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McGU University 
Abstract 
A Simple Technique to Improve the Linehty and Field-of-view of Crossed 
Anode Wire Position Sensitive Photomultiplier Tubes 

by Raymond Lecours Clancy 

Supervisor: Professor C. J. Thompson 
Department of Medical Physics 

Crossed anode wire position sensitive photomultiplier tubes ( P S - P m )  detect t ie  
location of a Light source and provide the X and Y coordinates of the events. 
These coordinates are typicaiiy generated using Anger logic, where a resistor chin 
divides the current flow into nvo signals for each coordïnate (X+, X- & Y+, Y-). 
In the standard readout, idenacal resistor values are used across the entire resistor 
chain. While this arrangement provides a linear readout in the centrai portion of 
the photomultiplier lace, the readout is non-linear and someames even double 
valued near the edges of the PS-PMT due to the crunation of the charge beyond 
the last anode wire. To counter this effect, we have inaeased the value of the 
resistance near the ends of each resistor chah in order to compensate for the 
charge lost beyond the anode wires. ~Measurements were made using a 
Hamamatsu R-3941 PS-PLMT coupled to a pixellatcd BGO matris of cut crystais 
with a 2 mm pitch in each direction. Afier changing the end resistoo, the usable 
field-o f-view increased by 39%. This simple modi ficaaon should enhance the 
operation of PS-PlWs in application such as positron emission marnrnography, 
and s m d  animal PET imaging. 



Université McGiii 
Résumé 
Une méthode simple pour améliorer la linéarité et le champ de vue de tubes 
photomultiplicatews sensibles a la position. 

par Raymond Lecours Clancy 

Superviseur: Professeur C. J. Thompson 
Département de Physique Médical 

Les tubes photomultiplicateurs sensibles à la position sont capables de 
déterminer la position d'une source de lumière et de générer les coordonnées de 
l'évènement selon les axes X et Y. Ces coordonnées sont typiquement générées 
en utilisant la méthode Anger, où une chaîne de résistances divise les courants 
produits sur les anodes en deux signaus pour chacune des coordonnées O(+, X- et 
Y+, Y-). Des résistances idenaques sont habituellement utiiisées dans la chaîne. 
Bien que cette méthode fournisse une lecture de position linéaire dans la partie 
centrale dri TPM, Ia mesure devient non-linéaire, et même non-univoque, à 
l'approche de la périphérie de la photocathode. Afin de corriger cet effet, nous 
proposons d'augmenter la valeur des résistances placées a u  esuémités de la 
chaîne de résistance pour compenser la perte de charges au-delà des derniers hls 
de l'anode. Des essais ont été effectués avec un tube R-3941 de la compagnie 
Hamamatsu et une matrice de cristau.. de BGO ayant une séparation de 2 mm 
dans chaque direction. En changeant les deux résistances aux extrémités de 
chaque zxe du TPM, le champ de vue augmente de 39%. Cette simple 
modification pourrait améliorer la perfomance des TPM de position dans 
plusieurs applications comme, par exemple, en mammographie par émission de 
positron ou dans les systèmes de tomographie d'émission par positrons pour 
petits animau. 
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INTRODUCTION 

Over 1 0  Canadian women ate diagnosed with breast cancer each year [Il. 

Consequentiy, research efforts to improve the eifectveness of diagnostic 

equipment used in the diagnoses and treatment of this disease have taken on 

speaal importance. One of the most exciting and promising curent areas of 

research in this field is the development of a low-cost high-resolution hnctionai 

imaging sys tem: posihan emiznon mammogr@& (PJZhi) [2,3,4]. 

PELM systems use photomultiplier tubes coupled to scintillation crystals in order 

to convert gamma rays into an elecmcai signai. These gamma rays are the result 

of positron annihiiaaon events occurring within the patient's body. PEM systems 

can differentiate between cancerous and benign sites in the breast because of the 

preferentiai uptake of an injected positron emitting radiopharrnaceutical, such as 

2- [ '*~- f /11oni -2-deo~-D~/~~0se  (FDG) b y active cancerous celis [5,6]. This 

phenomenon aiiows PEM to capture a functional image of cellular metabolism. 

Mammography, the standard breast cancer imaging system, produces very high- 

resolution structurai images of the tissue density within the breast Unfomnately, 

when this method is used to idena+ a possible tumor, it produces a high rate of 

fdse-positive diagnoses. Diagnoses arc then foiiowed by needle biopsies of the 

suspiuous sites and subsequent anaiysis to determine whether sites are benign or 

cancerous. 

in order to reduce the number of unnecessary needle biopsies, a PLM system 

developed a t  the Motttnai Ne~m/ogia/ Infitute (MNT) is being used in conjunction 



with a standard marnmography system. The mammogram provides structurai 

information regarding the density of breast tissue, while PEM offen hnctional 

informaaon about the rnetabolic uptake of an ïnjected radiophamiaceuticai. It is 

hoped that the combined information gathered from a marnmogram and a PEM 

scan will significantly reduce the need for needle biopsy procedures while aiding 

in the assessment of chemotherapy outcome m. It mas also significantly irnprove 

the information available to oncologists in their treaanent planning. Therefore, 

PEM holds the potenaal to significandy irnprove the lives of Canadian women 

and their f a d e s .  

Maxirnizing the field-of-view of the detectors of the L W - P E M  system is a crucial 

step in ma.sirnizing the system's ability to ~ffectively identie cancerous breast 

m o r s .  In PEM, the dead space surrounding the poni'zon ~en~1tiuephotomrdh;bker hrbe 

(PS-PMT) iimits the ability of the PEiM system to detect turnors located near the 

chest w d .  The greater the dead space surrounding the detector the furcher away 

the useful imaging field is from the chest w d .  As wili be demonstrated in this 

thesis, modifications to the readout of PS-PLMTs c m  significantly reduce this 

dead-space and thereby facilitate the detection of cancerous m o r s  located near 

the chest w d .  

This thesis describes a technique that c m  be appiied to PS-PMT anode wire 

resistive chaics L? order to increase the field-of-view and the linearity of the 

readout Nthough this technique is simple, it is of criacai importance in 

maximizing the LMNI-PEU system's abiiity to identify cancerous tumors and 

reduce the number of unnecessary needle biopsies perforrned each year. In order 

to facilitate undcrstanding this technique, the physical laws goveming the 

behaviour of photomultiplier tubes and sorne readouc methods currendy used to 

determine the P S - P m  event positioning will be descrîbed. 



C h a p r e r  1 

GAMMA RAY DETECTION 

Gnmma rays (y-rays) are high-energy photons wïth wavelengrhs shorter than 

10-"m. Tney are difficult to observe because of their high energy. Detectors 

corn bining inorganic scintiiiation cqstals and photomuluplier cubes were 

developed to make it possible to observe y-rays.  muc ch work has gone into the 

development of both scintillation crystals and photomultiplier tubes. These rwo 

are used together to capture y-rays and convert them into usefiil information in 

various fields induding medical irnaging [8,9], astronomy [l O], oiI weil logging [Ill  

and nuclear radiaaon contamination detection [12,13]. In order to ma.vimize the 

rate of interactions with y-rays, scintiiiaaon matends must be veq dense. They 

must al50 produce a signal that is accurate and easily adaptable for use with 

standard metilods of electronic data collection. 

In this chapter, we will focus on y-ray detection developments for medical 

imaging applications such as po.rhvrr enlrzn'on tomograplg (PET) and nirgle photon 

emisRon coqûufed tumogqûly (SPECT). However, these developments equdy apply 

to other fields. 

1.1 Scintillation Crystals 

Scintillacion cxysrals play a cniaal role in the detection of gamma ray energy. 

They are the first line of contact with the incorning high-energy photons. They 

must capture the incident photons and efficiendy convert them into lower energ). 

photons capable of being easily detected by a photodetector. 



Scintiiiation crystals produce luminescence when they interact with suffiaently 

high energy photons. Scintiiiators convert energy deposited by ionizing radiation 

into Iower energy photons as they interact within the material. Most cornrnonlv 

used scintillaaon crystds produce photons in the upper visible and uitravioIet 

spectra. 

Effective scintiüation crystal materiais must possess a number of characteristics. 

They must have a high energy-sonversion efficiency. They must have a short 

decay ame constant and have a high densiq in order to stop photons in the 

shortest distance possible. They must convert the energy of the incorning gamma 

ray into photons of hequencies that correspond to those that the photodetector is 

rnos t sensiave. 

1.1.1 Photon Matter htwachon 

As high-energy photons enter scindation crystals they interact with the crystal 

material and often produce photons of lower energy. High energy gamma rays 

such as chose found in PET and SPECT imaging typically have two principal 

modes of i n t e r a c ~ g  with the santiilation crystal: photoelecmc interactions and 

Compton scatter. 

Photoe/echit Eflect 

Aiben Einstein won the Nobel Pnze for his pioneering work on the photoelectric 

effect in 1921. He developed a formula (see equaaon(1)) relacing the energy of a 

photon (E,=hv) smking a material, to the energy @.) of the resulting escaping 

electrons. 



The photon provides the energy necessary ro overcome the binding energy or 

work function (@ of the materiai and die rest of the impaired energy remains with 

the electrons. This causes the release of electrons fiom the atom. The loss of the 

clectrons and creaaon of correspondmg holes eievates the atom to an esated 

state. In order for the atom to r e m  to ia preferred ground state, an electron 

from a higher enetgy sheli fïlls the hole. This causes the release of  a nurnber of 

photons with a combined energy hv, which corresponds to the difference of 

energy bctween the electron shds. 

Compton Scattenitg 

There is a finite probability for each materiai that the incident photons will 

interact with free electrons in the scindiation medium, As these interact, the 

photon impam part of its momentum and energy to the elecaon. Figure 1 shows 

the result of  such an interaction. 

Incident photon Free elecuon 

1 Scartcred photon 

A photon wîth energy, EY = hv interacting with a free electron 

fraction of its energy to the electron. As a resulh the photon will have a lower 

5 



frequency V' and d l  impan kinetic energy, KE to the elecuon [14]. Equauon(2) 

describes this kinetic energy. 

The interaction benveen the photon and the electron wïli also cause a deflection 

of both the photon ana the electron. Knowing the initiai photon energy, Ey and 

the angle of deflection 0, the kineac energy (FE) cm also be described by 

equation(3) 

where a is defined as, 

Sirnilarly, the energy of the resultant photon afier a Compton scattering 

interaction with a deflection angle of 0 is described by equation(5). 



Linear Attenuation 

Di fferent scintiüators have di fferent probabilines of interacting with photons. For 

a given incident photon Bus, @(s) the absorption of flux by the scintillaaon 

crystai is proportional to the photon £lus itself. The abilicy of pdcular  materials 

to attenuate the energy of the incoming photons is determined by the 

proporüonality constant which is also h o w n  as the linear attenuaaon coef6cïent, 

p found in equation(6). 

Solving the differentiai equation(6) produces a hc t ion  r e i a ~ g  the attenuated 

flux afier reaching distance, s within a material with a Linear attenuation 

coefficient (see equaaon(7)). 

The iinear attenuation constant is proportional to the atomic nurnber of the 

materid as well as to its densiry. For gamma ray irnaging purposes p is related to 

the probability of a photoelecmc interaction and the probability of Compton 

scattering. 

1.1 -2 Characten'~iic.r ofScïntïi'~ation Cgcrfah 

Over the years, many scintiiiaaon crystals have been discovered with a wide range 

of properties. Table 1 contains a List of several commoniy used scintiüation 

crystals in the medical imaging field dong wi th some of their charactens tics. 



