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Abstract
This thesis presents a design study into gamma ray collimation techniques for 

use in high energy radiation imaging devices for the nuclear industry. Such technology 

is required to provide information on the nature and location of isotopes within nuclear 

facilities that have reached the end of their useful life. The work has concentrated on the 

use of two different techniques, namely mechanical collimation using the Anger camera 

and electronic collimation using a Compton camera. The work has used computational 

models to evaluate the performance of such systems and thereby suggest optimal design 

parameters for use in prototype devices.

Ray tracing models have been constructed to simulate both parallel hole and 

tapered bore diverging collimators. Investigations have been carried out to measure the 

effects on the spatial resolution o f changing various design parameters o f the 

collimators. The effects of varying the hole size, septal thickness and collimator length 

over a range o f source to collimator distances likely to be encountered in an industrial 

scenario have been examined. Some new insight into the nature o f the point spread 

function o f mechanical collimators has been gained and the limitations o f the 

conventional analytical approach to collimator evaluation have been highlighted. 

Modifications to the standard equations used in collimator design have subsequently 

been suggested. An analytical description of tapered bore collimators has been derived.

Monte Carlo models have been developed to model a single scatter Compton 

camera. Germanium, silicon and sodium iodide have been investigated as candidates for 

the scattering detector in such a device. A model of a complete ring array Compton 

camera system has been used to evaluate performance. The data from the Monte Carlo 

model has been reconstructed to form images. The quality of the images generated have 

then been compared with images obtained from parallel hole and focusing mechanical 

collimators.
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1. Gamma Ray Imaging Systems

1.1 Introduction

7.7.7 The Aim Of The Work
Once a nuclear fuel processing plant has reached the end of its operational life, 

it may have become contaminated by radionuclides. This contamination must be safely 
removed before any further decommissioning activities can proceed. The aim of the 

thesis is to evaluate gamma ray collimation techniques for imaging the radiation emitted 

by such fission products. Two different approaches will be examined and their relative 
merits and disadvantages compared. The first technique considered is the adaptation of 
the clinically used gamma camera. This will take the form of both ray tracing 
computational models and experimental work. The second technique is that of the 
development of a Compton camera. This will be examined using Monte Carlo photon 
transport computational models .

This chapter initially introduces the subject of nuclear decommissioning and 
the problems it poses. There then follows a description of the two gamma ray imaging 

techniques studied in this thesis. The chapter concludes with a review of other 
techniques currently under development for use in the nuclear industry.

1.2 Decommissioning Strategy

7.2.7 Incentives For Decommissioning
A central assumption in the development of the nuclear industry has been that 

all reactors and associated fuel facilities will eventually be dismantled and their 
locations returned to "green field" sites. The decommissioning of nuclear plants has 

therefore become a high profile topic. This can be attributed to three major factors 

(Lawton 1987). Firstly, many reactors and plants are reaching the end of their 
operational lives. Secondly, there is widespread public interest in the subject, 
particularly relating to the safe disposal of any wastes. Lastly, the long term future of 
the nuclear industry depends upon the demonstration that safe and cost effective 

decommissioning of nuclear facilities is a viable proposition.
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Chapter 1: Gamma Ray Imaging Systems

An indication of the costs and timescales involved in decommissioning is 
illustrated by considering the UK programme: The current estimated cost of 
decommissioning the United Kingdom's 8 Magnox and 6 AGRs is £9.6 billion (Surrey 

1994). In the case of one decommissioning project, the Windscale Advanced Gas- 
cooled Reactor (WAGR), it was estimated that the whole project would be completed in 
nine years. If no decommissioning took place, it was estimated that remote handling 
techniques would still be required, even after 300 years.

1.2.2 Decommissioning Stages
The accepted method of decommissioning a nuclear installation in the UK is a 

three stage process.

1) The first stage is known as post operational clean out (Cunningham 1991). As 
the name implies, this follows the immediate shutdown of the plant. In this 
stage all operating personnel areas are shutdown and redundant instrumentation 
is removed. Operational wastes and any processing residues remaining in the 
plant are then removed as best possible, usually by flushing plant vessels 
through drain valves. The installation is then made safe to the satisfaction of 
the Regulatory Authorities. Extensive routine maintenance and surveillance is 
required before progressing to stage two.

2) Once the first stage of decommissioning is complete, radioactive plant items 
must be identified to ensure of their safe disposal. Dosimetric surveys may be 
produced by health physics personnel. Such surveys provide an indication of 
the dose distribution of the radiation environment, but do not usually identify 
the source or nature of the contamination. Further information may be obtained 
from records produced during the plants operational life, however it is best to 
approach the situation with caution. Many facilities may have been used for a 
range of processing techniques during their lifetime. Ventilation systems are 

then set up to create pressure depressions thus ensuring an inward flow of air 
from the non-contaminated to contaminated areas. The most active areas must 
be removed first in order to allow personnel access. This may involve the use 

of remote handling techniques such as manipulators and robots. Contaminated 
plant equipment and containment vessels can then be removed and sent to 
waste processing plants. This leaves only the structural parts of the building.
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Chapter 1: Gamma Ray Imaging Systems

3) The final stage of the process is to remove the remaining active plant and 
structural parts. They may also be treated by a waste processing plant. The 

decommissioned area can then be classified a green field site.

The time period between any of these stages could be a period of decades. This 

will depend upon factors such as the type of facility, conditions of buildings, economic 
climate and public attitude. UK decommission policy assumes that for the case of 
nuclear reactors, the time between the second and third stages is at least one hundred 

years.
In the second and final stage of the process, it is important to discriminate 

between items that are high level activity and those that are low level activity waste. 
The reason for this is to ensure that there is no spread of contamination and that there is 
minimum radiation exposure to personnel. There are many different types of plant used 
in nuclear fuel reprocessing, each of which present different isotopes and levels of 
activity. Dosimetric surveys can be extremely inefficient, with low or negligible level 
activity waste being processed as high level activity waste. This can add greatly to the 
cost of decommissioning.

Once removed from the active area, waste must be safely packaged in the 
necessary containers. Decontamination may be employed at this stage to reduce the 
activity of the waste. This may be achieved by chemical decontamination, chipping, 
grinding, ultrasonic methods, steam cleaning and hydrolazing (Denault 1988). The 
packaged waste is then subject to a radioactive inventory before it is sent for disposal.

1.2.3 Decommissioning Experience To Date
There are two main categories of nuclear plant to be decommissioned: reactors 

and chemical processing plants. Reactors pose greater problems because once the 
operational components have been removed, the residual radioactivity is caused by the 

transmutation of elements in the reactor material and its containment. This is largely 
due to stainless steel structures. During the operational life of the reactor, the nickel and 

associated cobalt in the stainless steel absorb neutrons to form high gamma activity 

isotopes. The isotopes ^^Ni (half life 5.3 years) and ^^Co (half life 100 years) are 
typically found (Lawton 1987). To date, no full size reactor has been dismantled 

anywhere in the world (Surrey 1994). The radioactivity in chemical plants is mainly due 
to surface contamination and so presents more of a decontamination problem i.e. the 

radioactivity lies in deposits on the surface of objects rather than within the object's 
structure. There have been three reported successes in decommissioning chemical plants
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to Stage 2 including Dounreay in the United Kingdom, West Valley in the USA and Cap 

La Hague in France (Lawton 1987).
A report on the decommissioning experience of British Nuclear Fuels (BNFL) 

at Sellafield in the UK makes several points (Colquhoun 1993) on the nature of the 

problems encountered:

1) Most of the areas to be decommissioned are physically large and all are 

difficult to access.

2) The engineering support facilities such as lifting equipment and ventilation are 

unusable or non-existent.

3) The plants were not designed with decommissioning in mind and must now be 
decommissioned to personnel dose and environmental standards that were not 
envisaged at the time when they were in operation.

BNFL have therefore based the technical requirements of their 
decommissioning programme on solving these three problems. A design study for the 
decommissioning of the Caesium Extraction Plant at Sellafield typifies the problems 
encountered (Wroughton 1992) by BNFL. The plant was closed 30 years ago due to 
equipment failure and reduced demand for Caesium. The equipment has deteriorated 
significantly since its introduction. The vacuum transfer system is inoperable making 
effluent movement impossible. Some of the information on the plant has deteriorated 
with time and become difficult to read. Other information has been lost.

There are currently no published accounts o f the final stage of 
decommissioning being completed. However some projects such as the WAGR are now 

approaching this stage (Wakefield 1988). This project has involved the construction and 
installation of a dismantling machine (Jones 1987). This machine was designed to both 
cut and remove the remaining active materials using oxypropane and plasma arc cutting 
techniques using closed circuit television as the visual assistance for the operator. Once 

these wastes have been removed, the final dismantling remains an exercise in civil 
engineering.

1.2.4 Identification Of Contamination
The waste products of nuclear fuel contain a range of unstable fission products 

which decay by processes of beta and gamma emission. To some extent, these wastes 

will contaminate a particular plant during its lifetime. For example, in the case of 
installations used for the reprocessing of used nuclear fuel, active liquors are produced
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which contaminate the process plant. When such plants reach the end of their 
operational life, they must therefore be decontaminated before any further 
decommissioning activities can proceed. This requires the identification and removal of 
high activity waste.

The location and concentration of such isotopes will not necessarily be known 
within a particular plant. The most desirable way to identify the position and 
composition of this waste is in the form of an image of radiation hotspots in the scene. 
However, such techniques are not commonly used in the nuclear industry. A device 
capable of imaging radiation would find widespread use in the nuclear industry, 
specifically in the following areas (Simonet 1989):

1) Planning of a manual intervention into a radiation "hot area".

2) Evaluating the required decontamination procedures for a particular radiation 

environment.

3) Strategy planning for dismantling and decommissioning nuclear installations.

4) Containment monitoring of risk areas. This involves monitoring radiation 
protection and detecting possible leaks.

5) Examination and monitoring of effluent circuits in reprocessing operations.

6) Quantification of materials for radioactive waste management.

In addition to the above areas, a radiation imaging device would find use in 
possible radiation incidents. There is therefore considerable interest in developing 

technology for imaging distributions for the above purposes.

1.2.5 The Environment To Be Imaged
The size and type of plant to be decommissioned can vary widely, from small 

laboratories to large buildings. Likewise, the range of radiations present in a particular 
scenario will also vary widely. In some cases it may be possible to provide information 
on the basis of known parameters relating to the operational purpose of the plant. In 
others, radiometric measurements may be the primary or only source of information.

The activity of wastes generated by the decommissioning process fall into three 
broad categories (Wakefield 1988):

1) Non-active waste. This is suitable for disposal on a public waste tip. Activity 
<0.0004 MBq/ kg.
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2) Low Level Waste (LLW). This is suitable for sea disposal or may be buried in 

a shallow or deep land repository. Activity < 12  MBq/ kg.

3) Intermediate Level Waste (ILW). This is suitable for sea disposal or may be 

buried in a deep land repository. Activity >12 MBq/kg

The quantity of each category of waste produced by individual projects will 
depend upon the nature of the plant, and the stage of decommissioning taking place. 
Decontamination of plant items will produce contaminated liquid effluents, filters and 
sludges. These will typically require some form of conditioning before disposal as low 
level waste. Gardener et al (1991) indicate that waste at the Sellafield reprocessing plant 
in the UK will contain a variety of materials with activities ranging from < 0.4 Bq/g for 
very low level waste (VLLW) to 10^  ̂Bq/g in residual fuel bearing wastes. This may be 
contained in small packages or very large crates. Remnants of such waste can expect to 
be found in reprocessing facilities during decommissioning. Wroughton (1992) 
describes the problems faced in decommissioning the Caesium Extraction Plant at 
Sellafield. The radiation levels inside the plant result in effective dose equivalents of 0.3 
Sv/hr to 4.0 Sv/h.

Contamination will generally consist of material emitting a combination of 
gamma and beta radiation. Beta particles are of little use in forming an image because 
they cannot penetrate more than a few millimetres of material without undergoing an 
interaction. This means that it is difficult to establish with any accuracy the origin of the 
particles as they may have been scattered several times before they reach the detector. 
In addition to this, the range of beta particles produced in radioactive decay is small. 
Gamma rays, on the other hand, are sufficiently penetrating that they may travel a 

considerable distance in straight line to a detector from their source without undergoing 
any interaction on the way. This makes them ideal for forming an image.

Cunningham (1991) carried out a gamma ray spectroscopy study of several 
buildings at the Sellafield site using a high purity germanium detector. The study 

covered a range of buildings whose processing inventory resembled that of most plants 
found in the reprocessing cycle. None of the plants had been in operational use for the 
past fifteen years. Gamma rays were observed at several energies in the range 200 keV 
to 1.6 MeV. Individual isotopes were identified from the spectra obtained. A description 
of the isotopes found in each plant is given in Table 1.1. From examination of the table 

it can be seen that ^̂ ^Cs (denoted in bold type) is a common isotope and is found in the 

majority of studies. This is handled by many plants at Sellafield. The abundance of 
l^^Cs may be explained by its long half life. It was reported to be the most easily 

identified element in the spectra obtained due to its prominent photopeak at 662 keV.
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For this reason, it was selected as the isotope on which to base the studies of the gamma 

ray collimation techniques presented in this thesis.

Table 1.1. Summary Of Gamma Ray Emitting Isotopes Found At BNFL Sellafield.

Plant Isotopes Present

Magnox Fuel Storage Pond 137cs, 235u , 40k , 154eu, 95^,6,6 0co , 
234m Pa

Caesium Extraction Plant 137Cs, 106r u , 40k , 95zr, 154e u , 95xb

Pilot Magnox Fuel Reprocessing Plant 137cs, 235u , 40k , 154eu, 60co , 234m  

Pa, 144ce, 144pr, 106ru

Magnox Intermediate Level Waste 
Repository

137cs, 235u , 60co , 40r ,

Plutonium Pacemaker Plant 235u, 241^^1, Pu (All isotopes)

1.2.6 Required Properties Of A Useful Imaging System
Imaging system performance is usually described in terms of spatial resolution 

and sensitivity. Spatial resolution describes the ability of a system to resolve fine detail 
in the object. Sensitivity is the characteristic which expresses the number of counts 
obtained by the detection system in terms of the number of quanta emitted from a 
source. These performance criteria have been assessed in terms of the requirements for 
an industrial imaging device. In terms of sensitivity, measurement time is not 
considered to be a restricting factor because areas to be imaged generally contain 

stationary objects, and access is infrequent. Discussions with BNFL (Garlick 1991) 
indicate measurement times of several days are not considered a problem. This factor 

added to the high activity of radiation areas, suggests sensitivity does not need to be 
optimised. Spatial resolution is considered a much more important factor. Discussions 

with BNFL indicate the minimum useful spatial resolution would be 1 m at 5 m from 

the detector (Garlick 1991).
Examination of Table 1.1 in conjunction with discussions with BNFL 

(Cunningham 1991) leads to the conclusion that a generalised gamma ray imaging 
device constructed for use in the nuclear industry should be based on imaging the 662 
keV photopeak of  ̂̂ ^Cs. The range of activities encountered varies widely as outlined
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in the previous section. The device should operate in environments with activities up to 
12 MBq/kg. In the extreme case, the photon flux on the detector may reach 1x10^ 

photons per cm^. Radiation damage to detector components should therefore be 
considered in any practical implementation of a detection system.

A device for general use should be portable. This places restrictions on the size 

and weight of the detector. The size is limited by the size of remote handling ports 
(approximately 170 mm diameter) into contaminated areas. This may require radiation 
shielding of the detector to be minimised. Shielding may also be limited by weight 
restrictions. Weight restrictions may arise from the strength of remote handling 
manipulators. However, there is the possibility of using a gamma ray imaging device in 
a sentencing cell environment. This is an area where contaminated objects are taken to 
be categorised by their activity. Once examined, the fate of the waste may be decided. 
In this scenario, the device may be permanently mounted and the above arguments on 
portability no longer hold.

The field of view of the device should be as large as possible. However, 
scanning over a large area may be possible in some situations. Ideally, one should be 
able to obtain three dimensional information about the object being imaged. It is quite 
possible that a radiation image could be superimposed on an optical image to give some 
information of this nature. Alternatively, range finding equipment (e.g. ultrasonic) 
could be used to identify an object in a scene.

1.2.7 Imaging Systems For Decommissioning Purposes
It has been established in this section that gamma ray imaging could be used to 

assist in the decommissioning of nuclear facilities. In addition to this, the nature of the 
radioactivity and environments in which it exists have been examined in this section. 
The remainder of this chapter looks at a variety of devices either currently used or 
proposed for gamma ray imaging and examines their suitability for adaptation to the 

industrial environment. The chapter concludes with an examination of two techniques 

currently under development for use in the nuclear industry.
An inherent problem in any gamma ray imaging system is that gamma rays 

cannot be focused like light due to the nature of their interactions with matter. An 
optical lens cannot perform this task because the energy of the gamma photons is too 

high. The refractive index for electromagnetic radiation of this wavelength is close to 
unity. Coupled with this, the point of emission is not generally known. In order to 
produce an image, one is therefore required to use some form of collimation, which 
defines the ray's direction. This can take the form of mechanical collimation or
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electronic collimation. All the designs considered in following sections employ one or 

the other technique.
Medical imaging has probably seen more developments in the field of gamma 

ray imaging than any other and indeed both collimation techniques originate from this 
area. For this reason, the de-facto device used in medicine today, the Anger gamma 

camera, is considered first.

1.3 The Gamma Camera

1.3.1 Gamma Ray Imaging In Medicine
The use of tracer isotopes for the diagnosis of clinical disease has come to be 

known as nuclear medicine. The purpose of radionuclide imaging in medicine is to 
obtain a picture of such radioactive labelled substances within the body after they have 
been administered to a patient. These are known as radiopharmaceuticals and are 
designed to investigate the physiological function of individual organs in the body. The 
in-vivo  distribution is mapped or "imaged" by recording the emissions from the 
radioactivity, with external radiation detectors placed outside the body. This differs 
significantly from x-ray imaging whose purpose is to provide anatomical information.

The most common form of imaging is static planar imaging. These images 
consist of two dimensional projections of the three dimensional distribution of activity 
within the body. Data collection may take several minutes to complete. The image 

therefore can give information on the total uptake of a particular pharmaceutical within 
the body. The main problem with planar imaging is that it can be difficult to determine 

the function of tissue deep in the body. This is due to the superposition of information 
in the single planar view. This may be overcome by taking several images of the object 
from different orientations and combining the information. This is known as emission 
computed tomography (ECT). Images are taken axially around the object and combined 
using mathematical reconstruction algorithms on a computer.

The most popular metastable radionuclide for use in nuclear medicine imaging 
studies today is technetium-99m (^^Tc^). It has a physical half life of 6.02 hours and 
decays via isomeric transition to ^^Tc emitting a 140 keV gamma ray. The short half 
life and absence of p decay result in a low patient dosage. In addition, the photon 
energy is sufficient for penetration of body tissue. It is for this reason the main imaging 
device used in nuclear medicine is optimised for the detection of 140 keV gamma rays. 
This is known as the gamma camera.
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1.3.2 Overview Of The Gamma Camera
The gamma camera is a position and energy sensitive gamma ray detector used 

in the medical field to image such in vivo distributions of radioactivity (Fig. 1.1) as 
described above. It was first introduced in the late 1950’s (Anger 1958).

Light Guide
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Energy
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X Signal
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tubes

X-Y Locator 
circuits

Y Signal

Digitisation, Storage and 
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Figure 1.1. The Gamma Camera

The preferred emissions range for this application are y rays in the energy 
range of around 80 keV to 300 keV. Gamma rays of these energies are sufficiently 
penetrating in body tissues to be detected from deep lying organs but are shielded 
adequately with reasonable thicknesses of lead. The device consists of a single thin, 
large diameter (typically 13 mm x 400 mm) Nal(Tl) scintillation crystal optically 
coupled to a series (up to 101) of hexagonal packed photomultiplier tubes, possibly via 
a light guide. Thallium activated sodium iodide is used for two main reasons:

i) Nal has a high light yield emitting around 40 photons per keV of ionising 
radiation energy absorbed. This response is close to linear over a wide energy 
range (Knoll 1989).

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 25



Chapter 1: Gamma Ray Imaging Systems

ii) Nal is relatively dense (p = 3.67 g/cm^) and contains an element of high 
atomic number (Iodine, Z=53). This makes it an ideal absorber of gamma rays 
at low energies, since the probability of photoelectric absorption varies with 

Z^/By^ where Ey, is the incident energy of the gamma ray.

Nal has a high refractive index (1.85) for its own scintillation light. This is a 

blue light with a wavelength of approximately 415 nm. A transparent plastic light guide 
may therefore be used to optically couple the scintillator and photomultiplier tubes 
hence reducing light loss. Alternatively, microprocessor based correction techniques 
may be applied during data acquisition. The spectral response of the photocathode of 
the photomultiplier is matched to the spectral output of the scintillator by the use of 
bialkali materials (e.g., SbK2Cs). The whole assembly is packed into a light sealed case. 
This is necessary due to the hygroscopic nature of Nal. The case is also radiation 
shielded to prevent unwanted gamma rays entering the crystal (Short 1984). In order to 
form an image, a lead collimator is placed over the crystal face.

1.3.3 Gamma Camera Imaging Principle
A gamma ray photon passing through the collimator interacts in the crystal to 

produce scintillation photons. The intensity of the light pulse received by a particular 
photomultiplier tube will be dependent on its distance from the event. If the co-ordinate 
axis are defined, the tube outputs can be processed to give the positional co-ordinates of 
the event relative to its position of interaction in the crystal. If the outputs of all tubes 
are then summed together, the energy deposited by the interaction can be obtained.

A conceptual seven photomultiplier tube gamma camera using resistive 
coupling is shown in Figure 1.2.

The outputs of tubes 2 and 3 are combined through resistance Ry2 and Rŷ  to 
produce the F+ signal. Similarly the outputs of tubes 5 and 6 are combined through 

resistance's R~ŷ  and R~̂  to produce the F" signal. These outputs are then combined in 

amplitude and polarity to provide a signal representative of the Y co-ordinate of the 
gamma ray interaction

F =  k (1.1)

where k is a scale factor.
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The %+ signal is obtained in the same way through resistances and
Rl^, however, in this case the value of R̂^̂  is half the value of the other two resistors. 
This is necessary because photomultiplier tube 4 has twice the linear displacement 
along the X axis as the other two photomultipliers. The outputs of tubes 1, 2 and 6 are 
added through resistances R ĵ , R ĵ and R^^Xo produce the X~ signal. Once again, the 
value of R ĵ is half that of the other two to reflect its displacement. The %+ and As
signais are then combined to give the X  co-ordinate of the interaction:

X = k\
x - x

( 1.2)

Y Energy X- X
D ifference Sum m ation D ifference

Circuit Circuit Circuit

Figure 1.2. Anger Camera Logic Circuit
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The Z channel signal is obtained by combining the signals from all 
photomultipliers via resistances Rj through to Rj which are all of equal value. The Z 
signal is proportional to the total amount of light produced by the interaction in the 

crystal. This signal is sent (possibly via an amplifier) to a single channel analyser (SCA) 
which determines if the photon is within a pre-defined energy window centred around 
the expected photopeak of the incident gamma ray. The lower level of this window is 

set to reject scattered photon events from being recorded. These would degrade spatial 
resolution in the image. Signals resulting from the total (photoelectric) gamma ray 
absorption within the crystal are then accepted by the signal processing and contribute 

towards forming an image.
Historically, the X  and Y  signals applied to the X  and Y deflection plates of a 

cathode ray tube (CRT). The signals were shaped to create 2-4 |xs pulses, capable of 
holding the electron beam of the CRT in the desired position. If the Z signal was 
accepted, the electron beam would be turned on for a few |is to create a flash of light in 
the desired location on the CRT. The Z signal is also used to normalise X  and Y signals 
(equations 1.1 and 1.2 ). This is necessary in order to prevent the situation where low 
energy y emitting radionuclides, which generate less scintillations per event, produce 
smaller X  and Y signals and hence smaller images. This also permits systems equipped 
with several SCA's, to perform simultaneous acquisition of data from multiple 
photopeaks. Many modem systems are now totally digital. The analogue data from the 
gamma camera photomultiplier tubes is digitised at the camera head to minimise noise 
effects (Ott 1988). The analogue image is thereby replaced by a high resolution digital 
image.

One variation on the standard gamma camera is worth noting. A multicrystal 
gamma camera has been also been developed (Grenier et al 1974). This uses an array of 
small detector elements to cover a large imaging area. This has been commercially 

known as the "Autoflouroscope" or "System 70". The detector consists of an array of 
294 Nal scintillation detectors arranged into 14 x 21 elements. Each element measures 

0.8 cm X 0.8 cm x 3.8 cm thick. Scattering between crystals is minimised by placing 
lead shielding between them. The collimator may be a pinhole or multihole type. Each 
crystal is coupled to a photomultiplier tube by a light guide. Photomultiplier tubes are 

connected in such a way that there is one tube for each row and one tube for each 

column. Gamma ray interactions are therefore localised by examination of which 
combination of row and column received the light from the scintillator. The main 
advantage of the multicrystal system is increased count rate capability. This is achieved 

because each photomultiplier tube operates essentially independently of the others. 
Thus the possibility of pulse pile up is avoided. The count rate ability of the device is
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approximately 250 kcps as oppose to 100 kcps in the conventional gamma cameras used 
at the time of development. This device also offers greater detection efficiency for 

gamma rays with energy greater than 200 keV due to the increased Nal thickness. A 
disadvantage of the multicrystal system is its energy resolution. This is due to light loss 
in the light guide system. The energy resolution is around 50% for a photon energy of 
140 keV. The concept has more recently been extended to a single 20.3 cm x 20.3 cm 
2.54 cm thick Nal crystal that is slotted into an equivalent array of 20 x 20 elements. An 
array of 115 photomultiplier tubes are coupled directly onto the back of the crystal. 
Localisation of gamma ray interactions is performed in the same way as in the 

conventional gamma camera.

1.3.4 Imaging Techniques
In normal use the gamma camera forms a planar image i.e. a two dimensional 

representation of a three dimensional scene. However more recently the development of 
single photon emission tomography (SPET) has made three dimensional imaging 
possible (Barrett 1986). This technique uses a rotating gamma camera fitted with a 
parallel hole collimator. The camera rotates around the object to be imaged with its face 
parallel to the axis of rotation taking images at equally spaced angles. A particular row 
in each projection may be assumed to arise from a single transverse slice through the 
object. Information on the depth of the radioactivity within the object is obtained by 
backprojecting all angular projection data for that slice. Recent developments in this 
field have seen the introduction of multiheaded systems (more than one camera) in 
order to increase the number of lines along which gamma rays can be detected 
simultaneously. This significantly increases the sensitivity. As patient dose must be kept 
to a minimum, this increased sensitivity may then be traded off for improved spatial 
resolution with lower sensitivity high resolution collimators (Moore 1992).

The Anger camera can be used for static or dynamic imaging studies. In a 

static acquisition mode, the image of an unchanging radionuclide distribution is 

recorded over a time period of several minutes. In dynamic studies, changes in 
radionuclide distribution can be observed as rapidly as several images per second 

(Sorenson and Phelps 1987). A conventional modem gamma camera will be able to 
obtain a spatial resolution of around 7.4 mm for static planar imaging at a photon 
energy of 140 keV.
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1.3.5 Gamma Camera Collimators
The geometrical field of view of the camera is defined by the lead collimator 

placed over the crystal face. Gamma rays cannot be focused like optical photons. In 
order to form an image there must a one to one correspondence between the direction of 
emission of a gamma ray from a radioactive source and its point of detection. Therefore, 
most practical gamma ray imaging systems employ the principle of absorptive 
collimation for image formation. The collimator of a gamma camera is the means for 

achieving this. An absorptive collimator projects an image of the source distribution 
onto the detector by allowing only those gamma rays travelling along certain directions 

to reach the detector. In theory gamma rays not travelling in the allowed direction are 
absorbed by the collimator before they reach the detector (although in practice, some 
will penetrate the collimator). This projection by absorption technique is an inherently 
inefficient method for utilising radiation because most of the potentially useful radiation 
travelling towards the detector is actually stopped by the collimator. This is one of the 
underlying reasons for the relatively poor quality of radionuclide images compared to 
radiographic images. Typically for 10  ̂ photons emitted only one is detected (Moore 
1992) in medical studies. Consequently, there is a significant reduction in image 
quality. This affects both the spatial resolution and image contrast.

The gamma camera collimator consists of a lead plate with either a single or 
regular array of shaped holes passing through it. The most common hole shape is the 
hexagon as this allows the most efficient packing although circular and triangular holes 
have been used in the past. There are four main designs of collimator available; pinhole, 
parallel hole, diverging hole and converging hole. The choice of collimator depends on 
the investigation being carried out. The four general categories of collimator are shown 
in Figure 1.3. A more detailed explanation of those relevant to industrial imaging is 
given in Chapter 2.

The original design of the gamma camera used a pinhole collimator (Anger 
1958). This is shown in Figure 1.3a. Pinhole collimators offer very good resolution and 

efficiency at close distances, but the field of view decreases rapidly with increasing 
source to detector distance. This effect produces changes is resolution and efficiency, 
which can introduce distortions in images e.g. source planes of a three dimensional 
object at different distances from the collimator are magnified by different amounts. 
Pinhole collimators are mainly used for imaging small organs that can be positioned 
close to the detector. They can also be of use in imaging high energy gamma rays 
because the single hole design does not suffer from penetration of radiation between 

neighbouring holes. However, there may be some penetration through the edge of the 
aperture.
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a) Pinhole Collimator
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Figure 1.3. Anger Camera Collimator Geometries

The most widely used collimator is the parallel multihole design (Figure 1.3b). 
In planar imaging a three dimensional distribution of radioactivity is represented as a 

two dimensional image called the projection. A parallel hole collimator has the property 

that each point on the projected image has a value equal to the number of detected 

gamma rays that travelled through the corresponding collimator hole. Assuming no 

scatter occurred, the detection of a gamma ray indicates that a source of radioactivity 

existed somewhere along the line through the collimator hole. The depth of the source 

along the line is not known. However, the size of the image is independent of the 

distance between the source and the collimator. This is an advantage in clinical 

diagnostic situations where an organ lies at an unknown depth and its size is to be 

determined (Anger 1964) and is the major reason for its widespread use.

Diverging multichannel collimators (Figure 1.3c) were first devised to allow 

larger area images to be obtained than those possible with a parallel hole collimator 

(Muehllehner 1969). This reduced the need for combining several images from a 

parallel hole collimator which introduced errors from both exposure time and relative 

positioning. Early diverging collimators consisted of multichannel collimators with 

radially diverging holes of uniform diameter. The converging side faces the camera 

while the diverging side faces the object. The development of larger area detectors has 

now reduced the use of diverging collimators. The size of the image on the detector
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changes with distance from the collimator and so images may become distorted as in 
the case of the pinhole collimator.

Converging collimators (Figure 1.3d) were originally developed to increase the 

resolution of radionuclide images (Rudin 1971). These collimators traded off field of 
view for improved image resolution. The design was based on inverting the diverging 

collimator (Moyer 1974). Thus early designs consisted of an array of radially 
converging holes of uniform diameter. Other types of converging collimator have more 
recently found use in single photon emission computed tomography (SPECT). Fan 
beam collimators were the first to be investigated for this purpose (Jaszcak 1979). These 
collimators have parallel hole collimation in one direction and converging collimation 
in the other. Focusing is in achieved in a line parallel to the axis of rotation of the 
camera. This provides more efficient utilisation of the active detector surface. Cone 
beam collimators have also been developed for SPECT (Jaszcak 1986). In this design, 
the collimator consists of an array of holes that focus in both directions. This has the 
property that the collimator focuses to a point as oppose to line in the case of the fan 
beam design. Converging collimators also suffer from image distortion because image 
magnification depends upon source to collimator distance.

1.4 The Compton Camera

1.4.1 Compton Camera Overview
The Compton camera is a gamma ray imaging device that uses a technique 

known as electronic collimation. The first incarnation of the instrument was proposed 
by Todd et al (1974) for use in the medical field. This version used the principle of 
electronic collimation as an alternative to the mechanical (absorptive) collimation 
conventionally used in the gamma camera. There were three main incentives for 
developing such a device for medical imaging:

i) To increase the range of isotope energies available for gamma ray imaging. 
The optimum energy for the conventional gamma camera is around 140 keV. 
Photons of this energy may undergo scattering within the object (body) before 

they reach the detector. This degrades image quality as the original trajectory 
of the photon may not be determined. However, this scattering effect is 
inversely proportional to energy. If the energy of the isotope is increased, 
scattering is reduced and hence spatial resolution may be increased.
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ii) Only physiological processes with comparatively long lifetimes could be 

studied due to the poor sensitivity of the gamma camera. A device with 

increased sensitivity would make possible a whole new range of non invasive 

clinical techniques.

iii) When using a gamma camera, three dimensional information about the object 

may only be obtained by mechanically rotating the camera around the 

distribution in order to perform tomography. This introduces additional errors 

in the reconstructed images.

1.4.2 Compton Camera Imaging Principle
The device forms an image from Compton scattered photons produced in an 

electronic collimator rather than the primary photons that pass through a lead collimator 

and are subsequently absorbed as in the case of the conventional gamma camera. This 

makes the Compton camera a far more efficient device than the Anger camera, as no 

photons are absorbed in a collimating material during image formation. Any photon 

incident on the Compton camera may be of use in image formation (providing it is 

detected by the camera geometry).
A conceptual design of a two detector system is shown in Figure 1.4. Both 

detectors are position and energy sensitive.

Scattering Detector Stopping Detector

Backprojected Cone

Figure 1.4. A Single Scatter Compton Camera System.

Counts are produced when a photon emitted by the source (at point O) 

undergoes a Compton interaction in the first detector and scatters with less energy into
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the second detector, where it is photoelectrically absorbed. The timing considerations of 
a Compton camera is essentially that of a positron camera. The transmit time of the 
photon from the first to second detector is practically simultaneous, hence a coincidence 
detection mode is used to record the events corresponding to partial energy being 
deposited in the first detector and the remaining energy being deposited in the second 
detector. From Compton kinematics the following relationship may be deduced:

cos 6 = 1 + me
E. [ E r - E . )

(1.3)

Thus the partial energy deposited in detector 1 {Ej)  gives the scattering angle 6 of the 
incident photon. Since the scattering angle and two points on the gamma rays trajectory 

are known (xj,yj,zi and X2,y2>Z2), its origin may be traced back to lie on the surface of a 
cone whose apex is determined by the point of interaction in detector 1 and whose axis 
is determined by the line joining the two sites of interaction. If the data for several such 
Compton events is recorded for a point source, a series of cones may be generated. 
These cones have one common point in three dimensional space which defines the 
image point (Figure 1.5).

Figure 1.5. Projection Of Conic Sections In The Image Plane.

If we consider the trace made by each cone when it intersects an image plane, we 
generate a series of conic sections, which can be an ellipse, parabola or hyperbola. If the
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image plane is suitably selected, each of these conic sections will intersect at the 

original point of emission.
The simplest image which can be formed is by direct summation of all the 

conic sections, which are typically ellipses, produced in the image plane. Thus, in 
effect, the detector has electronically localised (or collimated) incident gamma rays 
from a distribution of activity and may therefore form an image. In general, one will 
want to image a radionuclide distribution rather than a point source as in the example.

The choice of depth and inclination of the image plane is purely arbitrary. It is 

therefore possible to project images onto a multitude of planes to obtain sections 
through the object or superimpose them to obtain a three dimensional image using the 
same set of measurements. This is in sharp contrast to the mechanically collimated 
gamma camera, where the data must be taken at several different detector positions in 
order to obtain three dimensional information. The other significant difference between 
the Compton camera and the mechanical system is that data processing is an integral 
part of the detector system. It is therefore possible to improve the imaging properties of 
the detector by operating on data during formation of the image. This would normally 
be performed after data acquisition in a mechanical system.

In theory, the Compton camera will produce an improved image over the 
gamma camera. This is because, in conventional cameras the mapping of the source to 
image is direct and any non uniformity in the camera will result in a corresponding error 
in the image. In the Compton camera, inactive zones in the detector will only lead to a 
reduced sensitivity in the overall system.

There are two potential problems to be aware of when setting out to design a 
Compton camera:

i) Of the many systems proposed, few systems have ever been constructed (Singh 
and Doria 1986, Martin et al 1993 and Zych 1979). Thus many of the ideas are 
largely untested.

ii) The device is potentially very expensive to construct. Many of the proposed 

systems are based on technology from particle physics and astronomy.

The work presented in this thesis has been carried out in conjunction with an 

experimental programme. A basic device has been constructed and evaluated by Roy le 
et al (1994).
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1.5 Proposed And Constructed Compton Cameras

1.5.1 Single Compton Scatter Devices
The single Compton scatter technique is the basis of the majority of Compton 

cameras proposed to date. The technique requires only one Compton scatter followed 

by subsequent photoelectric absorption within the detector, in order that a cone 
describing a possible incident photon trajectory be calculated. Several such events are 
required to form an image of overlapping conic sections within a prescribed image 
plane.

The original Compton camera proposed by Todd et al (1974) is a single 
Compton scatter camera for use in nuclear medicine. The work suggests that all 
interactions should be recorded in a three dimensional array of silicon Schottky barrier 
detectors. This was subsequently redefined to be a 10 cm right cylindrical silicon 
detector (Everett et al 1976), although no specific details were given. The work uses a 
theoretical analysis to compute an obtainable position resolution of 5 mm for 200 keV 
and 1.25 MeV gamma ray sources placed 10 cm from the detector face. A silicon 
detector that satisfies the position and energy resolution described would be extremely 
difficult to manufacture. Consequently, construction of such a device has never been 
reported. The final published study on this design (Everett et al 1977) considers using 
an array of semiconductor diode detectors.

The first working Compton camera for medical imaging was constructed by 
Singh et al (1983). The device was specifically designed as a replacement to the 
conventional gamma camera for use in single photon emission computed tomography. 
This was motivated by a desire for increased sensitivity over that available with other 
systems. Three generations based on the same single Compton scatter system were 

eventually constructed. The first incarnation was a prototype device constructed of a 
single high purity germanium detector and a conventional gamma camera. The second 

generation of the Singh camera consisted of a new two element high purity germanium 
detector coupled to a conventional gamma camera (Singh et al 1984). The final version 

of the system (Singh et al 1985, 1986) was constructed using a specially developed 4 x 
4 array of high purity germanium detectors. Each element measured 5 mm x 5 mm x 6 
mm and was fabricated using a specially developed gold mask segmentation technique 

(Luke 1984). The whole array was fabricated from a single germanium slab. Miniature 
preamplifiers are mounted inside the cryostat for each detection element. This 

germanium detector assembly is placed in front of a conventional gamma camera 
comprising of 25 cm diameter x 1.27 cm thick Nal crystal coupled to 19 photomultiplier 
tubes.
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A description of the electronics system used in the camera is described by 
Singh et al (1985). Each germanium element has its own amplifier, timing single 
channel analyser (TSCA) and analogue to digital converter (ADC). Pulses from each 
element of the germanium detector are first amplified and then passed through a TSCA 
to confine the energy to a selected interval, corresponding to a range of scattering 
angles. Events are rejected if more than one germanium element is active 
simultaneously. If accepted, the electronics perform three steps in parallel:

1) The germanium detector element is identified and its energy signal is digitised.

2) The X and Y co-ordinates of the photoelectric absorption in the gamma camera 

are digitised

3) The total energy (Z) signal from the gamma camera is digitised.

The digitised energy signals from the germanium detector and gamma camera 
are then passed to an adder circuit, which maintains a digital energy window. Only 
events that fall within the desired window are passed to the data recording system. The 
digital window also minimises the rate of random coincident counts by discriminating 
against single and not sequential interactions in either the germanium detector or 
gamma camera. The local electronic system then combines all information relating to 
the event into 24 bit code. This is passed to a 16 bit personal computer (PC). This 
originally stored events in random access memory, periodically dumping them to hard 
disk. Events were then sorted and framed off-line. This has been refined such that 
events may now be sorted on-line (Singh et al 1986).

The idea of electronically collimating a conventional gamma camera has been 
taken on by other groups. Solomon and Ott (1988) compared the use of germanium 
against silicon for use as the scattering detector in a gamma camera based system in the 

energy range of 100 keV to 1 MeV. The comparison was based on Monte Carlo data. 
They concluded that germanium was clearly the superior detector in terms of its 
efficiency. However, the manufacturing cost and requirement for cryogenic cooling 

with germanium detectors was considered a considerable disadvantage. They therefore 
proposed a detector based on a 5 cm x 5 cm silicon microstrip detector and an 
uncollimated gamma camera.

Kuykens and Audet (1988) proposed an electronically collimated gamma 
camera system, using a 3 x 3 array of silicon drift detectors for Compton scattering. 
They again concede that germanium detectors are superior but cite manufacturing cost, 
wide availability and ease of operation as reasons for using silicon instead. The work 

concentrates on the electrical properties of a two dimensional silicon drift chamber for
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use in a system capable of imaging 140 keV photons. They have constructed a 

prototype 3 x 3  silicon drift detector array, where each element is 2.75 x 2.75 mm^.

An elaborate system based on gas scintillation detectors for the first detector 

and multi wire proportional chambers as the second detector has been suggested by 

Fujieda and Perez-Mendez (1986). Gas scintillation detectors do not achieve the energy 

resolution of semiconductors, but offer increased spatial resolution. The work shows the 

system offers superior spatial resolution over an electronically collimated gamma 

camera for an incident photon energy of 140 keV. Theoretical calculations indicate a 

spatial resolution of 5.7 mm may be obtained for a source of this energy placed 5 cm 

from the camera. However problems arise over the low probability of higher energy 

photons interacting with the gases. The system has never been constructed.

The most recently proposed design is the ring Compton scatter camera. This 

design has independently been investigated by two groups (Martin et al 1993, Royle et 

al 1994). A diagram of the system is shown in Figure 1.6.

Stopping Detectors Stopping Detectors

Scattering Detector

©
Scattering Detector

Side View Front View
Figure 1.6. A Ring Array Compton Camera.

The ring array significantly reduces direct and small angle scattering events in 

the second detector. However, the ring subtends a smaller range of Compton scattering 

angles than a planar second detector, and hence obtains a lower efficiency. The basic 

operation in both systems is as follows: Each individual detector in the system has an 

electronics channel consisting of timing and pulse height analysis circuits. Events are 

recorded in the system when one of the scattering detector elements is triggered in 

coincidence with one or more stopping detector elements. Data is first buffered into a 

data acquisition board. Each event is then passed onto a microcomputer's memory, 

allowing events to be processed individually during image reconstruction.
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The device constructed by Martin et al is based largely on the work of Singh 
and is intended for use in the 500 keV to 3 MeV energy range. The device consists of 
Singh's 4 x 4  germanium detector and a ring of Nal scintillation detectors . Each 

detector crystal in the ring is a right circular cylinder measuring 19.1 mm in diameter 
and 50.8 mm in length. A prototype device consisting of the 4 x 4 germanium array and 

8 scintillation detectors has been constructed. The prototype has been used to 
investigate detector performance and image reconstruction procedures for gamma ray 
energies of 662 keV and 1.33 MeV. An angular resolution of 9® for 662 keV gamma 
rays is calculated from experimental results. A system consisting of 64 Nal scintillation 
detectors is proposed as further work. A second version of the prototype based on 16 
scintillation detectors has recently been tested (Martin et al 1994).

The system constructed by Royle et al has experimentally compared the use of 
germanium and sodium iodide as the scattering detector in a complete system. The 
device uses 2 sodium iodide detectors as the stopping detector in the system. The 
system is rotated on a gantry using stepper motors, so that several views of a source 
may be taken and combined in a final image. The system is designed to be small and 
portable. An angular resolution of 10° for 662 keV gamma rays has been obtained from 
experimental results using only sodium iodide detectors in the system. The research 
presented in this thesis forms part of this radiation imaging project.

1.5.2 Multiple Compton Scatter Stack Devices
The idea of the single Compton scatter camera was extended to multiple 

Compton scatter events (Kamae et al 1987). The motivation for this method was to 
increase the probability of detection and hence reconstruction efficiency of gamma ray 
trajectories in the energy range of 300 keV to 2.0 MeV. In addition to this some, studies 
have calculated the polarisation of the incident gamma ray from two or more sequential 
Compton scattering events in the stack. This may used to reduce the ambiguity in 
azimuthal angle. This device signalled a significant departure from the electronically 
collimated gamma camera.

The device is based on a stack of individual 2 dimensional position and energy 

sensitive semiconductor detectors (Figure 1.7), whose purpose is to record the positions 
and energy deposits of Compton scattered photons.
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Side

Detector Stack

Figure 1.7. A Multiple Stack Compton Camera.

The stack is proposed to be constructed of silicon strip detectors surrounded by 

an annular side counter. Silicon is selected due to its high availability and ability to 

operate without the need for cryogenic cooling. The side counter is included to increase 

detection efficiency by intercepting those photons that escape the stack without 

photoelectric absorption. The side counter is surrounded by an anti counter. The anti 

counter is used to reject photons being scattered into the stack. The whole assembly has 

a single entrance window for photons.

