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Positron Imaging With Multiwire Proportional Chamber-Gamma 

Converter Hybrid Detectors 

Dennis Ying-Hong Chu 

ABSTRACT 

A large area positron camera was developed using multiwire 

proportional chambers as detectors and electromagnetic delay lines for 

coordinate readout. Honeycomb structured grumna converters made of lead 

are coupled to the chambers for efficient gamma detection and good 

spatial resolution. Two opposing detectors, each having a sensitive area 

of 48 em x 48 em, are operated in coincidence for the detection of 

annihilation gammas(Sll kev)from positron enlitters. Detection efficiency 

of 4.2 % per detector and spatial resolution of 6-7 ITDll FWHN at the 

mid-plane were achieved. The present crunera operates at a maximlDTI 

COWlt rate of 24 K Cowlts/min., limited by accidental coincidence. 

The theory for the gamma converter is presented along with a 

review of the operation of the multiwire proportional chamber and 

delay line readout. Calculated gamma converter efficiencies are 

compared with the measured results using a prototype test chamber. 

The characterist.ics of the positron crunera system is evaluated, and 

the perfonnance is shov.TI to be consistent with calculation. 

The value of a positron crunera lies in its high sensitivity, 

its ability to produce focused images showing the distribution of 

positron emitting ·radioisotopes within an object without the use of 



collimators. Computer analyzed images of test patterns and clinical 

objects have been obtained to demonstrate this tomographic, or focusing, 

capability •. Two schemes of image reconstruction to remove image 

background and produce true 3-D images are described. Further camera 

system modifications aimed to increase the count rate and improve the 

spatial resolution are also discussed. 

) . ~ 
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I. INTRODUCTION 

During the past 10-15 years, radioisotope imaging has become an 

1 

increasingly useful medical diagnostic method in the field of nuclear 

medicine. Without a doubt, this rapid progress is primarily due to the 

availability of many new and better radiopharmaceuticals and the 

development of improved radiOisotope imaging devices. In radioisotope 

imaging, a gamma-emitting radioisotope with appropriate half life is 

introduced into a patient. TIle movement or localization of this 

radioisotope is monitored by detecting those gamma radiation which 

escape the body. In-vivo imaging can be divided into three general 

categories. (1) Localization studies: percentage. localization of a 

radioisotope in an organ or region as compared to surrounding regions. 

(2) Dynamic function: passage of an administered radioisotope through 

an organ or region is observed. (3) Distribution studies: distribution 

of a radioisotope in an organ system is visualized. 

An imaging sy~te!1l basically consists of three major components: 

-(1) Detector unit which detects and locates the interaction sHes of 

incoming radiation. (2) Image producing unit such as a collimator or 

pinhole, which projects images of radioactive subjects onto the detector. 

(3) Proces s and Display unit which translates data acquired by the 

detector into a "picture" of the distribution of radioisotope jnan 

organ system. The earliest devices employed in radioisotope imaging 

were the scanners, fig. ( 1). With such a device, a detector equipped 

with a collimator scans over an object containing a gaimna emitting 

radioisotope. A recording unit moves in synchronization with th~ 
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scanner. Upon detection of an event, the recording is activated. 

Consequently, both the intensity and distribution of gannna emitting 

radioisotopes can be mapped out in a two dimensional display. The first 
1 

type of scanner introduced (Cassen et al., 1951; Mayneord and Newberry, 
2 

1952) employed a single cylindrical bore collimator and a calcium 

tungstate crystal as the gannna detector. The single-hole collimator 

was soon replaced by the mu1tihole focused collimator (Newell et aJ; 

1952)3 in which many tapered holes are used to increase the nwru)er of 

photons passing through the collimator. For large area scanning, 

multiple detectors equipped with sodiwn iodide (Tl) crystals (Beck et al; 

1967; 4 Hindel and Gilson, 1967)5 form a high speed scanning system. 

Radioisotope scanning was first used to delineate the thyroid gland 

and to determine hot or cold nodules in the gland. As T-13] (364 KCv) 

was the isotope used, most scanners were designed for use with that 

radioisotope. lIowever, radioisotope scanning soon found other fields 

of use such as localization of brain tumor, metastases in Ijver, and 

delineation of the kidneys. Though the scanner 'is a simple, effect ive 

device in localization studies, it is limited by the travelling speed 

of the probe in dynamic function studies. 

The gannna camera, fig. (2), a stationary imaging device, views 

all parts of an object simultaneously. Data can be 3cquired more 

rapidly resulting in a higher sensitivity than with the SC<IDner which 

can only view part of an object at a time. The shorter exposure 

time permits sequential pictures to be taken to illustrate movement 

of tracer compounds through an org3Jl. Cotmt rate for specific ;lrea 

1,: 

• 
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of interest can also be obtained. The stationary ganuna camera is a 

" recent development; but its basic principle is much older. J{oentgen 

, (1895) reported using a pin-hole aperture and photographic film to 

make images of the anode of his X-ray tube. The first camera introduced 

(Anger et al: 19566) employed a single solid sodilDTI iodide scintillation 

crystal viewed by an array of multiplier phototubes. In 1962, Bender 

imd Blau7 described a ganrrna camera using a mosaic of sodiulTl iodide 

crystal viewed by a position sensing multiplier phototube array. 

Shortly thereafter, a low energy ganuna imaging device which employed 
\ 

an X-ray image amplifier with internal ganuna detection phosphor was 

introduced (Ter-Pogossian, et al; 1963)~ In the following years, other 

t~)es of position sensitive ganuna detectors that did not require 

scintillation crystals were developed -- Spark chamber (Kellershohn ct al; 
9 10 

1964), Multiwire proportional chamber (V. Perez-Mendez; et al; 1971), 
12 

and solid state detector (Mc Cready et al; 1971 ,1\:aufman et al; 1973). 

An inherent limitation to the rate of data acquisition by a gamma 

camera is the necessity of a collimator. A large fraction of gaJllllla 

radiation originating from an object will not reach the detector, 

being stopped by the septa of the collimator. In addition, a 

collimator can only produce a two dimensional projection of a three 

dimensional object. Attempts have been made using rotating focused 
13 

collImators to produce tomographic images, in which objects are seen 

best at the plane of focus while off-focus objects are seen as blurred 

background. 

Another approach to viewing radioisotope distribution within a 

three dimensional object is to utilize the property of positron 
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emitting radioisotopes (Wreen et al; 19S1~4Brownell, Sweet et a1; 1953)~S 
In the annihilation process of a positron with an electron, two O.SH 

Mev gammas are emitted almost at about 1800
. Two gamma detectors, 

placed on opposite sides of an object containing a positron emitter, 

detect the annihilation gammas in coincidence. The time-of-flight 

information, in addition to the inherent directional properties of two 

opposed gammas, give the location of· the source, fig. (3). With the 

absence of collimators for positron imaging, high sensitivity can he 

achieved, resulting in lower dose to the patient. The inherent spatial 

resolution is only limited hy the detection system and not by a 

collimator. Medically, there are many useful posi tron emitters, notable 

examples are C-ll, N-13, 0-15, F-18, Ga-68, Cu-64 and Ru-82, Table ( 1). 

These biologically important radionuclides have short half 1i ves and 

high specific activity, arid are suitable as radiopharmaceuticals. 

Since a positron imaging system operates in a coincident mode, low 

background count rate will improve counting statistics. A positron 

imaging scanner, utilizing the time-of-flight principle, was introduced 

in 1967 by Burnham, Aronow and Brownell~6 A stationary positron camera 
17 . . 

was first proposed by Anger and Rosentahl in 1959 as an extension to the 

gamma cameras. The imaging system developed consisted of an image 
18 

detector and a focal detector (Anger et a1; 1967). Instead of a truly 

three dimensional im~ges, tomographic images would be obtained. In 
19 

1973, Brownell et a1. built a positron camera consisting of two arrays 

of small NaI crystals. A positron camera consisting of two large Nal 
20 

crystals is currently being developed by Muellehner et al. The above. 
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Table 1. 

Positron emitters useful for nuclear medicine imaging 

Max a+ £ 
Isotope P; -UteV) 

C-11 20.3 min .980 

N-13 10.0 min 1.200 

0-15 2.0 min 1.700 

Rb-82 75 sec 3.150 

Ga-68 68 min 1.900 

F-18 110 min .650 

Cu-64 12.8 hrs fI+ .660 

fl- .573 

Positron 
Abundance 

(",) 

99.8 

100 

100 

94.6 

87.0 

97.0 

19.0 

Other Major 
Radiations 

(keV) 

777 (9%) 

1,080 (4%) 

1,340 (.6%) 

8- (40%) 

Prorlllt~inn 

lOS (p,t) IIC 

lOS (o(,n)I~N 

I"N (d,n)lsQ 

8SRb (p,4n)&2S r ~{d-;.82IltJ 

69Ga '(p "2n)68Ge ~_C_ -i·nfi 
, 280d 

20Ne (d ,ol) ISF 

63Cu (n,t)6~Cu 
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positron imaging systems employ gamma detectors consisting of 

scintillation crystals and multiplier phototubes. 

Another type of position sensitive gamma detector is the multi-

wire proportional chamber (~1WPC) which has been successfully uscd for 
. 21 

imaging radioisotopes with low energy ganunas such as 1-125, Xe-133. 

These multiwire proportional chambers have good spatial resolution 

«lrrnn), large field of view, Simplicity of design, low systcm cost, 

and good uniformity of response .. However, due to the low interaction 

7 

probabili ty of energetic gaITunas wi th the gas in the chamber, MWPCs mus t 

be coupled to special garrnna converters for efficient detection of 511 

Kev annihilation gammas .. It is the purpose of this thesis to describe 

and analyze such a MWPC-gannna converter hybrid system for positron 

imaging. A theoretical calculation of gannna converter detection 

efficiency is explained. The positron cameraperfonnance isdescribcd . 

. An on-line computer system was used for data storage, data analysis, 

and image display. Results obtained for test and clinical objects 

demonstrate the capability of the camera. l~urther improvements 

and limitations of the present camera system are also discussed. 
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(a few nun in tissue), transferring most of its energy in excitation 

and ionization of orbital electrons and finally combines with an 

electron forming an unstable paLi,- with ·subsequent ,illnihilation of the 
. '. '" I 

I . "-

electron-positron pair. This occurs mainly in the grOlmd state of the 
.... 

system. In order to conserve momentum, two gammas of Sll kev each, 

erilerge in opposite directions. This inherent· directional property oJ 

back-to-back annihilation gammas··formsthe' basis of collimatorless 

.positron imaging. Two position sensitive radiation detectors arc placed 
\ f , . 

on opposite sides of an object containing ~. ppsitr6n emHter. For ;1 

p<lir of annihilation gammas detected in coincidence, the line vector on 

which the source lies is specified. The exact posi tion of a source on 

the line vector can, in principle, be determined by measuring the 

differences in the time of arrivals of the two annihilation gammas. 

This time-of-flight technique requires very high speed electronics for 

good spatial resolution. An alternative method of positron imaging 
. . 

which produce~ a tomographic im~ge is the t~chniquc bf seeking the 
.- .... 

"plane of best focus". A set of line vectors from coincidence detection 

of annihilation gammas is obtained and stored in the memory of a 
J 

computer. A focal plane is selected,- and the intersections of each 

line vector with the plane is calculated. The detailed tomographic 

reconstruction method will be explained in Ch. 4. Pig. ( 5 ) shows a . 

sh<lrply focused point source at the focal plane and the diffused effect 

of an off-focal plane source. This tomographic effect is u!';ed in posi-

trOll imaging to reveal features at various "depth wi thin ,ill objec.t. 
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2.1.2 Gamma attenuation 

One of the criteria in the choice of a radioisotope used for 

imaging is the energy of the emitted gcu!'Jnas. Ganunas below 1 Mev 

interact with the matter of an object in two ways. In a photoelectric 

interaction, the energy of the ganuna is totally absorpted, and an 

inner shell electron is released. In a Compton interaction, a ganullii is 

scattered from an electron with partial loss of its initial energy, and 

at the same time the electron is scattered. The total interact jon of 

ganuna radiation (Photoelectric & Compton) behaves as an exponential 

function with the thickness of material traversed. At low energy, the 

absorption probability of gammas is high in tissue, and most of the 

gannna radiation emitted by a radioisotope cannot escape and be detected. 

One of the most useful radioisotopes used in nuclear medicine is Tc-99m. 

This radioisotope gives 140 Kev ganma radiation which is sufficiently 

energetic to escape a thick body organ without suffering appreciable 

attenuation, and it also has a short physical half life of 6.04 hrs. 

The mean free path for 140 Kev gannnas in tissue with an average density 
22 

of 19m/cc is 6.7cm. One technique to discrinlinate against scattered 

gammas, which give incotrect position information of the source, is to 

use an energy window in the detector. Scattered ganmias, which retain 

only part of the initial energy are rejected by the enerb~ selection 

windO\v and the result is a better image. However, the sensitivity 

(measured in counts/min/uCi) is different for sources that lie near 

the surface of an object close to the detectoT and for sources that 

are at a greater depth. This problem is less severe in the case of 
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positron imaging than that of single gannna imaging because the total 

thickness traversed by the two annihilation gannnas is approximately the 

same from any depth of an object of unifonn thickness. 

The probability that one of the two annihilation garmnas emerges 

from a mediwn without encountering any scattering is exp(-d/L) where L 

is the mean free path for 511 Kev gannnas in the mediwn, and d is the 

distance between the point of annihilation and the surface of the medium. 

The probability that both gannnas emerge without scattering is given hy 

- exp(-dl/L) X exp (-d2/L) exp (-dl-d2/L) exp( -D/L) 

The mean free path for 511 Kev gammas in tissue is 10.5 cin. D is the 

total attenuation length. As an example, we can calculate the average 

escape probability of annihilation ganullas from a spherical object or 

tissue-equivalent density. For a spherical object of radius R and a 

positron emitter at-distance a X R from the center, the average chord 

lenght D of a sphere and the average escape probability are given by 

2 . 2 e )~ D(e) = 2R ( 1 - a SIn 

D(e) = J D(Bl sine de 

J 
2 2)~ d\1 = 2R (1 - a + a \1 

o 
L 

= (n (\1) exp(-D(\1)/Ld\1 Pesc J 
o 

; \1 = cose 

o 

The average escape probability, Pesc ' IS calculated for a point source 

at some distance from the center of a sphere with diameter of 20 cm, fig. 
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2.1.3 Gamma detection and localization 

In a conventional gamma camera, the event rate is dependent on the 

following factors - the source activity, the attenuation within an 

ob j ect, the fraction of gannnas that passes through the colI imator, :md 

the detection efficiency of the detector for the appropriate energy 

window setting. The attenuation and collimation problems have been 

discussed previously. Gamma detection is effected by converting the 

incident gammas into either light quanta or charged particles. Tn a 

Nal-phototube detector system, the gannna interacts with the scinti.llation 

crystal, and the light emitted is in tum detected by an array of 

mUltiplier phototubes. The amount of light shared by the cluster or 
phototubes gives the position information of the site of a garruna 

interaction.23 In a solid state detector, the ganuna radiation interacts 

with the materials, yielding charged electron-hole pairs. These pairs 

are collected by two electrodes on both sides of the detector. 
, 

Localization of gamma interactions can be accomplished hy the construction 

of orthogonal strips. A single wafer of detector material is etched 

In the form of parallel strips with electrical contacts on the surface. 

