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and double headed detector systems equipped with 3" and .5" 

diameter. crystals. 

Theoretical efficiencies have been compared with 

ABSTRACT 

This thesis is concerned with the design and 

evaluation of multiholc focusing collimators for radio. 

isotope scanning, and the design of multichannel collimators 

with cylindrical holes for radioisotope camera systems. 

The performance of focusing collimators has been 

evaluated theoretically by calculating the variation with 

depth in tissue of resolution, efficiency and a factor 

proportional to the probability of detection of regions of 

increased or decreased concentration. The influence of 

altering different parameters of the collimator has been 

examined and it has been shown that very large crystals 

collimators with large numbers of holes and collimators with 

very long focal lengths are unsuitable for many scanning 

applications. 

An improved procedure for the design of focusing 

collimators has been developed, and the factors which deter. 

mine the most suitable design have been discussed with 

particular reference to scanning a large organ with single 



experimental measurements in air and indicate that 

radiation scattered from the collimator walls may signifi-

cantly increase the counting rate at small source to 

collimator distances. The effects of radiation scattered 

from tissue have been investigated theoretically and 

,experimentally and the factors by which theoretical 

probabilities of detection should be reduced to allow for 

tissue, scattering have been given for the radioactive 
197 99m 203 isotopes 	Hg. 	Tc and 	Hg. The settings of the 

analyser window for which scattering from tissue has the 

smallest effect have been obtained for the detector used 

in the experimental work. 

The designs of multichannel collimators for camera 

systems which give the highest point source efficiency for 

a specified resolution have been calculated theoretically 

for gamma-ray energies from 0.025 to 0.5 MeV, using a more 

accurate approach than previously available. 
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Notation 

Symbols: 

BY 	collimator figure of merit (equations 4.9 and 
4.10) 

count rate 

D 	diameter of smallest circular detector covered 

by ail the collimator holes, often equal to the 

crystal diameter 

sensitivity 

K shape factor 

number of holes in collimator 

P penetration fraction (equation 2,2) 

Q 	quantity of radioactivity 

radius of the field of view 

S 	scatter fraction (equations 2.2 and 2.4) 

time 

volume 

distance of source , from external collimator face 

focal length 

distance of centre of hole from collimator axis 

fraction of disintegrations which give rise to 

detectable radiation 



radius of collimator holes at crystalface 
radius of -collimator holes at external face, 

septum thickness at crystal face of collimator 

septum thickness at external faoe of collimator 
collimator length 

collimator efficiency 

£(g) collimator geometrical efficiency 

,Crystal efficiency 

linear absorption coefficient Of lead 
concentration of activity 

transmission ratio 

linear absorption coefficient of water 

Subscripts: 

r 	focal plane 
_NT, 	non-target 

p1 	plane source 

T 	target 



THE MEASUREMENT OF RADIOACTIVE ISOTOPE DISTRIBUTION  

'IN VIVO" 

1.1 Introduction 

Radioactive isotopes are widely used in medicine for 

diagnosis, therapy and researoh. Of the many uses, those 

diagnostic and research applications in which a quantity of 

a radioisotope is administered to a patient are referred to 

as 'in vivo' procedures. This thesis is concerned with 

those 'in vivo' procedures in which the distribution of 

radioactivity in the body is measured externally using a 

radiation detector. 

The aim of external measurements of isotope distribution 

may be to determine either the iize, shape, position or 

function of a particular organ, or any impairment of function 

;due to lesions or other causes. For most measurements it 

is necessary to restrict the size of the region of the body 

from which the detector can receive radiation and hence a 

collimating device is employed. Meaturements of organ up. 

take may be carried out using a stationary scintillation 

crystal and some simple form of collimation, but when 



'knowledge of the distribution of an isotope Within an 

organ or region of the body is required, scanning or camera 

systems are needed which utilise more complex collimators. 

The subject of this thesis is the design and evaluation of 

' -:collimators for the latter 

Scanning systems  

systems.. 

The earliest method of scanning consisted of moving 

a Geiger counter manually from point to point, recording 

the counting rate at corresponding positions on graph paper 

(Marvin and Moore, 1948). In , scanners now available 

commercially, collimated scintillation counters are moved 

automatically over the region of interest and counting rates 

are recorded continuously. Some scanners have one detector 

and others have two, one above and one below the body. The 

latter systems are usually used with the detector outpUts 

summed, but may also be used for coincidence counting of 

a positron emitter (Brownell and. Sweet, 1953). Scanners 

..incorporating more than two detectors have also been 

described (Beck, Charleston Lidelberg and Harper, 1967; 

Hindel and GilsOns 1967). 

Collimators for scanners should be designed so that 

the resolution is small enough to enable a relatively small 



change in concentration of activity to be detected, and 

yet not so small that the sensitivity is low and the counting 

statistics poor. The resolution is related to the radius 

of the field of view of the collimator)which is defined 

as the radius of the area from which the detector may receive 

radiation travelling in straight lines. Scanners usually 

require collimators with a field of view of a few cm. in 

diamter, remaining reasonably constant with depth. 

The single hole cylindrical and tapered collimators 

used for uptake measurements are unsuitable for scanning 

because they usually give a wide variation of field of view 

with depth. The variation may be reduced by increasing the 

collimator length but this also leads to a reduction in 

counting rate owing to the inverse square law. Griffith, 

Goland and Chamberlain (1950) designed a collimator with a 

smaller variation of the field of view, which consisted of 

two lead cylinders, the smaller of which was fixed inside 

the larger with plexiglass. More commonly, the variation 

is reduced by using multi.hole focusing collimators or the 

type introduced by Newell, Saunders and Miller (1952). 

These are made from lead or some other highly absorbing 

material and contain a number of holes which come to an 

imaginary focus at some distance from the external face of 

13 



the collimator (fig. 1.1). With this type of design and 

the correct choice of collimator parameters, it is possible 

to maintain a reasonably uniform field of view with depth 

with reasonably high sensitivity. 

Scanners which utilise different arrangements of 

detectors and different forms of collimation have also been 

developed (Anger, 1966a; Davis and Martone, 1966; West, 1966; 

Kuhl, 1964; Cassen 1964). The designs of collimators used 

with these instruments are not discussed in this thesis but 

many of the general conclusions reached also apply to them. 

1.3 	Camera ILYS tents  

The distribution of an isotope within an organ may be 

measured with camera systems which visualise the whole area 

of interest at one time. The pinhole camera of Anger (1958) 

uses a small hole in lead shielding material to form an 

inverted image of the subject on a large scintillation crystal. 

The position of the incident radiation on the crystal is 

determined by the distribution of light between an array of 

photomultipliers with which the crystal is viewed. The pin. 

hole camera is most suitable for small, thin organs such 

as the thyroid, which can be positioned close to the pin.hole. 

Larger subjects must be placed some distance from the .  



collimator in order to lie within the field of view and 

this results in a loss of sensitivity, 

Larger subject's can be visualised with greater sensitivity 

using a multichannel rather than a pin-hole collimator 

(Anger, 1964), Nultichannel collimators consist of lead or 

some other highly absorbing material, containing a large 

number of parallel cylindrical or hexagonal holes. The 

length of the collimator and the diameter of the holes deter- 

mine the sensitivity and the variation of field of view 

with depth. 

Anger has also described a camera system suitable for 

positron emitting isotopes. A large crystal is placed close 

to the patient and a second, smaller crystal is placed some 

distance away, Coincident eantillations in the detectors 

are recorded, A multichannel collimator can be used with 

the larger crystal to reduce random coincidences. 

Camera systems which use different methods of detecting 

the positions of incident photons have also been described. 

Instruments incorporating X-ray image intensifiers (Ter-

Pogonsian and Eichlung, 1964; Ter-Pogossian Niklas, Bell 

and Eichlung, 1966) and spark chambers (Kellershohn 

Desgrez, and Lansiart, 1964; Horwitz, Lofstrom and Forsaith, 

1965) use the same type of multichannel collimators. The 



axis 

R F  

Fig. 1.1 A 7-hole focusing collimator in cross-section 
through a line of holes. The geometrical 
radius of the field of view in the focal plane 
(Rf) is defined by the maximum distance from 
the collimator axis from which radiation is 
directly incident on the crystal. 
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autofluorescope developed, by Bender and Blau (1962) uses 

a multichannel collimator with holes focusing in a plane. 

1.4 Aims of thesis  

The study of focusing collimators used with scanners 

forms the major part of this thesis. The aims of the study 

were; firstly to advance the understanding of the effects 

of collimator parameters on collimator performance; secondly, 

to devise methods of collimator design based on a complete 

analysis of the collimator response; and thirdly, to investi-

gate the effects of penetration and scattering on collimator 

performance, particularly that of scattered radiation from 

the subject. 

The design of mult chann 

cameras has also been studied. This work is presented in 

the paper 'The design of multichannel collimators for 

radioisotope cameras' (Kibby, 1969) which is bound in the 

thesis. The results are summarised and discussed in the 

final chapte 



A further factor should 

window Is set to include only 

CHAPTE H- 

THE DESIGN AND EVALUATION OF COLLIMATORS  

2.1 The e .4uation of focusing collimators  

The performance of scanning systems can be assessed 

in terms of sensitivity (cps /140- ), resolution and the 

probability of detection of lesions, These quantities depend 

on the properties of the caiimator under specified 

experimental conditions. 

Sensitivity  

In air, the sensitivity (E') is determined by (a) the 

fraction of disintegrations which give rise to detectable 

radiation, q, (b) the efficiency of the collimator, :e 

defined as the fraction of the radiation emitted from the 

source which is incident on the detector and (c) the crystal 



The efficiency of the collimator is mainly determined 

by radiation which reaches the detector directly, the 

geometrical component E (g). Radiation which reaches the 

detector after penetration of septa or side shielding and 

after scattering from the collimator walls also contributes 

to the total efficiency. Beck (1964a) has expressed the 

efficiency as : 

E (g) [ 1 + P (2.2) 

where P and Si  are the penetration and collimator scatter 

fractions. 

When the source is placed in tissue, the sensitivity 

is decreased owing to absorption. Some of the absorption 

occurs as the result of Compton interactions which give rise 

to scattered photons which may subsequently be detected. 

Although scattered photons increase the sensitivity they 

can be detected when the source lies outside the geometrical 

field of view of the collimator and hence scattered radiation 

decreases the collimator resolution. For a source at depth 

x in tissue, the sensitivity can be expressed as : 



where a is the tissue attenuation factor and 

E. a. 

where p  is the linear absorption coefficient for tissue 

and 52  is the tissue scatter fraction. It has been assumed 

that the penetration and collimator scatter fractions 

(P and Sl  ) are affected by attentuation and radiation 

scatter from tissue in the same way as 

efficiency. 

Resolution  

The resolution of a scanning system is determined mainly 

by the resolution of the collimator and this depends on the 

collimator dimensions,. Collimator resolution is also affected 

by penetration and scattering. The resolution can be defined 

as the full-width at half maximum 

obtained by moving a 

view, Line sources give slightly larger values of the FifilM 

than point sources . Gopala Rao and Wagner, 1968)intte focal plane. 

Another estimate of resolution can be obtained from 

modulation transfer functions. The modulation transfer 

function is a measure o he ability of the system to re ol e 



equally spaced sources. It has the value one for infinite 

separation and falls to zero as the sources become closer 

together. A graph of nk" against source separation for a 

given distance from the collimator indicates the resolution 

at this distance. These graphs can be calculated from the 

resolution curves for line sources (Cradduck, Fedoruk and 

Reid, 1966; Cradduck, 1968). They can also be obtained from 

measurements on a Sieman's star phantom (Beck, 1964a). 

Vetter (1967a,b) has suggested the half-flux index as 

a measure of resolution. Consider a uniform plane source 

of radioactivity perpendicular to the collimator axis; the 

half flux index is the diameter of the circle centred on 

the axis, which circumscribes the area contributing half of 

the total plane source count rate, As it is a measure of 

area response, Vetter suggests that it is more closely 

related to ease of visualisation on a scan than the ?JHM, 

which is a measure of linear response. The half-flux index 

at different distances from the collimator can be calculated 

from the collimator dimensions. 

Discussion 

The main disadvantage of the F4HM as a measure of 

resolution 

of the influence of penetration and scattering. These effects 

al 



produce the greatest increases in the width of the resolution 

curves at small percentages of the maximum response (Harris 

et al., 1962). Two further disadvantages are that the 

FWHM may have the same value for resolution curves of 

entirely different shapes, and that using simple methods 

it may be calculated theoretically only in the focal plane. 

The half.flux index can be calculated reasonably simply for 

all distances from the collimator and does take into account 

the shape of the resolution curve. If however, it is 

calculated from the geometrical properties of the collimator 

it does not take into account the effects of penetration 

and scattering. 

' The variation of MTF with source separation gives a-

complete description of collimator resolution. Since however, 

a considerable error is introduced in radioactive measure 

ments by statistical fluctuations, it is doubtful whether 

such a detailed description is necessary. An adequate 

assessment of collimator resolution can probably be obtained 

from the FWHM together with the shape of the experimental 

resolution curve. 

Probabilities of detection  

The optimum scanning system and collimator for a 

22. 



specific application should give a high probability for 

the detection of localised variations in activity and should 

have fine resolution. Since improving the resolution 

results in . a loss of sensitivity, some method of formulating 

the combined effects of sensitivity. and resolution is 

required in order to find the optimum collimator design. 

The problem has been discussed by Dewey and Sinclair 

(1961) following' earlier work by Newell, Saunders and Miller 

(1952) and Brownell (1958). Beve:vand Sinclair postulated 

that as the eollimatormoves directly over the target area, 

the change in count rate must be a factor Z.  times the 
• of the difference  

standard errorAin the:count rate in order to be statistically, 

significant.. Let CT  and. Cif be the target and non-target 

count rates and let P be the time in which counts 

accumulate. 

Dewey and Sinclair assumed the value three for -e 
this has been verified experimentally (Haybittle, 1966; 

Mallard and Wilke, 1966; Matthews and Kibby, 1968). 

By expressing the counting rates in terms of concen- 



trations and sensitivities, Dewey and Sinclair have, shown 

that colliMators for the same application can becompared 

using the factor ENT/ET2 where ENS.  and Et,are the non-target 

and target sensitivities. 

Matthews (1965) has deVelopedtheworkofDeweyHand: 

Sinclair for isotopes which,  are distributed in the extra- 

cellular fluid, and has shown that the factOr e 	which 

determines the probability Of detecting a tumour of volume 

T. may be expressed as : 

ABVT 
126,/TF 

where F is the 	or the:  concentration  of the., isotope i 

the tumour to the concentration f the isotope in the sur- 

rounding tissues and VIIT  is the non-target volume. A depends 

on the biological and physical properties of the isotope 

and 13 depends on he collimating system and the physical 

properties of the isotope. Equation (2.6) is based on the 

imumption that the difference in concentration of the target 

and non-target regions is relatively small. The factor B 

can be used to compare collimators for the same application 

and is given by the expression : 



where the subscripts T and NT refer to the target and non. 

target volumes. The factor B is inversely proportional to 

the square root of the collimator figure of merit . ENT/ , 
used by Dewey and Sinclair. 

Beck (1966) has used a collimator figure of merit which 

is proportional to the senAtivity and the square of the 

same modulation transfer function 

statistical test (equation 2.5)(Beck, 1961). 

Di cussion 

The factors described  for comparing collimators all 

refer to the ability to detect changes in concentration of 

activity. As Hatthews (1968) has pointed out in a discussion 

of the results of Simons and Bailey (1967), it Is.  not 
appropriate to apply them when the probability for detection 

is very high. Under these conditions, the scan detail can 

be improved by making the collimator resolution finer. This 

results in a loss in sensitivity but does not lead to a 

loss in' detection provided the factor 	6 is still greater 
than about three. 
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In the work presented here, a modified form of the 

expression for B (equation 2,7) has been used as the collimator 

figure of merit (section 4.5). 

2.2 The calculation of focusing_collImakmzsaztlamt  

Focusing collimator performance can be assessed from 

calculated geometrical efficiencies if it is assumed that the 

effects of penetration and scattering are small. The 

limitations of this approach are discussed in the next 

section. 

GeopOrical, efficiency  

Garrett (1954) has pointed out that the accurate 
calculation of geometrical efficiency is similar to the 

calculation of mutual inductances of coils and solenoids. 

Existing tables of mutual inductance can however be applied 

only to collimators of simple geometries such as those with - 

a single cylindrical hole. 

Brownell (1958) has used the approximate method of 
approach of Does de Bye (1956) to calculate the geometrical 

efficiencies for a point source at positions on and off the 

axis of a cylindrical collimator, and single and multi.hole 

focusing collimators. The results for multi.hole collimators 



are however confined to those cases in which the collimator 

length equals the focal length. Brownell (1958) has also 

calculated point source efficiencies for two cylindrically 

collimated detectors used in coincidence. Doust and Simons 

(1961) have applied a small correction to the values obtained. 

by Brownell, in order to allow for the variation of crystal 

efficiency with position of the source. 

Nyhill (1961) has calculated the point source efficiencies 

for multi hole focusing collimators but gives no details of 

his method. Pilrinovilla and Huititk (1967) have derived an 

approximate equation for one hole9  of a multi..hole focusing 

collimator, but since they assume that the source is in 

the same plane as that containing the axis of the hole and 

the collimator axis, their results cannot easily be used to 

calculate the efficiency of all the holes. Popovic and 

Mallard (1968) give an approximate expression for the point 

source efficiency of a multi-.hole focusing collimator along 

the axis, They have also calculated the efficiencies for.  

a point source located at any position in the focal plane. 

Beck (19614a, b) has shown how the geometrical efficiency 

for a plane source may be calculated very simply, using the 

fact that in air the efficiency is approximately independent 

of distance. Beck (1961) has also shown how the plane source 



response may be used to obtain the response to a volume 

source. 

Discussion  

A completely general expression for the geometrical 

point source efficiency of a multi.hole focusing collimator 

has been derived in this work. This has been used to cal-

culate efficiencies both on and off the collimator axis. 

The latter calculations have enabled theoretical point source 

resolution curves to be drawn. Collimator figures of merit 

have been calculated by combining point source efficiencies 

with Deck's equation for the 4onse to a volume source. 

The results of the calculations have been used to evaluate 

the influence of collimator parameters on performance and 

to form a basis for a method of collimator design. 

Collimator performoce and design, 

The early focusing collimators were designed rather 

arbitrarily with the collimator length equal to the focal 

length. Myers and Mallard (1964) have pointed out that this 

leads to a large variation of axial response and low 

sensitivity at great depths. They suggested. that this may 

be overcome by using collimators with focal lengths twice 

the collimator length. Ephraim (1962 1964) attempted to 



gain a more uniform response by designing a collimator with 

holes focusing at different depths. Concannon and Bolhius 

(1957) suggested that two opposing detectors may lead to a 

more uniform response as has been demonstrated by Kakehi 

(1959) and Popovic and Fowler (1968). 

Libby (1964) and Popovic and Fowler (1968) have demon-

strated how collimator performance is influenced by the size 

of the air gap between the collimator and patient. 

The relationships between collimator parameters and 

the importance of these relationships in collimator design 

has been clarified by the work of Beck (196490). He has 

shown that the correct choice of collimator parameters can 

give a collimator with themaximum plane source efficiency 

under specified conditions, Matthews (1967) has described 

a similar method of collimator design for which the point 

source efficiency at the focus is maximised. Matthews has 

also shown how the collimator figures of merit may be 

calculated theoretioally. 

Beck (1964a b) has stressed the importance of maintaining 

a reasonably constant resolution with depth. McAfee et al. 

(1966) found difficulty in obtaining constant resolution 

when designing a collimator for an 8" crystal and Popovic 

and Fowler (1968) have shown theoretically that although 

increasing the crystal diameter results in increased 



sensitivity, there is also an increase in the variation of 

resolution. 

Harris et al. (1962) have pointed out the importance 

of restricting penetration when designing a collimator. 

They have considered the relative merits of lead, tungsten 

and gold as shielding materials and describe a collimator 

made from gold with tungsten shielding (Francis, Harris and 

Bell, 1962). Both Harris et al. (1964) and Love and Smith 

(1966) have noted that long collimators limit penetration 

more effectively than short ones. Beck (1964a) has shown 

how penetration may be considered in collimator design. 

Discussion  

In general, conclusions on the effects of collimator 

parameters on collimator performance have been based on 

maintaining different parameters constant and are therefore 

difficult to interpret. For example increasing the 

number of holes of .a collimator has a different effect 

depending on whether the collimator and focal lengths are 

kept constant, or whether the field of view in the focal 

plane is kept constant. These effects have therefore been 

examined in detail on a theoretical basis 

Focusing collimator design has been greatly simplified 

by the work of Beck and of Hatthews. The methods which they 
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of absorbing material to surround th detector., 

Ponetratien 

Penetration may also occur either by transmission 

suggest are based-on maximising-the , plane source efficiency,'. 

Or the.point.source'efficiency in the focal plane, They 

.assume that:the optimum focal length for a given application 

is known. The method of collimator design suggested here 

is based on consideration of the collimator figures of merit 

as well as efficiencies, The relative Merits of collimators. 

of different focal lengths are assessed-by calculating 

efficiencies and figures of merit throughout the region of 

interest. The proposed method of collimator design also 

includes practical considerations such as the-probable size. 

of the air gap betWeen the eollimator and patient, -and the 

probable site of the patient.-  

The eflec p of penetration And scattering 

In air,,  in addition to the geometrical efficiency, the 

factors which affect collimator performance are penetration 

of side shielding and septa and scattering from the collimator 

walls. Fenetration of side shielding can usually be 

reduced to a very low level by using a sufficient thickness 

Si 



through one or more septa or by transmission through the 

top and bottom corners of the lead surrounding the holes, 

Mather (1957) has shown that, for a single cylindrical hole 

collimator, penetration of the top and bottom corners may 

be allowed for by effectively shortening the collimator 

length by two mean free.paths at the specified energy. 

Simons (1962) has extended this theory to single.hole focusing 

collimators and has shown that they limit septum penetration 

more effectively then cylindrical collimators. Bell and 

Johnston (1968) have pointed out that the calculations of 

Mather and of Simons are only applicable when the distance 

of the source from the collimator is large compared with 

the size of the aperture. They have evaluated the expressions 

of Simons more accurately using a digital computer. Rotenberg 

and Johns (1965) using a different approach also come to 

the concluaion that penetration of corners is equivalent 

to a• reduction in collimator length. They suggest that this 

type of penetration, which only leads to a small widening 

of the resolution curves, should be limited to less than 

20 per cent of the geometrical efficiency, 

Myhill (1961) has investigated radiation penetrating 

one or more septa and has, derived an expression for the 

penetration length, that is, the length of lead transversed 
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by radiation travelling at a specified angle to the focal 

plane. hydra and liallard (1964) have suggested that the 

smallest penetration length should equal seven half.value 

layers of lead. hotenberg and Johns (1965) have calculated 

the minimum path length travelled through lead by radiation 

frob the volume of interest.and suggest that this should 

be equal to at least four mean free paths at the specified 

energy. 

Beck (1961, 1964a,b) has deriied two expressiona for 

the penetration fraction for an extended source (equation 

2.2). lie has suggested that when designing a collimator 

the penetration fraction should be set to a low -leVel so that 

errors in the approximations used, in deriving the expressions 

have an insignificant effect on collimator response. Kuhl 

(1965) has investigated the performance of colliMator 

designed using Beck's estimate of penetration and has shown. 

that penetration is small at the energy for which they were 

designed. 

ScatteriqK from the collimaitor wills 

Mather (1957) has calculated the effects of scattering 

from the walls of a particular cylindrical hole collimator 

and found that although Rayleigh scattering was small, 
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Compton scattering had a significant effect. 

Diomussion 

Reasonable agreement between experimental measurements 

and theoretical calculations of geometrical efficiency 
iv .en 

(Myhill, 1961; Popovic and Mallard, 1968) haveA obtained 

for axial sources in air under some particular experimental 

conditions)suggesting that the effects of penetration and 

scattering from the collimator walls are small* In the work 

presented here, these effects have been investigated fora 

range of collimators and gamma ray energies* 

Scattering from tissue  

In tissue, collimator performance is affected by► 

attenuation and scattering. As described above, this results 

in an increasing loss ofsensitivity with depth and a 

coarsening of resolution. Attenuation can be allowed for in 

theoretical calculations, but the amount , of scattered 

radiation which is detected is difficult to calculate. As 

the energy of the primary radiation is decreased, radiation 

can be scattered with smaller losses in energy and is more 

difficult to eliminate by pulse.height discrimination 

without significantly •reducing the photopeak counts. 

effect of scattered radiation in reducing detection probability 
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has been demonstrated experimentally by Matthews and Kibby 

(1968) in a simulated scanning situation. This is due to 

the contribution of scattered radiation to the non-target 

count rate. 

Little quantitative work has been published on the 

magnitude and effects of scattered radiation, mainly'due to 

the difficulties in separating this component from un-

scattered radiation. Ter.Pogossien, Niklas and Bell (1966) 

have shown, spectra of radiation scattered from a large 

volume, using a single-hole foousing collimator. Unscattered 

radiation was eliminated by using a non-radioactive cone 

which filled the geometric field of view at ail depths. 

Heck (1961 1968) has used theoretical oaloulations of 

scattered spectra to obtain values for the increase in response 

due to scattering. He found little difference in the scatter 

fractions (equation 2.43 for large volume sources, using 

different collimators and crystal sizes. A decrease in 

scattering with increase in primary energy was ,however 

observed, From his results, Beck has calculated the settings 

of the lower level of the analyser window which give the 

highest values of the figure of merit 

In the work described here, the effects of radiation 

scattered from tissue have been investigated both theoretically 
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and experimentally. 