Kamae et al (1988) extended their work further by proposing the design 

specifications for a device capable of imaging photons in the 150 keV to 600 keV 

range. The stack consists of 50 silicon strip detectors of dimensions 6 cm x 6 cm x 500 

pm. The strip pitch is 500 pm in both x  and y  directions. The measurable limit for 

energy deposited is 1 keV with a minimum energy threshold of 10 keV. The side 

counter is a Csl scintillator of dimensions 10 cm radius, 18 cm height and 2 cm 

thickness. The minimum threshold energy is 20 keV. Angular resolutions varying 

between 3^ and 5^ are calculated in the energy range of interest.

Dogan et al (1990) suggested a device for operation in the 150 keV to 1 MeV 

energy range. Their work examined the possibility of using silicon and germanium as 

the main stack detectors. They proposed that each detector in the stack should have 

dimensions of 2.5 cm radius 5 mm thickness.
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1.5.3 Principle Of Multiple Compton Scatter Devices
A Gamma ray enters the detector through the entrance window and may 

undergo Compton scattering at some point in the stack. It may then undergo further 
Compton interactions until it is photoelectrically absorbed in either the stack or the side 

counter. These N scatterings will occur at positions P i, ?2 PN, in the stack, leaving 
energy deposits E i, E2...EN- In reality, one can only measure each energy deposit when 
it is above a certain threshold value for the detector. Thus the event can only be 
recorded when the energy deposited exceeds this value. If a photon is eventually 
absorbed in the side counter, only its energy is recorded. If the gamma ray is totally 
absorbed in the detector after undergoing N interactions, only the first two events are 
required in order to compute the direction of the incident photon. If the gamma ray is 
not totally absorbed in the detector, the first three interactions are sufficient to resolve 
the incident energy and direction. However, it has been found empirically (Kamae 
1987) that five interactions are required for accurate reconstruction of the incident 
photon path in the detector described.

In practice, the difficulty that arises is identifying the correct sequence of all 
the recorded interactions in the stack. The timing between events is less than a 
nanosecond and so temporal reconstruction is limited by electronics. However, 
Compton kinematics may be used to reconstruct most events. Consider the case of a 
gamma ray that undergoes N -1 Compton interactions before photoelectric absorption. 
The incident energy Etotal is calculated from the summed energy depositions AEj at 
each of the N interaction sites. One of the N interactions is now randomly chosen and 
assumed to be the first interaction. There are N-1 possible candidates to choose as the 
next interaction in the sequence. For an assumed sequence, the energy and momentum 

of the initial and final gamma rays can be calculated for each Compton scattering. For 
the interaction, conservation of energy and momentum give:

(1.4)
i=l

E f ^  = E ^ - A E j  ( 1.5)
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(1.6)

The value of 6j is compared with the actual angle between the two line 
segments Pj-i and Pj+i (within an acceptance limit) to determine the validity of an 

assumed sequence. The majority of tests may be concluded quickly because the 
necessary scattering angle is not consistent with the measured energy deposition. Once 

all possibilities have been eliminated for an initial choice of event, that choice is 
discarded and another is made. The tests are repeated until only the correct sequence 
survives. Normal Compton camera image reconstruction procedures may then be 
applied to the trajectories of several different photons in order that an image may be 
formed.

The electronic system of the device is very complicated because of the large 
number of detector components. This coupled with the desired semiconductor detector 
specifications make the device an expensive piece of equipment to construct. No work 
to date has been published on a successfully constructed prototype device. Dogan and 
colleagues have now directed their research towards a device based on Singh's approach 
(Martin et al 1993).

1.6 Existing Gamma Ray Imaging Techniques In The 
Nuclear Industry

1.6.1 The ALADIN Camera
A remote gamma ray mapping technique has been developed by the French 

atomic energy agency (Simonet 1989). This method is based on the photographic 
pinhole camera and is named ALADIN (Appareil de Localisation d'Activité à Distance 

en Installations Nucléaires). It essentially comprises of a radiation proof "black box", 
with a single aperture on one side and a detection system on the other. Two versions of 
the device have been developed:

1) A "static" system where images must be processed off-line. In this system, 
conventional photographic film is used to take an optical image of the scene 

while radiographic emulsions are used to map activity distributions.

2) A real time system, where optical and radiographic images may be viewed 
during data acquisition. This is achieved using a detection system based on a
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scintillation screen placed before a charge couple device (CCD) video camera.
This system is currently under development.

Radiographic and optical images are then combined to localise sources within a 
scene. In both cases, digital image processing is performed on the data to enable 

physical information and calibration parameters to be taken into account. This facilitates 
improved image presentation and allows dosimetric calculations to be made.

In terms of forming a photographic image, the pinhole camera has the property 
that it may obtain an image of an object at any distance without the requirement for 

optical focusing. This is particularly useful in contaminated areas where human access 
may not be possible. It also avoids the problem of a glass lens darkening through 

radiation exposure.
The camera body is assembled from a tungsten alloy. The high atomic number 

(74) and density (19 g/cm^) of tungsten make it a good choice for gamma ray shielding. 
The camera thickness and consequently weight are therefore minimised. The design 
allows for a range of removable pinhole apertures to be used. The apertures are also 
constructed from tungsten alloy and are essentially double cone collimators. In addition, 
an optical shutter is placed in the device. This is transparent to gamma rays and allows 
gamma ray image formation to continue after the optical image has been taken.

The "static" system is shown in Figure 1.8. Photographic film and radiographic 
emulsion are combined in the same cassette. This serves to improve image registration 
in later stages. It also reduces the total exposure time for both images and eliminates the 
requirement for manual intervention to change film cassettes. A series of radiographic 
emulsions with different sensitivities are loaded for each use. This allows a broad range 
of activities to be simultaneously detected in a single exposure. After exposure, the 
camera is removed from the active environment and films are taken for development in 
a dark room. The developed films are then digitised on a negative reader. Optical and 

radiographic images are finally combined on a microcomputer. A crude indication of 
the dose rates present in an environment may be obtained from optical density analysis 

of the radiographic images and knowledge of physical dimensions involved. The 
isotopic content of the sources may be obtained in a similar way.

The real time system is still under development and records all images (both 
radiographic and optical) with a CCD video camera . A scintillation screen is used to 
convert gamma photons into optical photons. The screen is transparent to optical 
photons such that photography is not disturbed. The non-hygroscopic scintillator 

bismuth german ate (BGO) is proposed for use as the scintillation screen. The screen is 
optically coupled to an image intensifier via series of fibre optics. The intensifier is
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then finally coupled to the CCD via a second series of optical fibres. The electronic 

system is connected via a control cable to enable remote operation of the device. Once 

again a shutter system is used such that the camera may continue to acquire 

radiographic images after optical image acquisition is complete. Images are initially 

buffered into the memory of a microcomputer during data acquisition. They are 

eventually stored to hard disk. A laser telemetry system attached to the side of the 

camera records the source to camera distance required for dosimetric calculations.

Tungsten Container

Radiographic
Film

Photographic
Film

Figure 1.8. The ALADIN Camera.

The "static" device has been successfully used for decommissioning and 

maintenance purposes within the French nuclear industry since 1984. The angular 

resolution is reported to be as good as 1.5^ for two sources of similar intensity. 

However, the inability to examine data on-line necessitates the use of several images to 

define an environment. Research is concentrated on developing the real time system.

1.6.2 Single Shutter Radiation Camera
The single shutter radiation camera was developed in the United States as part 

of a programme to develop mobile robots for reactor environments (DeVol et al 1990). 

The camera is intended to be mounted on a robot that could carry it into a radiation area,
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acquire an image and send the data back to an operator. The device consists of a 
shielded scintillation detector coupled to a photomultiplier tube. A single aperture is 

bored through the shielding. The detector is mounted on a pan and tilt table. The 
purpose of the table is to position the small camera aperture precisely (Figure 1.9).

Pb Shield

Aperture.

BGO

Pan and Tilt 
Table

Figure 1.9. The Single Shutter Radiation Camera.

It is designed for use with gamma ray energies ranging from 500 keV to 8 
MeV and exposures of up to 5.16 x 10'  ̂Ckg'^h'T Images are formed by recording the 
count rate for gamma rays from a given isotope at several orientations of the aperture. 
The aperture acquires data at many different positions and in this way the image is 
formed pixel by pixel. Since only a single aperture is used, images can be formed 

without the deconvolution techniques required by other position sensitive detectors.
The scintillation detector is a 1.27 cm x 1.27 cm right cylinder BGO crystal 

coupled to a photomultiplier tube. This is chosen because of its high density (7.13 

glcrv?) and effective atomic number (74), providing a sensitivity approximately three 
times that of Nal. However, the lower gamma ray scintillation efficiency of BGO leads 
to a reduced energy resolution. It has a high refractive index (2.14) for its own 

scintillation light and a significant amount created in the crystal is reflected internally 

when coupled to a glass window. This also serves to reduce energy resolution.
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The crystal is centred within an ultra pure lead cylinder measuring 27.5 cm 
diameter x 15 cm height. The thickness of the cylinder is 2.5 cm. The aperture size is 
0.625 cm. A shutter is also included for the aperture to improve image contrast. This is 

included because the total flux passing through the camera body will usually exceed 
that passing through the aperture. Therefore, images taken with and without the shutter 

open are subtracted to give a measure of the flux that passed through the aperture. The 
detector assembly may move ±20® in the vertical and ±180® in the horizontal by virtue 

of computer controlled stepper motors. This allows the aperture to be positioned within 
1®.

An SCA is used to select the energy range of interest. Count rate data is 
calculated at each pixel position by a scaler timer. This information is then passed to a 
microcomputer and stored on disk for later image reconstruction. This is performed on a 
UNIX workstation and involves extracting the net count rate and forming a normalised 
image. Colour coding is used to illustrate the intensity of recorded counts in the image 
display.

The device is able to resolve to 0.635 cm at 25 cm from the camera face for the 
724 keV and 756 keV lines of ^^Zr. However the device has poor efficiency, so useful 
images can only be obtained for high intensity radiation fields. Current development is 
aimed at adapting the device to low intensity radiation fields.
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Collimator Design

2.1 Introduction To Collimator Design
Several techniques for imaging gamma ray activity distributions were 

introduced in chapter one. The specific problems faced in decommissioning nuclear 
plants were also described. The remainder of this thesis concentrates on two of the 
imaging techniques introduced; the gamma camera and Compton camera. The work 
specifically involves the adaptation of their collimation systems in order that the 
techniques may be used in the nuclear industry. This chapter initially covers the 
detector design requirements common to both these techniques. Design aspects specific 
to the two techniques are discussed. A method of describing gamma ray imaging 
detectors based on linear systems theory is then described. This is followed by an 
introduction of the numerical methods used to examine the collimation systems in both 
detectors based on the linear system approach. The individual numerical methods used 
to study both collimation systems are then described.

2.2 General Design Considerations

2.2.1 Introduction to Design Considerations
Discussions have been held with BNFL (Garlick 1991) to assess the particular 

requirements of a gamma ray imaging device for use at the Sellafield nuclear 
reprocessing plant. Some general properties of an imaging system for use in locating 
radiation sources have proposed:

1) In order to form an image from gamma rays in a contaminated area, a device 
should be able to resolve contaminated vessels at a distance of several metres. 
This has been quantified such that the limit of resolution should be no less than 
the ability to resolve two sources placed 1 metre apart at a distance of 5 metres 
from an imaging device.

2) The field of view of the device should be as large as possible for a single 
exposure.
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3) The device should be able to isolate the desired signal from a high background 
count environment which may include a Compton scatter background from 

higher energy sources than the one to be imaged.

4) The device should be capable of forming an image of gamma rays in the 300 
keV to 1 MeV energy range, preferably optimised to the ^^^Cs 662 keV line 

(Cunningham 1991).

5) The device must also suffer minimal radiation damage when exposed to the 

environment to be imaged.

6) The radiation image should be presented in such a way that an optical image 
may be superimposed in order that more accurate location of radiation sources 

may be achieved. This is of particular importance in planar imaging, as no 
information on the distance to the contamination is available using this method. 
The image may therefore represent a source at any depth in the camera's field 
of view.

7) In general, one requires that radiation only be incident on the detector through 
a single entrance aperture. Lead shielding may therefore be required to 
surround the remainder of the body of the detector to prevent photons entering 
the device from any direction. If such photons are not screened effectively, 
they may be recorded incorrectly by the detection system resulting in artefacts 
in the final image. This is best achieved with shielding fabricated from 
elements with high atomic number such as lead.

8) Minor considerations are the ease of use of the device and its portability.

The collimation systems studied in this thesis are optimised for use in the 
nuclear industry and are therefore designed to match the specifications described above 

as best as possible. These design criteria introduce some general considerations that 
apply to both gamma cameras and Compton cameras. These are discussed in the 
following sections.

2.2.2 Electronics System
Several points must be considered when designing an electronic system for a 

proposed detector. The system may be diveded into three major areas:

i) Front end electronics for detector control. This is primarily concerned with the
power supply used to drive the detectors.
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ii) Signal processing electronics for signals created by the detectors.

iii) Image processing and display system.

The design considerations relating to the front end electronics will vary 
depending upon the exact nature of the detectors employed in the device. However the 
following points may be considered: In gamma ray detectors, the signal processing 

electronics are not likely to be the major influence in system dead time. The physical 
processes involved in converting gamma ray energy to electronic pulses e.g. 
scintillation and photoelectric absorption, will be the major factor in dead time. Count 
rates incident on a gamma ray detector can reach 500 kcps in a particularly active area 
(Gardener et al 1991).

Some general considerations may be made regarding the signal processing 
electronics. Firstly, electronic noise must be minimised. This serves to improve both 
energy resolution and sensitivity. Energy resolution is crucial where imaging requires 
the separation of a particular isotope from a background spectrum in an environment 
where gamma rays emitted by other sources are present. Secondly, the system should be 
capable of dissipating the heat generated by its components in normal operational use. 
Thus some type of cooling system may be required. This may constrain the system if it 
is required to be portable. This imposes both size and weight limitations and may 

necessitate the detector being separated from its main data acquisition system by a 
control cable. This would enable remote control of the device.

In terms of image processing and display, the system should operate in real 
time. It would be considered a disadvantage if images had to be constructed off line. 
The system may require radiation and optical images to be superimposed using a 

microcomputer. This is simplified if both images are recorded digitally. Image 
registration is vitally important in this instance to ensure correct identification of 
objects. This should be possible if the system is controlled by reduced instruction set 
(RISC) microprocessor.

2.3 Gamma Camera Design Considerations

2.3.1 Adaptation Of The Gamma Camera For Industrial Imaging
The gamma camera was designed to work in the energy range of 80 keV to 300 

keV at distances close the object to be imaged, approximately 50 mm to 300 mm from
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the camera surface (Although the radioactive distribution may be embedded in the 

object and so at a greater distance than this). In order to make the device capable of 

imaging photons of a higher energy at a greater distance from the camera face, some 

adaptations must be made. Firstly and most importantly, new high energy collimators 

must be designed as they are the main factor in determining system resolution in this 

instance. Secondly minor modifications to the electronics may be required to cope with 

the increased energy. Lastly, it may also be necessary to change the scintillation crystal 

if detection efficiency is poor.

2.3.2 Parallel Hole Collimator Considerations
In the modern gamma camera, the major limitation to overall system 

performance is the collimator. It is therefore here that most attention has been directed 

in trying to adapt the device to image high energies. Collimators are usually designed to 

effect a compromise between resolution and sensitivity or to accentuate one or other in 

the various types of nuclear medicine studies. Collimators are also energy specific, 

therefore one must consider the energy of the isotope to be imaged in their design. 

Parallel hole collimators are the most important collimators in nuclear medicine and 

subsequently their design has been the subject of the majority of collimator studies.

t <-

•A

a) Section View b) Plan View
Figure 2.1. Section and Plan View of a Parallel Hole Collimator

The four basic design parameters to be considered in the design of a parallel 
hole collimator are:

1 ) fl, the length of the collimator.
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2) d, the diameter of the holes (for circular channel collimators) or flat to flat 
distance (hexagonal hole collimators).

3) t, the septa of the holes (the thickness of material between adjacent holes).

4) The material of which the collimator is made.

Figure 2.1 shows a plan view and vertical section through (AA') of a parallel 
multihole collimator, illustrating each of the above symbols. Note the definitions refer 
to a square hole collimator in a square packing arrangement.

Mathematical analysis of the image produced by a parallel hole multichannel 
collimator is complex because gamma rays may travel through more than one hole to 
reach the scintillator. The shape of the exposed crystal area depends on the shape of the 
collimator holes, their arrangement within the collimator and the placement of the point 
source relative to the holes. The mathematical analysis of this type of collimator is 
simplified if the assumption is made that the collimator moves sideways during the 
exposure time (Anger 1964). An approximation of the spatial resolution , expressed 
as the full width at half maximum (FWHM) of the point spread function (PSP) of a 
parallel hole multichannel collimator is then given by the equation

^ ‘‘ ( a + b + c )  (2 .1 )r. -
a

where b is the source to collimator distance and c is the collimator to scintillation 

crystal distance. The parameter ae is related to the geometric hole length a,  by the 
equation

a = a  — (2.2)

where, /z, is the linear attenuation coefficient of the collimator material at the incident 
gamma ray energy. This is a modified version of the original Anger (1964) equation 

which was based purely on geometrical considerations. This form of the equation was 
proposed by Gerber and Miller (1974) and takes into account penetration of the septum 
by gamma rays at the edges of collimator holes. This is represented by case (c) in 
Figure 2.2.
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Collimator

Scintillation crystal

z=a

Figure 2.2. Paths of Gamma Rays Through A Collimator

The hole length, a from Anger's equation, is reduced on both ends by approximately 1/fi 
(the mean free path of the photon in the collimator material). However, complete 

penetration of collimator septa still remains a major problem for collimator design and 

the above equation gives no accurate prediction as to the overall collimator performance 

when penetration is a significant effect.

A primary consideration in collimator design is to ensure that septal 

penetration by gamma rays crossing from one collimator hole to another is kept to a 

minimum. This is essential if an accurate gamma ray image is to be projected by the 

collimator onto the scintillation crystal. Gamma rays may also be deflected by Compton 

or coherent scatter, although these effects are believed to be minimal compared with 

that of septal penetration. The paths of five different photons passing through a 

collimator are illustrated in Figure 2.2. Photons (a) to (d) all reach the scintillation 

crystal and only photon (e) is stopped in the collimator. Ideally, only photon (a) should 

reach the collimator. All other photons will cause degradation of the final image. An 

optimised collimator should minimise this effect.

The required septal thickness necessary to provide effective collimation may be 

approximated as follows. Examination of Figure 2.2 gives the shortest route for septal 

penetration as w (photon (d)). From geometric considerations, the septal thickness t is 

given by (Anger 1964)
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t = 7 ^  (2 .3 )
{a~w)

From experimental studies it has been determined that acceptable images are obtained 
when the narrow beam attenuation of gamma rays taking the path of photon (d) is 95% 
(Anger 1964). Assuming a given collimator material and gamma ray energy, a 
transmission factor of 5% penetration means the thickness w must be

€-^^<0,05  (2 .4)

where /x is the linear attenuation coefficient of the collimator material. Since e'  ̂~ 0.05, 
this implies

H - > -  (2 .5 )

and thus the minimum septal thickness for effective collimation is given by

It is desirable that septal thickness t  be as small as possible so that the 
collimator septa obstruct the smallest possible area of the scintillation crystal surface. 
This way, collimator efficiency is maximised. This is realised in the choice of 
collimator material. The collimator should be constructed out of a material with a high 
linear attenuation coefficient in the gamma photon energy range. This allows the septa 

of the collimator to be made thinner, thus improving geometric efficiency.
The geometric efficiency, or sensitivity of the collimator is the fraction of 

isotropically emitted gamma rays which are appropriately collimated. This is given by 
the equation

u -
a ^ d  + t)

(2 .7)
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where &i sa  constant depending on the shape and configuration of holes. The equation 
assumes that the source is in air and no attenuating medium lies between the source and 

detector.
Several aspects of the analytical equations described above should be noted. 

First, collimator resolution improves as the ratio of hole diameter to effective length 

{d/ue) is made smaller. Long narrow holes therefore provide collimators with the best 
spatial resolution. However, collimator efficiency decreases approximately as the 
square of the ratio of hole diameter to length, { d /a ^ .  Therefore, for a given septal 
thickness, collimator resolution is improved at the expense of decreased collimator 
efficiency. Secondly, from equation 2.1, the spatial resolution decreases linearly with 
increasing source to collimator distance. It should also be noted that the partial 
differential of equation 2.1 with respect to source distance b , is inversely proportional 
to collimator length for a fixed hole size d  and collimator to crystal distance c. Thus 
longer collimators show less degradation in resolution as source to collimator distance 
is increased.

The above equations do not give a complete description of the collimators 
response. They give only a rough guideline and do not permit the calculation of the 
effect of septal penetration on the point spread function (PSP) or the calculation of the 
measured response due to septal penetration, called the penetration fraction. However, 
for low energy collimator design (Ey < 200 keV) the above equations are adequate as 
septal penetration is less significant (Beck and Redtung 1985).

2.3.3 Focusing Collimator Considerations
Focusing collimators require a similar set of considerations to those of parallel 

hole collimators. The equations described in the previous section may be considered as 
a starting block for analysing focusing collimators. Diverging collimators are 
potentially useful collimators for industrial imaging as they increase the field of view 

of the gamma camera. The design considerations for this type of collimator are 
therefore examined.

The first analysis of diverging multihole collimators was presented by 

Muehllehner (1969). This considers a collimator with radially diverging holes of 
uniform diameter. A cross sectional view through the collimator is shown in Figure 2.3. 
The geometric resolution in the crystal plane using the definition described by Anger 
for a point source, is given by (Muehellehner 1969):
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a.cos Q
tan 6) (Z 8 )

where the symbols used are as defined in Figure 2.3, and ag has the same definition as 

equation 2.2 due to gamma ray penetration at the edges of the holes.

^ — d/cosd

Figure 2.3. Section View Of Diverging Collimator.

Resolution in the crystal plane can then be expressed in terms of the resolution in the 

object plane by the following equation:
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= Mr, (2.9)

where M  is the magnification factor and is given by

M  —
f  + a^+b + c

7 (2.10)

and /is the focal length of the collimator.
Substituting for (tanO'-tanO) by expressing ry in terms of/ ,  the resolution in the object 
plane rg is given by:

ia ,-\-b+ c)d 1
^o= -------------  %a. cos 6

j  , ( a .+ 2 c )  
2 f

(2.11)

This equation can be considered as three separate terms: the first is the conventional 
equation for the resolution of a parallel hole collimator, the cosd term is due to the slant 
of the holes and the final term is due to the effect of the holes focusing.

For a source that is smaller than the total imaged area, the geometric efficiency 
of this collimator is given by

g  =
Kd^ cos 6 
a j d + t )

f  + a + c  
f  + a + b + c

(2.12)

where A” is a constant depending on the shape of the holes and their distribution pattern. 
Thus geometric efficiency thus varies with cos^ .  If the source is larger than the area 
viewed, geometric efficiency is independent of depth.

2.3.4 Detector And Electronic Considerations
The purpose of the detector and electronics is to enable a set of electronic 

signals to be produced from the photomultiplier tube array such that accurate 

computation of the spatial location and energy of a gamma ray interacting in the 
scintillation crystal can be made.

The thickness of the scintillation crystal used in the device is an important 
factor when considering spatial resolution. This affects resolution because gamma rays
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may undergo one or more Compton scatter interactions prior to photoelectric absorption 
in the scintillation crystal. In this situation, these events contribute to the photopeak, 
since all the energy of the original gamma ray is absorbed in the scintillator. The 
scintillation from the first Compton event is correctly positioned on the original path of 
the gamma ray, but other scintillations are located some distance away. Therefore the 
electronic system of the camera then calculates the interaction site at the centre of 

gravity of the series of all interactions rather than the required position of the initial 
interaction. Compton interactions followed by the escape of a gamma ray do not present 
the same problem as they may be eliminated by the pulse height selection in the 
electronic system, provided the scattering angle large. The crystal thickness may also 
affect resolution because of the differences between the distribution of light photons 
generated by gamma ray absorption at the front and rear surfaces of the crystal. Anger 
and Davis (1964) found that multiple Compton-photoelectric events in large flat Nal 
scintillation crystals are the main contributor to the photopeak when the incident 
gamma ray energy exceeds 360 keV. However, the loss of resolution resulting from this 
can be minimised by using thin crystals.

Spatial information may be degraded further by two other effects. Firstly, 
gamma rays of the same energy interacting at the same point in the crystal (at different 
times) may produce different amplitude signals from the photomultiplier tubes. This is 
due to statistical fluctuations in the production of photons in the crystal, their 
conversion to electrons at the photocathode and their subsequent multiplication in the 
photomultiplier. This results in a different position of the interaction location being 
decoded from the photomultiplier signals. This is often referred to as the intrinsic 
resolution of the camera. Secondly, images may be distorted because the calculated 
location of the interaction may not represent the true position of the event.

The intrinsic resolution is influenced by the number of light photons reaching 
the photomultiplier from the scintillation crystal. The mean number N of light photons 
received by a particular photomultiplier for a given interaction has a standard deviation 

of VN. Thus this deviation is minimised by maximising the light flux incident on a 
photomultiplier by way of maximising the solid angle subtended by events at the 
photocathode. This is at odds with the requirements for good spatial linearity which 

require that the light flux be shared by as many photomultipliers as possible. A 
compromise must therefore be reached.

It is anticipated that the conventional photomultiplier tube array could be used 
for imaging high energies. The high voltage supply to the PMT array may need 

modification. This is because the processing electronics expect signals within a given 
range of amplitudes. If the energy deposited by the photon results in a larger signal than
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expected, the PMT output may have to be adjusted (via HT changes) in order to match 

the processing electronics. The potentially higher count rates experienced in industrial 
scenarios may require modification to the pulse discriminator electronics. This is 
because the gamma camera experiences counting losses at high count rates. The 
principle cause is pulse pileup, where two independent gamma ray events are perceived 

as one by the electronic circuitry. If one was a valid photopeak event, the apparent 
combined energy of two may exceed the range of the photopeak energy window. In 
addition to this, the gamma camera may be treated as a paralysable system in terms of 
dead time. System counting losses are determined by total spectrum counting rates and 
not just photopeak window counting rates. This is of particular relevance for industrial 
imaging where a spectrum of gamma rays from various isotopes may be present. 
Digitisation of PMT signals is desirable in order to allow a microprocessor to carry out 
any necessary correction techniques prior to calculation of the %, Y and Z signals.

The sodium iodide crystal employed in the gamma camera is thin compared to 
most conventional gamma ray detectors. The result of this is that the detection 
efficiency is low at high gamma ray energies. While the Anger camera is close to 100% 
efficient for energies up to around 100 keV, a 12 mm crystal will only be approximately 
11% efficient at 662 keV (Sorenson and Phelps 1987). This level of efficiency is 
considered a problem for medical imaging where low activity isotopes are imaged. 
However for an industrial high energy system, imaging increased levels of activity, this 
should not present a problem. This may indeed be an advantage in terms of not 
exceeding the maximum count rate. For conventional medical gamma cameras this is 
approximately 200 Kcps. The principal cause of this limit is counting loss due to pulse 
pileup.

A recent publication has successfully demonstrated that the imaging of 511 
keV gamma photons is possible with a conventional Anger camera (Van Lingen et al 
1992). This was achieved by using a special high energy collimator on a conventional 
gamma camera with no modifications. The device used a conventional 9 mm thick 
scintillation crystal which was found to be sufficient for imaging. The only situation 

envisaged in which the crystal may become a problem is that of imaging in areas of 
very high activity. In this situation the crystal may become flooded and the observed 
count rate may be much less than expected.

2.3.5 Overall System Considerations
The overall system resolution of the gamma camera image is given by the two 

dimensional convolution of the collimator point spread function (PSF) and the intrinsic
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PSF of the detector and electronics. If the FWHM of the detector and electronic system 
PSF is expressed as an intrinsic resolution /?,- and the FWHM of the collimator PSF is 
expressed as the collimator resolution Rc, then the overall system resolution Rs, may be 
approximated by

R,=^Rf+R^  (2 .13)

The intrinsic resolution of a conventional gamma camera will vary with gamma ray 
energy due to the variation of the number of optical photons produced in the scintillator. 
The modem gamma camera has an intrinsic resolution of approximately 3-4 mm for an 
incident energy of 140 keV. Collimator resolution depends on source to collimator 
distance, therefore system resolution also depends on this parameter. At source to 
collimator distances greater than 5 cm, the overall system resolution is determined 
primarily by collimator resolution.

2.4 Compton Camera Design Considerations
The Compton camera principle is intended for the imaging of gamma rays in 

the 300 keV to 2 MeV energy range. Thus the device is ideally suited to work in the 
energy range of interest to this project. The design parameters are discussed below. All 
analysis is based on the single scatter camera as described in Chapter 1.

2.4.1 Spatial Resolution
The accuracy of the Compton camera technique will depend primarily upon the 

accuracy with which the conic section parameters may be determined; that is how 

accurately the position and energy values of the interactions can be measured. The 
inherent measurement of errors in position and energy lead to an ambiguity in the 
reconstructed trace. These will lead to a density distribution about the true location of 
the point source - some traces passing close to or through the point of emission, others 
missing by a relatively large distance (Solomon and Ott 1988). These factors 
collectively determine the spatial resolution in the resultant image.

The spatial resolution of a single scatter Compton camera may be expressed in 
terms of the position and energy resolution of both detectors if degradations caused by 

the reconstruction process are ignored. In reality, other errors are introduced in the 

backprojection process. This primarily occurs when the solutions to the data are made
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discrete and pixels other than the correct one are incremented. Contributions to the 
overall spatial resolution from uncertainties in the energy resolution of the first detector 
and spatial resolution of both detectors can be combined to give an equivalent angular 
spread in the collimation process of Ad for a photon scaterring at some angle 6 . The 
FWHM of the point spread function at a distance D  from the front detector is then given 

by DtanAO. The angular uncertainty AO is composed of four different factors:

1) AOj, the component due to the energy resolution of the first detector.

2 ) A 6 2 , the component due to the spatial resolution of the first detector.

3 AO3 , the component due to the thickness of the first detector.

4) A6 4 , the component due to the spatial resolution of the second detector.

These factors can be related to the three aspects of the backprojection process 
for recorded data as follows:

i) An uncertainty in the half angle of the backprojected cone. This is a AOi effect.

ii) An uncertainty in the spatial orientation of the cone's central axis. This is the 
combined effect of AO2  and A 6 4 ,.

iii) An uncertainty in the position of the cone's axis or the apex of the cone. This is 

a.A6 2  effect.
This analysis does not take into account the ability to reject scattered radiation 

within the object before it reaches the first detector, which is a function of the combined 
energy resolution of both detectors.

AOj may be obtained from equation as follows. The energy of the Compton 
scattered electron is given by

Where E  is the incident energy of the photon and a  is E/nioC^, where nio is the rest 
mass of an electron and c is the speed of light. Differentiating this equation with respect 
to 0  and rearranging, one obtains an expression for AQi
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where AEg is the energy resolution of the front detector. It can be seen from equation 
2.15 that the energy resolution required to resolve a given scattering angle with a 
particular accuracy is a function of incident gamma ray energy. The effect of the sinO 
term in the equation is that gamma rays scattering through small or large angles are 
imaged with a poorer resolution than those events scattering at intermediate angles. The 
energy resolution required to achieve 5° angular resolution at 140 keV in the scattering 
angle range of 20° to 75° is 1.1 - 2.3 keV whereas at 662 keV an energy resolution of 
3.8 - 18.9 keV covers scattering angles within the 5° to 75° range.

The uncertainty per keV of energy resolution (AOi/AEg ) versus the central 
scattering angle of the gamma ray is plotted for an incident photon energy of 662 keV 
in Figure 2.4. The large errors in angular resolution calculation at small scattering 
angles are due to the fact that the energy deposited in the scattering detector is close to 
the energy resolution of the detector. The minimum detectable angle therefore is limited 
by the minimum detectable energy in the first detector. The smallest scattering angle 
that may be recorded therefore depends upon noise in the first detector whereas the 
largest angle is a function of geometry.
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Figure 2.4. Uncertainty per keV of Energy Resolution Versus the Central Scattering
Angle
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The contribution of the other effects on angular resolution may be obtained by 
consideration of geometric factors. These are illustrated in Figure 2.5.
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Figure 2.5. Geometric Contributions To Angular Resolution

Examination of Figure 2.5 gives the following equations:

Stan{0 + A d 2 ) = rj + Stan{6 + (p)
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Stan(0 + AO^) = \̂ S + ^ \tan Q  (2 .17)

Stan[0 + A 0 4 ) = r 2 + S ta n 0  (2 .18)

where S is the separation between the two detectors, 0 is a particular scattering angle, ri 
is the FWHM position resolution of the front detector, 0 is the half angle subtended by 

the front detector at the source position, / is the thickness of the front detector and is 
the FWHM position resolution obtainable in the second detector for gamma rays 

incident at an angle 9.
The combined effect of all these terms gives an overall angular resolution 

(Singh et al 1983) of

tan^ AO = tan^ AOj +tan^ AO2 +4tan^ AO  ̂+tan^ AO  ̂ (2 .19)

Optimisation of system spatial resolution is therefore obtained by selecting high spatial 
and energy resolution in a thin first detector, and high spatial resolution in the second 
detector. Overall spatial resolution may be further improved by increasing the distance 
between the two detectors.

The above analysis does not take into account degradations caused by the 
reconstruction procedure and the linear and angular sampling frequencies of the 
detector. Limited angular sampling leads to degradation in the resolution, particularly in 

the direction longitudinal to the central axis of the first detector. The exact resolution 
will then depend upon the degree of symmetry in the object and any prior knowledge of 
its shape that may be incorporated into the reconstruction scheme. Alternatively, almost 
complete angular sampling around 360° may be obtained by rotating the system to a 

small number of positions around the object (Singh 1983). The exact number of 
positions required depends on the system being used. This will introduce a further 

centre of rotation error into the reconstruction due to mechanical movement.
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2.4.2 Efficiency and Sensitivity
The Compton camera detects gamma rays that are incoherently scattered in the 

first detector and photoelectrically absorbed in the second. The overall detection 

efficiency is the product of two factors (Fujieda et al 1986):

e = Pe2 (2.20)

where is the detection efficiency in the second detector and P  is the probability of a 
single Compton scatter photon escaping the first detector and scattering into the second 
detector. In order to maximise efficiency, the value of P  and 62 should be large. 
Therefore the choice of the second detector affects both spatial resolution and detection 
efficiency.

The sensitivity of an imaging system is the characteristic that expresses the 
number of photons counted by the detection system in terms of the number of photons 
emitted from a radioactive source to which the system is exposed (MacIntyre et al 
1969). The sensitivity of the Compton camera will depend on the exact nature of the 
detectors employed and the object to be imaged. The main considerations are defined as 
follows:

1) The Compton and photoelectric cross sections for both of the detectors.

2) The dimensions of both detectors in the plane parallel to the incident photon.

3) The area of the detectors in the plane perpendicular to the incident photon and
the solid angle between them.

4) The location and spatial distribution of the photon source relative to the first 
detector.

5) The energy of the incident photons.

6 ) The dead time of the detectors and electronic system.

Image processing will also have some effect in calculations of camera 
sensitivity, although this in not included in this analysis.

An analytical expression for the sensitivity of a Compton camera may be 
described by the product of four factors:

i) Source activity. (C )

ii) The solid angle for detecting emitted gamma radiation.
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iii) The reduction in intensity due to attenuation in the object.

iv) The efficiency of the detector.

Singh (1983) derived expressions for point sensitivity and volume sensitivity 
of a system where the first detector comprises of an array of small energy sensitive 

detectors. For imaging a point source located in air the sensitivity may be expressed 

mathematically as:

S ,= i2„ .eC  (2 .21)

Where Qgcs is the fractional solid angle subtended at the first detector by the 
object. This assumes there is no scatter within the medium between source and detector. 
Studies indicate that generally the Compton camera is far more sensitive device than the 
gamma camera as no absorptive collimation is required (Singh et al 1983 and Fujieda at 
al 1986).

2.4.3 Rate Capability
The timing considerations of a Compton camera are essentially the same as 

that of a PET camera. The time taken for an incoming photon to traverse the distance 
between the two detectors is negligible and interactions are effectively simultaneously 
recorded in the first and second detector. The maximum count rate for true coincidences 
is given by (Solomon and Ott 1988):

j .  ^ _____
( l  + A ) ( l - e , )  + i2e , (2.22)

where

(2.21)

r2  is the count rate in the second detector, £/ is the total efficiency of the first detector, 
12 is the fraction of scattered photons that scatter onto detector 2, is the Compton
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attenuation coefficient, jjp is the photoelectric attenuation coefficient, x  is the thickness 
of the first detector, and T is the dead time of the second detector.

There will also be a coincident count rate resulting from random "singles" 
events. These are photons that either scatter in the first detector without absorption in 
the second or those which transmit through the first detector without any interaction and 

are absorbed in the second. Two such events may be recorded as coincident if they 
occur closely in time. Singh et al (1983) calculated that singles counts at both detectors 

will be large and so the detectors must have the capability of processing data at very 
high rate prior to the time coincidence circuit. This is a problem for large single crystal 
detectors such as the gamma camera because scintillation decay time can limit the 
maximum count rate. This problem can be removed if the second detector is replaced by 
a segmented detector or an array of small detectors.

2.4.4 Detector Optimisation Considerations
The choice of detectors employed in the Compton camera must be considered 

carefully. In terms of overall spatial resolution, the first detector must have high spatial 
and energy resolution (see section 4.4.1) and be thin. This may be achieved by using 
either a single large position and energy sensitive detector or an array of small energy 
sensitive detectors. In addition this detector must also present a high single Compton 
interaction probability Pc to the incoming gamma ray. The second detector must be 
capable of stopping this scattered photon in the energy range of interest. It must 
therefore have a high photoelectric cross section for photons scattered within the 
detector geometry and hence in that energy range. It is therefore unlikely that both 
detectors will be the same. However, both detectors must be capable of coping with the 

high count rates expected. Singh found that in his system, the gamma camera became 
the most limiting component for this very reason (Singh 1992).

The possibility of fast neutron damage must also be taken into account when 
considering industrial environments. Semiconductor detectors, which could be used for 
the first detector are prone to radiation damage from fast neutrons. A neutron flux 
exceeding 3x10^ ̂  n/cm^ will damage silicon detectors whereas a flux of 10  ̂ n/cm^ is 
enough to damage thick germanium detectors (Knoll 1989).

When germanium detectors are used in environments where fast neutrons are 
present, there is the possibility that neutrons will affect the pulse height spectrum. These 
will appear as spurious peaks. They are mainly caused by excitation of the germanium 

nuclei by inelastic neutron scattering, followed by the emission of de-excitation gamma 
rays, internal conversion electrons or X-rays.
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2.5 Transfer Response Functions Of Collimators

2.5.1 The Imaging Problem
When examining the image of a radionuclide distribution, one imagines that 

they are looking at the object distribution. However, this assumption is not strictly true 
and the image observed is merely a fair representation of the object distribution. The 
image contains all the characteristics and imaging imperfections of the imaging system 

being used. If the system is of sufficient quality then the device will approximate a 1:1 
spatial correspondence between object and image space and be more or less linear with 

the object distribution it represents. However the imperfections introduced in the 
imaging process are usually noticeable, especially with radionuclide images. Imaging 
degradations are present because of the physical laws governing the process of image 
formation.

2.5.2 Image Analysis Using Transfer Functions
The application of the transfer theory of linear invariant communications 

systems (see Appendix 2) is of particular use in the study of radiographic imaging 
systems. This provides a way of representing many different imaging systems by the 
same basic set of equations. The aim of communication theory is to characterise a 
system by establishing a general dependence of the output on the input. This enables the 
output resulting from any conceivable input to be uniquely defined. This is in general an 
extremely complicated task.

The property of isoplanatism allows the definition of the unique characteristic 
of the system known as the point spread function (PSF). This is defined as the intensity 
distribution in the image due to an infinitely small aperture radiating with unit intensity. 
The image of a point will generally become blurred in the image plane. The point 
spread function is a measure of this effect. Information (radiation) can, in theory 
disperse to all image locations from each object location. However, for any useful 
imaging system, the major contribution to each point in the image plane is due to a 

single location in the object. Neighbouring points in the object plane will contribute 

smaller amounts of information to a point in the image plane. This contribution 
decreases rapidly with distance from the original point in the object plane. The PSF as 
investigated in this thesis refers to the contribution to the overall PSF from the 
collimation system unless otherwise stated.
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2.5.3 Response Functions For Mechanical Collimator Assessment
The gamma camera is not a true linear isoplanatic system. There is variance 

present in all components of the system. The collimator is variant because the image of 
a point will differ depending upon the source location relative to the holes of the 

collimator. This becomes particularly apparent in high energy collimators where the 
hole spacing becomes wide relative to the intrinsic resolution of the gamma camera. 
This can lead to visible artefacts. The electronic detection system is also variant because 
photons undergoing photoelectric absorption in the scintillation crystal directly above a 
photomultiplier tube will be imaged with a poorer resolution than those interacting 

between tubes.
The collimator PSF is not radially symmetric. For example, the PSF of a 

collimator consisting of circular holes arranged in a hexagonal pattern is shaped like a 
star because radiation penetrates the points of thinner septa between the holes with 
greatest intensity (Muehllehner et al 1973, En-Lin Yeh 1982). However, the problems 
associated with the PSF being variant and non-isotropic may be removed if the concept 
of an average point spread function is introduced. This may be calculated by averaging 
out the response to a point source for all possible points in the object plane with respect 
to the collimator structure (Muehllehner et al 1973). This average PSF allows the 
collimator to be treated as the transfer function of a linear, isoplanatic, isotropic system.

The aim of the collimator must again be considered here. Its purpose is to 
allow only those photons travelling in a certain direction to reach the crystal. These 
should only travel through the collimator holes to reach the detector crystal. Those 
photons entering the collimator septa should be photoelectrically absorbed. However, in 
reality, the collimator suffers from penetration and scattering in the septa by incident 
gamma rays. This effect increases with gamma ray energy with a consequent loss in 
resolution in the image. The PSF can therefore be thought to compose of three functions 
representing the correct collimation (geometric), penetration and scattering of incident 
photons.

When considering a collimator, the PSF gives the most complete description of 
collimator spatial resolution available. However for practical purposes, it is useful to 

provide a single number to describe this property. Collimator spatial resolution is 

therefore often described by the width of the PSF in the image plane. It is with this 
approach that the equations derived in section 2.3 are used to estimate the collimator 
spatial resolution. The most commonly quoted figure for spatial resolution is the full 
width at half maximum (FWHM) of the PSF. When dealing with high energy 
penetrating radiation, the FWHM is inadequate for describing collimator resolution, as 
the PSF will have significantly long penetration tails caused by radiation passing
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through the septa. Penetration of septa will result in radiation fluxes that are much less 
than the half maximum, but nonetheless significantly reduce contrast. It is therefore 
sometimes useful to consider the full width at tenth maximum (FWTM) as well as the 

FWHM when characterising high energy collimators. It must be noted that these values 
for resolution are functions of energy and source to collimator distance as well as 
collimator dimensions.

2.5.4 Response Functions For Electronic Collimator Assessment
The PSF of the Compton camera is obtained in a somewhat different way to 

that of the gamma camera. The detectors used in a Compton system will both produce 

an image of sorts, however data from the two must be combined through signal 
processing techniques in order to form an image of the object. The first detector will 
merely produce an image of the points where Compton interactions took place, where as 
the second will produce several images of conic sections. The device cannot obtain a 
direct projection image as in the case of the gamma camera. Temporal and energy 
analysis are an essential part of the system.

In order to generate the PSF of the Compton camera, one must backproject the 
data recorded by the system for the trajectories of several photons into the object plane. 
The image must then be processed to calculate the points of intersection of the conic 
sections in the object plane, which represent the position of the point source. Each conic 
section will have a statistical spread represented by a finite width in the image plane, 
due to measurement errors. The PSF is therefore defined as the function representing 
the intensity profile of the sum of all ellipses about their common point of intersection 
(Todd et al 1974). The conventional measure of describing the resolution as a numerical 
value such as the FWHM or FWTM may then be used for comparison with other 

imaging systems. This assumes that there are sufficient conic sections to represent 
statistical stability in the image i.e. the generation of further conic sections does not 
improve the PSF. Simulation (Everett et al 1977) and experimental (Martin et al 1993) 
studies indicate the PSF to approximate an isotropic function for a source placed on the 
central axis of the camera i.e. pointing at the source. However, if the straightforward 
backprojection technique is used, distortions will occur in the PSF for sources not 
positioned on the camera axis of symmetry (Singh et al 1983 and Martin et al 1993). 
This effect may be significantly reduced by using iterative reconstruction techniques 
(Brechner et al 1990).