TIle strips on one face are at right angles to those on the other side. 

The position of interaction of an incident garrona with the detector is 

defined by the pair of strips (one from each face) on which the signal 

occurs. A third category of garrona position sensitive detector is the. 

multiwire proportional chamber. Gmmna radiation interacts with the 

gas atoms of the chamber releasing photoelectrons which then iunj ze 

the surrounding gas atoms. The ionization electrons are then drifted 
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into a multiplicaton region, and the resulting avalanche electrons 
• 

produce detectable signals. 'The posi tion of interactions arc sensed by 

a set of orthogonal wires wi th delay line readouts .24 When MWPCs arc 

used for positron imaging, the interaction probability of 511 Kcv 

annihilation gammas with the chamber gas. is low,and they must be coupled 

to gamma converters to improve the detection efficiency. The detection 

efficiency is defined as the probablli ty of detecting an inchlcnt g<UlUna. 

Converter designs will be discussed later in this chapter. 

2.2 Event rate considerations 

2.2.1 True coincident rate 

For a gamma emitting source which subtenus a solid angle, G, w.ith 

a radiation detector of intrinsic efficiency £ ; the singles cOlmt rat~, 

T~' 
1 s' IS 

where No is the rate at which gamma radiation is emitted. If a positron 

emitter is placed at the mid-plane between two identical detectors, the 

coincident detection rate for the annihilation gammas is 

Rc = G c (2.2a) 

where N, in this case, is the rate of the annihilation of positrons. 

The sensitivity, S, given incounts/minhlCi, is therefore 

S = 2.22 X 106 G 
c 

£ 
2 (2.2b) 

The singles rate at each detector, however, IS doubled because of the 

paired gannna emission. 

(2.3) 



16 

For the particular case where the point source is at the center between 

the two detectors, and the solid angle, G, is identical for both expres-

sion (2.2a) and (2.2b), then R /R = £ /2. At low detector efficiency, 
c s 

the true, coincidence rate is only a fraction of the singles rate. 

In general, the ge~metric factor is different for the single count 

rate and the coincident count rate calculation. The subtended solid 

• angle in coincident detection diminishes rapidly if the point source is 

nIDved towards the detector edge and away from the mid-plane.The analytic 

expressions for solid angle calculation is presented in appendix(l~).Fig. 

(7) shows the variation of the solid angle with source position for 

coincident detection and the comparision of G and G at the mid-plane. 
s c 

If a detector has.a thin sensitive volume compared to the mean free path 

of the incident gammas, then we also have to consider'the detection 

efficiency variation due to the angle of gamma incidence. TIle probability 

of a gannna interaction with the detector is, in general, an exponential 

function of the length of gamma-conversion material traversed. Consequ-

ently, a detector is more efficient for ganmlas that enter the detector 

at an inclined angle than those at normal. The combined effect of solid 

angle variation and efficiency angular dependence with the source posi

tion' for coincident detection rate is shown in fig.(8). The derivation 

is presented in Appendix (IB). 

2.2.2 Random accidental coincidence rate 

In any coincidence detection system, there is a finite coincident 

resolving time, T . If one on the armihilation gammas pair is detected r 

hy detector (1), the compliment ganunas from detector (2) must arrive 
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within the resolving time to be counted as a valid coincident event. 

In the case where the compliment gannna is not detected, and one of the 

gammas from a ~econd annihilation process is detected by detector (Z) 

within the resolvingtirne, a random accidental coincidence is registered . 

This situation is depicted in fig. (9). The rate of singles which are 

not associated with the true coincidence is (R - R). The random s c 

accidental rate due to singles in both detectors is 

2 2(R l-R )(R Z-R) T. For a detector with low s c s c r 

detection efficiency, i.e. Rs»Rc' the accidental rate, Ra , is 

simplified as 

Ra = (2 G E N)Z X Z Tr = 8 G2 E2 N2 T 
S, r 

The accidental coincident events give displaced line vectors, and, 

(2.4) 

consequently, incorrect position localization in the tomographic image 

reconstruction. It is, therefore, important to calculate the ratio 

of the accidental coincident rate to the true coincident rate, 

P (G :: G = G is assumed) 's c 
p = R / R = 8 G N T = R (8 T / £Z) ............ (Z.5) 

a c r c r 

For example, if the time resolution Tr = 300 nsec, the maximum true 

coincident rate is calculated for various detector efficiencies as 

functions of accidental to true coincidence rate, fig. (10). It should 

be emphasized that, in general, the ratio of accidental to real 

coincidence counts is larger for a source located near the edge of the 

detector than for 'one at the center for a given source activity and time 
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resolution. This is due to the rapid fall-off of the solid angle, G • 
c 

2.2.3 Non-random accidental coincidences 

Coincidence detection systems are subjected to other sources of 

non-random accidental coincidences. One of these is the cascade gammas, 

gamma radiation that is emitted along with the annihilation garrunas of 

non-pure positron emitter. This type of accidental coincidence is 

dependent on the source-detector solid angle and the abundance of the 

cascade gammas relative to the annihilation gaIIDlk'ls. Other sources of 

significant background coincidences come from the scattering at the 

source and scattering at the detector, fig. (11). The annihilation 

ganuna scattering at the source has been considered earlier, and the 

accidental rate is dependent on the location of the source in the 

object and the size of an object. Another type of non-random accidental 

coincidence is due to the internal scattering in the detector itself. 

Incident gannnas undergo multiple interactions with the gannn3 converter. 

Such scattering depends on the geometry and the type of conversion 

materials in the. detector. The total coincidence rate is, therefore, 

a sum of the true coincidence (which includes source and detector 

scattering) and accidental coincidence (which includes cascade garrunas). 

2.2.4 Dead time correction 

At high counting rate, the response time of each detector has to 

be taken into consideration. For a paralyzable system, the observed 

counting rate Rso ' is simply 

Rso = Rs exp(-RsTd) (2~6) 

where 'td is the dead time of the detection system, Rs is the theoretical 

singles count rate. Typically a dead time of 1-2 )lsec is associated 
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Gamma scattering at the source (a) 
and at the detector (b). 

22 

~.,. 



.' 

O Or . ~j 9 

23 

with the read out system of a multiwire proportional chamber. As the 

true cmIDting rate is increased, the observed counting rate, Rso ' pa sses 

through a maximum when RsTd = 1 

(R ). = R Ie = l/eTd so max s 

In the case of coincidence counting, the observed coincident cmmt rate 

is 

(2.7a) 

where R = total count rate in both detectors - true coinciuent rate. 

'" ZR -R s c 

ana - R ) 
c 

£ I ( 4 eR - R £) ~ £ I 4 eRe 0 co c • (Z. 7b) 

From eq. (Z.Za), it is evident that the coincidence rate increases as the 

square of the detector efficiency. It also should be emphasized that 

for a given ratio of accidental coincident rate to true coincident rate, 

the true rate is also proportional to the square of the detection 

efficiency as indicated in eq. (~5) and fig. (10). To minimize both 

accidental coincidences and dead time losses, it is important that a 

detector system should have short coincident resolving time and small 

dead time. 

Z.3 Gamma Converter efficiency 

The use of multi wire proportional chambers (MWPC) for detection and 

spatial localization of gannna radiation is limited by the low 

conversion efficiency of the chamber gas. For low energy gannna radiation, 

the combination of a noble gas of high atomic number with pressurization 
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produces a satisfactory detection efficiency. Xenon at 4 atmospheres has 
. 25 

been used for 60 Kev gammas·to obtain a detection efficiency of 50%. But 

as the energy of the gannna radiation increases, the detection e ffj c i ency 

decreases rapidly, and the spatial resolution degrades because the energetic 

conversion electrons travel farther in the gas. If a solid plane converter 

is coupled to the active region of a MWPC, gamma radiation interacts with 

the solid converter yielding conversion electrons. Some of the conversion 

electrons escape the solid medium and enter into the gas regions,prouucing 

ionization electrons which are detected as in the case of a convent:ional 

MWPC. The useful thickness of such a plane converter is limited by the 

maximum range of the conversion electrons. This thickness is usually very 

small, and the problem can be visualized as a surface phenomena. A useful 
. 

geometric structure which prOVides a large surface area per unit cross 

sectional area is a honeycomb. A gamma converter which has a honeycomb 

structure provides an enhanced area of surfaces as well as restricting the 

range of conversion electrons. The efficiency of such a converter depends 

on the following: 

(1) The probability of the garrnna radiation interacting in the 

converter material and thereby transferring some of its energy 

to the electrons in the converter. This is a function of the 

2 total grn/em of converter. 

(2) The escape probability of these electrons t into the detector gas. 

This is a function of the mean distance to an escape surface 

and the range of the conversion electrons. 

t For convenience, these electrons will be referred to as " conversion 
electrons"- although this is not the conventional meaning of the 
expression. 
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2.3.1 Conversion yield 

Consider an array of square cross section cells with dimension as 

shown in fig. (12 ) .. Conversion electrons, resulting from either photo-

electric or Compton interactions of il!cident gammas with the material, 

have to traverse the solid and 'escape into the gas region whereioniza-

tion can occur. In general, a photon will traverse several cells depend-

ing on the orientation of the converter with respect t? source position, 

fig. (13 )./\ simple model is first descri bed to expose the importallt 

parameters in the consideration of high conversion yield for gallUmJ 

converter design. This will be followed by a more precise analys i.s and 

expressions for calculating the conversion yield. 

For a cell, fig. (12), with total surface area As and cross section 

Ac' the probability of producing secondary ionization electrons per gammil 

E == interaction probability per unit cross section x probability 

of escape of conversion electrons. 

E L P / A (/\ t) (Ncr ) P / A esc c s esc c 

(L - t) (Ncr ) ( Pesc ) / (L + 2t ) 2 (2.8) 

Where Vef f is the effective conversion vollUJ1e, 2: is the macroscopic 

cross section, N is the number of atoms per unit volwne, a is the 

conversion cross section per atom, and P is average escape probab:i1i-esc 

ty for conversion electrons produced within the wall thickness, t. II is 

the height of the converter and L is the length of a side of a square 

cell. The energy of conversion electron is under 500 kev for annihila-
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tion gamma interactions, and the range of the most energetic conversion 

electrons in a solid material is rather small (300J.lIIl in lead). For cell 

dimension 

£: = 

L > t, eq.(2.8) is simplified to 

4 HLt (N 0 ) ( p ) 
L2 esc 

4 H 
L 

t ( ~ 0) (~esc ) (2.9) 

The most direct way to increase the conversion yield IS to increase 

the ratio of HlL, the height of the converter versus the cel] si ze. 

As we shall see in the next sections, this ratio IS limited by the 

collection efficiency of the ionization electrons, and the III in iUIl.Dn 

threshold for detection. The above simple model does not include the 

effect of angular dependence nor the detailed profile of COllversjon 

electron escape. A more precise analysis which was used in the ;JCtual 

calculation of gamma converter efficiency, is described in the following. 

The probability of producing an escaped conversion electron per ganuna is 

£: = Ln. 
J 

n 2 T 
= L L ( Q .. 

j=l i=l)O IJ 
( L+ 2x) dx P 
(L + T) T esc ( x, El) 

where i indicates the type of interaction (photoelectric and Compton), 

(2.10) 

nj IS the probability of emitting an electron into the j-th cell space, 

Pesc is the escape probability of electron with energy Ei at x , Qij is 

the probability that an i-th type electron is produced in cell J. 
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In the case of a point source with a wide angular spread, fig. (13), 

the average mnnber of electrons produced per gannna over the sol id angle 

subtended by the source and converter is calculated. For a given 

geometry, the geometric factor, G, is the calculated, Appendix (2 ), 

and substituted into cq. (2.10)The simplified expression for conversion 

yield, € , for a point source is 
T 1 

2 GS L.
2 

d. p T Jo t 
L + 2x) dxP ( x, Iii) J (2.11) 

€ == L + T)T esc 
1 i=l 1 

In order to calculate the conversion yield, an analytic fonn for the 

escape probability is required. 
26 

Spencer used a mnnerical method of spatial moments to evaluate 

P . esc 

Pese ex, Ei) = expf [1 -
p f 

x 1 exp -
R(E i ) \ 

A 1 (2.12) 

x f 1 - R eEi
) 

A is a function of source energy and scattering material, P is a 
27 

constant, R(E.) is the residual range defined and tabulated by Nelrrls. 
1 

The values of coefficient A can be obtained from experimental data 
28 

from Seliger's work. The electron escape probabil:i ty P esc'(x, Ei ) for 

a nUIllber of material has been measured by Selinger with a 2 7T beta 

counter with high detection efficiency down to electron energies of a 

few hundred electron volts, fig. (14). Eq. (2.12) is relatively 
29 

insensitive to the value of P. Jeavons has calculated the values of A 

for the best fit value of P = -3. 

The residual range R (Ei ) is determined from the kinetic energy of 

the two types of conversion electrons, photoelectric and Compton. I.n 
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photoelectric interactions, the energy of conversion electrons is given 

by the difference between the incident gannna energy and the binding 

energies of the electrons. 

E = E - E 
P y k 

Contribution from L,M shells should be included for high Z mater.ials. 

