moreover, the amplitudes of X-, 

X+ do not match the ADC input dynamic range, resulting in a lower SNR. 

4000~--~--~----~--~ 

3000 

ë 
6 2000 
() 

S1 

00 128 256 384 512 
Energy Channel 

Fig. 6.7. This demonstrates three spectra with different position readout gains. 

In case of S3, which is from higher X-, x+ gains, we could obtain an image with less 

digitized artifacts. We also might fully use an ADC dynamic range to achieve a higher 

SNR. However, an energy non-uniformity artifact will be inevitably created in the 

irradiation images - the peripheral regions of the irradiation images can only be 

accumulated from those lower energy (scatter) events. 
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Fig. 6.8. This is an irradiation image from irradiating a BOO crystal with a 68Ge source. 

Based on Fig. 6.6 and the position vs. Energy probability function (6.9) and (6.10), we 

can optimize the gain adjustment. For example, the irradiation image in Fig. 6.8 is within 

the region of 40 to 216 in X-axis. By 100 king up at the function graph in Fig. 6.6, we can 

optimize the gain of X- and:X+ in such a way that the photopeak region in Ex spectrum is 

restricted in 300, which is shown as S2 in Fig. 6.7. 

6.4 Gain Balanced Adjustment 

The De offset in (X-, :X+, V-, yt) can shift the irradiation image off-center; however, 

we need to he aware that unbalanced X- and:X+ (V- and yt) can also result in image 

shifting. Fig. 6.9 and Fig. 6.10 show the crystal irradiation images resulting from the 

same experiment condition but only in different gain setting - the gain of X- in Fig. 6.10 

is 1.5 times of that in Fig. 6.9. Due to the unbalanced amplifier gains in the X- and X+, 

the image in Fig. 6.10 shifts to the left in X-axis. This image off-center is more clearly 

displayed in the image profiles (Fig. 6.11). 
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Fig. 6.9. This is a BGO crystal irradiation image with balanced gains. 
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Fig. 6.10. Comparing this irradiation image with Fig. 6.9, the only experiment setup different is 
that the gain of X- is 1.5 times of Fig. 6.9. 
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Fig. 6.11. These arc the corresponding image profiles of the irradiation images in Fig. 6.9 and 
Fig. 6.10, respectively. 

Supposing we have a balanced X- and x+ analog readout circuit. The position BX can 

be calculated from: 

BX=128x 1+---( 
X+ X-J 
X++X-

In case ofunbalanced gains in X- and X+, the position UX is: 

UX=128X(1+ X+ xdB-X- XdAJ 
X+ xdB+X- xdA 

where dA and dB is the gain factor ofX- and X+, respectively. 

(6.13) 

(6.14) 

The function ofUX vs. BX is shown in Fig. 6.12. As can be seen, the unbalanced gain 

will cause crystal element to display a non-linearity in the irradiation images. For 

example, if dA> 1, the separations of the crystal "spots" in the image are decreasing 

where the crystal image is near the lower end of the X-axis. This could make it difficult to 

identify these peripheral crystal elements. 
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Fig. 6.12. This shows the function of unbalanced UX vs. BX with different gain setting. 

6.5 Discussion 

In order to achieve higher signal-to-noise ratio, we tend to enlarge the gain of X-, X+, 

Y-, y+ to fully match the ADC dynamic range. We demonstrate that it could cause an 

energy non-uniformity error if the gains are improperly adjusted. As a result, N bit ADCs 

could possibly only function as N-l bit in the position readout circuits. We demonstrate 

that an 8-bit analog to digital converter (ADC) is probably insufficient in the position 

recording if a gamma-ray event position is calculated from digitized X-, X+, Y-, y+ 

signaIs. With many fast 10, 12 bit ADCs available nowadays, we will achieve better 

results by updating higher bit ADCs. 
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CHAPTER VII 

DETECTOR EVALUATION AND RESULTS 

7.1 Image Spectrum and Histogram Analysis 

Image Proeessing for Crystalldentifieation 
(Startup M-file: startup.m) 

H Image/Profile Anatysis 1 

H Single Channel and Energy Spectra 
1 

H Histogram 1 mages (Vvith 8anded Energy Windows) 
1 

H 810ck Spectra (near, far and dual layers) 
1 

y Image Profile Anatysis 
1 

H Crystalldentific ation 1 

H Crystal Identification from the Side Irraditaion Images 1 

y Crystal Identification from the Flood Irradiation Images 1 

H Generate Fish-Net 
1 

Create Distrotion Table (Three Methods) 1 

H Coine idence A nalysis 1 

H Single Channel Spectra 
1 

H Spectra of a block or an 1 ndwidual Element 
1 

-l Coincidenc e (Intrinsic) Analysis 
1 

y Coincidence (Look-Up-Table) Anatysis 
1 

Fig. 7.1. The tree structure of the MATLAB program for spectrum, histogram, and coincidence 
analysis. 
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Fig. 7.1 shows the "tree" structure of the "Imgproc" software, which was written to 

analyze PEM-II detector energy spectra, irradiation intensity images (20 histogram), and 

coincidence images. The detailed description of the source code can he found in 

Appendix D. 

The software was programmed with MATLAB [160], which includes following three 

main functions. 

Spectrum and histogram analysis 
This function exhibits and analyzes spectrum of each front-end channel (digitized XA, 

XB, YC, YD), energy spectrum of crystal block (summed XA, XB, YC, YO), energy 

spectra of both near and far layer from side-irradiation images, energy spectra from the 

t1ood-irradiation images. 

The irradiation intensity images (20 histogram) are analyzed with a banded-energy­

window technique [128]. The "spline" function from MATLAB Spline toolbox [161] was 

applied to examine the image profiles. 

Crystal identification investigation 

We investigated two different crystal identification methods, which include crystal 

identification from side-irradiation images and from t1ood-irradiation images. The 

identification from side-irradiation method is an update version of previously developed 

software by J. Robar that identifies the crystal elements from the near layer side­

irradiation images [128]. 

Three distortion look-up-table (LUT) generation methods were tested in the irradiation 

image process. These methods were evaluated from the coincidence experiments. 

Detailed experiments are illustrated in 7.4.3. 

Coincidence image processing 
After LUT generation, the spectrum of a single crystal element can he analyzed. 

Coincidence back-projection images with different LUTs were evaluated in this function. 

Detailed results are shown in 7.4. 
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7.2 Crystal Irradiation Experiments 

Fig. 7.2 shows a mold for side irradiation experiments. The mold was built with a 

milling machine in the Machine Workshop of the Physics Department. After wrapping 

two layers of Teflon tape on the BOO crystal and the R7600-C12 PS-PMT, we can insert 

the crystal and the PMT into the mold precisely. 

Fig. 7.2. Plastic mold for side-irradiation and flood-irradiation experiments. 