The overall PSF of the Compton camera is a product of many factors, some of 
which belong to measurement errors and others which belong to image reconstruction.
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This is because of the way in which the PSF is generated. One approach to investigating 
the response is to calculate the PSF assuming no errors in position and energy 
resolution of the detectors (Solomon 1988) and compare this with the PSF generated 
with the errors introduced. A finite PSF is generated for no errors in position and energy 
resolution as a result of the image reconstruction process. A similar approach to this 

was used by Dogan et al (1990) where only errors due to the physical dimensions of the 
scattering detector were considered. The studies presented in this thesis model the 
deposition of energy within the detector material through electron transport but do not 
consider errors introduced by the electronic systems. This may be likened to the 
collimator PSF of the gamma camera. When position and energy resolution errors are 

included, the overall PSF may be obtained. However, there is no analogy with the 
intrinsic PSF of the gamma camera.

2.6 Numerical Modelling

2.6.1 The Purpose Of Computer Simulation
Design and production of any detector system is a time consuming and 

expensive exercise. It is not practical or economical to construct a system and then 
examine the effects of changing various components and parameters in order to improve 
its performance. Moreover, it is not possible to experimentally measure and separate all 
aspects of a system. Simulation provides a way of describing phenomena that are 
difficult to cast into an analytical expression. By simulating the performance of a 
system in a model on a computer, one can examine its properties and make any 
necessary adjustments before the construction stage is reached. It is also possible to gain 
information that may not be available experimentally. Once a suitable model of the 

system has been devised, this method becomes an extremely powerful analytical tool.
In the context of designing a device for the imaging of high energy gamma 

rays, two different stochastic modelling techniques of studying photon transport have 

been used. The process of stochastic modelling and simulation may be summarised by 
the following approach:

1) Decide which probabilistic distributions reflect the behaviour of the
phenomenon and decide whether the random variables to be used are
independent.

2) Generate random numbers.

3) Use the random numbers to sample the distributions.
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The first technique used in this thesis is a stochastic ray tracing for the design 

of collimators for conventional gamma cameras. The second is a Monte Carlo technique 
used for designing an electronic collimator system. Simulations were performed on Sun 

Microsystems UNIX workstations.

2.6.2 Ray Tracing Models Of Parallel Hole Collimators
The gamma camera collimator has more effect on system resolution than any 

other component of the device. It is therefore here that the investigation to adapt the 

Anger camera to higher energies, has concentrated. As mentioned previously, septal 
penetration and scatter within the collimator are major design problems. Various 
approximations of septal and edge penetration effects have been made with the intention 
of reducing the mathematical analysis to a less intractable form (see section 2.3). 
Existing formulations however, give only a rough guideline to these effects and do not 
provide a satisfactory solution to the problem. Also, when the gamma ray energy 
exceeds 200 keV, penetration significantly affects the collimated image. This is of 
particular relevance when imaging in polyenergetic environments. In such a case, 
although a high energy source may only constitute some small percentage of photons 
incident on the collimator when compared to a more active low energy source, 
penetration of the septa may result in a large signal being detected by the crystal. In the 
extreme, this signal may become more significant than that generated by the low energy 
photons which are effectively collimated.

It is desirable to calculate the PSF of a collimator as this will include both the 
effects of penetration arising from edge effects and penetration through the collimator 
septa. This may be obtained using the ray tracing technique. In this thesis, the technique 
has been applied to both parallel hole multichannel collimators and diverging focusing 

multichannel collimators.
It was previously discussed that the PSF of a parallel hole collimator is not 

radially symmetric. Although spatial variations may be of interest in certain situations, 
it is more useful to obtain an average PSF for studying penetration effects. A single PSF 

which characterises the average imaging properties of a collimator is therefore defined. 
This function is obtained by averaging the PSF over all rotational angles.

In order to obtain the PSF for a given collimator at a particular source distance, 
a computer program has been written to simulate the path taken by the photons as they 
pass through the collimator to reach the scintillation crystal. This is based on the 
technique of Muehllehner and Luig (1974). A number of rays are traced for a given
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emission (azimuthal) angle T such that the rays intersect the crystal plane at incremental 

distances from the Z axis Figure 2.6.
For each ray, the path length traversed in the collimator material is calculated 

by tracing the photon trajectory through the collimator. Muehllehner and Luig (1974) 

describe a technique where the path of the photon is traced in 0.1 mm increments. After 

each increment has been made, the new X, Y, Z position of the photon is calculated and 

it is determined whether this lies in a collimator hole or septum. In the case of the 

parallel hole collimator considered here, the geometry is given completely by the 

thickness of the collimator and hole pattern seen by looking down onto the collimator 

face.

Collimator

Crystal

Figure 2.6. Rays Intersecting Crystal At Incremental Distances.

The plan view of the collimator face consists of a regular array of holes arranged in a 

hexagonal pattern, therefore its geometry can be described by an arrangement of several 

small repeating units. This repeating unit is known as the unit cell. The unit cell for a 

hexagonal hole collimator is shown in Figure 2.7 (This binary image file was generated 

by the program). This is expressed algebraically in the program by dividing the unit cell 

into a series of intersecting planes perpendicular to the collimator face. The model 

assumes the collimator is an infinite plane constructed of unit cells. These planes 

project a series of lines into the plane of the collimator surface. The parallel hole model 

is thus a two dimensional problem.
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Figure 2.7. Unit Cell Used In Parallel Hole Ray Tracing Program

Once a ray has reached the crystal, the total path length of its trajectory through 

the lead collimator is determined. The intensity of the point spread function for a given 

azimuthal angle is then calculated. Since the source is isotropic, the total number of 

gamma rays reaching the crystal must take into account both the increasing distance to 

the crystal and the angle of the crystal plane with respect to the ray. The intensity I of 

the point spread function for a given angler is given by

y = (2.24)

where Aw is the incremental distance, N  is number of times the ray is found in the 

septal material and fi is the linear attenuation coefficient for the collimator material. The 

attenuation coefficient is obtained from Storm and Israel (1970). This technique ignores 

the effect of scattering in the collimator material. For each angle r , a number of rays 

are traced. In order to obtain an average PSF, the rotational angle 6 and relative source 

position are changed for each ray traced. The rotational angle is incremented by a small 

constant amount for each new ray. For a given value of r and 6, the relative source 

position within the unit cell is generated by two random numbers. Without random 

relative position between source and collimator, the PSF becomes discontinuous 

(Muehllehner et al 1974). The random relative position requires that many rays are 

traced for each emission angle r to average out the PSF for a particular azimuthal 

angle.

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 73



Chapter 2: Detector Characteristics and Collimator Design

END OF RAY TRACING

YES

MAXIMUM
EMISSION

ANGLE

NO

YES

NO
NTETA < NORUN

YES

NOZ >
COLLIMATOR

LENGTH

NO WAS 
THE TRANSPORT 

IN LEAD?

YES

CALCULATE T

STORE I

CALCULATE 
NUMBER OF STEPS 

(NSTEP)
TO BOUNDARY

INCREMENT DISTANCE 
IN CRYSTAL PLANE

N = N + NSTEP

SET CONDTIONS FOR 
RAY TRACING N=0

GENERATE 2 RANDOM 
NUMBERS

INCREMENT 
ROTATIONAL ANGLE 6

1 = 1 + exp(-DW.N.^ ).COS r

S E T t = 0  
SET0 = 0

SET STARTTING 
POSITION AT FACE OF 

COLLIMATOR 
Z=0,X.Y

INCREMENT X .Y .Z  
BY NSTEP TO REACH 

NEAREST 
BOUNDARY

Figure 2.8 Flow Diagram For Ray Tracing.

Initially in this thesis, 1x10^ photons were traced for each value of T. The 

requirement for improved statistics has lead to the necessity to trace 1x 10  ̂photons for 
each emission angle (Chapter 3). Due to the impractical execution time of the original 
program for tracing this many photons, the model has had to be substantially developed. 
In its original form, the model was very inefficient. Tracing the paths of photons as 
small incremental steps is an inefficient algorithm. Photons could make a great many 
steps in either a collimator hole or septa without reaching a boundary with another
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medium. This is clearly a time consuming process. The program was greatly speeded up 
by implementing a boundary checking geometry algorithm. Using this technique, rays 
entering the collimator look for the nearest boundary of media in their direction of 

propagation e.g. a ray passing through a collimator septa looks for the nearest boundary 

with a hole in its direction of propagation. The ray can then be transported to this 

boundary and the distance traversed recorded. This process is repeated until the ray 
exits the collimator. The total distance travelled through collimator material is then used 
for calculation of the attenuation. This is referred to as fast ray tracing.

The ray tracing program was written in FORTRAN 77. The basic program
algorithm is shown in the form of a flow chart in Figure 2.8. The additional program
components for fast ray tracing are not indicated. The program generates the following 
output information or each azimuthal angle:

1 ) The point spread function at that azimuthal angle.

2) The geometric response function. This is defined as the number of photons
detected that pass through the channels of the collimator alone.

3) The penetration response function . This is defined as the number of photons 
detected which have passed through the lead septa.

4) The edge penetration response function. This is defined as number of
penetrating photons detected which have undergone edge penetration.

5) The total penetration response function. This is defined as number of
penetrating photons detected which have passed through one or more septa.

Different versions of the program have been developed in order to measure the 
response of circular or hexagonal holes in a collimator. A third version has been 
developed to model an experimental procedure for measuring the PSF.

2.6.3 Ray Tracing Models Of Focusing Collimators
The ray tracing technique has also been used to develop a model of focusing 

diverging cone beam collimators. The focusing collimator has required the development 
of a new ray tracing program. A variation on the ray tracing technique has previously 

been applied to the study of converging cone beam focusing collimators for use in 
rectilinear scanners (Simons 1969, Jahns 1981), but no models exist of gamma camera 

collimators. Both previous techniques calculate the effective solid angle subtended by a 
point source in the focal plane in order to obtain the point source response. Positional 
determination in the parallel hole model is considerably less complicated than in the

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 75



Chapter 2; Detector Characteristics and Collimator Design

case of a focusing collimator where no unit cell can be devised and so an absolute 
model must be constructed in three dimensional space. Only conical holes were 

considered due to the anticipated execution time of the simulations. A hexagonal 
tapered bore simulation would require an execution time of the order of 10 times greater 
than a conical tapered bore simulation (Jahns 1981). This was not practical on the 

computer systems available (see Chapter 4).
The point source response for a converging focusing collimator is defined as 

the effective solid angle seen by the source in the detector plane over all apertures as a 
function of the radial distance from the centre of the collimator in the object plane 
(MacIntyre et al 1969). This is conceptually different to the point spread function of a 
parallel hole gamma camera collimator, which is a measure of the effective solid angle 
seen by a single aperture in the detector plane as the source is moved radially through 
the centre of the hole in the object plane. This fundamental difference arises because 
several holes may be imaging the same area in a converging focusing collimator 
whereas each hole in a parallel hole collimator is theoretically imaging a different area. 
The diverging focusing collimator is therefore similar to the parallel hole collimator in 
that each hole images a different part of the object. A subtle difference arises from the 
fact that the intensity recorded in the crystal behind any particular hole may include 
contributions from radiation passing through adjacent holes if the crystal is not in direct 
contact with the collimator i.e. separated by some distance c. This effect increases as the 
radial distance (and hence azimuthal angle) of the particular hole from the central axis 
of the collimator increases.

The PSF of a diverging collimator for use with a gamma camera will be 
variant. The path of rays passing through the collimator material at a particular emission 

angle will vary significantly depending upon the position of the source relative to the 
collimator. In addition to this, there is no repeating structure analogous to the unit cell 
in the parallel hole collimator model. It is therefore impractical to define a unique 

average PSF for the collimator. The technique adopted here is to create a series of 

average point spread functions for the collimator corresponding to a series of isoplanatic 
areas. The performance of the device may then still be examined using linear systems 
theory if the appropriate PSF for the area of the collimator of interest is used in 
calculations.

The approach used to obtain the PSF of a particular area is a hybrid of the 
techniques described by Muehllehner (1974) and Jahns (1981). This method uses the 
stochastic ray tracing technique applied to a three dimensional model of a focusing 
collimator. If a ray is found to pass through a collimator hole, the intensity (initial value 
of unity) is only reduced by an amount corresponding to its geometrical considerations.
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If the ray passes through collimator material, its intensity is reduced by a further factor 
to account for attenuation within the collimator material. In this way, the geometric and 
penetration responses of a particular collimator area may be obtained.

For each ray, the total path length travelled by the ray from source to detector 
is calculated assuming the ray passes through collimator material only. This represents 
the maximum attenuating path length through the collimator. A computation to find the 

total path of the ray through air alone is then carried out by testing for intersections of 
the ray trajectory with each hole in the collimator individually. If the air path is found to 
be greater than zero, its value is subtracted from the attenuating path length.

The path length in air for a particular hole may be calculated by combining the 
equation of a collimator hole with the equation of the ray trajectory and solving. The 
equation describing any point (jc ,y ,  z ) on the surface of the central hole may be 
represented by the following equation in Cartesian co-ordinates:

+y^+ztan^ a  = 0 (2 .25)

where a  is the half angle of a cone. The equation of the ray is represented by the 
equation of a straight line from the source to detector:

_ y-ys _ z-z.
ya~ys Z r f - z.

(2 .26 )

where the subscript s denotes the co-ordinate in the source plane and the subscript d 
denotes the co-ordinate in the detector plane. These may be combined to form a 
quadratic equation in z. Solution of the equation yields either two or no real roots. If the 
roots are real a test is performed to see if they are significant (exist within the 
collimator) i.e.

( /  + c) < z < ( /  + + c) (2 .27)

where a is the length of the collimator,/is the focal length of the collimator and c is the 
collimator to detector distance. Solution of the equation results in three possible 
outcomes which are illustrated in Figure 2.9:
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i) Two Significant Roots

Crystal S ide O f Collim ator

Object S ide O f Collim ator

ii) No Significant Roots

Crystal S ide O f Collimator

Object S ide O f Collimator

iii) One Significant Root

Crystal Side O f Collimator

O bject S ide O f Collimator

Figure 2.9. Solutions To Ray Trajectory Equation

These solutions are explained below in terms their implementation in the ray tracing 

program.

1) If two significant and unequal roots are obtained, the x  and y values of the 

roots are computed from equation 2.26. The distance travelled through air in 

the hole is therefore the distance between the two points (case i in Figure 2.9). 

Two equal roots signify the ray glancing the cone and no adjustment is made to 

the air path.
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2) If no significant roots are obtained, a test is made to calculate if the ray passes 
through the hole alone, by examination of its intersection through the 

projection of the cone onto the detector side of the collimator surface. If the ray 

passes entirely through the hole, the air path is set as the distance between the 

source and detector location (case ii in Figure 2.9).

3) If one significant root is obtained, the x and y  co-ordinates of the root are 

calculated. The same test outlined above is carried out to calculate if the ray 
exits the collimator through the hole or collimator material. If the ray exits 
through the hole, the path length in air is incremented by the distance between 
the significant root and its intersection with the detector side of the collimator 
surface. If the ray exits the collimator in the septum, the path length in air is 
incremented by the distance between the source position and the significant 
root (case iii in Figure 2.9).

This process is repeated for all holes in the collimator. The main algorithm for 
the program is essentially the same as in the parallel hole case shown as a flow chart in 
Figure 2.8. However the geometry to determine the ray's path in lead is considerably 
more complex. Constructing the equation of each hole in the same co-ordinate system 
becomes complicated because equation 2.25 will include cross terms between the co
ordinate axis. However, this is simplified if the co-ordinates of the desired source and 
detector position are represented in a transformed co-ordinate system whose z axis runs 
through the centre of the cone. Such a transformation may be achieved by rotating the 
co-ordinate system anticlockwise about the z  axis through an angle 6  to obtain a system 

with axes x \ y \  and z'. This is then rotated anticlockwise about the x ’ axis through an 
angle Tto obtain a co-ordinate system with axes x ”, y ”, andz". This may be expressed 
by the following matrix multiplication:

f'x"'̂  ̂ cosQ sinO 0 ^ x̂̂

y" = -sin 6 cos T cos 6 COST sinT y (2 .28 )
 ̂ sin 0 sin T -cos 6 cos T cos Tj

Thus the position of source and detector may be transformed into the new co-ordinate 
system. Equations 2.25 and 2.26 then combine to form a quadratic in z" in the new 
system. The solutions of the equation in the transformed co-ordinate system are then 
calculated in the original co-ordinate system by multiplication of the inverse of the 
matrix in equation 2.28. The matrix is orthogonal because the variables represented in
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the rows and columns are orthonormal vectors. Therefore, the inverse of the matrix is 

equal to its transpose.

a) Side View

b) Plan View
Unit Cell

Figure 2.10. Structure Of Collimator Used In Ray Tracing.

Holes are arranged in a hexagonal packing configuration. The azimuthal 

angulation of the holes is selected such that there is a constant angle J between the axis 

of each cone along the major axis of the hexagon in the radial direction (Figure 2.10a). 

In order to generate the PSF at various positions on the detector plane, a series of 

responses are generated for photons incident on particular areas on the collimator face 

plane. Each area considered is calculated by the projection of each hole and half the 

surrounding septal thickness onto the collimator face plane. The centre hole plus half its 

septal thickness will project a circular profile onto the collimator face plane (Figure 

2.10b). All other holes will project ellipses. The size of the ellipse will vary with the
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angulation of the central axis of the cone relative to the z axis. Having defined the 
isoplanatic area of interest, the PSF is obtained by tracing the paths of several photons 
that intersect the crystal side of the collimator at incremental distances from the z axis 
within that area. The angles T and 6  of the axis of the cone are considered to represent 
the trajectory of photons passing through the collimator with zero incremental distance. 
The PSF will reach its maximum value for rays on this trajectory. This results from the 

fact that rays passing close to the centre of the hole at this angle will undergo no 
attenuation, while rays passing near the edge will undergo minimal attenuation.

Once the desired hole has been selected, the vertices on the major and minor 
axis of the elliptical projection in the collimator face plane are generated from 

geometrical considerations. If any ellipse along the x  axis is considered, the equation 
may be stated as

(2 .29 )

where h is the displacement of the centre of the ellipse along the x  axis. The constants a 
and b are the intercepts of the ellipse with the x (major) and y  (minor) axis. For the 
purposes of generating a general PSF for a particular area, point sources are considered 
to be positioned at some distance from the collimator surface. Therefore, equation 2.29 
is sampled to generate a random source position. This is accomplished using a random 
number generator algorithm to generate values of x  such that ( -a  < x  < a )  and y  such 
that { -b  < y < b )  . Holes not located on the x  axis may be considered to be located on 
the jc' representing a rotation around the z axis of angle Q . Equation 2.29 then becomes 

an equation in x'  andy'. Co-ordinates in this system may be expressed in the original 
system by the following transformation:

^cosO -s in  6 0 ^

y = sin 6 cos 6 0 y'
. 0 0

(2 .30 )

Having obtained the source position, the detector position is calculated. A similar 
approach to the parallel hole collimator model is used here. For each source position, an 
intersection with the detector plane is calculated using the angles T and 0  and the 

collimator length a. To obtain the emission trajectory of the ray relative to these angles, 
the intersection position in the detector plane is incremented by a small amount. For
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each increment, rays are traced at several rotational angles around the intersection 
position. The line from the source position to the incremented position in the detector 
plane then defines the rays trajectory, and ray tracing through the collimator may be 

performed.
For each isoplanatic area, the PSF is deduced for a range of energies. Thus the 

performance may be compared over this range. The program generates the following 

output information for each energy in each area under study:

1) The point spread function at that azimuthal angle.

2) The geometric response function.

3) The penetration response function.

where the definitions are the same as for the case of the parallel hole collimator.
It is not necessary to evaluate isoplanatic areas for the whole collimator as it 

possess 60° symmetry on the major axes. Further to this, there also exist 30® symmetry 
along the minor axes, therefore only areas within a 30° sector are considered. All others 
may be obtained through symmetry.

2.6.4 Monte Carlo Models Of Electronic Collimators
The suitability of different component detectors in the design of a Compton 

camera is a primary consideration. The performance of the first detector to act as an 
electronic collimator is crucial to the device. The suitability of different materials to 
perform this task may be investigated using the Monte Carlo technique for modelling 
photon transport through attenuating media. The ideal first detector should maximise 
the probability of Compton scatter Pc  whilst maintaining the minimum detector 

thickness possible. Detector thickness should be minimised to ensure the ambiguity in 
angular resolution due to the location of the Compton interaction along the depth of the 
detector is minimised. In addition to this, the detector should have as high an energy 

resolution as possible and present a high efficiency.
The interactions of gamma photons with matter (Appendix 1) are random 

processes, and although the attenuation may be approximated by equations such as 2.24, 
interactions are actually governed by probability distributions. Such processes may be 

simulated by the generation of random numbers from these known probability 
distributions. These are known as Monte Carlo methods. The Monte Carlo technique 
applied to photon transport, consists of using the knowledge of the probability 

distributions governing the individual interactions in materials to simulate the random
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trajectories of individual photons and their subsequent photons and particles. This is 
achieved by using a computer program to generate (pseudo) random numbers and then 
to sample the interaction probability distributions. In this way the distance to the 
location of the next interaction and the type of interaction occurring at that point may be 
determined. This is the most accurate method of studying photon history. However, 
computer modelling with Monte Carlo techniques can be an extremely CPU time 

intensive task.
There are four major components in a Monte Carlo model to simulate photon 

transport:

1) The cross sectional information for all the processes to be considered in the
simulation.

2) The subroutine algorithms used for particle transport.

3) The geometry of the simulation.

4) The output and analysis of results.

Two models have been developed to investigate the performance of various 
Compton camera configurations. The first investigates the suitability of materials for 
use as the first detector in a single Compton scattering system. The second model 
investigates the performance of a simple system. The physical processes of Compton 
scattering, photoelectric absorption and Rayleigh scattering of photons and the 
subsequent deposition of energy by electrons are simulated in the computer models.

The models have been developed using the Stanford Linear Accelerator Centre 
EGS4 system (Nelson et al 1985). This is a general purpose programming system for 
the Monte Carlo simulation of the transport of electrons and photons in an arbitrary 

geometry for many different media. The system was primarily developed for detector 
design in high energy physics experiment for energies in the GeV region, but has now 

been extended for lower energy applications (see Appendix 3).
The first Monte Carlo model described above has been developed to 

investigate the probability of Compton interactions occurring in a particular front 
detector and the angle that they scatter at for a given incident gamma energy in a given 
detector material. The model assumes that the scattering detector will consist of an array 
of small independent detectors. The elements of the array are assumed to have energy 
resolution alone. Spatial resolution will be obtained by locating the position of the 
element within the array. A single element is therefore used in the model. A beam of 
photons incident normally on the central axis of a cylindrical detector is considered. 
The contribution of the attenuation in air as the photon passes from the source to
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detector is insignificant compared with to the contribution of the detector media and is 
therefore ignored.

The dimensions of the element, the detector material and the number of photon 

histories to be recorded may be varied. The model was programmed in MORTRAN. 
This is a special version of FORTRAN that allows the use of macros similar to those 
available in the C programming language. Photons are transported through the detector 
and each interaction is recorded in memory. This is stored on file upon completion of 
transporting the desired number of histories.

The distance a photon travels between interactions is known as the step size. 
The value of this is calculated by sampling the desired interaction distribution to obtain 
the distance to the next interaction. A test is applied at this time to see if the photon 
would cross a boundary between media e.g. detector element and air boundary. If the 
photon does not pass over a media boundary with the step size, the photon is 
transported to the new location. If the photon would pass over a boundary, the step size 
is reduced to transport the photon to the media interface only. When the photon reaches 
the boundary of the detector, its transport is terminated and a new photon is considered. 
Photon histories are also terminated if their energy drops below 10 keV through energy 
loss from successive interactions or if they are photoelectrically absorbed. Secondary 
electrons created by interactions also have their histories terminated at 10 keV kinetic 
energy (521 keV total energy). The importance of imaging photons emitted from ^̂ ^Cs 
for industrial environments has already been discussed. Therefore in the Monte Carlo 
studies carried out, only incident photon energies of 662 keV are considered.

The program records the following information for photons exiting the element 
at each azimuthal angle for a given number of photons incident on the surface of the 
element:

1) The number of photons that have undergone a single Compton scattering event.

2) The number of photons that have undergone multiple Compton scattering 
events.

3) The number of photons that have undergone a single Rayleigh scattering event.

4) The number of photons that have undergone multiple Rayleigh scattering 
events.

5) The number of photons that have undergone a mixture of Compton and 
Rayleigh scattering.
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Rayleigh scattering is investigated as a potential source of "noise" in the 
detector. In addition to this, the total number of photons undergoing photoelectric 

absorption is recorded. The energy spectra of photons exiting the element at the 
azimuthal angle where single Compton scatter reaches a maximum value is recorded in 

a separate output file.
A second Monte Carlo model has been developed to model a complete 

Compton camera system. The system is similar to the ring Compton scatter device 

described by Royle at al (1994) and consists of a single element scattering detector, 
followed by a multi element stopping detector (Figure 1.6). This is a simple 
representation of the device that is useful for design purposes. However, such a device 
can not provide three dimensional information. All that may be deduced is that a point 
source lies somewhere along a line parallel to the z axis in an xy plane perpendicular to 
that axis. This is essentially the same information a gamma camera image provides. The 
detector element material, size of element and relative position of all elements may be 
varied. The geometry of the detector system is described by the equations of a series of 
planes, cylinders and cones.

An isotropic source of photons is considered incident on the front of the device 
in a coaxial geometry with the scattering detector along the z axis i.e. the source is 
located along a line passing through the centre of the face of the first detector. The 
isotropic source distribution is only sampled over a small range of angles corresponding 
to the size of the detector element. This improves the efficiency of the model in terms of 
CPU time. Events are recorded where photons undergo single Compton scatter from 
the first detector to any of the stopping detectors where they deposit energy. The 
particular detector element pair recording the event is stored with the information. The 
energy deposition from interactions is also recorded. If the photon Compton scatters in 
the first detector and misses all of the stopping detectors, its history is discarded. 
Photons which do not Compton scatter within the first detector are also discarded.

Once again, the source considered in the studies emits the 662 keV photons of 
l^^Cs. On completion of the simulation, the data is used to reconstruct the image of a 

point source by means of a backprojection technique (Royle 1994). The point spread 
function is then measured by taking an intensity profile through the centre of the image 

of the point source. The information recorded for each photon history, allows accurate 
determination of true useful Compton and photoelectric events. Therefore, an accurate 
image may be reconstructed from the data. This is not possible with a real system where 
temporal coincidence and energy window techniques are used to filter useful events. 
These are subject to measurement errors.
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3. Ray Tracing Studies Of Mechanical 
Collimators

3.1 Design Of Parallel Hole Gamma Camera 
Collimators By Ray Tracing

3.1.1 Introduction to Analysis
The hexagonal hole collimator provides the most efficient packing of holes 

within a collimator. This factor has made the design the main type of collimator in use 
in nuclear medicine where sensitivity is of paramount importance due to the relatively 
small activity isotopes commonly used in order to minimise patient dose. Although 
sensitivity is not necessarily the most important factor for industrial imaging, the studies 
carried out on parallel hole collimators in this chapter have used the hexagonal hole 
design for this reason.

This chapter first validates the ray tracing technique against experimental data. 
Results obtained from the simulation are then compared against the standard equations 
for collimator resolution. Some new insight into the nature of the PSF is made and 
suggestions of modifications to the standard equations are made to take this into 
account. The chapter concludes with the design study of parallel hole collimators for 
use in the high energy region of interest to this project. A high energy far field 
collimator design is then suggested.

3.1.2 Implementation Of Ray Tracing Simulation
The ray tracing program accepts the various parameters describing the 

collimator dimensions as a series of variables passed to the program by an input control 
file. The control file facilitates a batch execution facility for examination of multiple 

collimator geometries. In order to compare the resolution of collimators (independent of 
sensitivity) results are normalised to the maximum value of the PSF. This maximum 

occurs for photons passing parallel to the z  axis i.e. perpendicular to the xy collimator 
plane. This may be considered as the intensity recorded directly below a point source.

Figure 3.1 shows a section through the response functions for a collimator 
assuming an incident gamma energy of 662 keV. The response functions have been 
generated by the ray tracing program and are radially symmetric as they are averaged
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over all angles. The diagram indicates the three important response functions used in 

the analysis of collimators;

i) The total response or PSF of the collimator to incident gamma rays.

ii) The geometric response function. This function indicates the response of the

collimator in the case where penetration is neglected. This may be thought of 

as the optimum response as it indicates the PSF that could be obtained if the 

collimator material were completely opaque to gamma photons.

iii) The overall response of the collimator to penetrating radiation. This may be 

further divided into radiation that penetrates through entire septa and that 

which penetrates the edge of septa respectively.

.000 1.000
Point Spread Function

Geometric Response Function

0 .800- - 0.800
Penetration Response Function

- 0.600

0 .400- -0 .4 0 0

0 .200- - 0.200

0.000 0.000
0.0 5.0 10.0 15.0 20.0 25.0 30.0

D isp la c e m e n t  (m m )

Figure 3.1. Response Functions Of A Collimator. (Source distance = 150 mm, 

collimator length = 100 mm, hole size = 2.5 mm, septal thickness = 1.5 mm)

In breaking the PSF down into three components, the design parameters 

affecting the overall resolution may be examined more closely. Although each response 

function is a three dimensional distribution, it is more convenient to express the 

response functions in two dimensions for analysis. This is valid due to the symmetry.
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The two dimensional representation is the intensity response profile as a function of 
displacement in the image plane {x by convention).

Examination of the shape of the functions shown here reveals some general 
characteristics about the nature of the PSF. Firstly, the PSF is approximately triangular 
in shape. The geometric response also follows this shape. This is in good agreement 
with the theoretical analysis presented by Anger (Anger 1964). The response due to 
penetration has a characteristic shape that rises from zero to a maxima and then falls as 
displacement increases in the image plane. This can be seen in the diagram.

Penetration of the collimator material is an important consideration in 
collimator design as it gives the total PSF it s long tail. These can have a marked effect 
in both resolution and contrast in the final image. This is illustrated below. The example 
uses data obtained from the ray tracing program. Two collimator designs are 
considered. The first design does not suffer from excess penetration and therefore the 
PSF does not exhibit long tails (design 1). However, the second design suffers from 
increased penetration and hence the PSF exhibits longer tails (design 2). The 
dimensions of the collimators are indicated in Table 3.1.

Table 3.1. Collimator Designs Used In Example Image.

Design 1 2
Length 10 cm 10 cm

Hole size (Flat tat Flat) 0.25 cm 0.25 cm

Septal thickness 0.25 cm 0.1 cm

Source to collimator 
distance

10 cm 10 cm

Gamma ray energy 662 keV 662 keV

The PSF's obtained from simulations were generated at a source to collimator 
distance of 10 cm. The PSF's were then convolved with an object distribution 

representing three line sources. This method of image formation is discussed in 
Appendix 2. The widths of the line sources were 1 cm, 0.6 cm and 0.2 cm. The 1 cm 

and 0.6 cm lines were separated by 2.6 cm. The 0.6 cm and 0.2 cm line were separated 
by 3.0 cm. The intensity of the images is reflected by a colour scale ranging from white 
(minimum) to black (maximum). The colour scale, object distribution and resultant 
images for the two collimators are shown in Figure 3.2. The effect on the resultant 
image of using collimator 2 can be clearly seen. The 0.2 cm lines are not clearly 
separated and the intensity of the wider line sources are reduced. While the image
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obtained using collimator 1 suffers from some degradation, it can be seen to resemble 

the object distribution more closely.

cale a)

Figure 3.2. Object and Images Illustrating The Effect Of Long Tails In The PSF. {a 

represents the object distribution, b and c show the images obtained after convolution 

with the PSF's generated by simulations of designs 1 and 2 respectively)

3.1.3 PSF As A Measure Of Resolution
A system's resolution is often defined as the minimum distance by which two 

points of light may be distinguished as separate sources. In radionuclide imaging, the 

two light sources may be replaced by point or line sources of a gamma ray emitting 

isotope. It has been found that if two sources are to be distinguished, their separation 

must be greater than the width of the intensity distribution produced by a single source 

at half its maximum amplitude in the image plane. This is normally referred to as the 

full width at half maximum (FWHM) of the distribution. In the case of radionuclide 

imaging, the distribution of interest is the PSF. While the FWHM value of the PSF is 

useful in that it provides a method of characterising resolution in a single number, it 

does not gives a complete description of the performance of the system. Furthermore, 

the single value has the disadvantage that overall resolution may not be determined 

easily in cascaded systems.
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The analysis used throughout this chapter considers the PSF's of different 
collimator geometries. However, for comparative purposes in the data analysis, 
resolution has been characterised by three separate values obtained from the PSF. These 

are defined as follows:

1) The full width at half maximum (FWHM) of the PSF

2) The full width at one tenth maximum (FWTM) of the PSF

3) The full width at one hundredth maximum (FWHuM) of the PSF

The three values are used to illustrate collimator resolution because although 

the FWHM is the standard value quoted by many authors, the effects of radiation 
penetration through the collimator material have only a small effect on this value 
(provided the collimator does not suffer from extreme penetration). Penetration 
generally has a greater effect on the tails of the PSF. Hence the values of the FWTM 
and FWHuM are more indicative of the effects of penetration. While examination of the 
FWHuM may seem extreme, in the example shown above in Figure 3.2, the two 
collimator designs have almost identical values for FWHM and FWTM but differ in 
FWHuM value. This can be seen to have a marked effect in the images shown. 
Minimisation of the FWHuM was therefore considered an important criteria in 
maximising the resolution of the collimator simulation studies.

3.1.4 Parameters In The Simulations
The ray tracing studies generate the PSF for each individual geometry at a 

particular gamma ray energy. This is calculated by tracing the path of many photons 

through the collimator for a number of different azimuthal angles (t). Initially 1x10^ 
photons were traced for 40 different values of the angle T. in order to generate the PSF. 
This was based on the recommendations of Muehllehner and Luig (1974) and Jahns 

(1980). However, it was found that this number of photons did not generate the 
expected smooth PSF in the results. The function would differ from the predicted 
triangular response by the presence of discontinuities. The effect of this was that the 
calculated values of the FWHM, FWTM and FWHuM would be subject to variation if 
the simulation of a particular geometry was repeated. An investigation was therefore 

undertaken to evaluate the number of photons required to be traced per azimuthal angle 
in order that:

1) The PSF be of the expected triangular shape.
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2) The variation in resolution values calculated from the PSF was minimal if the 

simulation was repeated.

The hexagonal parallel hole collimator model was executed ten times for the 
same geometry and number of photons per azimuthal angle. The FWHM, FWTM and 

FWHuM of the PSF were calculated for each result. The average FWHM, FWTM and 
FWHuM and variation in each were then calculated using Peter's formula. This process 
was repeated several times for the same collimator geometry, however, each time a 
different numbers of photons per azimuthal angle was used in the ten results. The 

collimator parameters chosen for the simulation are shown in Table 3.2:

Table 3.2. Dimensions Of Collimator Used In PSF Accuracy Investigation.

Length 10 cm

Hole size (Flat tat Flat) 0.25 cm

Septal thickness 0.7 cm

Source to collimator distance 10 cm

Gamma ray energy 662 keV

When a small number of photons per azimuthal angle are used, the PSF is not 
stable. Repeated simulations will generate noticeably different results. As the number of 
photons traced is increased, the PSF will smooth out. Once more than 1x10^ photons 
per angle are traced, the PSF becomes stable. Tracing a greater number of photons 
yields very little difference in the PSF. Table 3.3 shows the results obtained from 
executing the model ten times for an increasing number of photons per angle. 
Resolution is expressed in terms of the FWHM, FWTM and FWHuM of the point 
spread function.

The results for tracing 1x10% photons are clearly subject to the effects of large 
errors in calculated resolution compared to tracing 1x10^ photons. This is because 
tracing IxlO^ rays is not sufficient to average the point spread function radially. 
However, to trace 1x10^ photons at each angle with the original ray tracing program 

took approximately three weeks to complete on a Sun workstation. The was impractical 
and so the fast ray tracing program was written (see Chapter 2). The execution time was 

then reduced to a matter of hours (the actual value varies with the geometry). This made 
it a practical execution time for the several thousand studies to be carried out, and so the 
value of 1x10^ photons was chosen as the standard value for all investigations.
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Table 3.3. The Effect Of The Number of Photons Traced per Azimuthal Angle on 
Calculated Resolutions. (Results are based on 10 studies for each number of photons

per azimuthal angle)

Number Of 
Photons per 

Azimuthal Angle

FWHM
(mm)

FWTM
(mm)

FWHuM
(mm)

1x103 5.5 ±0.3 11.0±0.1 15.8 ±0 .2

1x104 5.2 ±0.1 10.73 ± 0.04 15.68 ±0.04

1x105 5.27 ± 0.03 10.77 ± 0.02 15.62 ±0.02

1 x 106 5.27 ±0.01 10.742 ± 0.003 15.621 ±0.007

Having established the appropriate number of photons to trace in the studies, 
the model was tested against an experiment to validate the technique at the 662 keV 

energy of interest.

3.2 Experimental Measurement Of Collimator 
Response Functions

3.2.1 Objectives Of The Experiment
The purpose of the experimental procedure was to validate the ray tracing 

model as a method for evaluating gamma camera collimators. The technique used was a 
comparison of experimental and simulated point spread functions for selected 
collimator geometries. A scanning table was constructed specially for this experiment. 
The device obtains the PSF of a collimator by recording the photon count passing 
through a single hole as a radiation source is passed across the diameter of the hole in a 
plane parallel to the collimator face. This is similar to the method of Muehllehner 

(1973), who measured the LSF of a collimator.

3.2.2 Collimator Cores
Three parallel hole collimator geometries were investigated. The designs were 

for circular hole multichannel collimators and were constructed by the Chemical 
Plumbing Department at BNFL Sellafield. Due to construction difficulties, only circular 
hole collimator designs could be produced. The comparison with the ray tracing 
simulation therefore required an adaptation of model's geometry which is described in
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section 3.2.5. Small sections (cores) of the collimators were made by casting molten 
lead around a framework of stainless steel rods. The framework consisted of 61 steel 
rods held in a hexagonal array between two plates. Each rod had to be welded within 
the framework. The dimensions of the three cores are given in Table 3.4.

Table 3.4. Dimensions Of Collimator Cores

Collimator Hole Diameter 
(mm)

Septal
Thickness

(mm)

Collimator 
Length (mm)

A 1.60 ±0.01 2.14 ±0.06 100 ± 4

B 1.60 ±0.01 3.96 ±0.07 100 ± 4

C 1.60 ±0.01 8.09 ± 0.07 100 ± 4

3.2.3 Apparatus
A diagram of the experimental set up is shown in Figure 3.3. The scanning 

table consisted of a source holder, which was able to move in perpendicular directions 
in the xy plane. This movement was made possible by using two stepper motors to drive 
perpendicular worm gears in the specified directions. The motion of the stepper motors 
was controlled by a personal computer. The scanning table was mounted on a "speed 
frame" structure. The table could be precisely aligned with the horizontal by the 

adjustment of feet at the base of the structure.
The collimator was supported on a Durai (aluminium alloy) platform that could 

be moved to several vertical positions within the structure. This allowed the source to 
collimator distance to be varied from 100 mm to 700 mm along the z axis for different 
sets of measurements. The platform was suspended on four independent adjustable 
supports in order to allow exact alignment of the collimator hole with the source along 
the z axis. A single hole passed through the collimator platform. Below the platform, 
was bolted a 35 mm lead plate. The hole in the platform continued through this plate. 
The plate was used as a mask to screen holes neighbouring the one undergoing 

measurement. The diameter of the hole through the support platform and collimator 

mask was the same as the diameter collimator hole. This effectively made the collimator 
and detector system position sensitive.

The movement of the stepper motor system was controlled by a GWBASIC 
computer program via a Digiplan motion control interface. Binary words sent from the 
RS232 serial communications port of an IBM PC were interpreted as motion commands 
by the interface. The program allowed the speed, direction and axis of motion to be

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 93



Chapter 3: Ray Tracing Studies O f M echanical Collimators

specified. The program also allowed the time between movements (dwell time) for each 

measurement and the distance travelled between measurements to be specified.

Worm Gear Stepper Motor

y/

Y///////y

Collimator
Core

IZZZZ

Source 
(In Holder)

Laser

Nal(Tl)
Detector

To Computer

Figure 3.3. Experimental Apparatus For Measuring Point Spread Functions Of

Collimator Cores.

The detector used was a Hilger Nal(Tl) scintillation detector containing a 2.5 

cm^ crystal. This was powered by a Tennelec dual pre-amplifier/high voltage supply. 

The detector was mounted directly below the lead masking plate on an independent 

support. A laser was also placed on this support, such that by rotation of the support in 

the xy  plane either the laser or detector could be positioned below the hole in the lead 

mask. The laser was used for aligning collimators with the source. The energy response 

and sensitivity of the scintillation detector were assumed to be constant over its surface. 

Pulses from the detector were passed from the pre-amplifier to an BG&G ACE 

multichannel scaler (MCS) card in the computer. The card contains a single channel 

analyser (SCA) and so pulses are discriminated within the computer. After suitable 

isotope calibration of the card, a ± 10% energy window was set on the SCA around the
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photopeak of the gamma ray spectra. The card was controlled by EG&G Spectmm ACE 
software. The stepper motor motion control program was run in conjunction with the 
Spectrum ACE software. This enabled motion control and data collection to be co
ordinated.

3.2.4 Experimental Method
A collimator core was placed on the experimental platform. A particular hole 

was selected and the core positioned such that the hole was directly aligned with the 
lead masking plate. This alignment was performed by directing the laser beam through 
the hole and positioning the core until the beam became clearly visible. An 
uncollimated 3 mCi ^^^Cs source was then mounted on the scanning table. The source 
was contained within an Amersham X7 capsule and held in a lead source holder. The 
source was then aligned with the collimator hole using the laser. Aligning the source 
using the laser was found to produce the same accuracy in alignment as the alternative 
method of recording the photon count from scanning the source over the collimator hole 
in two perpendicular directions and interpolating to find the centre of intensity. The 
advantage of the optical method used was that a much faster alignment time could be 
achieved. The laser alignment technique would take approximately half an hour 
whereas the centre of intensity technique would take several hours.

In order to obtain the PSF of the collimator, the laser was removed and the 
detector positioned beneath the lead masking plate. The detector then recorded the 
incident gamma photons for a specified dwell time. The computer placed the count 
within an MCS time bin. Once the dwell time had been reached, the computer sent 
instructions for the source to be moved a specified distance. The detector then started 

counting at this new source position and the new count was placed in the next MCS 
time bin. This process was repeated so that the source was moved a distance of 18 mm 

either side of the collimator hole. This way, the scan built up the point spread function 
as a plot of count rate versus displacement in the MCS.

The high activity source was used to maximise the radiation intensity incident 
on the detector and therefore reduce the statistical error in count rate. The SCA window 

was set to count on the 662 keV photopeak of the ^^^Cs source. Counts were obtained 
at 0.3 mm intervals during data acquisition. Typical counting times of 500 seconds were 
found necessary with each position of this source. The total time for the experiment to 

run was approximately 16 hours. The stability of the detector was measured over this 
time with the source held in one position. The count in each MCS bin was found to vary 

by no more than 6 %. This was considered adequate for the purposes of the experiment.
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After data collection was completed, the results were transferred to a Sun Microsystems 
UNIX workstation for analysis.

3.2.5 A Comparison Of Ray Tracing With Experimental Results
In order to compare the results obtained from the experiment with the ray 

tracing model, several modifications had to be made to the standard version of the 

program used in this thesis. The main changes were in the shape of the holes and the 
calculation of the initial variables governing the photon trajectory. The geometry had to 
be adapted to model circular rather than hexagonal holes. This was implemented by 
using the same style unit cell as in the hexagonal case, but modifying the code 
describing the shape of the holes. The angle of emission and position of emission had to 
take into account the experimental conditions. This necessitated the development of a 
distributed source model to simulate the finite dimensions of the Amersham source. 
This is in contrast to the standard version of the ray tracing program which considered 
propagation of a fixed number rays emitted at specific azimuthal angles from a 
theoretical point source. The second major change concerned the use of the lead 
masking plate used to isolate a single collimator hole. This is a necessity in the 
experimental case as isolation of a single hole is not possible.