2,4 Multichannel collimators for cameras  

The performance of camera systems, like that of 

scanning systems, can be assessed in terms of sensitivity, 

resolution and the probability of detection of localised 

changes in activity. The resolution of a camera system is 

however determined both by the intrinsic resolution of the 

image converter and the resolution of the collimator. 

Brownell (1959) has defined the collimator resolution as 

the distance apart of two point sources which give touching 

image circles on the detector but it is difficult to apply 

this definition in , practice. Mallard and. Myers (1963) 

include the intrinsic resolution of the detector and define 

the overall resolution as the distance apart of two point 

sources which give touching image circles on the'display. 

Westerman and Glass (1968) also consider the overall resolution 

which they define as the full.width at half maximum of the 

camera response to full photopeak radiation emitted from a 

line source placed with its longitudinal axis along a major,  

axis of the crystal. Although the overall resolution is 

preferred for practical measurements, for simplicity the 

collimator resolution alone has been used in the paper 



presented here. 

By assuming a camera system in which a multichannel 

collimator moves' in a manner similar to that of a Potter.. 

Bucky filter, Anger (1964) has derived approximate they. 

retical expressions for the collimator resolution and for 

the efficiency for a point source. He has also shown how 

the minimum path length through one complete septum of a 

multichannel collimator may be calculated and suggests that 

this should be greater than three mean free paths through 

the collimator material at the specified energy. Keller (1968) 

has used the equations deritted by Anger as a basis for a 

method of multichannel collimator design in which the point 

source efficiency is maximised. 

Although the validity of the equations of Anger was 

confirmed experimentally'in a few instances (Anger, 1964), 

since they were derived using a rather arbitrary assumption 

it was felt that further investigation would be of value. 



C H A P T•E p 

TUEOIIETICAL CALCULATIONS OP GEOEETRICAL EFFICIENCIES 

OF FOCUSING coLLInAToas  

3.1 Introduction 

Since it is unlikely that a collimator would be used 

at energies for which penetration is significant, and since 

any scattering from the collimator walls is probably small, 

in many cases the response of a collimator to a source in 

air can be adequately described by its geometrical efficiency. 

A completely general expression for the efficiency of a 

multi.hole focusing collimator has been derived in this work. 

Some of the simpler parts of the work havilbeen described 

by other authors to whom reference is made, 

The efficiencies of a number of multi.hole focusing 

collimators have been calculated by computer and used to form 

some general conclusions about collimator performance. 

Assumption  

It has been assumed that the collimator holes are 

circular in oross.seotion. Although hexagonal holes increase 

the crystal area which is exposed by about 10 and therefore 
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give higher efficiencies, they are used less often than 

circular holes because of difficulties in construction. The 

use of hexagonal holes probably does not significantly alter 

the variation in efficiency with position of the source. 

Holes of other cross-sectional shapes (Heifer and. Roszuozky, 

1964) have not been considered. 

It has been assumed that the arrangement of holes in 

a multi-hole collimator is hexagonal. This arrangement 

enables the largest number of holes of a given cross-section 

to be packed into a given area and it is therefore preferable 

to circular or other arrays. 

3.2 Efficiencies of individual holes  

Point source efficiencY  

Consider one hole of a focusing collimator (tic. 3.1). 
Let the hole have radius r at the crystal face of the collie. 

mater, and radius 2" at the external face and then 

where t is the collimator length and f is the focal length. 

Let the base of the hole be a distance h from the collimator 

axis. Then the centre of the external face of the hole is 



y 

Fig. 3.1 
	

One hole of a collimator with focus at 
F. A point source of radiation is 
situated at P. 
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a distance h' from the collimator axis, where 

h 
WIZ 

Take co-ordinate. axes x, y and i as shown and consider a 

point source of radiation at point P with.co.rordinates (t+d), 

c, b. Radiation is,inoident on the detector over the area 

of intersection of the base Of the hole with the projection 

of the external hole face. en the base plane. The accurate, 

calculation of the solid angle subtended by.the area at P 

requires integration over each element ofareajinvolving 

the numerical evaluation of incomplete elliptic integrals. 

Only the approximate solution is considered here. This is 

based on the Assumption that the dimensions -of the area of 

intersection are small compared with the'diatance of the 

area from the Source. This assumption, which is generally 

true, allowi the area to be considered as a whole in the 

calculation of solid angles. 

Let thecentre:of the circle obtained by projecting 

the external face of the. hole onto the base plane have co.. 

ordinates (P. h", b"). and let the projected circle have 

radius r" It can be shown that : 



where 

= kr 

(1 +) / (1 

kh ct/d 

(3.1) 

(3.2) 

(3.3) 

kt 
d (3.4) 

The distance between the centre of the projected circle 

and the centre of the base of the hole is given by : 

The area of intersection of the circles (A) may then be 

calculated, giving 

2 

	

[ 2 	

2+(h".h)2) 	r 2(k 2 .1) 

-/ b"1 + (h".h) 
r cos 

+ k r2cos 	( 	+(h .h)2)2( 2 r 	1) 

2kr '' b"2  + (h h)2  

2r2  (1+k2)'( b" 	h".h) ) r 
	A 24.(h".h)2) 2 

( 3.5 ) 

When the source lies in the xy plane (i.e., b = 



=r2 cos 
[ 

1 h2(k.1).r2(k+1)  
2rh 

 

k r cos 
2 2 .1 h2(k.1) r2(k+i)] 

2krh 

b" = 0), the expression reduces: to that derived by 

"ilrinova -and 1-1115k (197) 	When the source lies in the 

focal plane, d = f, k = 1, h"-h 	and 	4, giving: 

2r2  cos-a  (f) 
 A24.02 

2r 

 

4)(b2+c 

 

2 

'1" (r)  
2 2 b2 +o ) 

This expression has been derived by Popovio and Eallard 

(1968). They have also derived an expression for the area, 

when the source is situated on the collimator axis. Then 

b" = 0 and h" kh giving 

The area of ntersectio of the circles becomes imaginary 

when : 
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r2  (1 + t)
2 

 

i.e., when the circles lie outside each other, and also 

when 

th" - 	 ). 

i.e., when one circle lies completely within the other. 

In this latter case, the area over which radiation is 

incident is given by 

when 	1 

when: k > 1. 

The centre of the area Of:interSection lies along 

the line ',10.ning:the centres of the Circles. The calculation 

of the mith.point of the area of intersection is complex 

for the general_case, and it was therefore Assumed that the -

centre of the area of. intersection lay at the centre of the 

bane -of the hole. The error in this approximation increases 

whentadiation is incident over only a smal“ractioni of 

the base area of the hole. :However, for multi-hole 

collimators, th contribution of these holes to the total 

efficiency is'Omalland hence there is only small error 

in the final result. 
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Since the centre of the base of the hole is-a distance 

4/(bc)2 b2 	(t±d)2  from the source P, the point source 

efficiency may be calculated from the expression : 

A(t+d) 

(g) =  	(3.7) 
44(h-0 	b2  + (t+d) 33/2  

The expressions derived here may also be used to 

calculate point source efficiencies for collimators of the 

type used with the. autoflueroscOpe (Bender and Blau, 19624 

1964). The holes of these colliMators fools in a plane 

at equally spaced points, corresponding to the centres of 

the bases of the holes. Let a point source be situated 

a distance v from the axis of one holei at a distance d' 

from such a:collimator.:Thent  since h = 0, v 	b2+e2  = 

j \ I 2 1., 	hY: (equations 3.3 and 3.4) and equation 

`13.5) gives 
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intersection lies along.  The.centre of the area of. 

(g) 
3/2  

(3.9) 
(t d)2 	[(r-r ) + v( a)] 

4 

the,line of centres. of the circles at a:distance 
t v(u)]/2 from the axis of the hole. The:  point 

source efficiency is therefore given-by the expression 

A(t+d) 

3.3 Summation of efficiencies for holes in hexagonal array.  

The expressions derived in section 3.2 may be used 

Plane source effiCiency 

The efficiency for a source placed next to the 

external face of a hole has been calculated by Deck (1964b), 

i.e. 

 

iw 
(3.10) E. 

142(1 +17  

Since the response of a focusing collimator toA in 

source perpendicular to the axis is reasonably independent 

of Source position equation (3.10) representsHthef' 
efficiency in air at all distances from the collimator. 



directly to calcUlate the point and. plane source goo.. 

metrical efficiencies for single hole fecusing collimators. 

In order tecalcUlate the total point source efficiencies 

of multi-hole Collimators it is necessary to sum the 

oontribUtion of individual holes. 

Hekaronal arrays 

ConSider a hekagonal array of round holes. Let one 

hole in the array be designated by : g = 0 theh the surrounding 

hexagon of sixlholeS may, be designated g = 1, .tire next 

hexagon of'twelverholes: by 

is one hole at a distance h = 0 from the reference hole. 

di'or each.SurrOUnding hexagon'of 	(gx.-1 2, 

': -..there are six holes et distances h:= g(2174-s) there r is the 

hole radiu6 and s is the: septurvthickness0.e the Minimum 
In addition, 

integer• there are six holes at distances 

for .each value of: 12,giVen by 1, 21:  3..i for whIch-i; 

Wien,g is an odd integer, there are, in addition to the 

ix hplet noted aboVe twelve hOles..at diatanCes 



In sin e 

ra cos 

h = y 3624_12 
2 for each value of j given by 

1, 3, 5.... for which j 	(g.2).:  

Total point source efficiency,  . 

Summation of the point source efficiencies of the 

holes of a multi-hole focusing collimator is relatively 

simple when the source is situated on .the collimator axis. 

Values of h for the holes which contribute to the response 

can be used to calculate the efficiencies from equations 

(3.6) and (3.7). When the source is situated off the axis 

the procedure is considerably more complex. Assumirz as 

before (fig. 3.1) that the axis of the collimator is the 

x-axis and that one hole lies along the y-axis, one requires 

values of b and c for that hole for some specified position 

of the source. Let the source be a perpendicular distance 

m from the x-axis and let the line joining the source to 

this axis make an angle 0, measured in a clockwise direction, 

with the y-axis. Then, for the hole lying on the y-axis, 

The specified hole has o hersCorresponding to it in each 

segment of the hexagonal array and the distances b and c 
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-where q.= 0, y be calculated 

for any hole .from. 	corresponding values of 

for each set of six holes are given by :.  

m sin (15 9) 

m COSJ4i 

Some holes in the array will 

be displaced from the y-axis, and from lines at some multiple 

of J5 with the axis. Let the angular displaces ent of these 

holes be 0„ measured in a clockwise direction. Then the 

distances b and c are given by 

vanes of b, c and h may be used to :Calculate the efficiencies 

OfAndiVidUal:hole inthe array 110ing:. equationsA3.5) and:  

(3.7). 
Total nlane source efficieneY 

The total: Plano source efficienCies of matt hole 

collimators nay be‘calaulated by multiplying the effiCiency:  

of one:hole by the nunber Of :holes in the array.::  
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3.4 The calculation of the pointsoUrce efficiencies  

of some multi-hole focusing collimators 

Calculations have been carried out in an attempt to 

relate the variations in resolution of different collimators 

to the collimator dimensions. 

Computer program  

A computer: program was written in Algol for the 

Elliott 1.100 computer to calculate-the total'point source 

efficiencies of focUsing collimators from the eXpressions 

presented in sections 3.2 and 3.3. ,For each collimator 

efficienciesiwere computed fez' a source position at different 

distanceS along and perpendicular to the cellimator axis 

The latter calcUlationS could be carried'eut for the source 

along 6 - diagenal -,pf the hexagen of holes or at some angle 

to the'diagenal. Further details of the prograth can be 

foundin Appendix'-1. 

Resolution curves  

The results of calculations, on many collimators were 

Plotted .inaMannersUggested b fine :(1967). The response 

along a line Perpendieularto -the tpllitator axis is-shown-

,as a threo-dimensional function of distance from the 

collimator. A typical set of resolution curves obtained 



in this manner arc given in fig. 3.2. In the focal plane 

the curve is approximately triangular in shape although 

the sides show a slight concavity. Beyond the focal 

the curves are.Gaussian in shape and become flatter at 

greater'distances, as the field of view increases and the 

Sensitivity decreases. In frpnt of the focal plane the 

curves are also Gaussian but.tend.tO develop a flat top at  

small distances from the collimator. The Undulations at 

very small distances from the collimator face are due to 

the contributions-Of individual holes and therefore depend 

on the number of holes. Theeffeet bee:ernes prominent at 

distances at which radiation from the source enters only 

a few holes in the array, :::,111 thip example the peaks occur 

between the holes because: the septa are thin and the sum 

of partial contributions' fromtWo holes is greater than 

that from one alone. Yor a ,collimator with thicker septa, 

the reverse effect can. occur:: The shape of the resolution 

curves depends on whether they, are plotted for a source 

along ti:41agonal of the heXagon of helot or at Some angle 

to a diagonal. In general the differences are ;mall 

:Ideereasinz as the source collimatordistance increases 

and beCbming negligible beyond the foduS They have been 

ignored in the folloWing sections. 
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K.2-0 
Rf =2-0 cm 
D 4" 
E=9.56cm 

er  
14  cm focal plane 

Theoretical point source resoution curves 
for a 37.hole collimator with radius of 
field of view 2 cm in the fcaal plane, 14 cm 
from the collimator face. 
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Shape factor 

'1211e-full-widths at half maxi Um are indicated . 	. 
the 'resolution curves shown in fig. 3.2. Vhen .unduIations 

were present, the FUHM was defined as the width of the curve 

at half the axial efficieney.- - lIt is apparent that for this 

side of the 

focal plane. 

For most applications a reasonablyIlniform resolution 

is,regdired over a range Ofdistances and the Filth should 

also be reasonabltconstant. In an attempt to introduce 

A parameter which describes the variation of resolution With 

distance, 'Beek (1964b): has intredUced a quantity called the 

shape:factor.; . The phapefactor is defined as the area of 

the field of view:atthe*collimator fade divided by the 
(ciifi. 

of the field of vieWIn:thefecaiplandA For round 

holes in a hexagonal array it is given by the expression : 

(3.11) 

where D is the dianetor of the smallest crystal covered 

by all the holes and fl is the radius of the field of view 

in the-, fecal plane (fig:. la). The description of variations 

n resolUtion by variations in either the field of view or 
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the Ft!al is :lot entirely satisfactory, but since the shape 

factor can be calculated very simply, the ,possibility of 

its use as an overall measure of variation in resolution 

was investigated. This was done by comparing the shape 

factors and the variation of the VWHII with distance for 

different collimators. 

Collimators with the same shape factors but with diffe-

rent focal lengths, numbers of holes and radii of field of 

view in the focal plane all showed a similar variation of. 

FOHE with distance. Some differences were observed eeyond 

the focal plane but these were small compared with those.  

between collimators of different shape factors. 

The variation of FM for collimators of different 

shape factors is shown in ig• 3.3. The 17WHE denoted by 

is expressed as a fraction of the radius of, the field of 

view in the focal plane and plotted against the distance 

from the collimator face as a fraction of the focal length, 

This presentation allows the same curves to be applied to 

other collimators of the same shape factors. The results 

show that a large shape factor indicates a large variation 

in the 	with, di. and even those collimators with 

shape factors close to one show some variation. 	In 

focal plane ("F = 1) the blini is less than the radiu 

the 
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Fig, 3.3 The WHO as a fraction of the radius of 
field of view in the focal plane plotted 
against distance from the collimator face 
as a fraction of the focal distance. 
Curves are shown for collimators with 
different shape factors. 
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hasareaSonably uniform reSolution up to a dibtance 

times the focal lenrthi: 

Axial efficiencies 

The total point source geometrical efficiencies along 

axes of different collimators were plotted against 

distance from the colliMater fade, Ekamplesef such curves 

the field of view due to the concavity of the resolution 

curve. Collimators with small shape factors show the 

smallest FM; in front of the focal plane. 

Figure 3 4 shows the same results with the fractional 
distances at which the ITAn increases by more than 25 per 

cent and 50 per cent of the radius of the field of view in 

the focal plane, plotted against the shape factor. This 

graph enables the limits between which a collimator shows 

reasonably uniform resolution to be determined. For example, 

a collimator with a shape factor of one,  has a MIL not 

Greater than 25 per cent of the radius of the field of view 

in the focal plane between distances of 0.46 and 1.33 of 

the focal' length. All collimators show a significant 

increase in the FWIThI at distances greater than 1.5 times 

fecal4ength, A collithator with a..Shape f otor of 0.5 

will be given in Chanter 4. in general they chow an increase 

in efficiency as the distance is increased, followed by a 



1.5 1.0 0-5 2.0 
d/f 

Fig. 3.4 The shape factor plotted against the 
fraction of the focal length at which the 
FWHN is 25;'k; and 	greater than the 
radius of the field of view in the focal 
plane. 
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only at the base ofthe central hOle. As the source is 

bevod:aWayfrom the collimator radiation is-also incident 

6-8 

decrease in efficiency. The maximum efficiency in air' in 

many cases occursat:zone distance in fropt-of the focus. 

atAghich:the efficiency in air is 

a maximum has been expressed as a fraction of the focal 

distance:andplotted ac ainSt the shape factor Points are 

shoWn for collimatorS With different numbers otholet and 

of field of, view in' thefeCal plane. This curve shows 

that there is a tendency fer,the'poiht.of maxibum resPense 

to Move closer to the collimator.as the Shape factor 

decreased. 

Graphsof-aXial efficiency plotted against distance 

also hoed that there wasatendencYfor collimators with 

small s shape factors to show a more uniform variation of • 

efficiency mith:di,tance ':11'OfficioncieS of. collimators 

with large shape factors tend to decrease rapidly on either 

side of the focal plane. 

Discu  

The, variation of aXial:effiCienCywith distance is 

the result of two onnos ing:effects.losc to the collimator, 

r ation from a Point source is incident on tie detector 



X 2 cm 

0 1.5 cm 
G 0.5 cm 

Radii of fields of view 

O 3 2 
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Point of maximum response 
Focal length 

Fig, 3.5 The distance of the point of maximum 
response from the collimator,as a fraction 
of the.  focal length, plotted against shape 
factor. Points are shown for collimators 
withdifferent radii of the field of view 
in the focal plane. 



on the detector at• the base of neighbouring holes. Tare 

`contribution of other holes increases as the source is. 

hoved towards the focal 171ano and a greater detector area 

bocomeS'exposed. to radiation. At the same time however, 

there 	a decrease in efficiency due to the inverse square 

law. -ith a small number 
	larbc'holes, - that is, a sm 11 

shape factor (equation (3.11)), the latter effect rapidly 

become more important than the former, giving a maxiMum 

well in front of the foccl plane. 

When two collimated detectors are used with the outputs 

sunned, the resolution of the system can be determined from 

the: sum bf:thp resolUtion curves at the dirt :noes of the 

source plane frat each tollitatpr. If the foci of.the colli-

taters coincide, thel7WHM in the 'focal plane is the same as 

that-,:for each individual"collimator. Zr1 other planes, 

thd.-1,4H14 ofthe:tot I resolution curve ie dependent on the 

reiative.imagnitudes of .the individual curves as well as 

their shapes. The shape factor. for one collimator therefore 

gives a less accurate assessment of variation an resolution 

for a doUble headed system than for a -Single headed system. 

The results of this dhapter',naVe been obtained for 

point sources in al  axial efficiencies.. are. affected 

by attenuation and scattering from tissue as discussed in 
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Chapter 6. Attenuation has a relatively sMall effect on 

the shape of*theresolution curves for a single collibater 

but:Scattering .has-a greater effect. Since the total. 

olOtion'curveof a doable- headed system is dependent on 

the magnitude..oftheiindividual re elution curVeS for each 

HcolliM tor, beth attenuation and scattering affect the. 

resolution:bfa double .Beaded system. 

These investigations have shornhow the shape factor, 
. 	. 

.11hich is very simple to calCulate, canbe-  u ed. to,osess 

collimator performance. Figure 3.h gives the depths over 

which a reasonably constant resolution is obtained and fig. 

3.5 indicates the 4istance of. the _point of.MaximuM response 
in:air-from the collimator. These details are often 

sufficient to obtain rough assessment of the suitability 

of a collimator for some specific application. This is 

particUlarly adVantageout in collimatprdesign as the calcu-

lation ofresolUtion curves of the many possible designs 

tkes considerable time eve`rz using :a coMputer. 
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The following equations relating collimator parameters 

been derived by Beck (1964b) hav 

e(n-1) 
	(4.1) 

where n is related to the number of holes (N) in the 

collimator which are assumed to be arranged in a hexagonal 

array: 

6A. 

CHAPTER 

THE DESIGN OF 11ULTI.•HOLE FOCUSING COLLIMATORS FOR SCANNING 

4.1 Method of design of fopusing collimators  

For most scanning applications, a collimator is 

required which has fine resolution high sensitivity and a 

high probability for the detection of a lesion, throughout 

the region of interest. In the method of design of colli. 

orators suggested here, calculations are carried out on a 

number of possible designs. The collimator which has the 

most suitable shape factor and gives the most suitable 

variation in efficiency and figure of merit with distance, 

is then selected. 

Heap) relett•ions}ips between collimator parameters  



where s is the septum thickness at ,  the external face 

of the collimator., 

(4.4) 

Eliminating s and 	from equations (4.1). (4.3) and (4.4): 

s (n-1)) 
(4.5) 

s (n-1) 

Therefore, if it is assumed that s' equals the minimum 

possible thickness of septum which it is possible to cast 

or drill (s ), the hole radius may be calculated for known 

values of D, Rf  and n. The other collimator Parameters 

may then be calculated assuming a value for f. 

At energies for which penetration of even a small 

thickness of lead is insignificant, collimators designed 

with 	m {'sin  .2 0,05  . 10 cm.) would probably not show 
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significant penetration effects. At higher energies 

this will not be the case. Beck (19614a) has derived the 

following expression for the penetration fraction (equation 

2.2) for. an extended plane source 

6N 
(4.6) 

x 3 t3 (2 + )  

where 	is the linear absorption coefficient of the 

collimator material at the specified energy and "r is the 

transmission ratio. The transmission ratio is defined as 

the fraction of the detector area not covered by septa and 

is given by the expression 

(4.7) 

If it is assumed that D, f 	and n are constant, differen- 

tiation of equation (4.6) shows that the penetration fraction 

minimum when 'V 653. The corresponding minimum 

penetration fraction may be greater or less than the set 

maximum tolerable level Fm. In the former case it is im-

possible to design a collimator with the set of values of 

D, f dip and n which sufficiently reduces penetration. In 



the latter case there may be two possible collimators 

fulfilling the requirements. The collimator with the larger 

transmission ratio may however be extremely long, with 

septa which are thinner than the minimum possible. Beek 

(1964b) has stated that equation (4.6) may only be approximate 

and therefore suggests that the maximum tolerable penetration 

should be set to a low level (Pm  0.01) so that errors in 

design will be small. 

Practical considerations  

The equations given above show that at any energy it 

is possible to design a collimator for known values , of D, 

fp aft  n and s. Collimators are usually required for an 

existing scanner and therefore the value of the crystal 

diameter D has been determined. The radius of the field of 

view in the focal plane af  can be set from the required 

resolution since in the focal plane are FWHM. The minimum 

septum thickness .5m  is set by manufacturing techniques. 

Since the maximum response is not necessarily obtained 

at the focus as described in section 3.4, the value of the 
focal length which gives the most

, 
suitable variation in 

sensitivity hroughout the region of interest is unknown. 

A range of possible focal lengths is therefore considered. 



Collimators are also designed for a, range of values of n. 

Collimator performance is assessed both in air, and in 

water representing tissue. Efficiencies are corrected 

for attenuation using the total linear absorption coefficients, 

allowing for an air gap between the collimator face and the 

body or phantom surface. The effects of scattered radiation 

are not included in the design procedure. They are discussed 

in Chapters 6. and 7. 

Figure of merit  

The relative probabilities of detection of , lesions 

using different collimators are determined by calculating 

collimator figures of merit, The figure of merit used in 

this work was obtained from equation (2.5)r.. For a region of 

increased activity the target counting rate can be 

expressed as 

where p is the concentration of activity (µCi/m1) and E is 

the sensitivity in cps/(µCi/m1 ), The non-target counting 

rate can be expressed as 

p NT ENT 
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Therefore, from equation 2.5)s 

✓ P (PT/PNT 1) ET 

J2ENT + ET(PT/PNT  - 1).  

Under conditions when the figure of merit is applied, 

2  ENT >> ET (PT/PNT 
	

) 

Therefore, 

.12ENT  

and from equation (2.3), since E m E'V where V is the 

volume, and E' and E0  are the sensitivities in cps/FCi and. 

Thus the collimator figure of merit 6.'11°11  /e-NTNTII.NT 
is 

proportional to the factor e which determines the 
is similar to the factor B of Matthews (1967)(equation 2.7) and 

probability of detection. ItXoan be used to compare coilt. 

mators for the same application, isotope and scan time. 

For regions of zero activity, the target and non..target 



counting rates can be expressed as : 

Thus the collimator figure of merit may also be applied 

to the detection of 'cold' regions. 

Computer program  

A program was written in Algol for the Elliott 4100 

computer to calculate axial efficiencies and figures of merit 

for the possible collimators suitable for a specific 

application. A simplified version of the flow diagram is 

given in fig. 4.1 and further-details of the program can 

Appendix 2. The prograh may also be used to 

calculate the axial response of existing collimators. 

The input data is read in and if the design procedur 

is required, 'the number of collimator holes and the focal 

length are set to the minima of the desired ranges. The 
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remaining collimator dimensions are then calculated, 

assuming that the septum thiokness at the external collimator 

face equals the minimum possible thickness. If the energy 

for which the collimator is being designed may lead to 

significant penetration effects, the program calculates 

the minimum possible value tar the penetration traction 

assuming that lr sm 0,653. Provided this is less than the 

maximum tolerable level, one set of dimensions for which 

P - Pm are calculated. This is performed by making pro. 

gressively smaller increments or- decrements in the hole radii 

as the required condition is approached The reiterative 

procedure is repeated ten times. If this leads to a 

collimator with septa greater than the minimum possible, 

the shape factor i.e calculated and the dimensions are 

pointed out. These steps are omitted when the program is 

run for an existing collimator or if penetration effects 

are likely to be small. 