Since the Compton interaction yields a continuousspectYluTI, an average 

Compton electron energy is used to calculate the escape probability. 
30 

The classical theory o£ Compton scattering .has been described by Evans . 
. , 

The energy of the scattered electron as a function of scattering angle 

Ec (e), and the differential scattering cross section for unpolarized 

radiation,da(e) ,can be expressed as 

E (e) = c h Vo a( I - cos e) / I + a ( I - cose ), a= 

d aCe) = 

I + 
a (1 - cose ) ] } 

where hvO is the energy of incident photon, rO is the classical 

electron radiQ~, e is the angle between the direction of incident photon 

and the scattered photon. The average energy of the scattered electron 

can be written as 
J Ec (0) 

"IT (0) 
c 

da (e) 

J d o(e) 

.. ' "'" 
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2.3.2 Intrinsic conversion yield 

In the simple case where the converter is a plane surface of 

thickness greater than the optimum thickness and the detection of 

conversion electrons is restricted to one side of the converter as in 

the case of Geiger counters, the conversion Yie.ld, c, is given hy 

2 

L [fa. p exp(-
i=l 1 

O'TP x sece) sece P (x, Ei) dxd~2 
esc (2.13) c = 

Jdn 
The intrinsic conversion yield of various materials for di [ferent 

energies can now be calculated with the analytical form for the electron 

escape probability. The intrinsic conversion yields of various types 

d d 31 d I of catho e materials have also been measure. Both measure' am 

calculated results of E: as functions of gamma energy are compared in 

fig. (15). 

2.3.3 Extraction efficiency 

In the previbus sections, we have considered the prohahility of 

converslOn electron emissions into the gas region within the cells. 

The number of ionization electrons produced is a function of the energy 

of a conversion electron and the length of the ionization track. The 

mnnber of ionization electrons collected is dependent on the extraction 

electric field profile. For a given chamber, the m:unber of ionization 

electrons collected multiplied by the gain of the chamber (typically 

104-106) must exceed the input noise level of the readout amplificr 

in order for a event to be detected. 

In order to extract ionization electrons from the gas rcgionswith-

in the cells, an clectric field is applied across the converter. 
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Multiple lead strips are used and electrically biased to produce a 

drift field. To estimate the influence of field profiles on the 

extraction efficiency, we asswne a cylindrical cell geometry Fig. (16). 

A solution to Laplace's equation v2~=0 gives the electric field 

both in the axial and radial direction, Appendix ( 3). 

EzCr,z) -VQlH - 2VQl1TS tl)sinCn1TS/H) IoC nn r/H)cos(n1Tz/H)1 
. t nI (n1T R/H) f 

ErCr,z) = -2V /7fS~incn1T S/H)oI' (n1T r/H) sin(n1Tz/H) I 
o n= 1 nI (~1T R/B ) f 

A profile of the. electric field is s'hown in fig. (17). From the 

electric field profile, it can be seen that some ionization electrons 

are lost in the drifting process due to the termination of the field 

lines on the walls. The space wi thin a cell can then be approxima ted 

by two concentric cylindrical regions, an inner cylinder where electric 

field lines are continuous along the length of the cell and an outside 

cylindrical shell where field lines terminate on the wall. 

In this model, the probability of detecting a ganuna ray which has 

produced a conversion electron is equal to the probability that the 

ionization track intersects the inner cylinder (intersection probability), 

and produces within it a sufficient mnnber of secondary electrons 

(detection probability). Let r be the average radius of an inner 

cylinder where field lines are continuous, fig. (16). The ioniz~itiort 

electrons released as a result of the interaction of the conversion 

electrons with the gas in the chamber will t~nd to spread out by 

diffusion in the course of their motion towards the anode wires. 

However, in our case, the rate of diffusion is asswned to be small 
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and ionization electrons are considered to drift along the field lines. 

The electrons in the central region are extracted while electrons in 

the outer cylindrical volume are lost. The extraction vollDlle fraction, 

-2 -2 
r I R as a function of R/H is shown in fig. (18). Next; we shall. 

consider the probability that an ionization track will intersect the 

iIIDer cylinder.. The intersection probability, P (r/R) , is a function of 

the ratio of the iIIDer to outer cylinder radius. The derivation of the 

of the intersection probability is presented in Appendix ( 4), and it 

can be expressed as 

P ( r I R)= 1 - 1
\10 

_4_ \1 cos 
'IT 0 

-1 [ - 2 kJ ~r I R (1- \1 ) 2 dJ1 

The intersection probability as a function of RIB is also shown in 

fig. (18). 

The detection probability, D(E ), is calculated from the track-
32

t 

length-distribution in a cylinder. Conversion electrons end ttet! from 

the wall produce ionization tracks of various length, depending on the 

orientation of these tracks, Fig. (19).The conversion electron range is 

. assumed to be long compared to the tube diameter (this is the case for 

a tube radius on the order of l-2rran and electron energy greater than 

10 Kev). The effective track length distribution T (r) through the e 

iIIDer tube is estimated by multiplying the track-length-distribution in 

the outer cylinder by the volume ratio y-2/R2 
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Et is the energy threshold for detection and r t is the corresponding 

minimtnn track length. Total converter efficiency is then expressed as 

a product of conversion yield, intersection prohability and detection 

probability, 
£ = £ X £ . t extractlon 

£ x P ( r / R ) x D (E t ) 

Results of the calculated and measured converter efficiencies will 

be presented in eh. 5. 

2.4. Electron drift velocity 

From eq.(2.4), the accidental coincident rate was shown to be 

proportional to the coincidence resolving time. In our case, the 

resolving time corresponds to the time spread for drifting ionization 

electrons originating at various depths inside the cells to the top 

of the converter. The electron drift velocity is a function of the 

gas mixture used in the chamber, electric drift field, IT, and pressure 

of the gas mixture, p. For electrons, the application of an electric 

field cause an increase in the agitation energy. The agitation energy 

is frequently expressed in terms of the ratio n of its value in the 

presence of the field to its value in the absence of the field,(3/2 kT). 

Superimposed on the agitation velocity, u , of the electrons in the 

presence of the field, where mu2/2 == n(3/2)kT,is a drift velocity w 

in the direction of the field. A relationship between u and w can be 

derived from the following argument. Let A be the mean free path of 
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an electron at unit pressure, each electron undergoes u x piA collisions 

per second. The average momentum lost is (u x p/A)x rnw where w is 

the drift velocity. On the other hand,the momentum gained through the 

electric field is erL Hence at equilibrium 

upmw eE 
A 

w = (e/m) (A/u)(E/p) 
High electron drift velocity can be achieved if the average agitation energy 

or electrons is lowered. Inelastic collision between electrons· and 

gas molecules occur only when the electrons have an energy larger than the 

energy of the first excitation level of the gas molecules. In pure 

argon, where the first excitation level is 11.5 ev and electron 

agitation energy is, therefore, correspondingly quite high. This 

agitation energy is reduced considerably if methane gas (CH4) is 

added to the argon because there are now more available energy levels. 

The mean free path increases rapidly with decreasing energy in the 

region between 1 ev and 10 ev . Both the increase of the mean free 

path and the decrease of the agitation energy help to increase the 

electron drift velocity. Electron drift velocity in various gas mixture 
33 

has been investigated extensively. Ar-CH4 gas mixtures were chosen for 

our MWPC detector because they provide high electron drift velocities. 

Fig. (20) shows the electron drift velocity in Ar-CH4 gas mixtures 

of various compositions as functions of E/p. 

2.5. MWPC operation 

(a). Electron amplification:-Incident ganunas interact with the converter 

producing conversion electrons. A portion of the conversion electrons 

escape into the cell spaces where ionization electrons are produced. 
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These ionization electrons are drifted into the sensitive area of 

the chamber. The electric potential and field distribution in a MWPC 
34 

has been calculated by Erskine. Consider a chamber with geometric 

configuration as shown in fig. (21), the electric potential and the 

electric field are given as follows: 

V(x,y) ~ q r 2 7TL/S - In [ 4sin2 ( 7TX/S) + 4 sinh
2 

( 7TY/S ) ] } 

E(x,y) = _ 'aV = 7T q sin(, 2 7TX/S) 

x 'ax S [sin2( 7Tx/S)+sinh2(7TY/S )] 

Ey(x,y)= - 'a V 
'a Y 

7Tq sinh ( 27T y/S) 

S [sin2 
( 7TX/S ) + sinh

2 
(7TY/S) J 

Fig.(22) shows the general feature of the field lines and the 

40 

eqipotentials for the geometry under consideration. At regions close 

to the anode wires ( x« s, y« s ), the electric field varies as l/r. 

When ionization electrons enter this active region, they are 

accelerated rapidly and gain sufficient energy to cause secondary 

ionization. In turn, these secondary ionization electrons acquire 

kinetic energy and cause further ionization. Thus an electron avalanche 

is initiated. The electron amplification depends on the size and the 

spacing of the anode wires and the type of gas mixture used. A detailed 

description of the operation of multiwire proportional chambers as well 

as useful discussion on the properties of various chamber gas m.ixtures 

has been given by Charpali.5 In our case, an Ar-CH4 -Xe gas mixture was 

used in the chambers mainly because it provides a high electron drift 
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velocity. A small percentage ( 6% ) of Xenon is added to provide 

extra chamber gain. The effect of xenon on chamber gain has been reported 
36 

by Kaufman et al. A detailed analysis of the prohlem of electron gain 
37 

1n a proportional multiplication process is given by Rose :md Korff. 

The electron gain, A, is expressed as follows: 

A = exp r 2 

l [
(Vi V

t
) ~ - il 1

J 'l[L/S - In(2l1T IS) LJ 
o 

where a is the rate of increase of the ionization cross section with 

2· -3 energy ( em /volt ) and N is the molecular density (em ) r is the m ' 0 

radius of the anode wires, Vo is the potential at the anode and Vt .is 

the threshold voltage for electron multiplication. 

(b). Formation of induced pulses 

If a charge Ne moves towards the anode wire ande~1eriences 

a potential drop t;V, the work experided is Ne t;V. This work is 

compensated by additional induced charge supplied to the anode. 

Ne tN = V ~ Q 
o 

1 ~Q = Ne ~V = Ne ~V ~r 
t;t Vo i1t Vo ~r lit 

= Ne E( r) w 
V o 

where V is the voltage at the anode, N is the mnnber of charged o 

particles, w is the mobility of the ions, r is the radial distance 

from the center of a wire. Due to the fact that the avalcmche is 

formed in the proximity of the anode wire, the work required to coJ-

lect the electrons 1S small as compared to the amount of work 

expended in drifting the positively charged ions all the way to the 
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cathodes. Thus positive ion drifting is responsible for most of the 

induced positive signal formation at the two cathodes. The two cathode 

plane of wires are perpendicular to each other, and the positive 

signal induced on the wires of each cathode plane is capacitively 

coupled to a delay line. The time difference between the prompt anode 

signal and the arrival of the x, y delayed signals gives the location 

of an event. This coordinate readout will be described in more detail 

in this chapter. 

2. 6. Delay line operation 

One of the methods of accomplishing position-to-time 

conversion is the use of distrubuted LC electromagnetic delay line. 

Perez-Mendez has developed a delay line design with rectangular cross 

section, especially suitable for ~WWCs~8A delay line is characterized 

by an inductance per unit length, L , due to the coil; and a capacitance o 

per unit length, C , due to the capacitive coupling between the coil o 

and the grounded conductive strips. The important parameters of a 

delay line to be considered are: the delay per unit length, the 

characteristic impedance and the bandwidth of the delay line. 1\11 the 

above parameters are functions of distributed inductance and 

capaci tance per unit length. Consider the delay line as a transmission . 

line with uniformly distributed L and C . . For an ideal 

transmission line 
a1 aV 

= - C 
az at 

av a1 
= -L 

az at 



from which follows the wave equation 

2 az 
LC 

having the general solution V(z, t)=V(t +z/v ), where v == 1/ /Ii 
- o. 0 

is the phase velocity. The time delay per unit length is, therefore, 
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given by fIC. Typical values of position-to-time conversion ratio lie 

In the range of 5-20 nsec/nnn. Similarly, the s01ution for the current 

IS also of the fOnTl I (z, t) == I ( t + z/v ). Therefore, the J ine 
- 0 

has a characteristic impedance given by 

Z = o 
dV ~ - = v L = /L/C 
dI 0 

J\mplifiers used for delay line readouts are designed such that the 

input impedance of the amplifier matches the characteristic impedance 

of the delay line. This impedance matching minimizes signal reflections 

and allow maximum signal transfer from the delay lines to the :I1l1plirier. 

The perfonnance of the delay line, as can be expected, 

deviates from that of an ideal transmission line. Due to the f:inite 

resistance of the wire conductors and lossy dielectrics at high frequen-

cies, the arnpli tude of the wavefonn of a pulse is distorted to 

some degree. These frequency dependent loss mechanisms cclnnot be 

eliminated completely, but can be minimized by proper choice of 

construction materials. Perez-Mendez reports values ror attenuation 

on the order of 1.5 db/ psec at 3.6 MHz, with increasing attenuation 

beyond 5 MHz39 .In addition to amplitude distortion, phase distortioll 
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may occur in the delay line. This phenomenon is caused by the diminishing 

value of distributed inductance at higher frequencies, resulting in 

unequal phase velocities for different frequency components of a pulse. 

This phase distortion in the waveform of a pulse can be compensated 
40 

by the addition of, frequency dependent, shunt capacity to grollild. 

A distinct advantage of the delay line readout method is 

the inherent ability to interpolate between signal coupling points 

for the maximlDTI height. The centroid of a single pulse indicates 

closely the center of an ionization event even though the signal includes 

contribution from the adjacent wires. The time difference between the 

prompt signal from the anode plane and the delayed signals coming 

down on the X and Y delay lines corresponds to the position where an 

event occurs. This method of position-to-time transformati.on has 

successfully been used by Perez-Mendez et aI, and spatial resolution as 

small as 0.15 rrnn have been obtained. 



III. POSITRON CAMERA SYSTEM 

3.1. General description 

A schematic representatiOn of the positron camera system 

is shown in fig.(23). The annihilation gammas from positron emitters 

are detected with two opposing detect~rs, The si&:rnals for each coin

cident event are electronically processed and the positions of the 
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gamma interaction sites are digitized and then transferred via the 

computer memory to a mass data storage disc unit. The MWPC-ganmla converter 

positron imaging system consists of three major groups of hardware. 