The direction of emission of gamma rays was defined by the rotational angle 6  

and the azimuthal angle T . For an isotropic distribution, the probability that a photon 
will be emitted into the solid angle dQ  is equal to the fraction of the solid angle element 
in a 471 geometry:

dQ  y ‘T  s in r .d T .d e
1 J (3 .1)

Solution of the equation yields the distribution functions for polar and azimuthal angles 
of emission. A computer model of an isotropic source may be represented by sampling 

two random numbers between 0 and 1 and multiplying them by the appropriate 
distribution functions obtained from equation 3.1. This technique was implemented in 
the program. However to increase the efficiency of the computer program, the range of 
azimuthal emission angles was restricted such that all photons traced would be incident 
on the detector. This requires alteration to the formula for generating the azimuthal 
angles. The distribution function for photons emitted at azimuthal angles between 0 and 
some maximum angle Tm is given by
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T) = ^ Jsi/IT.rfT = Ul-COS  T„) (3.2)

Thus for a random number R i, the sampled azimuthal angle of emission is given by

COST = l -Rj( l -COST^)  (3.3)

The range of rotational angles was not restricted and so for a given random number /?2 , 
the rotational angle may be obtained from:

0 = R ,2 k  (3.4)

The Amersham source consisted of a right circular cylinder of dimensions 3
mm X 3 mm. The model had to take into account that rays could be emitted from
anywhere within this volume. The distributed source was therefore considered to be 
made up from an infinite number of isotropic point sources. The position of emission 
within the source was determined from a random number sampling technique. The x  
and y  co-ordinates were obtained by sampling the equation of a circle and the z co
ordinate was calculated by sampling over the height of the cylinder. Self attenuation of 
gamma rays within the source was considered negligible over this volume and was 
therefore not considered in the model.

The other major modification that had to be made to the initial conditions of 
the photon trajectory was the movement of the source in a plane above the collimator. 
This was required to simulate the movement of the source on the scanning table and 

was incorporated by tracing a specified number of rays in the manner described above 

for several "source positions". This was achieved by adding an incremental shift to the 
calculated x  co-ordinate, once the specified number of photons had been reached for a 
particular position.

The lead mask used in the experiment means that the function obtained is not 
the true PSF of the collimator. In effect, the PSF obtained from the experiment 
measures the PSF of the collimator and the lead masking plate through the axis of the 
collimator hole. Thus the ray tracing algorithm was modified to take into effect the lead 

mask. This was achieved by passing the photons exiting the collimator through a second 
geometry representing the lead mask. The model of the mask consisted of a single 
circular hole, hence this was only a minor modification.

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 97



Chapter 3: Ray Tracing Studies O f M echanical Collimators

The experimental and simulated results obtained for core A with source 100 

mm from the collimator surface are shown in Fig 3.4. The experimental results were 

taken with a counting time of 500 seconds for each measurement. The nominal 

background count has been subtracted and the results have been normalised. The 

expermental and simulated data show good agreement. The minor differences in the 

tails of the PSF may be attributed to measurement errors arising from the stability of the 

detector over the investigation time. Data obtained from the other collimator designs 

using the experimental setup was similar as the only parameter that is different between 

designs is the septal thickness. Examination of equation 2.1 indicates that septal 

thickness should not affect resolution (the validity of this is investigated later in this 

chapter).
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Figure 3.4. A Comparison Of Experimental Data And Simulated Results For Collimator 

Core A. (The solid line indicates simulated results).

It is important to note here that the transfer function obtained by this method 

obtains the PSF in a single direction through the collimator hole. In theory, the PSF 

obtained from scanning along an alternative direction i.e. the_y axis, would be different 

because the collimator PSF is not radially symmetric. This is because the septal 

thickness is not the same in every direction and hence penetration effects may vary. It is 

for this reason that the average PSF obtained in the standard collimator simulation is
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more useful in analysis. However, for the collimators studied on the test rig, the PSF 
was found not to vary significantly with direction. This may be attributed to the fact that 
all collimator designs have sufficient septal thickness such that penetration is minimised 
and hence the variation in septal thickness with direction does not have a great effect on 

the PSF. The PSF obtained in the original ray tracing program provides a generalised 
symmetrical PSF that represents the average imaging properties of the collimator. This 

difference in the shape of the average PSF may be attributed to the fact that the random 
positioning of the source above the collimator used in the standard model (simulation) 
may be likened to movement of the collimator during exposure. This effect has been 
highlighted by several authors, notably Gerber and Miller (1974).

3.2.6 Conclusions On Experimental Comparison With Simulation
The experimental and simulated results have been shown to be in good 

agreement for the circular hole designs investigated here. Although the ray tracing 
technique used for modelling parallel hole collimators in the rest of this thesis concerns 
the hexagonal hole shape, the algorithm used for the circular hole designs studied here 
is essentially the same. One may therefore conclude the algorithm is correct. Thus the 
comparison of data presented here indicates that the ray tracing technique is valid for 
examining gamma camera collimator designs in the energy range of interest.

3.3 A Comparison Of Ray Tracing Simulation With 
Standard Analytical Techniques

3.3.1 Spatial Resolution
In order to compare the Anger equation for collimator resolution with values 

obtained from the simulation, one must examine the origins of the equation. In 
particular the assumptions made in the derivation of the equation must be examined 
carefully.

In Chapter 2, it was pointed out that mathematical analysis of the image 

produced by parallel hole multichannel collimators is complex because gamma rays 

may travel through more than one hole to reach the scintillator. Anger simplified this 

by considering the resolution problem in one dimension for a collimator with square 
holes (Anger 1964). This geometry is shown in Figure 3.5. Anger assumed the 

collimator moved sideways during exposure to a radiation source. This effect is also 
illustrated in the diagram. If the collimator remains stationary during exposure, the
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intensity distribution of gamma rays on the scintillator side of the collimator becomes 
irregular. However, if the collimator is assumed to move, the average distribution of 

gamma rays on the scintillator side of the collimator is triangular. This distribution 
reaches its maxima at the point p  directly above the point source o and falls linearly to 
zero (assuming no attenuation) at the point q. Anger then makes the approximation that 
the distance pq  is equal to the FWHM of the gamma ray intensity distribution. This is 

then defined as the geometric resolution distance r. The triangle Aopq is congruent with 
the triangle Axyz and therefore the geometric resolution is given by

= (3.5)r  =
a

Anger (1964) suggested a correction to the equation to take account of photons that 
travel through the collimator material near the ends of the holes. The correction is to 
replace the value of a by a-2/ji, which is referred to as the effective length of the 
collimator Thus the equation becomes

(3.6) 
a.

However Gerber and Miller (1974) pointed out an error in the above formula. If the case 
is taken where b+c is zero i.e. a source is placed on top of the collimator, the equation 
implies the resolution is equal to d  and no edge penetration occur. From examination of 

Figure 3.5 it can be seen that if edge penetration does occurs, the triangle Ao'p’q ’ is 
congruent with the triangle Ax'y'z’ and the correct expression for geometric resolution 
is therefore given by equation 2.1.

The final remaining problem with the equation is that it is only valid for 
collimators with square holes. In practice the major two hole shapes used are hexagonal 
and circular holes. This creates a problem with the initial assumption made in the 
derivation of equations 3.5 and 2.1, where the value of d  is the one dimensional 
diameter of the hole. The concept of the "diameter" described in the equation must be 
redefined to take into account the two dimensional nature of the problem. A result of 

this is that the intensity response of the collimator does not fall linearly to zero between 
points p  and q in the detection plane when averaged over all rotational angles.
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i) Anger

t
c
V
y ̂

a

Ï

ii) Gerber and Miller

Figure 3.5. Geometry Used In Deriving Collimator Equations, i) Refers To The Anger 
Equation And ii) To Gerber and Miller's Correction.

Harrison (1993) introduced the concept of an "effective hole diameter" for 
hexagonal holes to compensate for the effect of hole shape on collimator resolution. The 
effective hole diameter is obtained by calculating the average distance a photon will 
travel through a collimator hole in the xy plane when incident at any rotational angle. 
The value of the effective diameter (fg was shown to be

d =0.804d (3.7)

for a hexagonal hole shape.
The effective diameter for a circular hole is derived in the following analysis: 

Consider the single circular hole shown in Figure 3.6. One wishes to obtain a formula 
representing the average distance travelled through the hole for a photon incident at any 
rotational angle. Because the hole shape is radially symmetric, this can be calculated by 
considering photons travelling in one direction. For the purposes of this analysis,
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photons are considered to propagate parallel to the j  axis. The equation of the circle in j  
is given by

(3.8)

where R is the radius of the circle.

I >̂'
\!'VV
SSN •••••• V Is -

a b c
Figure 3.6. Plan View Of Photon Trajectories Through A Circular Collimator Hole

The diagram shows the possible path of photons travelling close to the y  axis. Some 
photons may pass through the centre of the collimator hole, where the distance travelled 
is the diameter of the circle (case a). However other photons may pass through only a 
section of the hole (case b) or merely glance the hole (case c). One must therefore 
calculate the average distance travelled through integration of equation 3.8. The average 
value of this function between the limits x=-R and x=R is given by
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— |̂R  ̂-x ^  + — sin  ̂
2 2

+ C
- R

HR
(3 .10)

Thus the effective hole size is related to the actual hole size by the following equation 
for a circular hole shape.

d . = ^  (3 .11)

The value of dg for the particular hole shape under consideration may then be 
substituted for d  into equation 2.1 to obtain a corrected resolution value.

The effect of collimator hole shape on the value of resolution (FWHM) has 
been investigated using the ray tracing program for circular and hexagonal holes. The 
circular hole program used here is identical to the hexagonal hole program except for 
the equation describing the hole geometry. Four collimator designs have been studied at 
four different energies. These designs were originally considered by Anger (1964) in 
the paper in which the original expression for collimator resolution (equation 3.5) was 
derived. The designs were later evaluated by Gerber and Miller (1974) using their 
suggested correction to the resolution equation (equation 2.1). Table 3.5 shows a 

comparison between the value of resolution obtained from:

i) r, Anger's original equation (Equation 3.5).

ii) Tc, Gerber and Millers equation (Equation 2.1).

iii) rdc2 ĥ  Gerber and Millers equation with d  substituted by dg for hexagonal 
holes.

iv) rsh. The geometric response from the hexagonal hole ray tracing program 
(IxlQS photons per azimuthal angle).

v) rdc2 ĉ  Gerber and Millers equation with d  substituted by dg for circular holes.

vi) Tsc, The geometric response from the circular hole ray tracing program (1x10^ 
photons per azimuthal angle).
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The source to collimator distance, b was 25.4 mm for all studies. The value of 

c was 0.48 mm.

Table 3.5. A Comparison Of Resolution Values Obtained From Standard Equations
And Collimator Simulations

Collimator Number 1 2 3 4
Photon Energy (keV) 140 280 360 410

Hole Length, a (mm) 25.4 38.1 55.9 66.0

Hole diameter, d  (mm) Ü82 3.81 4.9 5.4

Septal Thickness, t  (mm) 0.77 1.52 2.26 2.70

r  (mm) 5.69 6.40 7.17 7.52

rc (mm) 5.87 7.16 8.11 8.63

rdc2 h (mm) 4.72 5.76 6.52 6.94

rsh (mm) 4.7± 0.1 5.4±0.1 6.0± 0.1 6.4±0.1

rdc2 c (mm) 4.61 5.62 6.37 6.77

rsc (mm) 4.6 ±0.1 5.2 ±0.1 5.8 ±0.1 6.1 ±0.1

From the table, it can be seen that the resolution value obtained from the 
computer simulation is always slightly less than the value obtained from Gerber and 
Miller's equation (equation 2.1) corrected for hole shape. Collimator design 1 shows 
good agreement with the equation. However, for collimator 4, there is approximately 
10% difference between simulated and calculated vales for both hexagonal and circular 
hole shapes. This discrepancy may be explained by examination of the collimator 
response functions.

Figure 3.7 shows the geometric response function for the circular hole design 
of collimator 1. This was obtained from the ray tracing program. The response function 
can be seen to fall linearly at first and then tail off smoothly as the number of photons 
passing through the collimator holes falls to zero. However, an initial assumption in the 
derivation of equation 2.1 is that this response is linear. This is required in the proof 
because the distance pq  in Figure 3.5 is approximated to the FWHM of the gamma ray 
intensity curve. Physically the distance p q  represents the maximum displacement, and 

hence azimuthal emission angle, that a photon may undergo to still count as part of the 
geometric resolution response. Examination of Table 3.5 shows that if the Gerber and 

Miller equation is left uncorrected for hole size then there should be no photons 
contributing to the geometric response beyond displacement of 5.87 mm in the detector 
plane. This should be valid regardless of the method used as it represents the distance
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pq. This is indeed true for the response generated by the ray tracing program. The 
response is not a true linear function because photons travel through a range of 
distances (or values of pq) in each collimator hole rather than a single maximum 
distance of the diameter. The distribution assumed in the derivation of the geometric 
resolution equation corrected for the circular hole size is also shown in Figure 3.7.
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Figure 3.7. Simulated And Theoretical Geometric Response For Collimator Study 1

It can be seen that the computed geometric response from the ray tracing 
program has a slightly smaller FWHM value compared to the distribution assumed in 
the resolution equation proof, due to its non-linear nature. However, the two functions 
are almost identical until the ray tracing geometric response tails off. Thus the incorrect 
approximation of a linear response assumed in the derivation of equations 2.1 and 3.5 
explains the difference between the two values shown in Table 3.5. This effect is more 
obvious in the case of collimator 4. Figure 3.8 shows the computed and assumed 
response for this collimator. The response generated by the ray tracing program shows a 
greater curvature for collimator 4 than collimator 1. This effect may be explained by the 
increased range of trajectories possible for a ray passing across a hole in the plane 
parallel to the surface of the collimator i.e. for collimator 1 the range is ( 0 mm < jc < 
4.61 mm ) and for collimator 4 the range is ( 0 < x < 6.77 mm ). The effect is therefore 
proportional to hole size.
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The value of resolution obtained from the corrected equations gives a 

reasonable approximation of the geometric resolution. The accuracy is reduced for 

larger hole sizes as the geometric response falls off as a curve rather than in a linear 

manner for such designs. However septal penetration remains the main problem in the 

analytical approach and thus equations may only be derived for geometric resolution 

rather than overall resolution.
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Figure 3.8 Simulated And Theoretical Geometric Response For Collimator Study 4

3 .3 .2  Im plications F or C onventional D esign  Techniques

The use of the correct equation for geometric resolution is vital in optimisation 

of collimator design. The standard method of collimator design was first described by 

Keller (1968). This method relies on the use of conventional analytical collimator 

equations to find the optimum collimator design for a desired geometric spatial 

resolution at a given source to collimator distance. Using these two collimator 

parameters, equations 2.6, 2.7 and 3.6 may be used to eliminate any of the three 

remaining parameters, namely a, d  and t. Note the assumption in equation 2.6 that 5% 

septal penetration is acceptable.

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 106



Chapter 3: Ray Tracing Studies Of Mechanical Collimators

The method begins by substituting for d  and s into the equation for geometric 
efficiency g. The equation for d  is obtained from rearranging equation 3.6. The 
substitution yields the following relationship

'Jg = K Ĉl ( a i i - 3 )
[af i+3)_

(3 .12)

Thus the equation has been reduced to contain a as the only free parameter. Geometric 
efficiency may therefore be maximised by differentiating the equation with respect to a 
and setting the derivative equal to zero to find the local maxima. This yields a quadratic 
in a whose solution is given by

ôpt -
+ 6 fi(b c)  +

(3 .13)

However, it was shown in the above analysis that the equation used for resolution 
(equation 3.6) contains an error. In addition the proof is only valid for square collimator 
holes. The equation for vĵ  may be modified to take these two factors into account by 
using equation 2.1 to describe resolution and substituting d  ̂iovd  in the equation, where

d , = J d (3 .14)

/  is a constant whose value depends on hole shape. This makes the corrected version of 
equation 3.12 take the following form

^20 { a ^ - 3 )
J{a + b + c) _(ajj,+3)_

(3 .15)

Taking the first derivative of this equation and setting it's value equal to 0, one obtains 
the local maxima from the following quadratic:

— 6 ci 6 b — 6 c = 0 (3 .16)

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 107



Chapter 3: Ray Tracing Studies Of Mechanical Collimators

the solution of which yields the following optimum value of a

ôpt2 -
+ 6 ji(b  + c) + jj

(3.17)

This value of aop(2 is also valid for the case where only Gerber and Miller's corrected 
equation for resolution has been used in the derivation and no account of hole shape has 

been made. This occurs because the value of J  is common to all terms in the quadratic 

(equation 3.16).
Table 3.6 shows a comparison of the hexagonal hole collimator design 

obtained using results obtained from using equation 3.17 with no correction for hole 
shape (Method 1) and equation 3.17 with a correction for hole shape (Method 2). The 
photon energy is 662 keV and the source to collimator distance is 150 mm. Having 

calculated the collimator length by the method outlined above, the hole size is obtained 
by rearranging the equation for collimator resolution and solving. Therefore one must 
specify a "required resolution " in the final image to obtain the hole size. The values of  ̂
and g  may then be calculated from equations 2.6 and 2.7 respectively. In the 
comparison shown here, the required resolution is 6.2 mm and the value of J  for 
hexagonal holes is 0.804 . The value of c is 0 mm.

Table 3.6. A Comparison Of Collimator Designs Obtained With And Without Using A
Hole Shape Correction

Method 1 Method 2
a 117.6 mm 117.6 mm

d 2.34 mm 2.91 mm

t 1.25 mm 1.56 mm

s
1.57 X 10-5 2.43 X 10-5

It can be seen from the data shown in Table 3.6, that the net result of the 
comparison is that correcting for hole shape, using equation 2.1 for geometric resolution 
and equation 3.17 for collimator length, the collimator design has approximately 55% 

greater efficiency than obtained by Method 1.
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3.3.3 Conclusions On Comparison
It has been seen in this section that while equations provide a useful guide for 

examining geometric collimator resolution, there are several problems with this 
approach. The equations make a series of assumptions that are only valid under certain 
circumstances. The two major problems regard trying to compensate for the following:

i) Edge penetration of photons.

ii) Collimator hole shape.

If these effects are corrected for in the standard collimator equations as 
outlined above, a reasonable estimate of collimator performance is obtained. However, 
none of the equations attempt to deal with septal penetration in detail. An empirical 
value of 5% penetration is always assumed. Comparison of the ray tracing studies with 
the standard equations has shown that values obtained for geometric resolution 
(corrected for hole shape) from the equations tend to be slightly greater than those 
obtained through simulation. The ray tracing technique has been shown to offer a more 
concise way to evaluate collimator performance, providing a greater insight into how 
radiation passes through a given design.

This standard analytical method of collimator design has been reviewed. The 
effect of hole shape and the corrected equation for geometric resolution have been 
incorporated into this technique. These effects are important when using this technique 
as resolution and sensitivity are traded off against each other. The corrections to the 
equations have been shown to produce a more efficient collimator design for a 
particular desired resolution at a given source to collimator distance. However, this 

method is limited by the accuracy of the equations used. It was seen in section 3.3.1 that 
large hole size collimator designs may still over estimate the value of geometric 
resolution. This will affect the optimum collimator dimensions. A more accurate 

description of resolution that includes the effects of septal penetration is required. The 
next sections look at computer simulation for the design of industrial high energy 
collimators.

3.4 Ray Tracing Results

3.4.1 Ejfect Of Septal Thickness On Resolution
The first major study in collimator design was an investigation into the effect 

on the PSF of varying the septal thickness, while keeping the collimator length and
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holes size constant. This effect was investigated for a source placed over a range of 
distances perpendicular to the collimator face. All simulations were made using the 
hexagonal parallel hole multichannel collimator design. The constant parameters used 
in the ray tracing program for this investigation are show in Table 3.7. The values of 
these constant parameters were selected based on consideration of the designs of 511 
keV collimators suggested by Neweiger et al (1985) and Van Lingen et al (1992).

Table 3.7. Ray Tracing Model Constant Parameters Used In Septal Thickness
Investigation

Collimator Length 100 mm

Collimator Hole size (Flat to Flat) 2.5 mm

No of photons per angle 1x105

Collimator Material Pb

Incident Gamma ray energy 662 keV

The septal thickness was varied from 0.1 mm to 8.0 mm in the study. The 
source to collimator distance was varied from 0 mm to 5000 mm for each septal 
thickness. It is impractical to show each PSF individually here and so results are 
presented in tabulated form in Appendix 4. Three tables are used to indicate the 
following:

i) The FWHM of the PSF (Table A4.1).

ii) The FWTM of the PSF (Table A4.2).

iii) The FWHuM of the PSF (Table A4.3).

The values quoted for each measure of spatial resolution express the total 
response of the collimator i.e. the penetration response is included. The actual PSF's 
allow the penetration and geometric component to be separated. In generating the PSF 

as described previously, a maximum displacement was set in the crystal plane. This was 
necessary to simulate the diameter of a typical gamma camera crystal. The maximum 

number of incremental steps in the crystal plane was set such that displacement did not 
exceed 175 mm. If rays were traced at a greater displacement than this, it is possible for 

the resolution value to exceed 350 mm, which is the typical imaging diameter of a 
gamma camera crystal. For the purposes of analysis, geometries that produce an FWHM 
of greater that 175 mm have been shaded grey. Such geometries would not be able to 
distinguish two objects within the imaging area of a gamma camera. Once this value of
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FWHM has been reached, a gamma camera would effectively be acting as an energy 
sensitive detector. Only a count rate could be obtained and spatial information would 
not be available.
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Figure 3.9. Collimator Resolution Against Septal Thickness. Hole Size is 2.5 mm, 
Source To Collimator Distance is 150 mm.

Data showing the effect on resolution of varying the septal thickness for a 
source located at a source to collimator distance of 150 mm is shown in Figure 3.9. It 
can be seen that for 662 keV Cŝ ^̂  gamma photons incident on a Pb collimator, 
increasing the septal thickness beyond 0.2 mm has very little effect on the FWHM of 
the PSF, where it essentially becomes a constant value. However, the FWTM does not 
become independent of septal thickness until a value of 0.6 mm is reached. The 
FWHuM of the PSF exhibits a similar behaviour, reaching a constant value once the 
septal thickness exceeds 1.7 mm. The second y  axis on the graph shows how predicted 
efficiency varies over this range of septal thicknesses. Values for efficiency were 
generated from equation 2.7. It can be seen that efficiency drops off with increasing 
septal thickness. Geometric efficiency is independent of source to collimator distance 
and so the data shown in the graph is the same for all studies.

The shape of the resolution v septal thickness is similar for all source to 
collimator distances. The differences arise in the magnitude of each calculated value of
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resolution. These values increase with increasing source to collimator distance with a 
similar variation to that predicted by Equation 2.1. The shape of the curve may be 
explained by examination of the component functions of individual PSF's as follows.
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Figure 3.10. Edge Penetration Response Functions For / = 0.1 mm to 0.7 mm. Hole Size 
is 2.5 mm, Source To Collimator Distance is 150 mm.

Figure 3.10 shows the edge penetration response functions for the collimators 
detailed in Figure 3.9 in the range of septal thicknesses from 0.1 mm to 0.7 mm. The 
graph shows the edge penetration normalised to the maxima of the PSF. This maxima 
indicates the position where the maximum number of photons pass through the 
collimator and always occurs when photons are incident perpendicular to the collimator 
face. The penetration response rises from zero to a maximum and then falls off to an 
asymptotic value close to zero. In the range of septum sizes shown, the value of the 
maxima can be seen to increase as septal thickness increases, reaching a near constant 
value with the thicker septa. This occurs because the very thin septa are more readily 
penetrated completely and so edge penetration is a smaller factor in total penetration 
response. This effect decreases as the septal thickness increases because photons are 
more likely to undergo edge penetration. Total septal penetration becomes less likely 
because of the increasing amount of lead photons must pass through. This can be seen 
in Figure 3.11, which shows the septal penetration response function over the same
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range of septum sizes. These functions represent the photons that have passed through 
one or more septa. The functions have a characteristic shape which rises sharply from 
zero to a maxima and then falls off slowly. The function then drops off with increasing 
septal thickness. However, the collimator designs outlined in the diagram all suffer 
from severe septal penetration. Therefore, the septal penetration response function has 
the greater influence on the overall shape of the PSF in these collimator designs. 
Photons would have to be travelling along a trajectory with a very large azimuthal angle 
and hence passing through a greater amount of collimator material for the PSF to reach 
smaller values.
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Figure 3.11.Septal Penetration Response Functions Forf = 0.1 mm to 0.7 mm. Hole 
Size is 2.5 mm. Source To Collimator Distance is 150 mm.

Figure 3.12 shows the edge penetration response functions for collimator 
designs with septal thicknesses varying from 1.0 mm to 1.9 mm. It is over this range of 
septal thicknesses that the FWHuM of the PSF falls off dramatically, reaching an 
almost constant value once the septal thickness exceeds 2.0 mm. It can be seen, that the 
edge penetration response functions of collimators in this septal thickness range are 
almost identical. This is because, the probability of edge penetration remains constant, 
once a threshold value septal thickness is exceeded.
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Figure 3.12. Edge Penetration Response Functions For t = 1.0 mm to 1.9 mm.
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Figure 3.13 shows the septal penetration response functions for the collimator 
designs with septal thicknesses varying from 1.0 mm to 1.9 mm. The variation in this 
function is considerable over this range of septal thicknesses. The crucial line where the 
PSF reaches a value of 0.01 is shown in the graph. The shape of all the functions shown 
is very similar, however, the maximum value of the function decreases significantly 
over the range. The function initially rises as septal penetration starts to become more 
prevalent than edge penetration. The peak represents the point where the majority of 
penetrating photons pass through the minimum path in the septa of the collimator 
material. The function then tails off slowly as the path through the collimator material 
becomes progressively greater. The fall off slows to a second small peak. This 
represents the point where the majority of penetrating photons pass through two septa.
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Figure 3.14. Components Of The Septal Penetration Response Function (/ = 1.2 mm ).

A photon history feature has been included in the ray tracing program to track 
the path of photons contributing to the septal penetration response function. Figure 3.14 
and Figure 3.15 show the septal penetration response function split up into its major 
components for septal thicknesses of 1.2 mm and 1.5 mm respectively. The graphs 
show four main contributions:

i) The component due to photons passing through a single septa alone.
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ii) The component due to photons passing through a single septa and undergoing 
edge penetration after this.

iii) The component due to photons passing through two septa.

iv) The component due to photons passing through two septa and undergoing edge 
penetration after this.
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Figure 3.15. Components Of The Septal Penetration Response Function {t = 1.5 mm).

The septal penetration response function is also shown for reference. The first 
peak is due to the combined effect of the first two components outlined above. The 
contribution of photons undergoing a single penetration followed by edge penetration, 
lags slightly behind the "penetration only "component. The same is true for the photons 
penetrating two septa. The contribution to the overall septal penetration response for 
photons undergoing septal followed by edge penetration is greater in both cases.

Examination of the intercept of the functions with the line y =0.01 in Figure 
3.14 shows that for a septal thickness of less than 1.2 mm, the FWHuM of the PSF may 
be entirely attributed to septal penetration. More specifically, the value is determined by 
the response of photons penetrating at least two septa. Indeed, the PSF consists entirely 
of septum penetrating photons, once a displacement of greater than 11 mm has been 
exceeded. The tails of the PSF may be entirely attributed to multiple septal penetration.
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Referring to Figure 3.9, as the septal thickness increases, the maxima of the 
response due to photons passing through more than two septa, falls below 0.01. The 

FWHuM then becomes influenced by the contribution due to penetration of a single 
septa, it's value decreasing with increasing septal thickness. This explains the sharp 

drop off in the FWHuM of the collimator. The slight decrease in the gradient at a septal 
thickness of 1.4 mm, is due to the point where the thickness is almost great enough to 
stop penetration of two or more septa influencing the FWHuM. Examination of the 
septal penetration response function (Figure 3.13) reveals the response levels off at this 
point. Once the septal thickness has exceeded 2.0 mm, the peak in the penetration 
response function due to photons passing through a single septa, falls below 0.01. 
Beyond this the septal penetration response function does not vary significantly. Thus 
edge penetration of septa can be seen to be the limiting factor in the FWHuM of the 
PSF. The importance of minimising the FWHuM in terms of imaging was highlighted 
in Section 3.1.3. However, increasing the septal thickness further will only serve to 
reduce collimator efficiency and increase the weight of the collimator. The effect of 
such an increase on the geometric efficiency can be seen from Figure 3.9. This 
breakpoint, where the FWHuM of the resolution v septal thickness curve levels off may 
therefore be considered as the optimum septal thickness as it offers the minimum 
possible spatial resolution with the maximum collimator efficiency.

Using the data in Table 3.7 and solving for a collimator design which obeys the 
Anger 5% penetration criteria for septal thickness (equation 2.3), a minimum septal 
thickness of 1.64 mm is required. This 5% penetration septal thickness suggested by 
Anger (1964) has been marked in Tables A4.1, A4.2 and A4.3 for each source to 
collimator distance by the cells shaded dark grey. Examination of the data shows that 
this minimum septal thickness is close to the breakpoint where the FWHuM value of 

PSF becomes close to constant. This shows that the empirical observation that 5% 
penetration is acceptable, actually occurs when penetration through two or more septa 
becomes a small factor in the overall PSF.

The equation for collimator resolution (equation 2.1) implies that this value is 

independent of septal thickness. This is clearly true for a collimator material that is 

opaque to gamma rays. In order to examine how this relates to the Anger equation for 
mimimum septal thickness (equation 2.3), a test was carried out to establish the 
variation in the FWHuM resolution value with septal thicknesses, once the Anger 
minimum septal thickness had been reached. Using this minimum septal thickness value 
as the first value, the mean of the FWHuM value for the range of septal thicknesses 

studied at each source to collimator distance was calculated from the data shown in 
Table A4.6. The error in this value was calculated using Peter's formula. This whole
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process was repeated assuming that 3% penetration was allowed in the minimum septal 
thickness. This gives a minimum septal thickness of 2.0 mm. The data is shown in 

Table 3.8.

Table 3.8. Variation Of Minimum FWHuM Value With Septal Source To Collimator 
Distance (b) With 5% and 3% Penetration (All values in mm)

5%  Penetration 3% Penetration
b Mean Error % Error Mean Error % Error

0 7.73 0.08 1.03 7.547 0.002 0.03

50 11.33 0.02 0.18 11.286 0.005 0.04

100 15.09 0.03 0.20 15.017 0.005 0.03

150 19.9 0.1 0.52 19.69 0.02 0.10

200 23.5 0.02 0.09 23.458 0.006 0.03

250 27.65 0.06 0.22 27.52 0.02 0.07

300 30.31 0.09 0.30 30.09 0.03 0.09

350 34.77 0.04 0.12 34.68 0.01 0.03

400 38.45 0.08 0.21 38.27 0.03 0.08

450 41.73 0.05 0.12 41.61 0.01 0.02

500 45.92 0.06 0.13 45.78 0.02 0.04

1000 83.1 0.1 0.12 82.89 0.04 0.04

1500 123 1.0 0.8 120.20 0.07 0.06

2000 158.5 0.2 0.13 158.03 0.07 0.04

2500 195.9 0.2 0.10 195.39 0.09 0.05

3000 233.6 0.3 0.13 232.9 0.1 0.04

3500 271.1 0.4 0.15 270.3 0.2 0.07

4000 308.8 0.4 0.13 307.8 0.2 0.06

4500 346.5 0.6 0.17 345.5 0.2 0.05

For the designs considered, a limit of 5% penetration gives a maximum 

percentage error in the FWHuM value over all source to collimator distances of 
approximately 1%. However, if only 3% penetration is considered acceptable, the 

maximum error is reduced to approximately 0.1%. The 5% penetration limit shows a 
greater error because the FWHuM has still not reached its minimum value. A 3% 

penetration limit is therefore suggested as a better criteria. For this reason, 2.0 mm has
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been selected as the septal thickness to be used in the investigation of the other 

collimator parameters.
The observations described above differ from the traditional Anger approach of 

finding the minimum septal thickness from Equation 2.3. The Anger technique is based 
on the empirical assumption that the minimum path through attenuating material must 
produce 95% attenuation for incident gamma rays. However, the ray tracing technique 

has been shown to provide considerably more information on the nature of the effect 
than that available through Anger's equations alone and leads to the conclusion that a 
3% penetration limit is required.

3.4.2 Effect Of Collimator Length On Resolution
The effect on the PSF of varying the collimator length, while keeping the hole 

size and septal thickness constant has been investigated for a range of source to 
collimator distances. The constant collimator parameters used in the investigation are 
shown in Table 3.9. The collimator length was varied from 70 mm to 265 mm for 
source to collimator distances in the range of 0 mm to 5000 mm. The hexagonal parallel 
hole multichannel collimator design was used in all simulations.

Table 3.9. Ray Tracing Model Constant Parameters Used In Collimator Length
Investigation

Septal Thickness 2.0 mm

Collimator Hole size (Flat to Flat) 2.5 mm

No of photons per angle 1x105

Collimator Material Pb

Incident Gamma ray energy 662 keV

Resolution data relating the PSF's obtained from the studies has been tabulated 
in the following manner (see Appendix 4):

i) The FWHM of the PSF (Table A4.4)

ii) The FWTM of the PSF (Table A4.5)

iii) The FWHuM of the PSF (Table A4.6)

The data refers to resolution values obtained from examination of the total 
response function of each collimator. Component response function data has also been 
recorded. The maximum number of incremental steps in the crystal plane was again set
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such that displacement did not exceed 175 mm. This was necessary such that resolution 
values did not exceed the diameter of the crystal (section 3.4.1). Studies where the 
FWHM exceeded 175 mm have been shaded light grey for identification.
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Figure 3.16. Collimator Resolution Against Collimator Length. Septal Thickness is 2.0 
mm, Source To Collimator Distance is 50 mm and Hole Size is 2.5 mm.

Figure 3.16 shows the effect on the resolution values obtained by varying the 
collimator length for a source to collimator distance of 50 mm. The second y axis on the 
graph shows how geometric efficiency varies over this range of collimator lengths. The 
shape of the of the FWHM and FWTM curves are similar for all source to collimator 
distances. The value of resolution in these curves falls off with increasing collimator 
length. This is what may be expected by examination of Equation 2.1. However, the 
FWHuM curve exhibits a sharp drop off as the collimator length is increased from 70 
mm to 100 mm. This effect is apparent in all studies until a source to collimator 
distance of 2500 mm is reached. The curve falls off smoothly once this distance is 
reached. The sharp drop off for a source placed nearer the collimator may be explained 
by closer examination of the individual collimator response functions.
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Figure 3.17. Edge Penetration Response Functions For a = 70 mm to 100 mm. Septal 
Thickness is 2.0 mm, Source To Collimator Distance is 0 mm.

The edge penetration response functions for collimators with lengths in the 70 

mm to 100 mm range for a source to collimator distance of 50 mm are shown in Figure 

3.17. The response shows the expected shape for edge penetration components of the 

PSF. The function rises as the photon trajectories start to pass through the sides of the 

septa in the collimator, and falls off as the distance through the collimator material 

increases. However, the length of the collimator can be seen to have a marked effect on 

the maxima of the function. The value decreases for an increasing collimator length. 

This effect occurs because of the increasing amount of collimator material, and hence 

attenuation, that photons must pass through for the same displacement in the crystal 

plane. The tail of the function can also be seen to vary. In the response functions shown 

in the diagram, increasing the collimator length can be seen to reduce the effect of this 

tail. Once the collimator length has exceeded 100 mm, the edge penetration response 

does not vary greatly. This reduction in peak response is the opposite effect to that 

encountered in the resolution against septal thickness studies, where edge penetration 

functions initially increase in peak response before becoming almost identical for an 

increasing septal thickness over the range studied.
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Figure 3.18. Septal Penetration Response Functions Fora = 70 mm to 100 mm. Septal 
Thickness is 2.0 mm. Source To Collimator Distance is 50 mm.

Figure 3.18 shows the septal penetration response functions for the collimator 
designs discussed above. The characteristic shape of the response can be seen. The first 
peak represents penetration through a single septum and the second peak represents 
penetration through two septa. The shorter collimator length can be seen to show 
considerable penetration beyond the second peak. This is due to the effect of gamma 
rays passing through several septa. This falls off more sharply with the shorter 
collimator lengths. As the collimator length increases, this effect is reduced 
considerably as the path through the collimator material increases. The maxima of the 
two peaks representing the first and second septum penetration also decrease 
considerably with collimator length.

Examination of the graph showing resolution against collimator length (Figure 
3.16), shows that the FWHuM value decreases rapidly over this range of lengths. This is 
in contrast to the relationship anticipated from the Anger equation for resolution 
(Equation 2.1). This may be attributed to the diminishing effect of septal penetration on 
collimator resolution as the collimator length increases. It can be seen from Figure 3.18, 
that for collimator lengths below 90 mm, the maxima of the septal penetration response 
function exceeds a value of 1%. Thus for collimator designs such as this, the FWHuM 
value can be seen to result from septal penetration.
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Figure 3.19. Components Of The Penetration Response Function Fora = 70 mm. Septal 
Thickness is 2.0 mm. Source To Collimator Distance is 50 mm.

The septal penetration response functions for collimator lengths of 70 mm and 
100 mm have been decomposed into the contributions from single and multiple 
penetration of septa using the photon history feature of the ray tracing program. Figures 
3.19 and 3.20 show the contributions due to penetration of one and two septa. This is 
further subdivided into photons undergoing septal penetration alone and those 
undergoing both septal and edge penetration. In both figures, the greatest peak is due to 
the penetration of a single septa combined with edge penetration. The second greatest 
peak is due the penetration of a single septa alone. The response function can be seen to 
have a second small peak. This due to penetration along the long axis of the collimator. 
This effect is illustrated in Figure 3.21. Normally, photons will only pass through the 
septa between neighbouring hexagons. However there is a small chance they will 
penetrate the long axis. This effect can only be seen in the PSF when the source is close 
to the collimator. As the source is moved further away, the path a photon must take 
through the collimator material is considerably increased for the same displacement in 
the crystal plane. This is illustrated in Figure 3.22. Hence the probability of penetration 
along the long axis is considerably reduced due to the increased path in the attenuating 
material. This occurs because the photons pass through a smaller range of angles (6 2 ) 
for the same displacement D in the image plane as the source is moved away from the
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collimator. Penetration along the long axis can be seen clearly in the functions 
representing penetration through two septa. The response due to septal penetration 
alone, can be seen to have three peaks in this instance.
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Figure 3.20. Components Of The Penetration Response Function Fora = 100 mm.
Septal Thickness is 2.0 mm. Source To Collimator Distance is 50 mm.

Examination of Figures 3.19 and 3.20 show that when the collimator length is 
increased, the combination of penetration through one and two septa will form a second 
peak in the overall septal penetration response. In the case of the shorter collimator, this 
maxima exceeds a value of 1%. Thus septal penetration is the major factor in 
determining the FWHuM value. When the collimator length is increased, the value of 
the maxima falls below 0.01 and edge penetration therefore becomes the dominant 
factor in determining the FWHuM value. The slight decrease in the gradient of the 
resolution versus length graph is due to the FWHuM value being dependent on the 
effect of penetration through two septa. Beyond this point the edge penetration response 
becomes the dominant factor.
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Figure 3.22. Increased Path Through Septa For Increased Source Distance.

The data above has shown that the FWHuM of the PSF does not vary as 
predicted by Anger's equations for shorter collimator lengths. This effect is due to 
penetration of the collimator septa. Examination of the data presented in Table A4.6 
shows that the collimator will not behave as predicted, when the length decreases below 
950 mm for a photon energy of 662 keV. This represents a breakpoint similar to that 
observed in the septal thickness v resolution studies. The breakpoint of the FWHuM in 
the resolution against collimator length studies has been indicated in Tables A4.4, A4.5
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and A4.6 for each source to collimator distance by the cells shaded dark grey. Once this 
fact has been taken into consideration, a collimator length of 100 mm was selected for 
use in the hole size against resolution study. Increasing the length of the collimator 

further would give an improved spatial resolution but would add weight and reduce 
geometric efficiency.

3.43 Ejfect Of Hole Size On Resolution
In this study, the effect on the PSF of varying collimator hole size has been 

investigated over a range of source to collimator distances. The septal thickness and 
collimator length were kept constant in the studies. The values used in all the 
simulations are shown in Table 3.10. The optimum values of septal thickness and 
collimator length were determined in the two previous studies. The collimator hole size 
was varied from 0.1 mm to 8 mm over the 0 mm to 5000 mm range of source to 
collimator distances. The hexagonal hole parallel multichannel collimator design was 
used in all studies. The hole size refers to the distance across two flat sides of the 
hexagon.

Table 3.10. Ray Tracing Model Constant Parameters Used In Hole Size (Flat to Flat)
Investigation

Collimator Length 100 mm

Septal Thickness 2.0 mm

No of photons per angle 1x105

Collimator Material Pb

Incident Gamma ray energy 662 keV

Data pertaining to collimator resolution from PSF's obtained in the simulation 
studies has been tabulated in the following manner:

i) The FWHM of the PSF (Table A4.7).

ii) The FWTM of the PSF (Table A4.8).

iii) The FWHuM of the PSF (Table A4.9).

The data presented was calculated from analysis of overall PSF's. However, the 
PSF's have been further subdivided into component functions in the analysis described 

below. Once again, the maximum number of incremental steps in the crystal plane was
set such that displacement did not exceed 175 mm. This was implemented such that
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resolution values did not exceed the diameter of the crystal (section 3.4.1). Studies 
where the FWHM exceeded 175 mm have been shaded light grey for identification.

Figure 3.23 shows a plot of resolution value against hole size for a source to 
collimator distance of 50 mm. Examination of the plot shows the FWHM and FWTM 
values vary linearly with hole size as predicted by Anger's equation. Increasing the 
source to collimator distance in the studies has the effect of making the gradient of each 
line greater, however the linear relationship between hole size and resolution value 
remains the same. Figure 3.23 also shows the effect of hole size on geometric 
efficiency. This is indicated on the second y axis. The geometric efficiency can be seen 
to increase sharply with hole size.
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Figure 3.23. Collimator Resolution Against Collimator Hole Size(f = 2.0 mm, b = 50
mm and a = 100 mm).

The FWHuM can be seen to rise with a sharp gradient once a hole size of 
greater than 3 mm has been exceeded. This effect is prevalent at all source to collimator 
distances. This may be explained by decomposing the PSF into its component 
functions. The penetration response function (septal and edge penetration combined) is 
shown for hole sizes of 3.0 mm and 3.5 mm in Figure 3.24. The graphs show that the 
FWHuM is greatly affected by penetration as the hole size is increased. The data for a 
hole size of 3.0 mm falls to a value of 1% on the trailing edge of the main peak.
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However, the data for a hole size of 3.5 mm, shows the function falls below 0.01 in the 
tail of the response. This explains the breakpoint at which the FWHuM resolution start 
to rise sharply in Figure 3.23. Once a hole size of 3.0 mm has been exceeded the 
FWHuM value is determined by the long tail of the function. Individual analysis of 
edge and septal penetration explains this effect.
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Figure 3.24. Penetration Response Functions For d = 3.0 mm and 3.5 mm.

The edge penetration response functions for the two collimators are shown in 
Figure 3.25. The main peak in edge penetration response can be seen to be responsible 
for the main peak in combined penetration response. The maxima of the edge 
penetration response represents the point where the maximum number of edge 
penetrating photons pass through the minimum path of collimator material. However, 
the peak is shifted to the right for the greater hole size. This effect occurs because the 
maxima of edge penetration is determined by the septal thickness. Increasing the hole 
size displaces the position within the septal thickness where the maxima occurs. This is 
an effect due to collimator geometry. The trailing edge of the response becomes almost 
logarithmic. This is due the attenuation of photons through the collimator material 
obeying a logarithmic relationship with increasing path length.
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Figure 3.25. Edge Penetration Response Functions For d  = 3.0 mm and 3.5 mm.
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Figure 3.26. Septal Penetration Response Functions Fort/ = 3.0 mm and 3.5 mm.
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Figure 3.26 shows the septal penetration response functions for the two 
collimator designs. It is these functions that account for the tail of the PSF. The 
collimator with a hole size of 3.5 mm peaks at a normalised response value of 0.0125, 
thus exceeding the FWHuM. It is therefore clear that this function governs the FWHuM 
resolution value. The response for a hole size of 3.0 mm peaks below the critical value 
and thus does not determine the FWHuM value. This may be investigated further by 
examination of the septal penetration response function for photons passing through one 
or two septa. These functions are illustrated in Figures 3.27 and 3.28 for hole sizes of
3.0 mm and 3.5 mm respectively. The graphs show the response divided into that 
representing septal penetration alone and that representing both septal penetration and 
edge penetration. The main contribution to septal penetration response in both graphs 
can be seen to be due to photons passing through a combined septal and edge 
penetration trajectory. In Figure 3.28, this effect almost reaches a value of 0.01 alone.
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Figure 3.27. Components Of The Septal Penetration Response Functions Ford = 3.0
mm.

Septal penetration has again been shown to be a limiting factor in collimator 
design. Penetration has a strong influence on the range of hole size values of use in 
collimating 662 keV photons incident on lead collimators. Collimator resolution may 
not be correctly described by Anger's equations alone. The breakpoint where
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conventional analysis becomes invalid in the resolution against hole size studies has 
been highlighted in Tables A4.7, A4.8 and A4.9 for each source to collimator distance 
by the cells shaded dark grey. It can bee seen that this breakpoint consistently occurs 
when the hole size exceeds 3 mm for all source to collimator distances. This represents 
an optimum hole size as the greatest collimator efficiency may be achieved here, 
without the effect of septal penetration becoming catastrophic. Reducing the hole size 
will improve spatial resolution at the expense of efficiency.
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Figure 3.28. Components Of The Septal Penetration Response Functions Fort/ = 3.5
mm.

