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ABSTRACT

This thesis is'concérced with the design and

‘evaluaﬁion'of'multiholc focusing collimatcrsvfor radio-

lisotope scénningg‘an&‘the'desigh'of ﬁultichannel collimators _
"with cylindrical holes for radioisotOpe camera ‘systenms,
| The perfcrmance of focusing collimators has been
evaluated theoretically by calculating the variation with
~depth in tissue of resolution, efficiency and a factov
proportional to the probability of detcction of regions of

'increased or'deoreaced concentraticn.l The influence of

',‘altering different parancters of the collimator has becn ,

- examined and it haa been shcwn that very 1arge crystals,fl

}collimators with largc numbers of holes and collimators with
'very long focal lcngths are unsuitable for many scanning
lapplications. . ‘ | ‘ | ‘ ) |
“An improved procedure for the design of focusing
l ;collimators has been deveIOped, and thc factors which deter-l

,mine the most suitable design have becn discussed with

 ‘~¥vpart1cular reference to scanning a 1arge crgan with single

R and doublc headed detector systcns equipped with 3" and 5“

'7¥f Adiameter crystals."c,gf.'

iheoretical efficiencies have been compared with



'experiméntal measuréments'1n air and indicate that
radiation ééattered from the coliimatbr,walis may signifi-
cantly increase the countiﬁg rate at small source to
collimatOr’distances.. The effects of radiation scattered
from tiséue héve been 1n§estigated theoretically and
\experimentQIIy and the factorﬁ'by which theqretiéal
probabilities of detection should be reduced to allow for
'tissue.seaﬁtering'haié'bean given for théJradioactive

197, 99m 203

isotopes Te and < “Hgz. The settings of the
'analyser window for which scabtering frdm_tissueﬁﬁas the .
| smaliest effect have been thainéd'for the deteotg}fusgd-
in the experimental work. k | . | | |

| The deeigns of multichannel colllmators for camera |
- ’systems which give the highest point source efficiency for
a specified reeoluticn have been calculated theoretically
for gamma-ray energies from 0 025 to O, 5 heV, using a more

| accurate approach than previously available.i o
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~collirator figure of merit (equations u 9 and
o u 10) ‘

. count rate .

diameter of smalleét circular detector covered

by all the collimator holes, often equal to trhe
"orystal diameter '
sensitivity
'shape factor =

number of holes in éollimaﬁot

penetration-fraction (eqﬁatidn 2.2)

“quantity of raﬂioactivity

:_radius of the fiela of view o _
‘scatber fraction (equations 2 2 and 2.&)
”rtime‘A. e |

',;volume~
:'=Jdistance of source rrom external oollimator faceff"

“~7: foca1 length i

:tdlstance of centre of hole from collimator axis -

fracticn of disintegrations which give rise to.

-faetectable radiahion



"11 6(¢Xf

x#7 :i'ﬁb_'>’ﬁ: 

“fﬂ radius of collimator holes at crystal race

'-5 irad1us of collimator holes at erternal face
'ﬁfrﬂseptum thiokness at cr;stal face of collimator 32‘;“
V1°iseptum thickness at external face of collimator '“

,-5collimator length

o collimator efficiency

collimator geometrical efficiency

- erystal efficiency e :
.'linear absorption coefficient of lead
7fconcantration of activity e
"“'transmission ratio

'w 11near absorption coefficlent of water

r

non-target -

plane source

‘target
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CHAPTER 1 .

i“THE HEASURENENT OF BADIOACTIVE ISOTOPE DISTRIBUTION
N vxvo" | o

14 introductioh L

&adioactive isotOpes arc uidely used in medicine for

‘: diagnoais, therapy and research., Of the many uses, thosc-
*diagnostic and research applications in which a quantity orj
. a radioisotope is administered to a patient are rcferred to.,

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

thoae 'in vivo! proceduros in which the distribution or }
- radioactivity in: tbe body is measured externally using a f__
’ .raaiation detector. ff“" ' '

The aim of extcrnal measuremenbs of isotOpe distribution

S may ‘be to determine eithcr the size, shape, position or i 

‘,{]function of a particular organ, or any impairnent of function ,'

‘if‘due to lesicns or. other cauaas. For most measuremenbs it

cfis nccescary to restrict the sizo of thc region of the hody

‘“7<from which the detector can recaive radiation and hence a 7;‘

‘p ‘co11imating dcvicc is employed. ﬁeaﬂurements of organ up-';;c‘
. take may be carried out using a atationary acintillation J~_f;'ﬁ

vcrystal and some simple rorm of collimation, but when



“;1knowledge of the distribution of an isotope within an’

rl»organ or region of the body is requlred, scanning or camera -

'“-:‘systems are needed whioh utilise nmore complax colllnators.' g

| ‘”The subjeot or this thosis is the design and evaluation or

‘5;'oollimatora for tho 1attor systems.

The earliost method or soannlng oonaisted of moving

‘a Geiger counter manually from pOint t° POint' recording

'the oountlng rate at corresponding positions on graph papep ;:-"”

f(narvin and NOOPG. 19&8). In, scanners now available

"y}*oommercially, collimatod sointillation oounters are moved

" automat1oa11y over the reglon of lnterest and counting ratos-l7"”

“'fare recorded continuously.‘ Some scanners have one detector

o oand othera have two, one above and one below the body. ThaVVfog

5-folatter systema are usually used with the detootor outputs

.'7:.faummed, but may also oe usod for ooinoidenoe counting of

“~%:a positron emitter (Brownell and Sweet, 1953). ‘bcanners ;'anir;

?okfinoorporatlng more than two detectors have also been e
'odesoribod (Beok, Charleston, Lidelberg and Harper, 1967, :i ->
.Hindel and Gilsoo, 196?). _,{V””‘ ‘;“ : |

Collimators for soanners should bo designed so that

 the resolution 18 small enough to enable a relatively small o



change in concentration or activity to be detected, and )
yet not so small that the sensitivity is low and the counting
statistics poor. The resolution 1s related to the radius'

of the field of view or the collimator which is defined.

- as’ the radius of the area from which the detector may receive.

‘radiation travelling in straight 1ines.b Scanners usually_-
raquire collimators with = field of" vieﬁ of a few Clie in ,‘
-diamter, remaining reasonably constant with depth.,

The single hole cylindrical and taperad collimatora‘ |
-used for uptake maasuremente are unsuit&ble for scanning

because they usually give a8 wide variation of field of view

. with depth. ‘I.‘he ‘variation may be z-eauced by increasing the

'collimator length but this also leads to a reduction in

. counting rate owing'to the inverse square law. Griffith,

B Goland and Chamberlain (1950) designed a collimator with a
__smaller variation or the field of view, which oonsisted of
‘i;two lead cylinﬁera, the smaller of which was fixed inside -
i.the larger with plexiglass‘= More commonly. the variation
is reduced by ueing multinhole rocusing collimators of the

, typa introduced by ﬂewell, Saunders and Miller (1952).
" These are made from lead or soma other highly absorbingl_.~ -
v]imatarial aud ccntain a number of holes which come to an:

'*imaginary fueus at aoma dietanoe from the external faee of



the collinator (fig. 1. 1). With this type of design and

the correct choice or collimator parameters, it is possible
'  to maintain 8 reasonably uniform field of view with depth

: with reasonably high sensitivity. | ‘ , |
acanners which utillse difrerent arrangements of
‘ detectors and different forns of collimation have also. been'
developed (Anger, 1966a; Davis and Fartone, 1966; WGst, 1966
Kuhl, 196&, Cassen, 196&). “he designs of collimators used
fwith these instruments are not discussed in this thesis but

-many of the general conclusions reached also apply to them,

1.3 Camera systems
The distbibutioﬁ*of'an 1sot6pé»witﬁ1n aﬁ'organ may be

N measured with camera systems which visualise the whole area

':*.of interest at one time.- ”he pin-hole camera of Anger (1958)

uses a small hole 1n lead shielding material to form an ,
v 1nverted imaga of the subject on a large scintillation crystal.
The pcsition of the incident radiation on the crystal is

L determined oy the distribution of light betweeu an array of

photomultipllera with which the orystal is viewed.' The pin._jf

kE 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 gome distance from the

W



oolllnator in order to lie wlthin the field of view and
this results in a loss of sensitivity.

Larger subjects can be visualised with greater sensitivity
fusing a multichannel rather than a pin-hole collimator |
(Angar. 196&). hultichannel collinators conslut of 1ead or o
| tsome other highly abaorbing material, containing 8 1arge o
'number of parallel eylindrical or hexagonal hecles, The' 1
length of the collimator and the diameter of the holes deter-
mine the eensitivity and’ the variation of field or view o
-with depth.., o _ _

Angar has alao described a camera system suitable for |
positron emitting 1sotopes.3 A 1arge crystal is placed elcse
1to the patient and a second, smaller crystal iB placed some  1tV[
| distance away. (Rﬂncident acintillationa in the deteotors _

are recorded.' A- multichannel collimator can he used with
tthe 1arger crystal to reduce random ccincidences.ir |
“ Camera systems which use ﬁlfferent methods of detecting
--the positions of incident photons have also been deqcribed. S
'fInstruments 1ncorporating X-ray 1mage intansifiers (Ter |
Pogossian and hichlung, 196u; Ter-Pagoaeian, Niklas, Bell
-t.and Eichlung, 1966) and spark chanbers (Kallershohn, » =
. Desgrez, and Lansiart, 196&, Horwitz, chstrom and Forsaith.'t_“

}11965) use the aane type or multichannel collinators. The
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Fig. 101

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
(Bp) is defined by the maximum distance from
the collimator axis from which radiation is
directly incident on the crystal.

1)



autofluorescope developed,by Bender and Blau (1962) uses

a multichannel collimator with holes focusing in a plane.

1. Almg of ‘tlhagig .

1 The study of focusing colllmators used with scanners
rorms the major part of this thesis., The aims of tne study-'
}were' firatly, to advance the understanding or the effects |
cf collimator parameters on collimator performanoe secondly.
to devige methods ‘of collimator design based on a complete
analysia of the collimator responae, and thlrdly, to invastiaj"'
:gate the effects of penetration and scattering on collimator |
'performance, particularly bhat of scattered radiation rrom : e
: the subjects B | |
. The deaign or multicnannel collimators used with f '

: oameras has also been studisd., This work 13 presented in e

' the paper 'The design of multichannel ccllimators for |

adioisotope camaraa' (hibhy, 1969) which is bound in the
: thesia. The results ara summarisa& and discussed in the

jfinal chaptar.

7



CHAPTER 2

. THE DESIGH A uVAL&ATION uF COLLILALORQ'

2.1 The eyaluation of focuéing collimators -
The perrormance of sgahhinglsyatems can be assessed
in terms of sensitivity (cPé/'FCi ), resolution and the
probability of detectionvof 1esions. These quantities depend
on the properties of the cullimator under specified

- experimental conditions,

 Sensitivity o : |

In alr. the senéitivlty (E’)‘1§7determined by (a)‘the‘:
" fraction cf disintegrations whioh give rise to detectable b
radiation, q, (b) tha efflciency of the aollimatoru e [
defined as. the rracticn of the radiation emitced rrom the E

‘source Which‘isﬁiRCiaent’on'the detectors‘and‘(a);the cry5§al_ ,
_effictency, n , i.e., |

g ,‘,':ﬁ‘q'e-,z o @

A further factor should be 1nc1uded when the analyser
L window is set to include only a fraetion of the photopeak

.;counts.

18



: Hhe efficiency of the collinator s’ mainly determined
by radiatlon which reaches the detector directly, the
geometrical conwonent -ve:(g). Badiation which reaches the :
:detector after penetr&tion of aepta or side shielding and
| after acattering from the oollimator walls also contributes -
. to the total efficlency._ Beck (196ua) has expressed the

fefficiency asl:
€= e(@l1+r+s; ] (2.2)
‘,'where P and Sl are the penetration and oollimator scatter

| fractions.

When the source 1s placed 1n tisaue, the sensitivity

48 decreased awing to absorptien., Some of the absorption EICEE

oocurs as: the reault of Compton 1nteractions which give rise

1 to scatterad photons which may suheequantly be detected.

L nlthough scattered photans 1norease the sensitivity they

;[f-oan be deteated when bhe source 1lies. outside the geometriual

. field of view of the eollimator and hance soattered racliatlon
':Q’decreasea bhe aollimator rasolutian. For a source at depth |

f‘x in tissue, the sensitivity can be axpressed as :5‘_

- OE =a :2 € o (2.3)

19



iWhe:é"a ig the tissue aﬁtenﬁaﬁioﬁ fﬁétof énd,.;'
e = el erasle™iRes,) 2w

‘where i 1s the linear absorption coefricient for tissue |
and Sz 10 the tigsue scatter fraction. It has been assumed

‘7that the penetration and collimator scatter fractions

(" ana 31 ) are arreceea by attantuation and radiation

scatter from tissue in the same way as the geometrical

‘erriciency.

. Besolution S
o The resolution of a acanning system is deternined mainly

 .’ by the resolution of the collimator and this depends on. the

o ccllimator dimensions.f Ccllimator resolution s also affected

by penetration and scattering._ The rasolution can be defined
ag the full-wldth at half maximum (FWHH) of the curve

‘ obtained by mcving a aouroe across the collimator field or '

‘hviaw. Line sourcas give slightly larger values of the FWHM

B -than polnt sourcea (GOpala Bao and r3agn81', 1968) in the focal plane. :

o Another estimata cf rasolution can he aatainea from

"rlmodulation transfer functions,‘ ”he mo&ulation transfer -.”"

'13function 13 a measure or tha ability or the system to resolve



~equally épaced}éourCes.' It‘has'the vélﬁe_cne for infinite

'separation and falls to zeré 88 the sources become closer

together, A graph of NTF agalinst source separatioh for»é

given distance from the collimater indicates_the resolutiqn

vat'thié'distance. ‘TheSe gréphsvcan'be célculatedvfrom tﬁe A

resolution éurveé‘fcrviine sources (Crédduék,>Fedoruk_and

. Reld, 1966; Cradduck,_lQéB)Q They can also be:6b%éined,from

measurements on a Sieman's star phantom (Beck, 196ha). ;
: Vetter (1967a,b) has suggested the hélfanQx,ihdex as

a measure’of resolution. kC9hs1der a'uniférm,plane source

of radioactivity perpendicular‘to'the co111mator aXié;‘the ’»'

half-flux index ié‘the diameter of ﬁhe‘circleVCQﬁtred on'

the axis, which circumscribes the area contributing half of

, the total plane source count rate. As it 15 a measure of

area response, Vetter suggests that 1t 13 nora closely |

related to ease of visualisation on a soan than the FWHﬁ,

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

vat different distances from the collimator can be calculated L

- from the collimahor dimensione."

Discussion

”he main disadvantage cf the FMHH as a measure of
resolutlon is that 1t does not give sufficient 1ndication

" of the influence of penetration and scattering. v”hese effects

oab



Aproduce the greatest ircreases in the width or the resolution
curveu at small perccntages of the meximum response (Harris
et al., 1962) Two further aisauvantages are that the -
1'thn nay have the same value for resolution curves of
entirely different shapes, and that " asina simple methods1
‘it may be calculated theoretically only in the focal plane,
The halfeflux index»can be‘calculated’reasonably simply.for
all disﬁances‘from:the'cbllimator'éndvdoes ﬁake\inﬁo adqount;
vthe snape of the resolution curve. If however. 1t 13“ '_'
‘calculated from the geometrical properties of the collimator a
1t does not take into account the effects of penetration
dnd scattering | l | :

} The variation or MTF with sourca separation gives a }‘ |
'“complete description or collimator resolution., Since however. fﬂ

‘a considerable error 18 1ntroduceﬁ in radioactive neasure- -

‘,:*ments by statistical fluotuations, lt is doubtful whether

’ fsuch a detailed description is necessary. An adequate ;"

 fassessment of collimator resolution can probably be obtaineﬁ

ki f from the FWHM together wlth the 5hape of the experimental

'  resolut1on curve.‘.f“ 

‘"f,,Probabilities of detection

The optimum acanning system and collimator for a

22



gpecific application should glve a high probability for
the detection of 1ocalised»§ariaticns in activity and should
havé fine rqsolution. .Slnce imﬁroiing the resolution |
'reéults‘in'a loss of‘sensitivity, some method 6f formulating
the‘combined}effects of sensitivity and fesolution is
requireu in order to find the opbinum collimator deaign.

The problem has been aiscussed by Jewey and “1ncla1r
(1961) following earlier work by Newell. Saunders and uiller  ,
»(1952) and Brownell (1958). Dewey ‘and oinclair postulated
that as the oollimator moves directly over tae target area,< '
the change in ‘count rate must be a factor Z times the
atandard érrg;;£g.%g£eggﬁgt rate in order to ‘be statistically
¢1gnificant. ‘ Let CT and CNT be the target and non-target .~!. 

’ count rates and let T be the time 1n which counus'

 accumu1ate. Then, ~l7

‘r..Dewey and Sinclair assumed the valua three for ff andlﬁ :
“this has been verifled experinentally (Haybittle, 1966
 Ha11ard and w11ks. 1998 Hatthews and ﬂibby, 196&).

By expressing the counting ‘rates in terms of concen-

B



ffations and Sénsitivities,oDewey and éinciair Haﬁe vhown _>-‘
fthat collimators for tho same application can be compared |
using the factor EIT/L 2 where ”NT and LT are the non-target'

and target sensitivities. |

_ atthews (1965) nas developed the work of Dewey and
Sinclair fornisotOpes which{are distributed in the extra-_;
cellular fluid, and has showri 'ohat the fao-to'r & ‘Whioh' |
- determines the probability of detecting a tumour of volume

Vi may be expressed as :

iAEVT;o

? = ‘126\/'?5"9'- St (2.6)
B VVnr L

where F ls the ratm of the concentratlon of the 1sotope in
'the tumour to the concentratlon of the 1sotope 1n the sur-

.‘Jmumhng tlsmws and vﬁT 15 the non-target volume. A depends

' f:on the biological and physical properties of the isotope

\.and B depends on. the collimating system and the physical

e properties of the iaotOpe. Equatlon (2 6) 13 based on the

;o?assumption that the difference 1n concentration of the target
oand non-target regioms is relatively 3mall. The factor B
‘,can be used to compare oollimators for the same application

}fand is given by tho expreasion

b



€Nt %Nt

there the subscripts T and MT refer to the target and non-"'

- target volunes. The factor B 18 inversely prOportional to

;the square root of the collimator rigure of merit EQT/BPZ‘

_ lused by Dewey and ainclair,vz};ﬁ

beck (1966) has used a collimator figure of nerit which ;  '7_

jfis prOportional to. the seq@ivity and the square of tne .”

‘modulation transfer funetion._ This 13 based on the same. .- 7;'<7>

'statistical test (equation 2. 5)(Beck. 1961).;~

'”vuigcuggiog ) o _ TR
SN The factors describad for comparing colllmators all

‘_refer to the abillty to deteet changes in concentration of

”_activity. As natthews (1968) has pointed out in a diacusaiouiil'~

v"of the results of 1mons and Bailey (1967). 1t is not

',“gappropriate to apply them when the probability far detection :;5"

‘is very high. Under these conditions, the scanlﬂetail can

be 1mproved by making the collimator resolution finer.‘This ; B

 i,results in a loss in aensitivity but does not lead to a Eti:f( y

S gloss 1n detection providea the factor Q‘ ﬁ 13 still greatar f?i f

 f:than about three.f"
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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 h.S)

"2.2i The calculastion of focucing col;imctor Bcrformance
Focusing collimator performance can be assessed from

1 calculated geometrical efficiencies if it is assumed tnat the
: effects of penetration and scattering are small. The

limitations of this approach are ﬂiscussed in the next

section.
Geometrical efficlency
'Garrett‘(195h) hasg poihtca out that the accurate
calculaticn of geometrical efficiency is similar to the
caloulation of mutual inductancca of cclls and solenoids.
~mxist1ng tables of mutual inductance cau however be applied‘
only tc collimators of simple geometries such as thosc with;4
a single cylinﬁrical hole,'" | _‘ e | '
Brownell (1958) ‘has uaea the approxlmate method of ’

"capproach of Doaa de ﬂye (1956) ta calculate the geometricaly‘

_efriciancias for ! point source at p031tions on and of f tbe*

| ‘axis or a cylindrical collimator. and single and multianole,ﬁ:

foocusing collimators, The reaulta rcr multi-hole collimators
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are however confined to thoSe-qases'in which the collimétor |
iength equals ﬁhe‘focal length., Brownell (1958) has also
caloulated point source ei‘ficiénéie‘s. for 'tﬁo, cylindrically
collimated deteetors used 1n coincidence. Doust and Simons
(1961) have applied a small correction to the values obtained
by Brownell. 1n order to allow for the variation of crystal
efficiency with position of the source. , }
HMyhill (1961) has calculated the point source efficiencles
for multi«hole focusing collimators but gives no details or
' his method. P&rinova and Husak (1967) have derived an
approximate equation for one hole of a mulﬁi-hole focuaing
collimator, but since they assume that the source is 1n
"bhe Bame plane as that oontainin& the axia af the hole and,
the collimator axis, their resulbs,cannut'easily be used_to'w
. caloulate the effidianqy ofjalljtha holes. Poporic and
ﬁaliahd (1968) give an épproximate expreséipn,for the point.
~ source efficiency of a milti-hole foousing collimator along
:the ax1s; They have aiso dalculated thé:éfficienéiesvrér»
a point source locatea at any position in the zoaal plane.
Beck (196ua,b) haa shawn how the gecmetrical erficiency
for a plane scurce may be calculated very simply, using the .
;faot that in air tne efficiency 19 appraximately independent~~

- of distance, Beck (1961) has also shown how the plane source
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" response may be used to,dbtain'the response to a volunme

gource.

'Diaguagion |
A ~omplete1y genaral expression ror the geometrical

noint source erflciency of a multiahole focusing collimator
has been derived in this work. This has been used to cal-
;culate efficiencies both on and orf the collimator axis.

The latter calculations have enabled theoretical point source

i resolution curves to be drawn. Gollimatorvflgures of merit

,; have been caleculated by combining point source effibiencies

wlth Beck's equation for the rﬁﬁonse to a volume source.
. The results or the calculations nave been used to evaluate
the influence orvcollimator parameters on performance and

',tb form & basis for a method of collimatof design.

Gollimator performance and desl |

|  7 The early focusing collimators were designed rather
‘“f'arbitrarxly with the collimator length equal to the focal
1ength. Nyers and Hallard (19614) have pointed out that tnia:
1eads to a large variation of axial rQSponse and low e
'_senaitivity at great dapths. They euggesbed that this may
;be overcome by using collimators with focal lengths twice
the cgllimator 1ength. Lph:aim (1962,»196h) attempted to
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g£ain a nore uniform reSponse'by-deSigning a collimator with
holes focusing at different depths, Concannon and Bolhius
(1957) suggested'that two opposihg detectors may lead to a
nore uniform respouse as has been demonstrated by Kakehi
- {1959) and Popovic and Fowler (1968). ' -
Libby (196L) and Popovic and Fowler (1968) have demdﬁ;
strated how colliﬂauor perfornance is 1nflueqced by the size
of the air gap between the oollimator and patient. L
mhe relationships between collimatnr paranaters and
the importance of these relatlonships 1n collimator design
has been clarified by the work of_Beck (196ua,b). He has
shoﬁn}tﬁat the correct choiée of ccllimaﬁor pafameters canv_
give a'callimaﬁor.with the.@aiimhm'plane sbufc¢ efficiency |
"'undér specified‘cenditlbns.l‘ﬁatthews (1967) has described‘. »”’
a simil&r method of collimator desipgn for which the point
'scurce efriciency at tha focus 1is maximised. .ﬁatthews hag
~also shown how the collimator figures of merit may be |
,calculated theorstically, B | |
| Beck (196ua.b) has stressed tha 1mportance of maintaining
‘a reasonably constant resolution with depth.‘ hcﬁfee et al,
(1966) found dirflculty in obtaxning constant resolution
'when designing 8 collimator for an 8" erystal and Popovic
" and Fowler (1968) have shown theoretically that albhough

increasing the cryatal diameter results in increased
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éensitiviﬁy,.there is also an incrcase in thé veriation of
resolution, : S | f
‘ harris et al. (1962) have pointed ocut the 1mportance
of restricting penetration when designing a collinator.
They have considared the relative marits of lead, tungsten
and gold as shielding materials and describe a colliﬂator
‘made from gold with tungsten shielding (Francis, Harris and
Bell, 1962). Both Harrls et al, (l96h) and Love and Smith
(1966) have noted that long collimators limit penetration
more effectively than short oneé.‘ Beck (196La) has'shpwn |
~how peéetration nay be considered in.collimétor design.
 75;§cu§s;on | | ] |
| In general, conclusiovs on the effects or collimator
: parameters on gollimator performance have been based on
:maintaining dlfferent parameters eonstant and are Lherefore
dirficult to interpreb._ For example, inareasing the -
number of ‘holes of a collimator has a different erfect
depending on whebher the collimator anﬂ racal langths ara
Lept constant, or whetper the field'of view 1n the focal
plane ié‘kept cdnﬁﬁant; These effeets hare therefore been
| examined in detail on a theoretical vasis. .
Pocuaing aallimator design has been greatly simpliriad

by the work of Beck and of Hatthews. Lhe:methods which they
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suggest are based on maximisinglphe»plane source erficiency,-
- or the point soﬁrce‘efficiency“in the‘focal‘plane.' They
,assume that the optimum focal length for a given application

is known. The nmethod of collimator design suggested here

‘18 based on consideration of the collimator figures of merlt
as well as efficiencies. The relative merits of collimators
of different focal lengths are assessed by calculating
efficiencles and figures of merit thraughout the region of
interest. The oroposed method of collimator design also

Vincludes practical considerations such as the probable size~
of the air gap between the collimator and patient, and the

1 - probable size of the patient.

2,3.'Th§'gfgaét§'or genetrgtion gﬁd scattering -

In air, in a&dition to the geonetrical efficiency, the
' factors which afrect collimator performance are penetration
of side shielding and septa and acattering from ‘the collimator
: walls. renetr&tion of slde shielding can usually be

'.reduced to a very 1ow 1eve1 by using a sufficient tuickness

\of absorbing naterial to: surround the detector.‘:

Penetrgtion | | o |
Penetration may alao occur either by transmission
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through one or more septa GrAby'transmission through thé'

tbp and bottom corners of the léad surroundinglthé holes.
lather (1957) has shown that, for a single cylindrical hole
collimator, penetration of the top and bottom corners may

be allowed for by effectivéiy shortening the cbllimator
length by two mean free. paths at the speciried energy.