7.2.1 Side-Irradiation Spectrum Analysis 

The crystal identification images (Fig. 7.3-A) were acquired by irradiating the crystal 

near layer with a collimated 680e source. An intensity profile (Fig. 7.3 - C) along the 

horizontal spline (Fig. 7.3-A) shows clear separation of the crystal elements. Fig. 7.3-B 

shows the image of the far layer with the same irradiation setup. Fig. 7.3-D displays the 

profile along the horizontal spline (Fig. 7.3-B). AIl crystal elements 10 x 10 in the near 

layer, and 9 x 9 in the far layer can he identified. The average peak to valley ratio ofnear 

layer is 4.3.1t is 2.1 for the far layer. 

Fig. 7.4 shows the summed energy spectra of crystal block's proximal (near) and distal 

(far) layers from side-irradiation, as weIl as the duallayers from flood irradiation with a 

680e source. The spectra of two crystal elements, one from the proximal layer (circle in 

Fig. 7.3-A) and the other from the distal layer (in Fig. 7.3-B) are shown in Fig. 7.5. The 
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relative energy resolution of the proximal layer element (FWHMlPeak) is about 27%. The 

relative energy resolution ofthe distal layer element is about 29%. 

In order to specify the spectra differences related to the proximal or distal layer in 

which the photon interaction occurred, the amplifier gains and PMT high voltages setting 

were kept the same during these experiments. 
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Fig. 7.3. These are BGO crystal side irradiation raw images and corresponding intensity profiles. 
The side irradiation is entering from the top ofthe image A and B. The near 20 image (A) shows 
that 1 Ox 1 0 crystal elements can be c1early identified. The far 20 image (B) shows that 9x9 crystal 
elements can be identified. The intensity profile (C) is from the horizontal spline in the near image 
(A). The lower intensity profile (0) is from the horizontal spline in the far image (B). 
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Fig. 7.4. These are the summed energy spectra over the entire near and far layer crystals (side 
irradiation) and ail dual layer crystals (front flood irradiation) with a 68Ge source. 
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Fig. 7.5. These are the energy spectra resulting from irradiating the proximal and distallayers for 
the two individual crystal elements with a 68Ge source. 

7.2.2 Crystal Performance Evaluation 

Side Irradiation Experiments 

A side irradiation method was applied to evaluate the performance of position and 

timing circuits. Fig. 7.6 illustrates the side irradiation setup. A 680e or l37es source was 

collimated by two lead bricks to irradiate only the near or far elements of the BOO crystal 

block for side irradiation experiments. 

Light 
enclosure 

14cm 

PS-PMT 

R7600-C12 

Fig. 7.6. A 68Ge or a 137Cs source was collimated by two lead bricks, mounted on a translation 
stage, to irradiate along the side of the BGO crystal block for side irradiation experiments. 

List mode data with 12 bits digitized (X-,:X+, r, and y+) were acquired to generate 2D 

images of the crystal arrays and energy spectra for crystal performance evaluation. 
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Fig. 7.7 shows the side-irradiation intensity images moving from step 0 (0 mm marked 

in Fig. 7.6) to step 21 (21 mm from the beginning). The images were acquired based on 

the same total counts during the experiments. 
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Fig. 7.7. Irradiation images resulting from moving a highly-collimated l37es source side 
irradiating a BGO crystal for crystal performance experiments. 

Two artifacts are revealed in the crystal performance evaluation experiments. First, 

there is an image distortion which is caused by the edge elements of the far layer. The cut 

crystal block has 10 x 10 elements in the near layer and (1/2 + 9 + 1/2) x (1/2 + 9 + 1/2) 

elements in the far layer. As can he seen in Fig. 7.7, the edge half-size crystal elements in 

the far layer could not he identified from the crystal irradiation images; furthermore, the se 

elements were even blurring the image of the edge elements in the near layer. Second, 

there is an image blurring which is caused by the uncut region connecting the near and far 

layers. This is shown in the images of "7 mm" and "8 mm" in Fig. 7.7. 

We concluded to add two more steps in crystal processing procedures to resolve the se 

two side effects. The first step is to remove all the edge crystal elements of the far layer. 

This must he done after encapsulating the near layer. The second step is to eliminate the 
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crystal uncut region. This can he done by cutting the crystal along the uncut-region with a 

thick diamond saw blade (l-mm thickness). Then we completely eliminated the uncut 

region and mirror-polished the cut surfaces (specular reflective fmish). 

Flood Irradiation Experiments 

Fig. 7.8 shows an initial result of a crystal identification image from flood irradiation 

with a 68Ge source. The middle uncut region of the crystal was intact during the 

experiments. 

In this image, the near layer elements can he clearly identified. As shown in Fig. 7.9, 

the distal elements can be accentuated by applying an energy-banding technique [128]. 

Because there is a near-far crystal overlap in the flood irradiation images, this will make it 

difficult to assess the depth of interaction information. 
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Fig. 7.8. This is the BGO crystal front-flood 
irradiation image with a 68Ge source. The 
relative energy threshold (as shown in Fig. 8) 
is arranged from 62 to 255. 
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Fig. 7.9. This is the BGO crystal front-flood 
irradiation image generated from the same list 
file as Fig. 7.8, but the relative energy 
threshold is banded from 62 to 94. 

The flood irradiation images in Fig. 7.10 and 7.11 were generated from the same BGO 

crystal. Before the uncut region was removed (Fig. 7.10), the irradiation image had a 

significant near-far element overlap. After eliminating the interconnecting uncut region 

(Fig. 7.11), crystal irradiation images clearly shows the crystal elements in the near and 

far layers, and the image overlaps between the near and far crystal elements were 

substantially reduced. 

- 97-



100 

200 

300 

400 

500 
100 200 300 400 500 

Fig. 7.10 This is a BGO crystal front-flood 
irradiation image with a 68Ge source. The 
hardware lower energy threshold is 150 keV. 
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Fig. 7.11. This crystal front-flood irradiation 
image from a same BGO crystal as in Fig. 
7.10, but after removing the uncut region. 

7.3 Evaluation Modular Detectors with Dual and Quadra­

PMT Schemes 

Modular detectors with either dual or quadra-PMTs have been investigated for our 

PEM-II and animal PET detectors. Timing circuits in the different modular schemes are 

similar - they are the summing CUITent signal from PMTs last dynode outputs. However, 

the position readout circuits are different. We designed and tested the front-end electronic 

circuits for both dual and quadra-PMT schemes in order to determine a suitable pattern 

for our modular detectors. 

7.3.1 Position Readout in the Dual-PMT Scheme 

Fig. 7.12 shows the position readout scheme with 1 x 2 PS-PMrs. In the circuit, the 

small resistors R2 directly connect the crossed anode readout resistor chains oftwo PMTs 

in both X and Y directions. The position readout circuit in this scheme is simplified to 

only four (X\ X-, Y\ Y) outputs. 

As can he seen from Fig. 7.12, the cross-anode readout resistor chain ofPMT-A in X 

(or Y) direction is seriaI connected with that of PMT-B. This setup will pro duce the 

irradiation image ofPMT-B offset with that ofPMr-A in both X and Y directions. The 

- 98-



irradiation image with this dual-PMT scheme is shown in Fig. 7.13. The physicallocation 

of the crystal elements can be specified by adjusting the image distortion look-up-table. 