3.4.4 Conclusions On Ray Tracing Studies
The breakpoints in the FWHuM of each collimator may be selected as 

optimum dimensions for a high energy collimator as they provide a good compromise 
between the complex problem of balancing resolution against sensitivity.

Taking this approach, examination of the data from the first study indicates a 
minimum value of septal thickness of approximately 2.0 mm is required for all source 
to collimator distances. The value of t obtained from Equation 2.3 is slightly less than 
the minimum value suggested by examination of the PSF's in ray tracing studies. This is
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because the equation relies on the empirical assumption that 5% penetration in septa is 
acceptable. The value of 3% penetration is suggested here as a better limit because 
penetration through complete septa becomes negligible at this point. This equates to a 
value of 2.0 mm is still well within maximum septal thickness limits suggested by 
Newieger et al (1985). This limit suggests that the spacing between holes should be less 
than the intrinsic resolution of the camera, otherwise the holes will show up as artefacts 
in the image. This is especially true for distant images. The intrinsic resolution of a 
typical modem gamma camera is approximately 6 mm.

The second study shows FWHuM resolution deteriorates rapidly as the 
collimator length is reduced beyond a certain point. This effect was shown to be due to 

penetration of more than one septa. If the collimator length is set to 100 mm, 
penetration through the septa becomes negligible. This is therefore chosen as the 
optimum collimator length.

The final study showed that the FWHuM value of the PSF increases 
significantly if the hole size is made greater than 3.0 mm. Once again, this effect is due 
to septal penetration. The value of 3.0 mm is therefore suggested as an optimum hole 
size as geometric efficiency is greatest at this point.

3.5 Conclusions On The Design Of Parallel Hole 
Collimators

This chapter has examined the application of the ray tracing technique to 
collimator design. The technique has been shown to be in good agreement with 
experimental studies. The technique has a considerable execution speed advantage over 
Monte Carlo simulation and offers a greater amount of information than can be obtained 
from experimental techniques.

The standard equations used to describe geometric resolution in conventional 
collimator design have been reviewed and subsequently modified to take into account 
hole shape. The equations have been compared to data obtained from ray tracing studies 
and have shown to offer good agreement for geometric resolution values for collimator 
designs with small holes sizes {d = 2.82 mm). Values obtained by equations for large 
hole sizes {d = 5.4 mm) have been shown to be approximately 10% greater than that 
predcted by ray tracing. This has been shown to be a result of the approximation that 
the geometric response of the collimator varies in a linear manner. Ray tracing studies 

have shown this not to be true. The modifications to the resolution equation have been 
followed through into the standard analytical expressions used in collimator design.
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These have been subsequently modified. The analytical technique, based on equations, 
is limited because no account of septal penetration is taken in the formulation of 
geometric resolution.

Ray tracing studies have been used to examine the performance of several 
thousand collimator designs for an incident photon energy of 662 keV at a range of 
source to collimator distances. For all the collimator studies carried out, it has been 

shown that there exists a series of breakpoint values beyond which collimator FWHuM 
of the PSF deteriorates significantly before reaching values similar to those predicted by 
standard analytical formulations. Individual components of the PSF have been 

investigated in such cases. This has shown serious deterioration to occur in designs 
where photons completely penetrate one or more septa when passing through the 
collimator. Using these breakpoints as the parameters in collimator design, a general 
purpose high energy collimator has been suggested for industrial imaging.

The image obtained from a parallel hole collimator will only have a field of 
view equal to the diameter of the camera. If the object to image is greater than the field 
of view, it would be necessary to scan the camera in two dimensions to build up the 
image of a large scene. While this is possible, it would be useful to have a system where 
no movement of the camera is required. The next chapter investigates the design of 
focusing collimators.
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4. Ray Tracing Studies Of Focusing 
Collimators

4.1 Overview Of Focusing Collimator Studies
The ray tracing simulations carried out in the previous chapter were concerned 

with the simulation of multichannel parallel hole collimators. This chapter deals with 
the simulation of focusing hole multichannel collimators. The geometry of the focusing 
multichannel collimator is considerably more complex than parallel hole geometry. 
Several variations on the focusing design are possible. This chapter investigates the 
potential of diverging cone beam tapered bore multichannel collimators for use in high 
energy gamma ray imaging.

The chapter begins with a brief discussion on the differences between focusing 
designs, and the reasons for electing to model the tapered bore design. Using data 
obtained for parallel hole collimators in the previous chapter, three focusing hole 
designs are examined. The resolution values and efficiency of these collimators are 
investigated.

4.2 Practical Considerations Of The Model

4.2.1 Focusing Collimator Geometries
Focusing collimators were first proposed by Anger (1958) during the 

development of the gamma camera. However, the designs have not found widespread 

use in clinical gamma camera imaging. The parallel hole design has been by far the 
most frequently used due to its flexibility. Focusing collimators have been used for 

more specialised investigations where object size is a limiting factor. The converging 
hole collimator design has more recently found a use in SPECT imaging (Lim et al 
1980, Jaszczak et al 1986 and 1988), where it offers greater spatial resolution and 

efficiency than conventional parallel hole designs. The diverging hole was originally 
proposed as a method of increasing the field of view of the gamma camera. This was 

necessary with early designs as the crystal diameter was limited to around 250 mm, 
which is not large enough to image objects such as the lungs. This requirement has
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somewhat disappeared as manufacturers have increased the diameter of the crystal in 
excess of 350 mm. This is a sufficient diameter for imaging all organs within the human 
body. However in order to make industrial imaging of large objects possible with 
minimal or no movement of the camera, the field of view must be increased. Several 
papers consider diverging collimators for use in rectilinear scanners (MacIntyre et al 
1969), however the main analysis of diverging collimators for use with a gamma 
camera is the work of Muehllehner (1969). This is based on an analytical approach to 
investigating spatial resolution and geometric efficiency and is the method described in 
Chapter 2. However, the analysis is restricted to a single type of focusing design.

There are essentially four major designs of focusing collimator. These can 
occur in both diverging and converging designs. The designs are illustrated in Figure
4.1 and can be broken down into two major categories:

i) Uniform diameter designs.

ii) Tapered bore designs.

Uniform Diameter

Tapered Bore

Figure 4.1. Focusing Collimator Designs.

The designs may then be further broken down into two subclasses using the 
categories described by Lim et al (1980). The first subclass is known as a type I 
collimator and has channels which have the same hole diameter for all holes in the 
collimator. The second subclass, type II have channels which are the same diameter in 
the section cut parallel to the plane facing the object. In this design, the actual diameter 
of the holes decreases as the position of the hole moves away from the centre. When 
applying these categories to tapered bore designs, one must consider the additional

M R Doherty, PhD Thesis; High Energy Gamma Ray Imaging 135



Chapter 4: Ray Tracing Studies Of Focusing Collimators

variation in diameter along the bore length. It is therefore useful to consider type I 
collimators as those with the same half angle value of a  and type II as those with a 
constant value of diamete^ at some specified distance in a plane perpendicular to the 

axis of the central hole. This projection will in fact be an ellipse for holes other than the 

central hole.
The collimator design considered in this chapter is a type I collimator. The 

tapered bore design was selected to maximise the field of view. This design also has a 
greater geometric efficiency than its uniform diameter counterpart (see below). 
Although many models and analytical descriptions of this type of collimator exist when 
applied to rectilinear scanning, there do not currently exist any analytical models for 
predicting the resolution of such collimators when used with a gamma camera. While it 
is possible to construct a tapered bore collimator with hexagonal holes, only conical 
hole geometries are considered here. This approach has been taken for the practical 
reason that a simulation using hexagonal holes takes approximately ten times longer to 

execute than a conical hole simulation (Jahns 1981).

4.2.2 The Focusing Ray Tracing Model
An outline of the model used to simulate focused collimators was given in 

Chapter 2. The model using stochastic ray tracing to obtain the PSF over isoplanatic 
areas surrounding holes. In this way a model of the collimator is built up by considering 
many such areas and hence PSF's. This section describes the implementation of the 

technique.
The focusing ray tracing simulation was written in the C programming 

language. This was necessary because the complexity of the model suggested that the 
execution time of the simulations would be large, involving a considerable amount of 
IO(Input/Output). When programming code of this nature on UNIX systems, a 

performance advantage can be gained by coding in the native development language (C) 
of the system. The development tools on UNIX systems also have greater functionality 
for programming in C as oppose to FORTRAN.

The calculations involved in the focusing model are considerably more 
complex than those in the parallel hole model. The geometry cannot be broken down 

into a unit cell. This means the trajectory of the photon must be traced by considering 
every hole within the collimator. In order to achieve this, the basic equation of the cone 

must be transformed into a different co-ordinate system for each hole in the collimator. 
Once the quadratic equation describing the possible intersection of the ray trajectory has 
been solved, the solution must then be transformed back into the original co-ordinate
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system. In addition this, transformation includes a large number of trigonometric 
functions and therefore the central processing (CPU) time required to calculate such 
transformations becomes extremely large. This proved to be a major problem on the 
Sun Microsystems IPX workstations on which the simulations were carried out. 
However, since the transformation matrices for each hole contain elements with 
constant terms (which are functions of rotational and azimuthal angle), it is not 
necessary to calculate the matrices for each hole more than once. The values of the 
matrices were therefore calculated prior to execution of the main simulation and stored 
in a file. Once the simulation began, the transformation matrices were read into a series 
of memory locations, where they could be accessed very quickly. This was found to 
speed up the execution time of the model by at least a factor of 10. The actual value 
depended on the geometry of the collimator and the number of holes considered.

Figure 4.2. Plan View Of Collimator With 9 Holes Projecting Radially.

The execution speed of the model proved to be the limiting factor in the size of 
the collimators considered. This is not a problem with the parallel hole model as it 
considers an infinite plane of repeating cellular units. However the focusing model must 
examine each hole individually and describe a finite size collimator. A plan view of a 
collimator design with 9 holes projecting radially from the centre in shown in Figure 
4.2. This image was generated by recording the xy positions of photons exiting the 
collimator in the simulation. The number of holes simulated in the collimator has a 
significant effect on execution speed. In addition to this, the number of photons traced
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through the collimator must also be considered. Tracing too few photons may result in 

statistical variation of the resultant response functions. Several pilot studies were 
undertaken to examine the maximum number of holes and photons that could be 
simulated in the program. It was found that tracing more than IxlO^ photons per 
azimuthal angle was impractical for collimator designs with more than 10 holes in the 
radial direction from the centre of the collimator. Further to this, it was found that 
tracing more than 17 holes in the radial direction was impractical. In the 17 hole design, 
a total of 81 individual holes require simulation. This took approximately 6 weeks to 
simulate. The execution time was found to vary slightly depending on the geometry of 
the design. Extrapolation of the data rate obtained from an 18 hole design indicated that 
the execution time would be extended to well over two months. This may be explained 
by considering the total number of holes in the collimator. The 17 hole design has a 
total of 817 holes, whereas the 18 hole design has 919 holes. The simulation of each 
photon trajectory therefore requires that an additional 102 holes must be considered for 
the 18 hole design. In addition, the PSF of a further 8 holes must be obtained for the 
additional shell of the hexagonal packing structure in order to characterise the 
collimator. For this reason, the 17 hole design was selected as the maximum number of 
holes that could be practically simulated on the available computer systems.

4.3 Three Designs Of Diverging Cone Beam Tapered 
Bore Focusing Collimators

4.3.1 Origin Of The Designs
The exceptional execution time of the focusing hole collimator model 

precluded the detailed performance evaluation that was undertaken with the parallel 
hole collimators in Chapter 3. For this reason, it was decided to concentrate on a limited 

number of studies, using some aspects of the information obtained from parallel hole 

collimators. Specifically, the information relating to optimum collimator length, hole 

size and septal thickness were considered. Three collimator designs were then selected 
and simulated.

The parallel hole collimator ray tracing studies indicated that certain criteria 
should be observed when designing a high energy collimator. For an incident photon 
energy of 662 keV, septal penetration effects are minimised when the following is 
observed:
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i) The septal thickness t should be greater than or equal to 2 mm.

ii) The collimator length a should be greater than 95 mm.

iii) The hole size d should be less than or equal to 3 mm

Using this information, three designs were considered such that the following 
collimator parameters were observed at various locations in the plane perpendicular to 
the central hole: t = 2.0 mm, a = 100 mm and d = 2.5 mm. The designs differed by 
observing the above values in the following planes through the central hole of the 
collimator.

i) In the

ii) In the

iii) In theiii) In the plane on the crystal face of the collimator - Design C.

Detector Side

- -Mid Point

Object Side

Figure 4.3. Parameters Used In Tapered Bore Focusing Collimator Simulations.

This is illustrated in Figure 4.3. For the purposes of passing values into the 
program, all parameters are calculated in the plane on the object side of the collimator. 
The parameters that differ for focusing collimators compared to parallel hole 
collimators are denoted by the subscript/ .  In addition to the above parameters, the focal
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length of the collimator must be selected. This may be calculated by considering the 
minification factor required by the collimator. In order to obtain this, the size of the 

object area to be imaged must be considered. Discussions with BNFL (Garlick 1991) 
have indicated that a field of view of approximately 5 m at a distance of 5 m would be 
useful for industrial gamma ray imaging. Using these values, the focal length of the 

collimator was calculated from equation 2.10. In this calculation, it was assumed that 
the useful diameter of the gamma camera crystal is 350 mm. The parameters used in the 

three collimator studies are shown in Table 4.1.

Table 4.1. Design Parameters For Focusing Collimator Studies.

Parameters A B c

No. of Holes 817 817 817

d f  (mm) 2.50 2.79 3.15

t f  (mm) 2.00 2.23 2.52

a  (mm) 100.00 100.00 100.00

/(m m ) 383.87 383.87 383.87

4.3.2 Response Functions Of Focusing Collimators
The simulation of each collimator produced point spread functions over 81 

isoplanatic areas. Each area was centred around a particular hole. Using this set of data, 
the PSF's for any position on the collimator may be examined. This is due to the 
rotational symmetry along major axes and mirror symmetry along minor axes. The 
effect on the PSF of varying photon energy below 662 keV was not evaluated in parallel 
hole collimator studies. This was decided because the performance of parallel hole 
collimators has been documented for energies up to 511 keV. This was felt to cover a 
suitable energy range. However, no published work exists on the focusing tapered bore 
diverging designs considered here, hence it was decided to examine the effect of photon 
energy on the PSF of the focusing collimator. For practical reasons, PSF's were 

evaluated at 10 keV energy intervals up to 700 keV. A total of 5760 sets of response 
functions have been produced by each simulation and are stored as separate data files. 
Evaluating PSF's at smaller energy intervals in the range studied was not considered due 

to the storage space required for the data. Each file contains the PSF, geometric 
response and total penetration response. Full simulations of all response functions were 

calculated at a source to collimator distance of 0 mm. This distance was selected as it 
allows future investigations to convolve arbitrary source data with collimator PSF's to 
obtain images (Harrison 1993). A set of simulations on the central holes of the
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collimators was also carried at a distance of Im for comparison with other collimation 
techniques and is described in the final chapter of the thesis.

1.000l.OOi
Point Spread Function

Geometric Response

Total Penetration Response
-0 .7 5 00.750-

-0 .5 0 0c  0.500- 
a

-0 .2 5 00.250-

0.0000.000
0.2 0.3 0.40.0 0.1

D isp la c e m e n t  (C m)

Figure 4.4. Characteristic Response Functions Of A Tapered Bore Focusing Collimator
(data for collimator B is shown)

Figure 4.4 shows the typical response functions produced by the simulation at a 
high energy (660 keV). The overall PSF, geometric and penetration response functions 
are shown for the area surrounding the central hole of the collimator for design B from 
Table 4.1. It is immediately apparent that the overall PSF of the area is a considerably 
different shape to the parallel hole collimator PSF. The response is similar to a gaussian 
function. This shape is prevalent over the entire energy range studied. The shape is a 
result of the conical collimator holes affect on the geometric component of the PSF. 
Examination of Figure 4.5 shows the paths of photons through the collimator. Many 
photons incident on the collimator may just pass through the hole (case i) or attenuating 
material (case ii), while others passing parallel to the hole axis will impact on the 
angled walls of the septum (case iii). This has the effect of reducing the geometric 
response and increasing the penetration response. Indeed, in the example réponse shown 
(Figure 4.4), the penetration response has sizeable finite value for photons emitted 
parallel to the axis of the hole (displacement = 0 mm). This effect was not seen in the 
case of parallel hole collimators. For lower energy photons, the penetration response is
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reduced considerably due to the effective attenuation of photons within the collimator 
material. However, the overall PSF retains the bell shape due to the geometric response. 
The geometric response can be seen to tail off in a similar way to the parallel hole case. 
This effect is due to the hole shape and is the same as for parallel hole designs (Chapter 
3, Section 3.3.1). The tail of the overall PSF is extended at higher energies due to 
penetration of the septa.

Detector Side

i)

Object Side

Figure 4.5. Paths Of Photons Incident Parallel To The z Axis.

4.3.3 Results From Ray Tracing Studies.
Simulations of the three collimator designs outlined in Table 4.1 were carried 

out. The data set representing the response functions at each energy interval for each 
hole was examined. It is impractical to show the data obtained from all studies here.
Therefore data from a selected set of areas is presented in tabulated form to indicate
collimator performance along the major and minor axes. The data is presented in 
Appendix 5. Three tables are used to indicate the following values of resolution along 
major and minor axes:

i) The FWHM of the PSF.

ii) The FWTM of the PSF.

iii) The FWHuM of the PSF.
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The maximum azimuthal angle of emission was set such that a maximum 
displacement of 9 mm occurred in the xy plane on the detector side of the collimator. 
The collimator to crystal distance was set to zero for the purposes of the study.

The data for collimator design A is shown in Tables A5.1, A5.2 and A5.3. The 
FWHM, FWTM and FWHuM of the PSF along the major and minor axes are shown. 
The hole number refers to the position of hole under study relative to the central hole of 
the collimator. Data is shown in 30 keV energy intervals from 100 keV to 670 keV. The 
same data for collimator B is shown in Tables A5.4, A5.5 and A5.6 and again for 
collimator design C in Tables A5.7, A5.8 and A5.9.

4.3.4 Variation Of Resolution With Photon Energy
The variation in resolution values for each of the collimator designs was 

investigated. The effect of photon energy on the FWHM, FWTM and FWHuM was 
examined. The data for each set of resolution values was compared for each of the 
designs.
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Figure 4.6. Variation In FWHM Value For The Central Hole Of Each Collimator
Design
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Figure 4.6 shows the variation in FWHM value for the central hole of the 
collimator for each of the three designs. The FWHM resolution value initially shows 
little variation with energy. However, once an energy of a approximately 130 keV has 
been exceeded, the resolution starts to rise in a linear manner over the range studied. 
This effect is a direct result of septal penetration. Below this energy, the collimator 
material significantly attenuates the incident photons. The PSF below 130 keV is 
therefore dominated by geometric response and hence shows little variation with 
energy.

The effect of penetration on the FWHM was illustrated in Figure 4.6, which 
showed the response of the central hole area for collimator design B at 660 keV. The 
geometric response may be considered to approximate the overall PSF for low energies. 
From Figure 4.6 it can be seen that a high photon energy introduces an increase in the 
displacement value in the width of the PSF at its intersection with the line y=0.5. This 
effect increases the width by a constant amount for each increment in energy.
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Figure 4.7. Variation In FWTM Value For The Central Hole Of Each Collimator
Design

The overall effect of penetration on the FWHM is relatively small. Examining 
the difference in values between the maximum and minimum value in the energy range
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Studied, one finds only an 11% variation for design A. For designs B and C the 
variation was found to be approximately 13% and 10% respectively.

A comparison of the FWTM values for the three collimators is shown in Figure 
4.7. The variation in FWTM over the energy range studied is similar to the FWHM 
behaviour. The values vary only slightly with energy at low incident photon energies. 
However, once the photon energy has exceeded 100 keV the FWTM begins rise more 

rapidly. The increase is approximately a linear relationship with energy. This may again 
be explained by the increasing importance of the penetration component of the PSF as 
the photon energy increases.

The penetration response function for two different energies is shown for 
collimator design B in Figure 4.8. Both the maximum value of the response function 
and its FWHuM value can be seen to vary significantly as the energy increases. Indeed 
for an incident photon energy of 130 keV, the penetration response does not reach a 
value of 0.01. For an incident photon energy of 660 keV, the penetration response and 
hence PSF can be seen to have a long tail. Comparing this with the data obtained for 
parallel hole geometries, this tail may be attributed to the penetration of one or more 
septa. It may also be inferred that the penetration response consists primarily of edge 
penetration in the energy range studied. Thus edge penetration can again be seen to be a 
limiting factor in collimator performance. The variation in FWTM value over the 

energy range studied was found to be greater than the case of the FWHM. Collimator 
design A shows an 18% variation, collimator B shows a 19% increase and collimator C 
shows an 18% increase. The increase is greater with the FWTM than the FWHM 
because the penetration response function has a greater influence in the tails of the PSF.
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Figure 4.8. Edge Penetration Response Functions For Collimator B At 130 keV And

660 keV.

Figure 4.9 shows the variation of the FWHuM of the PSF with energy for the 

three collimator designs studied. The FWHuM value can be seen to increase with 

energy. While initially, the values show little variation in energy up to 100 keV, beyond 

this energy the nature of the variation appears to be non-linear. This is in contrast to the 

FWHM and FWTM studies. This results from a combination of two factors: Firstly the 

simulation studies were limited to examining IxlO^ photons per azimuthal angle, due to 

the execution time required to examine each design. This resulted in a smaller number 

of photons being used to generate the penetration response in the tails of the PSF and 

hence increased the statistical uncertainty of values calculated from the response. 

Secondly, the overall PSF tails off with a smooth curve in this region due to penetration 

effects. The FWHuM value was calculated from a linear interpolation between points. 

Thus the study requires a greater angular sampling of the PSF in this region. If both the 

number of photons used in the simulation and the angular sampling in this region of the 

PSF were increased, the variation would be similar to the FWHM and FWTM studies. 

Using the results presented, the FWHuM value was found to vary by 33% for collimator 

design A in the energy range studied. For collimator design B this was found to be 34% 

and for design C the variation was again 33%. This large increase may be attributed to 

the shallow gradient in the tails of the PSF.
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Figure 4.9. Variation In FWHuM Value For The Central Hole Of Each Collimator
Design

4.3 .5  Ejfect o f  Hole  Posit ion on Resolution

The effect of the hole position on the resolution values along the major and 

minor axes of the collimator has been examined. This effect has been investigated over 

the entire energy range. From examination of the tables indicating the FWHM, FWTM 

and FWHuM values of the three collimator designs, no significant variation in 

resolution was found with hole position.

One may expect from equation 2.11 that the FWHM resolution should be 

inversely proportional to the cosine of the angle which the hole axis makes with z axis. 

In the three collimators simulated, the axis of the outer holes in design C are those that 

make the greatest angle with the z axis. This angle is approximately 10.5°. This 

suggests a 2% variation in resolution. Examination of the FWHuM values for collimator 

design C shows that this value does appear to vary with hole position along major and 

minor axes. The effect appears to be more pronounced in the lower energy region which 

shows approximately 4% variation at 100 keV between inner and outer holes along both 

axes. This is reduced to approximately 2% variation at 670 keV. From this, it may be 

concluded that hole position has a greater effect on geometric response rather than 

penetration response.
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4.3.6 Comparison Of Parallel Hole And Focusing Collimator Resolution
The resolution obtained from the parallel hole model has been compared with 

the focusing hole data. Collimator design C has been compared with the parallel hole 
collimator. The dimensions of the parallel hole model are the same as the dimensions on 
the crystal side of the the central hole of focusing collimator design C. The PSF 
representing the centre of the focusing collimator has been considered for the purposes 

of comparison. The incident photon energy is 662 keV. The data is shown in Table 4.2. 
It should be noted that the results for the parallel hole collimator were generated by 
simulating 1x10^ photons per azimuthal angle whereas the focusing results were 

simulated using IxlO^ photons.

Table 4.2. A Comparison Of Focusing And Parallel Hole Collimator Resolutions

Collimator FWHM FWTM FWHuM
Parallel Hole 2.44 ±0.1 mm 5.09 ± 0 .1  mm 7.41 ±0.1 mm

Focusing 3.5 ± 0.5 mm 6.4 ± 0.5 mm 8.9 ± 0.5 mm

From the table, it can be seen that the parallel hole collimator offers an 
improved FWHM, FWTM and FWHuM. The degradation in resolution with the 
focusing collimator is due to the angled walls of the collimator holes. The diameter of 
the hole on the object side of the collimator is greater than on the crystal side. Thus 
photons may be accepted over a wider range of angles and hence the collimator may 
focus the incident photons.

In order to illustrate the effect of the PSF on the image obtained from the 
collimator designs, PSF data has been convolved with an object distribution 

representing a set of disc sources. Four sources of diameters 0.1 cm, 0.2 cm, 0.3 cm and
0.4 cm were considered. Figure 4.10 shows the image scale, object distribution and 
resultant images from the parallel and focusing hole collimators. While the parallel hole 
collimator has a smaller FWHM value, the focusing collimator can be seen to generate a 
comparable image with the 0.4 cm disc. However the parallel hole collimator shows an 
improved resolution in the 0.2 cm and 0.3 cm discs. Both collimators produce poor 
images of the 0.1 cm disc.
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Figure 4.10. Comparison Of Parallel And Focusing Collimators Images Of Disc 

Sources, {a is the object distribution, b and c are images obtained from parallel and 
focusing hole collimators respectively)

4.4 Analytical Estimate Of Resolution
Little work is currently published on the formulation of analytical descriptions 

of resolution for tapered bore diverging gamma camera collimators. Therefore a 
description of resolution has been formulated for type I tapered bore diverging 
collimators, based on the theory used for type II uniform diameter diverging collimator 
(Muehllehner 1969).

The resolution may be calculated by using the general method of obtaining the 
FWHM of the PSF (Anger 1964), assuming that the collimator moves during exposure. 
The symbols used in the derivation are shown in Figure 4.11. In the derivation, the line 
OA represents the path by which photons graze the top and bottom face of the 
collimator (and hence contribute to geometric response) for the hole at angle S'. The 
resolution is given by the distance AC.
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f - c

Figure 4.11. Analytical Description Of A Tapered Bore Focusing Collimator.

From examination of Figure 4.11 this value may calculated using the triangles OAB and 
OBC.

r .  = A B  + BC = (a + b + c ) ( ta n P  +tanO) (4.1)

Using the similar triangles involving p  on the left side of the collimator, ry can be 
expressed as

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 150



Chapter 4; Ray Tracing Studies Of Focusing Collimators

r , = t f .) ----- -------- - - { a+ b+ c ) i t a n { 0 ' - a ) - t an 0 )  (4 .2)
 ̂ a cos{0'+a)  ̂ \ j j

where a  is the half angle of the cone and

^ _ 2 f c o s a s i n a  
 ̂ cos{0 ’- a )

( 4 3 )

The collimator resolution may also be expressed in terms of the focal length of the 
collimator and the resolution in the object plane. From examination of the diagram, the 
resolution may be expressed in terms of the focal length by

r f = A D  + DE + EC (4 .4 )

From consideration of the diagram, the resolution on the crystal is given by

cos(9'-\-a)
+ ( /  -  c)(tan{9'-a) -  tan 9) 04.6)

Therefore, the resolution in the object plane r<,, is given by multiplying ry by the 
magnification factor

^o=rf (4 .7)

Eliminating \hQtan9 and t a u 9 '  terms using equations 4.2 and 4.6 followed by a 
substitution into equation 4.7 yields the following solution.

(a + b + c)=   -
a ( l - s i n ^ [ 9 8 ) s e c ^  a )

2  f  tan a
f j

(4 .8 )

where 5 is the constant angle between the axis of each conical hole in the radial 
direction. The last term in the equation is in fact equal to df  which is the diameter of the
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central hole on the object side of the collimator. If f » ( d f + t f )  then the equation can be 

reduced such that

d y {a + b  + c) 1  

a cos^ 6
(4 .9 )

This is similar to the original Anger equation for geometric resolution. Indeed if the 

angle 6  is set to zero, indicating parallel hole, equation 4.9 reduces to the original Anger 
equation. Note this derivation does not take into account edge penetration or the shape 
of the collimator hole.

The resolution of the collimator can be seen to vary in linear fashion with 

distance for planes parallel to the face of the collimator. The resolution varies with 
1/cos^O in the radial direction. Using equation 4.8, the resolution in the object plane for 
a source 5 m from the collimator is approximately 12.5 cm.

4.5 Efficiency Of Focusing Collimators
The geometric efficiency of the tapered bore focusing collimator may be 

described by a modification to the standard equation for the efficiency of a parallel hole 
collimator. The geometric efficiency of parallel hole collimators to a point or extended 
plane source is calculated by considering the product of two factors (Moyer 1974):

i) The solid angle subtended by an individual hole.

ii) The lead to air ratio of a unit cell

The solid angle may be approximated by the area of the hole divided by 4m^.  
For focusing collimator designs an additional term must be added to represent the 
minifying properties of the collimator. This is required because the area A viewed by 

the collimator at some distance b from the collimator face differs from the area A ' 
viewed at the collimator face. If the source is within the field of view of the collimator, 
the relationship between the two areas is given by

A
A'

f + a + b  

/  + «
(4 .10)
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This is in fact the same as for the case of the type I diverging hole collimator described 
by Muehllehner (1969). However, this equation requires modification for tapered holes. 
The area on the crystal side of the source A x  must be expressed in terms of the hole 
diameter on the object side of the collimator. Thus for a collimator with tapered holes, 
this relationship may be given by

-

A'
/

( f  + a)
(4 .11)

Therefore the overall geometric efficiency of the tapered bore collimator may then be 
given by

Kdjcos  0
a , ( d f + t f )

f
f  + a + b

(4 .12)

where the value of K  depends on the shape of the holes. For conical holes arranged in a 
hexagonal array the value K  is given by:

K  =
K

3243
(4 .13 )

Using this value, the geometric efficiency of the three collimator designs was calculated 

for the centre of the collimator { 6  =  (P) for an incident photon energy of 662 keV. The 
value of b was set to zero as in the case of the ray tracing studies described above. The 

efficiencies are shown in Table 4.3.

Table 4.3. Geometric Efficiency Of Collimator Designs Along Central Axis Of
Collimator.

Collimator Design Efficiency
A 1.24 X 10-5

B 1.54 X 10-5

C 1.98 X 10-5

Parallel Hole Collimator 1.56 X 10-5
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The efficiency of a parallel circular hole collimator with the same hole size and septal 
thickness is shown in the table for comparison.

From equation 4.12 it can be seen that this value will vary by l/(b^+nb) with 

distance from the collimator, where n is some constant. In addition, efficiency will vary 
with cos^ 6  in the radial direction in a plane parallel to the collimator face. For design C, 
this suggests the efficiency may vary by 4% across a plane at some fixed distance from 
the collimator. This effect is reduced for designs A and B as the outer holes do not 
make as great an angle with the collimator axis. In the case of the collimators being 

used to image a source at a distance of 5 m, the values of geometric efficiency shown 
for all collimator designs in Table 4.12 must be reduced by a factor 11.3, assuming c to 
be zero. The efficiency of the parallel hole collimator will not vary with source to 
collimator distance.

4.6 Conclusions On Focusing Collimators
This chapter has investigated the properties of three diverging tapered hole 

multichannel collimators. The design parameters were based on the data obtained from 
models of parallel hole collimators. A new method of evaluating the collimator has 
been devised by sectioning the collimator into isoplanatic areas. In addition to this, the 
stochastic ray tracing technique described by Muehllehner has been adapted to examine 
the PSF of such areas. This technique offers greater accuracy and more information than 
analytical techniques. Indeed there are currently no published analytical methods for 
examining tapered bore diverging collimators for gamma cameras.

The resolution values of the three collimator designs have been investigated 
over a range of energies from 10 keV to 700 keV. When penetration becomes 

significant, the FWHM and FWTM resolution values have been shown to vary linearly 
with energy in the energy range studied. The FWHuM value studies have been limited 

by the number of photons that could be used in the simulations. This is a result of the 

long execution time required for each model due to its complexity. The variation in 

resolution values obtained for the same hole over the energy range studied has been 
shown to be greatest for the FWHuM followed by the FWTM and FWHM of the PSF 
respectively.

The uniformity of resolution values has been investigated over the collimator. 
The FWHM, FWTM and FWHuM values were not found to vary significantly over the 
collimator. However, the variation in resolution over the collimator obtained for low
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incident photon energies (10 keV) varies by a greater amount than at high energies (662 

keV). Since penetration response has a significant effect on collimator resolution at high 
energies, it has been concluded that penetration response is not as sensitive to position 
as geometric response.

The resolution of the focusing collimator design C has been compared with 
that obtained for a parallel hole collimator of similar dimensions. The resolution values 
have been compared and images of a test source comprising of disc sources have been 
created by convolution with the respective PSF's. While the parallel hole collimator 
shows better FWHM, FWTM and FWHuM values, it has been seen that the images 
formed are comparable with a focusing collimator for the large disc source (diameter = 
4 mm). However the parallel hole collimator forms superior images of the smaller disc 
sources (diameter < 4 mm).

Analytical expressions for the resolution and efficiency of the tapered bore 
focusing collimator have been derived. The expression for resolution has been obtained 
using a variation of the method described by Anger. The geometric efficiency for a type 
I diverging collimator has been reviewed and subsequently modified to account for 
tapered bores. The expression derived for efficiency, has been used to compare the three 
focusing collimator designs with a parallel hole collimator. Design C has been 
calculated to give a 25% improvement in efficiency over the parallel hole collimator.
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5. Monte Carlo Studies Of Electronic 
Collimators

5.1 Introduction To Compton Camera Studies
The preceding two chapters looked at the design of absorptive collimators for 

use with a gamma ray camera based on the Anger design. This chapter looks in a 
different direction towards an electronic camera operating without absorptive 
collimation. The Compton camera replaces the mechanical collimator of the gamma 
camera with a detector designed to optimise the Compton scatter of photons. The large 
scintillation detector of the gamma camera may remain part of the system to absorb 
scattered photons or may be replaced by a different energy and position sensitive 
detector system. This chapter examines the latter approach to Compton camera imaging. 
The designs studied here are all based on the single scatter device (see Chapter 2).

This chapter initially considers possible candidates for use as the scattering 
detector in a Compton system. A design study is then undertaken. Using the results 
from this study, three complete detector systems are evaluated by using computational 
models. The data from the complete system simulation is used to calculate the intrinsic 
efficiency. The same data is then reconstructed to form images and the spatial resolution 
of each of the designs considered is calculated. Finally, the chapter compares the 
performance of all the collimation techniques studied in the thesis by convolving PSF's 
with a high energy test distribution in order to form images.

5.2 Technical Requirements Of Component Detectors 
For A Single Scatter Compton Camera

5.2.1 Selection Of The Device
The work presented in this chapter considers the design of a single scatter 

Compton camera. This type of device was considered for two primary reasons. Firstly, 
the fabrication of multiple scatter devices is both unproven and would be extremely 
costly to undertake. It was therefore felt studies should be based on widely available 
detectors. Secondly, this work has been carried out in parallel with an experimental
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investigation of single scatter Compton devices as part of an ongoing research project 
into industrial gamma ray imaging (Royle et al 1994).

5.2.2 The Scattering Detector
The purpose of the scattering detector is to optimise the numbers of photons 

that undergo single Compton scatter from the first detector to reach the second detector. 
The scatter detector must collect the energy deposited by the recoil electrons and record 
the position of the interaction as best possible. In general, these two requirements are at 
odds with each other as a large detector is required to collect the full energy of the 
recoil electrons, whereas the spatial location of the interaction favours a small detector 
for ready identification.

Examination of equations 2.16, 2.17 and 2.18 indicate that the four major 
factors affecting the accurate reconstruction of each photon's path (and consequently 
spatial resolution in the image) are the energy resolution of the scatter detector, the 
spatial resolution of the scatter detector, the distance between the scatter and stopping 
detectors and the spatial resolution of the stopping detector. The spatial resolution of the 
detectors is determined by the physical size of the devices in the case where detectors 
possess only energy sensitivity.

The nature of the spatial localisation of events in the scattering detector 
depends upon the design used. Two approaches are possible. The first is to use a single 
detector that is both position and energy sensitive. The second approach is to use an 
array of detectors that possess only energy sensitivity. In this case, spatial information is 
obtained through the location of individual detector elements within the array. The 

finite size of the detector therefore has an effect on the spatial resolution of the overall 
system. Limiting the size of the detector elements used therefore improves spatial 
resolution in the overall system. However, both approaches will not in general give any 
spatial information on the location of the interaction along the axis of the camera.

Energy resolution also plays an important role. From examination of Figure 2.4 
the effect on energy resolution in the scattering detector can be seen to influence the 
angular and hence spatial resolution significantly. This is because the calculation of the 
correct Compton scatter angle requires an accurate measure of the energy transferred to 
the recoil electron. Energy resolution also restricts the smallest scattering angle that can 

be resolved in any detector system. In order to look at small scattering angles, the 
choice of material is limited to high energy resolution devices such as semiconductor 

detectors. However for high photon energies and larger scattering angles, the poorer 
energy resolution of scintillation detectors may be acceptable.
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5.2.3 The Stopping Detector
The object of the stopping detector is to absorb the energy of the photon 

scattered in the first detector through photoelectric absorption. This requires the detector 

to be composed of a material of high atomic number, as the photoelectric cross section 

varies with in the energy range of interest. The likelihood in achieving this will 
also vary with the depth of the material through which the photon must travel. In 

position sensitive detectors such as the ganuna camera, this may cause a parallax error 
due to energy being deposited at some distance from the point of the true interaction.

The stopping detector may be constructed from a single position and energy 
sensitive detector or an array of individual energy sensitive detectors, where spatial 
information on the location of the interaction is obtained via an individual element's 
position within the array. In either case, good energy resolution may be important in 
polyenergetic gamma ray fields, where energy summation from the two detectors may 
be used as a further measure of coincidence between photons in addition to the temporal 
coincidence test. This also helps to distinguish sources in high intensity gamma ray 
fields, where two separate photons may interact simultaneously in both scattering and 
stopping detectors.

The stopping detector must perform some degree of spatial localisation of the 
site of photoelectric absorption. This again affects the accuracy with which the 
trajectory of the incident photon may be reconstructed.

In terms of efficiency, the choice of second detector is limited to scintillation 
detectors. Although such detectors do not exhibit the energy resolution found in 

semiconductor devices, this may not be as important as in the case of the scattering 
detector. This is because the measurement of energy in the second detector is essentially 
used as a second measure of coincidence in addition to the temporal test. The work of 
this project looks at using an array of energy sensitive scintillation detectors as the 
stopping detector for this reason. In addition, such detectors are widely available and 

can be fabricated into many designs. The only potential drawback of such devices is 

their ability to cope with high count rates. However, this was not considered a problem 
in the designs presented later in this chapter.

5.2.4 Possible Candidates For Detector Elements
The studies presented in this chapter are based on using different materials as 

potential candidates for the component detectors in a Compton camera system. The 
individual detector components of the camera designs considered use established
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radiation detector technology. A mention of the use of new detector technologies is 
made at the end of this section. All the designs considered are based on combinations of 
individual germanium and silicon semiconductor detectors and sodium iodide 

scintillation detectors.
Semiconductor detectors were chosen for their superior energy resolution. 

Germanium and silicon offer far greater energy resolution than any other conventional 
radiation detectors. The detectors are physically available in several forms such as strip, 
pixel or drift detectors. The underlying technology used in such implementations was 
not considered in the studies. The properties of the materials for use as radiation 
detectors was considered more important for the purposes of this thesis.

Silicon detectors are currently widely used for a variety of different 
applications and as such have received substantial development. This is due to their 
flexibility in design and relatively inexpensive cost. The major restriction of such 
detectors is that they can only be fabricated in thicknesses of the order of a few mm. 
Energy resolution in silicon detectors is of the order of 3 keV at 662 keV.

Germanium offers a similar energy resolution to silicon, but with a higher 
atomic number. This is advantageous for the Compton camera as the probability of 
interaction varies with atomic number Z in the energy range of interest (see Appendix 
1). Hence germanium will produce more Compton scatter of incident photons than a 
silicon detector of similar dimensions. One may therefore expect germanium to be a 
more efficient scattering detector in a Compton camera system. Germanium also has the 
advantage that it may be fabricated in wide diameters with thicknesses of several cm 
(Luke 1992). The major disadvantage of germanium is that it requires cryogenic cooling 
for operation.

Scintillation detectors are probably the most widely used radiation detectors. 
They are regularly used in many branches of physics and chemistry for gamma ray 
spectroscopy. The main advantage of these devices is their ability to photoelectrically 

absorb photons. They are fabricated from high atomic number materials and are 

therefore capable of absorbing higher energy photons with greater efficiency than is 
possible with semiconductor detectors. Sodium iodide is considered in the studies here 

due to its high light yield, and hence energy resolution compared to other widely used 
scintillators. BGO is more efficient at stopping gamma rays but suffers from a low 
scintillation light yield.

A brief acknowledgement of new detector technology is made here. Such 
designs were not considered as many are still evolving technologies and expensive to 
implement. In the semiconductor detector area, cadmium telluride (atomic numbers 49 
and 52) and mercuric iodide (atomic numbers 80 and 53) are two potentially interesting
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materials. These have a higher atomic number and so would offer much greater 

efficiency in both stopping or scattering detectors. Their energy resolution is slightly 
worse than silicon and germanium, but much better than sodium iodide. For a photon 

energy of 662 keV, the energy resolutions are 2.3% for mercuric iodide and 1.2% for 
cadmium telluride. In the scintillation detector area, Caesium Iodide offers some 
potential. This has a greater light yield than currently available scintillators and hence 
better energy resolution. In addition to this, position sensitive photomultiplier tubes are 
now available for use with scintillators. Such devices have the ability to perform 
position and energy detection. They can achieve better spatial resolution than the single 

crystal with multiple photomultipliers approach used in the conventional gamma 
camera. The major drawback is the relatively small size of the device.

This section has established the different types of detector to be evaluated in a 
Compton camera system based on practical considerations. Table 5.1 tabulates the 
important properties of the detectors considered in this chapter. The pulse rise time is 
also shown to illustrate the speed of response. The rise time refers to the time taken for 
the electrical signal generated by the detector to pass from 10% to 90% of it's maximum 
amplitude. Having selected these detectors, various studies have been carried out to 
evaluate the suitability of such individual detectors as components in an overall 
Compton camera system. These are presented in the following section.

Table 5.1. A Comparison Of Gamma Ray Detectors.

Material Atomic Number Energy 
Resolution at 

662 keV

Pulse Rise Time

Silicon 14 ~ 0.5% ~ 10 ns

Germanium 32 ~ 0.5% ~ 10 ns

Sodium Iodide 11 and 53 ~ 10% ~ 0.5 jUs

5.3 Computer Simulation And Design Of The Front 
Detector

This section presents a study into Compton camera design that assesses the 
suitability of each material for use as the scattering detector. The performance of the 
first detector to act as an electronic collimator is crucial to the device. The suitability of 
different materials to perform this task has been investigated using the Monte Carlo 
technique for modelling photon transport. A Monte Carlo computer model of a
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scattering detector has therefore been constructed. Various geometries and materials 
have been considered here. A set of designs for use as a scattering detector are 

presented at the end of the section.
The results presented here deal with the optimisation of the size and type of 

detector to be used as a scattering detector. The ideal front detector of a Compton 
camera should have high spatial and energy resolution and be as thin as possible. It 
should also maximise Compton scatter in the desired energy range. However, the 
efficiency of the overall camera is improved if the cross sectional area of the first 
detector is made larger. With this is mind the variation in the number of single Compton 
scatter events was recorded as a function of detector radius and depth for the materials 

considered.

5.3.1 Comparison OfGe, Si And Nal As Detector Materials
The approach taken to investigate the suitability of a detector is based on the 

standard method described by others for designing medical devices (Singh et al 1983, 
Fujieda at al 1986 and Solomon et al 1988): This involves modelling the response of the 
detector to a beam photons. The analysis assumes the detector is pointing towards the 
object to be imaged and hence photons can only enter the detector system through the 
front face of the scattering detector.

The propagation of a pencil beam of photons incident normally on the central 
axis of a cylindrical detector system was modelled using the EGS4 code system. In the 
Compton camera studies presented here, photons are the main "particle" of interest. 
However upon the deposition of energy into the detector by an incident photon, the 
system also simulates electron transport until the electron loses all kinetic energy. The 
user code is written in the MORTRAN programming language. The program produces 
two data files. The first is a tabulation of the number of photons leaving the detector at 
each scattering angle relative to the z axis. The type of interactions that the photons 
have undergone is recorded at each angle. In addition, the number of photoelectrically 

absorbed photons is recorded. The second file contains the energy spectra of photons 

leaving the detector at the scattering angle where the most single Compton interactions 
occurred.