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

 collimators and has shown that they 1imit septun penetration

_imqre effectively-then cylindrical collimators. Bell and
" Johnston (1968) have pointed out that the calculations of
Mather and-of Simone are oﬁly applicable when the disténce

| or the source frcm the collimator is 1arge compared with
' ,the size or the aperture. ‘”hey have evaluated the expressionq
of Sinons mora accurately using a digital eomputer. dotenberg
and Johus (1965)‘using a different approach also come to
ﬁhevconqluélén that penstration of porners‘is equivalent
to aiféductibn in dolliﬁatarllength. rThey suggest‘that this
'type of yenétration, which 6nly 1eéds'to a-smali‘widaning'*
‘ of the resolution curves, should be 1initad to less than
,‘120 per cent of ‘the geometrical efficiency. |
. HMyhill (1961) hae 1nvest1gated radiation penetrating
“;onéVOr mora_septa and,has,derivea an exprassian_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. liyers and Hallard (1964) have éuggésted that the
smallest penetration length‘shoﬁld equal seveh half-value
layers of lead, Rotenberg and Johns (1965) have calculated
the minimum path length travelled through lead by radiation
from the volume of interest and suggest that thie should

be edugl to at least four mean free paths at the specified {
' energy. | | .: o | | f
| Beck (1961, 196ua,b)'ﬁas derived two»expressions fqb
~the pénetration fraction for an extended source (equation
‘2'2). lie has'sdggested thét when designing a c01limator

the penatration fractlon should be gset to a low level so that
-errors 1n the approxiuations used in deriving the expreasions
: have an 1nsignifioant effect on collimator response, Kuhl
(1965) has 1nveatigated the perrormance of collimators
designed using Beck's estimate of penetration and has shown
 that pengtratiqn is small gt_the energy}for whioh they wero

designed.”:

'Scatterigg fgom the 60111mgt0r wgll
\ hather (1957) has calculated the effects of scattering -

from the walls of a particular cylindrical hole ccllimator B
and found that althcugh ‘Rayleigh scattering was small, ;
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Compton scatterlng had a significant effect.

tﬁ;;stgggaiea - e |
Reasonable agraement between oxperimental measuraments

 ana theorotical calculations of geomatrical africiency .

‘ been
| _(ryhill, 1961, Popovic and Hallard, 1968) havexobtained

‘for axlal sources in air under some particular experimental
3,conditions suggesting that the effects of penetration and |

‘scattering from the collimator walls are small. In the work '
t1 presented here, ‘these effecta have been investigated for a

- range of collimators and gamma ray energiea._“al”

cgtteg;gg from t;ssusv . L o
In tissue, collimator performance ia affected by
tiattenuation and scattering.- As described above, this results'
“in an 1ncreasing 1053 or sensitivity with dﬁpth and a
v"coarsening of resolution. Attenuation can be allowed for in

 ltheoret1ca1 calculations. but the amount cf scattered

"ffﬁ;praaiation which is detected 13 difficult to ealculate. As

7 the energy of the primary raﬂiation is decreased, radiation '

‘.tcan ve scattered with smaller 1osses in energy and is more

"V‘;f.difficult to eliminate by pulse-helght discrlmination

s without significantly reduoing the photopeak counts.t The |
. effeot or scattered radiation 1n reducing detection probability
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has been‘demonétrated exper&mentally by Hatthews and Kibby
(1968) in a simulated.scanging situétion. ,This is due to
the contriputioa of scattéred:rédiation to the Aon-target
count rate, o | | | |
Little quantitative work has beehvpubaished on the
magnitu&e_ahd:effects of scatiered fadiation, mainly'due to
the difficulties 1n sepafatihg this'component fébm’nn-
scattered radiation.A Ter-Pogozsian, Niklas ard Bell (1966)
have shown spectra of radiation scattered rrom a large

volume, ueing a single-hole roousing ‘gollimator., Unscattered

=  rad1ation was eliminated by using a non-radicactive cone. -

ﬁwhich filled the gecmetric field of viaw at all depths.
Beck (196&5, 1968) has usad theoretical calculations of
,’scattered’spectra to obtain valuea for the 1ncrease'in responao'
' due to scattering. He found little dirference in the scatter

‘fractions (equation 2.4) for 1arge volume sourees, using

"differant collimatora and crystal sizos. A decrease in

:, scattering with 1ncrease 1n primary energy was however

observed. vFrom his resulba, Beck haa oaIOulate& the settlnga

of the lower 1eve1 of the analysar window which give the

_highast valuas of the figure of merit. '_ ’

. In the work describea here, the effects of rediation
scattered from tlssue have been investigated both theoretioally 
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' and experimcntally.

2,5, Nultichsnnel collimators for camerss

| ~ The pefformancé of camera systoma; 1ike that éfﬁ
 _-sdanning'systeﬁs, can be assessed in terme of sensitivity,
reéolution»and'the probability of detection of localised
changes in aotivity, The‘reaclﬁtidn of a camera system 1is
~however deterhined ‘both by‘ﬁhe‘lntrihsic resoluiién of thé
_1mage converter and the resolution of the collimator.
,Brownell (1959) has defined the collimator rasolution as
the dlstance apart of two point souraea which give touching
vimage circlas on the detector but 1t 15 diffioult to apply
this definition in practice. Mallard and ﬁyers (1963)
include the inbrinsic resolution Of the detector and define

,the-overall'rasolution as the distance apart of two point'

"'1» sourcas which give touching inage circles on the ‘dicplay.

:flJVesterman and Glass (1968) also consider the overall resolution

“which they define as the rullnwidth at half maximum of the
camera rasponse to full photopeak radiation emiteed from a

line source placeﬁ with 1ts longitudinal axis along a major

o 1axis of the orystal. Although the overall resolutlon is

preferred for practlcal measurements. for simplicity_the‘ 

collimator resolution alone has been used 1n‘the paper
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- presented here,

| By assuming a camera system in which a2 muitichannel

~collimator moves' in a manner similar to that of a Pottér-

Bucky filter, Anger (1964) . has derived approximate theo-

| retical expressicns for the collimator resclution and for
the efficiancy:ror a point‘squrce. He has also shown how
the minimum path length thﬁéugh'one complete septum of a

_multichannei collimator may be.qaiculated and suggésté that
this s@ould'bé greater than three mean free paths through

‘thelcoiiimator material at the speoified énefgy;‘ Keller {1968)

~ has used the equations deri?ed by Anger as a basis for a

’.method. of multichannel conmator design 1n which the point

source efficiency is maximised. , o
' Although the validity of ‘the: equations of Anger was'
. confirmed experlnentally 1n a few instances (anger, 196u),

:since they were derived uslng a rather arbitrary assumption :

it was felt that}further_inveatigation wquld be‘of value,
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"CHAPTER 3

THEOBETICAL CALCULATIONS OF GuOEhTﬁICAL EFFIGI’?CIES
~ OF FOCUSING COLL;HALOuS

3.1 Introduction

Since it is unlikely that a collimator would be used
at energies for which penetration is. gignificant, and aince )
any scattering from the collimator walls is probably small,
s_in many cases bhe responae of a collimator to a source in
alr can be adequately described by its geomatrical effioiency.
‘A completely general expressicn for the efficiency of a
multi-hole focusing collimator has been derived in this work,
B Some of the ‘simpler parts of the wcrk ham.been described
*by other authors to whom reference is made. | |

The efficiencies of a number cf<multi~hole focusing
collimators have been caloulated by computer and used to form

some general eonclusions aboub collimator performance.

o Assumgtiogg | o |
| 1t has. been assumed that the collimator holes are -

| réircular‘in‘crass—seetion.’ Although-hexaganal holes increase

‘the crystal area which is expOSed by about 107 and therefore
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give higher efficiencies, they aré used less often then
circular holes because of difficulties in construction. The

use of hexagonal holes probably daes not significantly alter

- the variation in efficiency with positlon of the source.

Holes of other cross-secticnal shapes (Hbfer and Roszuczky,
196&) have not been considered. |

It has been assumed that the arpangameﬁt of holes in
a multi-hole collinafor is hexagonal, This arrangement

enables the largest number of heles of a given cross~section.f

" to be packed_intp a given area and it iS-the:efore_preferabla

- to circular or other arrays;

| 3.2 hfficiencies og 1nd1vidual holeg
.Point sougge erf;ciencx S

' Consiﬁer one hole of a rccusing collimator {(rig. 3 1),
w; Let the hole have radius r at the orystal face of - the 00111-

.matnr. and radius r' at the external lace and then ;_-

r

. m

R

where t 15 the collimator length and f 1is the focal length.
Let the base of the hole be a dlstanoe h from the collimator"

axis. Then the centre of the external face of the hole is
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Fige. 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 dictance h' from the collinator axis;‘where =

‘ h
(1+ ;%’)

h'! =

Také oo-orﬁinate.éxes Xy ¥y and g as_shown‘and'cénsigar a
point source of radiation at poinﬁ>P with co-ordinates (t+a),
cy Do Radiation is. incident on ﬁhe detéotor over the area
: of 1ntersection of the base of the hole with the projection
.of the external hole face on the base plane. .”he accurate,.
calculation qf the golld angle subtendedvby_the area at P
requires 1nt¢gration_over ea¢h element'ofVarealinvolving
'the'num¢r1031 evaluat1on ofvincomplete’ellipfic ;ntegrals.
Only the.apprbximate golution is dénsidered here.v_This isv
~ based on the assumption thatjthe diménsion§~Of‘the-a}ea 6f'=
o intsraectibn'are'sma;lCOmpafed with‘tﬁe‘diétanoe’of the
aréa frdm thé sburce. This assumption, wnich is generally
- true, allows the area to be considered as a whole in the
_;calculation of solid angles. o
Let the centre of the circle obtained by projecting
 ‘the external face of the hale onto the base plane have cO-
ordinates (O, h", b") and let the projected clrcle have

" padius r". It can be shown that :

_1. N



]

™ | kr
where | “k>v = (1 +»§) / (1 + %)
"h" = kh - ot/d

(3.1)

(3.2)

(3.3)

O (3.)

The distance between the centre of the projected circle |

' and ‘the centre of the base of the hole is given by

i, / ./‘.(h’n_ ThEew? kS

The area of intersection Qf the'circ1es:(A) may:then{ba,f, o

o calculated, giving
o i-.;l» T wemrm® - 2<k -1).
SRR R L 2rf¥~/*b"~ + (h'..'-h) |

:+.k?r2éosf1~ (b *(h h> ) +r 2(k2. ;)

' ZK ~/ bnz + (hw h)z

e /2;«2(1_‘435;‘?)’('pezf(n'f;.h)?)";#‘:?(kz;l) - (0" 2+(n"-h) )2}:, -

(3 5)

When the source 1ies in the Xy 1-‘»1&1’f1e (i.e., b=0



b" = &), the etﬁressicﬁ$r6dﬁceé‘to that derived by
Perinova and Husak (1967). Uhen the source lies in the

 focal plane, d = f, k =1, h“-h = a%g and b" = -QE, giving'

o 2 008-1[(3;_) JoRec? ] C dered

2r 2

J/Fhr - (t) (b2+02)

This expression has been derived by Popovla and hallard

(1968). xhey have also derived an exbressionrfor the,area,_
'when the source is situated on the collimator axis. Then

b“ = O and h“ = kh giving

o j 1‘» 2 e ;,»37'
A =jfz\cos [ . (k'; rz(k+'l'] o
. . N
+ kzr cos"1 [ h (k-l) = r?(k+1)]
g 2k ]

| -3 J/(k~1)2 [2r2h (l+k ) - r“(x+1) h“(k.l) ]

Lhe area of 1ntersection of tha ciroles baccmes imasinary

'when :

k3



(0" - m? + pr? Z r? (1 +\k)2

iaé-; when the circles liewoutside each other. and also

whén-:
" em2e 2 & P (k- 1)

l.eq, when one-cirdlé lies conpletely within the other,
ln tnlc latter case, the area over wnich radiation is .

incident is. given bv

wkzrzf ﬁhén“.kf< 1

"

A
v and‘ ' A =  ﬁr2 ; ; 'ﬁhena'k_>’l:}?

vThébéeﬁtre Of the area of intersection lies along

-~ the line Jcining the centres of the circles. '”he calculation

" of the nidupoint of Lhe area of intersection is comnlex
'ffor Lhe general case, ana it wae tnerefore assumed that the -
; centre of the area of intersection 1ay at the centre of the
'[base or the hole." The error 1n this approximation increases
 when radiation is 1ncident over only a small fraction of
1 the base area of the hole.; However, for multi-hole |
fcollimators, the contribution of these noles to the total
"r eff1cinncJ is small and henca there is only small error o

‘in tie final result
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Since the centre Cf the base of the hole iu a distance

':'JQh c)é + b2 + (t+d)2 from the source P, the point source

efficiency may be calculateu fron the expr8351on :~"

A(t+d)

€n (g) = = ' TRy
uv[(h-c)z +BE (t+d) ]3/2 '

.Thé,éxpfeséions»deriﬁea.hefe may_also be‘ﬁséd to
calculate'point'source efficie“cie 'for collimatérs of the
tfpe used with the autofluoroscope (Jender and Blﬁa, 1962
*190&). 'The holes of Lhese collimators focus in a plane .
at equally spaced points, corres oondlng to the centres'0f~
the bases of the holes.' Let a point source be vltuated '

a distance v from the ax1s of one: hole, at a distance d
from such a coll;matar.gjfhen,’since h = O, v = b2+02 éA:‘
'  % b"2 + n¥s f(égﬁaﬁioﬁg,é.B and 3;&) and‘equation
7(3.5)‘gives‘;‘l~ e , o |

.‘-%/wV%uknﬂ ”m-“‘uﬁﬁ (3.8)
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The centre of the area of 1ntersection 11es clong
the, line of centres of the 01rcles at a distance h‘ _
l[(r—r )+ v(d)]/z from the axis of thc hole. The. point

source efficiency 1s therefore given by the expression

» g) = ————— - - (3.9
T ’”*f‘gﬂ-{(t+d)2‘+ [(r- ) + v(—-)]2 Js/z o '

_Plane source’efficiencz :

W“Tne efflciency for a source placed next to the 4
:fexternal face of a hole has been- calculated by Beck (196ub),;sdff
| .e.,f' k : ‘ : : S '

e S (3.10)
PLU - ue%(1 + F )5 | Lo e

et e ' g I o ! ; R : : an mfmvt& )
“{islnce the response of a focusing collimator tox ‘plane -

’-fd,source perpendicular tc the axis is reasonably independent

Hsisof source position, eauation (3 10) represents the’1f7ff;”ﬂ”

'fflyefficlency in air at all distances from the collimator._vwk.n”ﬁil

I;3 3 Summation of efflciencies for holes in hexagonal arrax d['

lhe expre531ons derived in section 3 2 may be used



‘dircctly to calculate the point und claﬂc‘rcurce 5eo-r‘

~metrical efficiencies fcr slngle hole focuging colll1atoro.
"cIn order to calculate the total poipt oourcc efficiencies:'r
of nulti-hole collimators it is necessary to sum the -

ccntributions of 1ndividucl hcle

| Hexagonal arrays B | o |
B Considcr a hexagonal array 01 round holes.,jLet oné
}hole in tne array be designated by g‘ b, thcn the ourrounding'"
,hexagon of uiX’hOlGo nay be desi~naccc ? 1, tnc next | |
hexagon of twelve holes by g = 2, etc..f”-nen 5:~ o there
'ﬂﬂls onc nole at a: diet nce h ; O frow Lnn reference nole. |
'cror each surruunﬁing hexagcn of holc° (g—l 2 3 ....)
'Tthere are si? holes at dlstances h (2P+s) nkere r ‘is the
‘-hole radius and s is the septum thic ness, 1.e., tne ninim

i"iuistancesbntween-holes. In addition, when g is au even

”1j )1ntegcr, bhere arc six holes at di tances

/3

h = g(2r+s)

'ﬁccand twelve holes at distances h (2r+s) J/,jg“ >“1.j

ﬁtfﬁfor each value of i given by l, 2, 3-... for %ﬂlCh i (2 ‘1)'$'
-f"iuhen g is an odd integer, there’ are: if'adﬁitiO“ to the |

’:5uix holes noteu above, twelve holes at diutapcev.
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= .LE%iﬁ; v 362+32-.vf0r éach value of Jvﬁiven‘by,

1,  3; 5.ess for which j £ ’i(.,%fi-z_)-.

': Total point source efficienczg<. '
Summation of the point source efficlencies of the
| ole" of a mult1~hole focusing collimator ig relatlvely
‘simple when the qource is situated on the colllmator axis.
- Values of h for hevnoles which contribute-tO'tne respense :
 fcan be. usea to calcu’ate the effluicncies from equations i
(3.6) and (3 7). ‘Vhen the source is °ituﬂted of T the ayié
the procedure 15 cousxdcrhbly nmore comnlex. CAssuning as
" before (fi?. 3.,1) that the axis of the collinutor is the
I x-axis and that‘one hole 1105 alonv the ankis, one requlres
’vaalues of b and ¢ for that hele for aome specified DOSluiOﬂ
. of the source. Let the swurce be a ﬁerﬁendicular distance
"”m from the x—axis 1a let Lhe llne jomning the ourco to
 this axis make an. angle 9, neasured in a clocrnise dlrection,

wi%h the v~axis.; }hen,‘for‘the hole lying on the V~axis,

b = n Qini' e

an@ e = m COS.G

 The specifled holo has others cmrraspondinb tc 1t in ‘each

'"ﬁegmert of the hexagonal arraf anu the dictanceﬂ b and c

Ll‘g



for each set of six holes are given by :

b = msin (§+e)
-:éﬁ¢ 7j vé =  ¢ qosu(q% +8)
‘uhere % = C, 1, 2 .v:.... 5. Sowe hcles in the array uill
' be disvlaced from ﬁhe y~EYié, ard from lines at scme multiple '
- 0f 3 with the axis. Let ‘the angular dl Dlacerent Of tae

holeo be z, neasured in a clockwise direction.- Then the

dlstunces b and c are given by :“

b  m;sin (q%~+ @‘#‘¢)~' 

','and.  1 c m cos (q3 + 9 - 9)

‘where q.—'O '1' 2; ceee 5.\ VaWueﬂ of ﬁ nay be calcu3hted

'-5for any hole from the corresnondinw values of h. lhu

H’ va1ues of b, o and h may be used to calculate the efflciencies

,vifffof individual holeﬂ in. the array uﬂing equutions (3 5) and
,  ? (3 7) ; S L A :

 :~ “ Lota1 Qlane source efficiencx fff ‘.;v

1 Lhe total nlane source efficienoies of multinhole

colllmators 1ay be calculated by multimlying the eff1c1ency

\7 ¢_0f one. hole oy’ tnc nunber of holes in thc array. :
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' 3 L, The ca lculétibn of theinoint'Fburce'cfficiencies

of oome nulti-hole focusing collirdtors

Calculations have'been earried out in an attémpt'tdﬁ
relate the variations in resolution of different collimators‘A_

to the collinator aimensions.:

";uiComputerlprdgram | | |

| BRIt computer program was written in Algol for the |
‘Llliott ulOO couyuter to calcu‘ate the total noint source
efficiengies of;focusingvoqllimgtprsffrom the exoressionr»:
presénted iﬁ;Se§£ibns §;;'ahd'S 3. For each collivatnr |

efficienaieS"wéré com uted for a source position abt different

”'distances along and perpendicular to the collimator axis. e

*fl_The 1& er calralations ceuld be carried out fcr uhe uourca. .n'
';aWOng a diagonal cf the hexagon of holes or at some nﬁlev;‘

‘7fto the’ diagonal..gwurther details @f the program can be

' g;round in Qppendix 1.,

’f,'Feselutibn curves

‘the results af calculations on many collinatoru‘were :

S Plotte& 1n a manner Suégestad bJ Hlne (1967)'7 Th“ reononse

- alon@ a 1ine merpnndicular to thc collimator aAlS is snown s
“f}a a three-dimensional function of dlstance from Lhe

'collimator.},A typzcal set of resolution curves ootalned
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Jintﬁhié nanner are fi%er ih‘fig. 3 ?;“ In't%ﬁ foéal.niﬂné

| the cufve‘i approximgtely triangular in shape although

7the -ideé’ show & light concavitJ. BeyOﬂd the focal. nlune,:

Lhe curver are: Gaussian 1n shape ard become flatter at

j greater dis tancep, as the field of view increa*es ﬂnd *he

f'senﬂiuivity decre és. In front of the focal plane thh
vcarves are also uaussian but tend to develop a Plet top at -
small alst"nce from the collimbtor. ‘”he undulutionv at

v'very vuall distanccs from the collinator f&ce are LUG to

'vthe contributions of inulvidual holes and tnerefore depend

| on the nurber of ?oles., he effect becomes prominent at
»»dlﬂtunceo at Which radiatian frcm the source enbers only
 ‘a ;ew holes in the arrayi' ln this eyamplc Lhe peaiv occur
‘between the holes because the septa are. thin and the sum
‘of partial contrlbutionw fron two holes io preater +han '
'that from one alone.‘ bor a colliwator uitn tnicker septa,
Tthe reverse effect can occar. qe shape of the revolution
curves depends on whether they are plotted for a source
' alon& a diayoaal of Lhe hexa&on of hnles or at sono angle

 £0 a diagonal. In general the diffnrcnces are. r~ma11,

' .ducraasing as the uource collimator &1stance 1ncrea es

and becoming negllgible bevonu tﬂc focu v ﬂno have been |

ignoreduln5the’following sections,

5
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5-48 2¢m —> cm

Plge 3.2 Theoretical point scurce resolution curves
for a 37-hole collimator with redius of
fleld of view 2 cn in the foeal plane, 1L om
from the golliimator face.
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Shape factor

Dhe full-uidtn° at half ma&imum are ivdichted on

‘q.?the revolution curve shﬁwn in fig. 3e2. When, undul tionsj

'1;:vere wrevent, the I8, HH vasg defined as -the width of the curve

'T»Zat half the ayial efficiencx.f’lt 15 apparent-thut for Lhis
"collvw tor the FILI iﬁcréﬁées ra§id1y10n'§acn side of the

,focal oldne._l e } l i | &

- | Por msst apnlicationv a regsonably uniforr reasolution <’

is reqaired over a range of diutances and the Wuﬂx ahauld

’ ,also be reasonably ccnstant.‘ In an attempt to introduce

a ograneter Uhich describe° the variation of re«olutlon withri

" ‘distance, Beck (196ub) has introduced a quantity called the'f

: { Hohapa factor.:fihe ahape factor is aefine& as the area of -

'“wﬁ,the field af v1ew at the collimator face divided by the

(fig 1) .
area of the field of view 1n the focal planeA for round .

’;’*iholes in a hexagonal array it is givon bV the eKﬁPGSSiOH :

'?; where D ls the ﬁiametcr of th ‘mallestv¢fysta1fdéveredrvM

 by all tne holes and Re is the #adiu§ df‘ﬁhe field,df“view -

'“« ’1n the’ focal plane (fig. 1. 1), ‘The deseription of variations

| in resolution by variations in either the field of view or
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Hc UM 50 qoL entirelf sati deuOP], but sincc thc_shébe
'factor can bc calculutea very 31mnly, the pos sibllity bfj 
its use as an cverall measure of variation in resclution
was investiga ted. This vas done by comééring_the SHape:
Vfactorr and the vgriatlon of tbe' WHI ﬁith;diStance for
different collirators. B | |
:'Collimators with the same shape facibfé but with'diffef“
rest fncgi,lenqths, nunbers of holes and radil of field of
‘View in the:foc 21 pl ine all Ohawed a sirilar variatloq of
Fﬁﬂb‘witn distance.. Sorie differenceo were observed'mevond
the focal plane but theqe uere small comuared with thone
“between collimators of different shape factors. | |
.The}Variatiov of Py for collimators_of'dlffcrent
éhaﬁe'factdrv i shown in fio. 3. 3. The p@hf dencted by B

‘ is e ymrev"e& av a fraction Of Lhe rauius of the fielu of

‘-'view in the focal plane and plotted ag‘i-st the aistance

fron tnc collinatar face as a fraction of tne focal lenbth._"
fihis presentatlon allows the same curves to be aoplied to f
;other collinators 0f the saﬂe vhape factors.f Tne reoultq
E\fvnow that & 1ar~e shaue chtor inuicates a larbe varlation
, an the Inh witk é:vt¢ncc and even tzose colllmators hith
aapc factors close to ene shoa omu variatiop ' In‘the

focal planea(?'# l),_the FJHh is 195@ than the radlus of
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Fip. 3.3 The FWHE as a fraction of the radius of

field of view in the focal plane plotted
against distance from the collimator face
ag a fraction of the foeal distance,
Curves are shown for collimators with
different shape factors.
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the fl“ld of view due tﬁ t“c concavity cf ‘the resolution
‘curve. Collimator° ulth si all "Haoe factor shou the
smallest FUHH in front of the focal nlane; |
Figure 34 ‘shows the sane results with the fra ctional
‘aivtgnceq at uricn tne r’H“ inereases by more ‘than 25 par.
‘ cent ana 50 per cent of the r aiuf of thé field of view In
:'.Lhe focal Dlanc, plotted against tie haﬁelfactor;  This
.  gramh enaLles the 1inits between vhich a COlllﬂwtOT sao';
rea fonably uniform resolution to be dcterwlned. rgr examplé,-'
o a colllmator with a vnape ;actor of OhP has a FhﬁF ﬂot | '
"greate“ tnan 25 per. éent ef t}e rauius of the field of vicw
:in the focal plane between aigt ﬂces of 0.&6 and 1;33 of
'7;the focal” 1ength. All collimator ‘Ghow a 51g iflcant |
;increavc in the F im at dict&ﬂcem Lreater than 1.5 tinmes.
*iftﬁe,focal«lenpth. A collimator Witﬂ atshape‘faCuor of 0.5:
ghas: reaeanably uniforu reeolution up to a dl"t nce 1 u

‘”tlneﬁ tae focal 1ength.’

thml efflciencies D »

""77;1he total peint source geometrical EfLiCiepCIGS ulong
:»Lhe as eu of dif fprent colllnatorq werc Dlotteu qga1nst
distenee from the collimator race. nxamples of sucn curves
{Llll be biven in Cnanter u. ln genoral tney show an 1Pcrease‘

in ef ficiech as the distance ig 1ncreased, followed by a

56



20
d/¢

The shape factor plotted sgelinst the

Filge 344

fraction of the focal length at whiceh the

FWHN is 25% and 507 grester than the
radius of the field of view in the foeal

plane.