R1 R1 R1 R1 R1 
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Fig. 7.12. Two PS-PMTs are combined together to build up a group for simplifying the front end 
analog circuits. AlI the RI resistors are 1000, R2 are 200 and R3 are 700. 
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Fig. 7.13. The side-irradiation image from the modular detector with dual-PMT scheme 
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7.3.2 Position Readout in the Quadra-PMT Scheme 

The schematic of the position readout electronic circuits with 2 x 2 PS-PMT scheme is 

shown in Fig. 7.14. Only the integrator circuits that integrate the current signaIs from the 

anode into voltage outputs (-XAB, +XAB, -XcD, +XcD, - YAC, +YAC, -YBD, +YBD) are 

shown in the schematic. 
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Fig. 7.14. This is the schematic of the modular detector design with 4 x 4 PS-PMT schemes. The 
resistor values of RI are 1000, R2 are 200 and R3 are 700. Only the integrators are shown in the 
schematic. 

One proposaI is to sum the integrator outputs 50 that the final position readouts have 

only four (X\ X-, Y\ Y-) outputs. The summing circuits will perform: 

x+ = (+XAB) + (+Xco) (7.1) 

X- = (-XAB) + (-XcD) (7.2) 

y+ = (+YAc) + (+YBD) 

y- = (-y AC) + (-YBD) 

(7.3) 

(7.4) 

Fig. 7.15 shows the side-irradiation image with 2 x 2 PMT scheme. Only the near layer 

crystals were side-irradiated and shown in the image. 
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Fig. 7.15. The side irradiation image from a modular detector with quadra PS-PMT schemes. The 
three elements missing in the right-bottom corner is due to the real broken crystal elements. 

Another proposaI is that aU eight positioning output signaIs were integrated, then 

digitized by analog-to-digital converter (ADC) circuits. These circuits are aU placed near 

the detector housing. Only digital signaIs will he buffered and transfer to main processing 

board, which could by placed far from the detector gantry. 

The foUowing equations were applied to locate the event's PS-PMT: 

PS-PMT A, 

PS-PMT B, 

PS-PMTC, 

PS-PMT D, 

if [E(XAB»E(Xco)]& [E(YAC»E(YBO)] 

if [E(XAB»E(Xco)]& [E(Y Ac)<E(Y BD)] 

if [E(XAB)<E(Xco)]& [E(YAC»E(YBO)] 

if [E(XAB)<E(Xco)]& [E(YAc)<E(YBO)] 

(7.5) 

(7.6) 

(7.7) 

(7.8) 

where E(XAB) is the sum result of digitized (+XAB) and (-XAB); E(Xco) is sum of digitized 

(+Xco) and (-Xco); E(YAc) is sum of digitized (+YAc) and (-YAc); E(YBO) is sum of 

digitized (+ y BO) and (-y BO)' 

The summing and comparison calculations could he performed by simply using CPLD 

in pipeline processing mode, or can he done by software calculations. 
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7.4 Spatial Resolution Measurements 

7.4.1 Distortion Look-Up-Table Generation 

A gamma ray interaction is located from a crystal element. The crystal distortion look­

up-table (LUT) converts the addresses (X, Y) of the gamma ray event into the array (row, 

column) ofthe crystal element. 
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C. Mark cross points in the center of "vaUeys". D. Generate look-up-table. 

Fig. 7.16. Crystallook-up-table generation. 
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Mode-A. Generate LUT only counts the Mode-B. Generate LUT counts both the "peak" 
"peak" regions. and the "valley" regions. 

Mode-C. Generate LUT with "fish-net" pattern. 

Fig. 7.17. Three modes LUTs for trials - A. LUT only counts the "peak" locations; B. LUT 
counts the "peaks" and "valleys", but they are assumed in different locations; C. LUT is generated 
in "fish-net" mode. The gray scale represents the element ID numbers (element 1, element 2, ... 
etc.). Each region of an crystal element has on gray degree (1,2,3, ... ). 

In Mode-A, the crystal element ID numbers are from 1 (the left-bottom corner crystal element), 
2 (next to 1 in the bottom row), 3, ... to 181 (the right-upper corner crystal element). The Mode-A 
LUT image is scaled from l(the lightest) to 181 (the darkest). As only the "hot-spots" were 
selected in the LUTl methods, the valley regions were assigned as "0". 

Similarly, in Mode-B, the crystal element ID numbers are from 1 (the left-bottom element) to 
361 (the right-upper element). The Mode-B LUT image is scaled from 1 (the lightest) to 361 (the 
darkest). In fish-net Mode-C, the crystal element ID numbers are from 1 to 181. The Mode-C 
LUT image is scaled from 1 to 181. 
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Three different modes ofLUTs have heen tested for our new detectors. Fig. 7.16 shows 

the procedures to generate LUTs. First, we acquire flood-irradiation list mode data and 

create 2D irradiation intensity image (Fig. 7.16 - A). The crystal elements exhihit as 

"peak" regions in the image. Then we draw spline along the "valleys" of these ''peak'' 

regions (Fig. 7.16 - B) with MATLAB spline function in MATLAB Spline Toolbox 

[161]. Next, we calculate the central position of the ''valleys'' (''x'' marks in Fig. 7.16 - C) 

and locate the spline crosses ("0" marks in Fig. 7.16 - C). Finally, we can generate 

different mode LUTs. Fig. 7.16 - D shows the "fish-net" mode LUT. 

Three different modes LUTs are shown in Fig. 7.17. Mode-A only counts the ''peak'' 

regions. This method can more accurately locate the crystal elements compared with 

mode B and C; however, it will he less efficient since the events that located in the 

"valley" regions will not he counted. Mode A and C locate total (10 x 10) + (9 x 9) 

elements. Mode B locates (19 x 19) elements - the peaks and valleys in mode B are 

considered as different elements. 

7.4.2 Crystal and PMT Setup for Coïncidence Experiments 

Coincidence experiments are setup hy aligning two prototype detectors facing each 

other 10 cm apart. Two 680e point sources (0.75 mm diameter) are located in the middle 

of the two detectors, which are 10 mm apart. Fig. 7.18 and 7.19 illustrate the mold that 

was huilt with milling machine in the Machine Workshop of the Physics Department. 

Fig. 7.18. This is the 3D mechanical drawing of the mold built for coincidence experiments. 
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Fig. 7.19. The plastic mold built by milling machine for coincidence experiments. 

7.4.3 Spatial Resolution Based on Different Distortion Look-Up­

Tables 

Fig. 7.20 shows the coincidence image that is generated from back-projecting the 

irradiation images from two opposite detectors. The coincidence image was created from 

the 256 x 256 irradiation images, without looking up distortion LUT. The high-voltage of 

the PS-PMTs was negative 850 volt; lower energy threshold (hardware) was about 150 

keV. The 3D-coincidence image displayed in Fig. 7.21. The image profile illustrated in 

Fig. 7.22, which shows the intrinsic image resolution of full width of half maximum 

(FWHM) about 1.8 mm. 
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Fig. 7.20. This is image coincidence image 
resulting from the experiment shown in Fig. 
7.17. 