The shape factor, collimator length and the penetration 

fraction are tested to see, whether they are greater than 

the maximum tolerable levels, in which case the program omits 

the next steps. The axial efficiencies are calculated 

for a point source in air at the distances specified in the 

data. Then, allowing for the air gap, the efficiencies are 



corrected for attenuation in water, according to depth. 

This calculation of attenuated efficiencies may be carried 

out for several energies. The plane source efficiency is 

calculated from equation f3.10) multiplied by the number 

of holes in the collimator, and this is used to.obtain an 

expression for the attenuated efficiency of a volume 

source, i.e. 

a V NT NT NT *.  

where H is the phantom thickness and µ Is the linear 

absorption coefficient in water at the specified energy. 

The collimator figure of merit for a point source is then 

calculated. For a single detector this is given by : 

B' 
	eiraT)2  

6NTcla VNT 

and for two opposing detectors by 

E 	 eT2CIT2) 
B' 

(4.9) 

ENTeNTVNT 

The calculations of point source efficiencies and figures 

of merit may be carried out for two opposing detectors if 



required. Calculations are carried out for all required 

axial distances and then the results are printed out, They 

may also be plotted in graphical form. 

If penetration effects are being considered, the 

program then calculates the second possible set of dimensions 

with P = Pm and returns to the calculations of efficiency 

and figures of merit* Following these calculations, the 

focal length is increased and the procedures described above 

are repeated When calculations have been carried out 

for the required values of focal length, the number of holes 

of the collimator is increased. If the penetration fraction 

is greater than the maximum tolerable level, collimators 

with greater numbers of holes are not considered as they 

will have even greater penetration. When the program has 

completed designs for the required range of values of n 

and f, it returns to the start and can be re.run with a 

new set of data*  When it is used to calculate efficiencies 

aad figures of merit for an existing collimator, it 

returns directly to this point when the calculations are 

complete. 

4.2 The hpAplice of colligapor papasteters or performonce  

The results obtained with this program were used to 

assess the effects of altering different collimator parameters,.  



while. maintaining the relationships of equations (4.1), 

(4.3) and (4.5). All the collimators considered in this 

section have been designed for low energies, assuming that 

penetration is insignificant. The minimum possible septum 

thickness was 0,1 cm. 

Influence of the number of holes  

Figure 4.2 shows diagrams of three collimators designed 

for a 3i" diameter crystal with focal lengths. of 9 cm. and 
a radius of the field of view in the focal plane of 2 cm. 

As the number of holes is increased, the collimator length 

can be decreased and this results in 'higher efficiency. 

The shorter collimators have larger shape factors however, 

and this means that there'is a greater variation in resolution 

with distance, 

The increase in axial efficiency in air obtained by 

increasing the number of holes is shown in fig. 4.3 for 

collimators with a focal length of 114 cm. The relative 

gain in maximum efficiency becomes smaller as the number 

of holes is increased, suggesting a limit to the possible 

gain which can be obtained by increasing the number of holes. 

Figure 4.4 shows the figures of "merit for the same collimators 

assuming that the point source consists of TO.99m and is 
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placed in a tank of water, 25 cm wide, situated 2,5 cm 

from the end of the collimator. In this example, the figures 

of merit for small depths show a tendency to decrease as the 

number of holes is increased although they are similar at 

greater depths. In most cases the figures of merit of 

collimators with different numbers of holes are similar but 

sometimes an increase in figure of merit can be obtained by 

increasing the number of holes. The improvement is however 

accompanied by an increase in shape factor resulting in a 

wider variation in resolution. In this. example. the shape 

factor increased from 0.63 for the 7.hole collimator to 1.82 

for the 9l••hole collimator. Larger increases in shape 

factor are encountered with smaller resolutions or larger 

crystal diameters, 

Figure 4 5 shows the axial efficiencies in air plotted 

against distance from the collimator face for collimators 

with different focal lengths. The collimator length increases 

the focal length increases (equation 4.4) but the other 

parameters are constant. Increasing the focal length resul 

in a large drop in efficiency at distances less than the 

focal length and only a relatively small increase in 
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efficiency at greater distances. Figure !,6 shows the 

axial figures of merit for the same collimators assuming 

the same isotope, air gap and phantom size as before. The 

differences between the figures of merit are similar to 

those between the efficiencies of different collimators. 

Only a small improvement appears to be gained at large 

distances by increasing the focal length and no significant 

advantage is gained in this example by increasing the focal 

length beyond about 16 cm. These curves illustrate one of 

the problems in collimator design; increasing the focal 

length may result in a three.fold loss in the probability 

of detection -of superficial lesions while only producing 

a 50 per cent increase in the probability of mid.11ne 

lesions. 

Influence of crvetal diameter 

Figure 4.7 shows the axial efficiencies in air plotted 
against distance from the collimator face for collimators 

designed for different diameter crystals. The collimator 

length varies between collimators but the other parameters 

are constant. As the crystal diameter is increased there is 

a large increase in efficiency, but at the same time there 

is a large increase in shape factor resulting in a wider 

variation in resolution. In this example the shape factor 
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increased from 0.26 for the 1" crystal to 2.51 forthe 

5$ crystal. Figure 4.8 shows the axial figures of merit 

for the same collimators under the same conditions as before. 

At small depths, the figures of merit appear higher for 

the smaller than for the larger crystals. Some of the 

differences are however due to the different shape factors. 

The collimators for the smaller crystals have smaller shape 

factors and give the maximum point source efficiency closer 

to the collimator face. These maxima are less affected by 

attenuation and are therefore likely to , be higher than those 

for larger crystals. A better comparison between colli-

mators for different crystals is obtained from collimators 

with different numbers of holes, for which the shape factors 

are approximately the same. Figure 4.9 shows that a 7-hole 

collimator for a 3" crystal with a shape factor of 0.63 is 

slightly better than a 37.- 
oe

amme collimator fora a 2" crystal 

with a shape factor of 0.79. Similarly, a 37-hole collimator 

for a 5" crystal with a shape faotor of 2.51 is slightly 

better than a collimator for a 3" crystal with 91 holes and 

a shape factor of 1.82. 

Influence .of the_radkus of the fief, or view irk th, foc43i  plane 

Figure 4.10 shows point source efficiencies in air 

plotted against distance from the collimator for collimators 



•0100 

•0075 

ET CT 

/VNTENT4NT 

•0050 

•0025 

I0 	15 
	

20 
	

25 

pe  2cm 
N•37 

Cm from collimator 

Fig. 4,8 
	

The axial figures of merit for a point sc:urce 
of To.99m placed in a tank of water 25 cm 
wide at a distance 2.5' cm from the faces of 
the collimators of fig. 4.7. 



0 5 10 	15 
cm. from collimator 

.0075 

.0050 

.0025 

Fig. 4.9 The axial figures of rerit of collimators for 
crystals of different diameters with the sarze focal 
lengths and radii of the field of view in the focal 
plane, but with different nuiabers of holes so that 
the shape factors are similar. The ibotope, air 
gap and phantom size are as in fig. 4.3. 

20 	25 

94- 

IVNT eNT°4NT 

MD 

R t.= 2cm 

f 



N =37 

•0075 

.0050 

.0025 

/ 

• 

2.5cm 

2.0 cm 
"•••• ...* 

rr 

• 
• • • • 

1.0  

• • • • 
• • • 

C M 
• 

/
/ 

/
• ti 

• 
e • 

1.5 cm 

• • 

• • • 

0 
	

5 	
cm. from collimator 

10 	 15 
	

20 

Fig, 4.10 The axial efficiencies in air of collimators 
with the same focal lengths and numbers of holes, 
but pith different radii of the field cf view 
in the focal plane. 

85 



with different values of the radius of the field of view 

in the focal plane. The collimator length varies between 

collimators but the other parameters are constant. As 

the radius of the field of view is increased, there is an 

increase in the collimator efficiency and a decrease in 

the shape factor from 3,2 when Rf  = 1.0 cm to 0.8 when 

R 0 2.5 cm in this example. Values of the collimator 

figures of merit cannot be used directly to compare colli-

mators under these conditions, Equation (2.5) shows that 

the probability for detection of a lesion is proportional 

to the square root of the time in which counts accumulate. 

The time in which counts accumulate is determined by the 

time for which a point source lies within the field of view, 

and for the same scan speed and line spacing it is pro-

portional to the area of the field of view. The probability 

for detection of a lesion is therefore proportional to the 

radius of the field of view. An estimate of the way in 

which collimators of different resolutions compare can 

thus be obtained by multiplying the collimator figures of 

merit by Rt. This method of comparison is only strictly 

correct in the focal plane; in other planes, the figures 

of merit should be multiplied by the radius of field of view 

in that plane rather than Rt. 

sb 



In this example, the collimator figures of merit 

are similar and therefore the probabilities for detection 

of lesions are approximately proportional to the values 

of at. 

4.3 Effects of alterations in practical conditions  

Comparison of single aqd degble.headed detector systems  

Scanning systems which utilise detectors on each side 

of the body are now available commercially, Figure L.11 

shows the collimator figures of merit plotted against dis. 

Lance for a double4Iheaded.system equipped with two collimators 
of focal length 16 cm. The point source is assumed to be 

To.99m situated in a tank of water 20 cm wide, placed at 

2,5 cm from the faces of each collimator. The figures of 

merit for single headed systems with collimators of 16 and 

20 cm focal length are also shown, Two detectors give the 

most uniform probability of detection throughout the body, 

but a single detector with the same collimator gives a 

higher probability for detection close to the body surface, 

Increasing the focal length of the collimator for the 

single detector decreases the probability of detection at 

moat distances,. although a small increase is obtained.at  
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large distances from the collimator. 

Intim:nap of air Rap Awe. phantom side  

Figure 4.12 shows the influence of alterations in air 

gap size for a single detector. The axial efficiencies 

for a point source of To.49m in a 20 cm tank are plotted 
the eft?. 4 fhe phard-orn dosed. Eo 

against distance froulthe collimator. As the size of the 

air gap is increased, the efficienciesand probabilities 

for detection are increased for superficial . lesions but.  

Aecreased for deeply-lying lesions. There,is also a greater 

variation in efficiency through the body. Figure 4.13 shows 

the influenceofalterations in air gap size for a dOuble, 
aded'system. In this example, increasing the air gaps 

from 0 to 2 cm leads to A general increase in efficiency. 

Increasing the air gaps from.2 to 4'.cm leads to a drop in 

efficiency at the centre of the plantom but an increase in 

efficiency at the edget. Further increases in air gap size 

lead to greater changes of this kind. For any two 

collimators, the shape of these curves depends on the size 

of the phantom as well as the sizes of the air gaps. The 

air gap for this 20 cm phantom which gives the highest 

efficiency is approximately. 3 cm., giving a collimator 

separation of 26 cm. SiMilar sets of curves were drawn for 



ET- 454 T- 

.004 

D= 3" R2  cm 

f =14 cm 	N=37 
8cm 

„•• 

,• 6cm 

VII 

• 
• 

• 

• • 

-002 

2cm 

• • 
• • 
• 

• 
• 

•••• 	 • 
• 

0c 

4. 

qr. 

• 006 

0 
	

Le 	 8 	 12 
	

16 
cm. from edge of phantom 

4.12 	The axial officienoies for a point source of 
Te.99m in a water medium, 20 cm wide, for one 
collimator with different air gaps. 



D = 3" R} 2 cm. 

= ) 4.  cm. N=37 
ET0Cr 6cm 

.003 

.001 

I 

I 

.002 

.. ,---. 	 -., 
:   

/ 	. 	 \, 4cm . 	. . 	.  
/, 

\ 
, 	 \ / 	 . , . 

I 	 . 

2cm 

Ocm • 

I 
10 	15 
	

20 
cm.from edge of phantom 

Fig. 4.13 The axial efficiencies for a point source of 
Te-99m in a water medium, 20 cm wide, for a 
double headed system with the same collimators 
but with different air gaps. 



phantoms of 10, 15 and 25 cm -width and it was found, that 

the highest values of efficiency were always obtained when 

the separation of the detectors was maintained at 26 cm; 

4.4 Examples of collimator designs  

The way in which a collimator is chosen from the many 

possible designs is illustrated in the following examples 

For the design of a collimator for thyroid scanning using 

1.131 and a single detector, it was assumed that the neck 

thickness was 13 cm and that an air gap of 8 cm was required 

to allow for protrusion of the chin; The possible range 

of positions of the thyroid was assumed to be from 2 to 

6 cm from the neck surface as denoted by the shaded region 

in fig. 4.14. The collimators with focal lengths of 11 cm 

lead to .a wide variation of efficiency and probability for 

detection throughout the range of possible thyroid positions. 

The collimators of focal length 13 cm lead to a more uniform 

variation in efficiency, and of these the 37.hole collimator 

gives the highest probability of detection. Although this 

37.hole collimator has a shape factor of 6.66, reference 

to fig. 3,j shows that the 

little over the possible range of thyroid positions. 



0.004 

0.003 
eTcx, 

0-002 

0.001 

10 	15 	20 cm 	 0 	5 	10 	IS 	20 cm 

0.004 

0.003 
€1.04 

0.002 

0.001 

0.02 

0.01 

Fig. 4.14 	Designs of possible coo imators for thyroid' 
scanning with 1.131 using a single detector. 
Figures of merit and efficiencies are shown for 
37, 19 and 7.ho1e'collimators in order of 
decreasing height. 



Collimators with greater numbers of holes had high pene-

tration fractions and were therefore unsuitable. 

Collimators for other applications of a single detector 

can be chosen in a similar manner. For scanning of large 

organs, such as the liver, the choice of collimator is 

Usually difficult to make. A compromise between an order 

of magnitude drop in efficiency close to the surface and 

perhaps a 20 or 50 per cent increase in efficiency for deeply 

lying regions must often be made. 

The choice of collimator for a double...headed system 

Is illustrated in fig. 4.15 for Hg-197 for brain scanning. 

It has been assumed that the width of the head is 15 cm 

and that air gaps of 4 cm are required. Collimators with 

focal lengths of 9 cm are poor because the figure of merit 

falls to a low value at the centre of the phantom. Colli-

mators with focal lengths of 13 era give the most uniform 

variation of figure of merit but in general the values are 

about 20 per cent lower than those of focal lengths of 

11 cm, Curves for collimators with focal lengths of 11 cm 

and different numbers of holes are all similar, and the 

collimator with the optimum shape factor can therefore be 

chosen..  

Collimatois designed for one scanning application are 



197 Hg BRAIN COLLIMATORS 

f.11 • f.9 f=13 

22 0 2 6 6 18 14 14 tO 10 10 
23 23 23 

0 2 

•0150 

Figure of merit 

°L T 	.010 
(or .4-or V"T  

.005 

0 

•010 

• 008 
Efficiency 

• 006 

•004 

• 002 

I 
s , 

',Il : 	NI 
,,\i 

I 

1 
1 

I I I 

A \ I 

i Ic- 
. 

ss•-, 
'1 

I I I I I 

1 L R # R L 

,.. , 
//. 

I;\ \ ' ii /111.\\ 
\ •, 

,.. 

R 

1 

l-F1 

1 
R , 	r 

L , 	• 	, . 	....., 

Distance cm. 

Fig. 14.15 	Designs of pos  possible collimators for brain 
scanning with fig.197 using a double detector 
system, Figures of merit and efficiencies 
are shown for 61, 3?, 19 and 7.hole collimators' 
in order of decreasing efficiency when f = 9 cm. 

q5 



in general not the most suitable for other applications *  

even using the same isotope, because of variations in body, 

organ and air gap size. Different collimators are also 

required for different gamma.ray energies. Some suggested 

collimators for a single 5" detector are given in Table 4.1. 

In order to obtain small shape factors for collimators 

for scanning of large organs, a small number of large holes 

is necessary. These collimators are long and limit septum 

penetration well. Therefore collimators designed for low 

energies may often be used for much higher energies as 

illustrated here. In some cases, collimators designed for 

low energies with small shape factors are so long that 

their weight makes them impracticable. Increasing the 

number of holes results in a shorter length and less weight, 

but may lead to an unacceptably high shape factor. Main. 

taming the same number of holes, bit decreasing the colli. 

orator length, and increasing the septum thickness in order 

to maintain the same radius of field of' view in the focal 

plane, may result in a smaller increase in shape factor. 

This is equivalent to designing the collimator for a higher 

energy. 

Figure (4.16) shows figures of merit and attenuated 

efficiencies for collimators for single and double headed 



Focal 
length 

Radius 
of field 
of view 
in focal 
plane 

2 9.5 

No. of 
holes tator 

length 

Crystal face Shape 
factor 

Suggested 
y.ray 
energies 
keV 

Suggested 
Uses 

hole.  
radius 

septum 
thick-
ness 

37 16.13 .620 .669 6.68  360 1-131 for 
thyroid 

91 13.11 .504 .161 8,32 <290 Tc.99m for 
thyroid 

19 114 1.20 .176 1.73 <350 Hg.197, 
Tc.99m and 
Hg-203 for 
lateral 
brain 

19 16.79 1.20 .176 1.73 <420 Au-198,1-131, 
Cr.51,14g-203, 
Tc-99m and Hg.. 
197 for spleen, 
liver,kidneys 
and AP brain 

2 

1 

1 

Setting up 
conditions 

External 
collimator 
face 8 cm 
from body 
surface over 
thyroid 

as above 

External cot.-
mator face 
10.5 cm from 
mid-line of 
head 

External. 
orator face 
15.5 cm from 
mid-line of ' 
body or head, 

Table 4.1 

Suggested collimator designs for a 	diameter crystal for round holes irk a 
hexagonal array (dimensions in cm) 
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4.16 Vi tures of merit and axial point source efficiencies 
fret the most suitable collimators for detection of 
regions of increased or decreased tioncentrtion in 
a phantom 23 om wide with air gaps of 4 cr. The 
solid curves are for single and double headed 
detector systems with 5,  crystals and the dashed . . 
curves are for systems with 3" crystals. The 
dimensions of the collimators are given'in Table 4.2. 



detector system with 3" and 5" crystals. These collimators,  

were selected as the optima from the ranges of possible 

designs for scanning a large organ such as the liver using 

in.113m, The same focal length was found most suitable 

for both single and double headed detector systems and for 

both 3" and 5" crystals. The dimensions of the collimators 

are given in Table 4.2. The shape factor of the collimators 

for the 5" crystals are rather large but it could not be 

reduced without a considerable reduction in efficiency and 

figure of merit. Although efficiencies for the 5" crystals 

are significantl higher than those for the 3" crystals, 

the differences between figures of merit are less pronounced. 

Up to the centre of the phantom, the single 5" detector 

gives a higher probability of detection than the double 3" 

crystal detector system although it has a wider variation 

in resolution, Single 5" crystal systems may on the whole 

be fractionally better for detection than single 3" systems 

and)similarly, double 5" systems may be better than double 

3" systems, The 3" crystal systems are however superior 

for the detection of superficial lesions. Although 5" 

crystal systems have higher efficiencies they have the dia.. 

advantage of a wider variation in resolution. Similar 

results were obtained for collimators designed for scanning 



Crystal 	Radius of 	Number 
diameter field of view of 
inches 	in focal 	holes 

plane 

-Crystal face 

Hole Septum 
radius thickness 

Shape 	Pene 
factor tration 

fraction 

Focal Colli. 
length orator 

length 

0.704 	0.139 

0.814 	0.18 

1.42 	0.019 

3.30 	0.022 

3 

5 

Table 4.2 

Dimensions of the most suitable collimators for detection of regions of increased  
or dscreased concentration of In-113m in a 23 cm wide phantom (air sqp Ii. cm) using 
3" and 5" diameter crystals and single or double headed detector systems  

Dimensions are 	cm. unless otiorwise stated. 



the sane phantom with Tc-99m. 

4.5 summArY and discussion 

The design prooedure desoribed here differs from the 

two methods suggested by Beck (1960). In the first, s, ft  

Rf  and D are specified and in the second, 4, f, s and K 
are spedified. The collimator with the highest plane source 

efficiency is then found. It also differs from that of 

Matthews (1967) in which the shape factor is specified and 

the collimator with the highest point source efficiency at 

the focus is found. 

The results preeented here show that the efficiency 

does not necessarily reflect the probability of detection 

which is proportional to the collimator figure of merit. 

Figures of merit have been calculated for point sources 

representing very small lesions, which are the most difficult 

to detect. When the diameter of the lesion is comparable 

to the diameter of the field of view of the collimator the 

point source figure of merit is probably still applicable. 

Assuming that the lesion is spherical and of uniform con-

centration, when seen from above through a layer of tissue 

the greatest increase or decrease in counts occurs opposite 

the centre of the lesion where it is of greatest thickness. 



- Therefore the highest. probability of detection is obtained 

usinga'collit4tor with.4-..high figure of - merit for•axial 

Paints. 'When the . diameter of the lesion is much greater 

than the diameter•of the field of View  a plane source figure.,  

ot.merit- maybe more. applicable. The plane source figure 

of merit is.proportional-'_to the .plane source efficiency: 

and:therefore under these circumstances a high efficiency 

:is required:rather: than Alligh•point.source figure of merit. 

The plane source-efficiency-depends on the axial point 

source efficiency and the Shape of the-resolution•curve 

and therefore,tWplane - sOurce efficiencies of oollitlators. 

with .similar retolution•caft•be cotpared-using-the point • 

sourpeeffiCiency However, the variation of.axial point 

source_effidienCywith2distance - does:not reflect the prom 

bability _of.'Attectien_Cflargejesions beeaUse•as the 

efficiency decreases -theresolutiOn tends to increase. Thus 

the plane'sburce efficiency in air it-'approximately.in.-• 

dependent - efdepth.,  -The .probability •pf• detection: of large 

lesions therefore decreases with.increase in depth•- owing'.  

to_attenuatiOn•in - tiSsue • 

4 hab been'Assumed that the-Collimator-with the 

hest point source efficiency far specified values of D, 

ft fund n is that with the smallest septum thickness. 



This can be shown from the approximate expression for the 

efficiency of a point source at the focus : 

N r 

4 (t+f)2  

Substituting for r and t from equations (4.1), (4.3) and 

(4.4) 

N82 	ED.s (n-1)) 2 
= 

444 	( nn 	LO 

 

 

which is a maximum when s' is a minimum. The collimator 

figure of merit at the focus is proportional to the point 

source efficiency divided by the square root of the plane 

source efficiency (equation 3.10). Therefore, 

N 
	

[D-s (n..1)] 

2f5 (nlif D) 

which is also a maximum when s' is a minimum. Thus the 

assumption is valid. 

The importance of considering figures of merit as well 

as efficiencies has been emphasised in these results. In 

many cases an increase in point source efficiency is 



accompanied by an increase in plane source efficiency 

and therefore the probability for detection is not necessarily 

increased. The effect on efficiency of increases in focal 

length has been discussed by Fopovic and Fowler (1968). 

However, calculations of figures of merit show that there 

is a limiting focal length, beyond which;  further increases 

only result in a loss in detection probability. 

Results on the effects of increase in crystal diameter 

confirm the theoretical calculations of Matthews (1967) 

that only a small improvement in detection is obtained by 

such an increase when the shape factor is kept small so that 

a reasonably uniform resolution is obtained. The efficiencies 

do however increase with increase in crystal diameter 

(Popovic and Fowler, 1968). 

The relative merits of single and double headed detector 

systems have been discussed by Libby (Appendix 3). Com-

paring the same detectors and collimators, a double-headed 

system gives a more uniform probability for detection 

throughout the body, although a single detector gives a 
cc 

higher probability for the detectioqsuperficial lesions. 

This is because,for the double-headed system, the detector 

furthest from the source contributes only a little to the 

target counting rate, while doubling the non-target counting 



rate, It is suggested that where a double-headed system 

is in use, the best results would be obtained by recording 

scans on paper or magnetic tape and playing back each 

response separately for the detection of superficial lesions. 

The combined response could then be played back for the 

detection of mid-line lesions: The results of subtracting 

the two responses could also be investigated. 

Popovic and Fowler (1968) have discussed the effects 

of alterations in air gap size. These results have further 

shown that where a double-headed system is in use, the best 

results are obtained when the distance apart of the colli-

mators is kept constant. 

The results of alterations in the collimator parameters 

and practical conditions have been obtained with collimators 

designed for low energies, but it is reasonable to assume 

that they can be applied to oollimators designed for higher 

energies provided the penetration is small, Calculations 

of figures of merit have been carried out for specified 

phantom sizes but alterations in phantom size are unlikely 

to affect these conclusions, 
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C Ii A TER 

A COMPARISON BETWEEN THEORETICAL J ND EXPEL MENTAL  

VALUES OF POINT SOURCE EFFICIENCIES IN AIR  

5.1 Introduction and exDerimental method 

Experimental measurements were carried out in order 

to determine how accurately the theoretical calculations 

discussed above describe the response of a collimator to 

a point source in air. Preliminary measurements of the 

efficiencies of a 3" x 1" sodium iodide crystal were carried 
wart 

out as data won not available for this size of crystal. 

Anmiratus  

The detecting system consisted of two 3" diameter by 1" 

thick sodium iodide crystals, each coupled to photomultiplier 

tubfi 	the outputs from which were fed to valve amplifiers. 

The amplifiers could be connected either to single channel 

amplifiers and thence to a scaling unit, or to a 512.channel 

analyser. 

Four collimators suitable for low energy radiation 

were used with each crystal. They were designed to focus 

at 4" from the collimator face, with shape factors of 



The second value corresponds to that of the surrounding 

holes, calculated from the equation: 

(5.2) 

The radii of the field of view in the focal plane were 

calculated from each focal length using the equation: 

(5.3) 

approximately one, and with different-radii of the field 

of view in the focal plane. The-.colliMatorswere cast in 

lead and their finished'dimensions, WhiehAiffered slightly 

from'the design specifications, are given in Table 5.1. 