BGO 

(Bi~Ge30 I 2) 

GSO 

YAP 

LSO 

Table 1 Properties of  some cornmoniy used scintillator crystals.[l5,16,17,18] 

Scintiiiation pulse output size is one of  the most important characteristics of a 

scintillation c q s d .  It determines the detecaon sensicivit). that can be attained. 

Crystals such as Nd and Ndw) produce very high numbers of  photons per 

interaction. Unfortwiately, these materiais are hygroscopic which makes them 

difficult to handle. Special precautions are required in order to prevent hem 



frorn interacting with the hurnidity in the air. Othenvise, the crystal will yeUow 

which will degrade i a  e fficiency significantly. 

BGO (BLGe3012) is a popular choice for many PET systems. In fact most PET 

systerns built today use BGO as their scintiiiation material [19,î0]. Nthough the 

output pulse height from BGO is not nearly as high as that produced by orher 

materials, in high density and large photodectrjc fraction more dian make up for 

this shortcoming. The high density of BGO dows  thinner crysals to be used for 

photon detecaon and therefore reduces the uncenainty in determining the point 

of interaction within the crystal. This improves the irnaging performance of PET 

systems [21]. 

The decay t h e  constant of a material is the rate at which the scincillaaon tight 

from a photon interaction decreases. At very high count-rates or input flus levels, 

when the de. time constant is large, the crystal may sd i  be producing 

luminescence from a previous event when another event occurs. This 

ovedapping of scintiiiation light makes it very difficult to differentiate between 

events. Seinallators with shorter ame constants are therefore better suited for 

high count rate applications. Certain appiications, such as time-of-fight PET, 

actuaiiy require significantly s horter decay time constants. Scintiiiators like BaFz 

have decay thne constants of only bOOps, which make thern ideal for this 

application. 

Scindation crystals provide an efficient method to convert high-energy 7-rays 

into Iower energ). photons. However, the energy of these new photons must stili 

be measured and made available to a data acquisition system ready to process 

thousands of events per second. The photomultiplier tube is the key to th is  

process. 



1.2 Photomultiplier Tubes 

P~otornu~tr;b~m T .  ( P m )  are photon sensing devices that were hrst devdoped 

in the late 1930's [22]. These devices are able to convert Lght photons into an 

electncai curent proportional to the power of the incident radiation. Today 

PMTs are the photodetector of choice in gamma cameras and PET scanners. 

Coupled with scintillator cryscals such as those discussed in section 1.1, they are 

able to detect high-energy gamma rays and X-rays in order to form high quality 

images, wfiich in tum aid d-rs and radiologists in diagnosing pathology. The 

potential of alternative detecton such as cliatged colqhd dmtez (CCD) and avahmile 

photodiades (APD) [23,24,25] has been explored. However, none have seriously 

chdenged the o v d  performance of PMTs. 

Photomultiplier tubes are devices that make use of some fùndamental physical 

principles in order to convert and ampliSr photon radiation into electric charge. 

The process of convemng photon radiation into electfic charge can be drscribed 

by a series of equations. Understanding the developmenr of these fundamental 

equaaons not oniy helps us to understand the imer working of the PMT, but c m  

also give us ïnsight into mechods that might take Ç d  advantage of the potential of 

the PlW. The foliowing section will describe the physical construction as wd as 

elucidate the physical concepts that govem the fwictioning of PhlTs. 

1.2.1 PM T Shctztn 

The structure of a PMT is relatively simple. It is a smaii compact device without 

any moving parts, designed to convert photon energy into electric charge. The 

photons enter the PMT via a transparent window and are converted by the 

photocathode into photoelectrons. Then the photoelectrons emitted by the 

photocathode are accelerated towards the h s t  dynode stage by a large applied 

elecuic field. As the photoelectxons coUide sith the dynode they interact with the 

dynode material and cause the release of a large nurnber of electrons. As a result, 



there are an even greater number of photoelectrons e x i ~ g  the dynode than there 

were entering ir This charge multiplication is repeated with each successive 

dynode stage und the phoroeiectron doud reaches the anode that coiiecrs the 

charge for the tube readout electronics. 

3 
VACUUM 

INCIDENT PHOTONS 1 

I& *NODE 

\ 1 L A 

FOCUSING ELECïRODE LAST DYNODE 
DYNODE STAGES 

F ï r c  2 Cross scnion of a photomultipficr. 

The photoelectrons generated by the photocarhode are accelerated by a potential 

voltage towards the k t  in a senes of dynode stages. This high potential voltage 

is applied between the photofathode and the anode. The voltage can range 

between IOM)VDC and 3 0 0 0 ~ ~ ~  [12] dependmg on the type of PMT and the 

particular application. The dynode stages are set to some fraction of the voltage 

s e p a r a ~ g  the anode and the photocathode. In order to accelerate as many 

photoelectrons fiom the preceding stage towards the nest one, each dynode is 

kept at a higher potential voltage than the previous stage. This is most simply 

accomplished by using a dynode resistor chain as shown in Figure 3. A chah of 

equal valued resistoa creates a constant drop in potenaal between adjacent 

resistor nodes. W dynodes are electrïcaiiy tied to the appropriate resistor chah 

node c r e a ~ g  a constant increase in dynode potenaai voltage. 
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Dynode stages are designed to increase the photoelectron charge by a certain 

factor and direct the resultïng charge towards the nest dynode. As the charge is 

multipiied by successive identical dynoàe stages, the PMT c m  achieve a 

surptisingiy high gain. Defining the gain of the i" dynode stage, as 6 



where np is the number of pcimary photoelectrons reaching the dynode, and ns is 

the number of secondary electrons produced as a result cf the dynode stage. This 

g m  is deterrnined by the interdynode voltage (V) and by the dynode material and 

geometry, which set the value of K- Typical dynode material and configurations 

result in K's between 0.7 and 0.8 [12]. 

A P m  with N dynode stages will have a gain (G) of, 

If the high voltage is divided equaiiy beween aii of the dynodes, the gain 

becomes, 

(1 1) 

where K is a constant and Vrrr is the hjgh voltage appIied to the tube. Typical 

13 



general purpose PMTs have 8 to 12 stages [11,12]. PMI' gain is therefore very 

sensitive to fluctuations of the bigh voltage. High voltage supply settings ranging 

from 8ûûVDC to 13ûûVDC can resuit in an overall P m  gain of - 1 CF. 

1.2.2 Photoenrihion 

PLMT functioning relies on the photoelecmc effect. Photons entering the PMT 

smke the photocathode material, lire then absorbed, and as a consequence release 

a number of electrons. Photocathode matends are specificdy chosen for their 

particuiar work function ($) characterisaa. Materials possessing lower valued 

work h c t i o n s  d o w  photons with longer wavelengths, and therefore lower 

energies, to excite electrons and permit them to escape. A PMT uith a lower 

work function c m  therefore detect much lower energy photons. 

Photoemission can be divided into three main subprocesses: 

a* Photon absorption. 
** Electron diffusion. 
** Eiectron escape. 

The first of these, photon absorption, describes the initial interaction berneen the 

incident photon and the photocathode matenal. ïhe  flux absorbed @P(V~X) at a 

particular distance, s fiom the surface of the photocathode can be dcscnbed by 

where a(v) is the absorption coefficient of the photocathode material (typically 

-1Pcm-' [15J) and T(s) is a function which describes the effects of reflection and 



transmission at the boundaries of the photocathode. For thicker photocathodes 

T(x)+l and absorption foliows an exponenaai law. 

where @&,O) is the incident flus on the surface of the photocathode and r(v) is 

the reflection coefficient ac the input surface. As the photons interact with the 

photocathode materiai, a portion of the photon energy causes photoelectron 

generaaon. The creation of photoelectrons is proportional to the decrease in flus 

(@P(v)) such that, 

where n is the totai nurnber of photoelectrons generated and is the fraction of 

atsorbed photons which excite electrons. 

According to equation(l4), thicker photocathodes have a far greater probability of 

photoelectron creaaon. However, once the photons have been absorbed, the 

ernitted photoelectrons must have sufficient energy to diffuse through the 

material and still have enough energy to escape from the surface of the material to 

the vacuum. As photoelectrons diffuse across the photocathode material to the 

surface of the vacuum, they are dnerable  to interactions wich other fke  

elecaons. These interactions will decrease the overaii energy available to the 

photoelectrons and make it difficuit for them to escape. In merals, there are 

mmy electrons in the conducaon band. Interactions with "free" electrons occur 

frequently and cause a loss of energy. For metals, typical escape depths are 



iimited to a few angstrorns (-1O-'Om) [I 1). However, in serniconductors the 

conduction band is virtuaily ernpty. This pemiits electrons to mvel greater 

distances between interactions. Escape depths in semiconductors are cypicallp 

tens of microns (- 1 07m) [26,27j. 

I 
1 

1 1 

l 

Metal i Vacuum Semiconductor i Vacuum 

Finally, elecaons at the surface of the vacuum must have suffiuent energy to 

cross the surface barrîer. This work function is dependent on the material type. 

Figure 4 compares the conducaon bands of metals and semiconductors. In order 

to be able to escape and reach the vacuum, the photoelectron must have a 

minimum threshold of energy (+r). Figure 4 shows that for metais the 

therrnionic work funcuon (@) and the work funcrion are identicai. 
p p p p p p p p p p - - - - - - - -  

- - - - - - - - 

e m = Q = E o - E F  
(1 5 )  

The incident photons musc ïmpart suffiuent energy to the electrons in order to 

overcome the potential barrier. This wiii happen only for fiequencies that satise 



2 k. For typicd metais the work b c t i o n  is greater than 3 eV, whereas M 
h 

rnetals as a group have lower thresholds (-2 eV) [lq. 

Semiconductors must overcome an even greater barrier. The photoemission 

threshold is defined by equaaon (16). 

Potenaal barriers of this kind are in the 5-6 eV range, which impiics that only 

wavelengths shorter than -300 nm can be detected. However, using 

semiconductor materials that are p-doped c m  reduce the energy threshold to 

-1 eV [lq. 

1 .Z.3 Secondary Entisnon 

Secondary emission of electrons is ver).. similar to the photoemission process 

descnbed eariier with the notable difference that now electrons instead of 

photons are exciting other electrons in thermal equilibrium into a vacuum. Like 

photoemission, s econdq  emission c m  also be broken down into three main 

sub topics: 

ee Primary electrons absorption. 
ee Electron diffusion. 
ee Secondary electron escape. 

As with the photocathode, the thicker the dynode material the greater the 

likeiihood of the pr i rnq  elecuons excitulg secondq  electrons. However, the 

grcater the depth at which this occurs from the material surface the more iikelv 

thesc secondary electrons are to lose energy through electron-electron scattering. 



Only secondary electrons with energy that is high enough to overcome the 

potential barrier at the surface of the material can reach the vacuum. 

The average depth R, at which a primary electron w-iU penetrate in cornmody 

used dynode materials before interacting bas been found to Vary as: 

where R is the penetration depth (cm), p is the material density &/cm3) and EP is 

the energy of the primq electron &eV) [15]. Thc loss of energy in p i i m q  

electrons has also been approximated for energies less than 10 keV to be 

The loss of energy dE/ds is proportionai to the nurnber of  seconda^ electrons 

ns created. 

Combining cquaaon(l7) and equation(l8) we have 



where ns is the number of fiee secondary electrons, & is the average energy 

required to generate a single electron-hoIe pair. The doser the free electrons are 

to the vacuum surface the geater their probability of escape. However, the 

higher the initial energy of the primary electron the greater the depth of 

interaction and the greater the nurnber of fiee dectrons produced. This implies 

that at low primary electron energies there will be low secondq emission ratio 

(6) which will increase with Ep to a certain optimal energy, afier which the ratio 

will steadily decrease. S d a r  to photocathode rnaterials, semiconductors have a 

marked advantage over rneds bccause of the relativeiy long mean fiee path of 

electrons in the conduction band. 