Fig. 7.2l. This is 3D display of the 
coincidence image Fig. 7.18. 
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Fig. 7.22. The solid line of the plots is the image (Fig. 7.18) profile. The dash line is the Gaussian 
fitting result. The full width of half maximum (FWHM) measurement is calculated from the 
standard deviation of the Gaussian fitting curves. 

Fig. 7.23 shows the coincidence image that was created after applying LUT mode-A. 

Even though an irradiation intensity image has a matrix of256 x 256 pixels, after looking 

up distortion table, a gamma-ray event only faIls in a matrix of 10 x lOin the near layer 

and 9 x 9 in the far layer. So the coincidence image should he created in the image with 

19 x 19 bins. The spatial resolution with mode-A LUT is 1.86 mm, which is close to the 

intrinsic spatial resolution. 
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Fig. 7.23. The coincidence image by applying 
the LUT mode-A. 
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Fig. 7.24. This is 3D display of the 
coincidence image Fig. 7.23. 
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Fig. 7.25. The solid line of the plots is the image (Fig. 7.23) profile. The dash line is the Gaussian 
fitting result. 

The coincidence image by applying the mode-B LUT is displayed in Fig. 7.26. As can 

he seen in Fig. 7.17, both the "peak" and "valley" regions are counted as "elements". So 

the coincidence image can he displayed in 38 x 38 bins. Compared with mode-A results 

(Fig. 7.23 - 7.25), the images are more smooth. The efficiency in mode-B is higher than 

that in mode-A, but the spatial resolution in mode-B is degraded to 2.04 mm. 
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Fig. 7.26. The coincidence image by applying 
the LUT mode-B. 

Fig. 7.27. This is 3D display of the 
coincidence image Fig. 7.26. 
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Fig. 7.28. The solid line of the plots is the image (Fig. 7.26) profile. The dash line is the Gaussian 
fitting result. 

Fig. 7.29 shows the coincidence image that is created with "fish-net" LUT method 

(LUT mode-C). Since the crystal elements of 10 x lOin the near layer and 9 x 9 in the far 

layer can he located, the coincidence image is displayed in the 19 x 19 bins. Mode-B and 

C have same efficiency, both are higher than mode-A. The spatial resolution in mode-C is 

a little worse than mode-B. However, (10 x 10) + (9 x 9) = 181 elements are located in 

mode-C, compared with (19 x 19 = 361) elements located by mode-B. Mode-C will be 

time-efficient in image reconstruction process. 
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Fig. 7.29. The coincidence image by applying 
the LUT mode-Co 
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Fig. 7.30. This is 3D display of the 
coincidence image Fig. 7.29. 
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Fig. 7.31. The solid line of the plots is the image (Fig. 7.29) profile. The dash line is the Gaussian 
fitting result. 

7.4.4 Block Effect due to the Distortion Image Segmentation 

TABLE 7.1. COMPARISON OF METHODS OF CRYSTAL ELEMENTS SEGMENTATION 

Method Numbers of Segment #\ 
Spatial Block 

Resolution #2 Efficiency #3 

Intrinsic 256 x 256 = 65536 1.80 mm 76.6% 

LUTl: Rectangular Region: 
10x 10+9x9=181 1.86 mm 21.8 % 

Only Peaks (Hot Spots) 

LUT2: Rectangular Region: 
19x 19=361 2.04 mm 76.6% 

Peaks and Valleys 

LUT3: Fish-Net Region 10x 10+9x9=181 2.06 mm 76.6% 

#1 Numbers of the crystal segments in each detector are based on three different look-up-tables. 
#2 Spatial resolutions are measured from Guassian fitting results. 
#3 B10ck Efficiency = (counts chosen for coincidence) / (block total collected counts). The 
experimental hardware low-energy threshold was 150 keV. The digital data range of each channel 
was from 0 to 255. The total energy range was from 0 to 1023. The software low-energy threshold 
was 200 (about 300 keV); the software high-energy threshold was 1023. 
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Table 7.1 summarizes the spatial resolutions and block efficiencies based on different 

distortion look-up-tables. As can be seen, the intrinsic resolution is about 1.8 mm with 

efficiency of 76.6 %. After applying LUTI segmentation method, the resolution of the 

coincidence detector pairs is close to the intrinsic resolution, but the detecting efficiency 

is decreased dramatically. This efficiency degradation is caused by rejecting the 

coincidence valley-valley and valley-peak pairs from the two opposite detectors. The 

spatial resolutions in LUT2 and LUT3 methods are aImost the same; they also have the 

same efficiency. However, the positions of the fishnet segments are corresponding to the 

real locations of the crystal elements. This method also gives a clear and accurate crystal 

near-far layer depth-of-interaction information. 

By applying the fish-net segmentation method, the spatial resolution is degraded about 

14.4% compared with the intrinsic resolution. This degradation is mainly due to the block 

effect from the fish-net segmentation. 

Based on (1.7), the spatial resolution is affected by the block effect - the uncertainty in 

determining the event location by using the multiple elementlPMT decoding and the 

electronics decoding. In our design, the far layer crystal elements are decoded from 

reading the corresponding near layer elements. We also use position readout electronic 

circuit to decode the event position on PMT windows. According (1.7), we have: 

f INSTR = 
d ~ 2 2 2 ( )

~ 

"2 + (0.0022D ) + s + blNSTR (7.9) 

d - 2 2 2 ( )
~ 

"2 + (0.0022D ) + s + bpISHNET (7.10) 

Here, d = 2.1 mm, which is the width of the crystal element. D = 100 mm, which is the 

detector separation. f INSTR is the intrinsic resolution; ~STR is the block effect due to the 

near-far layer decoding and the electronics decoding. fFISHNET is the resolution resulting 

from applying the fishnet (LUT3) segmentation method; ~ISHNET is the block effect due 

to the near-far layer decoding, electronics decoding, and the fish-net segmentation. 
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From Table 7.1, we have: 

CNSTR = 1.80 mm, rFlSHNET = 2.06 mm 

So: 

b 2 2 
FISHNET = blNSTR + 1.0 

As: 

where bsEGMENT is the block effect due to the fish-net segmentation. 

So we have: 

bSEGMENT = 1.0 mm 

(7.11) 

(7.12) 

(7.13) 

(7.14) 

In conclusion, applying the distortion look-up-table to segment crystal elements will 

degrade the spatial reso lut ion. From (7.14), the segmentation of assigning one segment to 

one crystal element will degrade the spatial resolution about 1.0 mm. 