The first group includes MWPC chambers and gaJllma converters for 511. Kev 

annihilation gammas detection. Delay lines are used for the localiwtion 

of gamma interaction sites. The second group of hardware includes 

electronic components such as low noise amplifiers for signal ampljfication 

and timing discriminators. A data selector unit was designed to perfonn 

decision logic functions such as valid coincident event selection and 

invalid event inhibit/reset. The interface unit consists of anaJog to 

digi tal conversion scalers, a 300 l'vnlz clock and a buffering unit for 

data transfer to the computer. The third group of hardware consists of 

. a Digi tal Equipment Co. (DEC) PDP 11/20 computer wi th an extended 

memory of 28 K. Peripherals include a display storage scope, two data 

storage disc units, a fast paper tape reader/punch and a Decwriter 

keyboard terminal. The software includes system programs for data 

acquisition, data processing, image display and image processing. The 

complete camera system is shown in fig.(24). 
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The sequence of data acquisition occurs as follows: If a 

pair of annihilation ganunas is detected, 3 amplified signals [rom each 

detector ( I zero-time anode signal and 2 delay line signals) are 

applied to a multi-channel timing discriminator. The 6 discriminator 

outputs go into a data selector logic unit. At the same time 4 

digitizing scalers are started by the anode signals, and the delay 

line signals are used to stop the scalers. If a valid event is detected, 

( the logic of valid event selection is given in sect.(3.6.3.), un 

interrupt signal is issued to the computer whereupon data is transferred 

via the buffer unit to the memory of the computer. If a pair of 

coincident events do not satisfy the data selection requirements, an 

inhibit/reset signal is issued by the data selector to all units. The 

operation and construction of hardware components are described in 

detail in the following sections, and data manipulation will be discussed 

in ChAo 

3.2. ~MPC construction 

Four ~~C's with 48 em x 48 cm sensitive area were used 

to form a pair of detectors. Each detector consisted of an assembl y of 

two HlNPCS and two ganuna converters housed in an air-tight Aluminum 

container. Each chamber consists of two cathode planes of stainless

steel wires 50 microns in diameter and 2 rrun spacing between wires. 

The anode plane consists of stainless steel wires 20 micron indiumeter 

with a 3 nun spacing between wires, fig. (25). The support frames were 

made of Nema G-IO fiberglass; the two central frames and the outer 

frames are each 4 nun thick. All Nema G-IO surfaces were ground to 
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insure uniform thickness for proper interplaner spacings. Reliefs 

were milled into these frames to accept the coupling strip PC ' boards 

which were epoxied into place. The cathode wires were terminated through 

220 Kn resistors to a common bus. The delay lines were mounted on the 

coupling strips with 0.1 mm thick mylar between them and the strips for 

insulation. Foam rubber strips were compressed into the space betyJeen 

the delay lines and the support frames to insure firm contact between 

the delay lines and the coupling strips, producing good capacitive 

coupling for the cathode signals. Detailed chamher construct ion techn 'iques 

have been described by valentine.
4l 

3.3. Delay line construction 

The design and properties of delay lines have been descr i,bed 
38 

1n detail by Grove, Perez-Mendez et al. rig. (26) shows the basic 

construction of the delay line. The internal conductor which .is 

grounded consists of a mylar foil with longitudinal copper bands on 

one side. They are connected at both ends to the ground pins on the 

plastic core. The other conductor consists of a closely wowld hel i.x 

of # 32 gauge copper Formvar wire. In the case where phase compensa-

tion is desired to reduce phase distortion, a mylar strip with 

etched metallic bands of copper or aluminum is cemented onto one of 

the flat side of the delay line. A set of 8 delay lines) SS on long, 

( 2 for each MWPC ) with delay to rise time rabo of 28:1 and a total 

del ay of 1.1 \lsec were made for the pos i tron C<Ullera. 

3.4. Gamma converter construction 

Because Pb is relatively inexpensive and readily ava i.lahle, 
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it was used for our converters. The optimum thickness of cell . walls 

made of lead was calculated to be 75 microns. Photoetching and 

electroplating methods were employed to construct these thin walled 

converters. Bands of copper were photoetched onto sheets made of 50 

Inicrons of mylar clad on both sides with 50 microns of copper. 

Subsequently, a layer of lead 75 microns thick was electroplated onto 

the copper. Strips of selected width were cut from these sheets and 

corrugated with two meshing gears. The strips were then soldered 

together to form a honeycomb structure. Metal bands at the same hejght 

were cOJUlected by a common buswire. A drift field is provided to each 

cell by applying graded voltages to the buswires, fig. · (27 ). We have 

made 4 converters of 48 on x 48 cm sensitive area with 3.5 rrnn cell size. 

Each lead converter has 4 bands ( 3 mm per band) and the total height, 

including insulting gaps, is 15 mm. One converter is coupled to each 

of the two MWPCs in each detector. Extra space is provided for the 

addition of one more converters per MWPC making a total of 8 converters 

for the whole camera. 

3.5. Detector assembly 

A total of two MWPCs chambers, two gamma converters, and four 

delay lines were housed in one of two detector box. The Aluminum 

container box was made of 1 inch thick walls with 1/16 inch reinforced 

Aluminum window. The detector container was originally designed to 

withstand 2-3 atmospheres if pressurization should be required. A 

rectangular trough was milled into the Aluminum walls and a rubber 

gasket was compressed between the window and the side walls forming 
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Fig. 27 A section of the layered, honeycomb shaped gamma converter. Graded 
voltages are applied through bus-wires to individual cells. 
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an air-tight container . . Each converter was spaced at 4 nun from one of 

the cathode planes of the chamber. A copper sheet was placed between 

the two MWPCs providing a physical signal decoupling screen between 

them. The two charilber-converter-delay-line assemblies were secured on 

studs anchored to the bottom of the container. Fig. ( 28) shows the 

detector assembly with the Alumimun window removed. The two detectors 

were then placed in position on a support rack. The detectors are 

separated by S6 em , realizing a geometric acceptance of 28 % for a 

point source at the center of the field of view. Three external high 

voltage supplies, which provide voltage to the anodes, cathodes, and 

gamma converters, in both detectors, complete the detector assembly. 

3.6. Electronics 

A modified version of a charge-sensitive amplifier was specially 

designed to be suitable for signal detection and amplification in 

either the anode plane or the delay lines. Other electronic components, 

including timing discriminators and data selection unit are also 

described in the following sections. 

3.6.1. Modified charge-sensitive amplifier (MCSA) 

The design criteria of an amplifier for anode readout are good 

signal to noise ratio and bandwidth large enough to preserve the rise 

time of the signal for timing purpose. The additional design criteria 

for the cathode signal readout requires that the input impedancc of 

the amplifier matches that of the delay line to eliminate signal 

reflections. The effect of the noise in a radiation detection systcm 

is twofold. pjrst of all, if we have a distribution of signal 
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XBB 7410-7153 
Fig. 28. Detector assembly showing the MWPC chamber and the gamma 

converter. 



amplitudes from a MWPC detector with a glven gain, the lower detection 

threshold window which is set above the noise level determines the 

overall detection efficiency (ch. 2). Secondly, the timing accuracy of 

the zero-cross discriminator which detennines the spatial resolution 

IS affected by the signal to noise ratio (Sect. 3.6.2). The analysis 
42 43 

of noise has been presented in detail by Radeka ami Goulding. 1n the 

positron camera system, an important source of noise is the no.ise 

generated by the terminating resistor in the delay line. This dissipa-

tive clement in the input circuit generates thermal noise. The level 

of noise generated is inversely proportional to the value of the 

tenninating resistor which is in parallel with the input. We shall 

consider a method of replacing this dissipative terminatjng resjstor by 

a non-dissipative impedance. The principle of "electronic cooling" of 

a delay line in order to reduce the noise was first introduceu by 
44 

Radeka. A basic circuit for cooled damping with capacitance anu the 

derivation of the input impedance is presented in Appendix (S). The 

introduction of a new time constant R C, in the forward gain puth 
00 . 

provide, in essence, a reflective impendance at the input. The i.nput 

impedance is then given by 

z. ( C + C ) 
- 0 f 

In 

~ Cf 

where ~ is the trans - conductance of the FET, Cf is the feedback 

capaci tance. The input impedance of the MCSA has become purely 

resistive without any dissipative element. A schematic uiagrarn of the 

MCSA is shown in fig. (29). A low-noise juntion FET (2N4861) was 

• 
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chosen at the input stage of the amplifier to optimize signal to noise 

performance. Pulse - shaping is performed by a RC di rrerentiator :It the 

input to the operational amplifier (ilL 733). At the output of the 

operational amplifier is a current driver followed by a diode clipping 

stage used to minimize pulse lilldershoot , which would cause double 

pulsing in the timing discriminator. 

The MCSA has an effective bandwidth of (lOMIIZ) and an adjustable 

gain from 50-2000.An equivalent noise level of 16 IlV is realizetI at 

the input of an operational MCSA. The effective input impedance can 

be varied from 500 ohms to 5 k ohms by adjusting C. The r.cSA can be . 0 

used to amplify input signals of both positive and negative polarities 

by simply inverting leads in the intermediate operational amplifier 

stage. Additional differentiation is possible by adding an RC network 

at the output of the amplifiers. A typical anode signal from the MeSA 

has a rise time of 100 nsec and a fall time of 400 nsec with an output 

differentiator of time constant equal to 250 nsec. The delay line 

signals, however, are already differentiated through the capacitive 

coupling to the wire planes before input to the amplifiers, antI have a 

rise time of 100 nsecwith 250 nsec fall time. No further differentia-

tion is necessary at the output of a delay line amplifier. 

3.6.2 Timing discriminator 

The position of a ganuna interaction is determined by the time 

di fference between the occurrence of a prompt anode signal and the 

delayed cathode signals, hence spatial resolution is critically dependent 

on the timing accuracy of the timing tIiscriminator, making it one of 
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the most important components of the electronic unit. The timing 
45 

discriminator is of the differentiating, zero-cross type, designed to 

locate the time at which the pulse reaches its peak amplitude. The 

time occurrence of peak (or zero-slope) should be identical for a family 

of pulses regardless of the pulse amplitudes. 

The timing discriminator consists of a differentiation stage, an 

amplification stage, and a tunriel diode triggering stage.A schcmat:ic 

diagram of the timing discriminator is shown in Appendix (6 ) . The 

input pulse is differentiated and amplified. The positive portion of 

the amplified bipolar signal sets the diode, and it is reset at the 

transition point when the polarity of the bipolar pulse goes from 

positive to negative. The differentiated input pulse was amplified to 

give a well defined transition point. 

The principal factors affecting the timing accuracy are noise and 

the finite current differential for resetting of the tunnel diode. 

The multi-channel timing discriminator which was used has a time slew 

of 6 nsec over a dynamic range of 20 in signal amplitude~ The time 

jitter associated with 100 mv signal and 20 mvnoise is 8 nscc; but 

improves tol nsec as the input signal is increased to 1 volt, fig. (~()). 

The output from the timing discriminator is fast NIM level (-700 mv). 

The anode signals from each of the four chambers pass through a 

single-channel analyzer where a band of input signal amplitudes can be 

selected by adjusting lower and upper-threshold levels. 

3.6.3 Data Selector, Scalar, Clock 

Outputs from all of the 12 channels of the timing discriminators 
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(4 from anode readouts and 8 from cathode readouts) are put into a data 

selector logica unit. This unit consists of a network of flip-flops 

and gates. A logic diagram is shown in fig. (31). A complete schematic 

diagram is presented in Appendix (6). A valid output signal from the 

data selector is initiated if all of the following conditions are met 

Pro~t anode signals 

1. Only one of the two MWPC s is triggered in each of the upper and 

lower detector boxes. (2 chambers werehou-;ed in one detector 

box) . 

2. When one of the two chambers in a detector box is triggered, 

the coincident signal from one of the chambers in the opposite 

detector box must arrive within the coincidence resolving time. 

Delayed cathode signals 

3. If conditions (1) and (2) in the prompt signals are met, 

there must exist 4 delayed cathode signals associated with the 

chambers which were triggered. 

An event is rejected by the initiation of an inhibit / reset signal if, 

1. Either one of the conditions (1), (2), (3) is not satisfied. 

2. A second prompt signal should occur on either one of the four 

chambers before a valid coincident signal is initiated. 

3. More than one signal should occur on anyone of the delay lines 

within delay line time (1. 5 ~sec) before a valid signal is 

initiated. 

Whenever anyone of the four MWPCs is triggered, further signals 

from that particular chamber would be gated off for 1. 5 ~sec while the 
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other detectors are still operative .. This would prevent accidental 

coincidence and minimize the detector system dead time. 

A set of four scalers, two for the upper detector and two for the 

lower detector are coupled in parallel to a 300 MHZ clock. A prompt 

signal starts the scalers, while the associated x,y delay signals stop 

the scalers. TIle time difference between each prompt starting signal 

and the two delayed stopping signals is translated into digital counts 

in the scalers. If a valid coincidence event occurs, data is transferred 

via a buffering unit to a temporary buffer in the computer.' For 

permanent storage, data can be transferred from the computer memory to 

a diSc. 

Oerandomized data registers are used in the buffer interface 

electronics to speed up data transfer. A reset signal is initiated by 

the computer when data transfer is completed. All of the electronic 

components are housed in a Camac bin. Data Acquisition and processing 

by the computer will be explained further in eh. ( 4 ) .' , 



IV. ~rA PROCESSING 

The software used in the data processing includes system progr~IJJlS 

(on paper tapes) supplied by DEC, and a positron camera program. The 

positron camera program (PCP) was written in assembly language and the 

program structure can be generally divided into 3 parts. The first 

part of the program transfers to memory the coded input parameters ;JIld 

the data. Input parameters such as total number of events required, 

focal plane position, detector separations etc. arc coded in 

alphanumeric and are used throughout the program. The second portion 

ot: the program includes data unpacking, the focal plane intersection 

point calculation and other conversion. Image processing such as 

background subtraction, smoothing, detector lUliformity correction IS 

carried out in the last part of the program. The sequence of data 

acquisition, data processing, and image display is carried out as 

follows: - The total number of events required is specified via the 

keyboard input tenninal. After the PCP progrmll is started, continuous 

on-line data acquisi tion is monitored by the program. The PCP prognull 

is temporary halted when the munber of events required is collected. 

The data acquired on disc can be processed immedjately, or at a later 

time at the user's convenience. Before the data is processed, image 

reconstruction parameters should be specified. Data.is tnms ferred to 

the computer and processed when the PCP program .is continued. I\t the 

same time, the image can be displayed 011 the storage scope eVcflt hy 

event. If image processing IS desired, coded instructions arcinplll 

to the program. Data is again recalled from the uisc and processed 
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accordingly. The detailed data manipulation is described in the ' 

following sections. 