1.2.4 Anode 

The roIe of the anode is to coUect the impinging electron cloud as efficiently and 

as distomon fiee as possible. In its simplest form, the anode is a coiiector of aii of 

the charge disserninated by the cathode and each of the successive dynode stages. 

It must faithfbiiy transfer the resulting signai to the tube readout electrontcs. The 

anode must be capable of producing a signal that is proportional to the charge 

deposited on the anode regardless of the photoelectron rate. 

7 2 5 Pon'tron Sennsicle Photomt,/hplier Tzilier 

General-purpose PMTs have a single anode coiiector and so can ody  provide an 

aggregate signal of ail of the impinging photoelectrons. The tube carmot identi* 

the actual location of the photon interaction with the photocathode. In fact, great 

effort is put into the design of PMTs to ensure that the anode signal is 

independent of the originaang point on the photocarhode [lj]. VC'hile this is 

adequate for many applications, the desire for higher resolution photon imaging 

necessitated the development of new photodetector types. Efforts were made to 

modiSf existing PMT designs to aiiow them to distinguish photocathode 

interaction locations across the photocathodc [28,29]. Adding muI tiple srnail 



anodes within an essentially normal PMT improved the spatial resolution 

dramarically while st i l i  mainiaining the high energy resolution of standard P m s .  

Consequently, a speaalized category of PMT was developed capable of locating 

the point of interaction of the photon on the photocathode. 

Podion-zensititc photom~lSph~ tnbe~ (PS-PMîs) as they became known, are very 

similar to their general-purpose PiMT cousins. They possess essenadiy the same 

structure: a photocathode, several dynode amplification stages, and an anode 

stage. The main difference is in the construction of that anode stage. Instead of 

the simple anode collector, PS-PiMiS are constructed using complex anodes with 

several independent outputs which c a q  information about the photon 

interaction location on the photocathode. 

PS-PMTs rely on the propagation of the photoelecuon cloud through the 

dynodes in a narrow- column from the photocathode interaction location to the 

pomon of the anode direcdg below it. Careful intemal PMT elecmc field design 

c m  maintain a aght and constant mapping between the photoelecuon original 

location and the anode charge collection location. The electric field musc also be 

designed such that the propagation deiay across the PS-PIMT usable surface area is 

nearly cons tant. 

There are two major categories of PS-Phïïs: the crossed-anode wire PS-PLMT and 

the multi-anode PS-PMT. Each anode type has a particular set of advantages and 

disadvantages assouated with iq but al1 possess the abili- to resolve event 

location within the P i W  which general plupose PMTs sirnply cannot do. 

Though significantly diffcrent from general purpose PlMTs, these devices have 

retained many of the escellenc qualiaes associated with their more standard 

cousins, narnely: high energy resolution, high quantum effiaency and ease of use. 



Multi-Anode PS-PMTs 

Muiti-anode PS-PiWs as their name implies are conswcted with multiple 

anodes, fomiing a grid. Each anode operates as though it were the singuiar anode 

fiom a generai purpose PMT. The charge that each anode captures is from 

photoelectrons that were generated by a smaii pomon of the photocathode 

directiy above that particular anode. There is an output connecuon to the outside 

of the tube for each anode. The anode elements have an isolated impedance 

matched conneccion to the readout electronics, which provide an elecuical signai 

that is proportional to the fraction of the photoelectron charge that reaches each 

individuai anode. In this way, the multi-anode PS-PiW creates a grid of signais 

representing the photon charge reaching the photocathode area direcdy above 

each muiti-anode element 

The Philips Photonics Company has developed a commercial version of the 

multi-anode wire PS- PL^ the XP-1700 family of multi-anode tubes- The tubes 

are constructed with 64 or 96 anodes depending on the model. They use a 

dynode construction technique that minimizes the cross talk behveen adjacent 

anodes. This has been characterked to be less than 10% across adjacent anodes 

[30,31]. The Philips design uses micro-channels that ''funnel" the second- 

elecaons down to their respective anodes [31]. This method produces 

phcnomenally low cross-talk while stiii maintaining a high gain (-1W at 1000~). 

Unfortunately, the construction of micro-channel PS-PMT.s require a substantial 

arnount of space surrounding the photocathode for structural support of the tube. 

This large dead space makes it unsuitable for applications that require the direct 

coupling of scintillation crystals with severai PS-PIMTs in dose formation. 

Medical imaging applications such as PET and SPECT [32,33] require the very 

dose packing of their scinallation c-srals which in general make it impossible to 

directly couple the crystals to the multi-anode wire PS-PMT. However, as WU be 



discussed in section $2.1, successfd designs based on the use of light pipes and 

multi-anode wire PS-PMTs have been developed [30,34]. 

The complexity of the readout of the relatively Iarge number of outputs fiom a 

multi-anode wire PS-PMT can be reduced substantiaiiy. Making use of a passive 

centroiding circuit, as few as four analog outputs are required [31,35]. In addition, 

the inter-anode gain variations of the PS-PlW cm be minimized by the use of a 

software lookup map 1301. Although multi-anode aire PS-PMTs remain relatively 

costiy when compared to their single anode counterparts, some have pointed out 

chat the cost per anode can be considcred to be quite modest [31]. 

C m e d  Anode iVire P H M  TJ 

A second variety of PS-PMTs is the crossed anode wire PS-PMT. This detector 

type is based on commonly found PMTs with a highly modified anode structure. 

In order to protide the spatial coordinates of the electron cloud, the anode is 

made up of several wires extending in the s and y-mes. Figure 5 shows a view of 

the Hamamatsu R-3941 crossed anode P S - P m  anode structure [36]. A series of 

anode wires estend across the s-asis of the PS-PiMT with a pitch of 3.75 mm 

whiie a similar series of anode wires estend across the y-axis with a pitch of 

3.70 mm. The anodes fiom each as is  provide a profile of the electron doud 

produced by the photon interaction with the photocathode. '- centroiding 

readout approach is commonly applied to this t)pe of PS-PMT. Using a resistor 

chain, the centroid of the charge distribution for each zxis cm be determined with 

ody w o  readout channels per &S. 



Fiprc 5 D u p m  rcprcscnting thc înodc structure 
from a IIammtsu  R-3911 crosscd mode uuc 
PS-PXfT [36J. ïhc snodc rcsistor chain for both 
thc x and y-axcs un bc scm as wcil 3s the 
posiüoning cquîtion. 

The major drawback of the crossed anode wire PS-PMT is the high signal cross- 

tak b e ~ e e n  anode wires. The charge spread from one 511 keV gamma ray 

interaction with a scintiilator crystal has been found to span more than 8 of the 18 

s-axis anode wkes of a Hamamatsu PS-PMI' [37,38,39]. However, the 

disnibution of the electron charge has also been characterized as highly Gaussian 

in fom [37,40]. This explains in part the excellent spatial resolution achieved in 

the cenaal portion of the photocathode using crossed anode wire PS-PMTs wlth 

an anode resistor chain readout. 

Crossed-anode wire PS-PMTs have greater inter anode cross taik than mula- 

anode PS-PlWs because of their dynode structure. Multi-anode PS-PMTs such 

as the Philips XP-1722 use a compact multi-channel d p o d e  [271. This type of 

dynode "funnels" the electrons very effiüently and directly towards the anode 

array. However, the main disadvanmge of dus type of dynode is that oniy a smaii 



usable area surrounded by a relativeiy large dead space c m  be constructed. 

Crossed anode wire PS-PMTs such as the Hamamatsu R-3941 [11,36] on the 

other hand use a more open "venetian blind" style of dynode constmction. This 

style of dynode has significant inter anode wire cross calk, However, larger 

photocarhode areas with reiatively iittle surrounding dead space are possible. 

The Hamamatsu R-3941 crossed anode wire PS-PMT is a 73 mrnx73 mm 

detector with 18 s-asis anodes and 16 y-axis anodes. It has an effective 

photocathode area of 60 rnm~5S mm [36,41,42]. This gives the I)S-PiMT a very 

high packing ratio which makes it  suitable for direct coupling to santillation 

crystal in a tight imaging formation of the sort used in PET irnaging [33,34,43]. 

1.3 Summary 

Gamma ray detection is an integral part of many medical imaging devices as weii 

as many astronomical observation stations. It c m  be seen that the combination 

of the high density and high photdecmc hct ion of certain qsta l  types such as 

NaIW), BGO and LSO when combined with photomultiplier cubes function 

rogetber with remarkable efficiently in order to convert high energy photons into 

an elecmcal signal which can be recorded by standard data acquisiaon techniques. 

New crystal scintillators ~ 4 t h  remarkable properties are becoming available. 

Scintillators with light level outputs that were never thought possible are being 

discovered. New cqstal surface ueatments are masimizing the iigh t throughput 

of the crystal. Similady, PMI' research is producing better photocathodes and 

dynode materiais. New position sensiave PMTs with Iower cross-talk and higher 

packing fractions are being developed. 

PMTs are cxceiient low energ photodetectors. They lend themselves CO a 

remarkable number of applications. The simplicity of their design has aiiowed 



researchers to develop new PiMT crystd combinations, light sharing, PS-PIMTs to 

create remarkable detectors. As wdi be seen in the foiiowing chapters, the 

devdopment of various block detectors and position sensitive PMTs make them 

ideal for applications in diverse fields. 



POSITION SENSITIVE PHOTOMULTIPLIER TUBE BASED 
GAMMA-RAY BLOCK DETECTORS 

Standard photomultiplier tubes used in PET scanners are typically arranged in 

functionai groups of several PLMTs sharing light fiom a scintillation q s t a i  array 

[44,45,46,47]. An algorithm is then applied to the resulting signals fiom the 

PiMTs in order to determine the parricular crystal with which the gamma ray 

interacted. These block detector arrangements aliow the use of a s m d  nurnber of 

PMTs to correctly determine the event location from within a much larger 

number of scintillation cqstals. 

PS-PMT technology has been successhliy- applied to the developmenr of new 

gamma-ray block detecton [43,48]. Due to their higher spatial resolution, PS- 

PiMT based blocb can be coupled to scintiiiation cqstal arrays with very srnail 

elements. These block detectors can therefore be used to more accurately 

determine the gamma-ray interaction location. Section s1.2.5 descrïbed crossed 

anode wire and mulu anode wire PS-PhlTs. These two types of PS-PMTs 

possess significandy different characteristics that determine the possible block 

detector arrangements. This chapter d focus on the development of two PS- 

PMT based PET block detectors, one using crossed anode wire PS-PMTs and the 

other using multi-anode PS-PMI's. 

2.1 UCLA mkroPET Detector 

A new and innovative block detector has been developed at C'CLA for use in 

their mimPET system 134,491. The mimPET system is a dedicated s m d  animai 

imaging system. Figure 6 shows the gantry of the mimPET system. It has a full 



17.2cm diameter ring of  LSO scintillation crystals with an opening large enough 

to d o w  small primate brain imaging. In order to design the system, they 

developed an innovative, compact and relatively inexpensive detector. 