57



decro se 1r CfilCipnCV mhc naxlmun cfficiencr in air in

,uanj oa es occurs at vowa divtance in front of the focu

L In fiu.‘3 5 the distance at WMlch the eff*ciency in uir is

a2 raxiﬁum has been exnres"ed as a fraction of the focal

'u1stancc and nlotted aﬁainst tre uhuﬁe factor., Pointu are

"Y_e%oxn for collimator with diffnrent nunbers of ‘holes and

d11 of fielq of vieu in the focal plane. thr curvp shéws_-
;th t ‘era is- dchJ for the noint of maximumrrecoopsc-

to uove clocer to the collimutor as thc hape factorkis»

 'fGrabhsfof-aﬁiai éfficieﬁcy piétte& agaiﬁst'distance
; aiéo* sho ved tﬂat there was a tendency for collimators with

small oﬂape factors to %how a nore uniform vhrlation of

'ﬂf‘efficiency witn aistamce. ‘1e effic:oncies of collimators

1 ;with larbe hape factors tend to decreaqc Papldlj on either .

vrﬁE ?°id€ of the focal plene.;;«'{if o

"Disdus;iOAﬁ;i-

vf mhe variatlan of axial effioieﬂcy wit* aietancc is

:n”%f}ftﬂe reault of tuo cnnosinr effects. Closc to ‘the colllmator,

'fradibtion from a point source is 1ncident on tue detcctor =

"f.onls at Lhe base of the central hole.w.&s the source is

WAffwoved %way from thc collimator, radiation is al o incidcnt

48 ;' 
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_ﬂ’oint of maximum response
Focal length ®
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08 L Radii of fields of view )
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Shape factor
Fige 345 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

with different radil of the field of view

in the focal plane,
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on the detector at the base of nelghbour%ng holes. The.
-contribution of other ‘holes increa es;as the'source is

- noved towards-the focal,plaﬂe and a greater detécpér area
bocones” cy ed to ra ﬁzation. ﬁt ﬁhe vaweftin however,
:therc is a accrea“e in ef;iciency due to the ipverse uquure
law. “Hth a small. nurber of . large thGQ, thﬁt is, a small

| shawé fac»or (oquution (3.11)), the 1~*ter effect rapidlyl»

Pecbro‘ nere imﬁortnnt than the ;c mer, glvinr a maxinun

=

11 in fPOﬁt of the foeal plaue.
- ‘ncn two collirqted dﬂtectorﬂ'are used with the outputs.
| sumred, the resolution of the yvtcw can be deter ined from
| ne sum cf uhe reqolution curves at the &iot nCev ofvtﬁe
 ‘ °ource plane frcm eacL collixator. If the foci of the coili-
Jwgtors coinciae, the F PF in the focal plane is Lxu sane as

jthat 1or earh 1nd1vioua1 collinator. In otner nlun

»7;i§he:Fer'of the t@tal revolution cuvvc iv dependext on the

H‘reiative magnitudes of the individual carves as well as

"f*‘théir oﬁape : The ahdpe chtcr for one colllwator thcrefore~

F ”givea a 1ess accurate as sessment Qf,varlation in resolution

w"-V',f’or- ) aouble headed sy tem tﬁaﬁ for a ﬁihgle hnadcd.éyctem.

| mhn revults ef thi chnoter ﬂavc been obtained for
oint ﬂourceﬂ jn &ir. ”he axial efficiencies are uffected

| bv attenu tion and ucaftering fron tissue as discu sed in
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Chapter 6.‘ qttenu tlon hd; é relaL1VCIV_small effect on
: thé haoe of tne re olution cuvvov for a single collﬁ ator
'i‘out vcatterin Adésle euter effcct._.uince tho uotal .
"f[reoolutlon curvc of a. double headed SJstem is. dependent onf
- the “a nitude of. thc ird1v1duu1 re"olution curveu for each

5c0711“utor, both ttenu tzon and scmttering aflect tne
‘ re°o1ut1on Lf a uoahle ne aed sy tem. »
S Mﬁhe c ﬁLvesLibqtlon navc how' wa tho ghupe f¢cuor,
7-wu10n 15 very imple to ca 10u1du8, can be uﬂeu to ﬂﬁseh
collln%tor 1erformance. Fiwuro 3 h gives the dcpths over‘;
 i‘uhich reasovably conqtaﬂt resolution is ohtawnea dnd fig.
 3 5 1uuicateu the ai tuncc cf the p01nt of ﬁaximum responseT
:fln air. from the calllmator,,t‘kcse dctall are oftcn
  ;fsuff1c1ent to Outaln a fourh assessment of th ‘suitability’

Lfof a collxmator for sore cpecifio awpllcauion. " This is

'*f,pdrtlculquy udvannaveous in colllmator uesig as t)e calcu-

”v” 1atiov of. resolution curveq of Lhe nany possible des 1gns

‘takes a con¢iderable time even using a conputer. ;f
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CHAPTER 4

' THE_DESIGN OF MULTI-HOLE FOCUSING COLLINATORS POR SCANNING -

u.1 'ﬁetnoaior déaign-cr fogusigg collimators

For most scanning applications, a collimator 18
required which hae fine resolution, high sensitivlty and a o
high probability for the deteotion of a 1eaion, throughout
 the region of 1nterest.~ In the method of design of colli~

mators suggasted hera, calculations are carrled out on a

“number of possible designs.: The collimator which has the

' ”714»most suitable shape faotor and gives the most sultable

-variabion 1n efficiency and figure of merit with distance.

",13 then saleoted. .

The following equationa relatlng oollimator parametersw

"Vo,-»havo been derivad by Back (1964b) =,'

°"Aﬂ"fvﬁ"ﬁ\-s.;rzm-isva(n-z)" e (u.n' '

"_jwhare n 18 related to tho number of holes (N) in the o
jf*oollimator, which aro aasumed to be arranged 1n a hexagonalu

array:

e



Cow =l o
© wheren =3, 5, 7 eee 0
. 1 :. jA,¥v‘;4"“;£“”‘x¥”“:   §1 V‘-7:,,_‘; ‘_,f,
‘8 = vn’;(l +--f)_... B
“lwhere s is the septum thiokness at the external race B

| ‘of the collimator. E
'n-’Ei#miﬁ&txné3é*aéd'<%Jffibm?ééuépfdéej;&-i);;(ugaiyand,pu,u)z o
B.r [D - S (ﬂ—l)}

r - | - (445) o
; 2 [nR§+ s'(n-l)] I

v;f};Therefore, 1r 1c ls assumed that s' equala the minimum

"Vﬁfjpaaaible thickness of septum which 1t 18 possible to caat

fﬂf,or drill (s ), the hole radlus may be calculated for known‘vy_f

ivjﬁf;}valuas of D, Rf and n.“ The othar collimator parameters

":"fjfmay then be caleulated assuming a value for f.\

ﬁt energies for which penetration of even a small

”'Lf‘thickness of 1ead is insignificant, collimators designed

'r?v;thh s.fu 5m (Sm = 0 05 -l o 10 om.) would probably not show



significant ﬁenetfaticn effects. At higher enérgies o
this will not be the'oase. ‘Béok (19642) has derived the
follouing expresqion for the penetration fraction (equation
2 2) for an extended plane source : | |
| T &N R
P= o — ' , — . (4.6)
o X3£3(244q(1;ﬁﬂ2*r2' o

where )r is the linear absorpticn coefficient of the

collimator material at the specified energy and '”r ‘is ths:

- transmissionvratio. The transmission ratio 1s defined as

the fraction of the detector area noticovercdiby septa and
3jisLgivenvﬁy»theiexpregﬁion;: o L
uNr?
- p?

‘If’it'is assumed‘thét D, f;iRr'and n are constant,-difréreh-
ftiation of equation (u.é) shows that the penetration fraction

"7P is a minimum when ﬁf'u 0 653. The corresponding minimum

”f"penetration fractian may be greater or less than the set

 . maximum tolerable level P . In the former case it is im-_
possible tc design a collimator with the set of valuas of
| fD f, Kf and n which sufficiently reduces penetration. In

e



the latter case there may be two possible collimators
fulf;lling the requiremants. - The collimator with the larger

| transmission ratio may howgvar be extremely long, with _
sepfa uhich are thinner tnén~the'n1nimum poSsible.' Beck |
(196ub) has stated that equation (4.6) may only be approximate
and thererore suggests that the naximum tolerable penetration :
‘should be set to a low 1evel (Pm = 0,01) so that errors‘in |

design will be small.

' ract;cal conslderations E -
| . The aquabions given above show that at any energy 1t
lia possible to design a collimator for known values of D,
‘f, Bf; n and 8. Collimators are usually required for an
‘:existing .sganner and therefore the value of the crystal
B diameter D has been determined. The radius of the field of
| viaw in the focal plane ﬁf can be set from the required
‘resolution sinoe in the focal plane Rf F!HH.i The minimum
u?ijseptum thickness sm 15 set by manufacturing techniques. . |
| Since the maximum response 1s not necessarily obtained o
- at the racus as deseribed 1n saction 3 k, the value of the
i focal 1angth which givas the most suitablervariation 1n ;7
fnsensitivity throughout ‘the region of intereat 19 unknown. -

‘A range or possible rocal lengths is therefore considered.
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'Collimators are also designed for a. range of values of n. f‘
Collimator performance is assessed both in air and in
vvwater representing tissue., Efficiencies are - corrected

for attenuation using the total 1inear absorption coefficients, p
'allowing for an air gap. between the collimator face and the |
r‘body or phantom surface. The effects of scattered radiation
:are not included in the design procedure. They are discussed

1n Chapters 6 and 7. :

',vFiggre of merit
The relative probabilities of detection of 1esions

,using different collimators are determined by calculating

AL oollimator figures of ‘merit. The figure of merit used in

'fthis work was obtained from equation (2 5). Fer a region of ;

, inoreased aotivity, the target counting rate can be

Tr{eexpressed as

'7f¢?7"pTET*‘km Eﬁ

”iff*where p is the concentration of activity (ucl/ml) and E is

-~the sensitivity in cps/(ucl/ml ),, The non-target counting B

rate can be expressed as

-."VCNT_iffHPHTiEﬂT“'

ﬁ ’npéép'



Therefore, from equation (2.5)s

_‘{ S Togg (ep/ogp - 1) Ex

- /2Eyp + Eplpp/Pyp = 1).
ﬁndar cond1tibns'whén>the figure of merit is applied,‘
2By > By lpy/pyp - 1)

Therefore,

By
/EEN—T

= ST (el - )

| 'and rrom oquatlon (2, 3). since E = E'V where V is tho

voluma. and E and E’ are the sensmt:.vitles in cps/pCi and

: ,-CPS/(yCi/ml): B

;| Tega "'r“?rvw
R “’T"”‘“.’ﬂ—“"‘?;‘v:;;‘ ‘

| Thus the collimator tigura of merzt e “T/ /'eNT NI NT 18
.’px-oportmnal to the factor C which determines the

L similar to the factor B of Matthews (1967)(equation 2.'7) and
~-prabab111ty of datectlan, Itxcan be uscd to compare col
 ;mators for tha same application, 1sotope and scan time.‘f

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

¢/



-couhblﬁg;ratés can be»exprésséd*és_:1

e pwm (ENT

- n )
o and Cyp = pHT NT

g [ 'Equatiohv(2.5):then'gi#es.:

Thus the collimator figure of merit may also be applied g
to tha detection of 'cold' reglona.‘ A
o] uté progr ‘ Ll e , :
A program was written ln Algol ror the Elliott ulﬁ

“’7?oomputer to ealculate axial erficiencies and figures of. merit.‘

| 'V_lffor the poasible collimators suitable ror a speoiric'

fapplioation., A simplirled varsion ct the flou diagram 13

= frgiven 1n fig. h.l, and furtner details of the program can ,

- 7f, ba round 1n Appendix 2. The program may alao be used. to

- calculats the axial raaponne of oxisting collimators.;__f

The input data 13 read in and if the design procedure

' -  f*is rtquirod. the number of colllmator holes and the foeal |

length are set to the mintma of the desired ranges. rThe

.



;> | | ﬁ
> clclate print collimator
no shape factor ! dinensions

S

caleulste collimator
#imensions for »'=e

ealcnlate sxial efficleacies
for rangs of cintances mumd»

N 'ulmhn attemmated efficiencies|
=== . *  fer required eperries

calculate figures of perit for
one end tsv counters as required

caloulate first set A i .
c611imator dizenstons priat resalte | . re!

with P-P- _I: d
\ Plot graphs if reqoired
a B
&
Yo "~ €
ealenlate second set
eollisator dimennions >
with PP < & £
N n N <

Flg. 4.1 Flow disgram for the computer program
for the design of multihole focusing
collimators,
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| reﬁa;ﬁihg'collimator diﬁensioné.ate then calculated;“ |
assuming that the septum tﬁldkness at the external'collimator;'
face equals the ninimum possible thickness. if the energyl
for which the collimator is being designed may 1ead to
significant penetration effeeta, the progran ealculatas -
the minimum possible value ror the penetratlon rraction
‘assuning that T = 0,653, Provided this 1s less than the
‘maximum tolerable level, one set of dimensions for which
PmbP, are‘celculated;‘ Thts 1s partormed by aking pro;A
grasslvely smallar 1ncremanta or daoramentc in the hole radii;:
as the rnquired condition 1: approached. Tho reiterative i
procadure is repeatod ten times. if this leads to a , 
collimator with septa greater than the minimum possible, ’ .
the shape ractor is calculated and the dimensions are |
pointod out. These steps are omitted when the program ls

run for. -an existing collimator or 1f p&netration effects

'“! “: are 11koly to be small.

The shape ractor, collimator length and the penetration 1 
\rraotlnn are tested tc aee uhather they are greatar than
1 the maximum tolerable 1evala. 1n which oase the program omits'

the next stepa. The axial africieneies are . ealoulated

'Rfirror a point source ln air ab the distancas specirie& in the

data._ Thon, allowing for tho air gap, the efficienciea are



corrected for attanuation in water, according to depth.

".bThis oalculation of attenuated effioiencies may be carrled

'out ror several energies. The plane source erficiency 1s
:calculated from equation (3 10) multiplied by the number
of holes in the collimator. and chis is used to obtain an
expression fcr the attenuated erriciency of a volume ”
!source, i.e., |

B eﬂ-—-f—“-"l O we

"whefé H-is'the*phantbm1thiéknési'éhd pis théflinéér

ff;'absorption cootfioient 1n water at the epecified energy. .

"The collimator figure or merit for a point sourca is then.

ﬁ oa1ou1ated._ For a single deteotor this 18 given by :’f 

e 'a.f) i
L (4.9)
| | NT“m N’l‘
“iand for tuo oppuaing deteotara by
| i ” "( € ¥ €man iﬁb};‘  . :
. B = (M.IO)-

i# eNTO'ﬂT NT

. 'The nalculations of point sauree efficieneies and figures

,of merit may be carried out for two Opposing detectora 1f



required. Calculations are Carried out fer all required'il

- axial distances and then the results are. printed out, They

- ‘may also be plotted 1n graphical form.,'

If penetration effects are being ccnsidered, the |
'program then calculates the second possible aet of dimenelens

,with P= P ‘and- returns te the ealculations of efficleney

h g.and riguree or merlt. Following theee ealculatlons, the

»fooal length 18 increased and the procedures described ebove o
are repeated. When calculationa have ‘been carried out g
for the required values of fooal length, the number of holes

of the oollimator is 1ncreased. If the penetration rraction_

- 1s greater ‘than the maximum tolerable level, colllmators ;-”~

~with. greater numbnre of holes are not considered as they

L will have even greater penetration. When the prcgram has

r.completed ﬁesigna for the rQQuire& range of values of n.

and r, lt returne to bhe etart and can be re.run wlth a 4
new set or data. When 1t 15 used to calculate efficienciea _
‘aed tigurea of - merit rer an exlstlng collimator, it
lvreturns dlrectly to thia paint whan the calculatlons are ;~f

‘complete.
3 é'a of col l‘ﬁord“ neters or
eTﬁe“rieultajbbtained'Qlﬁh'thls.pfagraﬁ wers ueed;tb.e“"
- eseese'theveffeots of altering different collimator parameters,
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wh;iefma;hta;niﬁg the relationships_of eqnations (4o1),
(L443) and (L.5). A1l the collimators‘considéred'in this
sectlon have been designed for low energles, assuming that
penetration is 1nslgn1ficant. The minimumvpossible septum ;

thickness was 0,1 cm.,

Influence of the number_of holes

Figure 4.2 shows diagrams of three cdllimatqra designed

:fpr'a’Bé’ diameter erystal with foeal lengths_ar,9 om, and
& radius of the field of view in the fooal plane of 2 cm.
- As the number of hoies is iﬁcraased; thé'eollimator length
can be decressed and this fbsﬁlté 1n'h1gher efficiency.
| The shorter coilimatOrs hava larger shape factors however,
and;this’meéns that ﬁhere*ia a graafér rariatign,;n;résq;uﬁion~
with distance. . L A; - | oo .

| The increase in axial erficiency 1n air obtained by
'1ncreasing the nnmber of holes is ahann 1n fig. L,3 for
collimators with a focal 1ength or lh cm. The reiativa'
galn 1n maximum arrlciency becomas smaller as the nunber
of holes is 1ncreaseﬂ, suggesting a 11m1t to ‘the possible
“ gain which can-ba obtained by 1ncraaaing the number of holes.
| "Figure u.u shows the figures of merit ror the pame collimatora

assuming that the point source consists of Te«99m and 18
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7 holes shape
tactor O-7
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19 holes shape
factor 1-25
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/

61 holes shape
factor 2-0

Designs of collimators with foeal lengths
of 9 cm and radii of the fleld of view in
the foecal pleane of 2 on.

T



+ 0075

0050

Q025

L

D=3inches

RF= 2cm.

Cm. from collimator

Filge be3

The axiel efficiencies in gir of collimators
with the same focal lengbhs and radll of the
field of view in the focal plane, but with
different numbers of holes.
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Cm. from collimator
|
Fig. L4eli The axisl figures of merit for a point source

of Tc=99m placed in a tank of water 25 cm
wide at a distence 2.5 com from the faces of

the collimators of fig. La3»
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placed in a tank of water, 25 cm wiae, situated 2 5 cm‘_

, from the enﬁ of the ccllimator. In this example, bhe figures

’k of merlt for small deptha show a tendancy to decrease as the

”inumber of holea is 1ncreased although they are similar at
'greater depths. In most cases the flguroa of merit of |
| collimators wmx different numbera of holes are similar but

sometimes an 1nerease in flgure of merit can be obtained by

‘~,increasing the numher or holes. The 1mprovement is however

~7f:accompanied by an 1ncreaae 1n,shape factor resuiting ina

L wider variation in rosolution. In this example the shape

i‘fggraotor 1ncreased from 0 63 for the 7«hole collimator to 1.82

~ for the 91~hole collimator. Larger 1noreasas in shape

’3-§'>rantor are aneountered with smaller roaolutions or larger

”,f'orystal diametera"
1 enge of-'o 1 lengt ;T'

L Fxgnre h.s ahous tha axial africienoies 1n air plotted
ii,fiagainst dlatanoe rram the collimator face tor collimators -'

‘»;with ditrerant fccal lengths. The collimator length 1ncreascs

‘as tha rocal 1ength lncreaaea (equation u.h) but the other :

nparameters ara constant.t Increasing the rccal length results S

"Vf;fin a 1arge drop in erficienoy at distances less than the

tf 'foca1 Iength and only &8 ralatively small 1increase in
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Fle leb The axial efficlencies in sir of collijntors

with different foeal lengths but the sane
redil of the field of vicw in the Tocal

plane. «
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efficiancy'at greater distances; Figure 4.6 sﬁows the
axial figurea of merit for the same oollimators assuming
vthe same isotope, air gap and phantom size as before, <he
'differencas between the figures of merit are similar_to'
those bétweeh the efficiencies ér different collimators.
Only a small 1mprcvemént appears to bé'gained at large |
distandos by increasing the rocal_length and no significant
advéntage»is gained in th;s example by increasing the focal
length bayahd about 16 cﬁ.]lThesa oub#es illustrate one of
:1the problems in oollimétor‘dasign;vinéreasing the focal
. lenmgth msy result in a thres-fold loss in the probability
‘k 'of'detect1on'bf superficial Ieaiané‘wﬁile only pruducing
3150 §ep_cent increase in the probabilitf of-mid-lihe. 

' '1esions.

nfluence ot'g- ) diamete | . “ -
| Figure 4.7 shows the aiial efficisncies in air plotted
against distance from the collimator face for collimators
designed for different diameter erystals.’ The collimator
""length varies between oollimators but the other parametera
are constant. As the cryatal diameter 13 inureased there 13’
a 1arge increase in effioiency, but at the aame time there
is a large 1ncrease in shape ractor rcsulting 1n a wider

variation in resolution. In this example the ahape factor
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shape factor = I-OS

Cm from collimator
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The axial figures of merit for a point source
of Te-59m placed in a tank of water 25 cm wide
at & distance 2.5 om from the faces of the
collimators of Tige Le5e
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Fige Ua7 The axial efficliencies in air of collimators

designed for crystals of different diaueters
witn the same focal lengths, radil of field
of view in the focsl plane, and numbers of
holes.
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.1ncreased from O, 26 for the 1" crystal to 2 W51 for the
5% cryatal. Figure L.8 shows the axial figures of merit
- for the same collimatora under the same condltions as before.
‘ At small depths, the figures of merit appear higher for

the smaller than for the 1arger crystala.. Soma or the |
"differences are however due to the different shape factors.
The collimators for the smaller crystals have smaller shape
Vfaotcrs and give the maximum point source efficieney closer
;ta the collimator race. These maxima are less afrected by
attenuaticn and ara tharefora likely to. ‘be. higher than those
',for larger crystals. A better comparison bstween colli-
mators for different orystals is obtained from collimatora
”Awlth different numbers of holes, for whioh the shape factors

‘.f;are approximately the aame. Figure u 9 shons that a 7-hole

'?f500111mator for a 3" orystal with a shape factor of 0.63 te

slightly hetter than a 37—2::& collimator for a 2n crystal
with a ahape factor of 0.79. Simllarly. a 37-hole collinmator
for a 5® drystal with a ahape faotor of 2. 51 is slightly
 batter than a oollimator for 8 3“ oryatal with 91 hales and‘
),?a shape faator of 1.82.; | ST

I luence

Figure u.lO shows point souroe efficieneies 1n air

- plotted against dlstanoe from the collimator for collimators
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Fige 449 The axial figures of werit of collimators for
crystols of different dismeters with the same focal
lengths and radil of the field of view in the focal
plans, but with different nuubers ¢f holes so that
the shape factors are similar. The isotope, air
gap and phentom silze are as in fig. L.8.
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Fige 4410 The axial efficiencies in air of collimators
with the gane focel lengths and nuabsrs of holes,
but with differeant radii of the field of view

in the foesl plane.
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with different values of the_radiﬁs of the field of view
in the focal plane, The collimator length varies between
- collimators but the other_parametehs;aré constant, as
‘the radius of the field of view is increased, there is an
'increaeé in the cdll;@épor effi&ieﬁcy!énﬁ a decrease in
the shgpe factor rrom‘3;2 when Re = 1.0 cm to 0.8 when
‘:Hfba 2.57§m in this example. Values of‘thé'cdlllmatdr
'”figuras,of merii’cannbt,be uéad directly to ecmpérc'colli-‘
matOrs under-thesa 6onditions. Equation (2.5) shows that
the probabil&ty for deteatiun of a 1esion is proportional

to the square roat of the time in which ccunts aocumulate._

’J?f The time in which aounta accumulate is datermined‘by'the .

. time for which a point souroce lias within the field of view,

v._ anﬁ for the sane scan speed and line spacing 1t is pro-

: portional to the area of the field of view. The probability
for detection_or a‘lesion'ig therefore proportienal to the
radius of the field of view. &n estimate of the way in
which collimators §f diffefent résoiutiohs‘qomparé- éan'
thus be’obtained.by.multiplylng the collimator'figufés of
merit bylﬁ'.‘ This method of comparison is only Strictly"

B oorreot 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 Bpe

8b



| In this example,Atha collimator figures of merit .

are simllar and thererore the prohabilities for detectlon B

}of 1esions are approximately prOportional to the values '

of Rr | . |

? 43 Effegté'of alterations'ig practiéal conditidhs |

Com afgron oA i e .and do ble-headed detecto étems
Scanning systams which utilise deteators on each side

-of the body are now available commercially. Flgure 4,11

) »shows the oollimator figures of merit plotted against dis-'

) tance ror a. double-headed systom equipped with two collimators

,_of focal length 16 cm. The point source is’ assumea to be

Tg~99m,:situatedk1n s=tagk of water‘ZQ‘cm‘w}de,~placad:at'

‘2.5 o ffoﬁ tha'rabés.cr aaoh ooliimatéb._ Tﬁé figﬁfés of

merit for single headed syatems with collimators of 16 and

20 o focal 1angth are- also shown. Two detectors giva the

most uniform probability of detection throughout the body,

| but a single detector with the same collimator gives a '_

higher probabllity for detection closa to the body surface.‘

Increasing the focal length of the collimator ror the |

.'single detector decreaaes the probability of detection at

‘most distances, although a small increase 13 obtained. at

,  ~97_
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Figs L4.11 The axial flgures of merit for a point source of
Te-99m placed in a tank of water 20 cm wide with alr
gaps of 3 cme Curveg are shown for s double headed
systen with collimators with focal lengths 16 cm
and for a single detector with collinmators of foeal
lengthe 16 and 20 enm, '

g8




.. large distances‘from the collimator,

Infly nge of air gap and hantom_size |

| - Figure 4,12 shows the influence of alterations in air
- gap size for a'single deﬁectdr. The axial erficiencies
~for a point source of Tc-99m in a 20 cm tank are plotted

. the edge of ‘the phankom closest to -
against distance rrom)phe collimator. Aa the size of the

. alir gap is 1ncreased, the erriciencies and probabilities

for detection are increased for superficial lesions but
decreased.fbr.doeply-lying'IQSIOns. Thero,is_also'a:greater
_variation 1n.éfficiénoy through the bod&. 'Figure u.iB shows-
;the influenca of alterations in air gap slze for a ﬁouble-
headed system. In this example, 1ncreas1ng ‘the air gaps
~ from 0 to 2 cm leads to a general increagp in etfic;ency,
;iﬁcreasing_thé,air'gaps fromfzgto uﬂcm»lgaﬁs,to a d50p in
“?éfficiency ét‘thd oentre'cf thokpian£0m but én‘indreaéevin |
~arricieney ac the edges. Further increaues in air gap size -
‘ lead to graater changes of this kind. For any two - |
cullimators. the shape of bhess curves depends on the size

Cof the phanbom as well as the sizes of the air gaps.} The

'fj'air gap for thig. 20 om phantom whlch gives the highest

erficiency is approximately 3 cm., giving a collimator

separation of 26 cm, Similar seta of ourves were drawn for

o
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Fig; L.12 The axlal cofficiencies for & point source of
Tew99m In a water medium, 2C om wide, for one
collipator with different air gaps.
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7Fig, h313 The axialrefficiencies for a point éource ofr :

Tc-9%m in a water medium, 20 cm wlde, for a
double headed system with the same collimators
but with different air gaps.
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;phantoma of 10, 15 and 25 cm wi&tn and 1t was founu that -
\the higheat values or efficiency were always obtainad when -

fv the separation of the detectors was maintained at 26 cm.