The first value given for the foCal length corresponds 

to that of. the axial hole and was 'calculated frOm the 

equation: 

(5.1) 

The differenciis between the values of focal length and 

radius of field of view are small except for the 61-hole 

collimator which was particularly difficult to construct. 

Each collimator incorporated a thickness of lead 

(07 



Hole 
radius.  

Hole 
radius.  

Septum. 
Thicknes0 

Septum 
Thickness 

t.86 
1.88 

97 
9.8 

1.14 

• 

20.0 1.17 

0.34 

0,27 

10.0 

8;6 
11.4 

2;52 
2.54 

2'.38 
3.14 

1.26 

Number 

holes 

Collimator 
length 

:crystel:face: Focal 
length 

Radius of field 
of view in 
focal plane 

Shape 
Tactor. 

External face 

Table 5,1, 

Collimator dimensions in cm. average values of measurements .on both collimators  



surrounding the holes, the minimum thickness being 3/4" 

at the crystal face. Lech crystal was encased in 1/2" lead 

shielding in cylindrical form which also maintained the 

collimator in place. The length of the cylinder which 

protruded beyond the crystal could be adjusted to fit the 

collimator length. Extra lead was used to shield the crystal 

and could be slipped onto the outside of the cylinder. This 

external shielding was sufficient to reduce the effects of 

penetration to a negligible level at the energies used. 

Sources  

The point sources used for the measurements were made 

from perspex or glass and contained a cylindrical cavity 

which was filled with a radioactive solution. The cavity 

was approximately O.L. cm in length and 0.14 cm in diameter. 

The radioactive isotopes used were Hg.197„ Tc.99m 

and Hg.203 (Table 5.2). The point sources were assayed for 

radioactivity by placing them in a ring of six Geiger tubes 

calibrated against an NPL ion chamber (Dale, Perry and 

Pulfer 1961; Dale, 1961). The NFL ion chamber was call. 

brated for To 99m and Hg..203 using sources of known strength 

obtained from the NFL. The calibration factor for Hg..197 

was obtained from measurements described in section 5.2. 

These factors (Table 5.2) agree with those of other workers 
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• 
Radioactive • isotopes used_ for experimental iReasurements,with ion chamber calibration 
factors. The two photopeaks corresponding to the principle Kamm-ray energies for  
lig-197 could. not be resolved with the detectors used. The maximum of the combined.  
photopeak was therefore assumed to 'correspond to 71 keV. 

Isotope Decay Process Principle 
gamma-ray 
energies ,keel 

Fraction. of 
disintegrations 

Ion chamber calibration µµA1 µC,1 
(without brass filter) 

Present work Williams and. 
Birdseye (1967) 

I g-197 Electron 
capture 

77 
69 (Au X-rays 

0.193 
0.745 

13.0 

To..99m • 
transition 

114.Q. 0.901 9.7 9.6 '  

Hg.203 emission 279 0.815 10.8 10.8 



within the limits of differences betWeen chambers at 

these energies. 

Measurements  

Axial point source efficiencies were measured by 

determining the counting rate for a point source of known 

activity at different distances along the collimator axis. 

Measurements were also made with the source at different 

distances off the axis. For these readings, the amplifier 

was connected to a single channel analyser set to include 

the whole photopeak. The spectra of detectable radiation 

were measured for some source positions by connecting the 

amplifier to the 512.channel analyser. Approximately 100 

channels of the analyser were used. Readings were taken 

with the 19, 37 and 61.hole collimators using all three 
isotopes, For the 7...hole collimator, measurements were 

only made with Tc..99m and Hg..203. 

The dead-time of the detecting system was measured and 

found to be 3 tisec. The counting rates were corrected when 

necessary. Background counting rate corrections were also 

applied, 

5.2 Crystal efficiencies 

Measurements of the counting rate for a point source 



of H6-197 on the crystal axis were used to calibrate the 

NPL ion chamber fpr lig.197 This calibration was bated on 

the assumption that for large source to crystal distances 

at this energy the crystal' efficiency was 100 per cent. 

The measured counting rate was connected for absorption of 

radiation in the 0.016" aluminium cap covering the crystal 

and the quantity of radioactivity (Q) in the source was 

then calculated from the equation: 

cps 

 

ECG i (5.4) 3.7x104 x2 xiaxu 

where tz is the crystal efficiency (1.0)0  q is the 

fraction of disintegrations resulting in detectable radiation 

and aivr is the fraction of radiation emitted which is 

incident on the crystal surface i.e.,- 

1 
2  I 

   

(5.5) 

   

JD2/4  d2  

 

where d is the distance of the source from the crystal and 

D is the crystal diameter. The distance d was corrected for 

a gap between the face of the crystal and the aluminium 



protective cap, The size of the gap was found from radio. 

graphs of each crystal which showed that it varied from 

0,35 cm at the centre to 0 7 em at the edge. 

Values of Q were calcUlated'from equatipn (5.4) over 

• a range of distances. .The.constant-.valUe at large distances 

was used to obtain.a calibration factor for the NPL ion 

chamber (ablie 

.Measurements obtained with known amounts of To.99m 

and Hg.203 were used.  to calculate the 'crystal efficiencies 

from the expression: 

cps / ACi 

 

(5.6) 

  

 

The results of these measurements are summarised in fig. 

5.1 which shows the crystal efficiency plotted against 

energy for distances of 2, 50  10 and 20 cm from the crystal 

lousing. There is no available published data on efficiencies 

for a 3" x 1" crystal but the values obtained here lie 

between those for 3" 	d 2" x 1" crystals and therefore 

seem acceptable, 
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Pig. 5.1 Efficiencies tor a 3" diameter x 1 sodium 
iodide cryetal et diztances of (1) 2 on, 
(it) 5 cm, 	I( c ana (iv) 2 e from 
the crystal. 
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5.3 Collimator effioiencies 

Collimator efficiencies were calculated from experi. 

mental measurements using the equation: 

cps&Ci 
(5.7) 

3.7 x 104  x 7  

The results of axial measurements for the different colli-

mators and itotopet are given in figs, 5.2, 5.3, 5.4 and 

.5.5 The theoretical curves based on the dimenSions given 

in Table 5.1 are shown for comparison. In the calculation 

of the theoretical curvet for the 7 And 61-hole collimators 

allowance has been made for the fact that the central hole 

focuses at a different'distance from the other holes. 

In general, the experimental pointS tend to:be higher 

than the theoretical curve at small distances, but lower than 

the theoretical curve in the region of the focus. At large 

distances agreement between theory and experiment is better 

although experimental points are slightly higher than the 

theoretical curve for the 37 and 61 hole collimators. At 

small' distances the experimental points for Hg-203 tend 

to be higher than those for 10-99allnd Hg-197. These differences 
are discussed in sections 5.4 and 5.5. 

Some typical examples of off-axis measurements of 

+15 



• 4 Irt-49ri) 
}21.6:203 

ro 
cm from collimator 

Fig. 5.2 Axial point source efficiencies in air for 
different distances from the face of the 7-hole 
collimator. The solid curve represents 
theoretical geometrioal efficiencies* 

)16 



5.3 Axial point source efficiencies in air for 
different distances from the face of the 19.hole 
collimator, The solid curve represehts 
theoretical geometrical efficienoieso  
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Fig, 5,4 Axial point source efficiencies in air for 
different distances fro tho face of the 37.hole 
collimator. The solid curve represents theoretical 
gemetrical efficiencies, The dashed line represents 
theoretical values cbrrected for source size and 
error in positioning, 
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Fig. 5.5 Axial point source efficiencies in air for 
different distances from the face of the 61.-hole 
collimator. The solid curve represents 
theoretical geometrical efficiencies. 



collimator efficiency are given in fig. 5.6. The theoretical 

resolution curves for the 37-hole collimator at distances 

of 4, 10 and 16 cm from the collimator face were obtained 

by the method described in section 3.4 and are shown by 
the °lid lines. Experimental points for Hg-197 and Hg.203 

are given, one isotope on each side of the collimator axis. 

For Hg, 197, agreement between experiment and theory is good 

except at very large distances from the axis Agreement 

is less good for lig.203 especially at large distances from 

the axis. These discrepancies between theory and experiment 

were less for the 19-hole collimator and greater for the 

61-hole collimator. 

Figure 5.7 shows spectra for lig-203 obtained with the 
source in air at different distances along and perpendicular 

to the axis for the 37-hole collimator. There are no very 

distinctive differences between the spectra. No distinctive 

differences were observed for other collimators or for 

Hg-197, 

5.4. Sources of error  

Source size andpositioninplerrors 

The experimental points for axial efficiencies are 

in most cases the average of three readings; for the 7-hole 



16cm 

ag Hg-197 
0 Hg 203 

	  4 cm 
cm  

Fig. 5.6 Point source efficiencies at positions off the axis 
of the 37-hole collimator for distances of 14., 10 and 
16 cm from the collimator face. The theoretical 
resolution- curves are shown by the solid line. 
Experimental points have been normalised at the 
collimator axis. 
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2cm 
off 

ax is 

Fig, 5.7 Spectra obtained with point sources of .L-203 in air 
at distances of 5, 10 and 15 cm from the 37-hole 
collimator, both on the axis and - 2.cm off the axis. 
The peak at approximatel 80 keV is due to 
incomplete absorption in the crystal. 
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collimator five readings were taken,in few cases only 

two Measurements were made. For lig.l97:and Eg-2030  the. 

error in the measurements was generally lets - than 5 per cent 
'although , it was as great as 1c per cent'for some small Source 

to collimator distances. For Tc.99mi using a less accurate 

positipning methed: the error was generally less than 10:per 

cent increasing to 20 per cent for some small source. 

collibator4istances.. The errors tended to be greater for 

the 7and-19.hole-.eollimatorst mith smaller radii of :field 
of view in the focal planei for which positioning is-more 

Thete experiMental errors are 	however not a good -  

indication ofpotitioning errors in a ;olane perpendicular 

to the collimator axit .because owing to the shape of the 

resolution curves, any error in positioning leads to a 

decrease in the experimental efficiency. The-size of the 
source alto- leads to a4ecreatle in the measured, efficiency 

relative to the theoretical value. These errors increase 

as the resolution curves become more triangular in shape 

and hence are greatest in the region of the focus. Using 

theoretical resolution curves, the theoretical values of 

the axial efficiencies for the 37-hole collimator have been 

corrected for the size of the source and an assumed 
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positioning error of 0.1 cm and the corrected values are 

shown by the dashed line in fig. 5.4* The corrected curve 

lies below the original curve in the region of the focus. 

At small source-collimator distances, the corrected curve 

lies slightly above the original curve. This is due to 

undulations in the theoretical resolution curves which were 

described in section 3.4. Positioning errors and those due 

to the source size adequately explain the discrepancies 

between theory and experiment in the region of the focus 

for all collimators and isotopes for axial efficiency 

measurements 

Crystal efficiency  

The values of crystal efficiency used in the calculation 

of collimator efficiencies from equation (5.7) were ikieasured 

under conditions where the total area of the crystal was 

exposed. When the source is a small distance along the 

collimator axis, only the central portion of the crystal is 

exposed to direct radiation. The efficiency of this region 

of the crystal may be higher than the value for all the 

crystal because less radiation is likely to be lost from 

the edges. Therefore experimental values calculated from 

equation (5.7) using the efficiency for all the crystal area 

124. 



may be higher than the true experimental values.. The 

effect will be small for Hg.197 for which the crystal 

efficiency is high at all distances. For Hg.203 the true 

experimental values could be 15 per cent lower than those 

shown in fig. 5.5 for a source at 2 cm from the 61-hole 

collimator. 

Scattering:  from the collimatorwalls  

The possible magnitude of the contribution of radiation 

scattered frOm the collimator walls was estimated for a -

point source ,at 2 cm from the 19i.!hole'colliMator. At this 

dietance, the majority of the efficiency is theoretically 

dueonly to radiatipn Incident at the base of the axial 

laole, the contribution of surrounding holes being very small. 

The fraction ofltmitted radiation which is incident on the 

walls of the axial hole is given by 	wr2  (k2  -1)  
474t-f-d)2.: 

At the gamma-ray energies used in the experiments,. radiation 

incident on the collimator Walls is either absorbed by the 

photoelectric effect'or scattered by Compton or Rayleigh 

events. For:Hg.2032  the fraction of-the incident radiation:. 

which undergoes coherent and incoherent scattering events 

is approximately 0.25. Neglecting the fact that some 
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scattered radiation may be further attenuated in the lead 

and assuming that the radiation is scattered isotropically, 
P2  approximately a fraction 	of that scattered half-way 
t2  

down the collimator walls will be incident on the crystal. 

A larger fraction will be incident on the crystal for 

radiation scattered from the walls nearer the crystal, and 

a smaller fraction will be incidentsfor radiation scattered 

near the collimator face. Radiation is not scattered 

isotropically, but Hather (1957) has suggested that the 

collimator walls are too rough for specular reflection and 

that this is therefore a good approximation. With the 

assumptions statedi the fraction of emitted radiation which 

is-  Ancident,on the crystal after scattering events is 

given by the approximate expression: 

r2  r2 (k2,..1) x 0.25 x 

4 (t-hz1)
2  

Parts of the inside areas of the surrounding 18 holes may 

also contribute to the counting rate due to scattering, 

perhaps increasing the above expression by a factor of 6. 

Assuming that all scattered radiation incident on the crystal 

lies within the energies set by the analyser window, the 

percentage increase in efficiency due to scattering is 
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therefore: 

6 r4  (k2.1)  

4 t2  (t+d)2  
x 0.25 x kir (t+

2
4)2  x 100 

'ii 

150 r 2 (k2..1) 
t2 

For a point source of Hg.203 at 2 cm on the axis of the 

19.-hole collimator the increase in efficiency due to 

scattering is therefore approximately 8 per cent. For Fig-197, 

the fraction of radiation incident on the walls which is 

attenuated by scattering events is slightly less (0.21) 

probably leading to a smaller increase in efficiency. The 

fraction of scattered radiation is likely to decrease in 

the region of the focus as the area of the collimator walls 

exposed to radiation decreases. For the 37 and 61-.hole 

collimators, the areas of the walls of each hole over which 

scattering events may occur are smaller, leading to less 

scatter; this may be compensated however by the greater 

numbers of holes. At 2 cm from these collimators, the 

theoretical efficiencies are much higher than that for the 

19.hole collimator and therefore the percentage increase in 

efficiency is likely to be less. 

nultiple scattering in the lead may also add to the 
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scatter contribution. Of those photons which have under.. 

gone - one scattering event,'25 per cent (for 11gi.203) may be 

further scattered and this would-increase the scatter

contribution to.12:per cent in.the'above i example. The • 

.probability of being detected within_thp analyper.window 

setting is however less for multiply scattered photons. 

- The maximum angle_through which radiation can be 

scattered - from a point half .way down the 19-hole -  collimator 

and- :be subsequently incident on --the - erystalls•approxithately 

22°  

The energy of a scattered photon (hv ) is related to 

the energy of the initial photon (11v) by the expression: 

1 + u(1-cos0) 

where c = hv/moc2  and 0 is the angle of photon scattering. 

For Eg-197, the energy of the scattered photons is therefore 

greater than 99 per cent of the initial photon energy and 

for hg-203, it is greater than 96 per cent of the initial 

clergy. Some radiation may be scattered through greater 

angles and multiple scattering may also occur, both effects 

resulting in lower photon energies, but it appears that 

scattered radiation is unliRely to be observed on energy 

spectra obtained with the crystals used in these measurements. 



.Radiation which is absorbed in the collimator walls 

by the photoelectric effect gives rise to X-rays charac-

teristic of the collimator material. The K X..ray peak for 

lead is at 75 keV and - lies well below the photopeaks of 

'Tc-99m and)ig-203. The L X-ray peak is at 10.5 keV well 

below the photopeak of Hg.a97. X-rays emitted from the 

collimator material do not-therefore contribute to the 

photopeak eounts -• 

Since the magnitude of scattering from the collimator 

walls and of the X-ray peak is relatively small for the 

motor,  used in these ekperiments, some .separate measurements 

were carried out to demonstrate these effects. Spectra were 

obtained for a point source of To99m at 8". from one of the 

Orystaisi firstly with no collimator, then with a cylindrical 

collimator 4" in lengthand then with a oylindrical*collimator 

8" in length. -;Ebese spectra are Shown in fig. 5.8.. The 

Presehee of the 7510 :..ray peak and of scattering is 

evident.. 

Penetration of collimator septa  

The probable magnitude of the effects of penetratiOn 

through complete septa and through the edges. of septa were 

estimated in one particular case* For a point source at 2 cm 

from the 19 hole collimator,:the minimum path through one 
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Normalised spectra for point source Tc -99m 

Er cylindrical collimator 44' cylindrical collimator No collimator 

CIS 

  

0 •05 .10 •15 •20 0 •05 •10 •15 •20 0 -05 -10 •15 •20 

MeV • 	 Me V 
	

MeV 

5.8 Spectra obtained with a point source of 
Tc..99m at 8" from a 311 x 3." crystal with 
cylindrical lead collimators of 6" and 
4" in length and with no collimator. 
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complete septum was calculated as 0.3e cm. The linea 

absorption coefficients for lig-197 and 1%72.03 in lead are 

36/cm and 5.1/en respectively giving percentages < 

and 1/4. for penetration of radiation 	incident in 

this direction. The majority of radiation will pass through 

greater thicknesses of septaiHbut because there is a 

relatively large amount incident on the septa compared with 

that reaching'the crystal by geoMetrical paths, it is 

- probable that penetration is significant for -203.Pene. 

trationof complete septa is likely to decrease in the 

region of the focus for which.radiation must pass through 

much greater- 	of septa. The 37 and 61-hole collimators 

are shorter in length than the 19-hole collimator and 

therefore radiation may pass more acutely through the. septa. 

There is therefore likely to be greater penetratipn tor: 

these collimators. 

In order to estimate the magnitude of the effect of 

penetration through the edges of septa, it was assumed that 

radiation travelling thrpugh more than one half-value layer 

was totally attenuated and that travelling through less than 

one halfvalue layer was unattenUated, On this basis, the 

apparent increases in hole radii were calculated. For a 

point source of Hg-203 at 2 cm along the axis of the 19-hole 
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collimator this led to a 12 per cent increase in efficiency; 

the increase being less than 1 per cent for 4-197. This 

effect is likely to decrease in the region of the focus and 

to be greater for the 37 and 61-hole collimators. 

5.5 Discussion and conclusions  

The source size and errors in positioning are sufficient 

to explain the discrepancy between experiment and theory in 

the region of the foci of the four collimators. The theo•. 

retieal-curves have been 'corrected:for these.errers :and the 

• resulting difference between theory and experiment at small 

source-collimator distances have been expressed as a fraction 

of the-theoretical efficiency. :These values are...given in 

Table 5.3. for the 19, 37 and` 61-hole collimators for Hg-197 

and -Hg-203 for which the most reliable results were obtained. 

For :Hg-1974. errors due to.penetration and crystal efficiency 

areprobably small and the discrepancies at small distances.  

from the collimator are probably primarily. due to scattering, 

fro& the collimator walls. For Hg-203, the discrepancies 

areprobably mainly due to penetration, with a further 

contribution from scattering. At distances beyond the focus, 

the higher experimental efficiencies for hg-203 for the 37 
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Distande- 

19-hole 37-hole 61-hole 

0.45 0.39 0.26 

0.20 0728 0.21 

0.10 0.16 0.12 

0,05 0711 0.04 

0.04 0.05 

.01 .01 .02 

CM. 

0785 

0.40 

0.25 
0,08 

0,01 

1.11 1.45 

0.67 0.98.  
0.55 0,62 

0.15 0.33 
0.06 0.10 

.76 2.6 

19-hole 

3 
4 
5 
6 

Hg-203 

Exberimental values Of the combined tatter and penetration fractions for 
Point seurces of Hg-197 and Hg-203 at different distances from the collimators. 

Theoretical penetration fractions for an extended source are also shown. 



and 61-hole collimators are probably attributable to.  

penetration. The same effects are most likely to account 

for,differences between experiMent and theory in the 

resolution curves. It is difficult to confirm the:presence 

of scattered radiation from spectra obtained with these 

collimators because the majority of the scattered radiation 

lips close to the photopeak, Evidence that scattering from 

the collimator walls can occur has however been shown in 

a separate experiment. 

Table 5.0 also shows the penetration fractions (P) 

calculated from equation (4.6) for these collimators and 
crorn an 

isotopes. This equation is based on, penetrationt extended 

source and hence does not directly correspond with these 

point source measurements», However, en the basis of the 

calculated penetration fractions, all of these collimators 

would:haVe been censidered suitable for use with Lig-197 

(P < 0.2) but none of theth would have been considered 

suitable for use with Hg-203. These conolusions have been 

confirmed by,the experimental results presented here and 

support the validity of the use of equation (4.6) in the 

collimator design procedure used in Chapter 4. 
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CHAPTER 

THE INFLUENCE OF RADIATION SCATTERED FROM TISSUE 

Experimental measurements were carried out in order 

to assess the magnitude of the contribution or scattered 

radiation from a point source situated in water, representing 

a tissue medium. The effects of scattered radiation from 

an extended radioactive source were also investigated. 

Apparatus and sources  

The apparatus and point sources were the same as those 

described in section 5.1. The volume source consisted of 

a perspex tank 15 x 20 x 20 cm high filled with 5 litres 

of radioactive solution. The concentration of activity in 

the source was determined by counting 50 ml, samples on the 

ring of six Geiger tubas calibrated against the NFL chamber 

for this volume (section 5.1). 

Heasurementlf  

Point source measurements were carried out with the 

source placed in the tank containing 5 litres of water. 

The tank was placed at 2.5 cm from the collimator surface 
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with its shortest length along the direction of the 

collimator axis* The source counting rate was measured 

at "different distances along and perpendicular to the 

collimator axes, with the single channel analyser set to 

include the whole photopeak, Measurements of spectra were 

made for some source positions using approximately 100 

channels of the 512 channel analyser. Counting rate and 

spectra measurements were also made with the tank filled 

with radioactive solution placed in the position described 

above. 

6.2 Optimisation of the setting, of the lover level of  

the awgvser window 

Preliminary calculations were carried out in order to 

determine the setting of the lower level of the analyser 

window which gave the maximum figure of merit for each 

isotope. The spectra obtained with the 19.hole collimator 

for a point source at a depth in water of,7.5 cm and for 

the tank of _radioactivity are shown in fig. 6.1. A large 

amount of scattered radiation is apparent in the spectra 

for the ,  volume source and the aim in optimising the analyser 

setting is to reduce the counting rate due to scattered 
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Fig. 6.1 Spectra obtained with the 19-hole collimator using 
Hg-197, Tc-99m and. Hg-203 for a point source at 10 
cm from the collimator in a tank of water and for' a 
tank filled with 5 litres of radioactive solution. 
The air gap betimen the collimator face and the 
tank was 2.5 cm. 
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radiation without too much reduction in the photopeak 

counts• 

The collimator figure of merit is proportional to the 

counting rate for a point source divided by the square root 

of the counting rate for a volume source. For each isotope, 

the areas under the point source and volume source spectra 

were found for a range of settings of the lower level of 

the analyser window. The upper level of the analyser window 

was set to include all the high energy side of the photopeaks 

Factors proportional to the figure of merit were then 

plotted against lower level analyser setting as illustrated 

in fig. 6.2 for Hg..203. The lower level analyser setting 
corresponding to the maximum of the curve was considered 

the optimum for that isotope. The spectra for point and 

volume sources showed only small variations between collimators 

and therefore it was assumed that the optimum setting was 

independent of the collimator dimensions. 

6.3 Point end vole source scattering  

POUVO sources  

Scatter fractions for point sources (equation (2.4)) 

were calculated in the first instance from measurements taken 

with the analyser set to include the whole photopeak of each 
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isotope. The axial counting rates in air, obtained as 

described in the previous chapter, were corrected for 

attenuation in water using the total linear absorption co. 

efficients (Siegbahn 1965), The difference between the 

measurement with the source.in the tank and the measurement 

with the source in air, corrected for attenuation, was 

expressed as a fraction of the latter. These scatter 

fractions are given in Table 6,1 for a point source at 10 cm 

from the collimator face, that is, at a depth in water of 

7.5 cm. 
Scatter Scatter fractions were then calculated for the optimum 

settings of the lower level of the analyser window, The 

experimental measurements for point sources in air and in 

water were corrected to- the values which would have been 

obtained at the optimum analyser settings by multiplying 

them by the ratios of the areas under the spectra for the 

optimum and whole photopeak analyser settings. The scatter 

fractions were obtained as described above and are shown 

in fig. 6.3 as a function of distance from the collimator 

face (air gap 2.5 cm). The scatter among the points is 

due to the fact that these values are dependent on the 

difference between two relatively similar readings, both 

of which may incur an error of 5 . 10 per cent. There is 
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Iig..197 

Tc.99m 

Table 6,1 

Point source axiql water scatter fractions at 10 cm from the collimators, 
and volume source penetration plus i':catter fractions for whole photo-peak  
analyser setting's.  

Isotope 
Lower level 
analyser 
Window 
setting 

keV 

Point source 
No. of holes in collimator 

19 	37 	6 

Volume source 
No. of holes in collimator 

19 	37 	'61 

190 

6 O.12 0.22 0.2a 

0.12 0.09 0.17. 0;20 

0.06 0.11 0.10 0.10 

1,02 1.0/ 1 La.. 1.25 

©.67 0.99.1.49 1.87 



Fig. 6.3 Experimental values of the axial point source 
scatter fraction plotted against distance from the 
faces of the 19, 37 and 61.holc collimators. The 
analyser settings were the optimum for each 
isotope, 
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no consistent correlation with distance in the region up 

to 10 cm from the collimator but beyond this region the 

scatter fractions increase with distance. The amount of 

scattering is slightly greater for lig-197 than for To-99m. 