S. 1.1 Detecior Pe fomance Charorienitix 

Figure 7 shows the mionPET detector configuration. Ir is based on the Philips 

XP-1722 - - - - - -  muiti-chagnel PS- PL^ J31L _This _microzchênael plare YLMT -haâ 

extremely low cross talk. Charme1 neighbours have a cross talk of  l e s ~  than 5% 

[30], which makes the detector an excellent candidate for very high-resolution 

measurement applications. The o v e d  signal current gain is comparable to 

standard PS-PMTs. However, the gain variation from charme1 to channel on any 

given device can bc as high as a factor of 3 1 ,  and 2:l between adjacent elements 



[30]. Despite this drawback, the esceiient cross-raik properties of the tube make it 

an excellent candidate for PET block detectors. 

I'ïgurc' 7 ~~-TvPL=I'  dctcctor asscmbly, including a 

Phillips multi channcl PS-PMT, an array of 8x8 
ISO cqstais conncctcd togcthcr by a mavlx of 
fibcr optic ublc .  

One serious problem Wth the Philips multi-channel PS-PMT in hrll ring PET 

block detector configurations is the large dead-space given up in the outer 

periphery of the tube, which is necessary to maintain structural integrity. A 

photocathode sensitive area of 33 rnrn~33 mm combïned uith a PS-PhlT 

package outer diameter of 80 mm precludes the possibility of directly coupling the 

scintillation crystal and srdl  maintaining a high packmg fraction. In order to 

overcome this, the UCLA group chose to couple a 64 element, 8 x 8 array 

scintillatoc to the Philips tube via a 25cm long array of double dad optical fiben. 

By coupiing the crystal array at a distance, the dead-space surrounding the 

sensitive area of the tube is no longer a factor constraining the compactness of 

the scintillation crystal ~ g .  

The major disadvantage of using optical fiber is that the crystal-fiber optical 

coupiing is very inefficient. Much of the scintiliation iight is lost at the entrance 

of the fiber. Only approximately 30% of the süncillation Light produced actuaily 



reaches the photocathode [34]. To ovexcome this problem, designers upgraded 

the original BGO based scintillator to an LSO based crystal block, which 

produces more than 10 times the arnount of light per event 

I:@rc 8 AfimPET dctcctor flood sourcc rcsponsc. 

O 4 8 12 16 
Source position (mm) 

Fïg'urc 9 Coinadcncc rcsults bctwccn two 
microP1,'I' dctcctors. 



The Philips XP-1722 provides an 8x8 array of anode outputs. These could be 

digirized individually. However, the cost wouid be prohibitive. Instead, the 

U C U  group has opted for a charge division readout scheme [34]. 

The £inal block detector's performance is impressive. Figure 8 shows the very 

low cross-talk benveen adjacent anode elements of the Philips XP-1722. Even 

with the loss of light due to the 250 mm length of fiber opric cable between the 

LSO crysds and the multi-anode PS-PMT, the energy resolutiori is still 35%. 

Sidarly, as c m  be seen in Figure 9, th2 FWHM for coincidence measurements 

benveen w o  mrEmPET detectors is only 1.58 mm. 

2.1.2 Summary 

The UCLA microPET block detector made use of the Phiiiips XP-1722 muiti- 

anode PS-PMTs. By coupling the crysral array to the PS-PMI' via some 25cm 

fiber opac cables, designers were able to use several block detectors in order to 

form a very aght ring suitable for imaging s m d  animais. 



shouling a modificd mammography 
mapification stqc. with w o  PEM block 
dctcctocs. 

2.2 MM-PEM Detector 

Our team, led by Dr. C. J. Thompson, has experimented with BGO block 

detecton for use in pon'fron emisson mamnzogr@~ (PEiM). The ~Mom'tra/ l\~e~im/ogria/ 

In~titztte PEM @Ni-PEiM) project was developed in an effort to create a low-cost 

dedicated positron emission imaging system to be used in conjunction with 

conventional s-ray mamrnography techniques. The work described in this thesis 

is based on research carried out whiie developing block detectors used for the 

MNI-PEM pro ject. 

The hct ional  images fiom a PET-like system such as the IMNI-PEM sptem 

with injecced FDG have been shown capable of easily identifving m o r s  wich 

diameters of 10 mm [50]. These images can be used to monitor the progress of 



chemotherapy, or  to determine the success of a surgical procedure to remove 

cancerous assue. However, the initiai motivaaon for developing the M M - P M  

system was to aid in the early detection of cancerous breast Iesions. 

Traditional x-ray marnmography offers a spaaal resolution significantly higher 

than that found in any other inaging modalic). used in cancer detection. 

However, it suffers fiorn a high rate of fdse-positive detection, This leads to a 

Iarge nurnber of unnecessary needle biopsy procedures in order to veri@ the state 

of the breast mass. The PEM project hopes to reduce the nurnber of unnecessary 

biopsy procedures by applying the funcrional informaaon gained toward 

differentia~g benveen benign and cancerous masses in the breas~ 

The MNI-PELM scanner is designed for use in conjunction with a regular s-ray 

mamrnography system. Both an s-ray Lnarnmogram and a PEM scan are 

perfomed during the same session. Figure 10 shows the original MNI-PLV 

protorype scanner. This unit consists of txo block detectors placed directly 

opposite one another. The Iower detector is placed under the breast inside the s- 

ray mamrnography magnification bos (seen in Figure IO), while the upper 

detector is just above the upper breast-compression plate. In this way, the M M -  

PEM image c m  easily be co-registered with the mamrnogram. 



Figurc ! 1 XCNI-PEXl block dctcctor 
composcd o f  3 1 Immatsu R-3941 crosscd 
anode uirc PS-PhlT couplcd to a Tcflon- 
wmpycd BGO scincillauon crystal. Ttic 
figure shows only onc of  four BGO crysds 
attachcd couplcd to thc PS-PXrr. 

Each detector is composed of four piseiiated 36 mmx36 mm><20 mm BGO 

blocks opticdy coupled to a Hamamatsu R-3941 crossed mode wire PS-Pm. 

Figure 11 shows a detector coupled to a sùigie Teflon-wrapped BGO scintillation 

crystal block in the center of the photocathode. The location of the gamma-ray 

interaction is determined using an Anger logic readout which will be discussed in 

more detail in section 93.2.1. 

The L W - P E M  detectors use a novel scintillaror crystal arrangement Instead of 

being composed of a large array of s m d  BGO crystlls Lidividudy polished and 

wrapped in Teflon, the MNI-PEM detectors use large solid blocks of EGO 

(36 rnmx36 mmx20 mm) which are then partially cut into s m d  elemena 



F ' i r c  12 Cut block of BGO uscd with thc 
MNI-PEN scanncr. 

intercomected at the center of the block. Figure 12 shows one such BGO block 

with partial cuts in both the x direction and the y direction only cutting 7.5 mm 

deep on the top side (dosest to the breast) of the block and 11.5 mm on the 

bortom side (dosest to the PS-PL- of the block. The depth of the cuts are 

offset in order to maintain an equal probability of 5 1 1 keV interaction with the 

top and bottom sides of the BGO block [Z]. 

The cuts were made on 2 mm centers in both the x-axis and y-auis, creating 

1.9 rnrn~l.9 mm crystal elements with a 0.1 mm separation becween the elements. 

The MNI-PM BGO block were cut such as to offset the top side array and the 

bottom side array by exactiy one half crystal Ge. 1 mm) in each direction. This 

doubles the effective sarnpling of the crystals without weakening the structurai 

integrity of the crystal. It dso makes it possible to differentiate between near and 

far q s t a l  event interaction locations, provïding depth of interaction information. 



After being cut into wo offset arrays the block must be etched in order to 

maximize the light coiiection efficiency. A special acid mixture was developed 

[SI] to etch away the rough pomons of the aystai, leaving behind a smooth 

polished surface. The whole block is then coated wirh a white epoxy mixture, 

which once hardened, p!ays the dual role of protecting the fragile ctystals and of 

providing optical isolation. 

The Hamamatsu R-3941 crossed anode wire PS-PLW tube is a 73x73 mm square 

tube with 18 s-axk anodes and 16 y-axis anodes. With 12 dynode gain stages and 

a ma,uimum operathg voltage of 1.3kV it has a typical gain of - 1 CF [12]. The AC 

coupled last dynode stage provides an early mggering signal for the signal 

processing electronics. 

The R-3941 crossed-anode wire PS-PMT was chosen because of its large fieid-of- 

view (60 mm x 55 mm) and relatively small dead space. In order to ensure the 

success of the iMNI-PLV projecq the detectors have to be able to image a large 

portion of the breast, and more importandy be able to capture images very near 

the chest wall. Mulà-anode PS-PMTs such as the Philips XP-1722 used in the 

n z i d E T  have smaii sensitive photocathode areas with a very large dead space 

surrounding the photomultiplier cube. Although a fiber optic arrangement allows 

considerable flexibility in the placement of the scintillation crystals, the resulting 

loss of light reduces the energy resolution of the detector. 

2.2.2 Petfornatice 

The combinauon of smali BGO scindlation crystai element size and the spatial 

resolution of the Hamamatsu R-3941 PS-PMT resulted in the LMNI-PfiM 

detectors having a reconstructed resolution of 2.05 mm FMHiM [41]. This is far 

better than the -4 mm resoluaon which c m  be achieved in current PET scanners - 

1521. A series of three lookup tables are used to determine the effiâency of each 



crystal element [42]. Using a S e - m G a  flood source the average BGO crystal 

element energy resolution was found to be 35% [41], 

2 3  Summary 

The UCLh mimPET detector and the &NI-PEM detectors take fidi advantage of 

the characteristics of both multi-anode and crossed anode wire PS-Phfi's. The 

low cross taik of the multi-anode PS-PhlT make it very adaptable. However, 

speual attention must be paid to the large dead-space surrounding the smalI active 

area of the tube. Crossed anode wire PS-PMTs have a much smaiier dead-space 

and a relatively large acave photocathode area which makes them exceilent 

candidates for applications which require direct coupling of large scintillation 

crystais. Unfortunately, the charge fiom each photocathode event spreads across 

many anode wires. Both of these PS-PiMT styles can therefore be used in order 

to create high pe-forrnance block detectors that greatly outperform standard 

Pm-based PET block detectors. However, great care must be taken when 

s e l e c ~ g  the most appropriate PS-PLMT type for a particular application. 



CROSSED-ANODE WRE POSITION SENSITTVE 
PHOTOMULTIPLlER TLTBE READOUT 

Crossed anode wire PS-PhlTs have gready espanded the role of PiMTs. They 

have been found usefd in such diverse applications as breast irnaging, small 

animai irnaging and gamma ray detectors for nuclear faciliaes [3,7,49,53]. This is 

due in part to th& compact design, high reiiability, and their excelient spatial 

resolution. Advances such as these were made possible because of the additionai 

iriforrnaaon carried bg the numerous anodes of a PS-PMT that are not present in 

standard PiMTs. Unfortunately, the large number of anodes in PS-Phïïs aiso 

increases the arnount of data to be captured and processed by the readout 

electronics. This c m  require processing the data off-line as weU as using a large 

data s torage sys tem. 

Standard PlWs with their single anode require at most a single electronic readout 

channel per photomulaplier tube- PS-PMTs on the other hand typicaiiy have 

fiom 16 to 96 individual anodes [31]. Having a readout channel for each 

individual anode wouid be prohibitively costly. Also, the arnount of data to be 

transferred and processed in order to forrn an image would be enormous. As a 

result, PS-PLMT readout methods have been developed to preprocess as much of 

the infomation corning fkom the anode wires as possible. This rninimizes the 

cost and complexity of the coilection of data without significantly compromising 

the spatid resolution of the detector. 



This chapter d iiiutrrate some of the more common readout methods used for 

crossed anode wire PS-PMTs as well as describe some recent work which may 

eventuaily provide more efficient and accurate positioning resuits. 