Ll ‘Examglés df cbllimatof designs

The way in which a collimator 1s chosen from the many |

9‘jvpoasible designs is 111uatrated 1n the folloaing examples. .

”*iifFor the design of a collimator tor thyroid scanning uslng

{1-131 and a singla detector, it was assumed that the neck
:thickness was 13 om and that an &ir gap of 8 om was requirad B
7 to allow fcr protruaion of the chin.' The poasible range '

T_of positlons ef bhe thyroid was assumad to be from 2 to |

"; 6 cm rrom the neek surface as denotea by the shaded region

h1: 1n fig. h.lu., The cnllimators with focal lengths of 11 om

” '1eaﬁ toa wiﬁa variation or efficieney and probability for

’k'.debection thmugheut the range of poaslble thyroid posit‘.ions. i
| ”he collimators of focal length 13 cm 1ead to a more uniform‘
*vaariation in efficienay, and of these tha 37~hole collimator
gives the highest px-obabnn-,y of detsct;ion. Although this ’
’37-hole collimator has a shape fastor or 6 68, rererence
."fto fig. 3,5 shows that the resolution varies ralabively

. vlittle over the possible range of - thyroid positions. SR
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Fige L,1h Designs of posgsible collimators for thyroid
B scanning with I«131 using a single detector.
Flgures of merit and efficlencles are shown for
37s 19 and 7-hole c¢collimators in order of
decreasing height.
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'Collimatdrs‘with gréater numbers“6f holes had'ﬁigh:pene; |

tration rraotions and were therefore unsuitable. |
00111mators for other applications of a single deteotor ‘

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

organs. such as the llver, the choloe,qr‘collimatorlia

usually difficult to make.‘ A OOmpfomise'between an order

of magnitude drop 1n erfxcienoy close to the surrace and

o perhaps a'20 or 50 per cent 1ncrease 1n efficiency for deeply

lying regions must often be made. | - :

- The choica cf oollimator ror a double¢headed system ;]f !
via 1llustrated in fig. 4.15 for Hg-197 f'or brain scanning.‘”:
_  It has hean assumed that the width of the head ig i5 cm 3
‘and that air gaps of L cm are required, Ccllimabors with . 3:
'ffocal lengths of 9 cm are poor because the rigura of merit!
falls to a low value at the centre of the phantom. Colli-
’mators with rocal 1engths of 13 cm give the most uniform
: variation of figure of merit but 1n ganeral the values are
 about 20 per cent lower than thosa of fncal 1engths of

‘~f11 Chle Curves for collimators with rocal leng ths of 11 cm

| 'and different numbera cf holes ars all aimilar, and the

“«5collimator wiﬁh the optimum shape faetor ‘can therefcre ve.
chosen. e

‘Cbllimétdfs‘designéd'féf'one€soahhihg appiication are

u
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Fige Le1b Decigns of possible collimators for brain

scanning with Hg-197 using a double detector
system, Flgures of merit and efficierncies

are shown for 61, 37, 19 ani 7-hole collimators -
in order of decreasing efficlency vwhen £ = 9 cum.
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in general not the most suitable for other applications.
~even using tha same isotOpe, because of variations in body,
organ and air gap slze. Dirferent collimators are also .
‘requiredﬂfor different gamma-ray energieg. Sone suggested

'.cclliﬂators ror’a single 5" detector are given in Table u.l.

' In order to obtain small shape factors for collimators

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

"aJis necessary. These collimators are lcng and llmit neptum

'penetration well. Thererore collinators designed for 1ow :
3Tenerg1es may ofben be used ror much higher energies as
‘ 1llustrated here. In: some cases, collimators designed for

| low'ehergiés'with small shape factora are~so long that

5?ﬂ5;the1r weight makes them 1mpracticable.; Increasing the

' number of holas results 1n a shorbar length and lasa weight,_{
_but may lead to an unacceptably high shape facbcr. ﬁain-.»_
"-taining the ﬁame number cf holes, but decreasing the colli-. , 
| -mator length, and 1ncreasing the saptum thickness in order :
'ﬁgto maintain the aame radius of field of view in ‘the focal
: plane. may result in a amaller 1ncrease 1n shape factor. .

* ?;Th1s 13 equivalent to designlng the collimator for a higher'

'3 ‘”energy. ,“

Figurc (h.lé) shows tlgures ot merit and atbenuated o
B efficiencies for collimators for single and double headed ,

- %}' -



Téble,u.if“v”

ouggssted cgllimator designs for a 5‘ diametew crzgtgl for round holes in a
hexggonal arrgz ,

(dinensionu in em)

Radius
of fleld|
of view
in foecal|
plane

'Facal:
length

Ho;rof
holes

nator .
length

Colli-

Crystal.

face

‘hole
‘radius

Shape -
- factor
| septum| '
‘thick-| -
‘ness |

Suggested
Y=Tay. -
energies -

 Suggésted
Uses

‘Setting up'

conditions

1

37

|26.23

620

869

6.68

I.131 for

. thyroid .

‘collimator
face 8 em

thyrold

External

from body
surface over

a3

13.11

a6 |6

<290

‘Te-99m for

_ : as above
- thyroid - - . o

9.5

19

11?# g

+1.20

176

.73

<350

Tc-99m and

Hg-203 for

lateral -
" braln

- | head

Ixternal colli4
mator face
10,5 cm from
mid-line of

N

19

16.79

1,20

1.73

<

Au-198,I-131,

Cr-51,Hg-203,

Tc=99n and Hge
| 197 for spleen,
liver,kidneys-

:ﬁxternalcdﬂi- -
| mator face
1545 cm from

mid-line of °
body or head.

L

and AP brain




| IS ; 10 o . 20 cm dQ.Pth

Fige u,lé ?1gures of merit and axial polint source efflclencies
for the most sulteble collinmators for detection of
regiong of increased or decreased concentration in
e phantom 23 onm wide with alr gaps of Iy ern. The
solid curves are for single and double headed
detector systemg with 5" cryetnls and the dashed
curves are for systens with 3" grystzle. The
dimensions of the collimators are given in Table 4.2,
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detector system with 3" and 5" crjvtals. These'collimétora
_'were selected as the Optima from the ranges of possible
.1designs for scanning a 1arge organ such as the liver using
| In-113m. ‘The aame focal length was found most suitable |
for both single and double headed detector systems and for !
- vboth 3" and 5" crysta;g.‘ The dimensions of the collimators
are givén in Table u.z;_ The shape factor of the oollimators
for the 5" orystals are rather 1arge but it could not be -
' :reduced without a ccnziderable reduction in efficiency and |

.figure of merit. Although efficieneies for the 5" crystals

'3-;fare significantly higher than thoae ror the 3" erystals,

 "the dirferences betwean figures of merit are less pronouncad.z-v

f lUp to the oentre of the phantom, the aingle 5“ detector

f g1ves a higher probabllity of detection than the double 3°

1“”1:{crysta1 deteotor syatem although it has a wider variation

| -f fV’1n reaolution. Slngle 5 crystal systems may on the whole

' ‘ "fbe rractionally better for: detaction than single 3“ systens

© ' end similarly, double 5" systens may be better than double

: A3“ aystems. The 3” arystal syetems are however superior .
_for the deteation of superficial 1esiona. Although 5“

cryatal~syatem$‘have higher efficienqies they have the dis—,f

.’advantége;b: a w1dér‘var1at1on'inJresélutibn. Sigilar»

i  resu1t3~wefe cbtained for coliimator31designgd'fbf scanning

N
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»D;ﬁengions’og«thé mogt suitable collimators for detectigg of regions of increased
or d caged concentration of Inell3m in a 23 cm wide phantom (air em) using
3" agd 9" diameter crystals and single or double headed detector systems

P ] '!‘t . g ' L ' ' A
Dimensions are in cm., unless otherwlse stated.

| crystal  Radius of Number = Focal . Colli- Crystal face

‘ 'Shape‘ . -Pene-
mator . Hole  Septum . | factor tration
~ length | radius - thickness.|. ~ ~ ~ fraction

‘diameter field of view of .  length
‘inches  in focal - holes e
. plane CoT

3 1519w 131 [ogoh 039 [laz 0.039

s 15 3w 157 |o.w o8 |30 o.022




" the same phantom with Tc-99m.

'rh;5 fSumm§rx and digcuaéion';
. Thé-design procedure deSGribe&:heré differs'frém thé
two methods suggested by Bcck (196hb). in the first, 8y f,

1 ,;‘Rf -and D are specified and in ‘the second, Rf, T, s and K

- ara_specified. The collimator with tha nigheat plane source
 effi§iehoy'1é then found. It also differs rrom that of '

iatthews (1967) in which the ahape factor 13 specified and;f
the. collimator with the higheet polnt source efficiency at
bhe focus is found, , ,

The rosults preeentad here shou that the efficiency

| does not necessarily reflect the probability of deteotion :’
~which is prOportional to the oollimator figure or merit.
| Figures of merit have been caloulabed for point sources e
rapreaenting vary small ieaions, which are the most difficult
‘,to detect.r thn the,diameteryor;the,leaigniis oomparable'
to thé d1ametér‘of the‘field'of view of’thé.céllimatoi'the

B 'vﬁpoint source figure of marit is probably still applicable.

 ﬁssuming that the 1esion 13 spheriaal and of uniform con=

..

'"'oentration, when geen from above through a layer of tlssue

;i:jthe greatest increaae or decrease in counts ocours opposite_" 

" the centre of the lesion where 1t is of greabest thickness.
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7 Thereroré‘the highést'probability of detection is obtained
uuing a colllmator with a high rigure of merit for axial
points.'knnen the diameter of the leslon is much greater

than tne~¢1ameter of the;field pf view.g p1ane-source figure

L""ofrmerit may*be more‘applicable. The plane source figure

, Aof merit is proportional to the plahe source efficicncy
and . therefore under theae circumstancea a high effioiency
is requirad rather than a high point source Tigure of merit.
The plane source efficiency dapands on the axial point
source effioiency and the shnpe of the resolution curve
and tharefore tha plane souroe efficienaias of collimators
with similar resalution can. be eompared using the point
J Lacurce erficiency. Hawaver, the variation of axial point -
'source erriclency with aistance does not reflect the pro= o
'm;hability of detection or large lesions because as the
‘ 5efficiancy decreasas the rasolution tends to 1ncrease. ‘Thus g
L tha plane source efriciency in alr 15 appreximately 1n- - |
i dependent of depth. The. pmbabnity of detection of large
| _leaiona therefcre decreases wihh increaae in depth owing |
o attenuation in tissue.‘ " ,», | | ,
It has been assumed that the collimator with the
.‘highesh point aource effioieney rcr speaified valuas or D,
lRf, r and n is that with the amallast 3eptum thickness.
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This can be shown from the approximate expression for the

- efficlency of a polint source at the focus :

2
"N r
& . =

iy L (t+)2

- Bubstituting for r and t from equations (4.1), (4.3) and
(haly) : o ‘ |

NE?  [Deg'(n-1)]°
e = > .
T LT ,‘,(nﬂf + D)

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

- figure of mérit_at‘the focus is proportional to the point

-~ source efficiency divided by the square root of the plane

source efficienéyV(equation B.id).‘s Therefoﬁe,iv‘

B N f}[D-s'(n-i)]
B g _
s :é\,f Zﬁﬁg_ (nRy + D)

‘which is also a max}mum_ﬁhen 8 ie é4m1n1mum; Thus the
| ;aésumptlcn iaﬂ#élid.' H | 1
, The‘ihportaséé of qonéidering figﬁres of merit as well
 as efficiencies.ﬁa§ beenieﬁ§hasis¢é in these results. In

- many cases an increase in point source_efficiency is .
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.acéémpanied by an increasabin plane source efficiency
- and therefore the pfobdbility»for‘detectioh‘is not necessarily
increased, ’The éffecE on efficiency of increases in focal
length has been diséuésedvby Popovié and Fowiar:(l968);
‘waever, calculations of figures of'merit éhOW that'thére
'is a limiting focal length, beyond hhich rurther increaees
'only result in a loss in detectlon probability.-
Eesults on the effects of increase in crystal diameter

confirm the theoretical calculations of hatthews (1967)
“that onlylavamall improvement in detection is obtained'by
"éuch an'increase when the shape factof’ia kept sﬁall s0 that
K reasonably untform resolution is obtalned. The'efficianeigs ’
;*do however increasa with 1nerease in crystal diameter B
‘(Pepovic -and Fowler, 1968).
| The relative merits ef single and double headed detector
systema have been discussed by Libby (Appendix 3). Cone
paring tha same deteotnrs and collimatcrs, ‘& double-headed

.system gives a mors uniform probability for detection
 :throughaut the body. althcugh a single detector gives a
| ‘1h1ghev probability for the debection{&uparfioial lasions.
| 'This is because for the double-headed system, the detector
furthest £rom the gource contributes only a little to the

target counting rate, while doubling the non-target counting»

ol



- rate, _It_is suggested thét ﬁhéreva_déuble-heaaed system
is in use, the best resulté-woﬁld be:obtainéd by recording
gcans on paper or magnetic»tape and playing back each ‘
respdnse separately fob the_detection of superficial lesions.
The comblned respohse could tpen e ulayed back fof the _
detection of mid-line 1esions; The results of subtracting
the two responses could alao ‘be 1nveatigated.

Popovie and Fowler (1968) have discussed the effects
of alterationa in alr gap size._ These results nave further
ghown that where a double~headed system is in use, the best ”
results are ohtained when the distanca apart of the colli-
pators is kept constant.vﬂ. - - |

The results of alterations in the‘collimator paraﬁeters
and practical conditions have been obtalned with collimators
‘ deéigne&ifor'low energies; but it is raaapnable tc aasume;
that they can be applied to collimators degsi’ghéd for higher
 energies provided thé peﬁetration is small,. Caicuiatiéns
of figurea of merit have been carrie& out for specified
phantom sizes but alterations in phantom size are unlikely

to affect these conclusions. e
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CHLAPTER .5

I GOMPARISON BETWEEN TUEORETICAL AND EXPERIEENTAL
YALUES OF POINT SOUACE EFFICIEHGIES IN AIR

,ns.l fIntroductibn‘ané expéfimental ﬁathod

Experiﬁentai measurements were cariied'out in order
to determine how accurately the theoretical calculations
',discussed above describa the reSpanae cf a collinator to
- a point saurﬁe in air. Preliminary measurements or the
v'erficiencies of & 3" x 1‘ sodium 1odide crystal wers carried
out as data ;::'not available for this size of crystal.
:’Apgggatgg
: | The detecting system cansiate& cf two 3" dlameter by 1'
) ’thick sodium iodide cryﬂtals, eaeh coupled to photo ultiplier:'

-bubes, the outputs from which were fed to valve amplifieru.

The amplifiers could be connected either to single channel

|  ‘amp11r1ers and thence to a scaling unit, or to & 512-channel

‘ ana1yser, S _ |
Four aollimators suitable far lcw energy radiation .
tiere used with eaah erystal.f Lhey were dasigned.to_focus'

?'at,gﬁ from the collimator face,.wiéhyéﬁape'fac£055“bf'*

'lvOG



| approximétely bné, and ﬁifﬁ‘differeﬁt'radiicof ﬁﬁe‘fieid'.
“5f‘#iék”iﬁ%tﬁé fbcél‘piéne. The- collimators were: cast in
lesd and their finished dimensions, which differed slightly
from the designvspecifications, are given in Table 5.1.

o The firatfvaiue given for the‘chal'léhg§ﬁ>éofrespohda'
to that of the axial hole and was caloulated from the

4equation:
e R S
£ = ﬁ_ﬁ;, . . B (5.1)

. The second value corresponds to that of the surrounding

holes, calculated from the equation:"

 }£ (2r'f+ 6()‘

{2r+8) = (2r'+s!) ;

' Tne radii of thc field or view in the focal plane were

aloulatad from each focal length using tha equation.
’ - f_';é‘ ,iUf;f- '§.. . ‘
By = __.‘lf. sy

V:The dirferencas hetween the values ef focal langth and e
radius of field of view are small exeept for the él-hole
"colllmator which was partioularly difficult to construct.

uach collimator incorporated a thickness of lead
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isufrcugdingithe.holgs, the minimum‘th;ckngss;beihg 3/ut
‘at the orystal face, Lach crysﬁéiYWaé:encased in 1/2"_1ea¢
shielding in oylind?ioal'fprm which'also'haintaihad the
collimator in place, vTﬁe‘length of the cylinder which
protrudgd béyOnd fhe crxatal could bebg&jupted to f£it the
cbllimator 1ength.‘,Extra‘lead was used to shiel@ the crystal
and could be slipped onto_the outsidé-of‘the‘cylinder. This
external.shiéiding‘was\sufficient téffe&uce the effeCts_of 

_.penetratibn to a negligibié ievalfat the eneigies used.

Soubcgg o | o B
": " The point sourcas used ror the measuranente were made
:-from perspex or &lass and contained e oylindrlcal cavity
}twhich was filled with a radioactive solution. ‘The cavitv
‘"L}was approximately Oy om in length and Oy en 1n diameter.'
. ThHe radioactive isotopes used were Hg~197. P6a99m
and Hg.203 (Table 5e 2). The pcint sources were assayed for
B radio&etivity by placing them in a ring of six Geiger tubes '
} ca11bratad against an NPL ion chamber (Dale, Perry and
;,Pulfer, 1961 Dale, 196l)¢ ‘The NPL ion chambar was cali-x-’

”1~brated for Le-99m and Hg-203 using sources of known strength

obt;amea from the NPL., The calibration factor for Hg-w?

fwas obtained froem ﬂeasurements described in section 5 2e¢

‘These factors (Table 5 2) agree with those of other workers

joq



o memesz

ad with the detectors UBed, . lhe maximum of the combined"“ |
gg ggpggg gas therefore assumed tc correggond to Z; ke

 Isotope | Decay Process Principle 5:' Praction of - | Ion chamber callbration’ ppA/u01_'

.| gamma=ray +|disintegrations |  (without brass filter)
0 SRR e tacihint =it tuet)
,VienerélgsAkef B -:thyasent work | Williams and

| ng-197 | Elestron | 77 . | o9z | 130 | o

To-99m | Isomerte o | o901 S| 97 | 0 9.6

Hge203 | pTeemission 279 | 0815 | 1008 | 0.8

‘ 0“ 1

| pirtseye (1967) |




within the limits of differences between chambers at

these energies,

Heasurenents
Axial point source efficiencles were measured, by

determining the counting rate for a point source of known
activity at different distances along the collimator axis.
heasurements were also‘made with the source at different
distancés off the axis. For these feaﬁings, the ampli ier
was connected to a single channel analyser set to 1nclude
-the whole photopeak, The spectra of detecbable radiation
were measured for some source positions by connecting the
Vamplifier to the Sleuchannel analyser. ‘Approximately 100
channels of the analyser were used, Headings were taken
with the 19, 37 and 61~hole collimators using all three
'  15otopes. For the 7~h01e collimator, neaaureﬁants were
: only made with Te-99m and Hg—203. :

ihe dead-time of the detectlng aystem was meas ured and
found to be '3 usec, The counting rates were correcged»when
'f‘necessary. Baékground dounting raté correcﬁions were also

.applied.

5.2 Crzstgl efficienoies

Heasurements of the counting rate for a point source :

lH} .



of Hg=197 on the crystal.agis were used to calibrate the
VHPL 1bnlchamber for;Hg~197; This calibrgtién was based on
the assumpbion that for iétge source to crysﬁai distances
‘at this energy the crystal efficlency was 100 per cent;.
The meas ured counting rate was connected for abs orption of
radiation in the 0O, 016“ aluminium cap covering the crystal
‘and the quantity of radiocactivity (Q) in the source was

then calculated from the eguation:

- eps

Q= B (5.n)

3.7 x10% x p xqx ﬁ%
. where R is the orystal efricienoy (1 0), q is the
fraction of disintegrations resulting in Getectable radiation |

/uﬂ'is the fraction of radiation emitted which is

‘v\incident on the crystal surface,»i.a,, B

I A S 3 (5.5)
4w 2{ RV L7/ TR L ] E
where 4 is tﬁe distanoe"df‘thé source from the crystal and

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

& gap between the face of the crystal and the aluminium

R



'prbtective cap., The size ofzthe¥gapuﬁas}found from fadio- :
'graphs of each'crysﬁal'whidh-shbwed théf'it varied ffom
O, .35 cm at the centre to O 7 cm at the edge._ | |

| Values of & were calculated from equation (5 u) over if
a range of distances. be constant value at large distancea
was uved to obtain a calibration factor for the VPL ion
‘ chamber (Lable 5 2)e . | e |

| Measurements obtainedlwith“kﬁo&n amohnts'cf Tc-99m
and Hg~203 were used to caloulate the crystal efficiencieu

from the exnression.

cpa /- u01, ~

37x101‘quf;?_

Thé reéﬁlts of thése'measuréments are summariséd in'fig.
'5 1 which shows the crystal efficiency plotted against

,hu",energy for distances of 2: 5» 10 and 20 em from the crystal"

'[ifghousing' There 18 no avail&ble publishad data on efficiencias '

fora 3" x 1" orystal but the values obtained hcre lie |
fbetween those for 3" x 3“ and 2“ x 1“ crystals anu therefore .

1kseem acceptable. f?' -
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5.3 Gollimator qﬁ{}diencies
' Collimator efficiencies were calculated from experi-

mental measurements using the equation:

cps/uCi

- - . (5.7)
T_ 3.7 x 10 x Q_x q

Mm
f

‘The results of axial measu&ements for~th¢ differenp collia
mators and isotopes are giﬁen in figs. 5.2, 5.3,.5.u and
G5 VThé‘theoréticgl curves baged on the dimensiéns glven
in Table 5.1 are shown raf‘comﬁariééh.}.ln the ¢a1cu1ation
of the Eheoreticai éurveS’fOr’ﬁhe,T.and 61»hdle‘céllima£ors
allowance has‘beén made for the fact that the central hole
,focuses at a different dlstance from the cther ﬂOlGo.

In general, the experimental points tend to be higher
than the theoretical curve at anall distances, buﬁ 1ower ‘than
the theoretical curve in the region of the focus. ,At.large-
distanoes agreement between theory and experiment is better
: although experimental points are slightly highar than the
theoretical curve ror the 37 and 61 hole collimators.- At
small distances the experinental points for Hg-203 ten&

'bo be highel" than those for m-?9m~and HEgml97. These differences

are dlscussed in sections 5.4 and 5.5.
‘ Some typical examples of off.axis neasurementq of

s
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Fig. 5.2

‘cm from collimator : '

Axial point socurce efficiencies in air for
different distances from the face of the 7-hole
collimator. The solid curve represents
theoretical geometrical efficlencies.
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4‘1. ‘ R
s — 10

Fige 5.3

. cm from" collimator

4xial polnt source efficiencies in mir for
different distances frou the face of the 19.hole
collimator, The solid curve represents
theoretical gecnmetrical efficiencies.
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Filge 5404

j?" - 0 3-1'¢’ | | ‘.j- . '“5 ,_‘_” - 20
| cm from collumutor E

Axial poilnt source effiiclencies in alr for

different distances fron the face of the 37-hole
gollinator. The solid curve represents thecoretical
geometrical efficlencies. The dashed line represents
theoretical values corrected for source size and
error in positioning, :

Hng
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I‘ig. 5.5

Crt (m, ém"“fr‘om colhmatOf‘

Axial point source efficiencies in air for
different distances from the face of the 6l-hole
collimator. The solid curve represents
theoretical geometrical efficlencies,

9



‘.collinator efficiency are given in fig. 5 6 The theoretical
' resolution curves for the 37~hole collimator at: distances
-,of u, 10 and 1c cm from the. collimatov face were obtained |
by the method describec in section B.h.and are shown by
‘the olid lines. hxperimental points for Hg—197 and Hg-203 S
| are glven, one isotcpe on each side ef the collimatcr axis., “
: For dg~197, agreement between experiment and theory is good

except at very large distances from the axis. Agreement

'fcis less gcod for Hg.203 especially at 1erge distances fron
 the axis.} These discrepancies between tneory and experiment
"were less for the 19~holc collimator and greater for thc

{'6l-hole collimator.A - ‘_ . B E

| B Figure 5,7 shows epectrc for Hg~203 obtained with the'

source in air at differant distances along and perpendicular

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

' distiﬂctive differences between the spectra. ﬂo distinctiva -
"dlfferences were observed for other collimators or for .

. Hg-197. -

o 35 L aourcee of grror

| "“,LSOurce gize ggd positioning errorg -

. The experlmental pcintSafor axial efficiencies are

"in,mcst_ceees the average of three readings; for the 7-hole
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Figs. 5.6 Point source efficiencies at positions off the axis
of the 37-hole collimator for distances of 4, 10 and
16 cm from the collimator face., The theoretical
resolution curves are shown by the solid line,

Experimentael points have been normalised at the
collimator axis.
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Spectro obbained with point sources of Hg-203 in air
at distances of 5, 1U and 15 em frowm the 37-hcle
collimator, both on the axis and 2 cn off the axis,
The peak at approxiuately 6C keV is due to
incomplete absorption in the crystal.
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- collinator five readiagé“were taken; in a few cases omly .

tuo measurements were nade‘- For Hg=197 an& Hg-203, the

error in the measurements was generally less than 5 per cent :

"althcugh it was as graat as. 10 per cent for sone small source
~to collimator distances. For fc-09m, using a less accurate
’  positionin method, the error was henerally lass than 16 ger
cent. 1ncreasing to ZG per cent for sone small source~ |

 00111mator distances."Tha arrcrs tended to be greater for :‘
”me 7 ami 19-hole’ oallimatore, with smaller radii of nem 5
of view in the focal plane, for which positioning is more
’~jcr1tical. | S |

| Theae axperimental errora are however not a good

indication of positioning errors in a nlane perpendicular
'to the collimator axis, because owing to the shape of the
resolution curves, any. errer in positioning leads tc a
decreaae in the exnerinental efficiency,b The’ siae of the |
l'aource also leads to a decrease in the neasured efficiency ,
?relative to the theoretical value.« These errors increase
'fas the resalution curves beccme nore’ triangular 1n shape
'.and hence are greatest 1n the region of t%e focus. Using

'theoretical resolution curves, the theoretical values of
' the axial erficiencies for the 37~hole collimator have been

,‘currected fon the size of the source and an assumed

X



_A9031tioning error of C, l cr and the corrected values are

- showm by the dashed line in £ig. Sl ?he_correctea curve
- lies b@low the criginal curve in tne regibﬁ of the focus,
At small source-collimator dist&nces, the corrected curve
lies slightly above the. origin&l curve. This is due to |
‘undulations in the theoretical rasolution curves which were
described in section Salie - Positicning arrors and those due -
to the sourea size adequately explain the discrepaﬂcies
between taecry and experiment in tha ragicn of the fecus -
;for all collimators and isotOpes for axial efficienoy

1measuraments.