The scattering for lig-293 is considerably lower than that 

for other isotopes at large distances from the collimator. 

The average values of the scatter fractions at 19 cm from 

the collimator with the optimum analyser settings are 

shown in Table 6.2. In general there is increased point 

source scattering for collimators with greater numbers of 

holes. 

Vo]ump sour9es  
Theoretical values of volume source efficiency were 

calculated for each collimator and isotope from equation 

(4.8) The volume source scatter fractions were then calcu-

lated as the difference between experimental and theoretical 

efficiencies divided by the theoretical efficiency They 

therefore include the effects of penetration of septa and 

scattering from the collimator walls as well as those of 

scattering from water. The effects of septum penetration 

are most likely to affect the volume source measurements 

with Hg..203 for the 37 and 61-hole collimators. The volume 
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Table 6.2.  

Point souree_axia1vater scatter fractions at-10-tm , from. the Collimators, 
and volume source penetratianuszcatter fractions for the aotimum 
analyser settipg4  

To 99m.  

Hg.!203 

tig.197 

Isotope Lower level 
analyser 
window 
setting 
kaV 

120 

228 

No 

Point source 

of holes in collimator 

Volume source 

of holes in collimator 

19 37 61 7 19 37 61 

0.06 0.13 0.14 

0.06 0.05 0.10 0.12 0.54 0.52 0.69 0.63 

.04 0.07 0.07 0.07 0.40.  0.74 1.29 1.46 



source scatter fractions are Shown in Tables 6,1 and 6,2 

for the whole photopeak and optimum analyser:settings, 

The results obtained with.fig-197 were unfortunatelymot 

Consistent and have therefore not been included. Scatter 

fractions with the volume source of To49mare'similar for 

all the collimators. Spatter fractions with the volUme 

source of 4g.203 show an increase for collimators with 

greater numbers of holes although part of the increase may 

be due to septum penetration as explained above, Septum 

penetration of Hg203 is likely to be small for 'the 7-hole 

collimator because it is relatively long and in this case 

the scatter fraction is lower than the valUes for T0-99m. 

Remolution o4rree  

Some examples of resolution curves obtained with the 

source in water are given in fig. 6.4 for the 37-hole 

collimator, at distances 4, 10 and 16 cm from the collimator 

face (air gap 2,3 cm). The solid curves represent the 

results of theoretical calculations for point sources in 

air, obtained as described In section 3.4. The effects of 

attenuation on the shape of these curves is probably very 

small and therefore discrepancies with experimental measure-

ments are largely due to septum penetration, collimator 
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Pig. 6.4 Experimental and theoretical 	 lution curves 
obtained with point sources of ig..197 and lit -203 in. 
a water medium at distances 4,'lO and 16 cm from the 
face of the 37-hole collimator. he theoretical 
results are shown by the solid lines. Experimental 
points have been normalised at the collimator axis. 



scattering and scattering from water, The effects of 

septum penetration and collimator scattering were shown 

in fig, 5.6. Comparing fig. 6.4 with fig. s.,6 one can see 

that scattering from water has only a small effect on the 

resolution curves for Hg.203. Scattering has a larger 

effect for Hg.197 and leads to a broadening of the resolution 

curves, particularly at large distances from the collimator 

axis. 

Figure 6.5 shows the spectra obtained from, a point 

source of Hg.203 placed in water at distances 5, 10 and 15 cm 

from the collimator face (air gap 2.5 om). Spectra are shown 

with the source on the axis and 2 cm off the axis. The 

spectra in air were shown in fig, 5.7. The presence of 

scattered radiation is evident in all the spectra shown in 

fig. 6.5, but particularly when the source is displaced 

from the axis. 

6.4 Theoretical method 

Magnetic tapes loaned by Dr W H. Ellett enabled 

theoretical calculations of spectra to be made. These tapes 

contained details of the interactions of gamma.rays of a 

given initial energy emitted from a point in an infinite 
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tissue medium (C5H u018N) (Ellett, Brownell and Reddy 1968), 

Each interaction was characterised by three positions and 

one energy co.ordinate. Only photoelectric and Compton 

events were considered as higher energy effects, do not 

contribute to attenuation at the energies 

considered, Coherent scattering was also neglected. Details 

of the first interaction of a photon of the specific initial 

energy were stored; if this was a Compton event, details 

of the next interaction of the scattered photon were then 

stored The gamma.ray 'history' was continued in this way 

until the scattered photon was completely absorbed by a 

photoelectric event. The next history was then started. 

The assumptions used in producing these magnetic tapes have 

been discussed by Ellett, Brownell and Reddy (1968), 

A computer program was written (by P.M,Kibby) in 

Fortran and PAP (Fortran II Assembly Programming Language) 

for an IBM 7090 which enabled the interaction co-ordinates 

to be read from the magnetic tapes and then sorted, The 

program has been summarised in the flow.chart in fig. 6.6. 
It was assumed that all photons originate from the centre 

of a sphere whose radius is set by the input data. The 

path of each initial photon was traced until either it was 

completely absorbed within the sphere or it emerged from 
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the surface. The energy and direction of the emergent 

photons were recorded in a matrix of angular and energy 

intervals, Photons which had undergone only one interaction 

were entered in a different matrix from those which had 

undergone more than one interaction. Photons which were 

directly emitted from the sphere were recorded separately. 

The position on the surface of the sphere at which each 

photon emerged was ignored as the spectra were the same 
• 

for all points on the surface. Thus. the spherical symmetry 

enabled statistically significant results to be obtained 

with the 60,000 gamma-ray histories available on each tape. 

A much larger number of histories would be required for a 

cubic medium, resulting in considerable computer running 

time and cost. The limitation of a spherical medium is 

that the results can only be related to experimental 

measurements for large source to collimator distances for 

which the effects of the difference between the curved 

and a plane surface are small. 

The angular intervals of the matrices corresponded to 

units of 0.1 in sinO where 8 is the angle to the normal to 

the surface. The energy intervals were set by decrements 

of one twentieth of the initial photon energy. 

In order to relate the spectra of photons emergent from 

151 



a sphere to the spectra of photons incident on a detector 

after passage through a collimator, further calculations 

were required and these are described in section 6.6. 

6,5 TheoretAca   scattering from a point source  

Scattered radiation was investigated from sources at 

the centre of spheres of 10, 15 and 20 cm radius, using 

magnetic tapes containing data on the interactions of photons 

of initial energies 80 and 140 keV. 

The KleinmXishina'cross-section for the number of 

photons scattered with energies between hv and (h10 -1,d(hv e )) 

(Davisson and Evans 1952) is proportional to the expression: 

hv e Iwo ) ( ( 
111.2. 211.9  

This function has been plotted in fig. b.7 for initial 

photon energies of 80 and 140 kelt. The spectra of photons 

emitted from the surfaces of spheres containing a point 

source at the centre differ from the Kleinialishina distri-

bution partly because of the inclusion of photons which have 

undergone more than one interaction, that is, multiply 

scattered photons, In addition, photons which have been 

scattered through large angles have a higher probability of 



Fig, 6,7 The hlein.Lishin,_ distr button of 
spattered photons for initial energies 
of 80 and 10 keV, 
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total absorption because of their lower energies and 

because their path lengths in the sphere have been increased. 

This latter effect tends to bias the distribution towards 

high energies. 

Figure 6.8 shows the results of alculations of theo-

retical spectra for a point source of 80 keV radiation at 

the centre of a 10 cm tissue sphere. The histograms are 

for scattered photons within four ranges of angles to 

the normal to the surface. The solid lines show the total 

numbers of scattered photons and the shaded regions show 

the contribution of photons which have undergone only one 

interaction. Fewer scattered photons emerge at large angles 

to the normal and the proportion of singly scattered 

radiation decreases. 

In order to apply the theoretical results to collimator 

theory, one should consider the number of photons emitted 

within a specified angle to the normal rather than the 

number emitted within specified angular intervals. Figures 

6.9 and 6.10 show the spectra of scattered radiation emitted 
within the stated angles to the-normal, for point sources 

of 80 keV and 140 keV radiation at the centre of a 10 cm 
radius sphere. The majority of radiation scattered within 

small angles to the normal has undergone only one interaction, 
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Fig 6.10 Theoretical spectra of scattered photons 
emitted from a 10 cm radius sphere of tissue 
when a point source of *14.6 keV radiation. is 
situated. at the centre. Arzles as for 
fig. 6.9. 
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probably because it is unlikely for a photon to undergo 

two or more interactions with only a small change in 

direction. 'Within greater angles to the normal, the spectra 

include a large proportion of lower energy photons which 

have been multiply scattered. 

Figure 6.11 shows spectra of scattered radiation from 

a point source of 140 keV radiation at the centre of a 20 cm 

sphere. There is significantly more multiply scattered 

radiation than from a source in a 10 cm sphere (fig. 6.10) 

especially when radiation at large angles to the normal 

is included, This multiple scattering gives rise to a 

scatter peak at approximately 60 keV 

Figure 6.12 shows spectra from point sources of 80 keV 

radiation at the centre of 10, 15 and 20 cm spheres, The 

angular intervals 00 . 11.50  and 00  900  are shown. As 

demonstrated for 140 keV radiation, an increase in the 

sphere size leads to a marked increase in the amount of 

multiply scattered radiation. In this case, a multiple 

scatter peak occurs at about 50 keV. As these histograms 

were obtained using the same initial number of photons, they 

show that the total amount of scattered radiation decreases 

as the sphere size is increased owing to the greater 

probability of absorption. The number of photons which 

158 



100 1000 

3000- 

e 

2000 

I00 

0 i00 100 100 

100 

Key 

_r 

Piz,. 6,611 Theoretical s:pectra of scatterec , 	as 
emitted froia a 20 cm radius sphere f tissue 
when a point source 	140 keV radi tion is 
situated-  at the centre, kngles as for 
fig.. 6.9. 

151 



Pig, 6.12 	Theoretical spectra of scattered photons 
emitted from 10 cm (a and b)4,15 cxi. (c and d) 
and 20 cm (e and f) radius spheres of tissue 
when a point source ore0 !eV radiation is 
situated at the centre, All plzotons emitted 
within the following angles to the normal are 
included. (a, -0 and e) 11.5°, (bpd and f) 90°. 
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emerge from - the sphere without undergoing an interaction 

also decreases and the scatter fractions (number of scattered 

photons divided by the number which undergo no interaction) 

show an increase with depth. 

6,6 	r@tation of theoreticcal rpsutri  

The spectrum of output pulses from a colt mated. 

scintillation detector differs from the spectrum of radiation 

emitted at all angles from the surface of the subject in 

two main ways; firstly the collimator allows radiation 

emitted within only small angles to the normal to the surface 

to be incident on the detector; and secondly, the 'collimated' 

spectrum is smoothed by the finite energy resolution of the 

detector. Beck (1968) has suggested a method for allowing 

for the latter effect. A correction was not however attempted 

since the error introduced by neglecting it was likely to 

be small compared with the error introduced by allowing 

for the effect of the collimator. 

Point source scatter fractions.  

The spectrum and amount of scattered radiation incident 

on a collimated, detector is the sum of contributions from 

all parts of the surface of the subject within the field 



of view of the collimator. These contributions are 

different from each point on the surface and hence the 

accurate calculation of spectra and scatter fractions is 

extremely complex. 

In this work, scatter fractions have been calculated 

using a simplified technique in which it has been assumed 

that there is some limiting Pale to the normal to the 

surface inside which all scattered radiation has equal 

probability of detection and, outside which no radiation 

is detectable. This limiting angle has been found by 

considering the resolution curve at the distance of the 

surface from the collimator. The height of the curve at 

any point represents the probability of detection and there-

fore the mean height of the curve in revolution gives the 

mean probability. Assuming that the resolution curve 

approximates to a Gaussian distribution, the mean probability 

equals half the axial probability, i.e., 	/2 where ea! is 

the axial efficiency. The mean probability of detection can 

also be expressed as the fraction of the solid angle sub. 

tended by the mean detector area exposed at a point on 

the surface, l.0., 

(6.1) 
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7..hole 

19.hole 

37.hole 

61.hole 

Where x is the radius of the area and a is the distance 

from the collimator to the surface of the subject. The 

limiting angle to the normal at which radiation is incident 

is given by; 

Therefore, from equation (6 

theoretical values for 

obtains for the collimators  

1), time at 2I-777 Using 

(equations 3.6 and 3.7) one 

used in the experimental work: 

The scatter fractions for radiation emitted from a point 

on the surface within these angles to the normal represent 

the mean scatter fractions for radiation emitted from the 

whole surface. 

The smallest angle to the normal for which theoretical 

results were obtained was 5.70, The scatter fraetions for 

radiation within this angle are given in fig. 6.13 as a 

function of the lower analyser setting, for point sources 
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Theoretical scatter fraction as a function 
of lower level analyser setting for point 
sources of 140 kelt at the centre - of 10, 15 
an 20 cm radiusspheres of tissue. 7'adiation 
scattered within 5,70  of the normal iu 
included. 
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of 140 keV radiation at the centre of spheres of 101  15 

and 20 cm radius. The change in slope at 90.6 keV oorres.» 

ponds to the minimum energy of a scattered photon after 

one interaction (fig. .6.7). Since the dependence of the 

scatter fraction on the angle to the normal was not 

investigated for 9 < 5,;70, theoretical point source scatter 

fractions for the collimators used in the experiments were 

obtained by multiplying the scatter fractions at 5.7°  by 

the ratio 0/5.7. The results of these calculations for 

140 keV radiation are given in Table 6.3 with a comparison 

with experimental figures for Tc.99m at 12.5 cm from the 

collimator face, that is, at 10 cm depth corresponding to 

the results for the 10 cm sphere. Values are given for the 

whole photopeak and optimum analyser settings. The agreement 

between theoretical and experimental results is good,  

considering the errors, approximations and assumptions 

involved. The theoretical figures confirm the experimental 

observation that the scatter fraction.for a point source 

increases beyond 10 cm in depth. They also substantiate 

the experimental evidence that point source scatter fractions 

are smallest for the 7.hole collimator and increase in 

magnitude for the collimators with larger numbers of holes. 

In order to compare experimental results for lig-197 (71 keV) 



Table 6.3 

Theoretical and experimental point source scatter fractions for 140keV radiation  

120 keV 

22.5 
CM 

12.5 
cm 

• 

17.5 
cm 

Exp. Theory 

0.20 0,06 0.05 0,08 

0,38 0.09 040 0.16 

0.50  
016 0.'13  0,21 

0.52 0.19 0.13 (D.22 

Lower level analyser 
window setting 

Distance from (air gap 
collimator 	2.5 cm) 
face 

No. of hales in. 
collimator Exp. 

12.5 
cm 

0.09.  

0,18 

0.24 

0.24 

0.12, 
 

0.23 
0.30 
0,30.  

7  
19 

37 
61 

0..13 
0,16 
0.27 
0.32 

90 keV 

17,5 
CM 

Theory 

0.14 
0.28 

0.37 .  

o.38 

22.5 
CM 



with the theoretical results for 80 keV radiation, it has 

been assumed that there le no difference in scattering at 

these two energies, and that the whole photopeak and 

optimum analyser settings for 80 keM radiation correspond 

to the same fraction of < the photopeak energy as those 

Hg-197, i.e., 40 and 57 keV. These results are -given in 

Table 6.4and show similar agreement to those for 140 keV 

radiation. 

Plane and volume peurce scatter fractions  

Lack of symmetry makes it difficult to obtain theoretical 

results on scattering from a, volume. source distribution 

within the limits of computer cost and running time. An 

attempt was therefore made tocalculate approximate volume 

scatter fractions from the results on point sources which 

have already been described. This was done by first con.. 

sidering plane source scatter fractions. 

'Consider a plane source of radioactivity at a depth d 

n a tissue medium and let o• photons be emitted per cm2  per 

minute from the plane (fig A6.14). In 'order to calculate 

the number of unscattered photons passing through an element 

of area SA at the surface, consider the radiation emitted 

from the ring of width dx at a perpendicular distance x 

from the normal to the surface through U. The number of 



Table 6.4. 

Theoretic POI n source scatter fractions for 80 keV, radiation and. _e)cperimentSl: 
. values for 1I 1Q7 

 

Lower level analyser 
window setting 

Distance from (air gap 
collimator 	2.5 cm) 

Number,:of holes in 
collimator 

7 
19 
37 
61 

40  keV 57 keV 

12.5 
OM 

17.5 
OM 

22.5 
CM 

12.5 
CM 

17.5 
OM 

22.5 
CM 

Exp.(lower 
. analyser 
setting 
36 keV) 

Theory 
Exp.(lower 
analyser 
setting 
51 keV) 

Theory 

0.13 0..21 0.30 0.11 0.17 0.24 
0,20 0.25 0.41 0.60 0.10 0.22 0.314  0.48 

0,29 0.33 0.53 0,.78 0.17 0,29 0.44 0.62 

0.33 0.34 0.54 0.80 0.21 0.30 0.45 0.64. 



SA 

Fig, 644 	To illustrate the calculation of p ane 
source scatter fractions. 



(6.2) 

photons emitted from the ring 	27ixdx x 	Therefore 

the number of unscattered photons passing through 8A 

8A cos 	0 2mcdxx 
4v(d2+x2) 

where tan 0 =i and •µ is the linear absorption coefficient 

of the medium. These photons will pass through the area 

at the angle 0 to the normal o the surface. Using the 

concept of the limiting angle 6#  developed in the earlier 

part of the- -soctlon, the total number or unscattered 

photons passing.through 8A within the limiting angle 

When x 	(Wane, although no unscattered photons can 

pass through SA within the limiting angle, scattered photons 

may-still enter the collimator. Let S(0) be the scatter 

fraction per unit solid angle for radiation emitted normal 

to the surface, that is, at an angle 0 to the direction of 
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unsoattered. radiation (fig.-6.10i Then,- when the Ingle 

G is small, the number of photOns emitted frowLthe elemental 

ring, :which pasS through:8.A within the limiting angle 

being scattered 

EA 0060  s(0) x 	x 2vxdx x 
41g0.44:x4) 

The total number of scattered photons emitted from the plane 

which pass within the angle 0 to the normal is therefore: 

Using expressions (6.2) and (6.3), one obtains for he 

scatter fraction S for a plane source at depth d: 

 

zme 4412111:2 

  

tt 812 

 

2  ( d +x, ) 3/2  

tai .p. AZT- 2 	 (d.24.x2) (6.10 

In order to simplify this expression for integration, 

several assumptions and approximations must be made. Since 

e is small for the collimators used, the denominator may be 
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../d2+x2  
x tan 



simplified giving for X 	do  

dx. 1 4477 JC 

(d2*M2) 

.µ41 aC 

e 	:17 

1116..functionS(0).canibe approximately evaluated.from 

the previous results if it is assumed that the scatter 

fractions fora source .at dePth:- d22 are the same as 

thobe for a source at depth d.. The results-of integration 

by ila44114ing increthental - stepa showed that the majority: 

of the scattered radiation arose from regions of the plane 

for which x << A and for which the above assumption 

.14/1s valid. The contribution to scattered radiation deereased 

to 1 per cent at approximately x = 0.8d It was found 

that the function SW) could be represented by two straight 

lines over the region x = 0 to x = d on' a plot of log 

[5(0)) against tanO, i.e., 

8( i6)1 = 

and S (0)2  = 

.kitan0 
e 

k2Eariff 



(d2  3/2  

x 
2 

2- 3/2  x2  ) 

d 41x1 
(d 4:12)3/2  

2 

where, So, and. 4. are constants., The integration.of :the 

numerator .of equation (6.L.) was therefore carried out in 

two Parta using mean values of x(xi 'and. x2) over the two 

ranges of integration. These mean values were used in the 
expressions ell AztX2  and. (e+x2)3/.2 which were found. 

to vary less rapidly with x than :S(0)...: Thereforeo. 

2vd 
Ad. 

2 — 
+x2l s a pl  

(d2+x,12)312  

2E 
2d x.  

(x. 

X. + 

(6.5) 

This expression was evaluated. for plane sources of 

80 keV and 1140 keV radiation at depths of -10, 15 and. 20 cm. 

The results are shown for &0 keV radiation in fig. 6.15 

1 3 

dx. 



0 10 	IS 	20 

cm depth 

4 

6.15 	Plano source scat %.1,  fractions for 80 key 
radiation plotted against distance from the 
collimator face assuming an air gap of-  2.5 cm. 
Curves are shown for lower level settings' of 
the analyser of (a) 40 key and (b) 57 keV, 

174. 



(6.6) 

efficiency. the volume scatter tract 

expression: 

on is given by the 

Fie  

(l-e-gH) 

whereri is the volume thickness. 

where the scatter fraction is plotted against distance 

of the plane from the collimator face, for base line 

settings of 14.0 and 57 keV. The scatter fractions show a 

rapid increase with depth. Since equation 16 5) is in-

dependent of 4 when e is small.° the same scatter fractions 

apply to all collimators used in the experiments. 

In order to obtain volume source scatter fractions it 

is necessary to assume some relationship between the scatter 

fraction and depth of the plane. The simplest solution is 

to assume that the scatter fraction is linearly related to 

the depth of the source. Then S = md where m is a constant. 

Since the counting rate from a plane at depth d is pro- 

portional to epte 	where 	pL is the plane source.  



This expression was used to obtain the volume scatter 

fractions shOwn in 'fables 6.5 aid. 6.6. The exPerimental. 

values for Tc..99m (Tables 6.1 and 6,2) , are Ili.gher than the 

thepreticalHyalues ,but this differenCesequldbovaeceunted 

for in Several. ways. !.Vhe theoretical values were :obtained .  

severalassuMptions and approximations .which _could 

incur considerable error. In particular, the assumption 

that the scatter. fraction: fer a plane soUrceis•linearly 

.dependent On depth is in-dOUbt. Tiotheoreticalyalues were 

obtained for sources Oloser,thati10 cm to the collimator 

and it ie this region which probably contributes the majority 

of-the volume source counting rate at these energies for 

which absorption 	constierable. In addition, the theoreti. 

results `were. obtainedby assuming. an infinite source 

whereas the experimental source: was bounded. laterally. 

This probably has a relatively' small effect however as the 

majority of .the scattered. radiation is contributed from 

points near the axis of the collimator. The higher experi. 

mental values include the contribution of penetration and 

scattering from the collimator walls. 

6.7 Summary  

Point sources  

Experimental 'and theoretical results show that the 
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Volume source 
scatter 
fraction for 
15 cm wide 
source 

0.64 

tower level 
analyser 
window 
setting 

Plane source scatter'frac ions 
at given depths 

10 cm 	15 cm 	20 cm 

Table 

Theoretical Mane and volume source scatter fractions, 

for 80 keV radtio  
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Plane source scatter fractions 
at given depths 

Lower level 
analyser 
window 
setting 

Volume source 
scatter 
fractions for 
15 cm wide 
source 

91 keV 

119 keV 

0.5L. 

0.26 

118 

Table 6,6 

Theoretical p1pne mps  yolve source scatter fr ctions  

r 140 keV, radiation 



amoun“.f seatteredradiationetected from a point source 

of radiation. a tissue mediuMtends tobe greater for 

colliriators with coarser resolution and, shorter length-. 

' ExperiMental results_ipdicate- no definite trend4n the 

variation of scatter .,fractions Withs-ources up to 1p cm 

depth.„ At greater depths, both theoretical and experimental 

results indicate an increase in point source scatter fractions. 

she scattered radiation froM a point source is probably 

pritarily from photons whieh have undergone only One inter. 

Adtionwith only a small Change-in direction and loss-of 

energy. Point source scatterfractions show a decrease 

with - increase in gamma.Tay energy. 

Volume sources  

Experimental  volume source scatter and penetration 

fractions are similar for all the collimators using Te.99m 

and increase for collimators with larger numbers of holes 

ing Hg-203. The theoretical work indicates that the volume 

scatte“ractions should be independent of the collithator, 

provided:its field of view is not too great. The experi-

mentally observedydriation,for Hg (,)32:is probably due to 

the larger penetration and contribution6 for the collimators 

with more holes. 'Theoretical volume source scatter fractions 
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from radiation scattered at.tare = 0 

are lower than experimental values but ho discrepancy 

is probably due to the approximations involved in the 

former calculations. Theoretically, volume source ratter 

fractions for eo keV are significantly greater than those 

for 140 keV radiation which experimentally are slightly 

higher than those for 279 key radiation.. From the theoretical 

results, it is difficult to determine the probable spectrum 

from a volume . source of radiation. However, since the plane 

source scatter fractions include a significant contribution  

it is reasonable 

to assume that volume source scatter fractions include a 

similar contribution, This would indicate (figs. 6.9 and 

6,10) that multiply scattered radiation contributes 

significantly to the response. 

6.8 Discussion 

Beck (1966) has calculated optimum base Iine settings 

and volumespurce scatter fractions using a half theoretical 

and half.experimental approach. he hasestimated the 

contributiont of scattered radiation by:subtracting a 

smoothed Xlein.Niehina distribution Pram an experimental 

volume source spectrum. The curves are matched at the base 

180 



it is assumed that the contribution 

of multiply scattered radiation, which has 

included, is negligible, The results obtained 

that even in this regions  multiply scattered radiation has 

some effect and will introduce some error into his method. 