3.1 Anode Charge Diibut ion 

Crossed anode wire PS-PMTs idedy should behave just Like a dose packed array 

of standard single anode PMTs with th& anodes connected together across each 

axis. This arrangement would resuit in minimal cross rallr benween each PMI'. 

However, in reaiity the electron doud reachuig the anode wires of crossed anode 

wire PS-PMTs has a pronounced spread across several anode wires. The 

photoelecaic charge captured by anode wires neighbouring the anode wire 

Iocated under a particular photocathode event is signiticant. Cross tak in most 

applications reduces the effectiveness of the detector. However, knowledge of 

the charge disaibution obtained using crossed anode wire PS-PMTs c m  be used 

to simpli$ their readout while maintaining accurate data collection. 

Esperiments have been carried out a t t e m p ~ g  to characterize the charge 

dismbution captured by the a n d e  wires of a crossed anode wire PS-PMT [37,38, 

39,401. Esposing small opticdy isolated scintiiiation crystals coupled to the face 

of a PS-PMT to a gamma-ray source, the charge from each anode wire was 

captured and anaiyted. As c m  be seen fiom Figure 13, the charge spread is 

s jmemca l  about the photocathode event location with an approsimately 

Gaussian shape. 
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Fijprc 13 CharF sprcad distribution upmrcd 
using a sin&- 3 mmxlO mmx3G mm EGO crystd 
o p t i d y  couplcd to a f lmamarsu R-3941 PS-PXTS. 
;\ Gaussian curvc with 3 m n n  of 10.8 and a 
standard dcviation of 1.67 has bccn fincd to thc 
capturcd aoodc wirc chnrgc distribution (371. 

Many PS-PMT readout methods have taken advantage of the known charge 

dismbuaon presented by the many anode wires of chc PS-PMT. The 

photoelectron cloud captured by several anodes can be combined mathemaacaliy 

in order to rake advantage of this disaibution. D o h g  so reduces the overail 

complexity of the readout elcctronics and simplifies the processing required for 

imaging applications 

3.2 Centroid Based Readouts 

The anodes of a crossed anode wire PS-PMT capture a profile of  the 

photoelectric charge reaching each &S. Centroid based rcadouts take advanmge 

of the symrnemcal distribution of charge about the point of ougin of the 



photoeiectrons on the photocathode. The charge frorn each anode wire is used 

to determine the centroid of charge and hence the point of interaction of the 

photon with the photocathode. 

Centroid based readouts of crossed anode wire PS-PhTTs rdy on a syrnmemcal 

disoibution of photoelectsic charge across several anode wires and that 

photoeiecmc events do not occur concurrently. If these criteria are saasfied, the 

centroid based readoucs provide a very simple and accurate way to acquire 

position and energy information €rom photon interactions with the photocathode. 

3.2.1 Anger Logic 

T h e  tirse centroid based PMT readouts were developed for gamma cameras in the 

late 1950's [54]. These y-ray imaging systems are composed of a large scindation 

cqstal opticallV coupled to severai PMTs in a dose-packed formation. To 

sirnpliq the readout of the large nurnber of PLWS in the gamma camera, an 

analog centroiding technique was developed. This technique becarne b o w n  as 

Anger logic. 



Fiprc  14 Simplificd schcmatic of a crosscd ancuic 
wirc PS-PXfT ;\ngcr lopc rcsistor chah rcdout 
schcmc with chargc intcgmting amplifies. 

Crossed anode wire PS-PMTs can be adapted to take advantage of the sirnplicity 

of the h g e r  logic readout. Like the gamma camera, PS-PMTs have a large 

number of anodes. The anode wires fiom each asis c m  be connected together 

wïth an equal valued resistivc chain to fom an analog centroiding nenvork such 

as that shown in Figure 14. The four output signals O(+, X-, Y+, Y-) contain the 

posiaonïng information and the energy level of the event captured by the PS- 

RMT. The Cartesian coordinates, X & Y, of the y-ray interacaon are deterxnined 

using equaaons (21) and (22), 



whiie the energy, E of the event is gïve by equaaon (23). 

E=X++Xd+Y'+Y- 

h g e r  logic resistor chain readouts greatiy simpli@ the readout of PS-PLMTs. A 

Hamamatsu R-3941 P S - P m  with 18 x-axis anodes and 16 y-axïs anodes only 

requires four analog channels in order to determine the event energy and position. 

Those four channels produce positioning iinearity of events in the centrai pomon 

of the photocathode that is remarkably high. Spatial resolution of less than 1 mm 

is typical [5 51. 

Centroid based calculations cannot correctly identify the location of multiple 

sïmdtaneous events or multiple interaction events (e-g. a Compton interaction 

followed by a photoelectric event). These events must therefore be discarded. 

Using analog or sofouare based energy thresholds, unusudy high or lou? energy 

readings corresponding to multiple overlapping events, or Compton events c m  

be discarded. However, this iirnits the effectiveness of centroid based readouts at 

high count rates since a sigiificant pomon of y-ray event must be discarded. 

T h e  linearity and accuracy of the Anger logic readout is very high in the central 

poL-tion of the photocathode. However, at the periphery of the tube the 

positioning calcuiaaon degrades significantiy. This is due to the asymmemcal 

photoelectric charge distribution that results from the truncation of charge that 



estends beyond the end anode wires. The field-of-view and lineariq of Anger 

Iogic is therefore reduced. Modified Anger logic readouts have been developed in 

order to extend the field-of-view and linear region of centroid based crossed 

anode wire PS-PLMT readouts. 

3.2.2 Active Segmented Anger Logic 

Crossed-anode PS-PMTs using h g e r  logic type readouts as mentioned above 

have exceuent readout Linearitj- in the centrai portion of the photocathode. 

However, this linearity quickly degrades for scintillation events located near the 

penphery of the tube. In many applications such as SPECT imaging, a band of 

lead obscures a ring of scindation q s t a i  around the penphery of the detector. 

This prevents Anger logic edge distomons fiom degrading the linearity of the 

readout near the edge of the detecror f561. This approach, though costly in rems 

of lost sànàllator surface area, does make efficient use of the Anger readout since 

the central pomon of the readout has the best linearïty. However, for many 

applications, the loss of detector area is not a practicai option. Consequently, 

severai methods have been developed to improve the Anger logic readout. 

Nagai and coworkers have impIemented a readout technique that creates three 

readout zones within the same crossed anode wire PS-PMI' [57.  One zone is in 

the centrai portion of the photocathode while the peripherai areas make up the 

ocher hvo zones. They have found that more efficient centroid readouts are 

obtained by treating the readouts in each zone differentlg. The posiaoning and 

energy information are weighted and summed to produce a more accurate and 

distomon free result across a large pomon of the photocathode. 

As can be seen in Figure 15, this subdividing of the photocathode is obtained by 

reading out the photoelecmc charge with a modified Anger logic readout The 

anodes from each a s i s  are connected together via an equal vaiucd resistor chain, 



just as in the smndard Anger logic readout However, the charge is read out at 

four locations instead of only reading out the electron charge at each end of the 

resistor chain. This in effect creates three subregions in the resisuve chain, one in 

the central region and two in the periphen of the tube. 

t 
Position Signal 

Iïgurc 15 Modiftcd active h g c r  logic r~rdout  
tcchniquc dcvclopcd by Naïgi and collc-apm Ij7j. 

The electron charge from the anode resistor chain is processed by the readout 

electronics shown above xhematicdy in Figure 15. The parameters a and P are 

choscn empiricdy (typically between 0.1 and 0.4) [57. The threshold ampli fiers 

help to eliminate background noise such as P L W  dark current. Setting these 



thresholds cakes advantage of the fact that when events are located on one side of 

the PS-PIMT signais corning from the opposite side contain a disproportionate 

arnount of s~urïous noise that reduces the positioning resolution. hltematively, at 

high count rates this system is able to minimize the effect of dual events located 

on either side of the PS-PMT. 

Nagai and coiieagues using a Hamamatsu R-3941 crossed anode PS-PiMT with a 

modified h g e r  readout found a 2.2rnm WHhf spatial resohaon at the 

periphery of their photomultiplier tube. The segmented readout is more comples 

than its Anger logic predecessor. However, it makes up for this complesity by 

increasing the usefd field-of-view of the PS-PMT by 10% without increasing the 

number of analog charnels to be digitized and processed. 

3.3 Multi-Channel Based Readouts 

Crossed-anode PS-PMTs are typicaily used with an Anger logic readout in order 

to minimize the complexity of the readout circuitry. This method yields escellent 

energ and spatial resolution in the central portion of the P S - P m .  However, the 

ccntroid calculation quickly degrades for events near the periphcry of the tube. 

This is because centroid based readout methods such as those described above 

rely on t h e  assumpaons: 1) that the distribution of the photoelectric charge 

across the anode wires is symrnetric; 2) that only photon events produce the 

charge reachrng the anode wires; and 3) that no charge is lost past the end anode 

wires. These assumptions are only paaidy valid. Dark current adds charge to 

each of the anode wires which increases the uncertainty in the determination of 

the event positioning. Aiso, the photoelectron charge spread typicaily reaches 

more than 6 anode wires [58]. This limits the effecaveness of Anger logic type 

readouts near the periphery of the tube. Photocathode events located near the 

edge of the tube wiil spread charge past the end anode wire, in effect truncating 

part of the charge distribution. The Anger logic readout becomes non-linear and 



even double-valued near the edge of the field-O f-view. hIulti-channel readouts 

where developed for applications which require high spatial resolution with low 

position distortion across the entire field-of-view. 

iMulti-channel readouts capture the charge fiom each individual anode. Thar 

information c m  then be interpreted in order to take rnaxitnurn advantage of the 

information contained in the collected data. Mula-channel readouts are more 

compiicated and require more data processulg to determine event positioning 

than readout methods such as Anger Iogic. However, they are very flexible and 

c m  take advantage of charge dismbution models in order to determine more 

accurately the event position and energy. 

A group hom the University of Southampton [38,40] experimented with new 

ways to read out the raw data from crossed anode wire PS-PiMTs. Their intent 

was to develop a readouc method that maintained the high resolution in the 

center of the field-of-view of the PS-PMT while at the same tirne increased the 

spatial resolution near the edges of the photocathode. They chose to esplore the 

porenaai of more sophisticated and cornplex readout methods of crossed-anode 

wire PS-PMTs. 

In a senes of experiments the Southampton group esamined the spatial and 

energy resoluaon of a Hamamatsu R-2487 and R-3292 series crossed-anode 

PS-PMI's [59,60] using two different readout methods: standard h g e r  logic, and 

peak detection using a Gaussian curve fitting aigorithm. Ali of these experiments 

were carried out using a custom designed charge integrating IC which sarnples aii 

of the channeis simultaneously and then shifts hem out seridy to be digitized. 

In order to explore the potenaal of a muh-channel readout, an experirnent was 

devised such that the advantages and disadvantages of a peak fitting aigorithm 



could be compared with those of the more standard centroiding methd.  A 

2 mmxî m m ~ 5  mm NaIm crystal was coupled to a Hamamatsu R-2487 

crossed-anode PS-PMI'. A 5.9 keV y-ray source was used to repeatedly irradiate 

the crystal while it was opticdy coupled to the PS-PMT face at various positions 

dong the ~ - ~ i i s  of the tube. The iinearity of the two readouts was then compared 

(see Figure 16). 

1:ikwrc 16 Cornparison of thc r~rdour linczuity of 
Gausshn pcak fimng mula-wirc rcdout  and 
ccntroid rc2dout [JO). 