Crxstgl efficiency ]

&he Values of crystal efficienoy used in the calculation
:of collimator efficiencies from equation (5.7) were measured,
‘under canditions where the total area of the arystal was
expesed. Hhen the source is a small distance alcng the
.collinator axis, only the central portion of - the crystal is
1exposed to direct radietion, The efficlency of this region
of the crystal may be higher than the value for all the |
crystal because less raalation is likely to be 1cst from
the edbes. fnerefore experimental values calculated from

equation (5 7) usinb the efficiency for all the crystal area
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may be higher than the . true exgerimental values. The
“effect will be small for hg-197 for which the crystal

| efficiency 1s high at all dlstqnces. For Hg.ZOB, the ‘true
ehperimental values could be 15 per cent lower than tho

shown in rlg. :.5 for a source at 2 cm- from the 61-hole

collimator.
Scattefing frbm the coilimator’walls. |

The possible magnitude of the centribution af radiation
}scattered from tha collimator walla was esbimated for a
point source at 2 o from the 19-hole collimator. ﬁt thiis
"“distance, the majority of the effioiency is theoretically
due only to radiation 1ncident at the base of the axial
‘ uhole, the contribution of surrcunding halea bein&‘very small,

A Tha fraction of . emitted radiation which ig 1ncident on the

. 2 "

walls of the axial hole is given by : 5g2§k 1) .
B bar(tr@)2
At the gamma-ray energles used 1n the ereriwents, adiation

g incident on tne colllmator walls ig either absorbed by the
: photoelectrlc effect or scattered by Compton or Rayleigh
events.r For ﬂg-203, the fraetion of -the 1nciuent radlation
- . which undergoes conergnt‘and incoherent scaLtering ventB

is»&pproximateij 0425, lleglecting the fact théb sone
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' scéttered radiatibn mey be further attenuated in the 1ead
and assuming that the radiation is scattered isotrépically.
approximately a fraction %% of that scattered halfuway
down the collimator walls will be 1ncident on the orystal.
A 1arger fraction will be iucldent on the crystal for |
raaiation scattered fron tne walls nearer the erstul' and
e smaller fraction will be incident for rediation séatterad
near the collimator face. Radlation is not scattered
isotropically, but lather (1957) has suggested that'the
‘collimatorvﬁalls»are tod roagh for specular reflectioh and
that this is ﬁhereforaAa good approximatiéﬁ. With the
assumptions stated, the fraction of emitted'radiation which
is'incident,onvthe cerystal after‘scattefing événts is

gi#én by the approximate expression:

'r2 k2-1

Ce2
4 (5+d)2 A

Tl

- Parts 6f the inéide areas of the surroUﬁding 18 holes may
also contr1buté to the counting rate due to séattering, _
pernaps incbeasing the above expression by a féétor of 6.
nssuming that all scattereu radiation incident on the crystal
lies wzthln the energies set by the analyser window, the

percentage increase in efflciency due to scattering is
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therefore:

6% (k1) x 0,25 x 4E(eA)T 4 100
N UL LA

150 r? (kz-l)

il
: crmrs

For a point soﬁrbe 6f7ﬁg-203 at 2 cm on the axis of the_

19-hole collimator the 1ncrease in efficiency due to |

-scattering is- therefore approximately & per cent, For Hg-197,v
the fraction of~radiat;0n_incident on the walls which is

| atténuated byfscatteriﬁg’events is slightly_leSS-(0.21)

' pf&b&ﬁlyiéﬁc{irﬁg;tﬁo- a*émalléf inéreasié;irnrei;“fi‘c‘::iency. | 'fhe

fréétion of scattered radiation is 11kely to decreasé in

the region of the focus as the'areé of the_éollimator walls

exposed to radiation decreases. For‘the 37 and‘6l~ho1e_‘

' coilimators, the abéas of the walls of each holé over which
scatfering.events ma& dccur areismallér,=léading to less

-scatter;’thié may be cdmpensated hbwever by the greater

- numbers of holes.’ At em from these collimators, the

rtheoretical efficiencies are mucn higher than that for the

719-hole collimator and therefore the percentage 1ncrease in

"‘ efficiency 18 likely to be less.

Hultiple scattermng in the lead may also ada to the '
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scatter contribution.‘ or ﬁhoée nhéfons.#hiéh nave under=-
rone one ocattering event, 25 per cent (ror Hr-?OB) may be
further scattered and this vould increase the scatter

: contribution to. 12 per cent 1n the above example. The
'probability of being detected within the analyser window
_setting ig nowever lesq for multiply scattered photons.

The maximum angle through which radiatiou can be
scatuered from a point half way down the l9-hole collimator
"and be aubsequently incident on:thevcrystal~is-approximately
- The energy of a scattered photon (hv ) is related to
}':f;tne energy of the initial photon (w) vy the exnression.,m;:;;mu;

' Q§7 = 1 +‘¢(1-¢os¢)}

2 and ¢ is the angle of photon scattering.

where o= hv/m c
Ior Lg-197, the energy of' the acattered photons 1s therefofa
5reater tnan 99 per cent of the 1nitia1 photon energy and
for Lg-203, it is breabcr than 96 per cent ol the 1nitial
cnergy. Soume radiation ray be ucc.tter'ed Lhrou“h breaher |
. ang les and multinle SCdttCPln’ nay also ‘occury both effects
 resu1t1ng in lower gnoton energles, but it appuarp that

ocattorea raaiatlon is unllKulV to bo observed on energy

uDectra ootained with the crvstals used 1n these Leasurements.
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.Badiatiqﬁ which is absorbed‘in tﬁe'collimator‘wélls
by the photoelectric effect.giveszr;se to X-rays charac-
teristic of the collinmator matéfial;‘ The K X-ray peak for
lead is at 75 keV and lies well below the photopeaks of
‘Tc-99m and‘Hg-ZOB.- The LVX-ray peak 1s at 10,5 keV well
~ below the photOpeak'of Hg;197. “urays emitted from the

colllmator material do not therefore contribute to the

:  ph0t0peak counts.

Since. the magnitude of scattering from the collimator
.walls bﬂd of the X-ray peak is r&latively small for the colli-'
"mator used. in these experiwents, some senarate measurements
were carried out’ to aemonstrate these effects.f %nectra were
f“obtained for & point source of To-99m at 8" from one of the
crfutals, firstly with no collimator, then with a cylindrical |
'collimator u" in 1ength and then with a oylinurlcal collimator
8" 1n length. r"he&ae' 9pectrd are shown in fig. 5. 8., The | |

presence of the 75 kev A-ray peak and of ucattering is

) . evidunt. o

' enetragion of cgllimator septa

The probable magnitude of Lhe effects of nenetration

"through complete septa and through the edges of senta were
estimated in one particular case, For a point source of 2 om

o frbm'thefl9ahole collimater,_the‘minimum path~through‘cne
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Normalised spectra for point source Tc-99m

5 . . . . v P - .
8 cylindrical collimator 4 cylindrical collimator No collimator

Cls

MeV -

Fige 5.8 Spectrs cbiained with a point source of
Tew99m at 6" frox a 3" = 1% erystal with
cylindriecal lead collimators cf GY and
L* in length end with no collimator,

i3o |
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”.complete*septumfwas caloculated as 0.38 cnm, ‘The linear

‘ab orption coefficicnts for Lb-l97 and- Fw-?OB in lead are

.:'3o/cu and 5 l/cn regpectively giving oercentages '<"(ﬁﬂ

and 1u% for penetration of- radiation ‘jﬂ;f? incident in
tth dlrectioq. ’“}e maJority of radiation will pass through
-greater thicknesses of septa, but because there is a =
- relatively large amount incident on the‘septa compared with
that fe&ching'the crystal by gébmeﬁrical ﬁaths; it is
: probable that penetr&tion 1s‘aignif10dnt for HN-ZQB.”fene- |
tratlon of complcte septa is likely to ducrease in the
region or the focus for which raulation must pass Lhroubh
ruch greatar lengths of septa. The 37 and Gl-hole_cqllimatorS':
are shorter in length than~the 19-hcle cdllimatér aﬁd"
vtherefore radiation may pass more acutely through the septa. '
'Tlere is thercfore likely to be gredter nenetration for
these collimators. | | : 7 ’.

ln order to estimate the magaitude of the efrect of
penetration tﬂPOu&h the edges of septa, 1t was. asoumed that
radiation travelling turough more than one half-value layer
was totally attenuated and that travelling through less than
"one halfﬂvalue layer was unattenuated. On this ba31 Sy the |
appareﬁt inéfeases in hole raﬂii.wére éalculatea. *OP a8

point source of Hg-203 at 2 cm along the axislof“tneYLQ-hole
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collimator this led to a 12 per cent increase,in'efficienéy;
‘thefincrease being less thanlliper cént for. Hg~197.  This -
effect 15 likely to decrease in the reglion of the focus and

|  . to be greater for the 37 and 6l-hole collimators.

5.5 Discussion and conclusions

' The‘soﬁrce sige and:erférs in positioning are*suffioient
to explain the aiscrepancy becween experiment and theory in
the region of the foci of the four collimators. The theo-
"retlcal curves have been corrccted for these errors and the}
 reau1ting‘d1£ference between Qheoryrand egperiment at small
source-colli&ator‘distaﬁces have been expfgéée& aé‘afffaction
of the theoretical efficiency. " These vaiﬁésﬁafevwivén in |
Table 5 3 for the 19, 37 and 6l-hole collimators for Hg-197
and hF-ZOB for which the most reliable results were obtained.

For. Hg-lQ?, errors due to penetration and crystal effioiency

 are Drobably small and the discrenancies at small distances

.=from the collimator are probably primarily.due to scattering.i1

_frbm'thé cpllimator walls, Fbrlﬂg-ZOB, the discrepancies
‘.arefpfobably’mainly due tb penetration, wiﬁh'a furthey
 1c¢ntribution from scattefing. At distances heyondvthe foocus,

‘the higher experimental efficiéncies for Hg~203 for the 37
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Tabie'5,3

Exgerimental values of the gonbined §catter and penetration fractiong for

peint s gzggg of g-lgz and Hg.zoz at different ﬁistences from the collimatofs.‘v

Theoretical penetration fractions for an extended source are . also shown.,.'

Distance

Ccm.

19.h01e

38*197

- "37-hole

- 6l-hole

19-hole

Hg~203
_ }37.ho1e -

- 6l-hole

0,15

10,20

0,10
0405

039

0.16

j _0311'_
‘0_05 ‘

0426

0.21 - .
0.12
0.0L4

0.85

040
0425
0,08
0401

101

f0,67'

o5
0.06

1.5

0462

- 0.10

o

L

.02

12

076

2.6




‘and 6l-hoi¢’collimators are probably attribhtablé to
'penetratioh. The same effects are noétblikely éa acéount
for dlfferences between experiment and thecry in the

| resoluticn curves, It is difficult to confirnm the presence
of scattered radiation from spectra_obtalnedkwith‘tnese
-.éollimators because'the majority of the séaﬁteréd radiation»
“lles close to the photopeak. ‘Evidence that scattering from
the collimator walls can ocour has however veen shown in |
- a separate axpsrlment.- .

 Table 5.3 also shows the penetration fractions (p)

_.calculated from ‘equation (u.6) for these collinﬁfors and
roman .

risotOPGB- “This BQuation is based on penetrationx extended"””'r

source and hence does not directly correspond with these
point source measurements. chever, on the basis of the
calculated penetration fractions, all of these colllmators
would have been considered suitable for use with Hg~197

(¥ - <Z.0.2) but none of them‘would have been cqnsidered
suitabie'for use with Hg-203. These éonclusibns'have beép
'confirﬁgd”by.fhe experimentél.resuits prééenté@:hére and
}suppOrﬁ the #alidity of thevuse‘of‘equation(y.é) in the

cblllmator_design'procedure used in Chapter l.

i3y



"CHAPTER 6

THE_}HFLUENCE OF BADIATION SCATTERED FROM TISSUE

hxperimental measurements were carried cut in order
to assess the magnitude of the contribution of seattered
'radiation from a point source situated in water, repreaenting
‘a tissue medium.f The effects of‘scattered radlation trom |

an’extended”radioactive source were also 1hveéc;gazéd;

,Aggg:gﬁgs and gogrcgs . ‘
The apparatus and point sourcea ware the same a8 those*~ -

described in aection 5.1, The volume source.cpnsistad of

a perspex tank 15 x 20_3 20 cm~h1gh fillod»uith»s litres

dr raa1oaot1ve éalutzon. The concentration of activity in

'the source was determinad by counting 50 ml. aamples on the

L ring of six Gelger tubes oglibrated against the NPL\chamber ‘
for this volume (sestion 5.1). | B
tHggggggmggtg":

'" | ?oin£ source measurenents were carried out ﬁithgthe

source placed in the tank éontaining 5 1itres of water,

- The tank naé placed at 2.5 cm from the_qollimator surface'
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 with its shorteat 1ength alcng the direction of the

‘v'collimator axis. The source counting rate waa meaeured

?:-i at dirrerent distances along and perpendicular to the

"collimator axes. with the single ohannel analyser aet to
include the whole photopeak. ﬁeasurementa of spectra wera';,

made for some source positiona uaing approximately 100

| fi,channels or tha 512 channel analyser.- Counting rate and

_ispectra measurements were also made ith the tank tilled ;,
¥ ”with radioactive solution placed in tha poaition desoribedii“i;,

' r.rl»abovg, e

| Preliminary calculabions were oarried out in ordor to_
’idetermine the setting or the lower level or tha analyser
:window whioh gave the maximum figure or merit ror each SR

'.»iaotopa. The spectra obtained with thc 19-hole collimatorf ,

'1.iror a point source at a depth in water of 7 5 cm and for

‘L the tank of radioacbivity are shown in rig. 6 1. A large
'smount of scattered radiation is apparent in the spectra
| for the volume source and the aim in optimising the analyser

’vilsetging is to reduce thevcpunting rate due: ;o_scattered

ji,'zée_



Figo 6.1

‘e MFoEtéuhul; 3;f  ;¢

Spectra obtained with the 19.hole collimator using

Hg-197, Tc-99m and Hg-2C3 for a point source at 10

cm from the collimator in a tank of water and for a
tank filled with 5 litres of radiocactive sclution.
The air gap between the collimator face and the

137
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. radiation without too much reduction in the photopeak |
counbs.- ,_‘ | ,

The collimator figura or merit 1s proportional to the
counting rate ror a8 point source dlvided by tho square root
: of the oounting rate for a volume souroe. For each 1sotOpe,
athe areas undar the point aouroe and volume souroe spectra
" were found for a range of eettings of the 1ouer 1evel of
. the analyaer windou. The upper level of the analyaer uindow'
 was set to 1nclude all tho high energy side of the phctopeak. K
Factors propertional to the figure of merit uere then -
plottad against 1owar leval analyaer aetting as - 111ustrated -
in fig. 6 2 ror Hg-203., The lonor level analysor aatting
‘corrcaponding to the maximum or the onrve nas oonsiderad -
the cptimum for that 1sotope.ﬁ The spectra ror point ann
: volume aourcas showed only small variations betwaen oullimators
and thorarore it was acsumed that the optimum setting was |

independent of ‘the collimator dimansions. o

‘ 'fd vol e'so re‘.s

Poi & b : eg e , |
| Soatter rractiona rcr pcint sourceéh(ééuation (2.&))

‘were calculated in the flrst 1natance from measurements baken'

‘ with the analyser set te 1nc1ude the whole photopeak of each

1R
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Pigs 642 fThe relabtive collimator figure of nerit
nlotted epalnet the lower getting of the
analyser window for Hp.203 and the 19-.hole
collinator,.
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1sotope, The axial counting rétea in air, obtained as

"‘described 1n the previous chapter, were corrected for

attenuation 1n water using the total 11near absorption ©0=
'efficients (Siagbahn, 1965). A”he difference betaeen the
_measurement with the source in the tank and the measurement

 w1th the source in air. oorrected for attenuation, was

o expressad as a rraction of . the 1stter. These scatter |

*Vfraetions ara given 1n Table 6 1 for a pcint aource at 10 cm
“;ffrom the collimator face, that 13, at a depth in water of
‘ 7-5 Gm. . ‘

Scatter rraoticns were then oalculated for the optimum

7'sett1n$8<of the lo«ar 1evel of‘the analyser window.' Thevf“"'fy

:wexparlmental measurements for point sources in air and in
',water uera oorrectod to’ bhe valuea uhich would hava been

- obtained at the optlmum analyser settings, by multiplying

them by the ratloe of tha areas under the spectra for the ,
;optimum and whole photnpeak analyser settings. The scatter‘,
rractions were obtained as deacribed above and are shown
1n_fig. ‘.3 as a tunepiqn of distance from the,collimator
.‘faqe,(ﬁir gap 2,5'cm). The scgttarfamohg the points is
- due to the fact that these valueé are depen&ént>bn'the

difference between two relatively glmilar readings. both

of which may 1ncur an error of 5 - 10 per cent, There 1§ "

o



S It source axial water s atter :ractions<at 10 cm from the ollimator ,Aj
{, and vo;ume source penetration glus catter fggctions for uhole ghotoEeak o
anal ser setti s.5,3  v‘ S I A P

" “lLower level | . . Point source . R Volume source . |
'i;3°t999f ’3§a§g59r - ho. cf holes in- collimator No. of hcles in collimator.~k':"u5$7,.r;
oo 0 window AT R S

Teeg9m | 090 0.2 0,09 0.7 0,20 wz 107 L

Mgy | 10 006 oa1 030 0a0 | 0.67 0.99 L9




---—-—-) cm Fr-om coll;ma.tor ',

le9 197** +Te-99m’ o,Hg 203

Flg. 6.3 Experimental values of the zxial point source
scatter Ifraction plotted ggainst &istarcc 1rom the

faces of the 19, 37 and 6l<hole colllmabor The
anelysepr settings were the optimun for euc
isotope,
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no coﬁsiétent'correlation withfdistance in'theﬁregionvﬁp
to 10 cm:from the collimator bht)beyond Fhis_ﬁbgicn; th§
scatter fractionsiincréaae_with-disténcs‘vTné amount\of‘ 
scattering 1s.slightly,graabér for Hg-197 than for T¢-99m;
The'sdattering ror‘Hg¢203‘1s'cbnsiderably laﬁéf'th&n'that

- for other iaotcpcs at large distances rrom the collimator.'
._The avarage values ot tha scatter rractiona at 10 cm rrom
'the collimator uith the optimum analyeer settings are

~ ghown in Table 6.2, In general there 19_1ncreasadvpoint

sburcqﬂséattéﬁing for collimators with greater nﬁmbers'of_v-'

‘holes.
Volume sources

Theoraticél values of voiume_gquroé eff;gienéy were
ca;cu;ated for each oollimatérvand'isétope from equation |
(L4e8)o The volume source scatter fractions were then calcu-
‘lated as the difrerence between experimental and theoretical
efficiencies dividad by~the theoretical erficienoy.l They
therefore inolude the erfecta ol penatration of septa and
soattering from the collimator walls as well as those or
scattaring from water.‘ The effecta or ‘septum penetration |
are mout llkely to affect the volume source moasurements

with Hge203 for the 37 and 6l-hole collimators. The volume
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source scatter fractions are shown in Tables 6 1 and 6 2

for the whole photopeak and Opbimum analyser eettings.

 The results obtained wlth Hg«197 were unforbunately not

consistant and have thererore not been 1nc1uded. Scatter

fraotions with the volume source of To-99m are similar for
-all the collimatars. Scattar fractions with the volume

' source of Hg-203 show an 1ncrease for collimatcrs with
 greater nnmbers of holes albhOugh part of the 1ncrease nay

be due ta saptum penetration~as explained above, Septum

penetr&tion or Hg-203 18 11koly to be small for the 7-hole

collimator becauee it is relabively long and in tnia case

 the scatter freotion is lower than the values'fpr Te-99m,
Resolution curves
‘Some examples of resolutibn curves obtained with the

source in water are given in rig. 6.4 for‘thefj7.hole

,collimator, at distances by 10 and 16 cm from the colllmator', 

 face (air gap 2.5 om). The 80lid 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

suaell and therefore diaurepanciea ﬁith:experlmental measure-

- ments are largely dué'to’septum.panetrAtion. collimator

iUs



Experimental and theoreticel resolution curves
obtained with point sources of lg.l97 and Hz-203 in
a weter medium at distances L, 1C and 16 cu from the
face of the j7-hole colliumator. ©he theoretical
results are shown by the eolid lines. Experimental
points have been normalised at the collimetor axis,
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} scé£te¥1ng and séattering‘from hater. The efrects or |
‘ ffseptum penetration and collimator saattaring wera ahown )
'7;1n fige 5.6, Comparing fig. 6.l with fig. 5 6 one can 8o -
’fm-that scattering rrom waber has only a small erfeot on the
fffresolubion curves for Hg~203.  Scattering haa a 1arger | .
effect for Hg-197 and leads to a brcadenmg of‘ the resolution =
'“ curves, partiaularly at large- diatancaa from the collimator  <- |
 axis, , S SRR |
E Figura 6.5 ahous the spectra obtainad from a point .
sourca of Hg-203 placed in water at dtstancea 5n 10 and 15 cm f?
', from the ccllimator race (air gap 2.5 cm)., Spactra are shopr
with the souroe on the axig and 2 om off the axis. ‘The

: spectra 1n air were shown. 1n rig. 5 7. The preaenoe or

. scatterad raﬂiation 18 evident in all the spectra shawn in

flg. 5 5, but particularly when the sourne 1s displaced

o ’rrom the axia.

hBO

| Hagnetic tapas loaned by Dr. W H. Ellett enabled
: thacretical ealculationa of spectra to be made. Theaa tapes
| aontalned detalls of the 1nteractions or gammamrays or 8.

. given 1n1t1a1 energy emitted from 8 point in an infinite

I
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6;5

Spectra obtained with a point source of Hr-203
placed in water et distenceg 5, 10 and 15 cm from
the face of the 37-hole collimator at positions on
the axis and 2 cm off the axis,
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 tissue medium (csnwowm ’(Enett'.‘ ‘Brow'nen and Reddy, 1968)‘.
Each interactlon was characterised by three positions and
one energy,oo-ordinate. Only photoelectric‘and<Comp§on
'feventélweie.consldéred»as higher energy effedts,do not
‘.;:, ;“jchntribute tOvattenuation at'the'éﬁérgies"'

cdnsidéféd. Coherent scattering was also naglected. Detaiia B
| 'v‘of the rirst interaction of a photon of the specific lnitial

‘energy were stored; - if this was a Campten event. details

~of the naxt 1nteraction of" the aoattered photon were then
‘_stored. The gamma-ray 'history' was eontinued 1n this way
until the scattered photon was completely absorbad by a
photoelectric avent. ‘The next history wss then started. o
‘The asaumptlons used in producing theae magnetic tapes hawe
been discuased by Ellett, Brownell and ﬂeday (1968).

A computer program was written (by PoH,. Kibbw) in N
»Fortran and FAP (Fortran II Aaaembly Prcgramming Languaga).
“for an IBM 7090 which enabled the interaction co-ordinntes“-
.to be read from the magnetic tapea and then sortea. The
progran has been summarised in the flow-chart in fig. 6.6,
' It was,assumed that all photons origingta from;thgzoentrq -
_of & sphere whose radius is set by the input dsta, The
path of each 1n1tial photon wase traced until eibher it was_
fcompletaly absorbed within the ephere or it emerged rrom
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f'the surrace; The energy and direction of the emergent

photons were recorded in a matrix of angular and energy

‘: 1ntervals. Photons which had undergone only one interactlan
- were entered in a different matrix from those which had

'.'unéergone more than ‘one inberaction._ Photons which were

’ directiy emitted from the sphere ware recorded separately.l"

.. The position on the surface of the sphere at. which each

/"photon amerged was ignorad as the spectra were the game :

for ‘all points on the surface. Thus, the spherical symmetry ‘ 7

'aenabled statistically significant resulta to be obtained
v“with the~60,000 gammaeray hlstoriga arailable_on each tape,
A muéh-largér nuﬁb§rfof hiatorias*would be;required-ror a
}cubic medium, r&sulting in considerable computer running
' time and aost. The 11mitatian of & spherical medium 13
'that the reaults can only be related to- experlmental
measurements.for 1arge,source_to,collimator,diatances fbr
which the effects of the difféfence.betwgen the curved
’and a plane surface are small..,' ‘ |
The angular 1ntervals of the matrices oorreeponded to

- units of 0, 1 in ainﬂ where ) 13 the angle to the normal to

the surface. The energy intervals were set by decrements
Cof one. twentieth of the 1n1t1a1 photon anergy.

In order to relate the spentra of photons emergent from
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/a'sphere tb-the spédtéa of photéﬁs”indideﬁt*on a detector
after passage thrcugh a collimator, rurther oalculationa

were required and these are deecribod 1n section 6, 6

6.5 Theoret;oal gcgtteging from a goint source

Scattered radiation was 1nvestigatad from scurcaa acﬂ

, the centre of spharas cf 10, 15 and 20 om radiua. using )
magnetio tapes eentaining data on the 1ntaractions of photons
of 1nitial energies 80 and 1&0 kaV. lf

- The 1 leinpﬂlshlna croas-aection ror the nnmber of _
7photons seatterad wlth energtea batwean hv v and {hv! +d(hv'))

(Daviaaon and EVans, 1952) is proportional to the expression.

by 4 %"' 2 - (g3 - ;})Mh-) (T,%,r 2]

This funotion has been pléttod in fig. 6.7 for init;ial
- photon energies or 80 and 1&0 keV The apectra or photons

‘ emittsd rrom the surfacea of spheres containing & point

~ source at the centre difrer from tha Kloinanshina distri-
- bution partly bacause or the 1noluaion or photons which hawe
undergone more bhgn one inberactlon, that is, multiply
scattered phatons; In addition. photons which have been

scattered through large angles have a higher probabillty of"
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total absorption because of their 1ower anergles and l» ‘
'-because their path lengths in the sphere have been 1ncreased.