4.1 Data collection 

When a valid coincident event lsdetected, an interrupt signal is 

initiated by the data selector to the computer for data transfer. Each 

event consists of three16-bit words. The bit arrangement 'is 'shown in 

fig. (32). The clock is a 10-bit buffer used as a real time matker in 

the data collection process. This clock is driven by a 60 HZ line 

frequency., After each data transfer to the computernlcmory core .is 

completed, a reset signal is sent to the data selector, and uata 

acquisition is continued .. To minimize system dead time, a d()uble 

buffering technique is used. Two buffers, 3072 words each, are set up 

ln the memory core for temporary data storage. After the first buffer 

is filled,the data storage function is shifted to the second buffer 

and vice versa. While the second buffer is being filled, data i.n the 

first buffer 'is transferred to the disc during computer idling time 

between events.· Each disc ·has a capacity of 1.2 million words. A 

theoretical maximum of 400k events can be stored ona single disc, but 

the actual data storage size is limited to 333k events with the 

remaining area occupied by system programs. 

4.2 Image reconstruction and display 

The number of coincident events required for an image reconstruction 

in our positron camera varies according to the coffiplexity of an object. 

For a point source, a total of lk coincident event is sufficient while 

in the case of a head phantom, it mhyrequire as many as 300k events to 



produce a discernable image. Image reconstruction proceeds as follows: 

- Input parameters, such as the posi tion of the Coca] plane, m.unher of 

events to be processed, etc., arc specified on-line via the keyboard hy 

the user. After the user starts the PCP program, each event consisting 

of 3 words is transferred serially from the disc to the CPU llli t where 

data is unpacked into its proper chamber numher and four coord inate 

digital readings, two for the upper detector amI two for the lower 

detector. The intersection of a line connecting the two points with 

the selected focal plane is calculated. (The detailed tomographic image 

reconstruction and two other methods of 3-D reconstruction arc described 

in tlle next sections.) The intersection point is djsplayed on the scope 

.In one of two modes of image display which wjll he described -later III 

thi s dlapter. All events are processed in thi s manner, and hardcop i cs 

of the resulting image can be obtained with a Tektronix camera. 

4.2.1 Tomographic reconstruction 

A line joining the sites of interaction of a paj r of <lnnih.i I at i 011 

g~urnnas determines the line vector along which ;i point emi tter ] i es. 

The intersection of two or more of these lines deten1lines wliquel y the 

locus of a point SOUTce. In the case of distributed sources, it is not 

possihle to determine the position of the sources frOin the intersections 

of such [a set of lines. The "plane of best focus" lIlethodis used to 

determine the distribution of positron emitters. In this method, the 

position of a focal plane parallel to the det.ectors is selected. The 

stored data 15 retrieved from the computer memory, and the inter

section of all the line vectors with the selected focal plane is 
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-
calculated. In fig. (33), a line vector, L, intersects the two 

detectors at (xl'Yl'zl) and (xZ,yZ'zZ). The equation of a ] ine passing 

through (xl;y Z' zlY and parallel to L is 

( x - xl ) = ( Y - YI ) = ( Z - zl ) = K 4.1 

A B C 
where A= (x2-xl ) , B=(yz-Yl ), c= (zZ-zl) are the line directional 

components .of L. . The equation of a plane passing throught (] poiIlt 
- - -

(xo'Yo,zo) and normal to a line vector n = ai+ Sj+ yk is 

a( X - Xo ) + s( Y- Y ) + Y L Z - Z ) o 0 
= 0 4.2 

In the general case where a line parallel to L passing through (xI,yI,zl) 

and intersects the above plane at, a point (x' ,y' z'), then (x' ,y' ,z') 

must satisfy both eq. (4.1) and (4.Z) 

x' = AK +xI l y' = BK + YI 
( z' CK + zl 

and ex. ( x'-x) + S( Y'-Y )+ y( z'-z ) ::: 0 
o 0 0 

Substi tuting .. (x'y' z') from eq. (4.3) into (4.4), we obtain 

ex. (xo-xl ;; +S(Yo-Yl) + y(zo-zl) 
K = ----------------------------

4.3 

4.4 

4.5 

To obtain the coordinate (x'yiz'), we substitute the constant K into 

eq. ( 4.3). In the particular case where the plane chosen is parallel to 
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Fig.32The bit map of data for each coincident event. 
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the detectors and i ntercept the z-axis at a point zo' then 

a = B = 0 

The equation for the plane is simplified as 

y( z-zO ) = 0 

The intersection points at this plane are 

x = x + ( x -
1 2 

Y Yl + ( Y2-

(zo- zl)/ 

(zo- zl)/ 

(z -
2 

(z -
2 

4.6 

4.7 

Similarly, intersections can be obtained for planes n Jrmal to the 

x-axis or y-axis with an additional requirement that the two points 

are on opposite side of a focal plane. This condition is automCltic -

ally satisfied for a plane normal to the z-axis. All of the stored 

data is processed according to the reconstruction algorithm, amI the 

points of intersections are displayed as intensified dots on a scope 
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screen. The image formed consists of the object image ru;d the blurred 

superimposed images of objects at planes above or below the Coca] plane. 

4.2.2 3-D reconstruction 

Two schemes for overcoming this problem of superimposed images are 
46 

being tested. One approach is to de-couple the image superposition for 

a number of planes using the tomographic images reconstructed on those 

planes (Method I). Deconvolution is performed in the frequency domain, 

and inverse Fourier Transform gives the true images at each plane. 
_ 47 

Another method of 3-D reconstruction uses the scaler field approach 

(Method II). Both of these methods will be reviewed briefly. 

Method I 

Fig. (34) shows the tomographic images of a point source at various 
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plane j 

Fig. 34 Intersections of annihilation line vectors with focal 
planes from two point sources, one located at plane i 
and the other at plane j. 
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planes. Four coincident events are indicated. The tomographic images 

obtained at plane · i has the superimposed image contributed by:.l. point 

source at plane j. Similarly, the reconstructed image at plane J I.S 

blurred by a source at plane i. The extension from a point source to 

an object sources involves the convolution of an object with a point 

response function. Hence 

t z 
= 0 1 * h21 + oz*h ZZ 

+ °3*hZ3 

t3 0 1 * h31 + oz*h 3Z + °3*h33 
I I 

I I 
I I 

t ' = 0 1 * h + oz*hnZ + °3*hn3 n nl 

th where t is the tomograms obtained at n plane 
n 

o is the object distribution at nth plane 
n 

+ •••••• 0 *hZ n n 

+ ••.•.• 0 *h3 n . n 
I 

I , 
+ .••••. 0 *h 

n nn 

hij is the point response function at i-th plane from a point source 

at the j-th plane. 

If we operate in the frequency domain by taking the Fourier Transforms, 

the equation becomes 

where T , ° , H .. are n n 1J 

TZ = °1 HZl + °z HZZ + °3 HZ3 + ...... 0 liZ n n 

:3 ~l H3l + °2 H3z + °3 H33 + ....... 0 1I3 
I I n .n 

, I 

T °1 II + ° H + 03 H 3 + ••..••• 0 I I n nl 2. nZ n. n nn 
the Fourier Transforms of the tomograms, object 

sources and the point response functions respectively. 

This can be represented in a matrix form 
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T] °1 Hll HIZ H13 •... .. ..• H] .n 
TZ °z H21 HZZ HZ3 ......... IIZ n 

T3 °3 
I I 

H3l H3Z H33 · ......... 113 I n 

I 

T ° lIn 1 HnZ Hn3 ....•...• H n n nn 
Finally, the object at each plane can be obtained by taking the 

inverse Fourier Transform 'of the matrix elements 01 •..•••....•.• On 

ohtained from dividing the tomogram ~atrix by the point response 

flIDction matrix. In this reconstruction method, it is rcquired that the 

point response function remain constant in shape, size and intensity 

as a point source moves over the camcra ficld of view on a given plane, 

although it may be different for different planes, Fig. (35) shows the 

solid angle variation subtended by a point source on thc boundary of 

an object and one in the interior along the same horizonal plane. In 

order to have a uniform point response function, only those events 

which satisfy the angular limit G f GLare accepted, j.c I x2-xll~d 
and IYz-Yll~d where d is smaller than W, the width of the detector. 

Method II 

Another algorithm for three dimensional reconstruction u.sing 

Fourier techniques was developed recently. The principle of the 

method is slllIUTIarized here. Consider a point emitter which generates 

a set of straight lines in three spaces. For a set of these randomly 

oriented straight lines, it is possible to define a scalar field which 

is a function only of position relative to the point emitter. Thus a 

point emitter located at r generates a scalar field <P (r-r). For 
000 

example, take an area element 0 A nOYTIml to the z-axis at a distance 

. .. 



() U 

/T- TO I from the emitter, fig. (36a). The probability that one of the 

lines will pass through the area element is 

Q A cos 8 

2 11 \ r - r 0 \ 2 

and 
( r - '" cos e r ) . Z 

CPo ( r- r ) =: 0 
0 

2 'lI \r- rJ2 IT - TO \3 211 

where cp(r- ro) is the scalar field defined as the average nwnber of 

lines per unit area per event for lines emitted from ro which pass 

through the oriented area element located at r. 

In general, for an arbitrary distribution of radioisotopes 

distribution p, a scalar field cp is generated and is given by the 

convolution 

cp (r ) =: J p(r')CP 0 ( r- i ' ) d 3r' 4.8. 
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where ,CPo is the scalar field associated with a point emitter described 

previously. The data from the positron camera measures the field cp. 

If enough coincident events are collected to provide good statistics, 

a density distribution , p , can be calculated where both cp and <Po 

are known. 

The Fourier transform of both sides of eq. ( 4. 8) gives 

t (~) =: S (~) t (~) 
o 

where t t,S are the Fourier transform of cp / cp , ~respectively. 
, 0 0 

The solution of S, in momentum space is simply 

S(p) =: cP (il) / cP (~) o 

The density distribution can then be obtained by taking the inverse 
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Fig. 35 Angul a r limit for 3-D reconstruction • 

.. z-axis 

Fig. S()a Geometric confi gura tion for the calcula tion 
of scaler field generated by a positron 
source loca ted at ro 



Q 0 2 
0' r 

V 

75 

transfonn 

p ( r ) = J S,(p ) exp ( - 2111 p. r ) d3p 

In practice, a numerical reconstruction of the density distribut ·ion 

of radioisotope is obtained by dividing the volume of interest into 

a lattice of discrete points and by using discrete Fourier transforms. 

This method of 3-D reconstruction also has to invoke the angular limit 

as in the case of multiplane reconstruction. Detailed discussions of 

noise instabilities, other scaler fields, the reconstruction algorit.hm, 

and methods of Compton scattering delineation can be found in re r. (47) . 

The two methods of 3-D reconstruction from the data obtained hy a 

positron camera should provide better images than the simple tomographic 

reconstruction. Presently, data obtained from the positron camera i.s 

being used for testing and refinement of the above 3-D reconstruct.ion 

programs. 

4.2.3. Image display 

Two modes of image display are available. In 'Dot Display' mode, 

a picture frame consisting of 1400 x 1400 addressable dots on the 

storage scope is used to represent the chamber active area, 500 mm x 

500 mm. After the intersection point on the focal plane is calculated 

for an event, a dot corresponding to this position is activated. An . 

image is fonned when all of the stored events are processed similarly. 

The dot display provides only a quick overview of a reconstructed image. 

Another mode of display which allows much more flexibility in image 

processing is the 'Matrix Display' where each "point" in the image is 

represented not by a single dot but by a matrix element consisting of 
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a mnnber of r1ots. The size of the matrix is chosen according to the 

resolution desired. for example, a 64 x 64 matrix used to represent 

\?Jl area of 500 rom x 500 rom limi ts the resolution to about 7 nun per 

matrix element. If a 128 x 128 matrix is used to represent the same 

area, a finer resolution ( 4 rom per element) is realized. In our case, 

a 64 x 64 matrix was used for the image reconstruction and processing. 

A section of the momory core is assigned to represent the matrix. The 

content of the momory location corresponding to a matrix element is 

increased by 1 if an intersection point should fall within the limit of 

that matrix element. A number of image processing techniques can be 

used to improve the image quality. 

4.3. Image processing 

A number of image processing subroutines are available as options 

in the program. After all the events are processed and stored in 

matrix display mode, one or more of the following processing teclmiques 

can he applied. 

Sensitivity correction 

A point at the center of the mid-plane between two detectors sub

tended the largest solid angle. The solid angle dimInishes rapidly as 

we move away from the center towards the edges of the detectors. Tt is 

also shown in Ch.2 that the converter effiCiency is angular dependent. 

Therefore, in order to correct for both the solid angle effect and 

angulur effect on sensitivity, a sensitivity correction matrix IS 

determined experimentally as follows: A sheet source of uniform 

activity made of a lucite container filled with Ga-68 is placed at 
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mid-plane ·of the detectors. The total activity used should be low 
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enough to minimize accidental coincidence countings. Coinciuent events 

arc detected and are processed i n matrix mode as before for object 

plane at a posi tion corresp~mding to the sheet source. The matrix thus 

obtained constitutes the correction matrix where the differences or 

accumulated COWlts in the matrix elements reflect the sensitivity of 

the detectors with respect to source position. Pig. (36b) shows the 

relative counts for a row of elements in a 64 x 64 correction matrix 

taken along the center at the mid-plane with the experimenta I resu·1 t 

lying, as would be expected, in the intermediate range between the 

two extreme cases of a thick detector and a thin detector describeu 

ln sect. 2.2.1. 

When the subroutine for sensitivity correction is caUed, the 

COWlt in each element of the object matrix is multipl:ied by the ratio 

of maximum COWlt and the count of the corresponding element in the 

correction matrix. This first order sensitivity correction docs not 

take into account the non-uniform sensitivity (or planes away frolll 

the mid-plane. 

Smoothing 

Smoothing is a statistical averaging process by which the 

accummulated counts in each element of the matrix are weighted together 

with counts in the immediate surrounding elements. In our program, we 

have available, as an option, a "five point smoothing" subroutine, in 

which an element is weighted with its four adjacent clements. For 

exmnple, a smoothed elements, U .. , of a matrix with i colwnns and J' rows 
1J 
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Fig. 36b. The relative counts for a row of matrix elements taken 
along the center at the mid-plane. 
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is calculated as follows: 

(a. . ) 
(a. 1 1- , ) + (a. ·1) + (a. 1 · 1) + . (a . ·1) +(w .. a .. ) 

J 1,]- 1+ ,j+ 1,J+ _!.~L:!. .. L 
1J w .. + 4 

1J 

The weighting factor, w . . , is a variable integer having a range Crom 
1J 

1-10. Por large statistical fluctuation, a heavy smoothing, and 

therefore, a small value of the weighting factor is used. 

Background subtraction and Contrast enhancement 

Lower thresholding and upper thresholding ate options avajlable 

in background subtraction. Lower thresholding is specified as percentage 

oC the maximum count in the matrix. For example, in a 10% background 

subtraction, matrix elements with 1/10 the maximulIl aCClllTDllulativc COWlt 

would not be displayed. Similarly, in a 10% upper tfiresholding, rnatr.ix 

clements wi thin 1/10 of the maximLDlI count would be suppresseJ. 