The result of these experiments verified that in the central portion of the PS-PMT 

the readout linearity for both the centroid and 

sirnilar. However, near the penphery of the tube 

the multi-wire readouts is v e n  

their performances diverge. As 



expected, the centroid calculation becomes non-linear as it approaches the edges 

of the photocathode. Conversely, using the Gaussian peak fitting algorithni, 

spatial resolution and iinearïty were maintained throughout the fieid-of-view of 

the PS-PZMT. 

A simiiar experimcnt was carried out u s e  a piselated array of 16 CsIw) cqstals 

(1 -25 mmx1.25 mm on 1-30 mm ccnters). Figure 17 shows the result of a flood 

irradiation of 122 keV gamma rays using a conventional Anger logic readout, 

while Figure 18 shows the results of the same esperirnefit carried out with a pealr 

Btting readout algorithm. The readout spatial positioning improved considerably 

as a result of the Gaussian peak fimng aigorithm. The Anger logic method 

produced a WHM of 1.3 mm, whereas the Gaussian peak-fitting algorithm 

achieved a lWHM 0.9 mm, representing a greater than 30°/o improvemenr in 

position calculation. 

The University of Southampton's esperïments show that significant 

improvements in aossed anode wire PS-PMT field-of-view and spatial resolution 

can be achieved using a multi-channel technique. They were able to reduce the 

complexity of their multi-channel readout system by sarnpiing the data on all of 

the anode wires and then shifnng them serialiy to a digitizing sysrcm. However, 

by serializing the data screarn they reduced the potential throughput of their data 

acquisition system by a factor of 16, thus rninimizing the effectiveness of this 

method at high count rates. 



Figure 17 Ccntroid b-cd rrdnut with a I'WI I M  
of 1.3 mm 1381. 

Figure 18 Gmssian p=k-fitting rcildour with a 
1qY.l  IXf of 0.9 mm. 

3.3.2 A Sparse Turgtted Anode Wire Reudout 

Mti-channel crossed anode wire PS-PMT readouts require a large nurnber of 

elecrronic channels and much data processing, however, they also accurately 

determine the photocathode event location across the entire photocathode. On 



the other hand, h g e r  logic readouts provide a very simple means of coiiecting 

data, which produces excellent spatial resolution in the centrai pomon of the 

PS-PMT. Their disadvamage is that they prduce much poorer results near the 

edges of the field-of-view. The sparse targeted response is intended to be a 

compromise between these two methods. It merges the sirnplicity and high count 

rate capabiliaes of the Anger logic readout with the high spatial resolution and 

enhanced field-of-view of a mula-channei readout. 

The ciectron dismbution across the anodes of a crossed anode PS-PMT has been 

shown to fall almost entirely on the 6 anode wires nearest the photocathode event 

on a Hamamatsu R-3941 PS-PM?' [39,40,58]. If noise is eveniy dismbuted across 

aii of the anode wires, the signal contribution from the remaining anodes rnust 

therefore have a much lower ngnaito noise rad0 (SNR). A method was esplored by 

the author to cake advantage of this uneven SNR disaibution. 

Electronic noise and PiMT dark curent have been shown ta be independent of 

the photocarhode event location [1î,lq. Since most of the photoeiectron charge 

is captured by only a few anode wires, it is these few \vires which contain the 

majority of the information required tu determine the location of the 

photocathode event. The anode wires Iocated further away from the 

photoelectron charge dismbution center c a m  some information about the event 

location. However, they aiso have a disproportionai amount of noise. Using the 

charge collected by those anode wires in the event location caiculaaon can 

actuaiiy reduce the spatial resolution of the readout. 

The sparse targeted readout is designed to select only the small subset of anode 

wires located directly beneath the photocathode event in order to determine the 

photocathode event location. This has the benefit of reducing the number of 

channels to be digiuzed and the amount of information to be processed 



significantly. The photocathode event location is detcmiined using the 

photoelecmc charge hom the anode wires with the highest SNR Since the 

remai* outside anode wires have a low SNR, Little photoelecmc charge is lost 

This increases the spatial resolution of the detector and makes Iower energy 

discrimination levels possible (381. 

The data coiiected by the sparse targetd readout consists of the photoelectric 

charge collected from the sis anode *es nearest ro the center of the 

photocathode event and an address identifjing fiom which anode wires the data 

was captured. In order to determine the location on the photocathode of the 

photon interaction, the data is fitted to a Gaussian curve. As discussed in secaon 

g3.3.1, Bird and coworkers demonstrated that this yields a spatial resolution 

improvement of 30% over a conventional centroid calculaaon (4q. With the 

additional irnprovement in the overall SNR due to the sparse targeted readout, an 

even greater improvement wodd be espected. 

Q.rten~ Dengn 

The sparse targeted readout system was designed for use with a Hamamatsu 

R-3941 crossed anode PS-PMT with a pisellated BGO scintiiiation cnstal. This 

PS-PLMT has an anode grid of 18 anode wires in the s-zxis and 16 anode wires in 

the y-&S. These derecton are tully described in secaon $2.2. Figure 19 shows a 

simpiified schemaac of the readout system. 



I:igurc 19 Schcmaac drawïnR of thc spmc urfictcd 
multi-wirc radout for crosscd anodc 15-PXn's .  
(occ axis s hown) 

The charge fiom al1 channels is integrated by a series of amplifiers. The signal 

fiom the Tst dynode is used to migger a bank of sample-and-hold ICs that latch 

the peak amplitude of al the channels. The sampled peak values are sent to a 

ttitrnw-take-uh' F A )  custom-designed integrated circuit Its purpose is to 

deterrnine the charinel number of the anode wire \cith the highest amplitude 

signai. This corresponds to the anode wire nearest the photocathode event. The 

sis anode wire analog signals surrounding the photocathode event location are 

then directed to a C M C  based [Gl] jonvay Amoral4 ADC [62] bg a bank of 

analog multipiesers in order to be digitized along wïth the information 

determinhg the multipieser sectïngs. A peak fitting calculauon is then applied to 

the data collected fiom the anode s i r e  subset. 

S@alpmcessing 

The sparse targeted readout circuit shown in Figure 19 has been designed so that 

i t  c m  operate at very high count rates. Figurc 20 shows the timing diagram 



associated with the sparse targeted readout The system is designed around an 

Auroral4 ADC with a conversion rate of lps/event (t:mc). The ADC samples 

the signal immediateiy and then begins converüng the data. This dows  the 

p i p e h g  of the sparse targeted readout design. \ W e  the ADC is converting the 

data, the test of the system is preparing for the next event This effcctively 

eliminates most of the conversion tirne of the ADC. 

Aumm 14 
ADC 

Fiprc 20 Ilming diagram showing thc rchtivc 
timing uscd for thc sparsc targctçd radout. 

The bank of AD685 sample and hold ICs have a fast aperture time ( t ~ )  but rnust 

be dowed to sample for 50011s (&/II) before they c m  be remggered. The W T A  

circuit has a propagaaon delay of IOOns (nx-n) and the PAL (mu.) and the 

multiplexer array have a combined delay of 425ns (brus). The Auroral4 ADC 

has a mavimum conversion rate of lps/event. Together, they account for the 

total event processing cime, which is given by equation(24). 



tw is the time from when the sample is d e n  und digitai dzta is ready to be sent 

to the processing system. However, as demonsmted in equation(29, 

pipelinkg reduces the effective event processing t h e ,  t t ~ s i ~  to ody 1.03ps. This is 

only 30ns greater chan the Jonvay Aurotal4 ADC's conversion time, t ~ ~ c .  

T.w 2.51s 

T\vr;\ 1 OOns 

TP~U. 2511s 

Ti\r u s  4ûûns 

T;\ncr 1 . O p  

Ts/r I 500ns 

The maximum sustainable data rate given t~:r:i> is 9.7x105evcnts/s. Assuming a 

Poisson dismbution and a singles count rate of 10x103evenr/s, a sparse targeted 

system can gather information kom 98.9O/o of the photocathode events. Even 



with a singles rate of 100~103event/s, the targeted sparse readout c m  still capture 

90.0% of the photon events. 

IVinner-Take-A // 

The \WTA IC is at the heart of the sparse targeted readout. It determines which 

aiiode wire is nearest to the photocathode event \YITA integrated circuits have 

been used in mifiaal intelligence neural nenvork research for many years [63,64]. 

They are designed to d e  rapid cornparisons benveen severai decision nodes 

and select the most "correct" deàsion. In analog designs, a voltage represents the 

likelihood of a particuiar decision node being correct The WTA therefore has to 

rapidly compare a large number of voltages and determine the address 

corresponding to the node with the highest voltage. 

In the sparse targeted readout, a decision must be quickly made about which 

anode wire channels must be multiplesed and sent to the digitizer. This is a very 

similar situation to neural nenvork decision making. The signals Gom the sarnple- 

and-hold banlis hold the value of the integrated photopeak fiom all of the anode 

\vires. The location of the peak amplitude signai belongs to the anode wire 

nearest the event location. The \ U A  IC needs only to provide the address and 

the analog multiplesers are able to select the 6 nearest anode wires to be digitized. 

\WA ICs are not currentiy avaiiable cornmercidy. \Ve contacted a group at the 

University of California at Berkeley who had recently developed a WTA circuit 

for use with a PET block detector [65]. They designed a 16 channel WTA IC 

capable of resolving the location of a photoelecmc peak from the signal resuiting 

from a integating charge amplifier IC [66]. The Berkeley \ V A  IC is able to 

identifj. the correct channe1 within 50ns as long as the largest voltage is at least 

20mv greater than the nest largest channel. Unfortunately, their IC was designed 
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for use wich a PIN photodiode ma)- and therefore was not easily adaptable for 

PS-PM use. 

Instead, we chose to develop our own custom WTA IC based on an earlier design 

by a group from the University of London [GA. This design used a simple system 

of repeated blocks, cascaded together to forrn a binary decision trce. Figure 21 

shows a 16 channel WTA circuit based on eheir topology. The entire process is 

reduced fiom deciding which of the 16 channeis has the highest voltage, to which 

of two adjacent channels is greater. That analog signal is then passed on via a 



signal s t e e ~ g  device and the next generation of detision making celis compares 

the new signals to detemiine which is the greater and then passes it on to the next 

caparison level. Each level halves the number of channels being considered. This 

b i n q  decision tree continues und oniy two chme l s  remain to be compared. 

The number of deasion-making levels required for a certain nurnber of input 

channels is described by equation(26) 

where n is the number of decision levels required and m is the nurnber of channels 

to be considered in the decision. 

The s-axis of the R-3941 PS-PMT has 18 anode wires, and according to 

equation(26) a 5 level WTA circuit is required in order to determine the wirmer. 

However, since 6 anode wires nearest the photocathode event center are to be 

digïtized, the WTA was designed to examine oniy the 16 most centrai anode wire 

signals. This simplification resulted in no loss of information given that for 

events centered over the penpheral anode wires, the WTA wouid select the 

neighbouring anode wire as the "wimer" and insmict the multipleser to select the 

6 outer most anode wires, including the m e  winner. 

A high performance 14GHz fl bipolar technolog' was avaiiable to us through 

the Canadian Mime/ertronic~ Co'poration (CLMC) [68]. Their service provided a 

standard d e  with a pre-placed array of standard devices. Two me& layers could 

then be used to intercomect the various devices together in order to form a 

custorn circuit. F d  HSPICE rnodels were also provided by CMC in order to 



run circuit simulations with interdevice parasitic parameters hcluded in the 

models. As part of the service, the final circuit would then be processed with 

metal-1 and metal-2 layers and then packaged in a 64-pin CLCC3 package. 