»  Th1s 1atter effect tends to bias the disbriput;on towards

vf.high energied. :‘ B | '

| Figure 6, 8 shows the results of calculations of theo-

"7rretical speotra for a point source . of 80 keV raﬁiation at

. the centre of a 10 om tissue sphere. ~The histcgrams,are

'f‘for scabbarﬁd photons within four ranges of angles to

‘fthe normal to the surraoe. The solid lines show the total
: _numbers of acatterad photcns and the shaded regions show
the contrlbution of photona which hare un&ergone only one
, inberaction.; Feﬂer scattereﬁ photons amerge at 1arge angles
| to the normal and the proportlon of singly soatterea
radiabion decreasee.
E In order to apply the thaorotlcal results to collimator
‘theory, one should consider the number of photons emitted
‘ withtn a8 specifled angle to the normal rather than the
numbar emitted withln apaciriad angular 1ntervals. Figures
6.9 and 6.10 ahow the spectra of scatterod‘radiation emitted
fuithin the statod angles to the normal, for point sources
of 80 keV and lhﬁ keV radiation at the centre of a 10 om
: radius aphere, The masority of radlation aeattered‘within ' =
small énglaa to the normal'hés'undergonc‘oﬁly_one'lnteraotion.'

iS5k



L]
1]

20000 o
c by

' ﬁf,‘bbo.

Fige 048  Theoreilcal spectrs of seattered radiation at the
surface of a 10 on sphere of tissuc containing e
point gource of &0 16\1‘ radiation et the centre.
Spectra are shown for radiation enitted within the
t‘ollawmg, gngles to the norasl tcz the surface o
(a) %a')- 1Z » 5, (b) 1?.5" - 36.,9%, (c) 36,9° - 6441
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Figs 0.9  Theorstical spectra of scattered photons cumitted
o fron: a 10 cn redius sphere when a point source
of 8U keV radiation ie situated at the ceutre,
Tue spectre sre for gll photons enitted within
the following angles to the normal (&) 5.7%
{b) 11,59, (¢} 17.59, (&) 309, (e) hh.L° and
(£) 909,
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Fig. 6,10 Theoreticsl spectra of seuttored photons
enitted from a 10 op radius sphere of tissue
when a point source of 140 keV radiabion is
sltunbed at the centre. ingles ss for
fig. 5.9u
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probably because it is unlikely for a photon to undergo
two or more 1nteractions with only a small change ln
" direction. ~W1th1n greater angles to the normal, the-spectr& -

. 1nclude a large prOportion of 1ower energy photons which i"

‘4fvhave been multiply scattered.

Figure 6 11 showa spectra of scattered radiation from

. a point scurca or 1uo keV radiatlon at the centre of a 20 cm

“sphere. There- is significantly more multiply scattered 4
‘radiation than from a source in a.10 o sphere (fig. 6. 10)
'aspecislly when radiation at large angles to tha normal

‘18 inoludod. This multiple scattering glvas rise to a
v3seatter peak at approximately 60 kaV. | , |

Figure 6.12 shows spectra frow pcint sourcee of 80 keV
, radiaticn at the eentre of 10, 15 and 20 on spheres.' The
,;angular 1ntervals 00,- 11.5° and 0° 90 arc shown. As

-,demonstratcd for 1uo keV raﬂiation, an 1ncrease 1n the

:'1-sphere size leade to a marked 1ncreaae 1n the amount of

'-  ”multiply scatterud radlation.i In this case, a multiple

» ‘scatter peak cccurs at about 50 keV, As these histograms
}.were obtained using the same initial number of photons, they i
show that the total amount of scattered radiation decreases |
Nas the Sphera size is increased owing to the greater

;probabllity of absorption, The number of photona which
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emerge from- the sphere without undergoing an interaction
.also decreases and the scatter fractions (number of scattared
photons divided by the number ‘which underga no 1nteraction)

show an increaae with depth.

646 Igtéggggﬁagibg o:Athéorat;ga;‘gggu;fg,; [?

The speatrum of output pulaes from a collimated o
‘aclntillation deteotor differs rrom the spectrum of radiaticn
. emitted at all angles rrom the surface of the aubJect in :
two nain ways. rirstly, the collimator allons radiation

: emitted within only small angles to the normal to the surtaco
" to be 1ncidanb on the detactor"and accon&ly, the 'collimaxed'_
spectrum 18 smoothad by the rinite energy resolution or the
detector. Beck' (1968) has suggested a method for allowing _

| tor the latter affect. A correction was not however attemyted
since the. error introduced,by negleoting it was 11kely to

be small compared with the error introduccd by allouing

ror the- orfeat of the collimator.

Po kqurce's tter f‘ tions. N L o
The.sﬁectrum and.amount_of’écattered rad1at1qn 1ncideqt

on a collimated dstector is the sum of'dontributions from

all parts of the surface of the subject within the field -
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of v1ew'of_tha collimatof.' Thesé-ébntributidﬁs’are
aifferent from each point on the.surradé and hence thé
;' accurate ealculation of apectra and acatcer fractions is
‘extremely complex, | , | ":
. 1In this work, scatter fractions have been ealculated
',using a simplified technique in which it has been assumed
‘that there is some 11m1t1n§ angle to the narmal to the
.surrace 1nside'which all scattared radiation has equal |
rprobability of deteotion and outside which no radiation
is detactable. This 11mit1ng angle has been found by
considering the resolution curve at the distance of the
| éubfacé from'thé eollimator;j'mhe height of tha'curve'ét;'
any point represents the probability of detacticn and there-
:rore the maan height of the curve in revolutian givea the
maan-probability. Assumingrthat the resolutipn cgrye
appreximafes to a Gaussien distribut;b;, the mean.pfobability
aquals half the axial probabllity, i.e;, -QTVZ whera‘ ‘ET'is
the axial erfielency.j The mean probabillty of detectlon can
also be expressad as the fraction of the solid angle sub-
tended by the mean deteotor area exposad at a point on : :'
-=‘-—1’-‘3--' X 2= (6,1)

€q :
— (a+t)2 b

'the surface, 1.e..

b



Where X 15 the radius of the area and als the distanca

from- the collimator to the surface of the subject.v The

"11miting angle to the normal at which radiation is 1ncident S

»vis given by
tan 8= @y

_ iherefore, from equation (6 1). tanﬁ a./z‘ET’ Using |
'1~theoretical values for | T (equations 3.6 and 3.7) one

"obtains ror the collimators used in tha exparimental work.

' 7-7-hc1e‘

i e =2a°
19-hole  §iéfh§l° -
37~hole ,k:5f9 # 5;30'

'61~hole R ,9’?_5'h°

_ "he scatter fractions for radiation emitted from a polnt

on the surrace within these angles to the normal reprasent o

"tha mean scatter fractions for radlation emitted from the ,;,”-;4

whole surrace. ,
The smallest angle to the normal for which theoretical
- results were obtalned was 5.7° ' The scattar fractions for

,radiation withln this angle are given in fig.- .13 as a .

 function of the lower analyser setting, for poiht_eources-
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o 130 ’ 150

Theoretical scatter fractions as a function

of lower level anelyser getting for point
sources of 140 keV at the eentre of 106, 15

and 20 em radius spheres of tissue, Redistion
scattered within 5,79 of the normal is
included,
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of 1401 kev radiation at the centre of‘ spheres of 10, 15
 and 20 cm radius.. The change iu alope at 90,6 keV oorres-
,~ponds to the minimum energy of a scabtered photon after
 ;one intewaction (fig.. .7)., Sinca ‘the dependenoe of the

‘scatter fraetion on the angle to the normal was not

investigated fnr e < 5. 7 'y theoretical point source scatter‘_l'

fractions for the oollimators used in the experiments were
'obtained by multiplying tha aoatter fractions at Se 7 by
_the ratio 9/5 7. "he reaults of these calculations fcr |
"1h0 keV radiation are given 1n Table 6 3 with a oomparison
with experimental figures ror Tc~99m at 12, 5 cm from the
‘collimabor face, that 13, at 10 cm depth corresponﬂing to )

the results for the 10 en sphere. Valueafare given forfthe.A
jwhole photOpeak and Optlmum analyser settings. The agreement '
vbetween theoretical and experimental results is good |
. considering the errors, approximations and assumptions
1nvolved. The theoretical figures conflrm the experimental
»’:observatlon that the scatter fraction ror a point source }
.1ncreases beyond 10 em 1n depth. They also substantiate

the experimental evidence that point source scatter fraotions_'

"T"are smallest tor the 7.hole collimatcr and increase in

: ,magnitude for the oollimators with 1arger numbers of holes.A;

) *lLIn order to compare experimental results for Hg—197 (71 keV)
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" Table

643

. Theoretical and experimental point source scatter fractions for 140 keV radiation

'windOW»setting o

Lower level analyser -

199 keV

120 keV .

Distance from (air gap -
‘collimator = 2.5 cm)

face -

: - cm -

RETES

cm

22.5
Ten

125

cm

17.5 -

om

22.5

cm -

| No, of holes in - ..
collimator - - L

“"Thebfyf 

’ Exp.}h

. Theory -

n
vg,v:37ngg  

| o3
| 0.6
0.27
032

Ofls

0,09

|o.2n
0.2

0.y
310;281‘
0.37.
0,38

10,20 N
6.3
0.50
052

0;06 -
0409
16 (013
0.13

;0316
0.19

0,05
0.10

0,08
016
0,21
0.22

012
023
0,30
030

2




»'&_with the theoretical results for 80 keV radiation, 1t hasli
'been assumed that there 15 no dlfference 1n scattering atl )
‘these two energiea, and that the whole photOpeak and
‘ optimum analyser settinga for 80 kaH radiatlon correSpond':
‘to tha same fraetlon of tha photopeak energy as those forlj;la
'Hg-197. i. e., uo and 57 kav Thaae results are given 1n | |
~Table 6,4 and show slmilar agreement to those for w0 kevtfjl’ -
'lvjraaiaticn. e AL g

‘&f Plane and volume gource acatter fraotiong o .
o Lack or symmebry makes it diffioult to obtaln theoretical

'results cn scattering from a volume source diatribution '

7H3*3uwith1n the limits of computer cost and runnlng tlme. .An‘{

'”attempt was therefore made to calculate approximate volume J
“l3scatter fractions from the results on point sources which o
. have already been desorlbed., Thls was done by first con- ; ftﬁi
'sidering nlane source scatter fractiona. ,,‘ '_ . —

i Conelder a plane source of radioactivity at a depth d
(tijln a tissue medlum and lat c'photona be emitted per om2 PGP
| minute rrom the plane (flg. 6. lh). In order to calculate

‘the number of unscattered photons passing through an element_i-ff

41of area SA at the surface, consider the radiation emitted

. rrom the ring of width dx at & perpendicular distance x

“r'h Hrrom the nornal to the surface through &A., The- number of

"jt7lE 
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Theoretical goint wource gcatter fractions Ior 60
, _ Values for Hg.lgz

F'Tableﬂé;h

keV £ad;gti§h:aﬁafexgerimentggi',’f "

Lower level adalyseb.

‘window setting

4O keV -

| f. 57vkev;, B

Distance from (air gap

collimator

‘2;5\cm)

12.5
em

17.5
- em

22.5

cm

:-v12.5_j
cm

17.5
en

'22'5f

cmﬂ,J

' Numberfof holes in

collimator

Exp.(lowebv
ranalyser

setting

36 keV) =

' Theory

Exp.{lower
‘analyser
-setting

"_ 51 keV)

Theory

i ¥19::v
o 37 |
.”‘61‘;.

B 11}9326 B
. O.‘zg | s

0433

,  0,13 f
-fo}zS',,
033
0.34

0.21
0.1
0.53

0.54 |

YQ;30‘~

10,60

0,78

0.80

0.10
0.17
0.21

O.11

S 0.22

o

0,17
' Othf
0.29

0.30 | 0ub5

.z
o8
0.62
0,64




Figs Gl To illustrate the caglculation of plane
. source scatter fractions.
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: photons emitted from the ring 3 Zﬂxdx.x 6 ' Lherefore

the number of unscattered photona passing through 8A

SA cos & L .szﬁx?

x 2yxdx.x O'x e N
uw(d2+x2) S L

Lwhere tan ¢ 45 and u is the 11near absorption coefficient h
of the medium; “hese photons will pass through the ‘area

at the angle ﬁ to the normal to tne surface.j Using the
'coneept cf the limiting anble 6, deveIOped in ‘the earlier o
"'part Qf thc oaat;on. tne total number of unscanzerea

L photons passing through SA within the limiting angle

o dtanﬁ

_sacosd x chdxx o'x e"‘f §f 5
zmca2+x2> = R

When“x ':>f'dtané;»aithoﬁgh né‘unscéttéredlphotons can
“pass through 8A within the limiting angle, scattered photons

'”.may still anter tha collimator. Let S(ﬂ) be the scatter

v’fraction per unit solid angle for: radiation emitted normal

to the surface, that is, at an angle ¢ to the airection of

170
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- unscuttered radiat*on (fig. 6 1L).“”hen,:when the. anéie |
6 is swall, the number of photong emitte& from Lhe elemental ‘

ring. which pass through SA uithin the limiting angle aftor
‘be:mg scattered oo S '

= S(#) x _8h cosff % 20XAX X o-x' a"*?*“ ﬁz 7 tanze
o um(dex?) o T

‘The total numbar of scattered photons emitted from the plane -

‘*wnich yaes within‘the anbla 9 ta the normal is therefore.

. BAcr dur tan@e
I
(b 3)
o Using expressiens (6 2) anu (6 3) cne cbtains for the
scattar fraction s for a plane saurce ‘8t d@pth d. | j
- vtanﬁ O o S(ﬁ)@ (d2+x_ )3/2 :

In order to simplify this expression for integration,
several assumptions and approxinations nugt be made, Since

6 1s small for the collimators used, the denominator may be

7l



:"simplified‘giviﬁgffqr» x I<§:i'd,7

dtan® i S 'Fﬂ”‘ ' dtane

2 x? apd x
el JSOEE x . »pad X
e - dXx
e
wer  tan'e

“ The function S(ﬁ) can be approximately evaluated from

  3the previcus results if it is assumed that the scatter

"-fraetiona for a source at depth Q/d2+x2 are th& same as
,those for o source at depth d.' The results of integration

by hand using 1ncremental steps showed that the majorlty

L of the scatterea radiation arose from regions of tae plane

 ror whioh éi a and forp which the above assumption

-ywas Valid.. fhe contribution to scattered radiation decreased

'3  to 1 per oent at approximately x = 0.8d, 1t was found

‘that the function S(€) could be represented by two straight |
3 1ines over the region x =0 to X = d on a plot of 1og o
o [u(ﬁ)] against tanﬂ, ie., |
R e S '-kltanﬁ
S(ﬁ)l 501 .
T o - kztanﬁ
"‘and v S5 (¢)2 = Soze- ce

2



 gwhere SO and k are constants."”he 1ntegration Of the »» .

'i7numerator of equation (6 u) was therafore carried out An

‘QO two parts using mean values of :xtx and.zg) over the two |

‘;:{texpressions e’uf 

\%: ﬁ;t0 vary leas rapidly with x:than S(ﬁ)- iherefore,

f;jranges of 1ntegratian. These mean values were used in the fﬁf;ﬁ

and (d?+xz)3/a‘ which were found

X f-ﬁa mo ]

This axpreasion was evaluated for plane sources of

‘(6;5)lffx- 

fQ{BO kev and 1&0 keV radiation at depths of lO, 15 and 20 cm;jfﬁf_}

‘ uhe results are saoun for 60 keV radiation in fig. b 15



Plg. 6.15

Plane source scatier fractions for &0 keV
radiation plotted sgainst distance from the
collinator face agsuuing an air gap of 2.5 ca.
Curves are shown for lower level sebtings of
the analyser of (&) LO keV and (b} 57 keV,
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::here the scatter fraotion 13 plotted againut distance

of the plane from the collimatcr face, for base line N
aettings of hﬁ and 57 kev. The soatter fractions sﬂow a

'rapid 1ncrease with depth. Since equatinn (6 5) 18 in-
-denendent of 8 whan 8 13 small, the aame scatter fractions

jg_apply to all collimatcrs used in the axperiments.,>2:f 

In order to obtain volume source scatter fractions it

1-;is vecassary to assume some relatioﬁship between the scatter

'i_fraoticn and depth of the plane. The simplest aolution 1s

 to aasume that the scatter fraction 13 linearly related to

4‘_the depth of the source.» ‘Then S = md where o is a eonstant.
~-Since the counting rate from a plane at depth d ds nro-~t

: ?L is the plane source.
‘efficiency, the volume scatter fraction 15 givan by the

portional to € -ud where

(1 '“H)

expression: - ]ﬂ R L
= /H B -ud d(d)
o e e 5dla)
- = T , ——
: o 3 L epd
' S fvt.epl_"' e ) d(d)
*vf’ m [ l-, ] ; : o (6‘6)}

| }where His the volume,thickness,

;12‘75:h7



This exgresaion was used to obtain the valume ucatter
7; ractiona shown in Tables 6 5 an& 6.0. Tne experimental

values for Tc-99m {Tables 6 l ana 6 2) are hlgher thdr the
'theoretical values but this difference could be accouvted -

: for in several ways._ ¢ne theoretical va¢ues were obtalned

’g_uslng everal assumptions and approxim&tions whioh could

 incur ccnsiderable error.5 Tn particular, the assuuption i

",U:tnat the ucatter fractlon for a plane source is llwearly

1fiﬁdependent un aepth is in doubt. o theoreticdl values were

‘“*Lobtained for aaurces cluser than 10 cm to the collimator

'_J and 1t is this reg;on whieh probahly contributes tqe majorityﬁ.ra

'57ffof the voluma source counting rate at these ener&ies for

,:Ar_,whic.h absorption s considerable.,_ In addition, the theoreti-
';77cal results were obtained by assaming an irfinite source  'f1:'“?
‘whereas tha expsrimental souree was boundad laterally. }-“
- ”his probably has a relatively small effect however as the o

. majority of the scattered radiatian is eontributed from 5 ""_

B jpoints near the axia of the collimator. The higner experi- S |
: 'mental values 1nclude ‘the contribution of penetration and

‘scatterinb from the collimator walls.

‘ 6.7 Sumn g_g;
: Point sogrces -

Experimental and theoretic&l resulta show that the
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- Tneovetieal plane and ‘voluse source scatter frastions

 5;f;fLower 1evel
*{hj‘analyser
| window -

Plane scurce scatter fractions

at. given.depths

... | setting

10 cm 15 cm_}‘

20 cm

x{Volume source_-*

| soatter . < |-
©-fraction for |-

1;115 ‘em wide
_'source

520

2,99

100

0.6y

*”,i 157ﬁ};




for UQ kel ratiatlen

| Lower level
| analyser =
vindow
setting

Plane source scatter fractiona
at given aepths

| 10em

,15 cm

20cm

Volume source

| seatter

fractions for |

15 cm wide
source

”1;$;i1§;kév7; ¥  f; 0;50f)" : .é,75"   ’1;12= ’
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:"améuﬁfféf scattered rad:ation.aetected from & point source
.of raaiation 1n a tiesue meaium tends to be greater fcr , '

collinators with coarser rasolution and shorter 1ength.

= Lyperimental results 1ndicate no definite trend ‘in the

fvariation cf scatter fractions with sourcea up to 10 cm -
‘ depth. AL ~re&ter depths, both theoret&cal and eynerinental
?reﬁults indicate an increaae 1n point source scatter fractions.
'the scattered radiatiun from 8. point source is probably
  pr1mari1y from nhotons which have undergone cnly one inter—
‘ .aotion with only a small change in direction and loss cf
 energy.~ Point suurce scatter fractions show a decrease v

L ‘with inorease in gamma-ray energy.u

 Volume aouéées ’ ‘  - “
' Eyparimental volume source scatter and penetr&tlon
' fracti0ns are similar for all the collimators using Te-99m -
and increase for collimators with 1arger numbers of holes
ing~Hg-203. The bheoretical worh 1naicates that the volume
, scattér fractions shoul& be inaependent of the collzmator,
: urovided its fiel& of view is- nat too great. The exueri-
mentally observed variation for Hg—203 is probably due to
tne lar&er penetration and contributions for the ccllimatore‘

with uore_holes. ‘Theoreclcal,volume oource gcatter_fractions '



’are louer than exneri ental vdlueg but the discreaancy

1ig probably due. to the approxiratiéns involved in the _
former calculations.f‘mhecretically, volume aource vcatter

3 fractiona for e keV are ﬂigniricuntly greater tﬂan those . -
: for 140 keV. radiation ahich exgerimentally are sligntly _
','higher than tbose for 279 hev radiation._ @ron tuo Lheoretical

T‘results, it iv difficult to aeteruine the wrabaale vpectrum

”7'ufrom & volume ‘source cf radiation. Howevar, since the plane__

f fseurce seatter fractians include a significaat cont ribution~-  /

'7f from radiation scattered at tane =0 5, 1t 13 reasonable‘

’fto assure that velune source scatber fractiens include a

ﬂ[_similar contribution.‘ LhiS would: indlcate (figs. 6.9 and

L 6 .10) - that nultiply'scattered raaiation contr¢butev:

'.;significantly to the responsc. o

6.8 vDie¢u591on'V'

‘  Beck (1968) has calculated optimum base line settinga
and volume source scatter fractions using a halfntheoretical"
,“nd halfnexperimental approach. He has entimated Lhe
_.contrlbutions of ocattered radiation by subtracting a
smoothed Klein-lighina distribution frou an experimental

volumc s0uroe spectrum. - The curves are matnned at the base
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.'*ﬁ,offt1e nhotopeuk, where it ig aseumed thut the contrlbutionif'

‘*ffof multiply scattered r&uiation, whick ha“ not been o

’ﬂf f ;ncluded, is negligible. he reaults obtained here suf"eat_ ,

?gfthat even 1n this reglon, multiplj scattered radiatlan has

‘Lguéoae effect -angd . uill introduce some error into nis 1ethod.   7

A~Based on Lne an&lysis describad, ech obtains optimum base-‘wn_‘jf

line settinus of 126 eV and 25k eV’ f‘or Tc-99m and IIg..ZO 5.’[‘

3Zugins a 5” % 5" crfstal. &hese values are hiwier than

’f}[those obtained for the 3" i 1" crystal ased'in»the pres#ntf:5'

_”ffexperiments (Table 6 2). Recently, GXperimental meauurements
ona 5" x 3" crystal at the Churchill Hospital, 0xfcrd

 v gave a’ value of 115 kev for the optimum base«line setting

 ,4[ for Tc-99m, again lower than Beck's figure.v Theue diffa- -

‘n'renoea are probably due to the different energy reSOIutions |

of the detectors.z Since the exverimental deterrination

'"- ‘of optimum analyser settings can be carried Out in a.

" 3rel“tive1y short time, it is suggested that this simple

.lmethod should be ewployed for ull cry tals and isotcpes in

| ,fuse in a depurtmcnt.:'-

i In the same paper, Beck gives scauter frdctionc for af"
‘V~”716 cn volume ource for aifferent 1cwer settinga of the  '

~‘ ana1yser (A&) av follows i



| Pe-99m : AS = 106 keV, S =.Q;68§”‘ﬁ5'% 126 keV, 5 = 0,38

i

| ,Hs‘-zé:a 1 ss

o

.225’keV.-S-%_0;n5; 'ﬁ$;# zsu kev, s'nﬂc;zq

It ia difficult to ccmpare valuas for the optimum analyaer :
}settings (sacond rasults) because of the different energy
\hreaolution of the detector used by Beak. For the uhole
photOpeak settings, the value ror Tcu99m is similar to the

' value obtained eheoretieally in thts work (0, 5h)..;”he |
~f expar1nental values (mable 6 1; are howevar higher.' The‘"

fvalue for Hg-203 quoted by Beck is similar to the eyperi-

'mental value cbtained here for the 7-hole collimator (Table“ o

‘56 1). The 1grﬂer experimental values for the other %
.'collimators are probably dua to penetration.v The values
‘obtalned 1n this work are bherefore in reasonable agreenent.

'»‘with those af Beck. The theoretical result derived here,
_“that collimators of>airferent aesigns have similar volume

"*Qsource scatter fraotions. ‘has been observed experimentallj

'-by Beck (1968).



CHAPTER 7

 FINAL SUMMARY AND CONCLUSIONS

- 7.1 The theoretical eValuaticn of focusing collimgtors
~ for §g§nn1ng ' : el |

Several 1mportant resalts have been obbained from the
theoretical calculations en the arfects of altering the
, parameters of focusing collimators. Firstly, although the
;_ co111mator efficiency is higher for a lar&er crystal, tne '
;'collimator figure of merit unay be only slightly higher if
the sama variation xn resolution is maintained., aecondly.A”'

thers 13 a 1im1t to bhe 1ncrease in efriuiancy which can -

. be gained by increasing the number of holes of a collimator-'

" while decreasing the collimatcr length to maintain tne sane
radius of the rield of view and resalution in the rocal |

- plane.  Increaaing the nunber Gf holes hae no significant
'effect on the figure of merit and 1eads to a wiaer variation
in resolution. Thirdly, although increasing the focal
length results in a small 1ncrease in paint source efficiency
'at greater deptha, ‘the figure of merit for deeply-lying
regions 15 not significantly increased when the focal length

18 increaaed beyond some limit.
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The theoretical calculatlons have also shcwn that
-several aspects of collimator performarce can be evaluated -
rrom the shape factcr._ Collim&tors uith high shape factors
~have a wide varlation in resolution with dietance and are ;
'therefore only suitable for thin organs auch as the thyroid. |
Collimators with smaller shape factors have more unifcrm"

'resolution and are suitable fcr both thick and thin organs.