7.5 Intrinsic Timing Resolution Measurements 

Timing resolution of the PEM-II system was measured by general fast-slow 

coincidence technique. The experimental setup is as same as described in 3.2.2. Fig. 7.32 

is the measured PEM system timing resolution. By applying the new timing amplifier 

circuit, the system timing resolution is about 10.3 ns. 

100J0 

F'M1M = 10.3ns 

8000 

S 6000 

20 40 60 80 100 
Olannel 

Fig. 7.32. This is timing resolution results. The data channel of the Multichannel Analyzer is 
calibrated as 1.47 ns per channel. 
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7.6 Project Overview and the Significance of the Results 

7.6.1 Project Summary 

CUITent challenges in developing dedicated positron emission tomography systems for 

metabolic breast mammography and small animal are to achieve high spatial resolution 

and high efficiency. In nowadays technology, less than 2.0-mm spatial resolution is 

mandatory in developing a new PEM and animal PET instrument. Meanwhile, high 

efficiency is also essential in the system overall performance. 

In this project, we designed and developed prototype detectors by using position­

sensitive photomultiplier tubes and pixelated bismuth germanate (BOO) crystals with 

depth encoding scheme to detect and localize gamma rays. The following methods were 

applied in BOO crystal processes. 

1. Crystal cutting - We cut each crystal block with diamond saw into small elements 

of 2.1 mm x 2.1 mm (2.2 mm pitch) on two opposite faces. The elements on one 

face of the block offset by halfthe crystal pitch from those on the opposite face in 

both X and Y dimensions. The depths of two layers were 11.5 mm and 6.5 mm, 

respectively. The middle solid space between the two layers was 2 mm. With this 

crystal structure, one bit of depth-of-interaction can be located by identifying the 

layer in which gamma ray occurs. 

2. Crystal polishing - After cutting process, the cut surfaces of the crystal elements 

become very rough. These rough surfaces will degrade the crystallight collection. 

We used acid etching method to chemically polish the cut surfaces. 

3. Crystal encapsulating - After cutting and acid polishing processes, the crystal 

blocks become extremely fragile. We chose to encapsulate epoxy-compound 

mixture to coat the crystal elements. The epoxy-compound is opaque and high 

reflective. It will isolate the light photon transmitting to nearby elements, and also 

highly recover the light photon by the white-epoxy reflection. 

4. Crystal block separating - By evaluating the crystal irradiation images, we found 

that the edge elements of the crystal far layer cannot be identified; these elements 

can further cause image distortion. So these edge elements were removed after 

encapsulating the crystal near layer. We also found that the middle uncut region 

which connects the block near and far layers causes image blurring - the fur layer 
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crystal elements cannot he dearly identified, and there is significant near-far layer 

overlap in the flood irradiation images. We decided to eliminate this uncut region 

- the pseudo discrete crystal blocks were cut along the middle soIid space into two 

discrete segments. 

5. Crystal coupling - After eliminating the crystal uncut region, we mechanically 

polished the cut surfaces, and glued them together. Then the fmished two-layer 

discrete crystal blocks were optically coupled to the PS-PMT windows. 

The electronic circuits we designed and developed to readout the signal from PS-PMTs 

includes high-voltage dividers, anode resistor chains, position readout circuits, and last­

dynode timing circuits. We investigated a method of combining four PS-PMTs with 

simple r, X-, Y+, y- outputs to simplify the position recording. 

In order to optimize the electronics performance, we theoretically analyzed the position 

readout circuits. We fIfst discussed the signal-to-noise ratios in different position readout 

schemes. Then we examined the truncation and round-off errors by applying the Root­

Sum-Square analysis and the uniform distribution simulation methods. We gave the 

criteria on gain adjustment, and also inspected gain balanced adjustment issue. 

The detectors were constructed in the structure of arrays (two in the system) - modules 

(four in each array) - units (four in each module). The basic unit with one crystal and one 

PS-PMT was formed as field replaceable. Each module has its own position readout and 

timing trigger circuits. One module from a detector array can have coincidence with any 

module in the opposite detector array; the coincidences from different module pairs can 

he processed simultaneously. 

The list-mode data were acquired and analyzed with C and MATLAB. The coincidence 

data were examined with three different distortion look-up-tables. Our new prototype 

detectors have 1.8-mm intrinsic spatial resolutions. The timing resolution is about 10.3 ns. 

The proposed detector has a field-of-view of88 mm x 88 mm. 

7.6.2 Significance of the Results 

The crystal segmentation along the middle uncut region was firstly suggested by Dr. 

Thompson. It turned out to he a significant improvement in the crystal identification. 
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Previously, the crystal identification was based on side-irradiation distortion images (Fig. 

7.3). 1 was questioned by researches during the IEEE conference and criticized by paper 

reviewers on obtaining the distortion look-up-table based on the side-irradiation images. 

When 1 presented the flood irradiation result (Fig 4.7) in the later IEEE conference, the 

far layer of the crystal elements cannot be cIearly identified due to the image blurring 

caused by the middle uncut region. The dual-layer crystal structure was questioned 

whether it is working, even though we suggested the result could be improved if we 

eliminate the uncut region. One critique from the paper reviewer was that it would not 

improve but degrade the flood irradiation image if we eliminate that region, because the 

intact region actually facilitates the light photon transferring from the far layer, via the 

near layer, to the PMT window. This is based on that the index-of-refraction (IOR) of 

BGO is about 2.15, but the IOR of the optical coupling is about 1.47. So a significant 

amount of the light photons generated from the far layer will be bounced back without 

transmitting to the near layer. We agreed that the light bounced back could be a problem. 

It was uncIear during that time that whether we should eliminate the uncut region. So 1 

spent time in investigating mathematical methods to identify two-Iayer elements from 

image like Fig. 4.7. Overall results were not very satisfactory even though the technique 

like using banded energy window can improve identifying the far layer elements. 

It happened that we had two broken crystal segments. The segments were broke from a 

crystal block exactly along the uncut region during the cutting process. We eliminated the 

uncut region by using sand papers, polished the cut surfaces, and glue the two segments 

back with optical coupling. The flood irradiation image with this crystal block (Fig. 7.11) 

shows a remarkable improvement. After these experiments, we cut several crystal blocks 

with a relatively truck diamond saw blade to eliminate the middle uncut region. The 

irradiation images from these segmented crystals exhibited the results that the near-tàr 

layer crystal elements can be cIearly identified. 

Crystal processing is one of the crucial procedures in PET detector development. In 

chapter II, we presented sorne dedicated detector designs for small animal and metabolic 

breast imaging. Most of these designs, such as MicroPET [32], MicroPET II [66], 

MicroPET P4 [65], and Sherbrooke APD PET [122], constructed crystal block by gluing 
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individual crystal elements to fonn a large, discrete crystal array. The crystal block of 

these systems commonly has only one layer. 

In small animal PET and PEM study, the detecting diameter is relatively small 

compared with commercial whole body PET scanner. In order to achieve high spatial 

resolution, the crystal element normally has small elongation, like 10-mm. With oruy one 

layer crystal design, the system efficiency will he limited. In crystal large elongation 

design, depth-of-interaction information is mandatory in order to obtain high resolution. 