The WTA designed by the group trom the University of London used a dever 

arrangement using current based signal processïng. Unfortunatel?, the CMC 

I4GHz ï=ï rechnology had lateral pnp transistors aith extremely Iow beta values 

@2), which made current steering designs impractical- A moditied circuit was 

therefore developed using a voltage rather than current steenng approach in order 

to avoid using pnp transistors in the signal path. 

I;igwrc 22 Schcmatic shouing circuit bloclis uscd in 
\VI';\ dccision making cd. 



The irnplementation of the WT'A deusion c d  is s h o w  in Figure 22. It is 

consnucted using only 4 functional circuits: a comparator, a volcage steering 

circuit, a m-state buffer and a differential output NAND gate. The comparator 

circuit is a simple w o  stage differential npn pair with a gain of 6OdB and a 

resolution of 3 mv. The voltage steering circuit is based on a Gilbert gain ceU 

[69]. It mulaplexes the voltage selected by the comparator to the nest generation 

of decision-making celis. 

The propagation dday of the WTA IC is detecmined by the sum of the foward 

propagaaon delay (m) of the analog copies of the winning signais and the back 

propagation delay (QW) of the "pruning" digital signal which enables the outputs 

of the winning branches in the decision tree. The fonvard propagation delay is 

described by equation(27) 

where Gomp is the comparator delay (-8 ns), t,, is the delay due to mdtipleser 

(-12 ns) and n is the nurnber of stages in the WTA IC (n=4). Similady, the back 

propagation delay is defined by equation(28) 

where ~N..LVD is the NAND gate delay (-2 ns) and nm is the ai-state buffer delay 

(-6 ns). The total WTA IC propagation delay is the surn of both equation(27) & 

equation(28). The propagation delay for the complete four-stage WTA &cuit is 

therefore approximately 94 ns. 



Unfortunately, attempts to test the packaged WTA devices proved unsuccesstll. 

Serious faults in the meralizaâon process were found in all of the IC7s provided by 

CNC. Figure 23 and Figure 24 show such fatal faults. As a result the WA IC 

design was never verified. 

Figure 23 Imagc showing part of thc \%TA circuit 
fabricatcd through thc CXIC scrvicc. Impropcr 
ctching of thc u-afcr lcft thc Wr.4 unuusablc. 



F i r c  24 Image of thc NT;\ &cuit showinp a 
mctd-1 m c c  with a missing scaion. 

Disnmzon 

The sparse targeted readout project was abandoned shortiy a fier the failure of the 

WTA IC. This was in part due to budget and time constraints, as well the 

availability of new inexpensive high performance ADCs PO]. These 

developments have made it possible to consider irnplementing an aii-digital 

targeted readout. Fast inexpensive ADCs in conjunction with compact and 

flesible FPGAs could d o w  the multi channel readout to be performed quickly 

and efficiently. 

3.4 Surnmary 

Crossed anode wire PS-PMTs have a significant photocathode charge spread. 

Several readout techniques have been developed in order to maùmize the spatial 

resolution of the detector while minimizing the cost and cornplexit). of the 

readout. 



Anger logic based readouts take advantage of the symmemcal charge disnibution 

reaching the anode wires. By takmg the centroid of charge deposition, they 

achieve very high spatial resoluaons in the cencral pomon of the P S - P m  field- 

of-view. However, the quaiity of the readout degrades quickly as evencs approach 

the edge of the fieidaf-view. 

hlul a-channel readouts masure the charge collected b y individual anode wires. 

This information results in a more precise detenninaaon of the photocathode 

event Iocauon. They have been shown to have a 30°/o higher spaaal resolution 

over standard Anger logic readouts. However, the readout electronics associared 

with these readouts are significantly more complex than Anger logic readouts. 



X SLMPLE ANODE RESISTOR Cf-iAIN 
OFTIlMIZATION TECHNIQUE 

Ponion ~ensiSw photomuf./ier tuber (PS-PMï) have been used in miniature gamma 

cameras by Yasilio pl], and in s m d  animai PET scanners by Watanabe 1721 and 

Weber P3]. Typicdy, the anodes are connected to a resistor chah and the 

charge from either end of the string is read out in a rnanner s i d a r  to that used in 

a conventional gamma camera [54]. If the cqstal is a soiid slab, the light spread in 

the crystal is significant. However, if the crystal is composed of many opticdy 

isolated elernents, here is very iittie iight spread in the crystai, and the light 

collected on the photocathode is concentrated in a portion directly below the 

qs ta i .  Bird [ a ]  has shown that over 95% of the photoelectrons are coiiected by 

only s k  of the 17 anodes of a Hamamatsu R-2487 PS-PMI' when using a 

2x2 mm Cs1 crystal. Sirdarly, we have shown that 87% of the signal is confined 

to s k  wires when using 2K2 mm BGO crystals with a Hamamatsu R-3941 PS- 

PLMT (581. The standard resistor chah in this PS-PMT has 1 kR 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 

P S - P m ,  the charge spread can extend past the last anode wire [58]. This 

nuncation of the charge dismbution causes the position readout to be non-linear 

n e z  the edges of the PS-PMT. In this chapter, we propose increasing the value 

of the resistor beween the Iast two anode wires in order to compensate for this 

lost charge, thus increasing the range of iinear readout and the field-of-view of the 

detector. 



4.1 Charge Distribution Model 

As discussed in section 53.2, the standard resistor chain readout 6rst deveioped by 

h g e r  [54] used equal vaiued resistors placed between adjacent gamma camera 

PMTs. Event positioning was determined by the centroid of charge dismbution 

r e s d ~ g  from the current measured at the ends of the resistor chain O(+, X-, Yi, 

Y). Equaaon (29) is the Anger iogic equation. 

When crossed anode wire PS-PMTs were first developed, h g e r  logic was the 

natural choice to provide the position readout P4]. Figure 14 shows the standard 

Anger logic position readout for crossed anode wire PS-PMTs. h o d e  wires 

fiom one asis are al tied together bu a resistor chain that is made up of equal 

valued resistors. The currenc signais at both ends of the chain are used with 

equation(29) to determine the event posiaon in the asis. Together, the rwo 

resistor chains provide the Cartesian coordinates to locate the event origin on the 

PS-PMT p hococathode. 
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i-ïgurc 25 Plot shouing thc doublc vducd nshirc of 
an unmdiftcd rcsistor chain rcadout from a 
I iamamauu R-3941 PS-PMI' using optidiy 
isolatcd RGO crysds.  

We have found that when using crossed anode wire PS-Pms, significant 

distomon and even double valued positioning can result at the periphery of the 

cube. Figure 25 shows the actual position readout of an unmodified resistor chain 

and that of an ideal readout. Although 1inearit-y distortions can be compensated 

with position look-up tables, possible double valued readouts present a greater 

problem. Since event positioning cannot be uniquely determined for those 

regions near the edge of the PS-PMT face, they must be discarded, significantly 

reduang the usable field-of-view. 

The simple method presented in this chapter was developed to increase the range 

of linear readout and to increase the field-of-view of crossed anode wire 

PS-PLWS. It relies on 3 basic assumpaons: that the light spread from the crystais 



is smaii, that the charge distribution is symmetac, and that the charge extending 

past the end mode wires is lost and not "reflected" onto the anode wires. 

14mi 1 1 I 1 1 b 1 i 
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F i i r ~  26 Gaussian chugc disuibution obscnui  
from a 3~10x30 mm opticaily isolatcd RGO 
crysnl. Mcasurcmcnts wcrc madc using x-LXLS 
anodc uk?; of an R-3941 l lamamatsu PS-PhTl'. 
Collcctcd data utas îïttcd to 3 Gaussian curvc with 
a= 1.67 & p= 10.8. 

Using an array o f  arnpiifiers to ampli@ the charge on each anode wire, the average 

dismbution over a large number of  events (-1 0k events) was calculated. We have 

previously shown [58] that with a single BGO crystd near the center of the field- 

of-view, the charge spread is iimited in extent and c m  be closely approsimated by 

a Gaussian cuve. (see Figure 26). The Gaussian dismbuaon is defined by 

equaaon (30), 



where p is the mean position of the charge location, which corresponds to the 

q s t a i  posiaon, 0 is the standard deviation of the charge spread and n is the 

position offset of the nh anode wire. We have also shown in Figure 27 that for 

cr)ltai elements close to che edge of  the field-of-view the Gaussian charge 

dismbution is truncated. 
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Figyrc 27 'I'runcatcd Gaussian distributions 
mcîsurcd by using a 3x10~30 mm o p t i d y  kohtcd 
BGO crysd. Mc=isurcmcnts wcrc madc using the 
y-=& anodc wircs of w R-3341 I lamamatsu 1's- 
Phfi'. Co'lcctcd data was fictcd to Gausskm curvc 
with o=1.63 & p=lJ.O. 



Given that the above assumpcions hold, we can modifY the resistor chain in order 

to compensate for the lost charge past the end anodes. Increasing the resistance 

bemeen both end anode wites and their nearest neighbors has the effect of 

channehg more curent for events near the peripheq of the PS-PMT towards 

thac side of the resistor chain. By carefully choosing the value of the resistance, 

the readout can compensate for charge lost beyond the anode wires. 

Anode Wires A( 1 ..N) 

AN- I AN 

To Amplifiers charge amplifiers * 
Figure 28 Crossed anode wire PS-PIW resistor chain. 

4.2 Simulations 

Figure 28 shows a PS-PMT resistor chain with N anode wires interco~ected by 

resistors. Ri is the resistance of the ih inter-anode resistor in the c h a h  To 

develop the impulse response h(n), of the resistor chain, we assume that aii the 
p p - - - - - - - - - - - - - - -  

- - - - - - - - 

cXarge is deposited on a single anode wire An, where 1 S n I N . The position 

output is given by the impulse response h(n) of the readout. Since borh ends of 

the resistor cbain are tied to virtual ground, the charge at An is divided accordiiig 

to ~ ! e  voltage divider forrned by the resistor chah at A,. Equaaon(31) gives the 

charge division impulse response for arbitrary resistor chah values. 



The charge distribution c m  be modeled as a mit  a r a  Gaussian distribution 

described in equaaon(30). Convolting the impulse response h(n), with die 

section of the charge disaibution function r(n,p), which projects onto the anode 

wires, resdts in equation(32) describïng the actud readout. 

Using equation(32) as a mode1 of the PS-PhlT resistor c h i n  readout, we 

simulated the effect of modiwng the s-asis resistor chain of a Hamamatsu 

R-3941 PS-PLW. The x-axis of this tube has 28 anode wires (N=18), with a 

standard anode wire resistor chain composed of 1 kC2 resistors @,. . .Ris=lkQ). 

C'sing the above values and assuming a charge spread s i d a r  to that found in 

Figure 26 (a=l.67), we sirnulated the effect of increasing the resistance of Ri & 

R17. 

In Figure 29 we see the double valued readout near the periphery of the PS-PMT 

with the unmodified readout. As the value of RI & R17 WPS increased from I k R  

to 4.7kQ and then I j k R ,  the effect of the Iost charge is compensated, and 

resulted in an ovedi  increase in the field-of-view. However, the position 

accuracy was reduced in the centrai portion of the field-of-view. 
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t'lgurc 29 Simulation of rcsistor chain modification 
showing thc cffcct of incrczscd rcskuncc bcrwccn 
adjâcmr pcriphcd anode wir~?; on r r d o u t  linc=uity 
and ticld-of-vïcw. 

hiodifications were made to the resistor chain on the printed circuit board of a 

Hamamatsu R-3941 crossed anode wire PS-PMT 1361. Two resistors fi-om each 

end of the s-axis resistor chah (Ri & RI,) and cwo fiom the y-asis resistor chain 

(Ri & Ris) were removed and sockets were put in their place dowing different 

resistor values to be placed in the resistor chains. Data was acquired using the 

standard curent amplifier circuit of Error! Reference source not found., and 

event positioning was established via equa tion (29). The cystals were irradiated 

using a 51 1 keV y-ras source. Data was coikcted using a Jorway Auroral4 ADC 

[62] acquisition system. 