‘f_Collimatora with small shape ractors also have a more uniform ol

,ﬂ variation 1n axial efficiency with distance and therefore

approach the ideal or uniform resolution and response over :
7 & large region more. cloaely than callimators with high o
- shape factors. - The. shape factor 13 1arge for collimators ‘
” with & radius or fleld or view in the focal plane which 18
1small relative to the cnystal diameter.‘ Shape factors are
‘_'élsbqlarg§ for.ahortfﬁdiliﬁatcrs wlihvazlarge number of
B holes. | _ T
RN It has been shown that the probability of detectlon |
:vof regions or increased cr decreasad concentration which
are qupargble or amaller in diameter than the field of view
}of,the;édllimator, ia‘prOpcrtionai to‘ﬁhe'chllimétor'figure
of merit fbravépeéified‘dose and scan time. Tﬁérefore” -
' these results suggest‘that,-for_the detection of small

regions, there may be no advantage in using very 1arge‘v
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crystals and 1ar e . nunbers of hales and that bhere may be

-some disaﬁvantage owlng to the wider variation in resolution.ﬁf

‘fThe higher efficiencies gaine& by using a large crystal or L

a collimator With more holea nay in fact be misleadinu.

f:"The higher counting rates may seem to justify a reduction

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

‘sAvdeteetion below that for a smaller crystal, or for a colli-

\mator with fawer hales using a higher doee but obtaining

”  the same counting rate.,°»j"'f‘ e G T
; For regions or 1ncreased or decreased concentration |
'ffwhlch are 1arger than the collimator field cf view, 1t has

l“been shown that the probability of detection,18;proportionalsfy§7

"‘to the plane source efficiency multlpllad byia factor which

7allows for attenuation 1n tissue.'f”herefore

4 n'these cases;fb,;
”7r 1arger orystals and collimators with greater numbers of ‘

g holes may give 1mpraved detection.,w"

-'These considerations are 1mportant wnen determining
}fthe relative marits or slngle and double headed detector
:tsystema with 3“ and 5" crystals, The figures of merit for |
" 5 single detector are higher than those of a deuble detector; 'F>

- syatem, using the sama slze crystals, up to almost tha oentre

' of the body and then they ara considerably 1ower.3,mherefore, i;}

"for the detection of small regions. as already suggested
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. the best nrocedure is undoubtedly to racord the 1nd1vidua1
responsee of the detectors of a double heade& systen and to :
.play back the detector responses both 1ndiv1dua11y and |
summed.i A double detector system wzth 54 crystals may ‘be

‘:slightly superior to mne with 3“ crystals as the figures.of |

‘merit: are higher near the centre of the bady, they are howéver

' :lower towards the front and back surfaees of the body. '1f'
;::recording 15 nct pessibla, a double'headed system withls“
' :'crystal5 is probably the system of cholce provided the low

g detection probabilities for superficial 1esions can be
 ‘_to1arated§_.F0r the.same total scgn time, twc viewa with a

i faingie 5“ dstedtdb resuli‘in similar detecticn’probabilitxes'

fto one view with a double 3" detecbor system. 3 single 3%
detector systam gives a high prohability ror the detection
of :superficial regions but a 1low probability for oentral
 ;reg1ona. | |
¥For large regions of increased or decreased ccncentration,
 double headed syatems alﬁays hava higher,efficienﬁiea and
theferore'givé higher pbobabilities'cffdetectibn than single
detector systems using the same size crystal. Largér‘ .
crystals give higher prcbabilitiea of deteetion than smaller’
crystala and thererore a double 5" crystal detector systam

“18 the nost suitable under these oonditions. Similar‘detection
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: nrobabilities can be. cbtalned in the same total scan tine

3 from either two Views with a single 5" detector or from one
R view with a double headed 3” detector system.l,ﬁ single 3
; detector system givee relatively poor nrobabilities for
‘the detecticn 0f large regions. | ,‘ |

Therefore, when the debection of regions or 1ncreased

or decreased concentration is the primary objeat 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 ﬂive lower
fdetecticn probabilitles in the sane total scan time.v»

: Although varihtion in resolution is of secondary importance -
- to detection under these circumstances, ‘the wider variation

'/ODtdiﬁGd with collimabors for crysbals greater than 5" in

'_gdiametar 1is probably undesirable. When the concentrations

1n the subject being scanned are auch that the probability

- of detection is very high, 1t may be 1moortant to have a’
 uniform vari&tion in efficiency and resmlution with depth.

Under these circumstanees 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

suitablé dbllimators.”
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o g,?izf?Thé“aésigg of”f§cus;§g:géllihétaég“fpf°sggnﬁiﬁgf 3ﬁ;r7”' s
Previous metho&s cr focusing collimator design have

'ﬁbeen based on finding a aollimator with a suitable shape ffj;ffifi

'”"\5factor which gives tha hibhest plane source efficiency or

‘} ; point suurca efficiency in air at tha focus, assuning that

_jgthe optimum focal 1ength is known.; It has been shown here

"ivsthat it is impcrtant to consider bath collimatcr figuree of

ﬁfjfmerit and efficienciea when determining the collimator which ff v7

‘7':because the mcat auitable collimator from tne poasible range;;“

gives the hi&hest probabilities of detection..fThe me??od ofg"ffff
‘ LT metheds o ST
fdesign presented 15 an 1mprovement over previousAdesignd

f1 is chceen by considering the variatlon in figuro of merit

. and efficiency with depth under practical conditicnso Thﬁ

“thickness of aepta required to limit penetration has been  §

i obtained using an . equation derived by Beck (196Qa), the - S
vValidity of which has bean establisned 1n the experimental ’;‘~:1

| work.' f?f',, R ESRat o | -
L ﬁésults obtainad with bhis design procedure show that

lllong collimaters are orten required even at very low energies |
  ;in order to limit the variatlon in resolution. These colli-v:T}ff
mators 11m1t septum penetr&tion well and may often be the -

' ,most suitabla designa for much higher energies.::_ ”



‘-7 3 The pffects of gcattered radiation on fccusing v

collimator rerformance

The e perlmental results for the. efriciencies of point
sources in-alr hawe shown that scatterad radiation from the
collimator walls may significantly increase the countlng
rate at small aeurce‘to collimater diatanees. Differences
betwean experiment and theory at small scurca to collimator
fdistances have also bean obeerved by Myhill (1961) and by
. POpovic and Mallard (1968) at 0 32 Mev and 0, 36 HeV, These

E differences were &ttributed to penetration of the corners

~of septa. but the approximate caloulations presented here

 suggest that bhey are more likely to be due to soattering
H'Vfrom the collimator walls. Althouﬂh the way 1n which tha _'
anount of scattered raﬂiation dapends on the eollimator |
parameters and ganma.ray energy is complex, achttered radiation
1n ganeral coarsens the resolutionol } |
' ucattered radiation from tiasué has a twoufold effect
on collimator.performance,\firstly, coaraening the resolution
and,secondly,_dqcreaaing,the probgbility of_detection.' The
way in which scaéteredTradiatiqn,affects'the pf0bab1l1ty ‘
: of'detection¢a5”§e analyéédfkith‘réferenée to equation (2.5),

_ For a regibn 0f increased.conceﬂtr&tien,4the1target and none
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" target counting rates are giveﬁ by bhé’expfgssions,:

1 % p E,f(hs )+ "m“‘*m _ lJ Pt

. %Tf? "w w‘l*s '1')

wThe tar5et counting rate 1ncludes the direet and scatter )
. contributions from the target, the direct non.target contri-

Afl;bution from all regions within the geometrical field of
_ ;view excapt that occupied by the target, and tha nonntarget
7'seatter contributlon from all regions assuming that it 15

‘%f 7not arrectod by the presence or the target. Equation (2 5)
| then glves | | '

Tp ) [
L Z';; o }“"ET pﬂi‘ ‘
7 oz

S /ZENT (1+SLT) E s T (1*5@ =X 1

'(1+§,i;)j,_"~ 1 ]

Co Py 1 |
Since [ p . (1+ST)-1 ] <§ 2B (1+SNT) under»

_condibiona when the figure of merit is applied, the denominator

may.be gimplified to‘give ﬁ/szHT(l+SNT). o Therefore,'




o (7.1)

":For a cold lesion, the target and nen-target counting

“"rates are given by the expressions : ;’“'

' CT5”?%‘pNT (ENT‘" Iy ) * pNTENTSNT

:";'fgﬂTf - NT NT (l * s T’-f
| Equation (2.5) then gives :

Assuming  ETf << 2E, e (1+SNT)

x 1

v ZENT AR

 7 %5_=, JFE' JG%EE )
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Equations (7.1) and (7.2) show that for regions of both
increased and decreased cancentration. scattered radiation
from the non-target region,deoreases the probability of |
deteotion.. Lhe facbors by which theoretical figuresof nerit
- ghould. be'multiplied to. allow for nonutarget ecattering
 can be obtained from the experimental and theoretical
results obtaine& 1n this Work. For Hg-203, the non-target
‘scatter fractions for the whole photopeak and Optimum
‘f‘analyeer settings are approxim&tely 0. 67 and O.hO, taking
the experimental values for the 7-hole collimator which are |
‘less likely to include a contribution from penstration, |
~ For Tc~99m, bne non«target scatter rractions are 1 20 and
u{O 60 taking the average experimental values. For Hg-197.
' since no reliable experimentalcyaluee were obtained, one

- can assumevvgluesiéf 2.20 andll.uﬁ, obtaincd-by multiplyihg

. the. thedreticﬁl'vaiuesfrar'GO keV. rédiation by'tﬁe‘ratio

,:af the experimantal and thaoretical values for Tc-99m, thus’
_ allowing for the 1ower theoretical reaults. ih883 figuP8S
result in the following multiplication factors fo? the
 theoretical figures of merit: |
200 feton  feedel
Whole photopeak  ©.77 B 068 0.56

| Optimum'aetting : 0,84 0.79 G.65
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The corrected figures of merit are dlrectly applicable_“
to the detection of regions of decreased concentration.
'-For regions of increased concentration, they must be multi-l
plied by a further factor to allow for scattered radiation f:if
| from the region itself.; when the target to non-target
concentration ratic is 2 the corrected figures of merit are~t
'increased by a fector (l + ZST) Usin& the experimental §
7resu1ts obtained here for point sources (Tables 6 1 and 6. 2)

at a depth of 7 5 cm, one obtains the following multiplicetion

’s,')factors for the theoretical figures of - merit.."°

S il -_Hg-2037ua_Lch¢22m Hgal97
'Whole’photopeak";fv : ‘«,‘C}BA,g S 0,78 ,,7? 0,67
70pt1mum_sett1ng R o.89lr - ;0;85‘.» 0.72

'These are. average values for the collimators used.
| The factors are greater for shorter oollimators with coarser
| resolution and for greater depths of the source.’ They»are

also greater for emaller concentration ratios, but under |

"3 theee circumstances the probability of detection is very

‘ ‘low since £ <Z‘ 3 (equation (7 1)). Fcr 1arger concene
tration ratics tne multiplication factors are smaller,

reaching avlimit between the two,sets of correction.factors;,
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Scatter>fraations”increase'witm incréase iﬁ SGurééfs£ZG, B
~and therefore the correction factors are larger for ldrhcr

".sources. The same values are probably approximately correct

. for double headed detector systems..;~ e C

| Tne incraased scattering for laﬁge depths of the source

:1a uarticularly advantageﬁus for detection or regions of

increased ccncentration using a single detector system, for

which it is difflcult to design a colllmatcr with a high L
: probability fer the detection of deeply-lylng lesious.
_‘uince However greater scatbering from the target also lehds
_to a greater. lcss in resolution it 13 doubtful whether |
~ high target scattering 13 a favourable property of & |

i:  collimator. ‘uince the cattering from the non—tarﬁet volume

s inaependent of the collimator and since the. target

‘  'scattering is probably similar for oollimators of the same

".{_resolution, scattering does not 1nva11date the comparisons”'

11 'between collimators involved 1n the suggested design :
| procedure.» R &

These doncluéioﬁé demonsfrate that'sééttered’fadiation ’
from the non-target reginn leads to a decreasing probability
of detection as the gammauray energy 19 decreased.- A
__relative 1mprovement 18 gained however by uslng the optimum

rather than_the whole‘phctopeak analyser sett;ngs. The
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optimum settihgs are‘iheoretidallyfdépendeﬁt on the amount‘
of scattered radiation detected from the taraet but, since
‘most of - this scattered radiation liea within the pnotopeah,
the effect is 1ikely to be amall.

v 7.& he design of multlchanqel collimators for cameras

f The designs of multichannel collimators giving the
highest point source efficiency under specified ccndltions,

and the methods by which they were cbtained, have been

 published in detail in the paperf’The'éesign of multichannel

" collimators for radioisotope cameras (Fibby. 1969). Although :
the work described in this yaper forma a significant part o
‘of Lhe theaia, duplieation was thought unnecessary and the
reader;is rererred to the»raprint bound at the end of the
_thesis. The work is summarised below. 7' -

It was necessary to develop two methods of collimabor |
-design based on sligntly different definitions of resolutlon.
Por a collimator with & very large number cf small cyline
drical channels, even when,a point source is & relatively
 ~sma1l distance from the collimatcr. it;is‘directly imaged
in Sevefal channels. Thérarore the resclution can ﬁedéfined

as the full width at half maximum of the curve obtained when
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:the pbint sourcé efficiéﬁciés of cdﬁSeéuﬁive'éhahnéls.ére
nlotted againbt distance across the crystal. Thisfdefinitiod
| of resolution was empIOyed in the first method of design of .
~lead collimators for energies below O 3 heV. At nigher
,}bammaoray energies. it is neceabary to increase tme septum
| thickness and the collimator length in order to limit
'penetrdtion of septa. This neans that, even for quite large :
'distances from the collimatcr, the source 1s mainly 1ma ed
in just’ one channel and henee the thh is difficult to '
interpret. Under these conditions it was assumed that two
point sourées are resolved 1f the total efficicncias of
f consecut1ve channels show a minimum when plotted against
distance &GPOSQ the crystal This derinit;on of resolutibn. *"
- was‘emnloyed in,the second method of:qo11;mé§dr d@sign for
‘energies between Q 3 and © 045 MeV L | : ’: )

The resalution and the minimum path 1ength thrcugh one.
‘complete septum, which determines the amount af penetration,
‘}depend on the collimator 1ength, the septum thickness and
}tbe channel radius. Tnerefore, ifr. the collimator 1ength is
,sﬁecified,vthé septum-thickness and channel radius which
 g1ve the required resolution and minimum path length can be ]
' calculated. In both methods of collimator design, total

' point source effieiencies were calculated for a range of
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collimatéra of dlffarenﬁ‘lengﬁhs;"mhe desigu &ivinu the
.highest point uauree &fficiency was thus found.‘,

513&@ the geint gource efflcienoy 15 anpruximatel
_ipdepenuent of pozitien 1n any plane parallel to t%e orystal,
face, and of dist&noa from ‘the colli&atmr, tha couvztinta rate
from a volume saurca ib airectly Pelated te the ccuntiqg
- rate from a peint saurce : ine p?ubability of dgtectien of
a re&ion of iucreased‘ar deé?eased éoﬁcéntf&tieﬁ,'ﬁﬁiﬁh is
5‘nrap0rtiena1 tu t*e turaet ccunting rate dlvided by the
‘ squ re rcet Qf the nop-tarb&t cauntin& rata, is uherefore =

relatea to the point saurce afficieﬁcy. Tue ccllimator with

i the habhest puint saurce efficienay can therefcre be assumed

' ,to givc the hivhest yrmhahilities af ﬁebection under the
TSpecifiad conditloas.:. ‘ ‘

:' “The optimum calliwator designe obtained Jbiﬁﬁ the first
and secanﬁ uethcﬁa af uasign are . reprnducad in fig, 7.1 and
fi5. ?.a._ fhe optimum oollimator len*th was found to be
indeﬁendent of" the requireﬁ resolutinn. he channel radll
’  (r) and septum thicknesses (B) are given fsr a resulution

_of 1l cm at 10 cm from the collimator but, Q1nce tneg sre

""-_directly proportional to rasolutian, they cen be calculated

: for cther reselutiona. The total point uOuPCG efficiency

( énd is also givan for a resolutiun of 1 cm at 10 en from
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‘ ﬁhe‘ccllimaﬁor face bUt‘siﬁceyit'ié ﬁbogctticnal‘tcthe
square cf the resclution, it can also be calculated fcr otner
: ,resolutiona.: Although these results are based on a minimum
f'lcatn length through one complebe aeptum of five mean free  v
 paths at the specificd gamma-ray cnergy, they can bc used ‘to B

vobtain the Optimum collinator designs for different values

- of the minimum patn length, and also for collimator naterials

j;cother than 1ead The opbimum collimators all show a 1arge
: 1ncrease in raaolution with 1ncrease in distance rrcm the
"collimatcr and in this type cf design the resolution can
‘conly ‘be mede mora uniform by using a collimator wlth a
’;csubstantially lower erficiency. ; | | |
R Calculations of point scurce efficiency have shown tnat
” cbhe approximate expression cf Anger (196&) has an accuracy . 
5% provided that tne source 1g. 1maged 1n more than one .
'channel. They have' also shown that the formula for resolution
‘_*derived by Anger can overestimate the Fth by up tc l5ﬂ |
under the same conditions. heller (196&) has derived a 3
method of multichannel collimator aesign based on Anger 8
: equaticns and below O 3 hev his methcd wives similar colli-
mators to those described here within the limits of accuracy
uescribed above. when the minimum math 1ength tnrough one

complete septum is set to’ rive mean free paths, more detalled
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consideréfidné df ?eéblutiqn,are re§uired above Q;j'ﬁév

’as explained above. 'The method‘ofyﬁelier'is thérefb#é no -

longer applicable. } _ a _ |
The effeot of the air gap aetween the crystal and the. |

collimator has been 1gnored in this mork.‘ The air gap has

a signiflcant,effect Lnly for very shart collimétors for

very low energies and 1eads to a slight broadeninb of the

- Pepolutiun end a sli&ht decrease 1n efficiency.

745 Sug gastiong for further wogg_ﬁ“

7 in this thesis, it nas been &ssumed that the point
} 'source figure of merit is proportional to the prebability
of.detection of regions of increased or decreased uptake |
'whion are comparable or smaller in diameter than the diameter
of bhe field of view of the collimator (section Le 5). This
was based on the fact that, when a spherical region or uniform
.coneentration is vieued through a layer of tissue, the |
.greatest increase or decrease in countlng rate occurs Opposite
the centre of the region where it is of greatest thickness,
» It has also been assumed that the plane souvce efficiency

is proportional to the probability cf detection of regions

which are much laréer than the field of view cf the collimatpr.‘
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IL woula be interesting to confirm these assumptions by
scanning a phantom containing different size lesions using
two collimators, both havin0 similar resolution and point
source figures of merit, but - one having a considerably
higher plane source efficiency. ‘

; 1t would also be: interesting to examine how the
resolution of a dcuble headed d@tectsr system is related
to the resolutinn of the individual collimators and - to deter-_‘
'mine the ﬂependence of the resalution of a dcuble headed
.]system on- attenuation 1n tissue. | , | | -

A nore ceuplete analysis of tissue scattering for
fccu%ing collimators is required Over a wider range of
- energies, and further investi&ation of the Optimum analyser
”ubttings and their dependence on the energy reaolution of
‘the deteoter would be of value.A It would also be interesting
'vto examlne the effects of scattere& radiation on the response

of camera systems.‘
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. ARPENDIX 1

- COMPUTER PROGRAM TO CALCULATE POINT SOURCE EFFICIENCIES IN AIR™

This program calculates the total geometrical
fefficiency for a point source situated in air at any
'liuip081tion in front of a focusing collimator., The position
3]{%jof the source relative to each hole of the collimator 15 ;

- found from the equations givan in section 3 3 and the B
1[ geometrical efficiency for each hole is calculated using
- :equation 3 9. The effiCiencies for the individual holes L
.?iere then summed.- R S i o
S The dimensions of the oollimabor are specified in the;:.i
”5f1npat data and also the positions of the source for which |
‘;e“calculations are required.E;The source positions are:l__
____ specified by three coordinates, the distence of the source*bk'“
“i from the oollimator 1n the direction of the collimator ‘
;-ﬂgﬁaXis, the distance of the source from the collimator axis,
”j.and the angular displaoement of the source from a diagonalﬁ-u‘

Y%;of the hexagon of holes.l,The distanoe of the source l

“raffrom the collimator axis is increased in’ stePS Of DELEAD .



until it ié”gféatér br eqaéi to~SEéﬁAb abé theﬁfthé.
 fdiutance is increased by tuice DL LﬁaD. In nost cases
 ,it is not necesuary to run the nrogram for different
}angular displacements of the source. Thus AhGFIN can
“ fbe set to zero and DELA&G can oe set greater than AEG:AX.»’

he autput from tne progran con31st of the title

'f as 1npat under ‘instring . the dimensions of the collimator¢ ;,V

: 1fand a matrix of total point source efficiencies 1n air ;1jﬂuy

s for each angular disulacenent. -”he rows Of the matrix

1ﬂ1correspond to increasing distances of the source from

"; tne collimator and the columns correspond to increaeing

"Tdistances of the source from the collimator axis. f1;7“
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Input of data

" NUMBER

ingtring
HEAD
SEPT .
LENGTH
- FOCAL
- BIGN
- DIan
FRAD
ANGHIN
~-  DELANG
o ANGHMAX
- . RADWIN ST
© 'DELRAD . "~
CRADMAX. o o
SETRAD -
. DISHMIN -
CDELDIS -0 o 0
DISEAX,_ j*~r

hgggg' S s
”gtitle an& other details required
~usually, O

ﬂfinstring_f;; .
TooANGHIN T | e
‘&j~ANGﬂ£X';:?;”ﬂ'unnecessary to be greater than w/é radians S
~T L BADMIN ¢ usually O ;

~Q§HADHAX,.;pggﬁjapproximately equal to radius of the Jgj;

R R hlfield of view at DI hﬁk SR
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Ver* ables

: A
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- DELANG
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!'DISEIP fllhlnimun distance from. callimator for which

lel

DMAX ,1;g

 FOCAL
'3_,FRADA-"

. HRAD
. HDIST -

lnDIST*‘

: - Locatlon for caleulations
ABRBA

Location for calculations

- Anple to a diagonal of hexagonal array
- Haxlmum angle to diagonal for which calculations‘

- required

FHinimum angleﬂﬁé diagonal for wuich calculations

_ required

. Locatlon for calculations

Nunber of holes in collimatbr (N)

Z'Counter for DIST
Increment in angle to diagonal

Increment in distance from collimator

_Increment in aistance from collimator akis
‘ . Crystal diameter (D) ° :
DISHAX

hax1mum distance from collimator for w icn f,x.l
-calculations required - :

calculations reguired

" . Distance from collimator
yhaximum value of counter D

’fﬁfVCounter for AD SRRt SIS
- Efficiency of, individual hole
~',Laximum value of counter

sffffLocation reservation for title
- Focal length (f) -
>Afﬁadius or field of view 1n focal plane (Rf)

‘ ho1e radius (r) at cryctal face L ' ST
Distance of centre of base of hole from S

ecollimator axis

”ﬁidcation for calculatlons
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¥

'*NULBERQY
hc .
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 RADWAX
ROOT

* RING

“RAD

SEPT

SETRAD -

SHAPE
¥ 5EG
 SUREFF

Counter
Counter

Location for calculations

~Location for calculations

Location for calculations

Cbllimator'leggth

 Counter for string

Kaximum number of rings of noles in cclllmator f{
haximum number of segments 1n hexagcn & ‘

y"fgSnall n where d'* (3n2 -+ l)/u
Number of sets of data to be run
Counter for NUmBn? U

“:Angular displacement of hole from diagonal
e of hexagon (ﬁ).- : , \ _

[ff,céﬁﬁteb'fof“Ams L
= *»’xaximum valuq ‘Qf Q oy

‘ dinimum distance frcm cOllimator axis
‘Maximum distance from collimstor axis

Location for calculations
Humber of collimator ring -
Distance from collimator axis

Location fer calculations.

Location ror[cglculatidns

f-Septum thickness (s) | o
. Distance at wnich DmLRAD is doubled :

Shape factor
Counter for segnent of hexagon
Total polint source efficiency

,iagu,



’_Vf: ;]53,5EOSitioﬁﬁgb;ondihatq ¢£\¢§nréef,f ; ;ff
X - Location for calculations = = .