Normally, a range of 32 grey levels is diviJeJ between the lower 

cOlmt limit anJ the upper count limit of the matrix. In contrast 

enhancement, the range defined by the upper and lower thresholding IS 

Jivided into 32 grey levels. As a result, for the sallie difference or 

counts between two matrix elements, the color contrast in the scope 

Jisplay is effectively enhanced with the expended grey scale. 
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"i. A. PROTOTYPE MWPC-CONVERTER DETECTOR MEASUREMENTS 

Prior to the construction of the ~MPC positron camera, a prototype 

detector was constructed and tested. The construction of the scalcd-

down chamber and the converter is identical to those in the pos"itron 

camera. The following performance characteristics were measured: 

(1) Converter detection efficiency 

(2) Spatial resolution 

(3) Coincidence resolving time 

5.Al. Converter detection efficiency 

As shown in Ch.2, sensitivity is proportional to the square of the 

system's detection efficiency. In order to test the detection 

eff iciency for 511 Kev gammas with converters of various cell Jimens ions, 

we used a scaled-down MWPC. The test chamber has 25 em x 25 an 

sensitive area consisting of two cathode planes of stainless steel 

wires, 100 microns in diameter. The anode plane consists or stainless 

steel wires 25 micron in diameter. All planer spacings Dre similar to 

the true size MWPC chamber. 

A Na-22 positron source (~100 ~Ci ) was placed mid-way between 

the test chamber and a NaI crystal/ photomultiplier detector. For a 

pure positron emitter, the detection efficiency is given by the ratio 

of the net coincidence count rate C (coincidence-backgroundo 

accidental) to the single count rate, S 

Co = ~G <- , E l,. = <-2 S.l. 
S No GEl 

where No is the source strength, G is the geometric factor, 1:: 1 15 the 

Nal detector efficiency, E2 is the detection efficiency of the converter 



80 

A correction has to be made for the Na-22 coincidence counts since a 

l. 27 Mev garrona is also emitted with every pair of annihilation ganullas. 

For every 511 Kev gamma detected by the NaI detector which has an 

energy window set to accept unscattered primary garronas, the probability 

that a 1. 27 Mev garrona would be detected by the chamber is 

~ x E I 2 x (1- E2 ) 
4 TI 

where Qis the solid angle subtended by the source and the converter. 

Fig. (15) shows that the detection efficiency for 1.27 Mev ganunas is 

approximately equal to that of 511 Kev gammas, so we assume 

Then the modified net coincidence count rate versus singles is 

em N G El E 2 (1 + Q ) '" t (1 + ~) for e 2 ~ 1 
'" 0 If:;;- 2 4Tl 

S No G El 

The chamber detection efficiency, however, i s dependent on the 

chamber gain. The chamber gain was cali brated with an Fe-55 source 

which gives monoenergetic 5.9 Kev garronas. The amplitude obtained from 

the anode with maximum chamber gain was 1 volt. The amplifier gain 

was set at 600 with 20 mv noise, equivalent to minimum detection 

threshold of 5 ion pairs. An energy spectrum was also obtained for 

the Na-22 source, fig. (37). It was found that over 70% of the signals 

are between 50 mv- 350 mv. The lower threshold of the timing di scrim-

imator was set at 30 mv, 10 mv above the noise level. It is evident 

that the detection efficiency is very sensitive to the lower threshold 

setting and the chamber gain. Table ( 2 ) compares the calculated values 

o[ detection efficiencies with the measured detection efficiencjesof 

lead honeycomb garrona converters of various cell dimensions. In the 
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Table 2 
Measured 

Converter cell Surface area f t (cal.) f (exp.) f (exp.) Extraction 
Cross sect. area (%) (%) 

prane Efficiency 

Pb(511 keV gamma) 4LH / L 2 

Plane converter 1 0.26 0.26 1.0 1.00 
3mm x 3mm x 12mm 16 3.12 3.20 12.3 0.76 
2.2mm x 2.2mm x 12 mm 22 4.29 4.20 16.2 0.73 
2mm x 2mm x 4mm 8 1.56 1.55 5.4 0.74 



: 

o u '. } .. J 

83 

numerical calculations, a uniform energy loss in the gas of 3.2 Kev 

per em was assumed. The minimum track length was taken to be 0.4 mm, 

equivalent to ionization of S ion pairs. As can be seen from the 

table, the measured extraction efficiencies which vary between 0.73 -0.83 

are in good agreement with the calculated values. 

S.A2. Spatial Resolution 

The standard method of comparing spatial resolutjon capab.ilities 

among imaging systems is through the system's spatia] frequency response, 

or modulation transfer function (MfF). This frequency response can be 

measured in several ways. Bar patterns and pie patterns arc routi.nely 

used. 4~ direct way to measure the MTF of a syst€;m is to obtajn the 

systems response to a line source, the so called line spread function 

(LSF). The MTF is simply the Fourier transform of the LSF with corr-
41 

ection for finite line width. 

To obtain the LSF of the positron camera, the test chamber was again 

used because of its ease of experimental controls. For positioning, 

an Fe-SS point source was put on top of a collimated slit 1 nIDI wide 

made of ~ inch Aluminum to ensure proper alignment between slit and 

one set of the chamber cathode wires. Starting signals from the anode 

wires and the stopping signals from the cathode wires were arnpljried 

and applied to two channels of a timing discriminator. The timing 

discriminator outputs were then applied to a time-to -amplitude convert~ 

er (TAe), and the amplitude distribution which corresponds to the 

LSF of Fe-SS source was applied to a multichannel pulse height 

analyzer (PHA ). The gain of the PHA was adjusted and calihrated to 
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give a maximum sensitivity of 10channels to 7 mm. From sect. (3.6.2), 

we note that the timing accuracy of the discriminator is critically 

dependent on the signal to noise ratio. For the Fe-55 source with 

maximum chamber gain, we had a SIN ratio of 50 . The range of 5.9 

Kev electrons from an Fe-55 source in Ar-CH4 is 1 mm. The short range, 

in combination with the electronic timing jitter gives as experimental 

resolution of 1.8 mm FWHM. 

For the 511 Kev gamma which has a mean free path of 5.6 mm in lead, 

a 1 mm slit was formed by two 5 cm thick lead bricks. A Na-22 source 

was put on top of the slit, and a line spread function was obtained 

similar to the procedure described above. The FWI-IM for a Na-22 source 

was found to be 9 mm. The LSF obtained using Na-22 source is shown in 

fig. (38). For the Na-22 source, conversion electrons can emerge from 

either side of a converter wall and travel at most a distance equivalent 

to the cell size depending on its kinetic energy. However, some of the 

conversion electrons that arise near the top of the converter walls 

can have long ionization tracks if they escape into the gas region 

\vithout hitting the surrounding walls. For a converter with cell 

dimension, d, the average spatial resolution measured in FWHM was 

estimated as 
5.3 

where d is the average track-length, equal to 0.73 d, calculated 
. bnax 

from the track-length-distribution discussed in Ch.2. (<I~ I' kf(k)dk); 
o 

o is the time jitter of the zero cross discriminator; t') is the time 

slew of the discriminator; vdl is the speed of the delay line in 

'. 
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Fig. 38. Line Spread Function (LSF) of a Na-22 source. 
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rron/nsec. The values of (}, 0 are flllctions of the signal to noise 

ra tio, sect. (3.6. 2) . From the energy spectnnn of the chamber pulses, an 

average signal to noise ratio of 5 was used. ( (}= 8 nsec, 0 = 6 nsec 

over a dynamic amplitude range of 20:1). This in combination with 

the delay line speed of 0.42 rron/nsec and converter cell size of 3.5 rom 

yields a calculated ~1 of 7-8 rron. The experimental spatial 

resolution obtained was a little higher than the 'calculated value. 

S.A3. Coincident resolving time 

The accidental coincidence rate is proportional to the coincidence 

resolving time of the detector system, eq. (2.4). This resolving ti.me 

was measured with a Na-I detector and a test chamber operated in 

coincidence detection mode. A Na-22 source was placed between the two 

detectors. Signals from the NaI detector was used as the starting 

signals to a TAC and the corresponding coincidence signals from the 

chambers were used as the stopping signals. The TAC output was displayed 

on a PHA. Fig.(39) shows the drift time distribution of ionization 

electrons in Ar(70%)-CH4 (30%) gas mixture for a 4-layer converter, 

15 rron high. The addition of 6% Xenon has little effect on the time 

spread. A coincidence gate was set in the data selector logic llllt 

corresponding to the FWHrvl of the resolving time of 300 nsec. 

f 
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150 nsec/em XBB 7412-8471 

Fig. 39. The drift time distribution 0': ionization electrons 
for a 4- layer converter. 
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V.B. CHARACTERISTICS AND PERFORMANCE OF POSITRON CAMERA 

Although the objective of the positron imaging is to produce 

informative pictures of spatial distribution of positron emitting 

radioisotope within a particular section of the body, it is also im

portant that the sensitivity of the imaging system be sufficiently 

high to minimize the dose given toa patient. In addition to patient's · 

comfort, a high data rate would also reduce image distortions as a 

result of patient's movement. The camera performance characteristics 

which would dictate the qualities of pictures and thms meaningfl!l 

clincal results are as follows:-

1. Sensitivity of the imaging system (counts/min/uCi) 

2. Spatial resolution of the imaging system 

3. Ratio of true coincidence to accidental/scattering coincidence 

It should be noted that conditions (1),(2), and (3) are linearly 

independent. However, the limitation of the maximum data rate for the 

positron camera is imposed by condition (3). Tllis will be clarified 

in the following sections. 

S.Bl. Camera Sensitivity 

The chambers used in the camera system have a sensitive area of 

50 em x 50 em. The signal amplitude, which is inversely proportional to 

the chamber capacity is smaller than that of the test chamber, To 

realize the full converter detection efficiency, the chamber gain was 

increased by adding xenon gas to the Ar(70%)-CH4(30%) gas mixture. 

With 6% of xenon added, the chamber gain was increased 2.5 times. In 

addition, the maximum voltage capacity of the camera chamb~r was 

/ 
/ 
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higher than that of the test chamber, which was probably due to hetter 

chamber construction. The chamber gain was increased sufficiently no 

give a minimum detection threshold equivalent of 5 ion pairs. To 

measure the sensitivity of the positron camera system, we useo a 

eu- 64 positron source which decays 19 % of the time by positron 

emission. Approximately 0.5% of these decays are accompanied by the 

emissions of 1.34 Mev gannnas. Small sections of different lengths 

were cut from the wire, and the activities were measured in a weB 

counter. These were placed at the center of a plane eqtdistance from the 

upper and lower detector, and the coincidence count rate versus 

activity was measured. The energy windows of the timing discriminators 

for all anode prompt signals were open. The chamber gain for all of 

the chambers was calibrated and matched by using a 1-125 source which 

gives monoenergetic gannnas of 35 Kev, sufficient to penetrate the 

Aluminum windows of the detectors. The measured coincident count rates 

as functions of acti vi ties are shown in fig. (44). From eq. (2.2:1), the 

coincident detection rate, R , is shown to be proportional to the 
c 

source activity. Based on the total coincidence rate, the sensitivity 

of the camera system is measured to be 900 counts/min/IICL Th is gives 

a detection efficiency of 4.2% per detector for G= 0.28. lme to the 

dead time of the detector system, the observed coincidence count 

rate reaches a maximum of 2.5K counts/sec at 322~Ci activity. 

Us ing eq. (2. 7b), we obtain a sys tern dead time of 1. 6 usec. 
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S.B2. Camera Spatial Resolution 

To determine the spatial resolution of the camera system, we u~ed 

a Na-22 point source. The spatial resQ1ution measured at the mid-plane 

of the camera system, however, is smaller than the value obtained for 

each detector. This can be seen clearly from fig. (41). A total of 10K 

events were collected. A reconstructed image in the plane of the point 

source was displayed in a matrix format on the scope. A row of matrix 

elements that cut across the center of the point source was selected, 

and the contents of the elements were displayed . on a relative scale, 

fig. (42). Each element represents a spatial distance of 2 nun, and 

the spatial resolution in FWHM was measured to be 6-7mm at the 

mid-plane. 

S.B3. Ratio of true coincidence to accidental scattering coincidence 

To measure the ratio of true coincident events to accidenta1/ 

scattering coincident events as functions of activities, we again used 

the Cu-64 wire sources. To ensure that the positrons be stopped in 

the source ( T + < 600 Kev) , each copper wire was immersed in a 10 mm e 

diameter test tube filled with water. Each set of data was processed and 

the reconstructed image at the plane of the point source was displayed 

on a storage scope, fig. (43). Analysis was performed as follows: A 

square, 3 em x 30m was drawn around the image of the point source, and 

the sum of the events within the square ( on-target events) was 

recorded. The events outside of the square ( off-target events ) 

consists of two components, accidental coincidenceas and scattering 

coincidences. Fig.(44) shows the on-target coincident events and 

I. 
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XBB 768-7324 

Fig. 42. Spatial resoultion of a point source at the mid-plane. Each 
matrix element represents a spatial distance of 2 mm. 
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XBB 768-7325 

Fig. 43. Image of a point source. Events inside the s quare are 
designated as on 0 target events while events outs ide 
the square are off-target events . 
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off-target events as functions of source activities. 

The accidental coincident counting rate increases with the 

square of source activity, eq.(2.4). In our data selector logic 

design, this accidental coincidence counting rate was reduced with a 

pile up rejection circuit. Wnen two chambers within a detector were 

trigger~d, and at the same time one chamber of the other detector 

was triggered, the event was rej ected, eh. (3 ). The accidental 

counting rate was then modified as 

, Ra = Tr [(Rl +R2) (R3+R4)- 2 Tr (Rl R2) (R3+R4) - 2 Tr (R3R4) (Rl +R2)] 

where Tyis the coincident resolving time, and Rl ,2,3,4 are the singles 

rate of each chamber.The calculated and measured accidental rate are 
. 

compared in fig. (44). At high source activity, the accidental 

coincidence hecoll1c a dominant portion of the off-target events. 