4.3.1 kadout Lineanjr 

A holder was machined in order to mount eleven 3~10x30 mm poiished BGO 

cryscals ont0 the P S - P m  face spanning the s-axis in a saaight line at the rnid 

y-axis level. The crystais were oriented such that the 3x10 mm2 area was opticaiiy 

coupled to the PS-PMT face with only the 3 mm side profile projecting onto the 

x-suis. The center-to-center crystal separation was 6.75 mm and di qs ta l s  w r e  

wrapped in a reflective coaung of Teflon tape in order to opticdly isolate the 

qs t a i s  and to ma.vimize Lght transmission to the photocathode f75,76J. X-asis 

crystal position readout was recorded and compared with the actual crystal 

position. For crystais near the periphery of the tube face where the output 

positioning was double valued, the esperiment was repeated with only one edge 

crystal in place, thereby aiiowing the positioning of these edge elements to be 

recorded, 

4.3.2 PixeDated Cyrto/ Idenh$caho~r 

A second experiment was perforrned using the cut BGO cqstal blocks developed 

for use in the Montreal Neurologicai Institute's PEM scanner P,42,77]. These 

3 6 ~ 3 6 ~ 2 0  mm BGO qs ta l s  have two matrices of 2x2 mm clements cut into the 

top and bottom of the crystal, offset from one another by 1 mm in each direction 

(see Figure 12). The top elements (furthest from the photocathode) are 11.5 mm 

deep wMe the bottom elements (closest to the photocathode) are 7.5 mm deep, 

IeaMng a 2 mm thick layer connecting the twa mamces. A potting compound 

optically isolates adjacent ctystal elements and ma.vimizes light transmission to the 

photocathode 1421. 

Four such BGO blocks were opticaliy coupled to a Hamamatsu R-3941 PS-PMT 

and side irradiated using a highiy coilimated 51 1 keV y-ray source [41,42] which 

was oriented such that o d y  the crystais closest to the photocathode were 



irradiated. A serni-automated q s t a l  identification routine [42] was used to 

identie the BGO block crystai elements. 

4.4 Results 

4.4.1 &admît LineanS 

Figure 30 shows the relative positioning output venus the actual clystal position 

for the s-ais. Resuits were obtained for 3 different resistor chah configurations: 
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I'igurc 30 Resistor c h i n  rcadout obnincd using 
diffcr~nt r ~ ~ i s t o r  vaiuc?; uscd bcnvccn thc cnd 
înodc wircs. 

Using the au-lkiL unrnodified resistor chain readou~ the central portion of the 

PS-PMT face had high position accuraq. However, near the edges of the field- 

of-view the positioning readout was no longer single valued. The "folding over" 

of the readout near the periphery makes crystal identification and event 

positioning impossible in those regions, thereby reducing the effective field-of- 

view. Increasing the resistance of RI & R17 to 4.7W and leaving the rest of the 

chain u n c h q e d  irnproved the ceadout. It became single valued throughout, but 

had low accuracy at the extrema. In addition, the accuracy in the centrai portion 

was less than chat from the unrndfied readou~ Setting Ri & R17 to 1 3 W  

drarnatically irnproved the readout Not only was the readout single valued 



Fiparc 31 Ctytal clcrncnt idcntificauon rouanc rcsult. 
using m unmodificd. di 1kQ rcsistor chain. 24 rows 
wcrc idcncificd in thc x-axis and 20 columns wcrc 
idmaficd in thc y-mis. 

throughout, but also the range of linear readout estended across the field-of-view. 

Further increasing Ri & RIT lowered the position accuracy in the center of the 

field-of-view, overcompensated for charge Ioss at  the edges of the periphery of 

the s-axis and made the readout in that region non-iinear. 

4.4.2 Pixe/.ated Cgxtai Idenhjzcaation 

With the onginal unrnodified readout arrangement, 24 rows in the s-asis and 20 

colurnns of crystals in the y-axis were identified (see Figure 31) on the near face of 

the PS-Pm.  The fishnet-checkerboard array represents boundary assignmenw 

for both near and far crystals. Event pile-up resuicing from the double valued 

nature of the unrnodified readout c m  be observed in the lower left and uppcr 

right corners of the image. 



Afier increasing the end resistors RI & R17 in the x-asis and Ri & Ris in the y-asis, 

from IkR to 15kR additional crystal rows and colurnns from the near face of the 

ctystal biock were identified bnnging the count to 29 rows in the s-asis and 23 

columns in the y-%us (see Figure 32). This corresponds to an overall increase in 

the field-of-view of 39%. 

4.5 Discussion 

The results of the h e a r  readout eqxsimerit (see Figure 30) dosely match those 

predicted by equation(32) which are shown in Figure 29. The espenrnentd 

1;igurc 32 C q s d  clcrncnt idcnufication routinc r c d t s  
using a moùificd rcsistor chin. I'cripheraI intcr-anode wirc 
rcsistors wcrc sct to 1SkQ and di othcfj lm. 29 rows 
wcrc id~mtiticd in thc x-wiq and 23 columns wcrc idcntificd 
in thc y-&. 



results vaiidate the original assuniptions of a smaii qmmemc light spread 

distribution directiy below the crystals ont0 the anode wires, and of the truncation 

and subsequent loss of the charge extending past the last anode edge wires. 

Figure 30 shows that as the value of the resistance between the end anode wires 

(RI & R17 for the x-4s) is increased, the charge reaching the peripheral anode 

wires is redismbuted, partiaiiy compensaang for the lost charge. Increasing the 

resismnce at the periphery also has the effect of decreasing the position accuracy 

at  the center of the field-of-view of the PS-PMT. However, since the position 

readout accuracy in that region is already quite high, modification of the resistor 

chain has a negiigible effect on crysral identification in the centrai region. 

Additional experiments were carried out exploring the potenaal benefit of 

changing additional resistors fiom the resistor chain. Rr & Ri6 from the s-asis 

were modified to better f r  the Gnussian charge dismbution charge loss. 

Espeiments using resistance values of 3- and SM2 were performed. However, 

minimai improvements were observed. 

Figure 32 shows the improved field-of-view over the standard unrnodified 

readout Figure 31. A gain in the field-of-view of 10 mm in the s-axis and 6 mm 

in the y - a i s  was obtained simply by modifjing the resistance of the last resistors 

in each chah to 15k(2, increasing the overall field-of-view by 39%. This increase 

is especidy important in applications such as the positron emission 

mammography system our group is currently developing Pq. Lt not only dows a 

greater area of the breast to be imaged at one rime, and it gives the PS-PMT the 

potenual to image breast tissue significantly closer to the chest waii. 



CONCLUSION 

The AINI-PEM scanner is a hi&-resolution h u a o n a l  imaging systern designed 

to be used in conjunction with a conventionai mammography unit in order ro 

derecr cancerous m o r s  and reduce the number of unnecessq needle biopsies. 

The scanner uses two Hamamatsu R-3941 crossed anode wire PS-PiMT detectors. 

These detectors are placed across fÏom one another on either side of the breast of 

interest. Since the detectors are placed nest ro the ches& the dead space 

surrounding the field-of-view limia the abiliq of the scanner to detect tumon 

located near the chest w d .  Exploration into methods of improving the field-of- 

view and reducing the dead-space of the &NI-PEM detectors forms the basis of 

this thesis. 

hfuiti-anode PS-PMT based block detectors such as those used in the AINI-PEhf 

scanner have a much greater spaaal resolution than is found Li traditional single- 

anode PiW based block detecton. However, this increase in performance cornes 

at the cost of a larger number of anode signais to be processed. We esamined 

two readout methods for crossed-anode wire PS-PMTs that couid ma-mize the 

potential of the MNI-PEM scanner: a modified Anger logic resistor chah readout 

and a targeted sparse mula-channel readout. 

The £irst method is a modified Anger logic resistor chain readout. Like ai l  

centroid-based readouts of PS-PLMTs, this method offers an escellent 

compromise berween maintaining high spatial resolution and minimizing rmdout 

complesity. For many applications, standard h g e r  logic readouts are the method 

of choice. However, as a result of the mincation of the charge which estends 



p s t  the edge anode wire, the iinearity of the readout quickly degrades for events 

located near the periphery of the PS-Pm, even becoming double-vaiued on 

occasion. This significantly reduces the usable area of the photocathode. Of 

particular concem for the MW-Pmf scanner is the fact that this enincation of 

charge limits its abilit). to effectively detect tumors locaced near the chest wd .  

In order to compensate for this iost charge, we have shown that a ver)- simple 

modification to the Anger logic anode wire resistor chain c m  significandy 

improve the field-of-view of a aossed anode wire PS-PiLlT. Lncreasing the 

resistance in the anode resistor chah beween the estreme anode wires can 

partidy compensate for the loss of charge beyond the anode wires of PS-Phïïs. 

Simply changing four resistors fiorn 1 kQ to 15 kn inaeased the field-of-view by 

39%. 

A multi-channei readout method was also eiplored. Previous research has shown 

that by coiiecting signals from d of the individuai anode wïres and using a 

Gaussian peak-fitting aigorithm, a h e a r  readout across the entire photocathode 

area of the P S - P m  can be acheved. This approach seems to have the potential 

to maximize the ability of the MNI-PEM detector to identifV m o r s  near the 

chest wall. Unfortunately, multi-chamel readouts are very comples when 

implemented in pardel, and have large dead times when implemented as s e d  

readouts, We therefore chose to explore the potential of a hybrid mula-channel 

readouc the sparse rargeted readout. 

The sparse targeted readout djmamicaliy digitizes only the 6 anode signals chat 

surround the event center for each channel. The channel selection is detemiined 

by a \WA integrated circuit. It esamines the analog voltages of the sampled peak 

of the intcgrated anode signals and produces the digital address of the peak 

location. This method has the potential to significantly increase the usable field- 



of-view of the iMNI-PLV detector while s d  functioning at high data rates. 

Unfortunately, due to fabrication problems with the WTA circuit, this method 

was never tested on an actual PbM detector. 

Given the difficulaes encountered while fabricating the \WA IC, and the relative 

simpiiaty and effectiveness of the modified Anger logic resistor chah readout 

method, this technique was chosen for use in the hmI-PEM scanner. Both 

detector modules were modifieci in order to compensate for the lost charge 

estending past the end anode wires. The modified PEN scanners are able to 

gather an image area of the breast that is 39% iarger. hiore importantly, the 

system is now able to collect counts fiom events 5 mm closer to the chest waii 

than was previously possible. This reduction in detector dead space enables the 

MNI-PELM scanner to be more effective in its role of identifiing cancerous celis. 

The modified resistor chah has been in use for more than two years with 

readouts remaining stable and consistent over this period. 

In conclusion, it should be noted that this investigation into improved readout 

methods has yïdded several in teresthg resul ts. Firs c, minimai modifications to 

the h g e r  logic resistor chain yïelded significant improvements in the field-of- 

tïew compared to the standard readout method. These modifications can easily 

be implemented and they have proven robust and reliable with over two years of 

clinical use. Secondly, although a sparse cargeted readout scheme was never 

tested, the concept merits future research. The availability ofnew low cost analog 

to digitai converters dong with flesible field programmable gate arrays make a 

digital irnplementation of the sparse targeted readout ver). attractive. 
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