Based on the analysis described, Beck obtains optimum base-

line settings of 126 keV and 254 IteV for Tc-99m and H 

'2t 5" crystal, These values are higher than 

those;.; obtained for the 3" 	1" .crystals used in the present 

experiments (Table 6,2), Recently, experimental measurements 
on a 3" 3" crystal at the Churchill Hospital, Oxford, 

gave a value of 115 keV for the optimum base.line setting 

for To 99m again lower than Beek s figure, These diffe- 

rences are probably due to the different energy resolutions 

of the detectors, Since the experimental determination 

of optimum analyser settings can be carried out in a 

relatively short time, ̀it is suggested that this simple 

method- should be employed for all crystals and isotopes in 

use in a department, 

In the same paper, Beck gives scatter fractions for a 

16 cm volume source for different lower settings ,of the 

(AS) as follows 



Tc..99m : AS =106 key, S =-0.68; AS =1.26 keV, S:= 0,38 

LIg.!.. 203 	AS = 225 keV, S 	04.5; 	g541-coV4-0.24 

It is diffieult to compare values for - the optimum Analyser 
settings _(second results) becauSerof the different energy 

reablution of thodetector used by Beck. YOr the whole 

photopeak settings, the value for Tc1.99p is•sibilar to the 
value obtained theoreticallyAn thl.s Work (0 54). The he 

(Table .6,11 are however higher. The 

value for,4g,203 quoted by Beck; is similarte the ekperi.' 

mental Valueobtained here for the 7"hpie collimator (Table 

6.1). 'The 4rGerHexperiMehtal values for the other 

c011imators are prOably due toTenetration.: The values 

obtained in this work are therefore in reasonable agreement 

with those of Beck. The theoretical result derived here, 

that collimators of different design's have stmilar volume 

source scatter fractions,has been observed experimentally 

by Beck (1968). 



CHAPr 

SUMMARY AND CONCLU 

7.1 The theoretical evaluation o Dousing collimators 

  

Dar_mannlas 

Several important results have been obtained from the 

theoretical calculations on the effects of alteriag the 

parameters of focusing collimators. Firstly although the 

collimator efficiency is higher for a larger crystal, the 

collimator figure of merit may be only slightly higher if 

the same variation in resolution is maintained. Secondly, 

there is a limit to the increase in efficiency which can 

be gained by increasing the number of holes of a collimator 

while decreasing the collimator length to maintain the same 

radius of the field of view and resolution in the focal 

plane. Increasing the number of, holes has no significant 

effect on the figure of merit and leads to a wider variation 

in resolution. Thirdly, although increasing the focal 

length results in a small increase in point source efficiency 

at greater depths, the figure of merit for deeply.lying 

regions is not significantly increased when the focal length 

is increased beyond some limit. 
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The theoretical calculations have also shown that 

several aspects of c011imator performance can be evaluated 

from the shape factor. Collimators with high shape factors 

have a wide variation in resolution with distance and are 

therefore only suitable for thin organs such as the thyroid. 

Collimators with smaller shape factors have more uniform 

resolution and are suitable for both thick and thin organs. 

Collimators with small shape factors also have a more uniform 

variation in axial efficiency with distance and therefore 

approach the ideal of uniform resolution and response over 

a large region more closely than collimators with high 

shape factors. The shape factor is large for collimators 

with a radius of field of view in the focal plane which is 

small relative to the crystal diameter. Shape factors are 

also large for short collimators with a large number of 

holes.  

It has been shown that the probability of detection 

of regions of increased or decreased concentrationjwhich 

are comparable or smaller in diameter than the field of view 

of the collimator, is proportional to the collimator figure 

of merit for a specified dose and scan time. Therefore 

these results suggest that, for the detection of small 

regions, there may be no advantage in using very large 



crystals and large numbers of holes and :that there may' be 

some disadvantage owing to the wider variation in resolution, 

The higher efficiencies gained by using a large crystal or 

a collimator with more holes may in fact be misleading. 

The higher counting rates may seem to justify a reduction 

in dose or scan time and this may reduce the probability or 

detection ,below that iNyr a smaller crystal, or for a colli-

mator with fewer holes using a nigher dose but obtaining 

the same counting rate. 

For regions of increased or decreased concentration 

-whiCh are larger than the collimator'field..of view, 
'tmenehown that the-prebability• of detection:is proPortionaL• 
to the 044WseUrce OffiCiency:multi0Aed.by afacter,-Which 
allows for-attepuationintiSsUe. Therefore jn..thesei cazoit 
ilarger erystais:andeollimaters:Withgreater numbers Of ,  

holes may give improved detection. 

These eonsiderations..are:imPertant when determiniug. 

the relative .merits -of single and double headed detector 
121Ystems*ithr-I.,' and 5" erystals4 The figures of merit-410 ,  
a single•detector:are higher:than•those of a double detector 
system using the same size crystals, up to almost the centre 

of the body and then they are considerably lower., Therefore, 

for the detection of small regions, as already suggestedi , 
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the best procedure is undoubtedly to record the individual 

responses of the detectors of a double headed system and to 

play back the detector responses both individually and 

summed. A double detector system with 5" crystals may be 

slightly superior to one with 3 crystals as the figures of 

merit are higher near the centre of the body; they are however 

lower towards the front and back surfaces of the body. If 

recording is not possible a double headed system with 5" 

crystals is probably the system of choice provided the low 

detection probabilities for superficial lesions can be 

tolerated. For the same total scan time, two views with a 

single 5" detector result in similar detection probabilities 

to one view with a double 3 detector system. A single 3" 

detector. system gives a high probability for the detection 

of ,superficial regions but a low probability for central 

regions. 

For large regions of increased or decreased concentration, 

double headed systems always have higher efficiencies and 

therefore give higher probabilities of detection than single 

detector systems using the same size crystal. Larger 

crystals give higher probabilities of detection than smaller 

crystals and therefore a double 5" crystal detector system 

is the most suitable under these conditions. Similar detection 



probabilities can be obtained in the same total scan time 

from either two views with a single 5" detector or from one 

view with a double headed 3" detector system. A single 3" 

detector system gives relatively poor probabilities for 

the detection of large regions. 

Therefore, when the detection of regions of increased 

or decreased concentration is the primary object of scanning, 

a double 5" detector system is probably the most suitable for 

all sizes of lesion. Single 5" detectors and double 3" 

detector systems are comparable in performance but give lower 

detection probabilities in, the same total scan time. 

Although variation in resolution is of secondary importance 

to detection under these circumstances, the wider variation 

obtained with collimators for crystals greater than 5" in 

diameter,is probably undesirable. When the concentrations 

in the subject being scanned are such that the probability 

of detection is very high, it may be important to have a 

uniform variation in efficiency and resolution with depth. 

Under these circumstances a 3" double detector system may 

be preferable to a 5" double detector system because of the 

smaller variation in resolution which can be obtained with 

suitable collimators. 

187 



Previous methods of:foousing collimator design have', 

been' based on findingA03ollimator with a suitable shape 

teeter which gives  thehighest plane source efficiency ;or 

point source efficiencyinYeir at the focus, assuming that 

th.epptiMuM fecal 1.ength is'nOWn. .It has been shOwn 

that itis'iMportant to_Censider both Collimator figUres of 

merit and efficiencies whendetermining the collimetor which 

giveS:thehighest:prebabilitios of detection. The method or 
„01,04.s.of 

design presented is en- improvep*4,over previousAdesign$ 

because the most suitable colliMator from the postible range. 

iS.:phosenby 00404ering the variation in figure of merit 
end efficiency with:depth under practiCal conditions. The 

thiclmessefsepta :required:.to limitpenetratien. has been, 

obtained using an .equation deriyed by Beel.c:(19.64a).$  t40 
validity of which has been established in the experimental 

Results obtained with this design procedure show that, 

long collimators are often required even at very low energies 

in order to limit the variation in resolution. These colli—

mators limit septum penetration well and may often be the 

most suitable deSigns for much higher energies 



3 The ,ffects cf 'scattered radiation on focusing 

collimator nerformande 

The experimental results for the efficiencies of point 

sources in air have shown that scattered radiation from the 

collimator walls may significantly increase the counting 

rate at small source to collimator distances. Differences 

between experiment and theory at small source to collimator 

distances have also been observed by hyhill (1961) and by 

Popovic and Ballard (1968) at 0.32 MeV and 0.36 BeV. These 

differences were attributed to penetration of the corners 

of septa, but the approximate calculations presented here 

suggest that they are more likely to be due to scattering 

from the collimator walls. Although the way in which the 

amount of scattered radiation depends on the collimator 

parameters and gamma-ray energy is complex, scattered radiation 

in general coarsens the resolution, 

:scattered radiation from tissue has a two-fold effect 

on collimator performance firstly, coarsening the resolution 

and secondly, decreasing the probability of detection. The 

way in which scattered radiation affects the probability 

of detection can be analysed with reference to equation (2.5). 

For a region of increased concentration, the target and non- 



includes the direct and scatter 

target counting rates are given by the expressions : 

contributions from the target, the direct non.target contri-

button from all regions within the geometrical field of 

view except that occupied by the target, and the non.target 

scatter contribution from all regions assuming that it is 

not affected- by the presence of the target Equation (2.5) 

then gives 

Tpw ETPNT--PT (1+ST) 

PT 
PUT 

1+ST  

PT 
Since ET  [ 	(1+S ).1 3 << 2E NT 	 NT (1+Surr) under 

conditions when the figure of merit is applied, the denominator 

may be simplified to give 2E (1-1-S ) ET NT Therefore, 
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(7.1) 

For a cold lesion, the- target and non target 'cOunting' 

rates are given by the ekpressions 

p 
NT NT NT 

TENT 	+ S NT 

,Equation (2.5) then gives : 



Equations (7.1) and (7.2) sl ow that for regions of both 

increased and decreased concentration, scattered radiation 

from the non-target region decreases the probability of 

detection, The factors by which theoretical figures of merit. 

should be multiplied te,allow for non-target scattering 

can be obtained from the experimental and theoretical 

results obtained in this work. For Hg-203„ the non-target 

scatter fractions for the whole photopeak and optimum 

analyser settings are approximately 0,67 and 0.40, taking 

the experimental values for the 7-hole collimator which are 

less likely to include a contribution from penetration. 

For To.99m, the non-target scatter fractions are 1.20 and 

0.60 taking the average experimental values. For Hg-197, 

since no reliable experimental values were obtained, one 

can assume values of 2.20 and 1040, obtained by multiplying 

the theoretical values for 80 keV radiation by the ratio 

of the experimental and theoretical values for Tc-99m, thus 

allowing for the lower theoretical results. These figures 

result in the following multiplication factors for the 

theoretical figures of merit: 

143.203 To..99m Hg-197 

Whole photopeak 0,77 0.68 0.56 

Optimum setting 0.84 0.79 0.65 



The corrected figures of merit are directly applidable 

to the detection-of regions of decreased concentration. 

For regions of increased concentration, they must be multi.,  

plied by a further factor to allow for scattered radiation, 

from the region itself. When the target to non-target 

concentration ratio is 2 the corrected figures of merit are 

increased by a factor (1 + 	:Using the experimental 

results obtained here for point sources (Tables 6.1 and 6.2) 

At a depth of 7,5 cm, one obtains the following multiplication 

factors for the theoretical figures ofinerit.. 

Hg-197  
0.67 

0.72 

Whole photopeAk 
	

0431.1. 

Optimum setting 	0.89 

TheOe are average values,for the colliMators used., 

The TactorS are greater for,shorter collimators with coarser 

resolution:andfor greater depths of the-sonrcie. They are 

alSo greater for smaller concentration ratios, but under 

these circumstances the probability of detection.is,very 

low since e << 3 Jequation'(7 -1)Y. For larger'-concen-, 

tration ratios the multiplication factors are smaller, 

reaching a limit between the two sets of correction factors 
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Scatter fractions increase witg in rease.in source size, 

and therefore the correction factors are largerforlarger 

sources. The same values are prbbab/yappro;cimately correct 

for double headed detector systems 

The increasedscattering for large depths of the source 

is particularlyadvantagepus.for detection of-regionsof 

increased concentration usingg - a single detector systegijo  for 

which it is difficult to_deSign a eollimater with a high 

probability for the detection of:deeplylying lesions. 

Since however greater scattering from the .target .also leads' 

to a greater loss in resolutton it As 4oubtful whether 

high target scattering',1s-a favourable property of a. 

eollimator. 'Since the scattering frowthe non4arget volume 

is independent of the eollimator and since the target 

scattering is probably similar for 'collimators of tie same 

resolution, scattering does not inyali4ate the comparisons 

between collimators involved in the suggested design 

procedure. 

These conelUsionS demonstrate that scattered radiation 

from the non.target region leads to a decreasing probability 

of detection as the gamma.ray energy is decreased. A 

relative improvement is gained however by using the optimum 

rather than the whole photopeak analyser settings. The 



optimum settings are theoretically dependent on the amount 

of scattered radiation detected from the target but, since 

most of this scattered radiation lies within the photopeak, 

the effect is likely to be small. 

7.4 The design of multichannel collimators for cameras  

The designs of multichannel collimators giving the 

highest point source efficiency under specified conditions, 

and the methods by which they were obtained, have been 

published in detail in the paper 'The design of multichannel 

collimators for radioisotope camera& (Libby, 1969). Although 

the work described in this paper forms a significant part 

of the thesis, duplication was thought unnecessary and the 

reader is referred to the reprint bound at the end of the 

thesis. The work is summarised below. 

It was necessary to develop two methods of collimator 

design based on slightly different definitions of resolution. 

For a collimator with a very large number of small cylin-

drical channels, even when a point source is a relatively 

small distance from the collimator* it is directly imaged 

in several channels. Therefore the resolution can be defined 

as the full width at half maximum of the curve obtained when 
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the point source efficiencies of consecutive channels are 

plotted against distance across the crystal. This definition 

of resolution was employed in the first method of design of 

lead collimators for energies below 0.3 MeV, At higher 

gamma-ray energies, it is necessary to increase the septum 

thickness and the collimator length in order to limit 

penetration of septa. This means that, even for quite large 

distances from the collimator, the source is mainly imaged 

in just one channel and hence the MIN is difficult to 

interpret. Under these conditions it was assumed that two 

Point sources are resolved if the total efficiencies of 

consecutive channels show a minimum when plotted against 

distance across the crystal. This definition of resolution 

was employed in the second method of collimator design for 

energies between 0.3 and 0.5 NeV. 

The resolution and the minimum path length through one 

complete septum, which determines the amount of penetration, 

depend on the collimator length, the septum thickness and 

the channel radius. Therefore, if the collimator length is 

specified, the septum thickness and channel radius which 

give the required resolution and minimum path length can be 

calculated. In both methods of collimator design, total 

point source efficiencies were calculated for a range of 



collimators of different length:vs. The design:giving the 

highest point source efficiency was thus found. 

since the point source efficiency is approxipate 

independent of position in any plane parallel to the crystal.  

face, and of distance from. the collimater, the counting rate 

from a volume source lu directly related to the counting 

rate from a point source. Tne probability of detection of 

rogionOfincreasedor decreased concentrationilwhich is 

proportional t, the target counting rate divided by the 

scluare root of the nontarget cOunting rate, is therefore 

related 	the point - source efficiency* The collimator with 

': -Ue ..highestppint source-effielencycan therefore beassumed- 

to give the highest probabilities 

specified conditions. 

0 optimum collima 

detection under the' 

ns obtained .tsing the first 

and second methods of design are reproduced in fig. 7.1 and 

fig 7.2. The optimum collimator length was found to be 

independent Of the required resolution. The channel radii 

(r) and septum thicknesses (s) are given for a resolution 

of 1 cm at 10 cm from the collimator Ibut, since they are 

directly proportional to resolution, they can be calculated 

for other resolutions* The total point, source efficiency 

) is also given for a resolution of 1 cm at 10 cm from 
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the eollimatorfacei buti since it ispreportional- to the 

square of the resolution, it can also be calculated for other 

resolutions. Although these results are based on a minimum 

path length through one complete septum of five mean free 

paths at the specified gammaray energy, they can be used to 

obtain the Optimum:collimator designs for different values 

of the minimum path length, and also for collimator materials 

other than:led4 The optimum collimators all shew a large 

increase-in resolutionwith increase indistahee from the 

collimator and in this type Of design the resolUtion can 

only te:Tiade more uhiform by using a pellimator with a 

substantially lower-efficiency. 

Calculations of point source efficiency have shown that 

the approximate expression of Anger (1964) has an accuracy 

of -+ 5 Ivpvided that the source ifLimaged in more than one 

channel They have also shown that the formula for resolution 

derived by Anger can overestimate the FWHII by up to 15V 

under thesame conditions„: Keller (1968) has derived a 

method of multichannel collimator design based on Jtnger's 

equations and below 0,3 Mel, his method gives similar colli-

mators to those deScribed here within the limits of accuracy 

desCribed abeVe. Wheh the minimum path length through one,  

complete septum is set to:five mean free paths, more detailed 

000 



considerations of resolution are required above Q.3 NeV 

as explained above. The blethod of Keller is therefore no 

longer applicable. 

The effect of the air gap between the crystal and the 

collimator has been ignored in this work. The air gap has 

a significant effect only for very short collimators for 

very low energies and leads to .a slight broadening of the 

resolution and a slight decrease in efficiency. 

7,5 Suggestions for further work  

In this thesis, it has been assumed that the point 

source figure of merit is proportional to the probability 

of detection of regions of increased o decreased uptake 

which are comparable or smaller in diameter than the diameter 

of the field of view of the collimator (section 4.5). This 

was based on the fact that, when a spherical region of uniform 

concentration is viewed through .a layer of tissue, the 

greatest increase or decrease in counting rate occurs opposite 

the centre of the region where it is of greatest thickness. 

It has also been assumed that the plane source efficiency 

is proportional to the probability of detection of regions 

which are much larger than the field of view of the collimator. 
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XV, 

It would be interesting to confirm these assumptions by 

scanning a phantom containing different size lesions using 

two collimators, both having similar resolution and point 

source figures of merit, but one having a considerably 

higher plane source efficiency 

It would also be interesting to examine how the 

resolution of a double headed detector system is related 

to the resolution of the individual collimators and to deter-

mine the dependence of the resolution of a double headed 

system on attenuation in tissue. 

A more complete analysis of tissue scattering for 

focusing collimators is required over a wider range of 

energies and further investigation of the optimum analyser 

settings and their dependence on the energy resolution of 

the detector would be of value. It would also be interesting 

to examine the effects of scattered radiation on the response 

of camera systems. 
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COMPUTER PROGRAM TO CALCULATE POINT SOURCE EFFICIENCIES IPd AIR  

This program calculates the total geometrical 

efficiency for a point source situated in air at any 

position in front of a focusing collimator. The position 

of the source relatiVe to each hole of the collimator is 

found from the equations given in section 3.3 and the 

geometrical efficiency for each hole is calculated using 

equation 3.9. The efficiencies for the individual holes 

are then summed. 

The dimensions of the collimator are specified in the 

input data and also the positions of the source for which 

calculations are required. The source positions are 

specified by three coordinates; the distance of the source 

from the collimator in the direction of the collimator 

theicollimator,axisl  

And the angular disPlaceMent of the source from a diagonal 

of holes. .The distance of the source 

::from'the collimator axis is increased insteps of DELEAD 



until it is greater or equal te:S.Ci1A10 and then the 

tance .is increased by ti4ice, P141.LAD. 	most cases_ 

it is not necessary to run the program for different 

Angular4isplaceMents of the source. Thns ANGV411 can 

to zero and DELid can bp set greater than AriGki4X 

output'from the program consist: of.'..the title 

as input under 'instring , the dimensions 	the cellimator, 

and a matrix.:Of total point source efficiencies in air 

for each angular displacement. he roars of ttie'matriX 

perrespondt0HAncrea,,ing distanCes of the source from 
, 

the collimator and the columns corretpondfto increasing 

distances of the bource'fromthecellimator axis. 
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Input of data  

NUMBER 

instring 
N 
HRAD 
SEPT 
LENGTH 
FOCAL 
BIGN 
DI AN 
FRAD 
ANGMIN 
DELANG 
ANGNAX 
RADMIN 
DELRAD 
RADMAX 
SETRAD 
DISMIN 
DELDIS 
DISMAX 

Notes 

instring 	title and other details required 
ANGMIN 	usually, 0 
A1GMAX 	unnecessary to be greater than - v/6 radians 
RADMIN 	usually 0 
RADflnX 	approximately equal to radius of the 

field of view at DISMAX 

An asterisk. denotes. aninteger. 	variable. 



Variables 

A 
AREA 
ANG 
AEGMAX 

ANGHIN 

B 
SIGN 

DELANG 
DELDIS. 
DELhAD 
DIAM 
DISIqAk 

DISMIN 

DIST 
DMAX. 

EFFIC 
*EMAX 

FOCAL 
FaAD  

Location for calculations' . 
Loc4tion for OalculatiOns 
Angle to a diagonal of hexagonal array 
Maximum angle to diagonal_for,_which:calculations' 

required 	H: 
Minimum angle to diagonal-for which calculations 

required 

Location for calculations 
Number of ,  holes in collimator 

HDIST 

Ounter for DISTH 
Increment in angle todiagonal 
Increment in diStance'frOmHedllimator 
Increment in distance frbm collimator :axis 
Crystal diameter 1P) 
Maximum distance from'collimator for which' 

calculations required 
Ninithumdistandefrom:c011imator for 'which 
.baloUlationa:-required 

DistancefromHeollimator 
MaXimum value:Of counter p 

tounter for IUD 
Efficiency of individual hole 
flaximum value of counter E 

Location reservation for title 
Focal length (f) 
Radius of field of view in focal plane (13f ) 

HEAD 	Hole radius (r) at crystal face 
HDIST 	Distance of centre of base of hole from 

collimator axis 
location for oalotaations 



Counter 

K 	Location for_palculations 
KS 	location for calculations 
KH 	Location for calculations 

LENGTH 	Collimator length 

Counter for string 
*MING 	Eaximum number of rings of holes in collimator 
* MAXSEG 	Maximum number of segments in hexagon 

Small n where N = (3n2 	)/ 
Number of seta of data to be run 
Counter for NUMBER 

Angular displacement of hole from diagonal 
of hexagon (0) 

Counter for ANG 
Maximum value of Q 

g u  
* NUMBER. g NO 

Counter 

RADMIN 	Minimum distance from collimator axis 
RADMAX 	Maximum distance from collimator axis 
ROOT 	Location for calculations 

6' RING 	Number of collimator ring 
HAD 	Distance from collimator axis 
RD 	Location for calculations' 
R 	Location for calculations 

SEPT 	Septum thickness (s) 
SETRAD 	Distance at which DELRAD is doubled 
SHAPE 	Shape factor 

* SEG 	Counter for segment of hexagon 
SUEEFF 	Total point source efficiency 



Position co-ordinate ref source 

pocation for calculations 

Locatio for calculations 

Position coordinate of source 

A2a. 



COMPUTER PROGRAM FOR FOCUSING COLLIMATOR DESIGN 

Details of this program are given in section 4.1.and 

a flow chart is given in fig. 44. 

The output from the program contains the title.as 

input under 'instring,  followed by the collimator dimensiont, 

shape factor and the penetration fraction. 

quantities are all within the specified limits a matrix 

is output otherwise the words DIMENSIONS TOO LARGE are 

printed. The rows of the matrix correspond to increasing 

distandes of the source from the collimator. The first 

column gives the point source efficiencies in air, the 

second column the efficiencies corrected fer attenuation 

using 1,1111.14q3) and the third column the sollimatOr figures 

of merit. When a deUble detector system is specified, 

the- Tolle-Wing two columns contain the summed attenuated 

efficiencied and the:figures of merit':fori both detectOrsi-

more than-one value of LAHDAAs.input the second and. 

further columns arerepeated for the new attenuation. 

factors*... 





Input of data  

IFNUMBER 

instring 
*DESIGN 
DIAM 
MID 
MSEPT 
VISTA 
DISTB 
DISTC 
GAP 

PHANT 
LLAMDA 
*LMAX 
*COUNT 
*GRAPH 
LANDAU) 
LANDA(2) 

either 
or 

for no design 	 for design procedures  

ENERGY 

	

HIGH 	 4. $11mIN 

	

I1F AD 	 .*DELN 
LENGTH 	 NMAX 

	

FOCAL 	 NINFOC:.  
DELFOC 
MAXFOC 

MAXSRAPE 
MAXLENGTR 
MAXP 

if 

penetration to be consider  

*TIMES 
SETP 

aa5- 



DISTA 

DISTB 

DISTC 

LMAX 

COUNT 

GRAPN 

LAMDA 

ENERGY 

N? I/ 

NUMBER 	no sets of collimator data 

instring 	title and details 

DESIGN 

MSEPT 

no. detectors 

0 for no graph, otherwise integer 

0 for low energy, 1 when penetration must 
be considered ( 	150 keV) 

odd integer, 3 corivspond to 7-holes, 5 to 
19-holes, etc. 

0 fOr no design, 1 for high or low energy 
design 

usually set by casting techniques 
(approxi:0.1 cm?) 

Diatances:atwhich figure Of -Merit is to be 
determined (see index). For two counters,. 
dista and distc must be equal distances 
from centre of phantom. 

no, values of A for water 

no. values of must correspond to LNtX 

An asterisk denotes an integer. variable. 

DELN 	- usually ? 

NMAX 	odd integer (see. A MIN) 

MINFOC 

DELFOC 	range of focal lengths to try 

MAXFOC. 



f1\ SHAPE 	-determined  :by organ, avoids unnocessary 
computation if collimator is unsuitable,. 