The scatterillg coincidence, however, increases linearly with 

source actjvHy. This portion of off-target events was contributed 

froll! various sources. The major source of scattering occurs in the· 

gamma COl1verter. }:or every Compton interaction of an jnd,dent gamma 

with the lead Halls, there is a probability that the scattered ganu11<~ 

will interact elsewhere in the converter and produce a conversion 

electron. There are two cases to be considered. In the first case, 

the primary conversion electron is not registered while the secondary 

conversion electron from the scattered ganmla is detected. Thi s would 

result in misplaced :interaction. In the second case, both the primary 

and secondary conversions are detected. 1£ the two events are 

separated far enough spatially, two distinct pulses would be detected 
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Fig. 44 The measured coincident ,count rate, on-target 
count rate, off-target count rate and both 
measured and calculated accidental count rate 
as fUnctions of source activities. 
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in the delay lines, and the coincident event would be rejected by the 

data selector. Let us estimate the total fraction of scattered events 

versus the unscattered events. Consider an incident gamma interacting 

with the lead wall, the prqbability that a conversion electron 

would be detected is 
T 

E
t 

= G
t 

S f Z 0i pTr(L+ZX) 

l i=l JCL+T)T 

dx P (x, esc 
l EJ
J 1 

Gt is the geometric factor and the quantities in the bracket { } 

have already been defined and are identical to eq.(Z.l1). 

The probability that a conversion ' electron for a scattered gemma 

would be detected is 

£ 5 = [Gt x 2 G c P 

T 

T J (L+2x) dx 1 
o (L+T)T j 

The detection efficiency is taken to be unity for both the true 

events and the scattered events,i.e. every conversion electron is 

detected when emitted into the gas space. G is now the geometric s 

factor for a gamma radiation source originating from the lead walls, 

( an average position for the primary interaction is taken at the 

middle of the converter, half the converter height). The ratio of 

scattered events versus true events is calculated for our gamma 

converter configuration and the calculated ratio as a function of 

lead wall thickness is shown in fig. (45). The fraction of scattered 

events increases rapidly with the wall thickness as can be, expected. 

Other sources of scattering medium include detector window, converter 

backing material and chamber construction materials. At low activjty, 

the fraction of off-target events was measured to be 0.36. This 
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corresponds to 20% scattering in each detector. For our gamma 

converter which has a wall thickness of 150 ~m , the scattering 

fraction is calculated to be 15% . This agrees with the measurement 

to firs t order. 

5.B4. Effects of external scattering medium 

The scattering of gamma radiation at the source has been 

considered in ch. 2 and fig. ( 6). For 511 Kev photons, the major 

interaction mechanism in tissue is Compton scattering. If one of the 

annihilation gammas is scattered at the source and is detected by 

the positron camera, a displaced line vectors constituted. At 511 Kev, 

scattering is predominantly in the forward direction. A 15% 

energy loss (which ordinary would be accepted by a scintillation 

camera pulse-height window) corresponds to scattering through 35 

degrees, fig. (46). Thus most scattered events which are accepted 

by MWPC which does not have pulse height window would also be 

accepted by the scintillation positron cameras. The effects of 

scattering material in the path of the annihilation photons have 

been investigated. While the total count rate drops exponentially, 

as expected, the rate of on-target to total count rate drops more 

gradually, fig. (47 ). Using Cu-64 line source, spatial resolution 

of 6 rnrn and 7 rnrn FWHM are found for sources imbedded in 1.25 cm 

and 10 ern of lucite, respectively, Fig. (48). Thus, external 

scattering has relatively small effect on both signal-to - noise and 

spatial resolution, and the lack of energy resolution in the MWPC's 

positron camera does not significantly alter the performance of the 
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Fig. 48 A. Cu-64 line source in 1.25 ern of lueite, showing a snatial 
resolution of 6 mm FWHH. 

B. Same source in 10 em lueite. The resolution is 7 mm FWHM. 
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system. 

S.BS. Imaging results 

Test object imaging with Cu-64 

Cu- 64 ( T 1/ t 12.8 hrs. ) was readily obtained by irradiation a 

copper wire with thermal neutrons. A piece of #20 gauge copper 

wire, 25 em long, was irradiated in' Th~ Berkeley Research Reactor 

( Triga Mark III ) at 300 Kw power for 30 min. It was then cut to 

form a ring source and two parallel line source. The total activity 

per object was approximately 20-30 pCi. Fig. (49) shows the 

reconstructed image of the 1. 5 em diameter Cu-64 ring source. The 

image of two line sources separated by 1 cm is shown in fig. (49) . 

Point source imaging with Cu-64 

In order to shmv both the axial and tomographic reconstructions 

where focal planes are perpendicuI"ar and parallel to the detector 

planes respectively, two Cu-64 point sources separated by 10 em were 

imaged. Fig. (SOA) shows the axial reconstructed images on the source 

plane and planes on both side of the object separated by lcm. Fig. (SOB) 

shows the tomographic reconstruction images on planes of the sources 

and on a plane half-way between them. 

Head phantom imaging with Ga - 68 

Ga- 68 was used for the follo\ving head phantom studies. Ga-68 

was obtained by 0.03 m EDTA elution from Ge - 68 complexed to a cation 

exchange resin in a column. Ga-68 has an ideal half life (T L =1.13 hr) 
' 2 

for brain imaging, and the long T).,: of parent Ge-68 ( 275 days) 
2 

makes it a very useful imaging radioisotope. The eluted Ga - 68 is 
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10 em Full Scale 

Fig . 49a. 1. 5 cm diameter Cu-64 ring source . 

50 em }"nll Seale 

XBB 745- 3591 

Fig . 49b . T wo Cu-64 line sources sepa r ated by 1 cm. 
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Fig. SOA. Axial reconstruction of point sources 
B. Tomographic reconstruction of point sources. 
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complexed to 0.1 m DTPA (Diethylene triamine penta-acetic acic1 ) 

in 0.9% saline by incubating at 600 C for 10 min. Ga-68 DTPA was 

105 

chosen on the basis of the excellent track recorc1 of Tc-99m DTP/\ for 
49 

brain imaging. A simple hollow head-phantom wi th a simulatcJ tUlllor' 

was filled with 30 }lCi of Ga-68. The tumor regi.on was 1abe11eu with 

an activity concentration five times greater than that in the re -

mainder of the phantom. ( 5:1 activity concentrati.on). The lesion 

is clearly visible in fig. (51). A corroborative test was aJso perf-

onned with a cylinder head-phantom with two simulated les i.ons. One 

lesion had acti vi ty concentration of 5: 1 and the other, 10: 1 The 

head-phantom was immersed in a container filled with Ga-68 ( 

concentration 5:1 ), simulation the peripheral activity arounJ the 

skull. Fig. (52) shows the reconstructed images, one on foed p] aile 

of lesions (left), and 3 ern off focal plane of lesions ( right ). 

Animal studies with F-18 and Ga-68 
+ . 

Bone imaging of a dog was performed using F-18 (e (97 %) , 

EC(3%), Ue+ = 630 Kev ) which is a bone seeking pharaceutical and 

has a half of 110 min. We injected 800 }lCi of F-18 to the above 

animal in the fonn of fluoride ion in saline solution. The data was 

taken 2 hI'S. after injection. Fig. (53) shows the processed image 

of a dog's head and shoulder area of a series of focal planes 2 CITI 

apart . The tomographic i mages show distinctly the mandible in focus 

at 2 cm, elbows at 6 cm, ca]vereal cavity and hUllIeral heads at 

8 cm, and cervicle spine at 10 011. A total of 300K events were 

used. Fig.(54) shows pictures convering the pelves region of a dog 



XBB 756-4148 
Fig . 51. Head phantom with 30 uCi of Ga-68 (left) Tumor to 

background tracer ratio of 10 : 1 (right) Same phantom 
with 5:1 tumor ratio . 
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300 K 

zf = 0 em zf = 2 COl zf = 4 em 

zf = 6 em zf = 8 em zf = 10 em 

zf = 12 em zf = 14 em zf = 16 em 

XBB 748-5311 

Fig. 53. F-18 bone scan of a dog hours after injection of 800 uCi . 
. Images were reconstructed on planes separated by 2 cm. 
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l F = 0 em l F = 3 em IF=4em 

l F = 5 em l F = 6 em l F = 7 em 

l F = 8 em l F = 9 em IF=lOem 

XBB 767-6032 

Fig. 54. Dog's Pelvis Region Labelled With Ga-68 E DTM P 
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labelled with Ga-68 EDTMP( Ethylene-Diamine-Tetramonophosphonic Acid). 

The tomographic images were displayed at 1 cm apart. A total of 

lSOK coincident events were collected. 

Brain imaging with Ga-68 DTPA 

The patient was injected with lmCi of Ga-68 DTPA 2 hrs. prior 

to imaging. 100-200K coincidence events were accunulated over 

approximately 30 min. The coronal images were reconstructed in a 

64 x64 matrix array as shown in fig. (55). Distances are given from 

the posterior aspect of the head. Note the tunor on the patient's 

right side. At the Scm plane, the doughnut shape of lesion becomes 

apparent. On the lower left, conventional brain scintiphoto jmaged 

with a Pho/Gannna IV camera 1 to 2 hours after the administration 

of 10-15 mCi of Tc-99m DTPA. The central necrosis which is evident 

ln 5.0 em plane, is not apparent in the conventional scan. On the 

right, an au scan following intravenous injection of 300 ml of 

Conray 60 shows the doughnut shape of the lesion. Ten more patients 

with known brain lesions were studied after obtaining informed 

consent. In eight of the ten positron brain studies, the lesions were 

clearly identified. The lesions in the remianing two were vaguely 

visible. From the above results, the quality of the tomography is 

evident by the discreetly focused image planes. 
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Brain imaging with Ga-68 DTPA: 
head of a patient injected with 
prior to imaging. Distance are 
of the head. 
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Coronal reconstruction of the 
ImCi of Ga-68 DTPA 2 hours 
given from the posterior aspect 



VI. DISCUSSION AND CONCLUSION 

6.1. Limitations and Improvements 

In this chapter, we shall consider the limitations imposed on 

on the present camera systems and future improvements. The detection 

efficiency of the present positron camera system can be doubled with 

112 

the addition of two more gannna converters in each detector. The converters 

under construction have 2.5 nun cell size and lead wall height of 10 nUll. 

The projected system detection efficiency per detector would be 9-10%. 

The sensitivity of the camera would be increased four-fold to 4-SK 

counts/min/uCi,estimated from eq.(2.2b).The improvement in sensitivity 

would reduce the study time per patient from approximately 60 min. to 

15 min. for a brain scan. The main disadvantage of having two 

converters per chamber is the degradation of spatial resolution. A 

photon can interact with either one of the two converters; the 

uncertainty of gannna localization introduced would be proportional to 

the separation between the converters and inversely proportional to the 

tangent of the inclined angle. An average spatial resoluiton degradation 

of 1 mm is estimated using cOinputer simulation for a line source at 

mid-plane. 

The gannna converter efficiency was shown to be directly proportional 

to the converter cell size, eq. (2.9). For our gamma converters, the 

cell si ze is limited by the diminishing extraction efficiency with small 

cell dimension. This can be seen from the rapid fall off of the 

intersection probability,fig.(18), and the lower extraction efficiency, 

Table (2), with dec-reasing cell size. The construction of small cell 
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size converter is also a problem using the present corrugation tcdmiquc. 

Thc height of the converter is, however, limited when the elri [t t iJ'lc 

sprcad is taken into consiel~ration. The increase of time spread with 

height limits the practical height of a garrana converter to 1-2 on. 

To overcome both problems of construction and extraction efficiency, 

other converter design schemes utilizing high surface rcsisitiv.ity 

lead glass tubing as the conversion mediLDTI are under investigation. A 

more uniform drift field and higher elcctron collection efUc.iency can 

be obtainable with a converter made of lead glass 'tubing having a 

suitable surface conductivity ( 108 - 1012 ohms/square ). Calculations 

and some preliminary measurements have been made [or lead glass of 
SO 

various percentage compositions of PbO and different wall thickness. 

The detection efficiency increases with hig.her concentration or PbO 

and compares favorably with pure lead converter o[ comparable cell 

size. The cell size limitation, In the case of lead g]ass tubing,is 

dependent on the minimLDTI energy threshold of the detectionprohahility. 

The level of this threshold is determined by the noise of the detection 

system.As the size of a cell is decreased, the average track length or 

a conversion electron becomes shorter, and a smaller number of jon-

ization electrons can be produced. As an example, the detection 

probability of various cell size is calculated from the track-leJlgth~ 

distribution, fig. (19), for .ia minimum detection threshold equivalent 

of 5 ion pairs, Table ( 3). The detection probahility decreases 

rapidly as we go below cell size of 1 mm. The cell size can be 

reduced further if we utilize microchannel plates which can be made of 
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51 
lead-bismuth oxide glass with hole diameter between 20-200 microns. 

Signal detection, in -this case, is effected by the detection of 

secondary electron emissions from the wall surface initiated by 

-5 conversion electrons. In vacuum « 10 torr), electron multiplication 

of 106 are obtainable. The cascade electrons, in this case, arc 

collected by a set of cross-grid wires placed over the converter, and 

the charge from each event is shared by a pair of orthogonal wires. 

Coordinate readout can be accomplished by the conventional delay line 

method. The advantages of microchannel plates are twofold. First, the 

large increase of surface area per unit area improves gamma converter 

cfficiency significantly. Secondly, the spread in electron collection 

time is less than 1 nanosecond. The combined cffects could makc it 

4uite possible to operate a positron camera, equipped with these 

microchanncl plates converters, at a considerably higher event rate 

than the present camera. The technology of making large size microchlliUlcl 

plates economically is not available presently. However, furthcr 

developments towards better and bigger microchannel plates is certain 

to continue in both industrial and academic research laborator.ies. 

table L3J 
+ 

Glass tube dia. k = R(min)/2a Detection Prob. 

I 2a) 

1 nun 0.52 73% 

2 nnn 0.26 87% 

3 nun 0.17 91% 

* Calculated from the track-length-distribution 

+ k is the ratio of the minimum track length to glass 
tube diameter, calculated for a uniform energy loss 
of 130 ev per nun . 

l'( 
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Next, we shall consider the improvements in spatial resolution. 