Our crystal block has two layer elements. The depth of the whole crystal block is 20-mm. 

As the far and near layer of the crystal elements have halfpitch offset, we can identify the 

two layer element according to their geometry. So we can obtain one bit of depth-of­

interaction information. Since each crystal layer has relatively short elongation, we can 

also achieve high spatial resolution. Overall, the system has high resolution and high 

efficiency perfonnances. 

Due to the processing difficulty, crystal with small dimensions and polished surfaces 

are relatively expensive. Constructing crystal block from individual elements is also time 

consuming. In our design, we pixelated the crystal by cutting a relatively large block into 

a dual-layer pseudo-discrete pattern. After acid etching and epoxy encapsulating, we cut 

the crystal into two separated layers. By polishing and gluing them together, we obtain a 

discrete dual-layer crystal array. This process turns out to he a time-efficient and cost­

effective crystal processing procedure. 

Avalanche photodiodes (APDs) instead of PMTs have heen employed in sorne small 

animal PET scanners. Like Sherbrooke APD PET, the technique of each small discrete 

crystal coupling to each APD element was used to achieve high spatial resolution. Due to 

coupling ratio between crystals and their readout is 1:1, the block effect is zero. In these 

designs, complex front-end circuits and parallel signal processing electronics were needed 

to read out signaIs from each individual unit. One disadvantage of using APD is that it 

has very a low gain (_102
) compared with a high PMT gain (_106

). A high-gain 

preamplifier circuit is needed to read out signal from an APD. So the signal-to-noise ratio 

in the front-end electronics could he an issue. Compared with PMT, the gain of APD is 

very temperature sensitive. The whole APD detectors should he in the precise 
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temperature controlled environment. Also at present, APDs are relatively expensive and 

fewer products available compared with PMTs. 

As described in the chapter II, sorne groups [80][85][87] have investigated and 

developed the multi-Iayer crystal pattern with phoswich design in their PET detectors. In 

these designs, a "delayed-charge-integration" (DCI) technique in the position electronics 

is applied to identify crystal layers. In our design, the different layer can be identified 

from one distortion look-up-table as the near and far layers are geometric offset. The 

position readout electronics is relatively simple compared with the DCI design. 

By using BGO scintillation crystal, we achieved a spatial resolution about 1.8 mm. In 

the latest IEEE medical imaging conference, our presentation demonstrated a very 

advanced result in BGO applications. Sorne systems, like MicroPET P4, reached near 1.0-

mm spatial resolution by using 1 mm x 1 mm x 10 mm individual LSO crystals. This 

indicates we will achieve both high spatial resolution and high efficiency by using small 

dimension, dual layer LSO crystal in the future development. 

7.7 Original Contribution and Future Work 

Positron ernission tomography development is a comprehensive field. My Ph.D. project 

is supervised by Dr. C. J. Thompson, cooperated with many collegers in the Research 

Computing Laboratory (RCL) of the Montreal Neurological Institute (MNI), and with 

help from many friends in the industries and academia across Canada and abroad. The 

Ph.D. project is based on the previous knowledge of PEM-I and ANIPET system 

developed by Dr. Thompson in MNI. Many works in my project were based on the 

previous theoretical and experimental results investigated in the Dr. Thompson's labo 

Many fundamental concepts in PET design, like crystal dual-layer structure, crystal 

cutting process, crystal acid etching solution and process, digital processing electronics, 

data readout and processing software, were alI weIl investigated and developed by Dr. 

Thompson et al. in the RCL ofMNI. 
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My contributions in the project inc1ude following several aspects. 

1. In electronics development: 

A method of combining four PS-PMTs with simple four X+, X-, Y, y- outputs 

was developed. This method was published in the IEEE Transaction on Nuc1ear 

Science (IEEE-TNS). The position readout and timing trigger circuits were designed 

and developed for the study. 

2. In theoretical analysis: 

A guideline on optimizing gain adjustment to the front-end position readout circuit 

was investigated and will be published in IEEE-TNS (paper was accepted). The 

truncation and round-off errors in the irradiation image processes were examined by 

applying the Root-Sum-Square analysis and the Uniformity Distribution methods. Oain 

balanced adjustment issue in the X+, X-, Y, y- analog signal channels were also 

investigated. 

3. In scintillation crystal processing: 

Crystal cutting pro cess was improved after consulting Mr. Eddie Campo in the 

Workshop of the Physics Department. Several polishing pro cesses were applied to 

mechanical polishing the segment cut surfaces. An effort was taken in understanding 

epoxy chemical properties and crystal encapsulating process. The ratio of the epoxy 

compound with white paste, the application of crystal release agent were investigated 

and tested in the crystal encapsulating process. Many experiments had been done 

regarding the uncut region elimination, crystal side-irradiation and flood irradiation. 

The irradiation image demonstrates that the dual-layer BOO crystal elements (with 2.2-

mm pitch) can be c1early identified. The intrinsic resolution of the system is about 1.8 

mm. These advanced results in BOO crystal applications were presented in the IEEE 

conference and published in IEEE-TNS. 

4. In imaging software processing: 

A software "ImgProc.m" on irradiation image spectrum and histogram analysis, 

crystal identification pro cess, and coincidence image process was programmed with 

MATLAB. Three different of distortion look-up-tables were examined. As a result, 

block effect due to the crystal segmentation was discussed. 
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To construct a prototype PEM-II system for clinical trials remams m future 

development. The front-end electronic circuits need to he tested and verified in the 

system. A large amount related software need to he developed for data acquisition and 

image reconstruction. 

It is crucial to extend the sensitive areas of PET detectors to their periphery in order to 

overcome the difficulty in imaging near the patient's chest wall. The new PS-PMT 

R7600-C12 has narrower peripheral dead region compared with PS-PMT R3900 which 

was used for PEM-I detector. The mechanical design for PEM-II detector enclosure 

should ensure the detector having small peripheral dead region. As the PMT envelope is 

in high voltage potential (negative 800 volts), safety issue in PMT packaging and 

operating should he taken in great concem. 

In Chapter VI, the position readout circuits are theoretically analyzed in order to 

optimize the performance ofthe front-end electronics. The truncation and round-off errors 

were discussed in the irradiation image process. This error analysis was not complete. It 

needs further work in mathematical modeling and software simulating to fully generalize 

and investigate on the noise issues. 

Block effect is the uncertainty in determining the event location caused by using PMTs 

decoding multiple crystal elements and using electronics decoding the position output 

from PMTs. Even though sorne PET systems use single crystal coupled to single APD 

element and combined with single electronics readout to eliminate the block effect, the 

overall designs are very complex. So the majority of the detector designs still use 

decoding technique. In Chapter VII-7.4.4, we brietly discussed the block effect issue. 