NA4ENGT4 	set by practicability, avoids unnecessary 
.coMputatiOn. as abOve 

0.05orl.ess,also avoids unnede-ssart, 
computation 

,:depends On accuracy required, WusUally 

SETP - 	OptiMUm ponotration abOut 0.02 or 0.01.f. 
If set tod:lOw gives,low efficiency 

027 



Locations  

A 	Location reservation for title.  
AEFF. 	Attenuated efficiency for one detector 
AMERIT 	Collimator figure of merit for one detector 
AREA 	Location for calculations 

*BIGN 	Number of holes in collimator (N) 
BNERIT 	C011imator figure of merit for two detectors 
BEET 	Attenuated efficiency for two detectors 

COUNT 
	

Number of detectors 

DIAM 	Crystal diameter (D) 
D2 ' 	D2  --- 	: 
DISTA 	Minimum distance from collimator face at 

which OfficiencY_required 
DISTB 	Increment in DISTA 
DISTC 	'Maximum distance from collimator face 
DELI 	Increment in HRADi required fOr high energy 

designs only 
DELFOC 	,Increment in focal length 
DISTD '., 	Limiting dibtanee at which radiation incident 

on detector  
DISTE 	Limiting . distance for points beyond focus 

* DESIGN 	Indicates whether:design required or 
OalculatiOns for existing -collimator 

Increment in ri 
Counter_fer dietance 
Maximum number of distanees 
Counter for graphplotting routine 
Location for distances 

Efficiency of individual holes 
Indicates whether design requires penetration 

routine 

Radius of field of view in foeal plane (fl 
Focal length (0 
Counter for graph plotting routine 
Counter for graph plotting routine.  



001 

GAP' 

GRAD 
*GRAPH 

H2 

HS 
HD2 
HD4 
HEAD 
HDIST 

K2, 

KI 
KS 

LLAMA 
LENGTH' 

• Lrax 

• L 

NSEPT 

HINFOC 
MAXFOC 
MAXSBAPE 
MAXLEHGTH 
MAXP 
MAX 

4'11 
* MRING 

LA:HIER  

Air gap between external collimator face 
and phantoil 

dP/dr 
Indicates whether graph plotting routine 

required 
2 

r4 
2r t s 
Location: for calculatiens 
Location:for calculations 
Hole. 	(r) at orystal face 
RingnumbertimesAIS 

Counter 

Counter 

LodatiOnfer calculations 
Locilit011 for:calculations 
14-cation fercalculations 
Locationfor calculations- 

Linear absorption coefficient-for lead 
Collitridtpr_length 
Maximum number of linear absorption coefficientS 

for water required. 
'Counter:fpreliAMDA' 
Linear absorption ceefficient for water 

Minimum possible septUm thickness at external 
face  

NiniMum:focal longth'for:which:design required 
Maximum focal:length:for which deSign required 
MaXimUtH,tolerable shape facter 
Maximum:tolerable collimator length 
MaximuaLtolerablo penetration-fraction' 
:Location forealculations 
Counter -  

:.Maximum nuMber rings -of holes in collimator 
Location for:graph plotting routine 

• 



44-NUMBER 	Number of timesrogram to be run 
--.*140 	' Counter for NUMBER 	„, *,11  : : 	Small nwhere - 11:. 13214  A- 1)/4 
)41 MIN 	Minimum value of n required 
*NNAX 	Maximum value of n required 

TENET 	. Penetration fradtion (P) 
PEFFIC 	Point source efficiency at focus (Beck's 

equation) 
KiEFFIC 	Plane'sourceefficiency 

Depth of phantom' 
PLNERIT 	Won-target efficiency 

Counter 

.Number of collimator ring 

'SETP 	Penetrationfraction required 
SEPT 	Septum thickness (s)- 	' . 

HUAPE 	Shape factorAK) 
_ZHEIAD 	Location for calculations 
SMEFFIC Total:. pointSoUree, efficieney 

TRANS' 	Transmission ratio ( -r) 
TINES 	Number of times penetration routine carried out 

Counter - 
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sinGLE AND DOUBLE HEADED-DETECTOR 5YSTEE5 FOR  
SCANNING  

A P 	- 14 1).  I 3;.- 

Letter' to' editor, accepted for publication 
in Int. J. applied Radiat. Isotopes. 

Popovic and Fowler 41968) in a comparison of single and 

double headed detector sy-stems show :that the target/non-target 

ratio for one :particular double headed system is greater 

then that for a particular single detebtor systen at all 

depths. I should like,to point cut the circumstances under 

whibh the probability of detection of a lesion is higher 

for single than-fordoubIe:headed sytteMs.' 

Considdr two equally collimated detectors, one on each 

side of the body, and a target region of increased activity 

clbse to one side of theIrody. The target count rate for 

the, double- 	system consists of the sum of the response 

of the detector closest te:the target 	) and the response 

Of the detector furthest from the target. (E,T2) which is 

relatively;loW becaute of the decrease ofrespon-0 with' 

depth. The non-target response from the body volume is the 

for both detectors and is double that of one. detector 

(ENT" Therefore, the target/non-target ratio for the 



double headed system (f2) is given by the expression: 

For the single detector closest to the target, the target/ 

non target ratio (Rs) is given by the expression: 

iAnce 	129 
	 112  and> therefore the. target/non- 

target ratio is higher for .the single detector. This occurs 

because the detector . furthest fro! the target contributes 

little to the target count rate but gives .a large increase 

to. the non target count rate, thus decreasing the signal 

to noise ratio. 

For a target at the centre of the body, $.1 	ET2  

and the target/non-target ratios:are the same for both 

systems. The probability of detecting the target must however 

be greater-for the dpublejleaded system bedause the responses' 

are doubled anda;differenCe in count,rate is more statis-

tically significant. This difference between the detector 

systeus can be demonstrated using a figure of merit 
	

) 

a3a 



based on *Statistical test of the difference in count 

,ratesj which was 1.ntroduced by:Dewey:and:Sinclair (2961) 

-atd has been developed by Matthews (1965, 1967). For the 

double headadsysteM: 

Therefore, for a- target clese to the _body surface 

probability of deteCtion is higher Tor the single detector 

than for the double headed System, bUt-tor a target at the 

centre,  of ,the body, since p2/N 	fit  the double headed 

system gives A higher probability for detectien. 

Terefore, using the same crystals and collimatorsi 

a single deteetor4t more efficient for detecting superficial 

letions and a double headedSystem is  more .effiCient for 

detecting deeply lying lesions. The sensitivity of a single 

detectorafer deeplylying lesions may be fractionally 

.233 



increased by using a collimator .... h a longer focal .length 
(Myers and Mallard, 1964),Ioutthis does not necessarily'  
lead to a significant increase in the probability, of 

detection (Kibby). Collimators4ith longer-focal lengths 
aleo give e-  relatiVely large decrease in the sensitivity_ 

:and the probability of detectionfOr superficial lesions. 

Since there are relatively few applications for which it is 

advantageOUs to have a more uniform variation of sensitivity 

with depth at the expense of decreaSed,tenSitivity Ov.0"'e 

large region, it is doubtful Whether such collimators give 

SuperiOrresults in practice, In order to compare single 

and dpuble:headed'syStems it may. therefore be pore con. 

structive, to consider a collimator for the single detector 

with a slightly shorter focal length than that chosen by 

Popovic and Fowler. It may then be possible to design a 

eellimateiforz single 5 detector system with a similar 

variation of resolution with depth, but giving a higher 

probability of deteotino  :lesion up:to the mid'llne of 

the bodY than-a:doUble:headed.:system using in detectors.:  

Adouble headed Systemundoubtedly gives alnore faniform 

sensitivity throughout the body and generaIlygives a higher 

probability for the detectien of deeplying.lying lesions. 

l'hesuperierity Of a single detector- for the detectionof 

.34 
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• superficial lesions should not hoWever be.',neglected and 

-it is suggested that where a double headed system is in use, 

the best results would be obtained-by recerding the scan 

on paper or magnetic tape and playing back each detector 

response sepaately for vivalisatiorl of sixpefleial lesiong 

and:then'the combined detector reSponse:for visualisation 

of mid-line lesions The simple considerations presented' 

here also show the importance of using a figure of merit 

based on a statistical test rather than the target/nontarget 

ratio which may give a misleading result 
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The effect of collimator resolution on the detection 
of lesions in brain scanning 
By C. M. E. Matthews, B.A., B.Sc., Ph.D., and P. M. Kibby, B.A. 
M.R.C. Cyclotron Unit, Hammersmith Hospital, Ducane Road, London, W.12 
(Received October, 1967) 

The purpose of this study is to illustrate with 
photoscans some theoretical conclusions on the 
choice of collimator resolution in brain scanning. 
Calculations based on theoretical and experimental 
figures of merit (Matthews, 1964, 1965, 1967) give 
the minimum tumour size detectable with a given 
collimator for a given dose of a specific radionu-
clide; for example, after administration of 10 mCi of 
99mTc  pertechnetate a 1.2 cm diameter tumour at 
the centre of the head may just be detectable using 
a single detector and a typical collimator with a 
resolution of about 2 cm in the focal plane. The same 
calculations also indicate that collimators with 
coarser resolution, that is with larger resolution 
diameters, are better than fine resolution collima-
tors for detection of small tumours. The increased 
efficiency of coarse resolution collimators results in a 
higher counting rate, thus reducing the statistical 
fluctuations in the background and making a small 
increase in counting rate over a tumour more signi-
ficant. In order to demonstrate this point, 99mTc 
photoscans of head phantoms with simulated turn-
ours of different sizes have been carried out with 
two collimators having different resolution diame-
ters. The collimators were both designed to have 
uniform resolution with depth. 

Collimators and detector 
A single detector head was used, with a 3 x 1 in. 

sodium iodide crystal. The dimensions of the two 
collimators are given in Table I; the 50 per 
cent resolution in the focal plane for the 37-hole 
collimator is approximately double that for the 
seven-hole collimator. The shape factors of these 
collimators are also given; this quantity has been 
defined by Beck (1964) as the ratio of the area 
of the field of view at the collimator face to that at 
the focal plane. It is therefore a measure of the uni-
formity of the field of view with depth and gives an 
approximate indication of the variation of resolution 
with depth in front of the focal plane; beyond the 
focal plane the field of view always diverges. The 
relationship between shape factor, efficiency and 
resolution has been discussed by Beck (1964) and by 
Matthews (1967). As the shape factor is increased,  

the collimator efficiency increases but there is a 
greater variation of resolution with depth. A colli-
mator designed with a fine resolution in the focal 
plane but with a large shape factor has a large in-
crease in resolution diameter in front of and beyond 
the focal plane. A higher efficiency and the same 
average resolution over an appreciable depth may 
be obtained with a collimator with coarser resolu-
tion and with a smaller shape factor. The collima-
tors used in this study have been designed for 
uniform resolution with depth by selecting shape 
factors of about 1. However, this gives rather low 
efficiency and in practice it would probably be better 
to use collimators with shape factors of about 2 for 
which the non-uniformity of resolution is not too 
serious and for which the efficiency is much higher. 
The collimator efficiencies, shown in Fig. 1 have 
been calculated theoretically for a point source at 
different distances on the axes of the collimators 
(P. M. Kibby, to be published). The attenuation of 
radiation in a head phantom of 15 cm width has 
been taken into account, but any scattered radiation 
incident on the crystal has been neglected. The 37-
hole collimator is from three to five times more 
efficient than the seven-hole collimator. 

Phantom 
The head phantom consisted of a Perspex tank 

15 x 20 x 20 cm high filled with approximately 5 1. 
of a radioactive solution of 99mTc. The tumours 
were represented by spherical glass bulbs filled 
with a more concentrated solution of 99mTc. The 
tank and bulb concentrations were 0.043 /LCi/ml. 
and 043 	respectively; values similar to 
those expected for normal brain and tumour after 
injection of 10 mCi 99mTc (Matthews and Mallard, 
1965). The head phantom was positioned so that the 
centre lay in the focal plane of the collimator leav-
ing an air gap of 2.5 cm, and scans were carried 
out with the bulbs either at the centre of the tank 
or touching the front edge of the tank nearest to the 
collimator. 

Scans 
Scans were recorded on magnetic tape and later 
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TABLE 

DIMENSIONS OF COLLIMATORS (CM) 

No. of 
holes 

Collimator 
length 

Hole 
radius* 

Septum 
thickness* 

Radius of 
field of viewt 

Focal 
length 

Shape 
factor 

7 
37 

20.0 
3.7 

1-17 
047 

0.36 
0-17 

1.24 
2.52 

10.6 
10.0 

0.94 
1.01 

*Crystal end. fIn focal plane, = 50 per cent resolution diameter. 

phantom 

37 hole collimator 

7 hole collimator 

0 
	6 	8 	10 	12 	14 	lb 	18 	20 

cm from collimator 

FIG. 1. 

Variation of point source efficiencies with depth in water 
phantom. €0a0=ratio of number of photons striking crystal 
per unit time to number of photons emitted from point 

source per unit time. 

played back into a Picker Magnascanner. To 
avoid scalloping effects each scan line was carried 
out in the same direction. The line spacing was 
0.5 cm for the first series of scans (Figs. 2-5) and 
0.4 cm for the second series (Figs. 6-9); the scan 
speed was 30 cm/minute. During replay into the 
Picker scanner, a ratemeter time constant of one 
second was used and the maximum light source 
voltage, range differential and density settings were 
adjusted to give the full range of film blackening 
(optical density 0.3-2) over the range of count rate 
from the tank background to the peak count over the 
bulbs. Theoretically the ratemeter time constant 
should be related to the 80 per cent resolution dia-
meter of the collimator (Matthews, 1964, 1967), 
giving values of 0.35 and 0.85 second for the seven-
hole and 37-hole collimators respectively. For the 
37-hole collimator the nearest available time con-
stant was one second. For the seven-hole collimator,  

scans were also carried out with a time constant of 
0.4 second, but these are not shown since they 
differed little from those with a one second time 
constant. The pulse height analyser window was set 
to include the whole photo-electric peak in the first 
series of scans. In the second series a narrow window 
was used with the lower bias set at 126 keV (90 per 
cent of the peak energy). 

Statistical test 
The level of significance of change in count rate 

for detection of bulbs of different sizes in different 
positions was calculated theoretically in a manner 
similar to that described by Matthews (1965, 1967) 
by calculating n where 

increase in count rate over bulb n— 
standard error of difference in count rate over 

bulb and over tank 

If the value of n is greater than 3 the increase in 
count rate is statistically significant. It can be shown 
that 

n=constant x-V-t x B X VT 
where the constant depends on concentrations of 
radioactivity in the bulb and the tank and on the 
number of photons per disintegration. 
t 	= time in which counts accumulate 
B 	a factor which can be calculated from the 

collimator and crystal dimensions and the 
position and volume of the source 

VT = bulb volume 
The value of t was taken as the time to scan an area 
equal to the 80 per cent resolution distance squared. 
The choice of this value has already been discussed 
(Matthews, 1967). If t were much greater than this, 
the peak count rate would be reduced and if t were 
too small, statistical fluctuations would be increased. 

With the wide window this calculation only gives 
an approximate estimate of the actual level of signi-
ficance in these scans, since scattered radiation 
which enters the crystal has not been included and 
the background count rate has been neglected. 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 
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However, with the narrow window the contribution 
of scattered radiation is very small. 

The values of n calculated from the collimator di-
mensions and radioactive concentrations for each 
bulb size used with the wide window are given in 
Table II, and corrected values are also shown which  

allow for the measured effect of scattered radiation 
from the tank. The effect of background has been 
included for the seven-hole fine collimator, but this 
correction was negligible for the 37-hole coarse 
collimator. In Table III the corresponding values for 
the narrow window (126-200 keV) are given; in this 
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• .•....0.01.•••• 
0 	0.... •••••••••• 

• • 	• • ...MO. .0.000 •1010••••••01100000. 	 • 
• • •Mi• 4000•••••=0, •• OMER 011•••• ..•••••..—e aa. 

rm. • • MEW • 	• .• al• 	 • • 

.01 
••• 	•••••• •01/000. 0.001•••••• 4•11,  "MIMON. ,•••• 

nil. 	os.. 	 .1.MP 

• •••••• 411.1.•••••  

	

••••••■••••• • 	0 — • dn. • 0.0011/... • re... . 	••••• 
••••• 	• •0I••• ••••••• O•immi••• ...1M•••••••• 1,••• .01.0•• 
•••••• • O... •••1•• 	0M0 ••••MINI 	.• • • -••• 	• 
• . • •••••• 	 ••••••••••........0.00••• 

• +law ••• ••• • .0.. •••• =ID • ••••• 
• •••• 00.11•M• 0.000.1=•••••••• 	 ••• 

••• 	• ••• 0. 	• • • _ .11•••• 
IN* .• 

MIIM.1•111.1,1MO. - 

FIG. 2. Photoscans of 0.93 cm diameter bulb at the edge of the tank with wide window. 
Below: seven-hole fine collimator, n=1.3. 
Above: 37-hole coarse collimator, n=3-2. 

FIG. 3. Photoscans of 1.33 cm diameter bulb at the centre of the tank, with wide window. 
Below: seven-hole fine collimator, n=1-0. 
Above: 37-hole coarse collimator, n=21. 

FIG. 4. Photoscans of 1.94 cm diameter bulb at the centre of the tank, with wide window. 
Below: seven-hole fine collimator, n=2.0. 
Above: 37-hole coarse collimator, n=5.2. 

FIG. 5. Photoscans of 2.68 cm diameter bulb at the centre of the tank, with wide window. 
Below: seven-hole fine collimator, n=34. 
Above: 37-hole coarse collimator, n=11-0. 

On the original scans the diameter of the tank and the centre of the scan are marked. 
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FIG. 6. 	 Frc:. 7. 
FIG. 6. I'hotoscans of 0.96 cm diameter bulb at the edge of the tank, with narrow window to reduce 

scatter. 
Below: seven-hole fine collimator, n=1.5. 
Above: 37-hole coarse collimator, n=3.5. 

FIG. 7. Photoscans of 1.33 cm diameter bulb at the centre of the tank, with narrow window to reduce 
scatter. 

Below: seven-hole fine collimator, n=1.2. 
Above: 37-hole coarse collimator, n=2-3. 

On the original scans the diameter of the tank and the centre of the scan are marked. 

FIG. 8. 	 Frc. 9. 
FIG. 8. Photoscans of 2.06 cm diameter bulb at the centre of the tank, with narrow window to reduce 

scatter. 
Below: seven-hole fine collimator, n=2-6. 
Above: 37-hole coarse collimator, n=6-8. 

FIG. 9. Photoscans of 2.68 cm diameter bulb at the centre of the tank, with narrow window to reduce 
scatter. 

Below: seven-hole fine collimator, n —4.0. 
Above: 37-hole coarse collimator, n=12.0. 

On the original scans the diameter of the tank and the centre of the scan arc marked. 
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TABLE II 

Bulb diameter 
cm Position 

n (calculated) 

7-hole 37-hole 

Uncorrected 

Corrected 
for scatter 

and background Uncorrected 
Corrected 
for scatter 

0.93 
1.33 
1.94 
2.65 

Edge 
Centre 
Centre 
Centre 

1.7 
1.3 
2.6 
4.5 

1-3 
1-0 
2.0 
3.4 

3.9 
2.5 
6.3 

13.3 

3.2 
2.1 
5.2 

11.0 

Wide analyser window set to include the whole photoelectric peak. 

TABLE III 

Bulb diameter Position n (calculated) 

7-hole 37-hole 
0.96 Edge 1.75 4.02 
1.33 Centre 1.17 2.25 
2.06 Centre 2.64 6-76 
2.65 Centre 4.05 12-0 

Narrow analyser window (126-200 keV). 

case the contribution from scattered radiation is 
very small and the efficiency for unscattered radia-
tion is slightly reduced. 

RESULTS 
The photoscans obtained with the two collimators 

for four bulb sizes, one at the front edge and the 
others at the centre of the tank are shown in Figs. 
2-5 for the wide window and in Figs. 6-9 for the 
narrow window. The smallest bulbs (0.93, 0.96 
and F33 cm diameter, Figs. 2, 3, 6 and 7) cannot 
be seen with the seven-hole fine resolution colli-
mator but are visible with the 37-hole coarse colli-
mator as predicted theoretically. 

The 1.33 cm diameter bulb is just visible when 
the narrow window is used, when the value of it 
is 2.3 (Fig. 7). These results show that the coarse 
resolution collimator is better for the detection of 
small bulbs, even when the bulb diameter is smaller 
than the 50 per cent resolution diameter of either 
collimator. 

A bulb of about 2 cm diameter (Figs. 4 and 8) 
is clearly seen with the 37-hole coarse collimator but 
is only seen with the seven-hole fine collimator when 
the narrow window which eliminates most of the 
scattered radiation is used. The largest bulb (Figs. 
5 and 9) is clearly seen with both collimators e'(7en 
when the wide window is used. These results are in 
agreement with theoretical predictions (Tables II 
and III). 

When bulbs are visible with both collimators, 
the 37-hole coarse collimator and seven-hole colli-
mator appear to give equally good indications of 
shape; the greater statistical fluctuation with the less 
efficient fine collimator tends to obscure the outline 
of the bulb despite the improved resolution. 

DISCUSSION AND CONCLUSIONS 
The results illustrate that the high sensitivity 

of coarse resolution collimators enables smaller bulbs 
to be detected than with fine resolution collimators, 
even when the bulb diameter is less than the 50 
per cent resolution diameter of the collimator. 
The resolution diameters used in this study were 
1.24 and 2.52 cm and bulbs of 0.93, 0.96 and 1.33 
cm diameter were seen better with the coarse resolu-
tion collimator. With the coarse collimator it ap-
pears possible to detect a tumour at about 1.5 cm 
at the centre of the head and one of about 1 cm 
diameter near the skull. With a collimator with a 
larger shape factor of about 2 these diameters could 
be reduced by about 11 per cent. 

Furthermore, the results show that the calcu-
lation of n gives a reasonable indication of whether 
a bulb will be detected. The value of n for which 
bulbs are just visible appears to be about 2.5 but the 
exact value which is taken to indicate the presence 
of a tumour depends on the relative importance of 
not missing tumours and not obtaining false posi-
tives. For low y-ray energies collimators may there- 
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fore be evaluated for a particular purpose by an 
entirely theoretical calculation, independent of 
experimental measurements of collimator efficiency. 
Scattered radiation can be almost eliminated by us-
ing a narrow window, but when the whole photo-
electric peak is included for measurements a correc-
tion must, however, be applied. The narrow window 
which we have used is the same as that which Beck 
(1966) found to be optimum, using a figure of merit 
calculation. 

In practice there will be other considerations, 
such as the variation of brain background due to 
radioactivity in blood sinuses and other regions. 
This may tend to give the finer collimator more ad-
vantage in showing the shape of these structures, 
which must be differentiated from the presence of a 
tumour. However, this detailed visualisation of ana-
tomic structures with a fine collimator is obtained 
at the expense of the ability to detect small tumours. 
It is no use trying to show sharp outlines with a 
fine collimator if this prevents the detection of 
small tumours in regions of the brain where this 
detail is not necessary. With a coarser collimator 
small tumours may at least be detected in regions of 
the brain where they are not obscured by the sinuses. 
Probably the optimum brain scanning procedure is 
to use a coarse resolution collimator for a prelim-
inary scan, and then to scan small areas where a  

tumour is suspected more slowly, using a fine resolu-
tion collimator to show the detailed structure. 
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ABSTRACT 
Photoscans are shown of phantoms representing tum-

ours in brain. The phantoms consist of a 51. tank containing 
0.043 pCilml. of 99mTc with spherical glass bulbs con- 
taining 0.43 	of 99mTc representing the tumours. 
Bulbs of diameters from 0.9 to 2.7 cm were scanned with 
two collimators with 50 per cent resolution diameters of 
about 1.2 cm and 2.5 cm, both collimators being designed 
for uniform resolution with depth. It is shown that, in 
agreement with theoretical predictions, smaller bulbs can 
be detected with the coarser resolution collimator than 
with the finer resolution one. The statistical test of sig-
nificance of increase in count rate used in the theoretical 
calculation correctly predicts whether a bulb of a given 
size will be detected; this calculation uses only the physical 
dimensions of the collimator, the crystal efficiency, the 
radioactivity in the bulb and tank, the tank thickness and 
the bulb volume. The scans are much improved if most of 
the scattered radiation is cut out by setting the bottom of the 
analyser window at 90 per cent of the photopeak energy. 
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The resolution and sensitivity of a radioisotope 
camera depends upon the design of the collimator 
and also on the properties of the image-converting 
system, as reviewed by Anger (1966). The collimat-
ing system of the pin-hole camera (Anger, 1958; 
Mallard and Myers, 1963) consists of a small aper-
ture in a lead shield. These collimators are only 
suitable for small objects which can be placed close 
to the pin-hole, since they give low sensitivity and 
poor localisation for larger subjects (Anger, 1963; 
1966). Under such conditions, multichannel colli-
mators, as used with scintillation cameras (Anger, 
1964), image-converters (Ter-Pogossian, Niklas, 
Bell and. Eichlung, 1966) and spark chambers 
(Lansiart and Kellershohn, 1966; Horwitz, Lofstrom 
and Firsaith, 1965) give improved performance. 
They normally consist of a large number of parallel 
cylindrical holes through the collimator material, 
although a modified design, with holes focusing in a 
plane parallel to the collimator face, has been used 
with the autofluoroscope (Bender and Blau, 1962). 

The performance of pin-hole collimators has been 
investigated theoretically by Mallard and Myers 
(1963) and by Paix (1967). Anger (1964) has derived 
approximate theoretical expressions relating the 
resolution and the sensitivity of a multi-cylindrical-
channel collimator to the collimator parameters. In 
the present work, the theory of these collimators has 
been developed more accurately. In addition, since 
there are a large number of possible combinations 
of collimator parameters which give collimators 
suitable for a particular y-ray energy, those designs 
which give the highest sensitivity for a specified 
resolution have been found. 

METHOD 
It has been assumed that the channels are circular 

in cross-section and that they are arranged in a 
hexagonal array (Fig. 1). A digital computer (El-
liott 4100) has been used in the calculations. 

Present address: X-ray Physics Department, Churchill 
Hospital, Oxford. 

Septum penetration 
One basic requirement of a collimator is that the 

septa should be of sufficient thickness to prevent 
significant penetration. Some rays will inevitably 
penetrate the top and bottom corners of the septa 
(Figs. lA and 1B); others may penetrate one or more 
septa and lead to a more serious loss of resolution as 
they may originate from a larger volume of the sub-
ject (Figs. lc, In and 1E). 