Germanium, silicon and sodium iodide detectors have all been modelled as the 

potential scattering detector component of a Compton camera. The highest accuracy in 
data from Monte Carlo studies is obtained by tracing the maximum number of photons 

possible. This must be balanced against the execution time required to complete the 
simulations. For this reason all studies have considered the transport of 1x10^ photons
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of energy 662 keV through each detector. For each material, 60 studies have been 
carried out, varying the radius of the detector from 0.25 cm to 2.5 cm and the depth of 
the detector from 1.0 cm to 10.0 cm. The time required to execute each model varied 
from 1 day to 5 days on a Sun UNIX workstation, depending on the detector material 

and geometry simulated.

5.3.2 A Comparison Of Compton Scatter Efficiency
Figure 5.1 shows the fraction of incident photons (Pc) that undergo single 

Compton scatter followed by an escape of the scattered gamma ray within a prescribed 
solid angle of 27t steradians as a function of detector depth for a germanium scattering 
detector. Studies for six different detector diameters are shown in the diagram. 
Although photons undergoing single Compton scatter over all scattering angles are 
recorded in the simulation, the data presented here only considers those photons 
scattered in the 0° to 90® range. This range is selected because from geometrical 
considerations, photons scattering at angles of greater than 90° are unlikely to be 
recorded by the second detector. The minimum scattering angle will depend upon the 
energy resolution of the detector employed in the device. For the purposes of 
comparison with other materials, a minimum scattering angle was not considered in the 
data shown in the graph.

The graph shows that for small diameter detectors (r = 0.25 cm to r = 1.0 cm), 
the probability of escape by a photon that has undergone single Compton scatter 

increases with an increase in detector thickness. This rise is initially very steep but tails 
off for large detector thicknesses. However as the radius of the detector is increased, 
this effect becomes less pronounced and when the radius has reached a value of r = 1.5 
cm, there is little change in the probability once the detector depth has exceeded d = 4.0 
cm. For a detector with a radius greater than this, the probability of a single Compton 
scatter photon escaping can be seen to initially rise to some maximum value and then 
tail off with increasing detector thickness. This indicates an optimum value for large 
diameter designs. However, this must be balanced against the reduction in angular 

resolution that is occurs with large detector sizes.

M R Doherty, PhD Thesis: High Energy Gamma Ray Imaging 162



Chapter 5: M onte Carlo Studies O f Electronic Collimators

0.700 0.700
r = 0.25 cm r = 0.5 cm r = 1.0 cm

0.600- -0 .6 0 0r = 2.5 cm2.0 cm

0 .5 0 0 0.500

0.400 0.400

U
0.300 -0 .3 0 0

0.200 0.200

0.100 0.100

0.000 0.000
0.0 2.0 4.0 6.0 8.0 10.0

D etec to r  D ep th  (c m )

Figure 5.1. Pf As A Function Detector Thickness In Germanium.
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Figure 5.2. ?c As A Function Of Detector Thickness In Silicon.
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Figure 5.2 shows the fraction of incident photons that undergo single Compton 
scatter followed by an escape of the scattered gamma ray within a prescribed solid angle 
of 2n steradians (Pc) as a function of detector depth for a silicon scattering detector. 
Data is shown for six different radii. In all the studies shown, the probability of single 
Compton scatter can be seen to increase with detector depth. The gradient of this curve 
decreases with increasing detector thickness. For the detector with the largest diameter 
(r = 2.5 cm), the data can be seen to reach a near constant level once the depth has 
exceeded a value of d = 8.0 cm. No optimum dimensions in terms of maximising scatter 
can be seen in the range of geometries studied.

Figure 5.3 shows the fraction of incident photons that undergo single Compton 
scatter followed by an escape of the scattered gamma ray within a prescribed solid angle 
of 27t steradians (Pc) as a function of detector depth for a sodium iodide detector. The 
shape of the curve for detector radii from r = 0.25 cm to r = 1.5 cm can be seen to 
initially rise steeply and then start to decrease in gradient. This effect is similar to that 
found in the small diameter germanium and all silicon designs. For a detector radius of 
greater than r = 2.0 cm, the number of single Compton scattered photons can be seen to 
reach a maximum value and then fall off once the thickness has exceeded a value of 
around d = 4 cm. This is similar to the response found in the larger diameter germanium 
studies and indicates an optimum diameter for a sodium iodide detector.
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Figure 5.3. Pc As A Function Of Detector Thickness In Sodium Iodide.
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5.3.3 A Comparison Of Noise In the Scattering Detector
A second factor that must be considered when selecting a scattering detector is 

the number of noisy events generated by each of the detector geometries. Noisy events 
are defined as those whereby multiply scattered photons escape from the first detector 
in the camera and are subsequently recorded by the second detector. Such events may 
be incorrectly recorded as single Compton scatter photons and will thereby produce 
noise in the image after reconstruction of the detector data. The major cause of such 
events are photons that undergo multiple Compton scattering. The ratio of escaped 
photons that undergo single Compton scatter (Pc) to those that undergo multiple 
Compton scatter (Pmc) was therefore calculated for each of the studies shown in the 
previous section.
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Figure 5.4. Ratio Of Single Compton Scattered Photons To Multiple Compton Scattered 
Photons As A Function Of Detector Thickness In Germanium.

Figure 5.4 shows this ratio as a function of detector thickness for the six 
different detector diameters considered in the germanium detector. The ratio of useful to 
noisy photons can be seen to decrease with an increase in detector thickness for all the 
detector diameters studied. This may explained by considering the thickness of detector 
material through which a photon that has undergone its first Compton scatter must 
travel in order to escape the detector. The increase in this distance increases the
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likelihood of a second Compton scatter or photoelectric absorption, thus rendering the 
photon as a noisy event to the camera system. In addition to this degradation with 
increased detector thickness, a further degradation is introduced by increasing the 
diameter of the detector. In this instance, the shape of the curve remains similar, 
however the overall ratio for each detector thickness is decreased. This may be 
explained by the probability of photons undergoing photoelectric absorption increasing 
with overall detector size. Thus fewer photons overall escape the detector. Figure 5.5 
shows the ratio of photons that undergo a single Compton scatter to those that are 
photoelectrically absorbed (Pe). The ratio can be seen to decrease for larger detector 
diameters thus illustrating the fact that more photons are photoelectrically absorbed.
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Figure 5.5. Ratio Of Single Compton Scattered Photons To Photoelectrically Absorbed 
Photons As A Function Of Detector Thickness In Germanium.

The number of noisy events occurring over the range of silicon detector sizes 
has been calculated in the simulations. Figure 5.6 shows the ratio of single Compton 
scatter photons to multiple Compton scatter photons that have escaped the detector. The 
curves for all detector sizes show the same general trend as those in the germanium 
studies. The ratio can be seen to decrease with increasing detector depth. This is due to 
the increased distance through which the scattered photon must travel, hence increasing 
the probability of a second interaction, and more specifically, photoelectric absorption.
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Figure 5.6. Pc/Pmc As A Function Of Detector Thickness In Silicon.
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Figure 5.7. Pf/Ppe As A Function Of Detector Thickness In Silicon.
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The silicon studies show a much higher ratio of useful to noisy events 
compared to the germanium detectors of identical dimensions. This may be attributed to 
the lower atomic number of silicon and hence reduced probability of photoelectric 
absorption. The ratio of single Compton scattered photons leaving the detector to those 
photoelectrically absorbed is shown in Figure 5.7. For all studies, the ratio can be seen 
to be far greater than that found in germanium studies for a detector of identical 
dimensions. For example the ratio for a silicon detector is greater by at least an order of 
magnitude for the studies considered. This may be of importance when imaging high 
levels of activity as the number of photoelectric events may affect detector 
performance.
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Figure 5.8. Pc/Pmc As A Function Of Detector Thickness In Sodium Iodide.

The ratio of useful to noisy events has also been calculated for the sodium 
iodide studies. This data is shown in Figure 5.8. The response curves indicate the ratio 
of single Compton scattered photons to multiple Compton scattered photons leaving the 
detector. The shape of the curves is similar to those obtained from the germanium and 
silicon studies. While the ratio is greater than for a germanium detector of identical 
dimensions, the performance of sodium iodide is similar to silicon. This may explained 
by the high probability of photoelectric absorption in sodium iodide. Photons that 
undergo multiple Compton scattering will be less energetic than single Compton
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scattered photons. The probability of photoelectric absorption is a function of energy 
and hence the multiply scattered photons are more likely to be absorbed.

The ratio of single Compton scattered photons to photoelectrically absorbed 
photons has been calculated for the sodium iodide geometries studied. This is shown in 
Figure 5.9. This shape is again similar to the germanium and silicon studies, however 
the ratio for a detector of identical dimensions is much poorer than in the other 
materials. The effective atomic number of sodium iodide is greater than that of either 
silicon or germanium and hence the likelihood of photoelectric absorption is greatly 
increased. The ratio is approximately a factor of 3 smaller than that obtained with 
germanium.
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Figure 5.9. Pc/Ppe As A Function Of Detector Thickness In Sodium Iodide.

Other contributions to noisy events were also considered in all simulations. 
Multiple (Compton and Rayleigh combination) scattering, Rayleigh scattering of 
primary photons and Bremstrahlung radiation from secondary electrons were also 
modelled in the detector, but their effects were found to be negligible compared to 
single Compton scattering, multiple Compton scattering and photoelectric absorption. 
Rayleigh scattering of primary photons was found to be more prominent than the 
production of Bremstrahlung photons. Multiple Rayleigh scattering was rarely found to 
occur. Rayleigh scattering and Bremsstrahlung events may be almost eliminated in a
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complete camera system. Rayleigh scattering is always heavily biased to low angle 
scattering in the forward direction and can be eliminated from camera data sets by the 

use an appropriate overall camera geometry. Bremsstrahlung photons are of sufficiently 
low energy that they may be eliminated from data sets by use of energy windows.

The number primary photons leaving the detector without interaction was not 
found to vary with detector diameter. However, the value was found to vary with 
detector depth. For detector designs of different diameter, a similar fraction of incident 
photons were found to exit the rear of the detector for the same detector thickness.

5.3.4 Optimum Scattering Detector Sizes
Deciding upon the optimum dimensions of a scattering detector is a non trivial 

task. It involves balancing several contrasting requirements. Firstly the angular 
uncertainty in the track of the incident photon is reduced by using a design with small 
dimensions. However, small diameter designs suffer from poor geometric efficiency 
when exposed to a source. In addition, for a small detector thickness, a reduced 
percentage of incident photons undergo single Compton scatter. It was therefore 
decided to select the smallest detector geometry that exhibited an optimum value of 
Compton scattered photons as the best design. For an incident photon energy of 662 
keV in the germanium detector designs studied here, this was found to be a detector 
with r = 1.5 cm and d = 3.0 cm. A single planar germanium detector of such dimensions 
would be difficult to fabricate. While the diameter should present no problem, the 
detector thickness would be difficult to achieve. Current technologies limit the 
maximum thickness of planar germanium detectors to around 2.0 cm (Luke 1992). The 
dimensions would have to be reached by using some kind of stacked array of 
germanium. This could give additional information on the location of the Compton 
interaction. Alternatively, a single coaxial germanium detector could be used. However, 
the cost of either detector could be very expensive. In addition, the electronics required 

to record data from such a composite detector would be very complex.
In the designs studied here no optimum silicon detector thicknesses were found 

for any of the diameters studied. It was therefore decided to select a design that matched 
the germanium detector in order that a comparison could be made between the two 
semiconductor detector types. Thus a design with a radius of r=1.5 cm and thickness of 
d = 3.0 cm was selected. In order to implement such a design in real detector, one 
would have construct some kind of stacked array as with germanium detectors. Current 
technologies limit the maximum thickness of a planar silicon detector to approximately 
2 mm (Hall 1992).
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The optimum size sodium iodide detector was selected in the same way as the 
germanium design i.e. the design with the smallest diameter that exhibits an optimum 

thickness for single Compton scatter events. This was found to be for a radius of r = 2.0 
cm and thickness of d = 4.0 cm. Such a sodium iodide detector could easily be 
fabricated with current technologies.

The optimum dimensions obtained from germanium, silicon and sodium iodide 

detectors based on data from the simulations are tabulated in Table 5.2 together with the 
percentage of incident photons that escape the crystal after undergoing Single Compton 

scatter.

Table 5.2. Dimensions And Properties Of Designs For Use As A Scattering Detector In
a Compton Camera System

Material Germanium Silicon Sodium Iodide
radius (r) 1.5 cm 1.5 cm 2.0 cm

thickness (d) 3.0 cm 3.0 cm 4.0 cm

% Single 
Compton

21.7 21.3 16.5

Germanium can bee seen to be the most efficient detector at Compton 
scattering the incident photons. However, silicon designs show the best single to 
multiple Compton scatter ratio. The main advantage of sodium iodide is it's wide 
availability and low cost.

Using the above designs for a scatter detector, a model of a complete Compton 
camera system has been constructed. This is described in the next section.

5.4 Design and Simulation Of A Complete Detector 
System

5.4.1 Systems Used In Studies.
This section looks at the design and evaluation of several Compton camera 

systems using a computational model of a complete system. The model has been written 
using the EGS4 Monte Carlo system in the MORTRAN programming language. Three 
systems are considered, each using one of the designs obtained from the previous 
section as a scattering detector. Sodium iodide was used as the stopping detector for all
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studies. Data from the studies has been reconstructed to form images, and the designs 
then compared.

5.4.2 G eom etry  O f  The System

All the designs here consider a single scattering detector used in conjunction 
with an array of stopping detectors. It is assumed that all detectors used in the system 
are not position sensitive and have energy sensitivity alone.

Stopping Detector Element

I
Scattering Detector

a) Side V iew  b) Front V iew

Figure 5.10. Geometry Of The Compton Camera System Used In The Studies.

The previous section has demonstrated that single Compton scatter can be 
maximised for certain detector designs. Having established this, any complete detector 
system should try to maximise the number of those scattered photons that are incident 
on the stopping detector. To capture all scattered photons, the stopping detector would 
have to surround the scattering detector. However, there are two main problems 
associated with this: Firstly, it would be difficult to construct such a detector. Secondly, 
it has been found experimentally that a large number of counts are recorded in the 
forward direction from primary photons that do not interact in the scattering detector 
(Singh 1992). This can lead to catastrophic effects, whereby the stopping detector 
receives a count rate from primary photons that exceeds the maximum count rate of the 
device, thereby paralysing the detector. It is therefore desirable to use a design whereby 
such photons cannot interact with the stopping detector. This is the approach used here 
and may be achieved by considering a ring detector for use as the stopping detector. The 
design is shown in Figure 5.10. Photons that propagate through the first detector 
without interaction, pass straight through the "hole" in the second detector, thereby
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eliminating their effect. In order to employ such a technique, one must try to select the 
angle which the stopping detector makes with scattering detector carefully to try and 
maximise the number of scattered photons detected. To this end, the angular 
distribution of the scattered photons escaping from the three scattering detector designs 
has been investigated.

5,4.3 Optimum Emission Angles
The data obtained from the simulation of the scattering detector designs has 

been used to investigate the angular distribution of photons that escape the detector after 
undergoing either single or multiple Compton scatter. The aim of this study was to 
investigate whether a preferred angle of scatter exists for photons incident on the 
detector face. While it is possible for photons to interact with any surface of the detector
i.e. the sides of the cylinder, the effect on Compton scatter is ambiguous, depending 
upon the exact geometry of the radiation source. Therefore, in order to quantify the 
preferred angle of emission, the assumption is made that the detector system is pointing 
towards the object and that photons may only interact by impacting on the front face of 
the scattering detector.
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Figure 5.11. Angular Distribution Of Compton Scattered Photons In Germanium
Detector.
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The number of scattering events at each scattering angle has been recorded. All 
angles were measured relative to the z axis. For the purposes of analysis with a two 
dimensional plot, scattering angles are considered to range from 0® to 359°. Photons 
passing along the z axis are considered to be moving along a 0® trajectory. Scattering 
angles of 1® to 179  ̂ represent photons scattering in the positive y direction and angles 
between 359® to 181® represent scattering towards the negative y direction. A scattering 
angle of 180® represents back scatter. Using this method, polar plots of scattering from 
the three detector designs described above have been devised. Photons are considered to 
moving from left to right along the 0® line. Interaction occurs at the centre of the plot. 
Figure 5.11 shows a representation the germanium detector. From the diagram, it can be 
seen that multiple Compton scatter only shows a slight forward bias, single Compton 
scatter is heavily biased in the forward direction for the angles representing around 30® 
scatter. In the range of angles in this the region, it can be seen that one would expect 
around 75% of all scattered photons to undergo single Compton scatter. It would be 
advantageous to design a detector to collect the scattered photons in this region as the 
number of useful photons is at a maximum. A detailed investigation of the data set to 
find the angle at which the maximum number of single Compton scatter events 
occurred, found the optimum angle to be 29®.
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Figure 5.12. Angular Distribution Of Compton Scattered Photons In Silicon Detector.
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The angular distribution of single and multiple Compton scatter for the silicon 
detector is shown in Figure 5.12. The shape of the distribution is similar to that found 
with the germanium detector with the distribution showing a strong forward bias. The 
notable exception is reduced amount of photons that have escaped after undergoing 
multiple Compton scatter. The ratio of photons undergoing a single Compton 
interaction compared to those undergoing several interactions is increased for almost 
the entire range of angles. This implies a less noisy signal would be obtained in the 
stopping detector. Once again there is an angle at which the greatest number of single 
Compton scattered photons emerge. This was found to be 34°.

Figure 5.13 shows the angular distribution of single and multiple Compton 
scattered photons for the sodium iodide detector. The distribution here is much more 
forward peaked, with the majority of photons scattering within a much narrower angular 
range. An advantage of this effect is that smaller diameter stopping detectors may be 
used, hence improving angular resolution in any reconstructed image. It is also 
noticeable that the amount of back scatter is considerably reduced compared to the two 
semiconductor designs described above. The optimum scattering angle for the sodium 
iodide detector was found to occur at 25 .̂
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Figure 5.13. Angular Distribution Of Compton Scattered Photons In Sodium Iodide
Detector.
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5.4A Separation Of Detectors - including energy resolution.
The previous section found there to be an optimum scattering angle for each 

scattering detector considered. This section considers geometrical considerations of an 

overall detector system based on the results obtained previously.
The detector system proposed is a scattering detector followed by a ring array 

of energy sensitive detectors. Sodium iodide was selected for use as a stopping detector. 
This is primarily due to its high photoelectric cross section compared with 
semiconductor detectors. In addition to this, its is widely available, flexible in nature 
and relatively low cost. Caesium Iodide could yield better energy resolution if used with 
photodiodes rather than photomultipliers, however it has a slow decay constant for 
scintillation light. This would restrict the maximum count rate of the detector. BGO 
offers a increased cross section for photoelectric absorption compared to other 
scintillators, however the light yield is only 10 to 20% of sodium iodide. This means a 
decrease in energy resolution.

Having established that the second detector should be a ring array geometry 
based on sodium iodide detectors, the overall geometry of a camera was considered. 
Figure 5.10 shows the geometry of the proposed system. The system consists of a single 
scattering detector followed by an array of 16 sodium iodide detectors positioned such 
that their axes makes an angle with the z axis equal to the optimum scattering angle for 
the particular scattering detector. The stopping detectors are arranged in a ring around 
the z axis, thus covering the entire range of rotational angles possible for scatter 
occurring at the optimum emission angle. The stopping detectors are consequently 

shaped as sections of an arc (Figure 5.10b). The thickness of the arc, d2 , is selected by 
ensuring that photons incident on the central axis of the scattering detector that scatter at 
the optimum emission angle from either the front face or rear face, are collected by the 
stopping detector. Hence this value is both a function of optimum scattering angle and 
thickness of the scattering detector. In all studies, the thickness of the stopping detector, 
I2  /cosd is assumed to be 5.1 cm. This is a standard sodium iodide thickness used for 
collecting energy spectra in the range of interest here. Note the use of a single scattering 
detector will only provide planar information.

An analytical investigation into the effect of the separation of the detectors was 
carried out. A program was written in C to evaluate the angular resolution at various 
separation distances of the scattering and stopping detectors. The program solves 

equations 2.16, 2.17 and 2.18. The only adaptation of the equations required in 

describing a ring detector is the substitution of £?2 for T2 in equation 2.18. The three
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detector systems were evaluated using this method. Figure 5.14 shows the angular 
uncertainty of the three detector systems as a function of separation distance for a 
source located at a distance of 100 cm from the front detector. Table 5.3 summarises the 
values used for the contribution to angular uncertainty from the energy resolution of the 
detectors (AOi)

Table 5.3. Contributions To Angular Uncertainty Due To Energy Resolution.

Material Germanium Silicon Sodium Iodide
AE (keV) 2 3 46

A01 (Degrees) 0.37 0.53 9.14

The germanium and silicon detector show a similar shape response over the 
range of separation distances. The angular resolution of the sodium iodide detector is 
significantly worse due to its poorer energy resolution. For all studies the gradient of the 
curve can be seen to be significantly reduced for a separation distance of 25 cm or 
greater. The change in gradient is small beyond this point. For this reason a separation 
distance of 25 cm was selected for use in the Monte Carlo studies of the full system.

.10.000 30.000
Germanium

Silicon25.000 - 25.000
Sodium Iodide

M 20.000 ■20.000

15.000- 15.000

10.000 10.000

0£
5.000- 5.000

0.000 0.000
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D e te c to r  S e p a r a t io n  (cm )

Figure 5.14. Angular Uncertainty As A Function Of Detector Separation.
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5.4.5 Outline Of The Monte Carlo Code
The computer model of the overall camera system was written in MORTRAN 

using the EGS4 code system. The program considers an isotropic point source emitting 
gamma rays at 662 keV (see Chapter 3, section 3.2.5). The source is considered to be 

positioned coaxially on the z axis at a distance of 100 cm from the scattering detector.
The code models the propagation of all photons in the detector system until 

they are either absorbed in the stopping or scattering detectors, or exit the system 
without further interaction. The code records the energy deposited in both detector 
systems. Time coincidence is assumed to be sufficient such that if an incident photon is 
scattered in the first detector and absorbed in the second, it may considered a useful 
event. Electron transport is used to simulate the energy deposition in each of the 

detectors in the system.
The program produces three data files:

i) The energy spectra of recoil electrons obtained in the scattering detector for 
photons that have undergone one or more Compton interactions and are 
subsequently absorbed in the stopping detector.

ii) The energy spectra as above, but with an additional test to see if the photon's 
total energy deposited in the detector system is greater than 0.9 of the incident 
photon energy. This simulates an energy summation test.

iii) The energy spectra obtained in the second detector for photons that pass the 
energy summation test outlined above.

All files actually contain 16 different sets of energy spectra. In the first two 
files, this represents the energy spectra obtained in the scattering detector for coincident 
photons in each element of the stopping detector. In the third case, the data represents 

the energy deposited in each element of the stopping detector. Photons generated by 

scintillation and the subsequent generation of photoelectrons are not modelled. It is not 
possible to model such low energy photons with the EGS system.

5.4.6 Principal Of Image Reconstruction And Outline Of Code
This section describes the principal of image reconstruction from the data and 

the implementation used with the Monte Carlo simulation results. The image 
reconstruction software used here was developed for use with an experimental ring 
detector by Royle(1994) and uses the backprojection technique.
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The angle which the Compton scattered photon makes with its original 
trajectory may be described by equation 1.3. Applying this concept to a point source 
incident on the ring array detector studied here means that for a useful event, the energy 
deposited in the scattering detector may be used to calculate the scattering angle. One 
may then use this value as the half angle in the construction of a right circular cone with 
an apex on the scattering detector and an axis along the line connecting the scattering 
and stopping detector. The origin of emission of the photon will then lie somewhere on 

the surface of this cone. Extending this concept to the energy spectra deposited in the 

scattering detector implies that each data point may be used to construct a separate 
cone. The series of such cones obtained from the whole spectra will overlap at some 
point in space. It is the intersection of these cones that represent the point of emission of 

the photons.
Image formation is achieved as follows: For each point in the energy spectra, 

the half angle of each cone is generated. This process is repeated for each data set 
representing coincident events in the front and rear detectors. In the case of the designs 
studied here, this means half angles are calculated for each of the 16 data sets. A plane 
parallel to the front of the camera system is selected as the image plane. This is divided 
up by the reconstruction program into a large two dimensional array representing x and 
y  positions in the plane. Each cone is then mapped onto the array by means of adding 
some amount to the elements of the array through which the cone passes. The energy 
spectra obtained from the scattering detector is not a linear response and shows a peak 
representing the presence of a source. If several sources are distributed in space, a 
corresponding number of peaks will be present in the spectra. The intensity of the 
spectra must be therefore be reflected in the final image. This may be accomplished by 
adding a varying amount to the array element in the image depending upon the intensity 
of the point in the energy spectra . After this process is completed, the data is read into 
an image display program whereby the value of each element of the array is reflected in 
the intensity of a particular pixel in the display program. Each pixel therefore represents 

some finite area in the image plane. The points of greatest intensity represent the 
location of the source. Note that because no spatial information on the site of the 
interaction within any detector volume is available, it assumed that the interaction took 
place at the centre of the volume.

5.4.7 Results On Computer Simulated Data
The simulations of the complete camera systems were carried using a Sun 

UNIX workstation. The number of photons used was 1x10? in the evaluation of each
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individual system. This was considered the most practical number as the simulations 
took approximately one week to complete per study.

Figure 5.15 shows the coincident count energy spectra obtained from the 
scattering detector in each system assuming there is no energy summation test used for 
sequential interactions with a single element of the stopping detector. Each detector 
system shows a peak in the spectra indicating the recoil electron energy for photons 
scattering at the detector scattering angle (angle between scattering and stopping 
detectors) for the particular system. The energy of the maxima can be seen to vary with 
the geometry of the detector system i.e the silicon - sodium iodide design can be seen to 
have the peak with the greatest energy, as the detector scattering angle geometry is 
greatest for this design. Conversely, the sodium iodide design has the lowest energy 
peak due to the 25^ angle between scattering and stopping detectors. The height and 
width of the spectra does not vary significantly between designs. One may expect the 
sodium iodide design to show a broader peak when used in conjunction with a 
photomultiplier, however this was not considered in the simulation.

150.000 150.000
Germanium

Silicon

Sodium Iodide

100.000- 100.000

c
s
Ù

50.000 -  50.000

0.000 0.000
0.0 100.0 200.0 300.0

E n er g y  (keV )

Figure 5.15. Coincident Count Energy Spectra From Front Detector Without Using
Energy Summation Test.
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Figure 5.16 shows the coincident count spectra obtained in the scattering 

detector when using an energy summation test for sequential interactions with a single 

element of the stopping detector. The energy deposited in the scattering and stopping 

detector is combined in the simulation. If this is greater than 0.9 of the incident photon 

energy, a count is recorded. The energy spectra show a similar shape to those obtained 

without energy summation, however, the maximum count is reduced approximately by 

a factor of two for all designs. The amplitude of the germanium - sodium iodide design 

can be seen to reduced to a slightly greater extent than in the other two designs.

80.00080.000-
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Silicon

Sodium Iodide -60.00060.000-

I  40.000-
3
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Figure 5.16. Coincident Count Energy Spectra From Front Detector Using Energy
Summation Test.

Table 5.4. Intrinsic Efficiency Of Compton Camera Designs

System E(9&)
Germanium - Sodium 

Iodide
0.981 ±().()03 0.504 ± 0.002

Silicon - Sodium 
Iodide

0.946 ± 0.003 0.509 ± 0.002

Sodium Iodide 0.943 ± 0.003 0.471 ±0.002
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The total number of useful events recorded by the detector system has been 

calculated for each of the studies by integrating the energy spectra shown above. This 
has been used to calculate the intrinsic efficiency of the designs. The results are 

tabulated in Table 5.4.
The two values shown in the table represent the efficiency obtained with (e') 

and without (e) an energy summation test. Results are similar for all systems.
The energy spectra data shown above and data from the remaining 15 elements 

of the stopping detector array has been used to construct a series of images of a point 
source. Images are planar as only a single scattering detector was used in the studies. 
The image plane was selected at a distance of 1 m from the camera as the location of the 
point source was known to lie at this distance. In the evaluations presented here, the 
image matrix was made up of a 128 x 128 element array of binary data. Each pixel of 
the image represents an area of 1 cm^. The data from the array is normalised such that 
intensity values range from 0 to 255. This scale is an imaging standard and is known to 
give high contrast. The scale also has the advantage that each element may be 
represented by a single byte of data, thereby saving storage space. Reconstruction was 
performed on a Sun UNIX workstation. The execution time for reconstruction was 
approximately 3 minutes. Reconstructed data was then transferred to an Apple 
Macintosh computer for analysis with the "NIH Image" image processing package 

(Rasband 1994).
Figures 5.17a and 5.17b show the images obtained from the germanium - 

sodium iodide camera, with and without using an energy summation test respectively. 
The colour scale uses black to signify points of greatest intensity and white to signify 
points of least intensity. Values of intensity between these are scaled as shades of 
orange. The data from the study obtained without an energy summation test can be seen 

to present a smoother image due to the increased number of photons used in generation 
of the image. Figures 5.18a and 5.18b show the data from the silicon - sodium iodide 

camera with and without using an energy summation test respectively. Figures 5.19a 
and 5.19b show the same data for the sodium iodide design. None of the images 
obtained are radially symmetric. This is primarily due the nature of the reconstruction. 
Therefore in order calculate the resolution obtained with each of the systems, intensity 

profiles through all the images were taken along the x and y  axis. Profiles were selected 

such that they passed through the point of maximum intensity in the image. This was 
found by using a threshold feature in the image processing program such that only 
pixels whose value exceed the threshold are displayed in the image. The two profiles 
were then added together and the average was recorded. The FWHM of the resulting
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profile was then calculated. The results are tabulated in Table 5.5. The FWHM was 
calculated for images obtained with and without using an energy summation test and are 
represented by FWHMi and FWHM2 respectively.

a) b)
Figure 5.17. Germanium - Sodium Iodide Camera System Images With (a) And

Without (b) Energy Summation.

a) b)
Figure 5.18. Silicon - Sodium Iodide Camera System Images With (a) And Without (b)

Energy Summation.

a) b)
Figure 5.19. Sodium Iodide - Sodium Iodide Camera System Images With (a) And

Without (b) Energy Summation.
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The resolution was found not to vary within the measurement errors between 
images constructed from data obtained with and without energy summation for all 
systems. The sodium iodide system shows the greatest difference between the two data 

sets. The resolution obtained from each of the different designs is comparable. One may 
expect the sodium iodide system to give a poorer resolution than indicated above here 
in any practical implementation of the device, due to the effect of photomultiplier tubes.

Table 5.5. FWHM of Compton Camera Designs

System FWHMi(cm) FWHM2(cm)
Germanium - Sodium 

Iodide
19.6 ±0 .9 18.4 ±0 .9

Silicon - Sodium 
Iodide

18.7 ±0 .9 19.3 ±0 .9

Sodium Iodide 20.5 ± 0.9 18.7 ± 0 .9

5.4.8 Conclusions On System Simulation
The values for resolution obtained above are limited in this instance by the 

number of useful events. The spectra generated by the Monte Carlo program are not 
smooth due to the small number of events simulated. It has been shown with an 
experimental system (Royle at al 1994) that the spectra will smooth out for long 
counting times. This has then been shown to result in an improved spatial resolution in 
the final image. In terms of the Monte Carlo model used here, the simulation of an 
increased number of photons would improve the resolution in the images. This would 
require a more powerful computer than was available for the project in order for 

simulation times to become practical. However, even with limited data sets, the FWHM 

values quoted for the germanium - sodium iodide and sodium iodide systems are of the 
correct order of magnitude to similar experimental systems (Royle et al 1994). 
Experimentally, these resolutions have been shown to be between 10 cm and 20 cm, 
depending on the number of scattering detectors used and total number of counts 
collected.

5.4.9 Practical Considerations For An Experimental System
While the simulations take into account energy deposition from electron 

transport in the detector, the production of the scintillation photons in the sodium iodide 

detectors and subsequent production of photoelectrons in a PMT are not. In terms of the
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simulation carried out, this may reduce the number of useful events. In the germanium 
and silicon scattering detector systems, the spatial resolution is unlikely to be affected, 
provided that the deficit in useful counts can be made up. However in the sodium 
iodide, the decreased energy resolution due to these effects will lead to subsequent 
reduction in spatial resolution.

It was pointed out in section 5.3 that there are problems in fabricating 
semiconductor detectors to the sizes used in the studies. It is therefore proposed that a 
stack of detectors could be used to overcome this problem in a practical implementation 

of the device. In addition to this, it is also possible to segment semiconductor detectors 
on a single crystal to form an xy array (Luke 1984). Such a design would enable a more 
detailed location of the position of Compton scatter with a subsequent increase in 
spatial resolution. However, this incurs an overhead in the electronics required for data 
acquisition. The aim of this research has been to evaluate a simple system in 
conjunction with an experimental programme and so such complex devices have not 
been considered. A final practical consideration for semiconductor devices is the need 
for cryogenic cooling with germanium detectors. This may present a problem if the 
device is required to be portable.

5.5 A Comparison Of Mechanical And Electronic 
Collimation

While detailed examination of the PSF as described in this thesis gives a 
quantitative measure of resolution, the actual perception of the image formed is more 
subjective. This section therefore makes a comparison of the images of a simulated test 
distribution formed by mechanical and electronic collimators. The images give an 

insight into the quality of the different collimation techniques and illustrates how they 
could perform in a real scenario.

The object distribution is made up of a series of geometrical shapes that may 

be found in an industrial environment. This is shown in Figure 5.20. The distribution 
shown is stored as a 128 xl28 binary array file in order to facilitate convolution with 
the PSF. The dimensions and relative intensities of each shape are shown in Table 5.6.

The distribution contains activity emitting radiation at a photon energy of 662 
keV only and is located 1 m away from the collimator. This distribution has been 
convolved with each of the PSF's obtained from the simulations of parallel, focusing 

and electronic collimation for a source located at a distance of Im. This necessitated an
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additional execution of the focusing collimator model. Due to the intensive CPU 
requirements of the focusing model, PSF's were only generated for the central hole area 
of the collimator.

Figure 5.20. Simulated Test Distribution.

Table 5.6. Dimensions Of Test Distribution. (ri denotes minor radius and r] denotes
major radius)

Shape Dimensions Intensity
Line 1 128 cm X 20 cm (X25
Line 2 128 cm X 10 cm 0.5

Line 3 128 cm X 5 cm 1.0

Circle a r\ -  17.5 cm, r% = 22.5 cm 1.0

Circle b ri = 7.5 cm, r2 = 12.5 cm 0.5

Circle c Radius =2.5 cm (0.25

In order to convolve data, each PSF is used to generate a "kernel image" to 
filter the object distribution through. The kernel image is a two dimensional intensity 
distribution that represents the PSF e.g. the images of the point sources shown in 
Figures 5.17 to 5.19 are the kernel images for the Compton camera designs. The kernel 
images are normalised before the convolution so that a direct comparison of techniques 
may be made. The resultant images of the test distribution outlined above are shown for 
each collimation technique in Figure 5.21.
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cale

Figure 5.21 Images Of The Test Object.

The labels on each image refer to the following collimation techniques:

a) Parallel hole collimator (d = 0.3 cm, t = 0.2 cm, a = 10.0 cm).
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b) Focusing collimator design A.

c) Focusing collimator design B.

d) Focusing collimator design C.

e) Ge - Nal Compton camera (no energy summation).

f)  Si - Nal Compton camera (no energy summation).

g) Nal - Nal Compton camera (no energy summation).

The focusing and parallel hole collimators can be seen to result in similar
images. All the individual shapes in the object distribution may be resolved clearly.
However, the Compton camera designs generate considerably poorer images and only 
the large radius circle and general shape of line sources may be resolved. The Compton 
camera images could be improved by the addition of more scattering detector elements. 
This would reduce the ambiguity in the overlapping conic sections during 
reconstruction in the image plane. The resolution would thereby significantly improve. 
It should also be noted that a Compton camera system with more than one scattering 
detector could obtain information in any desired object plane, whereas mechanical 
collimation can not provide any information on the distance of the source.

5.6 Conclusions On Compton Camera Studies
This chapter has investigated the design of an electronic collimation system for 

use in imaging 662 keV gamma rays. Three different detector materials have been 
evaluated for use as a scattering detector using a Monte Carlo simulation developed 
with the EGS4 code system. Various geometries of these detectors have been examined 
and the best designs utilised in a series of simulations of a complete Compton camera 
system based on the ring camera design.

In the majority of scattering detector studies, the number of photons 
undergoing single Compton scatter was to found increase with detector thickness and 
decrease with detector radius for a beam incident normally on a cylindrical detector. 
However, in the study of germanium and sodium iodide scattering detectors, it was 
found that for large radii (r > 1.5 cm) detectors, certain detector thicknesses would give 

a maximum number of single Compton scatter photons. Increasing the thickness beyond 
this point would only serve to reduce the number of single scattered photons escaping.
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From the studies of scattering detectors, three designs were selected that 
represented a compromise between the contrasting requirements of geometric 
efficiency, small physical dimensions (for spatial localisation) and Compton scatter 

efficiency. These were then used in Monte Carlo model of an overall Compton camera 
utilising sodium iodide as a stopping detector due to its higher effective atomic number 

and hence increased cross section for photoelectric absorption. Data from the 
simulations was the used to form images. The three designs selected show similar 
values of intrinsic efficiency and spatial resolution. The designs suggest an intrinsic 
efficiency of approximately 1% and an FWHM value of approximately 20 cm may be 
obtained for source located 1 m from the camera.

Finally, the images of a test distribution emitting 662 keV photons at a distance 
of Im from the collimator have been generated using data obtained for each collimation 
technique studied in this thesis. The mechanical collimation techniques have been 
shown to offer improved resolution over the simple electronic collimation systems 
studied here. However, the images from the electronic collimation system should 
improve considerably if the scattering detector were segmented into an array.
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6.1 Summary Of Work

6.1.1 General Overview
This thesis has presented a design study into possible gamma ray collimation 

techniques for use in the nuclear industry in the design of a radiation imaging device. 
This is required to provide information on the nature and location of isotopes within 
nuclear facilities that have reached the end of their useful life. All studies have 
concentrated on imaging the 662 keV line of Caesium as this has been found to be 
prevalent in the majority of facilities of interest. The work has concentrated on the use 
of two different techniques, namely mechanical collimation of gamma photons using 
the Anger camera and electronic collimation of gamma photons using a Compton 
camera. The work has been based on using computational models to evaluate the 
performance of such systems and suggest the optimum design parameters for use in 
prototype devices.

6.1.2 Anger Camera
A significant part of this project has concentrated on the adaptation of the 

Anger camera to high energy imaging. The has taken the form of ray tracing studies on 

gamma camera collimators. Ray tracing models have been constructed to model both 
parallel hole and focusing collimators. Investigations have been carried out to measure 
the effects of changing various design parameters on the resolution of such collimators. 
All collimators are assumed to be constructed from lead. The value of the ray tracing 
technique has been proved as a tool for the design of gamma camera collimators. The 
technique has shown good agreement with experimental studies. The technique is faster 

than the Monte Carlo method and can provide more information than is possible with 
experimental or analytical methods e.g. the effect of photons penetrating the collimator 
material on spatial resolution.

The ray tracing technique has been used to design parallel hole high energy 
gamma camera collimators. The studies have investigated the effect on collimator 

resolution of varying the hole size, septal thickness and collimator length over a range 
of source to collimator distances likely to be encountered in an industrial scenario. It
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has been found that penetration has a significant effect on resolution. A design has been 
suggested that minimises penetration without compromising geometric efficiency. 
Some new insight into the nature of the PSF of a parallel hole collimator has been 
gained and the limitation of the conventional analytical approach has been highlighted. 
Modifications to the standard equations describing collimator performance have been 
suggested to take into account hole shape. The effect of these modifications on 

conventional collimator design techniques has then been illustrated.
The performance of three tapered bore diverging focusing collimator designs 

has been evaluated using a ray tracing model. It is not possible to devise a single PSF to 
describe a focusing collimator and so a technique of sectioning the collimator into 
isoplanatic areas has been suggested. The performance of the collimators has been 
investigated over a range of energies from 10 keV to 700 keV. Studies indicate that the 
variation in resolution over the collimator face is not a major effect. An analytical 
description of tapered bore collimators has been derived. The performance of the 
collimator for a source located at some distance from the collimator face has then been 
calculated using this description. A modification to the equation describing collimator 
efficiency has been made to account for the tapered bore design.

6.1.3 The Compton Camera
Studies have been carried out on the development of a single scatter Compton 

camera for industrial high energy imaging. Germanium, silicon and sodium iodide have 
been investigated as candidates for the scattering detector in such a device. Their 
performance has been evaluated in terms of the ability to produce Compton scatter of 

incident photons in the energy range of interest over a range of different detector 
dimensions. The angular distribution of such scatter events has been investigated and 
designs for use in a complete camera system have been suggested.

A ring array device has been modelled with the Monte Carlo technique. This 
design was preferred as communications with Singh (1992) indicate a gamma camera is 
not ideally suited for this use. However, a sodium iodide stopping detector has been 

used in the proposed design due to the high probability of photoelectric absorption in 

the material. The model produces the energy spectra obtained in the scattering detector 
for photons scattering from the first detector in to the ring array. Three different camera 
systems have been investigated using scattering detector designs obtained from the 

studies discussed above. The intrinsic efficiency of the designs has then been calculated.
The data from the Monte Carlo model has been reconstructed to form images 

using the software developed for the experimental research programme carried out in
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parallel with this work. The spatial resolution obtained in the images has then been 
calculated.

6.1.4 Near Field Comparison Of Electronic And Mechanical Collimation
Images of a high energy test object have been generated by convolving the 

distribution with the PSF's obtained from each collimation technique. The quality of the 
images generated when the distribution was placed 1 m from the system have then been 
compared . Using the data from the studies presented in this thesis, the following table 
(6.1) has been compiled to compare the performance of the collimator designs for 
imaging 662 keV photons from a point source located 1 m from the system. This table 
compares the performance of a Compton camera with the mechanical parallel hole and 
focusing multichannel collimators studied earlier in this thesis. For the focusing 
collimator designs, the data refers to the central hole only.

Table 6.1. Comparison Of Collimation Techniques

Collimation System FWHM Geometric
Efficiency

Intrinsic
Efficiency

Field Of 
View (@ 

Im)

Parallel Hole Collimator
(a= 100mm, ^=2.0mm, d=3.0mm)

33.210.1
mm

2.2 X 10-5

Focusing Collimator A

Focusing Collimator B

Focusing Collimator C

Ge - Nal Compton Camera

Si -Nal Compton Camera

Nal - Nal Compton Camera

32 1  2 mm 1.24 x 10"5

36 ± 2 mm

40 ± 2 mm

19619
mm

1 8 7 1 9

mm

2 0 5 1 9
mm

1.54 X 10-5

1.98 X 10-5

.81 10.03  
xlO-3

9.4610.03  
xlO-5

9.43 10.03  
x lO-3

9.6 X 10-2 
Sterads 
6.4 X 10-2 
Sterads t  

8.1 X 10-2 
Sterads t 

1.0 X 10-1 
Sterads t

Sterads

Sterads

~  I k  

Sterads

The efficiency of the systems can not be directly compared as the geometric 
efficiency of the gamma camera collimator does not take account of the detection
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efficiency of the gamma camera crystal. The field of view of each device is also 
indicated in the table. Note the field of view of the focusing collimator designs (t) is 

reduced, as only a collimator with 15 holes projecting radially could be examined due to 
the CPU requirements of the model. A focusing design that covered the entire active 
crystal area of the gamma camera would show an improved field of view.

6.2 Applications For The Nuclear Industry
The geometric and intrinsic efficiency of the systems studied has been 

indicated throughout the thesis. However, it is not considered as important as resolution 

for the intended application. Long acquisition times are not generally a problem in the 
industrial situation. This is because:

i) The object to be imaged is not likely to move during data acquisition.

ii) The object to be imaged is likely to be highly radioactive as opposed to the
comparatively low radioactivity injected into a patient in medical studies.

While the Compton camera has been shown to obtain a poorer spatial 
resolution in images, it may prove to be more useful than the gamma camera for two 
reasons:

i) It is a portable device.

ii) It is designed to work at higher energies.

It should also be noted that the resolution of the Compton camera could be 
improved by the addition of more scattering detector elements. This reduces the 
ambiguity in the centre of the overlapping conic sections in the image plane. In addition 
to this, it has a much greater field of view compared to the mechanical collimation 

technique. It is anticipated that the Compton camera will find general use around a 

nuclear facility due to its portability. The gamma camera is anticipated to be used in a 
‘sentencing cell’, where waste is taken to for examination. In conclusion, these 
techniques are complimentary and not rival.