Dnly the block effect due to the distortion image segmentation was discussed. The more 

detailed block effect remains in the future for further investigation. 
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APPENDIX 

A. BGO Crystal Cutting Record (Original) 

Crystal ID: COI0726-02 
Date: JuI26-27,2001 
Operator: Nan Zhang 

1. 11.5mm Depth Cuts, Direction One 
Cut Steps Position Dial Rot Fine Dial Blades Blades Comments 

(mm) Counts Number Total Order 

Set Home 0.2 0 2.0 White 
1 st Cut 2.34 2 5.4 White 3 #8-#6-#7 
2011 Cut 8.64 6 8.4 White 3 #8-#6-#7 
3rd Cut 14.94 7 1.4 Red 3 #8-#6-#7 

Btades: #8: BO\0726-08, #6: BO\0726-06, #7: BOI0726-07 

II. 11.5mm Depth Cuts, Direction Two 
Cut Steps Position Dial Rot Fine Dial Blades Blades Comments 

(mm) Counts Number Number Order 

Set Home 0.2 0 2.0 White 
1 st Cut 2.34 2 5.4 White 3 #1-#4-#3 
2011 Cut 8.64 6 8.4 White 3 #1-#4-#3 
31"11 Cut 14.94 7 1.4 Red 3 #1-#4-#3 

Btades: #1: BOI0724-01, #4: BOl 0724-04, #3: BO\0724-03 

III. 7.5mm Depth Cuts, Direction One 
Cut Steps Position Dial Rot Fine Dial Blades Blades Comments 

(mm) Counts Number Number Order 

Set Home 0.2 0 2.0 White 
1 st Cut 1.30 1 5.0 Red 3 #8-#2-#7 
2nd Cut 7.60 6 8.0 Red 3 #8-#2-#7 
31"11 Cut 13.90 7 1.0 White 3 #8-#2-#7 
4th Cut 20.20 6 4.0 White 1 #8 

BIades: #8: BOI0726-08, #2: BO 1 0724-02, #7: BOI0726-07 

IV. 7.5mm Depth Cuts, Direction Two 
Cut Steps Position Dial Rot Fine Dial Blades Blades Comments 

(mm) Couots Number Number Order 

Set Home 0.2 0 2.0 White 
1 st Cut 1.30 1 5.0 Red 3 #8-#2-#7 
2nd Cut 7.60 6 8.0 Red ... #8-#2-#7 .J 

31"11 Cut 13.90 7 1.0 White ... #8-#2-#7 .J 

4th Cut 20.20 6 4.0 White 1 #7 
Btades: #8: BO\0726-08, #2: BO\0724-02, #7: BOI0726-07 
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B. The Encapsulating Record of Mixing Epoxy EPO-TEK 

301-2 with White Paste REN DW-0131 (Original) 

Balance Instruments: 
Lab Balance: Sartorius AG, type: AC 210S, Readability of 0.001 g. 

1. Epoxy EPO-TEK 301-2 two compounds mixture: 
Mix ratio of Part A and Part B: 100:35 Parts by Weight 

EPO-TEK 301-2 Mixture Record 

Weight Balance Read Mixed Ratio 
Epoxy Part A: 4.4821 100 
Epoxy Part B: 1.5779 35.20 

Experiment Mix Ratio of Part A and Part Bis: 100 : 35.20 

2. Epoxy and white paste mixture: 
Mix ratio of epoxy two parts components with white paste: 100:200 Parts by weight 

Mixture Record of White Paste REN DW-0131 with EPO-TEK 301-2 

Weight Balance Read Mixed Ratio 
Epoxy: 1.8539 100 
Paste: 3.7164 200.46 

3. Vacuum removing air bubbles processing 

Degas epoxy and white pigment mixture for 30 minutes in a vacuum chamber. 
Release the vacuum two times to break small air bubbles which fonned on the surface. 

Redo the degassing process each time for 10 minutes. 
Move out the epoxy and pigment mixture from vacuum chamber. Stand for another 10 

minutes to allow tiny unreleased air bubbles to dissolve into the solution. 
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C. Printed Circuit Broads of PMT Socket, Position Integrator, 

Fast Timing Readout, and Main Amplifier Buffer Circuits 

Top layer of the PMT socket 

•• •• • ...... .. . ....... ........ ... . .. ., -
~.::: ./ij!::'~' • ~ ~:::~ 
'7 '. . :"':.~ , '. . ...... .. .. ., "....... -... ., ""'...., "·····"',,ti ••• II> " <1 • \l< Il> 

Bottom layer of the PMT socket 

Top layer of the position readout circuit Bottom layer of the position readout circuit 
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Top layer of the main buffer circuit 

Bottom layer of the fast timing circuit 

Bottom layer of the main buffer circuit. 
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D. Crystal Identification Image Processing 

M-file Structure 

ST ARTUP.M (0) 

imgproc.m (1 )-------1 
imgproc_fig.m (2) 1 

imgproc _ fig.mat (3) 1 

1--- imgprofile yroc.m (4)--1 
1 imgprofile_fig.m (5) 1 

1 imgprofile_fig.mat (6) 1 

1 1--- specyroc.m (7)-------1 
1 1 spec_fig.m (8) 1 
1 1 spec _ fig.mat (9) 1 
1 1 1------- read _ block.m (10) 

1 1 1 
1 1--- engscayroc.m (1 1)-1 1 
1 1 engsca_fig.m (12) 1 1 
1 1 engsca _ fig.mat (13) 1 1 
1 1 1--- instJead.m (14)-- 1 
1 1 1 
1 1--- profile yroc.m (15)-- 1--------- 1 
1 profile _ fig.m (16) 1 

1 profile_fig.mat (17) 1 

1 1--- profileJines.m (18) 
1 1-- profile yoints.m (19) 

1 1 
1-- crystaltab yroc.m (20)--1 1 

crystaltab _ fig.m (21) 1 1 

crystaltab _ fig.mat (22) 1 1 

1--- proxdistyroc.m (23) 1 
1 proxdist_fig.m (24) 1 

1 proxdist_ fig. mat (25) 1 

1 1 
1--- crystalid yroc.m (26)--- 1----------1 
1 crystalid _ fig.m (27) 1 

1 crystalid _ fig.mat (28) 1 

1 1- crystalyrofile.m (29) 
1 markyoints.m (30) 
1 spline _ segs.m (31) 

1 
1--- crystalid_semiyroc.m (32) 

crystaIid_semUig.m (33) 
crystalid _seme fig.mat (34) 
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M-file Global Variable 

STARTUP.M (0) 

imgproc.m (1 ) 
global RESADC 
global HEADOFFSET 
global BLOCK SIZE 
global REC BYTE REC CH 
global LowEngGate 
global SPECXYSIZE SPECENGSIZE SPECBIN 
global INSTSIZE INSTSCALE 

imgproc_fig.m (2) 
imgproc_fig.mat (3) 

imgprofile '-proc.m (4) 
global SpecListMat 
global EngScaSel 
global ProfileSel 

imgprofile _ fig.m (5) 
imgprofile _ fig. mat (6) 

spec '-proc.m (7) 
global LowEngGate 
global SpecListMat 
global SaveXY SaveEng 

spec _fig.m (8) 
spec_fig.mat (9) 

read _ block.m (10) 
global RESADC 
global BLOCK_SIZE REC CH 

engsca '-proc.m (11) 
global LowEngGate 
global EngScaSel 
global SaveScal SaveSca2 SaveSca3 SaveSca4 SaveSca5 