The minimum path length through one septum 
may be expressed geometrically as (Fig. 1): 

t2  

where s is the septum thickness, r is the hole radius 
and t is the collimator length. In these collimator 
designs, the following criterion has been adopted, 
namely, that the minimum path length through 
septa should be equal to five mean free paths 
through the collimator material at the specified 
energy; this restricts the number of y rays penetrat-
ing the septa to less than 1 per cent of those inci-
dent in this direction, i.e. 

5 
fV=   (2) 

lc 
where lc is the total linear absorption coefficient in 
the collimator material at the specified energy. 

Combining equations (1) and (2): 

5 — = SAJ1 (4r+s)2  

Therefore, when t> > 4r+s, 5 — 	 st 	 • (3) (4r+s) 
This approximation leads to an underestimate of 
the path length and an overestimate of the required 
septum thickness, but the error is generally small. 

Mather (1957) has shown that for a single cylin-
drical channel collimator, penetration of the top 
and bottom corners of the septa may be allowed for 
approximately, by effectively shortening the colli-
mator length by two mean free paths at the specified 
energy. The approximation was considered adequate 

w --=s \/1+  	. . .(1) 
(4r+ s)2  
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for this theoretical work since, in general, a distance 
of two mean free paths is small compared with the 
collimator length. 

Point source efficiency 
The collimator efficiency for a point source of 

radiation, at a stated distance from the collimator 
face, was defined as the fraction of the photons 
emitted from the source which is incident on the 

O 
O_  

O a  _  

O o 
FIG. 1. 

Multichannel collimator in cross-sections perpendicular 
and parallel to the channel axes. 

detector; it is therefore equal to the sum of the 
efficiencies of all those channels which contribute 
to the detector response. To simplify the calcula-
tions, it was assumed that the point source was sit-
uated on the axis of one collimator channel, re-
ferred to as the source channel. 

Consider the channel whose axis is a perpendicu-
lar distance h (It> r) from the axis of the channel 
on which the source is situated (Fig. 2). Radiation 
from the source at P is incident on the area of inter-
section of the base of the channel with the projec-
tion of the top of the channel on the base plane. The 
accurate calculation of the solid angle subtended by 
this area at point P, and hence of the channel effi-
ciency, involves integration over each element of 
area, requiring the solution of incomplete elliptic 
integrals. However, provided the area is small it 
may be considered as a whole without a significant 
loss in accuracy. Let the projected circle have radius 
r and let its centre lie a perpendicular distance h 
from the source channel axis. 

Then r'=kr and h' =kh 

where k=l+ —
t' 
d' 

t' is the effective collimator length, and d' is the 
effective distance of the source P from the collima-
tor face, i.e. 

t' 	—
2 
 and d' =d + 

2 
 . 

0 0
O  00 	 

O 
O 
O 
O 

O 
O 

O°  () 	 

base 	 external 
face 

Fie. 2. 
One collimator channel in cross-section showing the method of calculation of channel efficiency. 
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Then, since the radii of the projected circle and that 
forming the base of the channel are known and also 
the distance apart of the centres of the circles (h' -h), 
the area of intersection (A) may be calculated and 
is given by 

A 77. r2 (k2 +1) 
2 

(k-1) i2r2h2  (k2  +1) —M (k-1)2—r4  (k+1)2  

h2  (k-1) — r2  (k+1) ]  
2hr 

_k2r2sin-1 [h2 (k-1) ±r2 (k+1) ] , (4) 
2hkr 

The centre of the projected area is a distance H 
along the y-axis, given by: 

H=h+ (h—r)(k-1) . 
2 

Hence, the solid angle subtended by the area at 
the point P is given by: 

.Q=A (t+d)1{(h+(h—r)(k-1) ) 
2 
 	2  +(id-dr] 3/2  

	  (6) 
and the efficiency of the channel may then be cal-
culated from the equation: 

Er =-- — 47T 
Equations (4) and (6) are not valid when h <r 
because the projected circle does not then overlap 
with the circle forming the base of the channel. 
The only such case which need be considered for 
these calculations is when the source is situated on 
the channel axis, i.e. h=0, 

Then, 	ET -=r2/4 (t+d)2  
This method of approach to the calculation of 

collimator efficiencies was first outlined by Brown-
ell (1958) for single cylindrical channels. 

The total point source efficiency may be calcu-
lated by summing the efficiencies of those channels 
in the array which contribute to the detector res-
ponse. In order that radiation from a point source, 
a distance d from the collimator face, should be in-
cident on the detector at the base of the channel 
which is a distance h from the source axis, the 
following condition must hold: 

h< r 	— , 2d') 
t' 

Values of h for channels in a hexagonal array may 
be readily calculated. Let the channel on the axis  

of which the source is situated be designated by 
g=0; the surrounding hexagon of six channels by 
g=1; the surrounding hexagon of 12 channels by 
g=2, etc. When g=0, there is one channel at dis-
tance h=0, and for each surrounding hexagon 
(g =1,2,3 . . .) there are six channels at distances: 

h =g (2r+ s) 

In addition, when g is an even integer, there are six 

channels at distances: h=g (2r+s) / and 12 chan- 

of i given by 1,2,3 . . . for which i< (g/2-1). When 
g is an odd integer, there are twelve channels at dis- 

tances: h—(2r s) 	 
2 
	 V 3g2  + i2  for each value of i given 

by 1,3,5 . . . for which i 	— 2). All those channels 
which have values of h satisfying condition (7) there-
fore contribute to the detector response. 
Resolution. Consider a point source situated at a 
specified distance along the axis of one collimator 
channel A (Fig. 3); the resolution may be defined 
as twice the distance between the axes of channel A 
and another channel, the efficiency of which is 50 
per cent of the efficiency of channel A; this is anal-
ogous to the full width at half-height. In the general 
case, the point source efficiencies of consecutive 
channels may be plotted against the distance of the 
centre of the channel from some specified point and 
the resolution defined as the full width at half-
maximum of the resulting curve. In practice, the 
centre of the area on which radiation is incident is 
farther from the source than the centre of the chan-
nel (Equation (5) ) and this leads to a broadening of 
the resolution curve. The error is usually small, 
although it may become significant when the source 
is imaged in only a few channels. The validity of 
this definition will depend on the inherent resolution 
of the image transfer system of the particular camera 
device; when the collimator septa are comparable 
with or larger than the inherent resolution, the re-
sultant camera image may display undulations in in-
tensity due to individual channels. This is unlikely to 
occur with the y-camera of the kind devised by 
Anger (1964), for which the inherent resolution is 
relatively large, but some difficulty may be en-
countered with other systems. When the source is 
imaged mainly in one channel, the definition of reso-
lution becomes more complex as discussed in a later 
section. 

—r2sin-1  [ 

• (5) 

• (7) 

(8) 

nels at distances: h --= (2r + s) 11
3
"'
02 

 + z2  for each value 
4 

93 



A B 

- ------ — 
I — 	_ 

-1B 

VoL. 42, No. 494 

Pamela M. Kibby 

a M=I 

 

A B 
0 o 

e 
e 

0 
0 0 

,/, I 

t iii 	_ _ - - - 

	 - - - 	 -_-- 

  

A 

   

 

_ - 
izzr] 

    

b M = 2 

rzzap 

    

FIG. 3. 
Collimators in cross-section illustrating the first method of design. 

COLLIMATOR DESIGN 
There are an infinite number of possible com-

binations of channel radius, septum thickness and 
collimator length which give the required resolution 
at a specified distance, and which limit penetration 
of septa at the specified energy. The optimum values 
of the parameters, those fulfilling the requirements 
and giving the maximum collimator efficiency, were 
selected by two methods. 

Method (1)—photon energies up to 0.3 MeV 
In general, it is difficult to find those combina-

tions of parameters which give a specified resolution, 
since the resolution is not known prior to the cal-
culation of all the channel efficiencies. There are, 
however, several cases for which the resolution may 
be set to a chosen value in a relatively simple way; 
in this method, the efficiencies of these particular 
collimators were calculated and the collimator of 
highest efficiency for the specified energy was then 
found by interpolation. 

Consider the situation shown in Fig. 3a and let 
values of channel radius and septum thickness be 
related to the required resolution R, by the expres-
sion : 

R= 2(2r ±s) 	. . . . (9) 
If values of channel radius, septum thickness and 
collimator length are found which satisfy Equation  

(9), the penetration limitation condition obtained 
by rearranging Equation (3): 

r 	!It — 5 
s 	20 

and the condition that the efficiency of a neighbour-
ing channel is 50 per cent of the efficiency of the 
source channel, then the resulting collimator has the 
required resolution R at the specified distance 
(d=F). 

Similarly, consider the situation shown in Fig. 3b 
and let values of channel radius and septum thick-
ness be related by the expression: 

R=4 (2r+s). 
If the collimator parameters are then adjusted so 
that the efficiency of the second channel to A is 
50 per cent of the efficiency of the channel on the 
axis of which A is situated, this collimator will also 
have the required resolution at distance F. It should 
therefore be possible to design collimators for which: 

	

R -=-2M(2r+ 	. 	. . (11) 
where M takes the values 1,2,3 . . . 

For a given value of M, there are an infinite num-
ber of collimators which satisfy Equations (10) and 
(11), but not all of these also satisfy the condition 
that the efficiency of the ilfth channel from the 
source is 50 per cent of the efficiency of the source 
channel. Those collimators satisfying the condition 

. 	. (10) 
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were found by taking an arbitrary collimator length 
and calculating values of r and s from Equations 
(10) and (11). The efficiencies of the source and Mth 
channels were then found. This procedure was 
repeated ten times taking progressively smaller in-
crements or decrements in the collimator length as 
the efficiency condition was approached. This pro-
cess, which was carried out by computer, was then 
repeated for all possible values of M over a range of 
energies and resolutions. 

The efficiencies of the resulting collimators were 
plotted against the ratio of channel radius to septum 
thickness (r/s) for different resolutions at each 
energy. At a specified energy, the total point source 
efficiency was found to be a maximum at one value 
of the ratio r/s; in addition, the optimum ratios were 
found to be independent of the resolution specified 
for a given distance from the collimator face. The 
maximum occurs due to two opposing effects: 
(i) as the ratio of hole radius to septum thickness is 
made smaller, the collimator may be made shorter, 
resulting in higher efficiency owing to the inverse 
square law; however, (ii) as the collimator is made 
shorter, thicker septa are required to limit penetra-
tion and a larger fraction of the detector area be-
comes covered, resulting in a decrease in efficiency. 

At each energy, the optimum value of the colli-
mator length was obtained from Equation (10). The 
optimum values of r and s were found by plotting 
the collimator efficiencies against the channel radii 
and septum thickness for different resolutions at 
each energy and finding those values corresponding 
to maximum efficiency. 

The total efficiencies and channel efficiencies of 
the optimum designs for each energy were calcu-
lated at different distances from the collimator 
face. 

Method 2—photon energies between 0.3 and 0.5 MeV 
The first method requires that the efficiency of a 

neighbouring channel is equal to or greater than 50 
per cent of the efficiency of the source channel. As 
the energy increases (i.e. asµ decreases), in order to 
limit penetration it becomes necessary to increase 
the collimator length, to decrease the ratio of chan-
nel radius to septum thickness or to combine the 
two (Equation (10)). These requirements tend to 
reduce the efficiencies of neighbouring channels and 
above 0.3 MeV it becomes impossible to fulfil the 
efficiency condition of the first method. 

There are many possible collimator designs for 
which the efficiency of a neighbouring channel is 
less than 50 per cent of the efficiency of the source 
channel, but in these cases a slightly different  

definition of resolution is required. Although the 
efficiencies of consecutive channels could be plotted, 
there may be a considerable error in determining the 
full width at half-maximum of the resulting curve, 
since the shape of the resolution curve is undefined. 

Consider the circumstances under which two 
point sources are most likely to be resolved, that is, 
when they are at equal distances from one channel 
axis (Fig. 4a), referred to as the central channel 
axis. At one particular distance from the axis, the 
efficiency of the central channel for one source will 
be 50 per cent of the efficiency of the neighbouring 
channel. Therefore, if this condition is fulfilled at a 
separation 2(r+x), the sources will be resolved at 
greater distances of separation and the resolution 
may be defined as: 

R1  --- 2 (r +x). 
Consider now the circumstances under which 

two point sources are least likely to be resolved, that 
is, when they are at equal distances from the central 
axis of one septum when shown in cross-section 
(Fig. 4b). Since a point source may be moved up to 
a distance r from one channel axis without a sig-
nificant reduction in the channel efficiency, pro-
vided 2r< < (t+d), the sources C and D (Fig. 4b) 
may be moved a distance (4r+s) apart without a 
significant difference in the efficiencies of the chan-
nels nearest to the septum axis for which the effi-
ciencies are the same; it has been assumed that 
under these conditions the sources are not resolved 
as discussed later. When the source separation is in-
creased to a distance (4r+2s), the efficiencies of the 
channels second to the septum axis increase until 
they are equal to the efficiencies of the channels 
nearest to the septum axis, which decrease simul-
taneously. At greater separations the sources may 
be resolved, and therefore under these conditions 
the resolution may be defined as: 

R2 =.4r+ 2s. 
An estimate of the resolution may therefore be ob-
tained from the average of R1  and R2 given by the 
equation: 

R=3rd-s±x 	. . . . (13) 
For this method of design, collimators were 

found which satisfied Equations (10) and (13) and 
the efficiency condition stated above, and the most 
efficient collimators were found by interpolation. 

A value for collimator length was taken and x was 
set at some arbitrary value. The channel radius and 
septum thickness were calculated from Equations 
(10) and (13) and the channel efficiencies were then 
found. The calculations were repeated ten times tak-
ing progressively smaller increments or decrements 
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FIG. 4. 
Collimator in cross-section illustrating the second method of design. 

in the distance x, in order closely to approximate the 
condition that the central channel efficiency is 50 
per cent of the efficiency of a neighbouring channel. 

The complete process was carried out over a range of 
collimator lengths at several energies and resolutions. 

The total efficiencies, calculated for a point source 
on one channel axis, were plotted against collimator 
length for different resolutions; it was found that at 
each energy the efficiency was a maximum at one 
value of the collimator length which was indepen-
dent of resolution. Although the contribution of 
neighbouring channels decreases as the collimator 
length is increased, thinner septa may be used to 
reduce penetration to the same amount and hence 
the channel radii may be increased, leading to an 
increase in efficiency of the source channel. The total 
efficiency, therefore reaches a maximum in between 
the extremes of a large contribution from neighbour-
ing channels and a large contribution from the 
source channel alone. 

When the collimator lengths corresponding to 
maximum efficiency had been found for each 
energy, the corresponding values of x were obtained 
from graphs of x against t for different resolutions. 
Values of channel radius and septum thickness for a 
specified resolution were then calculated from Equa-
tions (10) and (13). The total efficiencies and chan-
nel efficiencies of these collimators were calculated 
at different distances from the collimator face. 

RESULTS 
Optimum collimators for photon energies below 0.3 
MeV 

A summary of the optimum designs obtained by 
method 1 is given in Fig. 5. In general, as the y-ray 
energy decreases, the optimum collimator lengths, 
which like the ratios ?Is are independent of resolu-
tion (Equation (10)), become smaller (Fig. 5a). 
The optimum channel radii and septum thicknesses 
are also smaller at lower energies. These parameters 
are given in Figs. 5b and 5d for a resolution of 
1 cm at 10 cm from the collimator face, but since 
they are directly proportional to the collimator reso-
lution (Equation (11)) values may be found from 
Fig. 5 for any specified resolution. The total point 
source efficiencies of the optimum designs (Fig. 5c) 
increase for lower energies and were found to be 
proportional to the square of the resolution to within 
±5 per cent. The dimensions of some optimum 
designs over a range of energies are given in Table I. 

In general, the point source efficiency in air is 
relatively independent of the distance of the source 
from the collimator face, the variation being less than 
4 per cent. Close to the collimator, however, the 
source is imaged in only one channel, and over this 
region the collimator efficiency varies according to 
the inverse square law. A typical example of the 
variation of resolution diameter with distance for 
an optimum collimator is shown in Fig. 6; since the 
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FIG. 5. 
Maximum efficiency lead collimator designs for photon energies below 0.3 MeV. The 
hole radii (r), septum thickness (s) and point source efficiencies (Er) are given for a 
resolution of 1 cm at 10 cm from the collimator face. The discontinuity at 0.088 MeV is 

due to the K-absorption edge for lead. 

TABLE I 
LEAD COLLIMATORS WITH RESOLUTIONS OF 1 CM FOR SOURCES 

AT 10 CM FROM THE COLLIMATOR FACE 

Point source 
efficiency* 

in air; 
Colli- Septum source at 
mator Channel thick- 10 cm from 

Energy length radius ness collimator 
MeV cm cm CM face 

0.05 0.80 0.048 0.012 0.000538 
0.075 1.65 0.080 0.038 0.000394 
0.10 110 0.056 0.016 0.000487 
0.15 2.00 0.094 0.046 0.000337 
0.20 3.15 0.127 0.080 0.000232 
0.25 4.45 0.154 0.121 0.000160 
0.30 5.75 0.177 0.175 0.000115 

photons emitted  
photons incident on crystal 

efficiency is constant with distance the volumes of 
revolution of the curves are similar. This rapid in-
crease of resolution with distance is also illustrated 
in Fig. 7 for the optimum collimators for 0.1, 0.2 and 
0.3 MeV, showing that the increase is larger at 
lower energies. It was found that the variation could 
only be improved with a considerable reduction in 
the collimator efficiency. The change in resolution 
with distance is independent of the value specified 
at a given distance. Hence, these lines may be ap-
plied to any optimum collimator designs. 

Optimum collimators for photon energies above 0.3 
MeV 

A summary of the optimum designs obtained by 
the second method is shown in Fig. 8. These colli-
mators show an increase in length with increase in 
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y-ray energy (Fig. 8a) and also an increase in sep-
tum thickness (Fig. 8d); the channel radii show a 
very slight decrease with increase in energy (Fig.8b). 
The values of x, septum thickness and channel rad-
ius are all directly proportional to resolution and al-
though they are shown here for a resolution of 1 cm 
at 10 cm from the collimator face, values may be 
obtained from Fig. 8 for any resolution. The colli-
mator length is independent of resolution and the 
efficiency is approximately proportional to the 
square of the resolution as was true for the previous 
designs. Examples of collimators designed by the 
second method are shown in Table II. 

TABLE II 
LEAD COLLIMATORS WITH RESOLUTIONS OF 1 CM FOR SOURCES 

AT 10 CM FROM THE COLLIMATOR FACE 

Point source 
efficiency 

in air 
Colli- Septum source at 
mator Channel thick- 10 cm from 

Energy length radius ness collimator 
MeV cm cm cm face 

0.3 5.6 0.173 0-174 0.000110 
0.35 6.1 0.167 0.217 0.000078 
0.4 6.8 0.164 0-252 0.000051 
0.45 7.8 0.163 0.274 0.000031 
0.5 9.0 0.163 0-286 0.000019 

FWHM 
c m 

3 
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FIG. 7. 
The variation of the full width at half-maximum of the resolution curve with distance from the 

collimator face, for the optimum collimators for 0.1, 0.2 and 0.3 MeV. 
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Fm. 6. 
Typical theoretical resolution curves for a multichannel 
collimator for distances of 5, 10, 15, 20 and 25 cm from 

the collimator face. 
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FIG. 8. 
Maximum efficiency lead collimator designs for photon energies between 0.3 and 0.5 MeV. 
The hole radii (r), septum thicknesses (s) and point source efficiencies (CT) are given for a 

resolution of 1 cm at 10 cm from the collimator face. 

The total point source efficiency in air only be-
comes constant at distances greater than 10 cm for 
these designs, because the source is mainly imaged 
in a single channel at smaller distances. 

When the source is mainly imaged in one channel, 
it may be assumed that the resolution is reasonably 
constant at the value specified for 10 cm; at greater 
distances the resolution was found to increase in a 
similar manner to that of collimators below 0.3 MeV. 

DISCUSSION 
Application of results 

The results shown in Fig. 5 and Fig. 8 enable lead 
collimators to be designed for energies below 0.5 
MeV for any specified resolution, using the relation-
ships between the resolution and the collimator 
parameters stated above. For example, a lead colli-
mator with a resolution of 2 cm at 10 cm from the 
collimator face which is suitable for 0.08 MeV 
radiation has the following dimensions: 
length, t-=-1.85 cm  

channel radius, r--(0.084 x 2) cm =-0.168 cm 
and septum thickness, s=(0.038 x 2)cm =0.076 cm 
giving a total point source efficiency: =0.000373 x 22  

=0.00148. 
The factors which determine the maximum 

efficiency depend only on the values of collimator 
length and on the ratio of channel radius to septum 
thickness and are independent of the values of these 
latter parameters which determine the resolution. 
Hence, smaller resolution collimators are obtained 
by maintaining the same collimator length and de-
creasing the channel radius and septum thickness, 
thus increasing the number of channels. Decreasing 
the septum thickness under these conditions does 
not increase septum penetration because, owing to 
the smaller channel radii, y rays of minimum path 
length pass more obliquely through the septum 
material. 

At the upper limit of application of the first 
method, 0.3 MeV, the optimum collimator is simi-
lar to that obtained for 0.3 MeV by the second 
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method. However, the first method only takes into 
account the case when two sources are most likely 
to be resolved, that is, when they are symmetri-
cally placed about one channel axis. This collimator 
therefore has a slightly larger resolution in practice 
than that designed by the second method, and hence 
a slightly higher efficiency. Calculations show that 
the variation of resolution with source position in a 
plane parallel to the collimator face increases with 
y-ray energy from ±4 per cent at 0.3 MeV to 
+23 per cent at 0.5 MeV. The error introduced in 
the first method by ignoring this variation below 
0.3 MeV is less than 4 per cent. 

It has been assumed that two sources which 
are imaged in neighbouring channels with the same 
efficiency are not resolved. However, if the sep-
tum thickness is greater than the inherent resolution 
of the image-converting system, then two point 
sources on the axes of neighbouring channels will 
give a two-peaked response. The same type of res-
ponse will also be obtained with an extended source 
and therefore this type of collimator is undesirable. 
At higher energies, particularly for large resolutions, 
it may be possible to overcome this difficulty by 
using tungsten instead of lead, in order to be able to 
reduce the septum thickness. 

Penetration criterion 
The criterion that the minimum path length 

through one septum should be equal to five mean 
free paths through the collimator material, is open 
to question. The 11 in. long collimator (4 in. dia-
meter hole) for the Nuclear-Chicago scintillation 
camera is similar to the optimum collimator for 
0.23 MeV radiation. This is the energy at which in 
practice the collimator starts to show significant 
penetration effects (Westerman, 1967) and suggests 
that the criterion for limitation of septum pene-
tration is valid. However, Anger (1966) has suggest-
ed that a minimum path length through septa of 
three mean free paths may be sufficient. It may be 
possible to tolerate thinner septa, especially when the 
radioactivity in the subject is distributed throughout 
a comparatively small volume. The optimum colli-
mator under these circumstances may also be ob-
tained from Fig. 5; a minimum path length of three 
mean free paths is equivalent to one of five mean free 
paths at a lower energy for which the linear absorp-
tion coefficient is 5/3 of the original energy. Colli-
mators of materials other than lead may be designed 
by a similar method using an equivalent energy. 
General remarks 

The formula for collimator efficiency derived by 
Anger (1964):  

ET—  [ 	(2r+s) 
lr 

agrees to within ±5 per cent with these calculations 
when the source is imaged in more than one channel. 
Anger's expression does not, however, take into 
account variations in efficiency close to the colli-
mator face. The formula for resolution derived by 
Anger (1964): 

R —2r  (t+F)  
t_ 2_ ) 

tends to overestimate by up to 15 per cent the values 
obtained in these calculations when the source is 
imaged in more than one channel; this is probably 
owing to his assumption that the resolution curve is 
triangular in shape. When the source is mainly 
imaged in one chap.nel the equation is no longer appli-
cable. Keller (1968) has derived a simple method of 
multi-channel collimator design based on Anger's 
equations; the method is subject to the limitations 
of the equations described above. 

The suggested collimators have the disadvantage 
of a large variation of resolution with depth, and 
this can only be improved with a significant reduc-
tion in efficiency. In addition, since the efficiency 
in air is reasonably independent of distance from the 
collimator, the efficiency in tissue decreases with 
depth due to attenuation of radiation; this is particu-
larly evident at low energies. These disadvantages 
may, however, be possibly overcome by the use of 
multichannel collimators with channels focusing in a 
plane parallel to the collimator face. 

CONCLUSIONS 
The results presented here enable the design of 

the optimum efficiency multichannel collimator for a 
particular resolution to be rapidly determined for 
any photon energy below 0.5 MeV. All the suggest-
ed collimators show a significant variation in reso-
lution with distance from the collimator face and, in 
addition, those designed for energies higher than 0.3 
MeV show a significant variation in resolution in a 
plane parallel to the collimator face. These disad-
vantages may only be overcome with a consid-
erable reduction in the collimator efficiency. 
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ABSTRACT 

Two methods of design of multi-cylindrical-channel 
collimators for radioisotope cameras are described; the 
first method was used to design collimators for photon 
energies below 0.3 MeV and the second method for 
energies between 0.3 and 0.5 MeV. Of the many possible 
collimators fulfilling a set of specifications the one giving 
the highest efficiency for a given resolution at a given dis-
tance from the collimator face was considered the optimum 
design. The dimensions and efficiencies of some optimum 
lead collimators have been calculated and the results enable 
collimators of any material to be designed for any resolution. 
The sensitivities and resolutions at different distances from 
the collimators have been calculated theoretically. The results 
indicate that, although the efficiency is reasonably constant, 
the resolution increases approximately linearly with distance. 
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