For decommissioning purposes, it may be more useful to use a diverging 
focusing collimator with a gamma camera system. This is because the field of view of 
the gamma camera using a parallel hole collimator is defined by the collimator 
diameter. This will generally be of limited use, although if movement of the camera is
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possible, a scanning technique could be used. A much larger area could be imaged with 

the focusing collimator.

6.3 Future Work
In future studies, the practical construction difficulties in manufacturing 

gamma camera collimators will be taken into consideration. These have so far been 

neglected, however they must be taken into account if any complete high energy 
collimators are to be constructed. Lead collimators are usually manufactured by 
stamping thin sheets of lead foil into half hexagonal corrugated sheets and then stacking 
them together. More recently, improved techniques have been developed for casting 
collimators by pouring lead moulds. These give better uniformity than foil collimators. 
Cast collimators, however, are more difficult to manufacture. Early studies were carried 
out on the design of collimators made from Uranium. These would suffer less 
penetration but are impractical to produce.

In terms of the Compton camera, the effect of the electronics systems used in 
the models should be taken into account. This is particularly relevant with designs using 
sodium iodide detectors as the generation of optical photons in the scintillation material 
and subsequent production of photoelectrons on the cathode of the photomultiplier tube 
degrade energy resolution. One may therefore expect the design using a sodium iodide 
scattering detector to present a lower spatial resolution than indicated in this work. In 
addition to this the effects of using Nal or BGO as the second detector should be 

investigated in terms of the effect on system resolution.
Radiation detector technology is continuously evolving and many of the new 

detectors could be used in the systems presented here. The use of position sensitive 
photomultipliers is of particular interest. These are currently being evaluated for use in 
both a portable gamma camera (Guru et al 1995) and as the stopping detector in a 
Compton camera system (Royle 1996). In addition to this, it may be possible to use 
photodiodes in the scattering detector.

This thesis has carried out much of the initial work in evaluating collimation 

systems for use in the nuclear industry. The aim of the programme from which this 

research stems has been to design a prototype device for actual use in the 
decommissioning programme. The emphasis of future work will therefore concentrate 
on the physical construction of such a device.
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Appendix 1 : Gamma Ray Interactions 
With Matter

A l.l Gamma Ray Interactions
Although a large number of possible interaction mechanisms are known for 

gamma rays in matter, only three major types play an important role in measurements of 
radiation; photoelectric absorption, Compton scattering and pair production. All these 
processes lead to the partial or complete transfer of gamma ray photon energy to 
electron energy. They result in a sudden and abrupt change in the gamma ray photon 
history. This could mean the photon disappears entirely in an absorption process or is 
scattered through a significant angle. The cross sections for these interactions vary from 
material to material, the atomic number having a strong influence on this. However it 
may be said that generally:

i) Photoelectric absorption dominates the interactions of low energy gamma rays 
(up to several hundred keV).

ii) Pair production dominates interactions above 5 MeV.

iii) Compton scattering is the most probable interaction between these extremes.

Al.1.1 Photoelectric Absorption
In photoelectric absorption, the energy of one photon is used to remove one of 

the electrons from an inner shell of an atom of the absorber element. Momentum is 
conserved by the recoil of the residual atom. The interaction is with the atom as a whole 

and cannot take place with free electrons. This process can only take place if the 

incoming gamma ray has an energy higher than the binding energy of the electron to be 
removed. The most probable (approximately 80%) origin of the photoelectron is the 

most tightly bound K shell of the atom, providing the gamma ray has sufficient energy. 
Absorption also occur with the L, M... electrons shells of the atom. The photoelectron 
appears with an energy given by

Ê . - Av-Ej  (Al . l )
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where Eb represents the binding energy of the photoelectron in its original shell. The 
vacancy created by the ejection of an electron from the inner shells is filled out by outer 
electrons falling into it, and this process may be accompanied by the emission of 
fluorescent radiation. Alternatively, it is possible that no fluorescent radiation is emitted 
but that an electron from an outer shell is ejected. These are known as Auger electrons.

The cross section for this interaction is greatest when the energy of the gamma 

ray equals the binding energy of the electron. The process is the predominant mode of 
interaction for gamma rays of a relatively low energy. No single analytical expression 
exists for the probability of absoption per atom (t). An approximation of the 
relationship is given by

T = c ^  (A1.2)

where c is a constant and n varies from 4 at low energies to 5 at high energies. It can be 
seen T is enhanced by materials of a high atomic number. This dependence is the 
primary reason for using high Z materials such as lead for gamma ray absorption. Many 
detectors used for gamma ray spectroscopy are chosen from high Z constituents for the 
same reason.

A 1.1.2 Compton Scattering
The interaction process of Compton scattering takes place when the incident 

photon of energy /iv^  ̂collides with a loosely bound (nearly free) electron in the 
attenuating material. Part of the energy is given to the electron, which is released from 

the atom. The remainder of the energy is reradiated as electromagnetic radiation at 
angle 0 to the incident photon and with energy /iv /. Because all angles of scatter are 

possible, the energy transferred to the electron can vary from zero to a large fraction of 
the gamma ray energy. Solving simultaneous equations for energy and momentum the 
following equation is obtained:

h v ,=  ---------  (A1.3)
/  + — ^ { 1 - c o s d )  

mjc
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where is the rest mass energy of the electron. The probability of Compton
scattering per atom of the absorbing material depends on the number of electrons 

available as scattering targets and therefore increases linearly with Z.
The angular distribution of scattered photons is given by the Klein-Nishina 

formula for the differential scattering cross section do/dQ  :

d o
1 -̂  a ( l - c o s O )

a^{l-cosOy
( i  + cos^ 0 )[l  + a { l  -  cos 0 )]

(A1.4)

where a=hVo/moC^ and ro is the classical radius of the electron. This distribution shows 
a strong forward scatter at energies over SOOkeV.

ALLS Pair Production
Pair production becomes energetically possible when the energy of the incident 

gamma ray exceeds twice the rest mass of the electron (1.02 MeV). In this interaction, 
the photon loses all its energy by interacting with the coulomb field of the nucleus and 
in the process two particles are created: an electron and a positron. The photon energy is 
converted into the total relativistic energies E+ and E‘ of the positron and electron. The 
reverse process, where the positron, after being slowed down in the absorbing medium, 
combines with an electron to generate two gamma rays also occurs. This is known as 
positron annihilation. It can be assumed that the positron and electron are essentially at 
rest when annihilation occurs. Conservation of momentum then requires the two 

photons have equal energies of mgC^ and the two gamma rays move off in exactly 
opposite directions. This process is the physical basis of positron emission tomography 
(PET).

The probability of this interaction remains very low until the gamma-ray 
energy approaches several MeV and therefore pair production is confined to high- 
energy gamma rays. No simple expression exists for predicting the probability of pair 

production per nucleus, but the magnitude varies approximately with Z^. The 
probability varies sharply once the threshold energy of 1.02 MeV has been reached.
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A2.1 Linear Systems And Imaging

A2.1.1 Basic Concepts
The theory of linear, invariant communications systems has found widespread 

use in the study of imaging systems. In the analysis of a physical system, the theory is 
used to determine the performance of a system as a transducer in converting system 
input to output. Therefore the theory is not used to investigate the interior of the system 
in detail but rather to characterise it by establishing a general dependence of output on 
input.

In the general case, analysis of an imaging system is extremely complicated. 
The theory may be simplified considerably by restricting the analysis to systems 
possessing linearity and invariance (Rossman 1969). These may be expressed as 
follows:

i) Linearity is distinguished by the following characteristics. The output 
corresponding to the sum of a series of inputs is equal the sum of the outputs 
resulting from each input acting individually. The multiplication of the input of 
a linear system by a constant, results in the output being multiplied by the same 
constant.

ii) Invariance requires that the image of point retains its shape as the object point 
is moved in the object plane. This is sometimes referred to as isoplanatism. 
This requirement is often not true over the entire image plane. The image plane 
may therefore be considered a mosaic of isoplanatic areas.

A2.1.2 Formal Description Of Relationship Between Object And Image
When applying the linear system approach to a radiographic imaging system, 

we define the object as the input and the image as the output. These are conventionally 
represented as two functions /  and g  respectively. A perfect imaging system may 

therefore be represented by the case where f = g .  However, most imaging systems will 
not reach this condition.
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In general, /  and g  are three dimensional functions. However, in the analysis 
that follows the relationship between two dimensional object and image planes is 
highlighted as only planar images are considered in this thesis. In an imaging system, 
the smallest unit of radiant energy transport is non-negative i.e. there is either 

something to measure or not. Therefore one may write

f { a , P ) > 0  (A2.1)

g { x ,y ) > 0  (A2.2)

Now one may postulate a function that describes the spatial dependence of the image of 
a point in terms of the object i.e. the image formed when the object is only non zero at 
(a', p'). For a linear system this may be expressed as follows:

g'{xyy) = h { x , y , a \ p ’) f {a \ P ' )  (A2.3)

One may now imagine a second signal that gives rise to g ” from the same location in 
the object. The superposition principle allows the signals to be additive such that

g'{xyy) + g ” {x,y) = h{x,yya' ,P')[f ' {a\p')  + f ' { a \ p ' ) ]  (A2.4)

It is now possible to introduce the concept of the distribution as the superposition of a 

finite set of points to generate a general equation. For a linear system, this is given by

y) = j j  K^y y  y CC,P)f(a,P )docdp (A2.5)

The function h is known as the point spread function (PSF) of the system. If the system 
is invariant, the function only depends upon the difference co-ordinates {x-a, y~p) 
because the PSF depends only on relative distance between points in the object plane 
and points in the image plane. This may be written as
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g{x, y)  = j j h ( x  -  a ,y - p ) f { a , l5 ) d c ( d p  (A2.6)

This may be recognised as the convolution integral and hence the image is the 
convolution of the object distribution with the PSF.

A2.1.3 Implications For Imaging
The point spread function is a two dimensional function as it varies with both x 

and y  in the image plane. If the function is radially symmetric around the point of 
greatest intensity, the function is defined as isotropic. This results in a more simplified 

description of the transfer characteristics of the system.
When a system is linear and invariant, the point spread function becomes 

particularly important. The property of linearity means that if an arbitrary number of 
unit point sources are located in the object plane, each of them will be imaged 
independently of the others as the PSF in the image plane. Linearity also allows the 
intensity of a unit point source multiplied by some constant to be imaged as the PSF 
multiplied by the same constant. The image of all point sources of any intensity is 
therefore the sum of all point spread functions over the image plane, each multiplied by 
an appropriate constant. This idea can then be extended to consider a continuous two 

dimensional object as an infinite number of point sources. Thus the intensity 
distribution in the image may be calculated by the convolution of the input distribution 
and the point spread function. The PSF is therefore a general transfer characteristic of 
linear, isoplanatic imaging systems.

From the above discussion it can be seen that a knowledge of the PSF for an 
imaging system is useful tool when considering the performance of the system. 
MacIntyre et al (1969) concluded that the total response of a stationary detector system, 
such as the gamma camera, can be characterised by the plane source sensitivity, and the 

modulation transfer function (the Fourier transform of the PSF). In general, the overall 
PSF for a system will be the result of several different physical aspects of an imaging 

system. Radionuclide imaging systems are such cascaded systems and the overall PSF 

can be broken down into two major components; the collimation system and the 
electronic detector system. The total PSF may therefore be obtained by multiple 

convolutions in the spatial domain or multiplication's in the frequency domain. It is with 
this philosophy in mind that the performance of different collimation systems has been 
investigated.
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Using The EGS4 Code System

A3.1 Introduction To EGS4
The EGS (Electron Gamma Shower) Code System is a general purpose 

package for the Monte Carlo simulation of the coupled transport of electrons and 
photons in arbitrary geometry for particles in the energy range of a few keV to several 
TeV (Nelson et al 1985). The system was developed at SLAC and originally intended to 
be a tool for high energy health physicists and accelerator designers, but has now found 
more widespread use, particularly in the field of medical physics. The system may be 
used for pure electromagnetic shower simulations in its standard form or alternatively 
may now be used through the GEANT (GEometry ANd Tracking) detector 
development tool developed at CERN.

A3.2 Description Of EGS4

A3.2.1 Overview GfEGS4
EGS is a an analogue Monte Carlo program. This means each particle in the 

simulation is tracked until it either reaches the low energy cut off or is discarded 

because it passes out of the geometry under study. The Monte Carlo method is a 
statistical technique and as such, the accuracy of any data will depend on the number of 
particle histories simulated. Simulations of large numbers of photon histories are 
extremely CPU intensive and therefore the code system is divided into two parts. 
PEGS4 (Pre-processor for EGS) uses theoretical and empirical formulas to generate the 
physical quantities required for the simulation. These are then stored on file for the 

compiled EGS4 code and user code to load at run time.
The primary use of PEGS4 is to create material data sets for use by EGS4. 

Specifically, the program creates the interaction cross sections for elements, compounds 

and mixtures that are to be used in the simulation. Cross sections are generated for 
specific materials in a given energy range as specified by the user.
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A3.2.2 Implementation of EGS4
EGS4 is written in the MORTRAN programming language, which is an 

extended version of FORTRAN. EGS4 is made up of a series of subroutines all of 
which perform different tasks e.g. electron transport, photon transport, output of results, 
geometry of the system etc. The EGS code itself consists of two user callable 
subroutines, HATCH and SHOWER. These in turn call other subroutines. HOWFAR is 

a subroutine used to describe the geometry of the system to be simulated. AUSGAB is a 

subroutine used score data for output at some later stage. The user communicates with 
EGS4 by means of a series of COMMON variables.

In order to use EGS the user must write three main blocks of code. The first is 
the body of the simulation and is called MAIN. MAIN retains overall control of the 
simulation. It performs any initialisation needed for the subroutine specifying the 
geometry of the model and also sets the values of certain EGS COMMON variables 
which specify such things as the names of media to be used, the desired cut off energies, 
and the distance unit to be used for transport e.g. centimetres, radiation lengths etc. The 
second segment of user written code is HOWFAR and constitutes the majority of the 
user code in most cases. The construction of the HOWFAR code is documented by 
Nelson and Jenkins (1988). The third user written routine is AUSGAB.

A flow diagram of the code is shown in Figure A3.1. During execution MAIN 
calls the HATCH subroutine which performs a once only initialisation and reads in 
material data for the media in the model from a data set that has been created by PEGS. 
Once the initialisation is complete, MAIN will call the SHOWER routine. Each shower 
results in the generation of one history of particles (photons in the context of this 
thesis). Each history of particles consists of the initial information relating to the 
incident particle plus that of any other particles it may create during it's interactions 
through the model under study. SHOWER may then call either the electron (ELECTR) 
or photon (PHOTON) subroutines depending upon the particle under consideration. 
These in turn determine the type of interaction the particle must undergo. For a photon, 
the possibilities are Compton scatter (COMPT), pair production (PAIR) or photoelectric 

absorption (PHOTO). Rayleigh scattering may be added as an option. For electron 
transport, the particle may undergo positron annihilation (ANNIH), Bhabha scattering 
(BHABHA), Moller scattering (MOLLER) or create a Bremsstrahlung photon 

(BREMS). UPHI sets the particle co-ordinates for electrons or photons. Having 
determined the interaction, the trajectory is examined by HOWFAR to determine the 

position of the particle. If the new position takes the particle beyond the boundaries of 
the current media, HOWFAR adjusts the position such that the particle only reaches the 
media boundary. Data may be passed for storage at any time during this process. The
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output, or scoring routine AUSGAB is extremely flexible. Many parameters may be 
scored such as the nature of the particles passing through the system to energy 
deposition in different regions of the model.
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Figure A3.1. Flow Diagram Of The EGS4 Code System.
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Appendix 4. Data Obtained From Ray 
Tracing Studies Of Parallel Hole 
Collimators.

A4.1 Notes.
This section gives resolution values obtained from ray tracing simulations of 

parallel hole collimators. Errors on data are ±0.1 mm for resolution values less than or 
equal to 100 mm and ± 1 mm for resolution values greater than 100 mm.
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Table A 4.1. Variation of the FWHM of the PSF with Septal Thickness(/) and Source to Collimator Distance(fc). All units in mm.

t / b 0.0 50.0 100.0 150 200 250 300 350 400 450 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.1 8.8 13.3 17.7 22.5 26.7 30.6 35.2 39.6 43.7 47.9 53.2 98.7 141 ....::....m .......... m . 277 M7 m
0.2 2,8 4.3 5.7 7.0 8.5 9.9 11.4 12.8 14.3 15.7 17.0 31.3 45.4 59.6 73.7 88.0 101 117 131 145
0.3 2.6 3.9 5.2 6.6 7.9 9.1 10.4 11.7 13.1 14.3 15.7 28.5 41.9 54.7 67.7 81.4 94.1 106 119 132
0.4 2.6 3.8 5.1 6.4 7.7 9.0 10.2 11.5 12.8 14.1 15.3 28.2 41.0 53 6 66.5 79.4 92.1 105 118 130
0.5 2.6 3.8 5.1 6.4 7.6 9.0 10.2 11.4 12.7 14.0 15.2 28.1 40.7 53.5 66.8 79.0 90.8 105 118 129
0.6 2.6 3.8 5.3 6.3 7.6 8.9 10.2 11.5 12.5 14.0 15.1 28.0 40.4 54.2 66.7 78.2 91.0 104 117 129
0.7 2.5 3.8 5.1 6.3 7.7 8.9 10.2 11.4 12.7 13.9 15.3 27.9 40.6 53.2 66.4 79.0 91.0 104 117 129
0.8 2.5 3.8 5.1 6.3 7.7 8.9 10.1 11.5 12.6 14.0 15.2 27.9 41.0 53.3 66.2 78.6 91.9 104 117 130
0.9 2.5 3.8 5.1 6.3 7.7 8.9 10.2 11.5 12.6 14.0 15.2 27.7 40.3 53.0 66.1 78.6 91.9 104 117 130
1.0 2.5 3.8 5.1 6.4 7.7 8.9 10.2 11.4 12.7 14.0 15.2 28.1 40.6 52.9 66.3 79.3 91.4 105 117 130
1.1 2.5 3.8 5.1 6.4 7.6 9.0 10.2 11.4 12.8 14.1 15.2 28.0 40.9 53.5 65.5 79.3 91.0 104 116 128
1.2 2.5 3.8 5.1 6.4 7.6 8.9 10.1 11.4 12.8 14.0 15.2 27.9 40.4 53.7 66.2 77.9 91.1 103 117 130
1.3 2.5 3.8 5.1 6.3 7.6 8.9 10.2 11.5 12.5 14.0 15.1 27.6 40.6 53.2 66.2 78.6 91.6 104 117 130
1.4 2.5 3.8 5.1 6.3 7.7 8.8 10.1 11.3 12.7 13.9 15.3 28.0 40.5 53.6 66.1 78.5 92.4 104 118 130
1.5 2.5 3.8 5.1 7.7 8.9 10.2 11.5 12.6 14.0 15.1 28.0 40.4 53.3 65.7 78.0 91.1 103 116 130
1.6 31 ggggjWÊÊm
1.7 2.5 3.8 6.4 7.7 8.9 10.2 11.4 12.8 l7 r 15.1 28.0 41.1 53.2 66.0 78.7 91.3 106 117 130
1.8 2.5 3.8 5.1 6.4 7.7 9.0 10.2 11.5 12.7 14.1 15.0 28.0 40.4 54.1 65.2 79.4 90.8 104 115 130
1.9 2.5 3.8 5.1 6.5 7.5 8.8 10.2 11.4 12.8 14.0 15.2 28.2 40.4 53.8 66.2 78.3 89 9 103 117 128
2.0 2.6 3.8 5.1 6.4 7.6 8.8 10.3 11.6 12.7 13.8 15.5 28.0 40.7 53.8 65.7 79.5 91.6 105 117 131
2.1 2.6 3.8 5.1 6.3 7.6 9.0 10.1 11.3 12.8 14.0 15.1 27.4 40.4 53.2 65.0 78.6 91.4 103 118 131
2.2 2.6 3.9 5.1 6.4 7.5 9.0 10.2 11.5 12.6 13.7 15.3 27.9 40.0 53.1 66.4 79.0 91.4 103 117 131
2.3 2.5 3.9 5.1 6.4 7.6 8.9 10.1 11.4 12.4 13.8 15.2 27 9 40.6 53.0 66.4 78.3 90.5 102 116 131
2.4 2.5 3.8 5.1 6.3 7.6 8.8 10.2 11.5 12.8 13.9 15.2 28.1 40.5 53.7 66.3 77.4 90.1 105 115 130
2.5 2.6 3.8 5.1 6.3 7.6 8.9 10.2 11.6 12.8 14.2 15.2 28.1 40.3 53.5 67.1 78.9 92.1 103 117 127
2.6 2.5 3.9 5.1 6.4 7.6 8.9 10.1 11.4 12.6 14.0 15.3 27.9 41.2 53.5 65.1 78.7 92 8 104 117 131
2.7 2.5 3.8 5.1 6.5 7.7 8.9 10.2 11.3 12.7 13.8 15.6 28.3 41.0 53.6 64.9 76.9 91.2 105 118 133
2.8 2.6 3.8 5.1 6.3 7.6 8.8 10.1 11.6 12.8 14.1 15.0 28.1 40.1 54.6 65.8 77.6 92.2 103 115 130
2.9 2.5 3.9 5.1 6.3 7.7 8.9 10.4 11.4 12.6 13.9 15.5 28.1 40.7 54.1 66.1 79.2 91.4 104 117 131
3.0 2.6 3.8 5.1 6.4 7.7 9.0 10.1 11.4 12.7 13.9 15.3 27.9 40.8 52.7 67.0 77.6 92.0 102 117 129
3.5 2.5 3.8 5.1 6.3 7.5 9.0 10.2 11.5 12.9 14.1 15.2 27.8 41.4 53.0 66.6 78.0 89.9 104 117 126
4.0 2.5 3.9 5.1 6.3 7.7 9.0 10.2 11.4 12.8 14.0 14.5 28.3 41.6 54.4 66.0 79.4 90.9 103 117 130
4.5 2.5 3.8 5.1 6.4 7.6 8.9 10.3 11.2 12.7 13.9 15.0 28.3 40.9 53.0 65.6 78.9 91.3 105 118 129
5.0 2.6 3.8 5.1 6.3 7.5 9.2 10.1 11.6 12.5 14.1 15.5 27.7 41.7 52.6 66.6 79.8 90.1 107 116 130
5.5 2.5 3.8 5.1 6.3 7.7 9.0 10.2 11.2 12.8 13.9 15.1 28,3 40.8 55.3 66.3 78.1 91.4 104 118 128
6.0 2.6 3.9 5.1 6.4 7.7 8.9 10.2 11.4 12.4 13.6 15.8 28.3 40.2 52.8 66.9 79.3 92.9 105 116 135
6.5 2.5 3.7 5.1 6.4 7.7 9.0 9.8 11.4 12.6 14.4 15.3 27.9 40.3 52.2 64.0 78.7 89.7 104 114 131
7.0 2.6 3.9 5.1 6.2 7.4 8.6 9.9 11.5 12.7 14.0 15.6 28.0 41.4 53.9 65.1 80.7 90.0 99.9 118 130
7.5 2.5 3.8 5.1 6.4 7.7 8.8 10.2 11.3 12.5 13.2 14.9 2&8 40.6 53.5 65.3 82.7 94.4 101 119 131
8.0 2.5 3.8 5.1 6.3 7.6 8.8 10.2 11.3 12.8 13.9 14.7 28.2 42.1 51.6 67.2 80.3 90.4 104 117 127
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Table A4.2. Variation of the FWTM of the PSF with Septal ThicknessU) and Source to Collimator Distance(A). All units in mm.
t \ b 0.0 50.0 100.0 150 200 250 300 350 400 450 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.1 206 309
0.2 122 184 245 306
03 56.5 84.9 113 142 170 197 226 257 283 311 340
0.4 17.0 25.7 33.9 41.7 50.4 58.7 66.7 75.4 84.2 92.1 99.1 181 267
0.5 9.5 14.2 18.8 23.8 27.6 32.9 37.7 42.7 47.0 51.9 56.7 105 151 199 248 293 338
0.6 7.4 8.2 11.3 13.7 16.4 21.1 22.9 25.7 28.4 30.3 33.8 60.1 87.7 115 143 169 197 224 252 279
0.7 5.3 8.0 10.6 13.3 16.0 19.4 22.2 23.9 27.5 29.4 32.7 58.6 85.0 111 138 165 191 217 244 270
0.8 5.3 7.9 10.5 13.1 15.8 18.8 21.9 23.7 27.0 29.1 32.0 57.9 83 8 110 136 162 189 215 240 267
0.9 5.2 7.8 10.4 13.0 15.6 18.6 21.7 23.6 26.8 28.9 31.7 57.5 83.2 109 135 161 187 213 239 265
1.0 5.2 7.8 10.4 13.0 15.5 18.2 21.6 23.5 26.6 2&8 31.5 57.3 83.0 109 135 161 186 213 238 265
1.1 5.2 7.8 10.3 13.0 15.5 18.2 21.5 23.5 26.6 28.8 31.3 57.2 82.9 109 135 160 186 212 238 263
1.2 5.2 7.8 10.3 12.9 15.5 18.1 21.5 23.4 26.5 28.7 31.4 57.1 828 109 134 160 186 212 238 264
1.3 5.2 7.8 10.3 12.9 15.6 18.1 21.4 23.5 26.4 28.7 31.3 57.2 82.6 109 134 160 186 212 237 264
1.4 5.2 7.8 10.3 13.0 15.5 18.1 21.4 23.4 26.5 28.7 31.3 57.1 82.7 108 134 160 185 211 238 263
1.5 5.2 7.8 10.3 12.9 15.5 ___ 1 8 ^ 21.4 23.4 26.4 28.7 31.4 57.2 82.5 108 134 160 186 212 237 263
1.6 h b i mmm a m m a w m m1.7 L - .  5.2 7.8 10.7 12.9 15.5 18.1 21.4 23.4 26.5 28.6 31.4 57.0 82.4 108 134 160 186 212 237 263
1.8 5.2 7.7 10.3 12.9 15.5 18.2 21.4 23.4 26.5 28.7 31.4 57.1 82.7 109 135 160 187 212 237 263
1.9 5.2 7.7 10.3 12.9 15.4 18.1 21.4 23.4 26.4 28.7 31.4 57.1 82.5 109 134 160 186 212 237 263
2.0 5.2 7.7 10.3 12.9 15.5 18.0 21.5 23.4 26.3 2&7 31.4 57.1 82.9 109 134 160 186 212 238 264
2.1 5.2 7.7 10.3 12.9 15.5 18.2 21.4 23.4 26.5 28 8 31.2 56.9 82 8 108 134 160 186 212 238 263
2.2 5.2 7.8 10.3 12.9 15.5 18.1 21.4 23.5 26.4 28.7 31.4 57.1 82.5 108 134 160 186 212 238 264
2.3 5.2 7.8 10.3 12.9 15.5 18.1 21.3 23.4 26.5 28.7 31.3 57.1 82.7 108 134 160 186 212 237 265
2.4 5.2 7.8 10.3 12.9 15.5 18.1 21.4 23.4 26.5 28.7 31.4 57.2 83.0 109 134 160 186 212 237 263
2.5 5.2 7.7 10.3 12.9 15.5 18.3 21.5 23.4 26.4 28 8 31.3 57.0 82.4 108 135 160 186 211 238 262
2.6 5.2 7.8 10.3 12.9 15.5 18.1 21.3 23.4 26.4 28.7 31.4 57.2 83.0 109 134 160 187 212 237 264
2.7 5.2 7.7 10.3 12.9 15.5 18.2 21.4 23.4 26.4 28.7 31.5 57.0 82.6 108 134 159 186 211 238 263
2.8 5.2 7.7 10.3 12.9 15.5 18.1 21.4 23.3 26.4 28 8 31.2 57.0 82.6 109 134 160 185 212 237 263
2.9 5.2 7.8 10.3 12.9 15.5 18.1 21.4 23.4 26.3 28.6 31.6 57.1 82.7 109 134 160 186 212 237 263
3.0 5.2 7.7 10.3 12.9 15.6 18.2 21.4 23.4 26.4 28.7 31.4 57.0 82 8 108 135 160 186 211 237 263
3.5 5.2 7.8 10.3 12.9 15.5 18.3 21.3 23.4 26.4 28.8 31.2 57.1 829 109 135 159 185 211 237 262
4.0 5.2 7.8 10.3 12.9 15.5 18.0 21.5 23.4 26.5 28 8 31.3 57.3 83.1 109 134 160 185 213 237 264
4.5 5.2 7.7 10.3 13.0 15.6 18.1 21.5 23.3 26.4 28.7 31.5 57.0 82.7 109 134 160 186 213 238 263
5.0 5.2 7.7 10.3 12.9 15.4 18.3 21.5 23.4 26.5 28.7 31.5 57.4 83 3 109 134 160 187 211 237 263
5.5 5.2 7.7 10.3 12.9 15.5 18.3 21.4 23.3 26.4 28.7 31.5 57.1 82.4 109 135 160 186 211 238 262
6.0 5.2 7.7 10.3 12.9 15.5 18.2 21.4 23.4 26.5 28.6 31.6 57.2 82.8 108 135 160 186 212 237 264
6.5 5.2 7.7 10.3 12.9 15.6 18.4 21.4 23.3 26.5 28.6 31.4 56.9 828 109 134 161 186 212 235 262
7.0 5.2 7.7 10.3 12.9 15.5 18.4 21.4 23.4 26.5 28.7 31.6 57.0 826 108 134 161 185 211 237 264
7.5 5.2 7.8 10.3 12.9 15.5 17.9 21.4 23.4 26.1 28.4 31.5 57.4 828 109 133 162 186 211 239 264
8.0 5.2 7.7 10.3 12.9 15.5 18.2 21.5 23.4 26.7 28.6 31.5 57.2 829 108 133 160 186 213 237 262
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Table A4.3. Variation of the FWHuM of the PSF with Septal Thickness!/) and Source to Collimator Distance!^). All units in mm.

t \ b 0.0 50.0 100.0 150 200 250 300 350 400 450 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.1
0.2 294
03 224 336 . ...
0.4 177 265 :::: .....
0.5 141 211 281 351
0.6 111 166 221 277 332
0.7 84.2 127 170 211 254 295 340
0.8 61.7 92.9 124 156 186 217 248 280 313 341
0.9 43.3 65.2 86.8 108 131 153 174 196 216 240 257
1.0 30.1 45.7 59.8 75.3 90.7 105 121 137 151 166 183 328
1.1 23.0 34.2 43.8 53.6 64.8 75.7 85.2 97.2 107 118 128 234 343
1.2 18.8 25.6 36.6 45.3 55.1 64.3 73.9 84.2 92.1 102 110 205 298
13 14.0 226 28.8 35.3 42.0 49.5 56.5 63.6 70.4 77.1 83.8 154 225 294
1.4 13.4 21.0 27.2 33.8 40.4 47.0 53.6 60.5 67.2 73.9 80.8 148 215 281 350
1.5 12.9 19.5 16.4 32.0 38.4 44.8 51.5 57.7 64.6 71.1 77.1 89.6 131 174 215 254 297 335
1.6 N gm m ■ m u i H i s n H K D
1.7 7.7 11.5 15.9 21.4 23.7 28.4 31.5 35.3 39.5 42.1 46.8 84.5 123 161 199 238 275 315 352
1.8 7.6 11.4 15.2 20.7 23.6 28.1 30.8 35.0 39.0 41.9 46.4 83.6 122 160 198 236 274 311 349
1.9 7.6 11.3 15.1 20.4 23.6 27.8 30.6 34.9 38.8 41.8 46.2 83.5 121 160 197 234 272 310 348
2.0 7.6 11.3 15.1 20.1 23.5 27.7 30.2 34.8 38.6 41.7 46.1 83.0 120 159 196 233 272 309 347
2.1 7.6 11.3 15.0 19.9 23.5 27.7 30.2 34.8 38.5 41.7 45.8 82.9 120 158 196 233 271 309 347
2.2 7.6 11.3 15.0 19.8 23.5 27.6 30.1 34.7 38.4 41.6 45.9 83.0 120 158 196 233 271 308 346
2.3 7.6 11.3 15.0 19.8 23.5 27.6 30.1 34.7 38.1 41.6 45.7 83.0 120 158 195 233 271 308 346
2.4 7.5 11.3 15.0 19.7 23.5 27.5 30.2 34.7 38.4 41.6 45.7 83.0 120 158 196 232 270 308 345
2.5 7.5 11.3 15.0 19.7 23.5 27.4 30.2 34.7 38.3 41.6 45.7 82.8 120 157 196 233 271 308 346
2.6 7.5 11.3 15.0 19.6 23.5 27.5 30.0 34.6 38.2 41.6 45.8 82.8 120 158 195 232 270 307 345
2.7 7.6 11.3 15.0 19.7 23.5 27.5 30.1 34.6 38.2 41.6 45.8 82.7 120 158 195 232 270 308 346
2.8 7.5 11.3 15.0 19.6 23.5 27.5 30.1 34.7 38.2 41.6 45.7 82.8 120 158 195 233 270 308 345
2.9 7.5 11.3 15.0 19.6 23.5 27.5 30.2 34.7 38.2 41.6 45.9 82.7 120 158 195 233 270 307 345
3.0 7.5 11.3 15.0 19.7 23.5 27.5 30.0 34.7 38.1 41.6 45.7 82.7 120 158 195 233 270 308 345
3.5 7.5 11.3 15.0 19.5 23.4 27.6 30.1 34.6 38.2 41.6 45.8 82.8 120 158 196 232 270 308 345
4.0 7.5 11.3 15.0 19.7 23.5 27,5 30.0 34.7 38.2 41.6 45.6 83.1 121 158 195 232 270 308 345
4.5 7.5 11.3 15.0 19.6 23.5 27.5 30.0 34.6 38.3 41.7 45.8 82.9 120 158 196 234 271 308 346
5.0 7.6 11.3 15.0 19.6 23.4 27.6 30.1 34.7 38.2 41.7 45.9 83.0 121 158 195 233 270 308 345
5.5 7.5 11.3 15.0 19.6 23.5 27.5 30.3 34.6 38.4 41.6 45.7 82.6 120 159 195 234 270 308 345
6.0 7.5 11.3 15.0 19.7 23.5 27.6 30.0 34.8 38.2 41.6 45.8 83.0 120 158 196 233 272 308 344
6.5 7.6 11.3 15.0 19.7 23.5 27.6 29.9 34.7 38.2 41.6 45.7 82.9 120 158 195 233 269 308 343
7.0 7.6 11.3 15.0 19.6 23.4 27.3 30.0 34.6 38.3 41.6 45.8 82.6 120 158 195 234 269 307 345
7.5 7.5 11.3 15.0 19.6 23.5 27.4 30.0 34.7 38.3 41.5 45.9 83.2 120 158 195 234 272 306 345
8.0 7.6 11.3 15.1 19.6 23.4 27.4 30.3 34.7 38 3 41.6 45.8 83.1 120 158 196 233 270 308 346
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Table A4.4. Variation in FW HMof the PSF with Collimator Length(a) and Source to Collimator Distance(A). Ali units are in mm.

a \ b 0.0 50.0 100.0 150 200 250 300 350 400 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
70.0 2.8 4.8 6.8 8.7 10.6 12.6 14.5 16.6 19.0
75.0 2.7 4.6 6.3 8.1 9.9 11.8 13.6 15.4 17.1 20.9 38.9 56.7 74.7 92.7 112 130 146 168 *$5
80.0 2.7 4.3 6.0 7.7 9.4 11.0 12.8 14.2 16.1 19.6 35.8 52.9 69,9 86.1 103 121 135 155 169
85.0 2.6 4.2 5.8 7.3 8.8 10.3 12.0 13.2 15.0 18.0 33.8 49.1 64.9 80.4 95.7 112 127 145 157
90.0 m m m m m o i m m m H
95.0 2.6 4.0 5.3 6.7 8.0 9.3 10.7 11.9 13.5 16.0 30.0 42.8 56.3 70.3 83.7 97.9 111 123 137

100.0 2.6 3.8 5.0 6.4 7.7 8.8 10.2 11.3 12.8 15.2 27.6 40.6 53.0 66.5 77.6 91.3 105 116 129
105 2.5 3.7 4.9 6.0 7.3 8.4 9.7 10.8 12.2 14.4 26.4 38.5 50.7 61.8 73.6 86.2 97.2 110 122
110 2.5 3.7 4.8 5.9 7.0 8.1 9.3 10.4 11.6 13.7 25.2 36.4 47.2 59.2 69.9 82.3 93.8 104 116
115 2.5 3.5 3.3 5.7 6.8 7.8 8.9 10.0 11.0 13.3 23.8 34.8 45.3 56.6 66.8 77.2 88.7 99.4 108
120 2.4 3.5 4.5 5.5 6.6 7.5 8.6 9.7 10.8 12.8 22.8 33.2 43.2 53.7 64.6 73.4 84.9 95.0 103
125 2.5 3.4 4.3 5.3 6.5 7.3 8.3 9.3 10.3 12.2 21.9 32.0 41.4 51.0 61.1 70.1 80.4 90.6 101
130 2.4 3.4 4.3 5.2 6.1 7.0 8.1 9.1 9.9 11.8 21.3 30.3 39.9 48.7 57.4 67.2 76.2 87.2 96.2
135 2.4 3.3 4.2 5.1 5.9 6.8 7.9 8.7 9.6 11.3 20.6 29.7 38.2 47.4 56.0 65.8 73.8 82.8 929
140 2.5 3.3 4.1 5.0 5.8 6.6 7.6 8.4 9.2 10.9 19.4 28.0 37.2 45.5 53 9 62.3 70.8 80.0 87.3
145 2.4 3.3 4.0 4.9 5.7 6.5 7.4 8.2 9.0 10.5 19.0 27.2 34.9 44.2 52.1 59.2 68.3 77.3 83.6
150 2.4 3.2 3.9 4.8 5.5 6.3 7.2 8.0 8.7 10.3 18.3 26.3 34.6 42.1 49.8 57.9 67.4 74.5 82.5
155 2.4 3.2 3.9 4.6 5.4 6.2 7.1 7.7 8.4 10.1 17.7 25.0 33.4 40.8 48.4 55.8 62.3 71.9 79.7
160 2.4 3.1 3.8 4.6 5.3 6.1 6.8 7.5 8.2 9.7 17.2 24.3 32.0 39.4 47.1 53.3 61.5 68.8 76.0
165 2.4 3.1 3.8 4.5 5.3 5.9 6.7 7.3 8.1 9.5 16.3 24.1 30.7 38.1 45.1 52.9 58 8 66.5 73.1
170 2.3 3.0 3.7 4.4 5.1 5.8 6.5 7.3 7.8 9.2 16.4 23.3 29.6 36.9 43.7 49.8 56.7 64.1 71.3
175 2.3 3.0 3.7 4.3 5.0 5.7 6.4 7.0 7.7 9.0 15.8 22.5 28.9 35.5 42.2 49.0 55.8 62.4 68.7
180 2.4 3.0 3.6 4.2 5.0 5.6 6.2 6.9 7.5 8.7 15.3 21.6 28 3 35.1 40.6 47.2 53.3 60.9 67.1
185 2.3 2.9 3.6 4.2 4.8 5.5 6.2 6.7 7.5 8.7 15.0 21.2 27.4 33.9 40.3 46.3 53.1 58.8 65.6
190 2.3 2.9 3.6 4.1 4.7 5.4 6.0 6.7 7.2 8.3 14.5 20.6 26.6 32.4 38.8 45.2 51.5 56.8 63.2
195 2.3 3.0 3.5 4.1 4.7 5.2 5.9 6.5 7.1 8.2 14.0 20.1 25.9 32.3 38.1 43.7 49.5 55.2 61.8
200 2.3 2.9 3.4 4.1 4.6 5.2 5.7 6.3 7.0 8.0 13.9 19.6 25.7 31.2 36.9 42.6 49.1 53.5 59.8
20.5 2.3 2.9 3.5 4.0 4.6 5.1 5.6 6.2 6.7 7.8 13.8 19.7 24.8 29.8 36 3 41.9 47.4 52.7 58.1
210 2.3 2.9 3.4 4.0 4.5 5.0 5.5 6.1 6.8 7.8 13.3 18.5 24.3 29.8 34.9 40.4 46.4 51.0 57.0
215 2.3 2.9 3.4 3.9 4.4 4.9 5.5 6.0 6.6 7.7 13.0 18.5 23.5 28.6 34.8 40.0 45.1 51.4 56.4
220 2.3 2.8 3.4 3.9 4.4 4.9 5.4 5.9 6.5 7.6 12.7 18.0 23.1 28.2 33.9 39.4 43.3 48.8 54.5
225 2.3 2.8 3.3 3.8 4.2 4.8 5.3 5.8 6.3 7.4 12.4 17.6 22.6 27.5 33.2 37.7 42.5 47.2 53.5
230 2.3 2.8 3.3 3.8 4.3 4.7 5.3 5.8 6.2 7.2 12.3 17.0 22.2 27.3 32.1 36.7 42.3 47.3 51.7
235 2.3 2.8 3.2 3.7 4.2 4.7 5.2 5.7 6.2 7.1 11.8 16.9 21.8 26.5 31.7 36.3 41.0 46.1 50.7
240 2.3 2.7 3.2 3.8 4.2 4.5 5.1 5.6 6.1 7.1 11.7 16,8 21.3 26.0 30.5 35.3 40.5 45.4 49.7
245 2.3 2.8 3.2 3.6 4.1 4.6 5.1 5.5 5.9 6.9 11.6 16.3 20.6 25.7 30.0 35.2 39.8 43.5 49.1
250 2.3 2.7 3.2 3.6 4.1 4.5 5.0 5.4 5.9 6.9 11.5 15.8 20.8 25.1 29.2 34.0 38.4 43.7 47.8
255 2.3 2.7 3.2 3.6 4.0 4.5 4.9 5.4 5.9 6.8 111 15.7 19.9 24.4 28.8 33.3 38.3 42.1 46.7
260 2.3 2.7 3.1 3.6 4.0 4.4 4.9 5.4 5.8 6.6 10.9 15.5 20.1 24.3 28.1 329 37.6 41.6 46.5
265 2.2 2.7 3.1 3.5 3.9 4.4 4.7 5.3 5.6 6.5 10.8 15.0 19.4 23.7 27.8 31.7 36.4 40.7 44.9
270 2.3 2.7 3.0 3.5 3.9 4.3 4.7 5.2 5.6 6.5 10.6 14.9 18.9 23.1 26 8 31.2 35.7 39.7 43.8
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Table A4.5. Variation in FWTMof the PSF with Collimator Length(a) and Source to Collimator Distance(^). All units are in mm.

a \ b 0.0 50.0 100.0 150 200 250 300 350 400 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
70.0 5.9 10.0 14.3 18.7 23.1 27.6 31.4 35.3 40.0 ..
75.0 5.7 9.5 13.2 17.0 21.7 25.0 28.8 32.7 36.1 43.8 81.4 119 157 195 232 271 308 346
80.0 5.6 9.0 12.4 15.9 20.2 23.2 27.0 29.7 33.8 40.5 74.7 109 144 178 213 247 282 317 351
85.0 5.4 8.6 11.8 15.0 18.2 22.1 25.1 28.2 31.3 37.5 69.6 ______ lo r 133 165 198 229 262 294 325
90.0 b h œ h d h œ wmmm e n H B S l
95.0 5.2 8.0 10.8 13.5 16.3 19.8 22.3 24.8 27.8 33.3 60.5 87.8 115 143 171 198 226 253 281