From eq.(5.3), it can be seen taht the spatial resolution is preclom,inantly 

dependent on the cell size. With diminishing cell size, the timing 

electronics become important for good spatial accuracy. A new version 

of timing discriminator has been designed. The time slew was reduced 

to < 200 psec for a dynamic range of 20:1. The tline jitter has been 

improved to a few nsec. ( 2-3 nsec ) for a signal to noise ratio as low 

as 3: 1. This electronic improvements along with small cell size gi:lllmlU 

converter, should give a significant improvement in the intrinsic SPClt-

ial resolution of the positron camera system. The delay lines used 

presently have a delay of 2.4 nsec/rrun. Slower delay lines which g.ive a 

delay of 4nsec/rrun have been constructed, and will be installeu. From 

eq. (5.3), it can be seen that the position uncertainty contributeu hy 

the timing discriminator is reduced using slower del~y lines, and the 

overall spatial resolution would be improved. These slower dcJ.ay lines 

have delay to rise time ratio of 20:1 corresponds to a rise time or 

110 nsec for a delay line 55 em long. Consequently, there is no ue

gradation to the rise time of the chamber pulses. With the improved 

electronics and slower delay lines, a spatial resoJutjon of 4- 5 nml 

FWI-fr1 at miu-plane is expected. The disadvantage 0 f a slower deluy 1 i.ne 

is the introduction of a longer dead time. The system's deall time 

would be extended to approximately 3.2 usec, and the maximLDli 

coincident event rate is estimated to be ].25 K counts/sec. 
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In order to improve the ratio of on-target events to Off-target 

events, we should focus our attention on the following: (1) accidental 

coincidence (2) internal detector scattering (3) external source scatt-

ering. The accidental coincidence can be minimized if the coincident 

resolving time is made small and a pure positron emitter is used. The 

advantage of using microchannel plates operated in vacuum has been 

mentioned above. It should also be noted that for a given event rate 

the accidental coincidence rate is lower for a camera with higher dete-

ction efficiency. The internal detector scattering comes primarily 

from the gamma converter itself. The only viable solution to this 

problem is to restrict its wall thickness to the optimum value and 

the use of multiple events rejection circ~itry. External source scatte-

ring, however,can be minimized by shielding and it is also possihle 

to remove external Compton scattering with deconvolution filtering in 
47 

the digital processing as proposed by G. Chu. 
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6.2. Conclusion 

A large area, positron camera using MWPC-gamma converter hybrid 

detectors has been constructed and tested. The system performance has 

been measured and some clinical results have been obtained. The 

tomographic capability of the positron camera was demonstrated. The 

low injected dose ( 1-2 mCi )required and the short half life or the 

positron emitters result in a 50% reduction in radiation exposure 

compared to a convention scan using 10-15 mCi Tc-99m. A data set .is 

accumulated from a single positioning of the patient, saving 

repositioning time. The present camera operates at ·a maximlUll count 

rate of 24K counts/min with approximately 10% accidental coincidence 

and 35% scattering coincidence. The additions of two more converters 

per detector ( a total of 8 gamma converters in "the system) will 

approximately quadruple sensitivity. The replacement of improved 

timing electronics and slower delay lines is expected to lower the 

spatial resolution from 6-7 JTllll J:.'WHf\1 at mid-plane to 4- 5 rmn FWlIM. 

Further improvements in detection efficiency and spatial resolution 

can be realized with lead glass converters and mjcrochannel plates. 

A true 3-D reconstruction technique will improve the quality of the 

images by removing superimposed "backgrounds". f.urther refinement 

of images is possible with deconvolution of source scattering in 

digital processing. 
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Appendix (1) 

A. Variation of solid angle with source position 

The solid angle sub tended by a point source and the detector varies 

with the position of the source. Consider a point source at the origin 

( 0, 0, ° ) , and the detector plane at z = Zo ' as shown in the figure. 

1r (0,0,0) 

d Q= dA.i / 
2 

r = 

Integrating over y 

/ 

" 

" 
"LI , 

" 1:7, 

dx dy 

2 2 ~ 
Y = (zo + x ) 2 tan e = a · tan e 

2 2 ~ 2 2 

x~Y 

x 

dy = (zo + x ) 2 sec e d e = a sec e d e 

)
X2 fY 2 2 2 2 2 3/2 

Q = Z ° dx a sec e d e / (a + a tan e) 
Xl YI 

dx 
2 2 2 

x ) (zo + Y2 + x 2)~ 

Integrating over x 

2 2 ~ x = (z + y ) 2 tan e' 

° 

(1) 
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Il [ 1 Y2x2 -1 Y2xl j tan - tan 
2 2 2 ~ 2 2 2 1 

ZO(x2 +Y2 +ZO ) ZO(xl +Y2 +ZO ) ~ 

l ~l Y1x2 ' -1 y1x1 J (2) 
- tan - tan -

222 2 2 2 '\2 
ZO(x2 +Y1 +ZO ) ZO(xl +Y1 +ZO ) 

-1 
4 tan 

-x == x 1 0 

In the general case where a source is not situated at the 

center line of the detector, i.e. Y2 t -Yl and Xl t x2' then eq. (2) 

has to be evaluated. 

B. Variation of detector efficiency with source position 

(3) 

The probability of a gannna interaction with the detector is, in 

general, an exponential function of the length of the detector materia.l 

traversed by the gamma ray. This track length is a function o[ the 

inclined angle of the incident gannna. The variation of average track 

length, t , is calculated as a function of the source position, anu the 

expression for detector efficiency is derived. 

The length of a track traversed by a gannna ray is t == hsec 6; 

where h is the height of the detector material and 6 is the polar [mgle 

as shown in the figure. 
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The average track length is given by 

t J.J1. t d Q/ 2 7T 

= Gf hsec e x dx~y x cos e 

1 
r----i---l--%----~-_,I h 

L--L-----------'T JJ 2 7T r 

(4) 

This integral can be evaluated using the method presented in part (A), 

and will not be repeated here. The interaction probability of the 

incident gammas with the detector material, p. t' is a function 
In . 

of the track length , the cross-section and the density of the 

material. 

Pint = [1 - exp ( -t / L l] 
L = mean free path of the gamma ray in the material 

(5) 

The detector efficiency which is defined as the probability of 

detecting an incident gamma is equal to the interaction probability, 

and the angular dependence can be evaluated for a given L. 
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Appendix (2) 

To calculate the geometric factor G 

The converter can be considered as two sets of infinitely long 

"... '" parallel walls running in the x and y directions. The height of the 

walls is h. A point source IS located at a distance III above t.he top 

of the converter and emits y-rays in all directions. For the y-rlly 

photon shown in the diagram, let the coordinates of the points of 

intercept with the z=O and z=h planes be (xe ,y8 ,0 ) and (X'o ,Y'O,h) 

respectively. 

Y' 0 = Yo HI / H 
", " 

The number of walls paral1el to X-direction intercepted hy the y-ray 
/\ 

pa th is equal to IllX (e) = nLDllber of X parallel wal1 s between Yo and 

'" YO - nLDllber of X parallel walls between Y' 0 



and YO 

INT ( Ye -yO) - INT ( 

W 

1\ 
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Similarly, the number of walls parallel to Y-direction intercepted by 

the y ray path is 

m (e) = 
y -x 0 

w 

Then the total thickness te traversed by the photon IS 

te = mx (e) t ( sec e1) + my (e) t ( sec e2) 

) 

(we neglect the double counting in the regions common to both sets of 

walls) 

From the geometry it can be seen 

sec 
2 

+ H 

QY 

t j Xe 
2 + Y 2 + H2 \ rIm ( Ye - Yo ) -INT H llence t e 

e e 

\ W 

I Ye I 

HI 
X - X ) X - X ) 

+ INT ( o 0 - IN!' ( H o 0 

w w 

I Xe I 

- Y 
0 ) 

W 

I 
J 
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Th b f .th 1 d d' h . e num er 0 I type e ectrons pro uce In t e converter 1S 

n e t 
o 

=1 - e 

-a ps 
a.pe T ds 

I 

aTP 

Hence the average number of i th type electrons, Q.i produced by a 

.123 

y ray photon emitted towards the converter within a solid angIe n is 

given by 

~ n dn 
Q. = e 

I 

1n dn 

J 1-
-aTP te 

) dn e 
aTP t a .p t 

I 

n 

Comparing the expression for Q. to the definition 
I 

Q. = Ga. pt 
I I 

we can identify the quantity 

J ( -aT pte ) dn 
. n 1 - e 

aT pt 

n 
as the geometry factor G, which is independent of the type of electrons. 
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Appendix (3) 

Solution for Extraction Electric Field 

In order to extract ionization electrons from inside the cell s 

of the gamma converter, an electric field is applied across the 

converter. Consider a cylinder with geometric parameters as specLficJ 

in the figure. The conductive wall is separated by an insulating gap; 

the potential and the electric field inside the cylinder arc calcuJatcd 

in the following. 
R 

2S 

L" 
T ' 

-v o 

z 

In the regions of space where there is no charge dens i ty, the scalar 

potential satisfies Laplace's equation 

\/2 cp == 0 

[n cylindrical coordinate 

2 
1 

2 
0 a <jl + H +-.LJ ..•........ . ....... . . (1) 

2 2 
ar r ar az 

Using separation of Variables 

Let cp( r, z ) == R (r) Z (z) 

Then 1 
2 

Z eZl \>2 a 

z a 2 z 



.. 

o 0 . J ,J •. 6 1) ." A '/' L~ \uII 

Let x = VI' 

,/ R(x) + 1 aR(x) 

2 
ax x ax 

- R(x) 

Solution for eg. (2) is given by 

o ............... (2) 

¢ ( r, z ) = AOz + I ( Av sinvz + Bv cos vZ ) 10 (x) 
v 

Since ¢( r, z ) is an odd function in the z-clirection, 
00 

Therefore. <t> ( r, z ) = AOz + L: Av sin ( nnZ / H) 10 ( vr ) 
v=, 

v =nn/H 
00 

<t> (r, z ) = Vo z/ H +I I\.n sin (nnZ/ II ) 10 (nlft' /11 ) 
n=l 

Now we have to evaluate An 

fez) 

00 

f (z) L A sin (nnz / II) 10 (nnR / II ) 
n=l n 

H H 

125 

5 [ (z) sin (nnz / II) dz = A 
n 10 (nnR / II ) J sin 

2 
(/1 'l[z/11) Jz 

-II 

2 
Therefore An 

-II 

rH f (z) si.n (n'rr Z / II) liz JO 



s 

2 

H 10 (nnR/ 11) 

+ 

H 10 (nnR /H ) [ 

H 

L 
( _I_ 

S 

dz V 0 ( 1 - ~) sin (n"z / II) J 
1 S 

- ) ( z sin (n'flz /H ) dZ 
H )0 

H II J + Js sin (nnz/lI) dz-( l/l-!) Js z sin (nlr z/ fl ) dz . 

j z sin 

mrS/H 

(nnz/H )dz = (H/n n)2J w sinwdw 

w =0 o 

Using the above relationships 
2 Vo H/S 

and evaluating the 
sin (nrrS/H) 

integrals, 

A 
n ------x 

10 (nrr R/H) (nrr ) 2 

cp (r, z ) = Vo z / H + 2 VoI-I/(n2S)tfs~n (nn-S/II) x 
n=11n 10 (nn-R/H) 

-" 

sin (nn- z/H) TO (nn- r /11 ) } 

Now E = - 'V cp ~ r -

00 

Dr= 2 V~ L -

S n=1 

Ez= V /H - -
0 

a 

sin 

nIO 

2VO 
--
1IS 

r 

(nnS/H) 

(nnR/H) 
00 

L 
n=l 

a z 

10 I (nnr/II) sin (nnz/H) 

sin (nnS/II ) x 10 (nnr/H )cos (n'rrz/ H ) 

n 10 (n lR/H) 
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Appendix (4) 

Intersection nrobability ____ _____ J..:.:_.__ _ 

., 
Conversion electrons, which are released as a result of the 

interaction of gaIIIDla radiation with the wall, enter the cell sp;JCC' 

producing ionization in the gas. These ionization tracks have vario.IIS 

length depenuing on their ori.entation. Consider two infinite long 

concentcic cyLinders with inner radius Y, ;mu outer radius R ;I S shown 

in the figure. y x 

R 

I 

·1 

1 ---,--- --
,/ 1 .......... - -~ - - ~ 

.. - - ' 

Field lines are continuous 111 the volwne wi thjn r , and discont i llUOUS 

between rand R. An ionization track has to intersect the inner 

cylimler jn order to produce any extractable ionization electrolls. The 

intersection probability as a flmction of i/ H I.S derived in the 

following. The projections or the intersection or all ioniwtioll track 

with the inner cylinder along the x-axis is given by 



r R tan e cos <P < ITI x --

1 

R (1- 2 
) 

2-
<P / r = ~ cos ~ ~ cose x 

lilll <PO = cos -1 [r~ / R (1- ~2) 1/2J 

Now consider the limit of e 
-1 -

lim eO = tan ( r / R ) 

Therefore 

~o = cos G = o [ 1 + ( T / R ) 21 -1/2 

Now the intersection probability Pint ( ~,<P ) is given by 

P . t ( p,</> ) In 

= _4 (0 
1T 1" o 

Po 
1 - 4 J P cos- 1 [PT / R (1- P 2) 1/2Jclp 

1T 0 
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Appendix (5) 

.!.I!'put __ i mpeuance for . "coole d" damping 

In order to reduce the noise generated by a di ss ip;lt.ivc e lelllc llt 

at the i.nput of an <IIrrplifier, a circui twas uesi gned to produce ;1 11011 -

di ss ipa tive input i mpedance . Such an amplifi er used for de1; IY I inc 

sjgnal readout maintains a proper tennination, hut with a rcductioll 

in the noi se l evel. !\ simp1 i fied ci rciut used to illustratc the 

pr i nc Lple i s shmvn 1n the figure. Two e lelllents, Ro, Co , are added 

t o the row;1rd g,JlI1 path o[ a c h;l rge- sens :it i vc ;unplirier with i"cedh:lck 

arrangement. 

v . , I . 
III In 

If 

Using the parame t ers given in 

Z f R f / ( 1 + jw R[Cf 

Zo RO / ( 1 + jw ROCO) 

C o 

the 

) 

figure, 

R o 

v. - Vo = i
f
- Z r ....................... (1) In .: 

( LO + if ) Zo = Vo ......... .. ......... (2) 

lO = - ~ll vi···· ................... . .... (:)) 

From eq. (2 ) 

Vo ............ . ...... (4) 



From cq. (2) & eq. (4) 

vin ( 1 + gm ZO) 1f (Zo + Zf ) 

Z. = v. / if = ( Zo + Zf) / ( 1 + g ZO) 1n 1n TIl 

Therefore, the input impedance is given by 

Z. 
Ro / ( 1+ j w RO Co ) + Rf / ( 1+ j w Rf Cf ) 

In 

Consider RO' Rf » 1 

Z. 1n 

CRo + R [ ) + j w RO R [ ( C f + CO) 

For a large transconductance, &m' ("> 105 mho) 

Zin ~ (CO + Cf ) / ~ Cf 
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