SaveSca6 

engsca_fig.m (12) 
engsca_fig.mat (13) 

inst read.m (14) 
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global BLOCK SIZE 
global HEADOFFSET 
global REC BYTE 
global INSTSIZE INSTSCALE 

profile-proc.rn (15) 
global LowEngGate 
global SPECENGSIZE 
global INSTSIZE 
global ProfileSel 
global ImgProf XRowMat YRowMat XColMat YcolMat 
global RowLineHdl ColLineHdl 

profile _ fig.rn (16) 
pro file_fig. mat (17) 

profile_Iines.rn (18) 
global INSTSIZE 
global ProfileSel 
global ImgProf XRowMat YRowMat XColMat YcolMat 
global RowLineHdl ColLineHdl 

profile-points.rn (19) 
global INSTSIZE 

crystaltab -proc.rn (20) 
global INSTSIZE 
global ProxDistSel 
global CrystIDSel 
global CIDSemiSel 
global SumProx SumDist 

crystaltab _ fig.rn (21) 
crystahab _ fig. mat (22) 

proxdist-proc.m (23) 
global INSTSIZE 
global ProxDistSel ProxDistMark 
global SideImgl SideImg2 SideImg3 SideImg4 SumProx SumDist 
global ImgProf 

proxdist_fig.m (24) 
proxdist _ fig.mat (25) 

crystalid -proc.m (26) 
global INSTSIZE 
global CrystIDSel 
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global SumProx SumDist 
global ProfileHdl 
global XCrossMark YcrossMark 
global HdlMarkProx HdlMarkDist 
global XFishNet YFishNet NetCrossX NetCrossY 
global HdlNetProx HdlNetDist 

crystalid _ fig.m (27) 
crystalid_fig.mat (28) 

crystatprofile.m (29) 
global INSTSIZE 
global SumProx 
global ProfileHdl 

mark --'points.m (30) 
global INSTSIZE 

spline_segs.m (31) 
global XCrossMark YcrossMark 
global HdlMarkProx HdlMarkDist 
global XFishNet YFishNet NetCrossX NetCrossY 
global HdlNetProx HdlNetDist 

crystalid _ semi--'proc.m (32) 
global CIDSemiSel 
global INSTSIZE 
global SumProx SumDist 
global XProxLine YproxLine 
global HdlProxLineProx HdlProxLineDist 
global XDistLine YdistLine 
global HdlDistLineProx HdlDistLineDist 
global XFishNet YFishNet NetCrossX NetCrossY 
global HdlNetProx HdlNetDist 

crystalid_semi_fig.m (33) 
crystalid_semi_fig.mat (34) 
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Array structure 

• Very confusing MATLAB coordinate system 
Locations in an image are expressed in two different coordinate systems in MATLAB 

software. One is '"the pixel coordinate system"; another is '"the spatial coordinate system". 

In the pixel coordinate system, image is treated as a grid of discrete elements, orders 

from top to bottom and left to right. For pixel coordinates, the fIfst component r (the row) 

increases downward, while the second component c (the column) increases to the right. 

Pixel coordinates are integer values and range between 1 and the length of the row or 

column. 

The really confusing difference is largely a matter of convention: the order of the 

horizontal and vertical components is reversed in the notation for these two systems. Pixel 

coordinates are expressed as (r, c), while spatial coordinates are expressed as (x. y). 

• Cross mark locations and their display handles - XCrossMark, 
YCrossMark, HdlMarkProx, HdlMarkProx 

They are aIl combined by 20 column vectors. Each vector has Il scalars which 

represents Il cross points. The vector structure of row cross points (from row profile 

lines) is kept the same as that of column cross points (from column profile lines). 

XCrossMark(:, 1: 10) represents row cross points (from row profile lines). 

XCrossMark(:, Il :20) represents column cross points (from column profile lines). 

The initial values ofthese arrays are: 

XCrossMark = zeros(11, 20); 
YCrossMark = zeros( Il, 20); 

HdlMarkProx = zeros(ll, 20); 
HdIMarkDist = zeros( Il, 20); 

• Fish-Net lines - XFishNet, YFishNet 
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Total 20 fish-net lines (row direction) form the crystal identification look up table. Each 

fish-net has 12 (2 * INSTSIZE) elements. So XFishNet, YFishNet have 20 vectors, which 

represents 20 f!Sh-net lines. 

The Initial values of XFishNet, YFishNet are: 

XFishNet = zeros(20, 2 * INSTSIZE); 
YFishNet = zeros(20, 2 * INSTSIZE); 

• Fish-Net display handles - HdlNetProx, HdlNetDist 
Each fish-net is combined with 20 line segments handles. For fish-net line number 

#num, HdlNetProx( #num, 1 :20) represents 20 continues line handles which generated by 

MATLAB "line" function. 

The initial values are: 

HdlNetProx = zeros(20, 20); 
HdlNetDist = zeros(20, 20); 

• Fish-Net "net cross points" - NetCrossJ<, NetCross Y 
Each line in fish-net has 21 points which are jointed with other lines. Or we can say 

each line is combined with 20 line segments, so still we have total 21 cross points. The 

locations of these cross points are represented as NetCrossX, NetCross Y. For line 

number #num, vector NetCrossX( #num, 1 :21) records 21 X coordinates of cross points. 

NetCross Y (#num, 1 :21) records 21 Y coordinated of cross points. 

The initial value are: 

NetCrossX = zeros(20, 21); 
NetCrossY= zeros(20, 21); 

• Proximal layer picked splines - XProxLine, YProxLine 
The proximaVdistallayers display handles: HdlProxLineProx HdlProxLineDist 

The Distal layer picked splines - XDistLine. YDistLine 

The proximaVdistallayers display handles: HdlDistLineProx HdlDistLineDist 

The proximal/distal layer picked splines will display in the both proximal and distal 

layers. The display positions are same, but they have different display handles. 
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There are Il row and Il column lines from proximal image. There are 10 row and 10 

column lines for distal image. Each line corresponds the valley of the crystal elements. 

Each spline has 2 *INSTSIZE elements with one display handle in the proximal layer and 

one display handle in the distal layer. 

The initial values are: 

XProxLine = zeros(22, 2* INSTSIZE); 
YProxLine = zeros(22, 2*INSTSIZE); 

HdlProxLineProx = zeros(l, 22); 
HdlProxLineDist = zeros( l, 22); 

XDistLine = zeros(20, 2* INSTSIZE); 
YDistLine = zeros(20, 2* INSTSIZE); 

HdlDistLineProx = zeros( l, 20); 
HdlDistLineDist = zeros( l, 20); 
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