100.0 5.2 7.7 10.3 12.9 15.5 18.0 21.4 23.3 26.5 31.4 56.9 82.5 108 135 160 186 212 238 264
105 5.1 7.6 10.0 12.4 14.9 17.3 20.4 22.5 25.0 29.5 53.7 78.2 102 127 150 175 199 223 248
110 5.1 7.4 9.6 11.9 14.2 16.5 19.5 21.7 23.5 28.3 51.4 73.9 96.9 120 143 166 188 212 234
115 5.0 7.2 9.4 11.6 13.7 15.9 18.1 20.9 22.6 27.3 48.6 70.5 92.1 114 136 157 180 201 223
120 5.0 7.1 9.1 11.2 13.2 15.3 17.4 20.2 21.9 26.1 46.6 67.1 87.6 108 130 150 170 191 212
125 5.0 6.9 8.9 10.8 12.8 14.8 16.8 19.4 21.4 25.0 44.6 64.3 83.8 104 123 143 163 182 202
130 4.9 6.8 8.7 10.6 12.4 14.3 16.2 18.1 20.7 23.8 42.8 61.7 80.2 99.0 118 137 155 174 193
135 4.9 6.7 8.5 10.3 12.1 13.9 15.7 17.4 19.9 23.1 41.0 59.1 77.1 95.1 113 131 150 167 185
140 4.8 6.6 8.3 10.0 11.7 13.5 15.2 17.0 19.2 22.4 39.7 56.7 74.0 91.3 108 126 143 160 177
145 4.8 6.5 8.1 9.8 11.5 13.1 14.8 16.5 18.2 21.8 38.3 54.9 71.1 880 105 121 137 154 171
150 4.8 6.4 8.0 9.6 11.2 12.8 14.4 16.0 17.6 21.3 36.9 52.9 69.0 84.6 101 116 132 148 164
155 4.8 6.3 7.9 9.4 10.9 12.4 14.0 15.5 17.1 20.8 35.6 51.1 66.6 81.7 97 1 113 127 144 159
160 4.8 6.3 7.7 9.2 10.7 12.2 13.6 15.1 16.6 20.3 34.7 49.3 64.3 79.1 93.9 109 124 139 153
165 4.8 6.2 7.6 9.0 10.5 11.9 13.4 14.7 16.2 19.6 33.7 47.8 62.3 76.5 90.6 105 119 134 148
170 4.7 6.1 7.5 8.9 10.3 11.7 13.0 14.5 15.8 18.9 32.8 46.4 60.4 74.1 88.0 102 115 129 143
175 4.7 6.0 7.4 8.7 10.1 11.5 12.8 14.1 15.4 I82J 31.8 45.1 58.6 71.7 85.1 98.6 112 125 139
180 4.7 6.0 7.3 8.6 9.9 11.2 12.5 13.8 15.1 17.6 30.9 43.7 56 9 70.0 82.1 95.6 108 122 135
185 4.7 5.9 7.2 8.4 9.7 11.0 12.3 13.5 14.8 17.3 29.9 42.5 55 2 67.9 80.2 93.0 106 118 131
190 4.7 5.9 7.1 8.3 9.6 10.8 12.0 13.3 14.4 16.9 29.3 41.4 53.7 65.8 78.1 90.5 103 115 128
195 4.7 5.9 7.0 8.3 9.4 10.6 11.8 13.0 14.2 16.6 28.7 40.5 52.6 64.3 75.9 88.1 99.7 112 124
200 4.6 5.8 6.9 8.1 9.3 10.4 11.5 12.8 13.9 16.2 28.0 39.5 51.2 62.8 74.0 85.7 97.6 108 120
205 4.6 5.8 6.9 8.0 9.2 10.2 11.4 12.5 13.6 15.9 27.6 38.7 49.9 61.0 72.3 83.2 95.0 106 117
210 4.6 5.7 6.8 7.9 9.0 10.1 11.2 12.3 13.4 15.6 26.9 37.6 48.7 59.6 70.5 81.5 92.6 103 114
215 4.6 5.7 6.8 7.8 8.9 9.9 11.0 12.1 13.2 15.3 26.4 36.9 47.4 58.0 68.9 79.7 90.5 101 112
220 4.6 5.6 6.7 7.7 8.8 9.8 10.9 11.9 12.9 15.1 25.8 35.9 46.5 57.0 67.3 77.7 88.0 98.0 108
225 4.6 5.6 6.6 7.6 8.7 9.6 10.7 11.7 12.7 14.7 25.3 35.2 45.3 55.7 65.9 75.8 859 95.8 107
230 4.6 5.6 6.6 7.6 8.6 9.6 10.6 11.5 12.5 14.5 24.8 34.6 44.4 54.4 64.2 74.1 84.1 94.3 104
235 4.6 5.6 6.5 7.5 8.5 9.4 10.4 11.3 12.3 14.3 24.0 33.9 43.6 53.2 63.0 72.3 82.2 92.0 102
240 4.6 5.5 6.4 7.4 8.4 9.3 10.2 11.2 12.2 14.1 23.6 33.4 42.4 52.1 61.5 71.1 80.4 89.9 99.7
245 4.6 5.5 6.4 7.3 8.3 9.2 10.1 11.0 12.0 13.8 23.3 32.8 41.7 51.1 60.4 69.6 78.7 88.1 97.6
250 4.5 5.5 6.4 7.3 8.2 9.1 10.0 10.9 11.8 13.6 23.0 32.1 41.0 50.1 58 9 68.4 77.3 86 3 95.1
255 4.6 5.4 6.3 7.2 8.1 9.0 9.9 10.8 11.6 13.4 22.6 31.4 40.4 49.0 58.0 67.1 75.7 84.5 93.6
260 4.6 5.4 6.3 7.2 8.0 8.9 9.8 10.6 11.5 13.3 22.3 30.9 39.6 48.0 56.7 65.9 74.0 83.1 92.0
265 4.5 5.4 6.2 7.1 7.9 8.8 9.6 10.5 11.4 13.1 21.9 30.3 38 8 47.5 55.8 64.2 72.8 81.3 89.8
270 4.5 5.3 6.2 7.0 7.9 8.7 9.5 10.4 11.2 12.9 21.6 29.6 38.3 46.6 54.6 63.2 71.4 79.8 88.2
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Table A4.6. Variation in FW HuMof the PSF with Collimator Length(a) and Source to Collimator Distance(A). All units are in mm.

a \ b 0.0 50.0 100.0 150 200 250 300 350 400 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
70.0 39.2 67.8 96.0 124 152 180 207 237 267
75.0 27.4 45.0 63.3 80.7 97.7 117 134 152 169 206 1 : Il
80.0 17.0 28.7 40.6 50.6 59.8 70.8 81.2 91.4 103 124 228 335
85.0 14.7 22.6 31.0 40.8 50.6 57.8 66.4 74.5 83.5 101 166 243 [lililïïiiiil-
90.0 ■ED mmm Ü H
95.0 8.0 12.1 15.6 21.7 25.3 29.5 34.1 37.8 41.6 50.2 91.7 133 174 216 259 299 342
100.0 7.6 11.3 15.3 20.2 23.5 27.7 30.2 34.8 38.5 46.0 83.1 121 159 197 234 271 309 346
105 7.3 10.8 14.2 17.7 22.7 25.1 29.1 32.4 35.5 41.9 76.6 111 145 180 214 249 283 318 352
110 7.1 10.2 13.5 16.6 21.6 23.7 27.6 29.8 33.8 39.9 71.3 103 135 167 199 231 263 295 327
115 6.9 9.9 12.8 15.8 19.9 23.2 25.6 28.9 31.3 37.0 66.7 96.4 126 156 186 216 245 275 305
120 6.7 9.5 12.3 15.1 17.9 22.5 23.9 27.7 29.6 35.4 63.3 90.3 119 146 175 202 230 258 286
125 6.6 9.3 11.8 14.5 17.1 21.6 23.5 26.0 29.0 34.1 59.5 85.9 112 138 165 191 217 243 269
130 6.5 9.0 11.4 13.9 16.4 20.3 23.1 24.0 28.0 32.5 57.0 81.6 106 131 156 181 205 230 255
135 6.4 8.8 111 13.5 15.8 18.5 22.6 23.7 26.7 30.0 53.8 llA 101 124 148 172 195 218 242
140 6.4 8.6 10.8 13.1 15.3 17.5 21.8 23.4 24.4 29.6 52.0 74.0 95.9 118 141 164 186 208 230
145 6.3 8.4 10.5 12.7 14.8 17.0 20.8 23.1 23.8 29.1 49.7 70.9 92.2 113 135 156 177 199 220
150 6.2 8.2 10.2 12.3 14.3 16.4 19.4 22.7 23.6 28.4 47.5 68.0 88.5 108 129 150 170 190 210
155 6.1 8.1 10.0 12.0 14.0 15.9 17.9 22.1 23.4 27.4 46.4 65.3 84.8 104 124 143 163 183 202
160 6.0 7.9 9.8 11.7 13.6 15.4 17.4 21.3 23.1 26.2 44.7 63.4 81.9 101 119 138 157 175 194
165 6.0 7.8 9.6 11.4 13.2 15.0 16.8 20.1 228 24.4 42.3 60.7 78.1 96.6 115 133 151 169 187
170 ____ 7.7 9.5 11.2 13.0 14.7 16.4 18.5 22.3 23.8 41.5 59.0 76.3 93.6 111 128 146 163 180
175 5.9 7.6 9.3 11.0 12.6 14.3 16.0 17.7 21.8 23.7 40.8 57.5 ■'3.7 90.0 107 124 141 157 174
180 5.9 7.6 9.1 10.8 12.4 14.0 15.6 17.2 20.8 23.5 39.9 55.2 71.3 87.9 103 120 136 152 168
185 5.9 7.5 9.0 10.6 12.2 13.7 15.3 16.8 19.6 23.4 38.6 53.6 69.6 84.6 101 116 132 148 163
190 5.9 7.4 8.9 10.4 11.9 13.5 14.9 16.5 18.0 23.2 36.7 52.6 67.3 82.6 97.2 113 128 143 159
195 5.9 7.3 8.8 10.2 11.7 13.2 14.7 16.1 17.6 23.0 35.8 51.2 65.4 80.1 94.8 109 124 139 154
200 5.8 7.2 8.7 10.1 11.5 13.0 14.4 15.8 17.2 22.7 35.4 49.4 64.0 77.6 92.4 107 120 135 149
205 5.8 7.1 8.5 9.9 11.3 12.7 14.1 15.5 16.9 22.3 35.1 47.8 62.4 76.2 89.6 103 118 131 145
210 5.8 7.1 8.4 9.8 11.2 12.5 13.8 15.2 16.5 21.8 34.6 47.1 59.9 74.0 87.6 101 114 128 141
215 5.8 7.1 8.3 9.6 11.0 12.3 13.6 14.9 16.2 21.0 34.0 46.5 59.1 71.8 85.1 98.4 112 125 138
220 5.8 7.0 8.3 9.5 10.8 12.1 13.4 14.7 15.9 20.2 33.0 45.5 58.1 70.5 83.1 95.5 108 121 134
225 5.8 7.0 8.2 9.4 10.7 11.9 13.1 14.4 15.7 18.3 31.8 44.5 56.7 69.1 81.6 93.8 106 119 131
230 5.7 6.9 8.1 9.3 10.5 11.8 13.0 14.2 15.4 17.8 30.0 42.4 54.6 67.1 79.2 91.2 103 116 128
235 5.7 69 8.0 9.2 10.4 11.6 12.8 13.9 15.1 17.5 29.8 41.7 53.6 65.5 77.4 89.2 101 113 125
240 5.7 6.8 7.9 9.1 10.2 11.4 12.6 13.7 14.9 17.2 29.6 41.4 53.0 64.6 76.1 87.6 99.1 110 122
245 5.7 6.8 7.8 9.0 10.1 11.3 12.4 13.6 14.7 17.0 29.5 41.0 52.3 63.5 74.4 85.4 96.6 108 119
250 5.7 6.7 7.8 8.9 10.0 11.2 12.3 13.3 14.4 16.7 29.3 40.5 51.3 62.1 72.0 83.5 94.8 106 117
255 5.7 6.6 7.7 8.9 9.9 11.0 12.1 13.1 14.3 16.4 29.1 39.8 49.9 59.9 71.2 82.3 93.0 103 114
260 5.6 6.6 7.7 8.8 9.8 10.8 11.9 13.0 14.0 16.1 28.9 38.9 48.1 59.3 70.1 80.7 90.6 101 112
265 5.6 6.6 7.7 8.7 9.7 10.7 11.8 12.8 13.8 15.9 28.6 37.8 47.6 58.6 68 8 78.5 89.1 99.8 110
270 5.6 6.5 7.6 8.6 9.6 10.6 11.7 12.6 13.7 15.6 28.3 36.0 47.2 57.7 67.2 77.2 87.8 97.2 107
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Table A4.7. Variation in the FWHM of the PSF with Hole Size(</) and Source to Collimator Distance(A). All units are in mm.
d \ b 0.0 50.0 100.0 150 200 250 300 350 400 450 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.1 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.5 0.5 0.6 0.6 1.2 1.7 2.2 2.2 2.8 3.8 4.2 4.9 5.6
0.2 0.3 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.0 1.2 2.2 3.2 4.3 5.4 6.0 7.6 8.9 9.7 10.003 0.3 0.5 0.6 0.8 1.0 1.1 1.3 1.4 1.6 1.7 1.8 3.4 5.0 6.4 7.4 8.8 10.4 12.3 14.6 15.90.4 0.4 0.6 0.8 1.1 1.2 1.4 1.6 1.7 2.1 2.2 2.6 4.6 6.5 8.6 10.0 13.3 14.6 16.5 18.5 20.4
0.5 0,5 0.8 1.0 1.3 1.5 1.8 2.1 2.4 2.5 2.8 3.0 5.7 8.1 11.0 13.9 15.5 18.3 21.1 22.7 25.8
0.6 0.6 0.9 1.3 1.6 1.9 2.1 2.5 2.8 3.1 3.3 3.7 6.7 9.5 13.1 15.7 19.3 21.7 25.5 28.1 29.0
0.7 0.7 1.1 1.4 1.8 2.2 2.6 2.9 3.3 3.6 3.9 4.3 7.8 11.3 15.2 18.0 22.9 25.7 29.0 33.3 35.6
0.8 0.8 1.2 1.6 2.0 2.4 2.9 3.3 3.5 4.0 4.5 4.9 8.9 13.1 17.5 21.4 25.8 30.2 33.2 38.3 41.1
0.9 0.9 1.4 1.8 2.3 2.7 3.3 3.6 4.2 4.5 4.9 5.5 9.9 14.4 19.0 23.6 28.5 33.0 36.8 42.2 46.8
1.0 1.0 1.5 2.0 2.5 3.1 3.5 4.0 4.6 5.1 5.5 6.2 111 16.4 21.3 25.6 30.9 36.8 41.3 46.1 52.5
1.1 1.1 1.7 2.3 2.8 3.4 3.9 4.5 5.0 5.6 6.2 6.8 12.1 17.5 23.9 29.1 34.5 40.1 46.0 51.3 57.8
1.2 1.2 1.8 2.5 3.1 3.7 4.3 5.0 5.3 6.0 6.7 7.2 13.1 19.0 25.5 31.6 36.2 44.5 49.8 57.1 62.1
13 1.3 2.0 2.7 3.3 3.9 4.6 5.3 5.9 6.5 7.3 8.0 14.6 21.0 2&2 34.1 41.0 47.3 54.5 61.5 613
1.4 1.4 2.2 2.9 3.5 4.3 5.0 5.5 6.5 7.0 7.7 8.6 16.0 23.2 29.4 36.7 43.5 51.8 59.3 65.5 72.1
1.5 1.5 2.3 3.1 3.8 4.6 5.2 6.0 6.8 7.6 8.4 9.0 16.7 23.9 31.8 39.3 46.9 54.6 62.8 70.0 76.6
1.6 1.6 2.4 3.3 4.1 4.8 5.7 6.5 7.4 8.2 9.0 9.7 17.7 25.8 34.3 42.4 51.6 58.7 67.3 74.2 84.8
1.7 1.8 2.6 3.4 4.3 5.2 6.0 6.9 7.8 8.7 9.7 10.4 19.2 27.3 36.0 45.2 53.9 62.1 71.0 79.9 88.3
1.8 1.8 2.7 3.7 4.6 5.5 6.4 7.2 8.2 9.1 10.1 11.0 19.9 29.8 38.0 47.9 56.2 66.4 75.3 85.2 93.1
1.9 1.9 2.9 3.8 4.9 5.9 6.7 7.7 8.9 9.4 10.9 11.6 21.2 31.1 40.5 50.1 60.5 69.0 79.8 88.8 98.2
2.0 2.0 3.1 4.1 5.1 6.2 7.1 8.2 9.1 10.2 11.0 12.3 22.3 32.6 42.6 53.1 63.3 72.9 82.7 94.1 103
2.1 2.2 3.2 4.3 5.3 6.5 7.4 8.5 9.7 10.8 11.8 12.6 22.9 33.8 44.5 55.3 65.7 76.9 87.9 96.5 107
2.2 2.3 3.4 4.5 5.5 6.7 7.7 9.0 10.1 111 12.4 13.2 24.6 35.6 47.1 58.4 70.4 80.4 92.1 103 115
23 2.3 3.5 4.7 5.8 7.0 8.2 9.3 10.6 11.7 12.9 14.0 25.6 37.5 49.1 61.0 72.7 85.2 96.8 109 118
2.4 2.4 3.7 4.9 6.0 7.3 . .  8 - 5 , 9.7 10.9 12.2 13.3 14.5 26.8 38.7 51.2 63.2 74.8 87.7 100 112 123
2.5 2.5 3.8 5.0 6.4 7.6 9.0 10.1 11.6 12.7 14.1 15.2 27.9 40.6 53.2 66.0 78.4 91.0 105 116 131
2.6 2.6 3.9 5.3 6.6 7.9 9.3 10.7 11.9 13.1 14.4 15.8 29.0 42.6 56.2 69.0 82.1 96.4 109 123 135
2.7 2.8 4.1 5.5 6.8 8.2 9.6 10.9 12.4 13.7 15.0 16.5 30.2 43.0 58.4 71.7 86.2 99.7 113 127 139
2.8 2.9 4.3 5.7 7.0 8.5 9.9 11.3 12.9 14.2 15.5 16.8 30.8 45.6 59.5 73.8 88.6 102 118 132 146
2.9 3.0 4.4 5.8 8.8 ^ 1 ^ 11.8 13.3 14.8 16.3 17.5 32.2 47.0 60.9 76.5 90.8 106 120 136 151
3.0 a m m m I m r n n ■H B WÊÊmm m3.5 3.5 5.3 7.1 8.8 10.6 12.4 14.1 16.0 17.8 19.5 21.5 1 38.6 56.7 73.8 9T 0l ^ 1 1 ^ 145
4.0 4.1 6.1 8.1 10.1 12.2 14.2 16.3 18.4 20.5 22.2 24.4 44.8 65.5 85.2 105 126 145 167 i s s i
4.5 4.6 6.9 9.1 11.6 13.7 16.0 18.5 20.6 22.8 25.2 27.3 50.3 72.7 96.4 119 144 164 23Î
5.0 5.1 7.6 10.0 12.8 15.2 17.7 20.2 22.7 25.5 28.0 30.3 55.9 81.1 105 131 1 158 1 m l 2S$
5.5 5.6 8.3 11.2 14.0 16.7 19.7 22.5 25.2 27.9 30.7 33.6 61.2 88.5 117 146 173 1 m l 23! [ 2S6\ 2»
6.0 6.0 9.1 12.2 15.1 18.2 21.3 24.4 27.5 30.4 33.6 36.5 66.6 97.3 128 160 . m l m l m
6.5 6.6 9.9 13.1 16.4 19.9 22.9 26.4 29.8 32.9 36.4 39.3 73.3 106 138 170 m l m l 33S
7.0 7.1 10.7 14.2 17.6 21.3 24.8 28.3 32.0 35.8 39.0 42.8 77.7 114 149 [. y m ...." isîi.l m l ml
7.5 7.7 11.5 15.2 19.0 22.8 26.8 30.5 34.5 37.9 41.8 45.8 84.4 121 159 m m \ m l m l m
8.0 8.1 12.2 16.3 20.3 24.2 28.6 32.2 36.5 40.9 45.0 48.8 89.1 131 171 m 1____m m\ m m\ 412
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Table A4.8. Variation in FW TM of the PSF with Hole Size(<f) and Source to Collimator Distance(f>). All units are in mm.
d \ b 0.0 50.0 100.0 150 200 250 300 350 400 450 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.1 0.5 0.5 0.6 0.6 0.7 0.8 1.0 1.1 1.1 1.3 1.4 2.3 3.4 4.6 5.3 6.3 7.4 8.3 9.7 10.5
0.2 0.6 0.7 1.0 1.1 1.3 1.5 1.7 1.9 2.2 2.3 2.4 4.5 6.5 8.7 10.6 12.7 15.0 17.0 19.0 21.8
0.3 0.7 1.1 1.3 1.7 1.9 2.2 2.4 2.8 3.1 3.4 3.7 6.8 10.0 13.1 16.0 19.6 22.7 26.1 28.7 32.1
0.4 1.0 1.3 1.7 2.1 2.6 2.9 3.4 3.8 4.2 4.6 5.0 9.1 13.2 17.3 22.0 26.5 29.8 34.2 38.4 42.8
0.5 1.1 1.6 2.2 2.7 3.2 3.6 4.2 4.7 5.2 5.8 6.2 11.3 16.5 22.4 27.5 32.5 37.8 41.9 47 4 52.3
0.6 1.3 1.9 2.5 3.1 3.8 4.4 5.0 5.6 6.2 6.8 7.4 13.6 20.6 26.8 32.5 38.5 45.2 51.1 57.3 63.4
0.7 1.6 2.2 2.9 3.6 4.4 5.1 5.8 6.5 7.2 8.0 8.7 15.9 23.3 30.6 37.9 45.4 52.4 59.5 66.9 73.9
0.8 1.7 2.5 3.3 4.2 4.9 5.8 6.6 7.5 8.3 9.1 10.0 18.3 26.9 35.0 43.2 51.6 59.8 67.5 76.4 84.7
0.9 1.9 2.8 3.8 4.7 5.6 6.5 7.4 8.3 9.3 10.3 11.2 21.2 29.8 39.5 48.7 57.6 66.7 75.8 85.9 95.3
1.0 2.1 3.1 4.1 5.2 6.2 7.3 8.3 9.3 10.4 11.4 12.5 23.1 33.4 43.8 53.7 63.9 74.5 84.9 95.1 106
1.1 2.3 3.4 4.6 5.7 6.9 8.0 9.1 10.2 11.3 12.5 13.6 25.2 36.6 47.8 59.4 70.5 81.4 93.7 105 116
1.2 2.5 3.8 5.0 6.2 7.4 8.7 9.9 111 12.4 13.7 14.9 27.7 40.0 52.4 64.6 76.9 89.6 101 114 126
1.3 2.7 4.0 5.4 6.7 8.1 9.4 10.7 12.0 13.4 14.9 16.1 29.7 43.1 56.9 69.8 83.0 97.1 110 123 137
1.4 2.9 4.4 5.8 7.3 8.7 10.1 11.6 13.0 14.4 15.9 17.3 32 3 46.4 60.9 75.3 89.6 104 119 133 147
1.5 3.1 4.7 6.2 7.8 9.3 10.8 12.4 14.0 15.5 17.0 19.0 34.4 49.6 65.1 80.7 95.8 111 127 142 158
1.6 3.4 5.0 6.6 8.3 9.9 11.6 13.2 14.8 16.5 18.4 20.6 36.3 52.9 69.5 86.1 102 119 136 152 169
1.7 3.5 5.3 7.0 8.8 10.6 12.3 14.0 15.8 17.5 20.3 21.7 39.0 56.2 74.0 91.8 109 126 144 161 180
1.8 3.8 5.6 7.5 9.3 11.2 13.0 14.9 16.7 19.1 21.1 22.6 41.0 59.5 77.8 96.9 115 134 152 171 189
1.9 4.0 5.9 7.8 9.9 11.8 13.7 15.7 17.8 20.4 22.2 23.7 43.4 62.9 82.4 102 121 141 161 180 200
2.0 4.1 6.2 8.3 10.3 12.4 14.4 16.5 19.0 21.5 22.9 25.1 45.7 66.3 86 8 108 128 149 169 190 211
2.1 4.4 6.5 8.7 10.9 13.1 15.2 17.4 20.4 22.2 23 9 26.7 47.5 69.6 91.1 113 135 156 178 199 220
2.2 4.6 6.9 9.1 11.4 13.6 15.9 18.5 21.2 23.0 25.6 27.8 50.1 73.1 95.6 119 141 164 186 209 231
2.3 4.8 7.1 9.5 11.9 14.3 16.6 19.7 22.0 23.8 26.8 28.7 52.4 76.3 100 123 148 171 194 218 242
2.4 5.0 7.5 9.9 12.4 14.9 17.4 20.6 22.7 25.1 27.7 29.8 54.7 78.9 104 129 154 179 204 227 253
2.5 5.2 7.7 10.3 12.9 15.5 18.1 21.4 234 26.4 28.7 31.4 57.1 82.6 108 134 160 186 212 237 264
2.6 5.4 8.0 10.7 13.4 16.1 19.5 22.0 24.2 27.4 29.5 32.7 59.1 85.8 113 140 167 193 220 247 273
2.7 5.6 8.4 11.2 14.0 16.7 20.3 22.7 25.5 28.3 30.9 33.9 61.6 89.1 117 146 174 201 229 257 284
2.8 5.8 8.7 11.6 14.5 17.3 21.0 23.4 26.7 29.1 32.3 34.9 63.9 92.5 121 150 179 208 237 267 295
2.9 6.0 9.0 11.9 15.0 17.9 21.7 24.0 27.5 30.0 33.4 35.9 66.0 95.7 126 156 186 216 246 276 306
3.0 ■ ■ B

10.8
w a r n m m H I m m m m m É à3.5 7.2 14.5 18.0 22.2 25.8 29.2 33.0 36.1 39.9 43.7 79.5 116 151 189 224 260 297 333

4.0 8.3 12.4 16.6 21.5 25.3 29.1 33.5 37.6 41.4 45.8 50.0 91.0 132 174 215 256 298 339
4.5 9.3 14.0 19.2 23.5 28.3 33.0 37.5 41.9 46.7 51.5 55.8 102 148 195 242 289 335
5.0 10.4 15.5 21.6 26.6 31.4 36.3 41.4 46.8 52.1 57.2 62.3 114 166 217 269 m l
5.5 11.4 17.1 23.1 28.9 34.5 40.3 46.1 51.8 57.4 63.1 68.8 125 183 239 297
6.0 12.5 19.5 25.7 31.9 38.0 44.3 50.5 56.8 62.8 69.2 75.2 138 200 262 325
6.5 13.6 21.5 28.0 34.5 41.1 47.7 54.6 61.4 68.3 75.2 81.9 150 218 286
7.0 14,8 22 8 29.7 37.3 44.8 52.2 59.4 66.5 74.2 81.5 88.8 163 236 ' m i i i i i s :
7.5 16.0 24.0 32.8 40.4 47.8 56.5 64.3 71.8 80.2 8&2 96.2 176 255
8.0 17.2 27.1 34.9 43.5 52.1 60.6 69.3 77.7 86.6 95.2 104 189 276
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Table A4.9. Variation in FW HuMof the PSF with Hole Size(</) and Source to Collimator Distance!/»). All units are in mm.

d \ b 0.0 50.0 100.0 150 200 250 300 350 400 450 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.1 0.6 0,6 0,7 1,1 1,2 1.2 1.3 1,6 1,7 1,8 2,0 3,5 5,0 6,7 8.0 9,9 111 12.9 14,5 15,9
0.2 0,6 1,2 1,2 1,7 1,9 2,3 2,4 2,8 3,1 3.4 3,6 6,7 9.8 12,7 15,7 20,0 23,1 25,8 28,8 31.3
0.3 1,2 1,6 1,9 2,4 2,8 u . 3.2 3,6 4,1 4,6 5,1 5,4 10,0 14,6 19,8 23,9 28,9 33,3 37.1 41,8 46,7
0.4 1,2 1,8 2,4 3,1 3,6 4,2 4,8 5,4 6,0 6.6 7,4 13,2 20,3 26,3 31,8 38,4 43,8 49,6 55,5 61,8
0.5 1,7 2.3 3.0 3,9 4,6 5,3 6,1 6,9 7,5 8,3 9,1 16,6 24,2 32,7 40,0 47.2 54,0 62.1 69,7 76,4
0.6 1,8 2,8 3,6 4,6 5,5 6,4 7,2 8,1 9,1 9,9 10,8 21,2 29,4 38,9 47,2 56,4 65,2 74,2 82,9 92,1
0.7 2.3 3,2 4,2 5,3 6,4 7,4 8,4 9,5 10,6 11,5 12.7 23,7 34,5 44,9 54,8 65,6 76,5 86.3 97.0 107
0.8 2,4 3,6 4,8 6.0 7,2 8,4 9,6 10,8 12,0 13,2 14,4 27.6 39,3 50.8 63,1 75,2 86,8 99,0 111 123
0.9 2.8 4,1 5,4 6.8 8,1 9,5 10,8 12,2 13,5 14,8 16,2 29,9 43,8 57,4 70,7 84,1 97,2 111 124 138
1.0 3,0 4,6 6,0 7,6 9,0 10,5 12.0 13,5 15,0 16,5 18,1 340 48,1 63,6 78,0 93,4 108 123 138 154
1.1 3,4 5,0 6,6 8,3 10,0 11,5 13,2 14,9 16.5 18,5 21,3 36,4 53,1 69,9 86.3 102 119 136 152 169
1.2 3,6 5,4 7,2 9,0 10,8 12.6 14,4 16,2 18,0 21.3 23,0 40,4 58,1 76,0 93,8 112 130 148 166 184
1.3 4,0 5,9 7,8 9.8 11.7 13.7 15,6 17,6 20,9 22,9 23,8 43,3 62,8 82,4 101 121 141 160 180 199
1.4 4,2 6,4 8,4 10,5 12,6 14,8 16,7 19,9 22,5 23,7 26.2 46,8 67,5 88,4 109 130 151 173 194 215
1.5 4,6 6,8 9.0 11,3 13,5 15.8 18,0 21,8 23,5 25,4 28,2 50,0 72,1 94,5 117 139 162 185 208 229
1.6 4,8 7,2 9.6 12,0 14,4 16,8 20,4 23,0 24,0 27,6 29,4 53,2 77,2 101 125 149 173 197 220 245
1.7 5,2 7,7 10,2 12.8 15,3 17,9 22,0 23,6 26,6 29.1 31,2 56,6 81,8 107 133 158 183 209 234 260
1.8 5.4 8,1 10,9 13.5 16,2 19,9 22,9 24,6 28,3 29,9 33,4 59,5 86,9 113 141 167 195 222 249 275
1.9 5,8 8,6 11,4 14,3 17,1 21,5 23,6 26,8 29,3 32,1 35,0 6.3,1 91,6 120 149 177 205 234 262 291
2.0 6,0 9,0 12,0 15,1 18.1 22,6 24,0 28,2 30,0 33,9 36,1 66,1 96,3 126 156 185 216 246 276 306
2.1 6,4 9,5 12,6 15,8 20,1 23 2 26,1 29,2 32,4 35,3 38,6 69,6 101 132 164 196 227 258 290 321
2.2 6,6 10,0 13,2 16,5 21,4 23,7 27,7 29,9 34,1 36.6 40,4 73,0 106 139 172 205 238 271 304 337
2.3 7,0 10,4 13.8 17.3 22,3 24,4 28,7 31,9 35,2 38,9 41,8 76,5 111 145 180 215 249 284 318 352
2.4 7,3 10,8 14,5 18,1 23,1 26,4 29,5 33.6 36,2 40,5 43,9 79,9 116 152 188 224 261 296 332
2.5 7,6 11,3 15,1 20,1 23,5 27,8 30,2 34,8 38,4 41,7 46,0 83,2 121 158 196 234 271 309 346
2.6 7,9 11,8 15,8 21,4 23,9 28,7 32.4 35,7 40,1 43,9 47,5 86,8 126 165 204 244 283 322
2.7 8,2 12,3 16,4 22,3 25.3 29,4 33,9 37,5 41,4 45,8 49.8 90,0 131 172 213 254 295 335
2.8 8,6 12.8 17,1 22,9 27,0 29,9 35.0 39,4 42,9 47,3 51.8 94,0 136 179 221 264 306 350
2.9 8,9 13.3 17,7 23,4 28,2 32.2 35,8 40,8 45,3 49,2 53,4 97,7 142 186 231 274 319
3.0 1 ■■QQmm mmmÊMmmsdmmmmmmn a
3.5 19,1 27,4 37,4 46,2 55,7 64,6 74,2 82.9 92.6 102 111 203 296 i f ” 3
4.0 23,4 35,1 46,5 58,0 69,2 80.5 91,8 103 114 125 137 251
4.5 35,3 53.7 70,8 89.2 107 125 142 160 178 277 213
5.0 49.4 74,0 99,1 123 149 174 200 224 248 344 300
5.5 62,4 93,6 125 157 189 219 250 280 313
6.0 77,2 115 154 191 230 270 308 345
6.5 90,1 135 180 225 270 316
7.0 103 153 205 255 307
7.5 113 170 226 283 339
8.0 124 186 247 310

213



Appendix 5. Data Obtained From Ray 
Tracing Studies Of Diverging Tapered 
Bore Focusing Hole Collimators.

A5.1 Notes.
This section gives resolution values obtained from ray tracing simulations of 

diverging tapered bore collimators. Errors on data are ±0 .1  mm for resolution values 
less than or equal to 100 mm and ± 1 mm for resolution values greater than 100 mm.
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Table A5. la. Collimator A: Variation In FWHM Value With Energy (E/keV) And Radial Position (N) From Centre Along Major Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2
3.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2
4.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3
5.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2
6.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2
7.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2
8.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
9.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3
10.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3
11.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
12.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
13.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3
14.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
15.0 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4
16.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3
17.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3

Table A5.1b. Collimator A: Variation In FWHM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
3.0 2.0 2.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.3 2.3
4.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3
5.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
6.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3
7.0 2.0 2.0 2.0 2.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3
8.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3
9.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3
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Table A5.2a. Collimator A: Variation In FWTM Value With Energy (E/keV) And Radial Position (N) From Centre Along Major Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
2.0 3.5 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1
3.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
4.0 3.5 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1
5.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
6.0 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1
7.0 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1
8.0 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1 4.1
9.0 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
10.0 3.5 3.6 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1
11.0 3.5 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1
12.0 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.9 3.9 4.0 4.0 4.1 4.1 4.1
13.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1
14.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1
15.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1 4.1 4.1
16.0 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1
17.0 3.6 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1 4.1 4.1

Table A5.2b. Collimator A: Variation In FWTM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
2.0 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
3.0 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1
4.0 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1 4.1 4.1
5.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
6.0 3.5 3.5 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1 4.1
7.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1
8.0 3.5 3.5 3.5 3.6 3.6 3.6 3.6 3.7 3.7 3.7 3.8 3.8 3.9 3.9 3.9 4.0 4.0 4.1 4.1 4.1
9.0 3.5 3.5 3.6 3.6 3.6 3.6 3.6 3.7 3.7 3.8 3.8 3.8 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1

216



Table A5.3a Collimator A: Variation In FWHuM Value With Energy (E/keV) And Radial Position (N) From Centre Along Major Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.4 4.4 4.4 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.8
2.0 4.4 4.4 4.4 4.4 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.7
3.0 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.6 5.7
4.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.9 5.1 5.2 5.3 5.3 5.4 5.6 5.7
5.0 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.5 5.7
6.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.7
7.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.5 5.7
8.0 4.3 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.7
9.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.9 5.0 5.1 5.3 5.3 5.4 5.6 5.8
10.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.9 5.1 5.2 5.3 5.3 5.4 5.6 5.7
11.0 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.7 4.8 4.9 5.0 5.2 5.3 5.3 5.5 5.6 5.8
12.0 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.3 5.4 5.6 5.8
13.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.4 5.5 5.6 5.8
14.0 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.3 5.5 5.6 5.8
15.0 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.4 5.5 5.7 5.8
16.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.3 5.4 5.6 5.8
17.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.5 5.7 5.8

Table A5.3b. Collimator A: Variation In FWHuM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.4 4.4 4.4 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.8
2.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.7
3.0 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6 4.7 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.6 5.8
4.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.8
5.0 4.4 4.4 4.4 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 5.0 5.1 5.2 5.3 5.4 5.6 5.7
6.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.9 5.0 5.2 5.3 5.3 5.4 5.6 5.8
7.0 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.9 5.1 5.2 5.3 5.3 5.4 5.6 5.8
8.0 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.3 5.5 5.6 5.8
9.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.1 5.2 5.3 5.3 5.5 5.6 5.8
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Table A5.4a. Collimator B: Vriation In FWHM Value With Energy (E/keV) And Radial Position (N) From Centre Along Major Axis
N \E 100.0 130 160 L 1 9 0 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5
2.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6
3.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6
4.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.5
5.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6
6.0 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5
7.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5
8.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5
9.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5
10.0 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5
11.0 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6 2.6 2.6
12.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6
13.0 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5
14.0 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6 2.6
15.0 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6 2.6
16.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6
17.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6

Table A5.4b. Collimator B: Vriation In FWHM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5
2.0 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.5 2.6 2.6
3.0 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5
4.0 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5
5.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.5 2.6
6.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6
7.0 2.2 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5
8.0 2.2 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5
9.0 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.4 2.4 2.4 2.4 2.4 2.4 2.5 2.5 2.5 2.5 2.5 2.6 2.6
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Table A5.5a. Collimator B: Variation In FWTM Value With Energy (E/keV) And Radial Position (N) From Centre Along Major Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 3.9 3.9 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
2.0 3.9 3.9 3.9 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
3.0 3.9 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.5
4.0 3.9 3.9 3.9 3.9 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5
5.0 3.9 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
6.0 3.9 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.5 4.6
7.0 3.9 3.9 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
8.0 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.5 4.6
9.0 3.9 3.9 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6
10.0 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.3 4.4 4.4 4.5 4.5 4.5 4.6
11.0 3.9 3.9 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6
12.0 3.9 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
13.0 3.9 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.5 4.5 4.6 4.6
14.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6 4.6
15.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.5 4.6 4.6
16.0 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.4 4.4 4.5 4.5 4.6 4.6 4.6
17.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6 4.6

Table A5.Sb. Collimator B: Variation In FWTM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 3.9 3.9 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
2.0 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6
3.0 3.9 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
4.0 3.9 3.9 3.9 3.9 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.5 4.6
5.0 3.9 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6
6.0 3.9 3.9 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6
7.0 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6
8.0 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.4 4.5 4.5 4.6 4.6
9.0 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.1 4.1 4.2 4.2 4.2 4.3 4.3 4.4 4.5 4.5 4.6 4.6 4.7
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Table A5.6a. Collimator B: Variation In FWHuM Value With Energy (E/keV) And Radial Position (N) From Centre Along Major Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.3 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
2.0 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
3.0 4.8 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.4
4.0 4.8 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.1 6.3 6.4
5.0 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.4
6.0 4.8 4.8 4.8 4.8 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
7.0 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.4
8.0 4.8 4.8 4.8 4.8 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
9.0 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.4
10.0 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.4 5.4 5.6 5.7 5.9 5.9 6.1 6.3 6.4
11.0 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.4 5.4 5.6 5.7 5.9 5.9 6.1 6.3 6.4
12.0 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.9 5.9 6.1 6.3 6.4
13.0 4.9 4.9 5.0 5.0 5.1 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.9 5.9 6.1 6.3 6.4
14.0 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.6 5.8 5.9 6.0 6.1 6.3 6.5
15.0 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.3 6.5
16.0 5.0 5.0 5.0 5.1 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.3 6.5
17.0 4.9 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 5.9 6.1 6.3 6.4

Table A3.6b. Collimator B: Variation In FWHuM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.3 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
2.0 4.8 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.4
3.0 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2 5.3 5.4 5.4 5.6 5.7 5.8 5.9 6.0 6.1 6.3
4.0 4.8 4.8 4.8 4.8 4.8 4.9 5.0 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.1 6.2 6.4
5.0 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.5 5.7 5.8 5.9 6.0 6.2 6.4
6.0 4.8 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
7.0 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.8 5.9 6.0 6.2 6.4
8.0 4.9 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3 5.3 5.4 5.4 5.6 5.7 5.8 5.9 6.1 6.3 6.4
9.0 5.0 5.0 5.0 5.1 5.1 5.1 5.2 5.2 5.3 5.3 5.3 5.4 5.5 5.7 5.8 5.9 5.9 6.1 6.3 6.4
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Table A5.7a, Collimator C: Variation In FWTM Value With Energy (E/keV) And Radial Posirion(N) From Centre Along Major Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
2.0 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2
3.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 4.9 5.0 5.0 5.1 5.1
4.0 4.4 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2
5.0 4.4 4.4 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1
6.0 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2
7.0 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
8.0 4.4 4.4 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1
9.0 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2
10.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
11.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2
12.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2
13.0 4.5 4.6 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3
14.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2
15.0 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3
16.0 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3
17.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.3

Table A5.7b. Collimator C: Variation In FWTM Value With Energy (EAeV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
2.0 4.5 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1
3.0 4.4 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1
4.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2
5.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2
6.0 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
7.0 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2
8.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.2
9.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2
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Table A5.8a. Collimator C: Variation In FWTM Value With Energy (E/keV) And Radial Position(N) From Centre Along Major Axis

N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670
1.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
2.0 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2
3.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 4.9 5.0 5.0 5.1 5.1
4.0 4.4 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2
5.0 4.4 4.4 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1
6.0 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2
7.0 4.4 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
8.0 4.4 4.4 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1
9.0 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2
10.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
11.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2
12.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.1 5.1 5.2 5.2
13.0 4.5 4.6 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3
14.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2
15.0 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3
16.0 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.3
17.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.3

Table A5.8b. Collimator C; Variation In FWTM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
2.0 4.5 4.5 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1
3.0 4.4 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1
4.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2
5.0 4.4 4.4 4.4 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2 5.2
6.0 4.4 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 5.0 5.0 5.1 5.1 5.2
7.0 4.5 4.5 4.5 4.6 4.6 4.6 4.6 4.7 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2
8.0 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2 5.2
9.0 4.4 4.5 4.5 4.5 4.5 4.6 4.6 4.6 4.7 4.7 4.8 4.8 4.9 4.9 5.0 5.0 5.1 5.1 5.2 5.2
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Table A5.9a. Collimator C: Variation in FW HuM  Value W ith Energy (E/keV) And Radial Position (N) From Centre Along M ajor Axis
N \E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 5.4 5.4 5.4 5.5 5.5 5.6 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.2
2.0 5.4 5.4 5.4 5.4 5.5 5.6 5.7 5.7 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.1
3.0 5.4 5.4 5.4 5.4 5.5 5.6 5.6 5.7 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.1
4.0 5.4 5.4 5.4 5.5 5.6 5.6 5.7 5.8 5.8 5.9 5.9 6.0 6.2 6.3 6.4 6.5 6.6 6.8 7.0 7.2
5.0 5.4 5.4 5.5 5.5 5.6 5.6 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.9 7.0 7.2
6.0 5.4 5.4 5.4 5.4 5.5 5.6 5.7 5.7 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.9 7.0 7.2
7.0 5.4 5.4 5.5 5.5 5.6 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.7 6.9 7.0 7.2
8.0 5.5 5.5 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.2
9.0 5.4 5.4 5.4 5.5 5.5 5.6 5.7 5.8 5.8 5.9 5.9 6.0 6.2 6.3 6.5 6.6 6.7 6.9 7.1 7.2
10.0 5.4 5.4 5.5 5.5 5.6 5.7 5.7 5.8 5.8 5.9 6.0 6.0 6.2 6.3 6.5 6.6 6.7 6.9 7.0 7.2
11.0 5.5 5.5 5.6 5.6 5.6 5.7 5.7 5.8 5.8 5.9 6.0 6.0 6.2 6.3 6.4 6.5 6.7 6.9 7.1 7.2
12.0 5.5 5.5 5.6 5.6 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.2 6.4 6.5 6.6 6.7 6.9 7.1 7.2
13.0 5.5 5.5 5.6 5.6 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.1 7.3
14.0 5.6 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.1 7.2
15.0 5.5 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.9 6.0 6.0 6.2 6.3 6.4 6.5 6.6 6.8 7.0 7.1 7.2
16.0 5.6 5.7 5.7 5.7 5.8 5.8 5.8 5.9 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.1 7.2
17.0 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.0 6.2 6.3 6.4 6.5 6.6 6.8 7.0 7.1 7.3

Table A5.9b. Collimator C: Variation in FWHuM Value With Energy (E/keV) And Radial Position (N) From Centre Along Minor Axis
W E 100.0 130 160 190 220 250 280 310 340 370 400 430 460 490 520 550 580 610 640 670

1.0 5.4 5.4 5.4 5.5 5.5 5.6 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.2
2.0 5.4 5.4 5.4 5.4 5.5 5.6 5.7 5.7 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.7 6.9 7.0 7.2
3.0 5.4 5.4 5.4 5.5 5.5 5.6 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.5 6.6 6.8 7.0 7.2
4.0 5.4 5.4 5.5 5.5 5.6 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.3 6.4 6.6 6.7 6.9 7.0 7.2
5.0 5.5 5.5 5.5 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.2 6.3 6.4 6.5 6.7 6.9 7.0 7.1
6.0 5.5 5.5 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.9 6.0 6.1 6.2 6.4 6.5 6.6 6.7 6.9 7.1 7.2
7.0 5.5 5.5 5.5 5.6 5.6 5.7 5.7 5.8 5.8 5.9 6.0 6.0 6.2 6.3 6.4 6.6 6.7 6.9 7.1 7.2
8.0 5.5 5.6 5.6 5.6 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.1 6.2 6.4 6.5 6.6 6.8 7.0 7.1 7.3
9.0 5.6 5.6 5.7 5.7 5.7 5.8 5.8 5.9 5.9 6.0 6.0 6.2 6.3 6.4 6.5 6.6 6.8 7.0 7.1 7.3
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