Y . Location for calculations . -

S

 ?6$1tibgjco.ofdinafé;qfféburce




APDENDIX 2

COMPUTER PROGRAN FOR FOCUSING COLLINATCR DESIGN

Details of thio progran are‘givcn ‘in section Lol and
":a £low chart 1« given in fig. B | o

' The output from the program cont&inc thc Litle au -
-input undcr '1n~tring' followed by the collimator dimensions,
'”‘tne shape factor and, thc penetration fraction. ir thcse T
vquantities are. all within the specified linits a natrix |
18 output otnerwise the words Dlrcgsxows TOO LARGE are

_pfintod. The rows of the matrix correspond tc increasing

’:‘distonces of the source from the collimator.; Tho flrst

o'f,Q“column gives the point source efficiencies in air, the

" second column the efficiencies corrected for attenuatlon
_uqlng LAHBDA(I) and the third column the colllmator figures
\of‘nerit. 'When a double detector system is soecified |
B the following two columns conbain the summed gttenuated
‘efficicncies and the figures of merit for both detectors.ﬁ,m'
.'f Ir more than one value of LAWDA is input, the second and j?ﬁ :

:_further columns are repeated for tho new attenuation

,‘_factops,d
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PAMELB
PAMELB KIBBY CYCLOTRON UNIT;

"BEGIN" "REAL" DIAM,HZ,DZ,H4,HS,K2,HD2,HD4,FRAD,DISTA,DISTB,DISTC,DELH,GAP,PHANT,LLAMDA,HRAD,LENGTH,FOCAL,MSEPT,MINFOC,DELFOC,MAXFOC,MAXSHAPE,MAXLENGTI-I,MAXP,SETP,TRANS,PENE'I’,GRAD,SEPT,
SHAPE , PEFFIC, PLEFFIC
»HDIST, SHRAD, DISTD, DISTE,K,AREA, EFFIC, BEFF,MAX ;

"INTEGER" M,NUMBER,Q,NO,DESIC:N,LMAX,COUNT,GRAPH,N,BIGN,ENERGY,NMIN,DELN,NMAX,TIMES,T,D,MRING,RING,I,J,DMAX,L,F,FF,DZ,Z;

"REAL" "ARRAY" DIST[-.):50],SUMEFF[0:50],LAMDA[O:3],PLMERIT[O:3],AEFF[0:50,0:3],AMERIT[0:50,0:3],m{ERIT[O:50,0:3],MAXMER[O:3],KI[O:50],Ks[0:50];

"INTEGER" "ARRAY" A[0:100];

"SWITCH" SS:=NEXTNUMBER,L1,L3,14,L5,L6,START, INCD,AGAIN,NEXTFOCAL, HIGHENERGY , DIMENS IONS » TEST, CONTINUE , NEXTDISTANCE ,NEXTRING , CALCULATION , NEXTHOLE , TOTAL, INCREMENT, FINISH

"READ" NUMBER ;
"FOR" NO:=1 "STEP" 1 "UNTIL" NUMBER 'DQ"
"BEGIN" M:=1;  INSTRING (A,M); M:=1; OUTSTRING (A,M);
"READ" DESIGN, DIAM,FRAD,MSEPT,DISTA, DISTB, DISTC, GAP, PHANT,, LLAMDA , LMAX , COUNT , GRAPH ;
"FOR" L:=1 "STEP" 1 "UNTIL" LMAX "DO" “READ" LAMDA[L];
"IF" DESIGN=0 "THEN" "BEGIN" "COMMENT" DESIGN NOT REQUIRED;
"READ" N,BIGN,HRAD,LENGTH,FOCAL;
"PRINT" ““L1‘COLLIMATOR DESIGN NOT NEEDED " ;
ENERGY :=0;

"GO TO" DIMENSIONS;
"END";

"COMMENT" DESIGN PROCEDURES;
YREAD" ENERGY ,NMIN,, DELN , NMAX , MINFOC , DELFOC,, MAXFOC , MAX SHAPE , MAXLENGTH , MAXP ;
"IF" ENERGY=1 "THEN" "BEGIN" "READ" TIMES,SETP;
"PRINT" “°L1“HIGH ENERGY DESIGN';
"END"
"ELSE"™ "PRINT" ““L1‘LOW ENERGY DESIGN';
N:=NMIN;
NEXTNUMBER :BIGN :=(3*N12+1) /4 ; FOCAL :=MINFOC;
NEXTFOCAL: T:=0; HRAD :=FRAD*, 5* (DIAM-MSEPT*(N-1) ) / (N*FRAD+MSEPT*(N-1)); Q:=0 ;

HIGHENERGY : LENGTH :=2*FOCAL*HRAD/FRAD; DELH:=,5*DELH;

DIMENSIONS: H2:=HRAD?12; D2:=DIAM?2; H4:=H212; TRANS :=4*H2*BIGN/D2;
PENET:=6*BIGN/(LLAMDA13*LENGTH13*(2+TRANS)*(l-TRANS)Tz*TRANSTZ);
"IF" ENERGY=1 "THEN" "BEGIN" "IF" T=0 "“THEN" "BEGIN"

TRANS :=,653; LENGTH : =FOCAL*DIAM/FRAD* (TRANS/BIGN) 15 ;
PENET:=6*BIGN/(LIAW)A13*LENGTH13*(2+TRANS)*(1-TRANS)TZ*TRANS12) ;  SHRAD:=FRAD*LENGTH/(FOCAL*2) ;
"IF" PENET>SETP "THEN" "BEGIN" HRAD:=SHRAD; H2:=HRADt2; H4:=H21t2; "GO TO" CONTINUE; "“END";
"IF" SHRAD>HRAD "THEN" "GO TO" L3 M™ELSE" "GO TQ " 14; “END";
HIF" Q=1 "'ITIEN" "G'O TO" L5 "ELSE" "GO TD" L6;

14:DELH:=,5%(HRAD-SHRAD); HRAD:=SHRAD; Q:=1; T:=0;

L5:T:=T+1; "IF" T>TIMES "THEN" "GO TQ" CONTINUE;

"IF" PENET>SETP “THEN" HRAD:=HRAD-DELH "ELSE" HRAD:=HRAD+DELH;

"GO TO" HIGHENERGY;

L3:DELH:=,5%SHRAD; HRAD:=SHRAD; T:=0; Q:=U; PENET :=,5*SETP;

L6:T:=T+1; "IF" T>TIMES "THEN" "GO TQ" CONTINUE;

"IF" PENET>SETP "THEN" HRAD:=HRAD+DELH "ELSE" HRAD :=HRAD-DELH;

"GO TO" HIGHENERGY;

"END";

CONTINUE: SEPT:=(DIAM-2*HRAD*N)/(N-1); HS :=2*HRAD+SEPT;
SHAPE :=,208%(D2)/( (FRAD+2*HRAD) 12);
PEFFIC:=BIGN*(H2)/(4*(LENGTH+FOCAL)12);

PLEFFIC:=(3,142*BIGN*FRAD14*H2) /( 16 *FOCAL? 2% (FRAD+2%HRAD) 12) :

"PRINT" ““L255°NO”S7 CRYSTAL”S4 ‘RESOLUTION 54 “FOCAL’S5 “COLLIMATOR S5 “HOLE * 57 “SEPTUM 56 “SHAPE 54 “TRANSMISSION“S3 ‘POINT “S7 “PLANE S5 “PENETRATION® S2 *NON-TARGET *;
"PRINT" *“L153 “HOLES”S6 *DIAMETER “S4 “DIAMETER S5 ‘LENGTH’ S6 “LENGTHS6 “RADIUS * S4 “THICKNESS * S5 “FACTOR”S6 “RATIO” S5 ‘EFFICIENCY “S2 “EFFICIENCY S3 ‘FRACTION 3 “EFFICIENCY *s
"PRINT" ““L1s2" 3 SAMELINE,DIGITS(3),BIGN, ““s2**,ALIGNED(2,2) , PREFIX( ‘56 °*) » DIAM, FRAD, FOCAL, LENGTH;

"PRINT" PREFIX(’ s6"),ALIGNED(1,3),HRAD, SEPT,ALIGNED(2, 2), SHAPE,ALIGNED (0,4),TRANS;

"PRINT" PREFIX( “s4"),ALIGNED(0,6),PEFFIC, PLEFFIC ,PENET;

"IF" DESIGN=1 "THEN" "BEGIN" "IF" SHAPE > MAXSHAPE "OR" LENGTH > MAXLENGTH “OR" PENET > MAXP "THEN" "BEGIN" "PRINT" ““L1 *DIMENSIONS TOO LARGE~;
"GO TO" INCREMENT;
"END";
"END";

"COMMENT" CALCULATION OF EFFICIENCIES;
D:=1; DIST[D]:=DISTA;
L1: KI[D]:=(1+LENGTH/DIST[D])/( 1+LENGTH/FOCAL); Ks[D]:=KI1[D]t2;
"IF" DIST[D]<FOCAL "THEN" SUMEFF[D]:=,25%¥H2 /( LENGTH+DIST[D]) 12
"ELSE" SUMEFF[D]:=,25%H2*KS[D]/(LENGTH+DIST[D])12;
D:=D+1; DIST[D]:=DIST[D-1]+DISTB;
"IF" DISTC “GE" DIST[D] "THEN" "GO TO" L1;
MRING:=(N~1) "DIV" 2; RING:=0;
NEXTRING: RING:=RING+1; "IF" RING > MRING "THEN" "GO TQ" TOTAL;
I:=0; Ji=1; HDIST:=RING*HS;
START:D:=1; HD2:=HDIST12; HD4:=HD212;
TEST:"IF" FOCAL > DIST[D] "THEN" "BEGIN" DISTD:=1ENGT'I{*(IDIST-}RAD)/((HDIST+HRAD)*(1+LENGTH/FOCAL)-(HDIST-HRAD));
"IF" DIST[D] < DISTD "THEN" "GO TO" INCD "ELSE" "GO TO" CALCULATION;
"END";
DISTE:= LENGTH*(HDIST+HRAD)/ ( (HDIST~HRAD)*( 1+LENGTH/FOCAL) - (HDIST+HRAD)) ;
"IF'" DISTE "GE'" O "AND" DIST[D] > DISTE "THEN" "GO TOMINCD;

CALCULATION: K:=KI[D]; K2:=Ks[D];
AREA :=(2*HD2*H2* (1+K2)~HD4* (1-K) t 2-H4*(1+K)12) 1,5
"IF" DIST[D] < FOCAL "THEN" AREA:=1;571*H2*(1+K2)-(K-1)*AREA*;S-HZ*CHECKR(ARCTAN((HDZ*(K-I)-HZ*(1+K))/AREA))-Kz*ﬂz*anCKR(ARCTAN((HDZ*(K-1)+H2*(1+
K))/ARAA))
"ELSE" AREA:=1;571*H2*(1+K2)-(1-K)*AREA*35-H2*CHECKR(ARCTAN((HDZ*(1—K)+H2*(1+K))/AREA))-KZ*HZ*CHECKR(ARCTAN((HDZ*(1-K)-Hz*(1+K))/AREA));
EFFIC:=AREA* (DIST[ D]+LENGTH)/( (HDISTt2+(DIST[ D]+LENGTH)12)11,5%12,568) ;
EFFIC:="IF" I "LE" 1 "AND" J=1 "THEN" (G*EFFIC) "ELSE" (12*EFFIC);
SUMEFF[D] :=EFFIC+SUMEFF[D];
INCD:D:=D+1; "IF" DISTC "GE" DIST[D] "THEN" "GO TO" TEST;

NEXTHOLE: "IF" RING > 1 "THEN" "BEGIN" "IF" (RING/2-RING "DIV" 2) > ,1 "THEN"
"BEGIN" "IF" J > (RING-2) "THEN" "GO TO" NEXTRING;
HDIST:=.5*HS*(3*RINGTZ+JTZ)T~.5;
J:=J+2; "GO TO" START;
"END"
"ELSE" "BEGIN" "IF" I > (RING "DIV" 2-1) "“THEN" "Go TO" NEXTRING;
HDIST:=HS*(,75*RING12+112)1,5;
I:=I+1; "GO TO" START;
"END";
"END";
"GO TO" NEXTRING;

"COMMENT" CALCULATION OF ATTENUATION;
TOTAL : DMAX :=D-1; "FOR" L:=1 "STEP" 1 “UNTIL" LMAX "DO"

"BEGIN"

PLMERIT[L]:=PLEFFIC*(1~-1/EXP(LAMDA[LJ*PHANT))/LAMDA[L] ;

"PRINT" SAMELINE, "S4"°,ALIGNED(0,6),PLMERIT[L];

"FOR" D:=1 “STEP" 1 "UNTIL'" DMAX "DQO"

"BEGIN" "IF" DIST[D] “LE" GAP "THEN" AEFF[D,L]:=SUMEFF[D]

"ELSE" "IF" DIST[D] < (GAP+PHANT) "THEN" AEFF[D,L]:=SUMEFF[D]/EXP( (DIST[D]~GAP)*LAMDA[L])
"ELSE" AEFF[D,L]:=SUMEFF[D]/EXP(LAMDA[L J*PHANT) ;
"END".

’
"END";

"COMMENT" PRINT OUT;
"PRINT" “ L2528 ATTENUATED IN WATER PHANTOM * * * *‘L1s17 ",
"FOR" L:=1 "STEP" 1 "UNTIL" LMAX "DO"
"BEGIN" "PRINT" ““S18°ONE COUNTER';  MAXMER[L]:=0;
"IF" COUNT=2 "THEN" "PRINT" 518 TWO COUNTERS";
"mD";
"PRINT" ““L1S1 DISTANCE sS4 ‘EFFICIENCY s1'";
"FOR" Li=1 "STEP" 1 “UNTIL" (COUNT*LMAX) "DO" "PRINT" °“S4 EFFICIENCY S4 ‘FIGURE MERIT";
"FOR" D:=1 "STEP" 1 "UNTIL" DMAX "DQ"
"BEGIN" "PRINT" "SZ“,ALIGNED(Z,2),DIST[D],SAMELINE,”57“,ALIGNED(O,6),SUMEFF[D];
"FOR" L:=1 "STEP" 1 "UNTIL" LMAX "DO"
"BEGIN" AMERIT[D,L]:=AEFF[D,L]/PIMERIT[L]1,5;
"IF" AMERIT[D,L] > MAXMER[L] "THEN" MAXMER[L]:=AMERIT[D,L];
"PRINT" PREFIX( “s7""),ALIGNED(0,6),AEFF[D,L] ,AMERIT[D,L];
"IF" COUNT=2 "THEN" "BEGIN" BEFF:=AEFF[D,L]+AEFF[ (DMAX-D+1),L];
BMERIT[D,L]$=BEFF/(2*PLMERIT[L])1.5;
"IF" BMERIT[D,L] > MAXMER[L] "THEN" MAXMER[L]:=BMERIT[D,L];
"PRINTY PREFIX("57“),ALIGNED(O,G),BEFF,BMERIT[D,L] ;
"END" "ELSE" BMERIT[D,L]:=0;
"END";
"END";

""COMMENT" GRAPH PLOTTING PROCEDURE;
“IF" GRAPH=0 "THEN" "GO TO" INCREMENT;
Fi="IF" DMAX > 30 "THEN" 1 "ELSE" "IF" DMAX > 20 "THEN" 2 "ELSE" "IF" DMAX > 10 "THEN" 3 "ELSE" 6;
"IF" DMAX > 60 "THEN" "BEGIN" "PRINT" ““L1“GRAPH DIMENSIONS TOO LARGE ";
"GO TO" INCREMENT;
"END";
"FOR" L:=1 "STEP" 1 "UNTIL" LMAX "m"
"BEGIN" “PRINT" °“L2LAMDA=", SAMELINE,ALIGNED(2,2),LAMDA[L], ~“L2**;
MAX ;=(ENTIER(MAXMER[L]*1000)+1)*10;
Dz:="IF" MAX > 100 "THEN" 5 "ELSE" "IF" MAX > 50 "THEN" 2 "ELSE" 1,
"FOR" Z:=MAX "STEP" -DZ "UNTIL" ¢ "DQ"
"BEGIN" "IF" (Z/10-Z "DIV" 10) > .001 "THEN" "PRINT" °°L1s8":"
"ELSE" "PRINT" ALIGNED(0,6),Z/10000, +";
"IF" Z=0 "THEN" "FOR" D:=1 "STEP" 1 “UNTIL" (F*DMAX) "DO" "PRINT" ‘52,
"IF" Z=0 "THEN" "GO TO" AGAIN;
T:=1;

"FOR" D:=1 "STEP" 1 “UNTIL" DMAX "DO"
"BEGIN" "IF" AMERIT[D,L] > Z/10000 "AND" AMERIT[D,L] < (Z+Dz)/10000 "OR" BMERIT[D,L] > Z/10000 "AND" BMERIT[D,L] < (Z+DZ)/10000 "THEN"™ "BEGIN" "FOR" FF:=T "STEP"™ 1 "UNTIL"
(D*F) "m"

"BEGIN"™ "IF'" FF=(D*F) “THEN" "PRINT" °~ ° "ELSE" "PRINT" ~ °;
"END";
"PRINT" “*°;  T:=DF+l;
"END";
"END";
AGAIN: "END";
"PRINT" “‘L1s6"";
T:=1; "FOR" FF:=T "STEP" 1 "UNTIL" F *DQ"
"BEGIN" "IF" FF=F "THEN" "PRINT"  °;
"END";

"FOR" D:=1 "STEP" 6 "DIV" F "UNTIL" DMAX "DO" "PRINT" SAMELINE,ALIGNED(2,1),DIST[D], "“s13*";
"END";
INCREMENT: "IF" DESIGN=0 "THEN" "GO TO" FINISH;
"IF" Q=1 "'H{EN" "m TO" L3;
FOCAL : =FOCAL+DELFOC ;
"IF" FOCAL "LE" MAXFOC "THEN" "GO TO" NEXTFOCAL;
"IF" ENERGY=1 "AND" PENET > MAXP "THEN" "GO TO" FINISH;
N:=N+DELN;
"IF" N "LE" NMAX "THEN" "GO TO" NEXTNUMBER;
FINISH: "END";
"F:ND";
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fLetter to’ editor, accepted for publication
in Int.vJ applied Radiat IsotOpes.

‘SILCLE AHD DOU&LL HanﬁD DT”“CTUT STELS FOR

Ponovic and rowler (1968) in a c arison of Qiﬁgle aﬁd'-
double hebded detector syﬂtems show that the targeu/non-target
‘ratio for one particular double headed svgteﬂ is Grcater

tnan that for a pvrticular sin;le detector system &t all
‘deoths.‘ I shauld like to point out the circumstances under

‘ which the probability of detection of a 1esion is higher
 'for vingle than for double heaued systers. :

‘ Consider twa equally collimateu dotectors, one on each
“31de of the boﬁy, and a target region of increased activity

: close to one side of the bouy., The target count rate for

.the double dotector system consists of the sum of the response'

‘° fof the detector closest to the tarbet (ETl) and the response

of the detector furthest from the target (Enz) uhich is

’ re1atively 1ow because or bhe decrease of responve with

"”';depth. The non-taryet response rron the body volume is the

- _sunc for both detectors and *s double that of one detector

' (ENT) Therefore,‘the target/non-target ratio for the

s



' double-headed system'(Bz)Tis[g;#cbfby thé“expre$s£on:

L Bty

'5?ENT'

l For the single detector closest to the target, the tarpet/

;non-target ratio (Rs) 1s given by the expression'4'

,,$§f ¥:oince Eil »» ET25i5ﬁ> ) Bz and therefore the tarbet/non- o

'~f;target ratio is higher for the single detector.“ Thls occurs e

“i5~, fbecuuse the uetector furthes* from the taP&et contributesv
Vvvlittle to the tarbet count rate 5ut gives a large increase
"i ito the non-target oount rate, thus decreaging the o1gna1
lgto noise ratio.' ‘ ‘h | Lo | |
- For & target at the centre of the body,AmTi;~ Erz
”':f fand the target/non-tarﬁet ratios are ‘the same for both.
‘u7;wysten8-f Lhe probabllity gf detectlng the tar ret. must however
”}f;be greater fcr Lhe aguble headed svstem because tne responses _"
“FVfr:are doubled and e differcncc iﬁ count rate is riore statis-[V-fi'
  5v?tica11y significant., Lhis dlffercnce bctween the uetector .

. systems can be aemonstraued using‘a figare of»merlt (p)»

233



' bqsed on a )tatistica1 te t of tne uiffernnco in count
,rntes, which was introduced by OQWOJ and oinclair (1961) |
"and has been developed bJ Iatthewc (1965, 1967) For Lhe

double headed system'r |

B’A-.=, 1

jﬁgz;:‘ SRR

+ ETZ
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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 tum-
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 3x1 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
15X 20% 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 9mTc. The
tank and bulb concentrations were 0-043 pCi/ml.
and 0-43 pCi/ml. respectively; values similar to
those expected for normal brain and tumour after
injection of 10 mCi 99mT¢ (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 c¢m, 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 I
DIMENSIONS OF COLLIMATORS {CM)

No. of Collimator Hole Septum Radius of Focal Shape
holes length radius* thickness* field of viewt length factor
7 20-0 1-17 0-36 1-24 10-6 0-94
37 37 0-47 0-17 2-52 10-0 1-01

*Crystal end.

phanlom

007 F
006
0,05L 37 hole collimator
004
003 -
o0z 7 bole collimator

[+Helly

L " : ! 1 1 |

1 1
o 2 4 & 8 10 12 14 6 18 20
em from collimator

Fic. 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,

+In focal plane, ~ 50 per cent resolution diameter.

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 # where

increase in count rate over bulb

standard error of ditference in count rate over
bulb and over tank

If the value of 7 is greater than 3 the increase in
count rate is statistically significant. It can be shown
that

n=constant X4/t X BX Vg

where the constant depends on concentrations of
radioactivity in the bulb and the tank and on the
number of photons per disintegration.

time in which counts accumulate

A -

B = ‘a factor which can be calculated from the
collimator and crystal dimensions and the
position and volume of the source

Ve = bulb volume

The value of ¢ 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 # were much greater than this,
the peak count rate would be reduced and if ¢ 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.
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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-
menstons and radioactive concentrations for each
bulb size used with the wide window are given in
Table 11, and corrected values are also shown which
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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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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.

F1c. 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=2-1.

F1G. 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=35-2.

F1cG. 5. Photoscans of 2-68 cm diameter bulb at the centre of the tank, with wide window.
Below: seven-hole fine collimator, n=3-4.
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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Fic. 6. FiG. 7.
FiG. 6. Photoscans 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, 7=23-5.
F1c. 7. Photoscans of 1:33 em 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, #=2-3.
On the original scans the diameter of the tank and the centre of the scan are marked.

tttx?&”‘ j»

Fi1G, 8. F1G. 9.
Fic. 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.
F16. 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 are marked.
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TABLE II
1 (calculated)
7-hole 37-hole
Corrected
Bulb diameter for scatter Corrected
cm Position Uncorrected and background Uncorrected for scatter
0-93 Edge 1-7 1-3 39 3-
1-33 Centre 1-3 1-0 2-5 2-1
1-94 Centre 2-6 2-0 6-3 5-2
2-65 Centre 4-5 3-4 13-3 11-0
Wide analyser window set to include the whole photoelectric peak.
TABLE III
Bulb diameter Position 1 (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.

REesuLTs

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 1:33 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 =
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 eben
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 # 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 5 1, tank containing
0-043 pCi/ml. of #mTc with spherical glass bulbs con-
taining 0:43 pCifml. of 9™Tc 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 25 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.

MEeTHOD
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.

N

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. 1a 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. 1c, Ip and 1E).

The minimum path length through one septum
may be expressed geometrically as (Fig. 1):

12
ztr:s\/l—l—(T_*_s)—2 .(1)

where s is the septum thickness, 7 is the hole radius
and ¢ 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, Z.e.

w=-— 2)
W
where p is the total linear absorption coefficient in
the collimator material at the specified energy.
- Combining equations (1) and (2):

S s\/l + 2
Iz (4r+s)?
5 st
Therefore, when t> > 4r4s5, = = —— 3
e T+ p (4r4s) @)

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
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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
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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 k (h>7r) 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 %
from the source channel axis.

Then r'=krand h’'=Fkh
t,
‘here A=1+4—
where +d’
t' is the effective collimator length, and 4’ is the

effective distance of the source P from the collima-
tor face, t.e.

Fic. 1. ) 2 , . 2
Multichannel collimator in cross-sections perpendicular t'=t——andd’'=d +—.
and parallel to the channel axes. K K
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F1c. 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 (A’-A),
the area of intersection (A) may be calculated and
is given by
47 r2 (k2+41)
2

— (kzl) J 20202 (k241) — it (k—1)2—r% (R+ 1)

—r2sin-1 [ A2 (k—l)zz 2 (k+1) ]
—k22sint [”2 (k“lz)hz;’z (k+1)] . )

The centre of the projected area is a distance H
along the y-axis, given by:

Heht (h—r)ék—l) %)

Hence, the solid angle subtended by the area at
the point P is given by:

a=a ey | (14 EYED ) pap ]
©

and the efficiency of the channel may then be cal-
culated from the equation:

2
ep = E
Equations (4) and (6) are not valid when k<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, 7.e. 2=0,

Then, er=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 2 from the source axis, the
following condition must hold:

h<r( 2‘1') (7)

1+ -
Values of % for channels in a hexagonal array may
be readily calculated. Let the channel on the axis
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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 k=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: k=g (2r-s) J % and 12 chan-

)
nels at distances: A=(2r+s) J 3;% +i2foreachvalue

of £ given by 1,2,3 . .. for which i< (g/2—1). When
£ is an odd integer, there are twelve channels at dis-

tances: },=(g2is) V/3g2+i2 foreach value of 7 given

by 1,3,5 ... for which < (g — 2). All those channels
which have values of % 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 4 (Fig. 3); the resolution may be defined
as twice the distance between the axes of channel 4
and another channel, the efficiency of which is 50
per cent of the efficiency of channel 4; 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.
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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%

(9), the penetration limitation condition obtained
by rearranging Equation (3):
r_ut—>5

; 70 . (10)

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 A4 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+s) . (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 Mth channel from the
source is 50 per cent of the efficiency of the source
channel. Those collimators satisfying the condition
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were found by taking an arbitrary collimator length
and calculating values of » 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 cartied 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 (rfs) 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 7/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 » 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 (Z.e. as pu 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
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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(r4-x), the sources wlll be resolved at
greater distances of separation and the resolution
may be defined as:

Ry =2 (r+=).

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 < < (¢4-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:

Ro=4r+2s.
An estimate of the resolution may therefore be ob-
tained from the average of Ry and Rg given by the
equation:
R=3r+4+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



VoL. 42, No. 494

Pamela M. Kibby

A
&
@

B
©
@

N‘I"""!

b

Q ©n

Q ®v

——

______ =z a)Ri=2(r+x)
- == C
b)Ry=2(ar+s)
=== D

Fic. 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 arange 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 ¢ 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.
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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 rfs 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. 5¢)
increase for lower energies and were found to be
proportional to the square of the resolution to within
+4-5 per cent. The dimensions of some optimum
designs over a range of energies are given in Table .

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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Maximum efficiency lead collimator designs for photon energies below 0-3 MeV. The

hole radii (7), septum thickness (s) and point source efficiencies (er) are given for a

resolution of 1 cm at 10 em 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  SHICIeNcy is constant with distance the volumes of

AT 10 CM FROM THE COLLIMATOR FACE revolution of the curves are similar, This rapid in-
crease of resolution with distance is also illustrated
Point source |  in Fig. 7 for the optimum collimators for 0:1, 0:2 and

eqf"x‘:i:?r‘fy* 0-3 MeV, showing that the increase is larger at
Colli- Septum | source at lower energies. It was found that the variation could

mator | Channel | thick- | 10 cm from {  only be improved with a considerable reduction in

Energy | length | radius | mess | collimator the collimator efficiency. The change in resolution

MeV cm cm cm face . . . .
with distance is independent of the value specified

88;5 ?2(_3 88‘8*(8) 88%% 8888232 at a given distance. Hence, these lines may be ap-

0-10 1-10 0-056 0016 0-000487 plied to any optimum collimator designs.

o | 1| o | o | b

0-2 315 12 00 . ; ; " ; 0-3

0.5 14e 0-154 0131 0-000160 Optimum u?llzmators for photon energies above

030 | 575 | 0477 | 0175 | 0-000115 MeV ) _ )
A summary of the optimum designs obtained by

1 ¥ photons emitted the second methgd is shown in Fig. 8 These colli-
photons incident on crystal mators show an increase in length with increase in
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H 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 inenergy (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 C\ FOR SOURCES
AT 10 CM FROM THE COLLIMATOR FACE

Point source
efficiency
15em in air
Colli- Septum source at
mator | Channel | thick- | 10 cm from
Energy | length radius ness collimator
MeV cm cm cm face
0-3 56 0-173 0-174 0-000110
~— 0-35 6-1 0-167 0-217 0-000078
Figc. 6. 0-4 68 0'124 8'252 0'008031
Typical theoretical resolution curves for a multichannel 0-45 7-8 0-163 :274 0:00 031
collimator for distances of 5, 10, 15, 20 and 25 cm from 0-5 9-0 0-163 0-286 0-000019

the collimator face.

3 —
2 —
FWHM
cm
l —
| I 1 1 |
0 S 10 15 20 25

Distance from collimator face cm
Fi1c. 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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Maximum efficiency lead collimator designs for photon energies between 0-3 and 0-5 MeV.
The hole radii (#), septum thicknesses (s) and point source efficiencies (er) are given for a
resolution of 1 cm at 10 em 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
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channel radius, r=(0-084 < 2) em=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 44 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 1} in. long collimator (% 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 2 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 1s 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):

0-952 72 2 -
( t—g) (2r+s)
7

€=
agrees to within 45 per cent with these calculations
when the source is imaged in more than one channel.
Anger’s expression does not, however, take into
account wvariations in efficiency close to the colli-
mator face. The formula for resolution derived by
Anger (1964):

R—2 L+F)

()

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 chganel the equationis 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 2 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
energles below 0:3 MeV and the second method for
energies between 0-3 and 0-5 MeV. Of the many posslble
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. T'he results
indicate that, although the efficiency is reasonably constant,
the resolution increases approximately linearly with distance.
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