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This thesis details the design and development of solutions for gamma-ray imaging problems in, 
Nuclear Medicine and nuclear decommissioning. The designs presented are: a compact gamma 
camera for locating the sentinel lymph node, a near-field coded aperture imager for in-vivo 
imaging of the distribution of a radio-labelled pharmaceuticals in small animals, a coded 
aperture imager based upon an existing pinhole imager and finally, an imaging system designed 
to aid in the decommissioning of the Windscale piles, at Sellafield. 

The design of a coded-aperture imaging system for use in the nuclear industry is presented and 
its performance is compared with that of an existing pinhole imaging system. The sensitivity of 
the coded aperture system was demonstrated to be superior to that of the pinhole system in high 
background environments, thus allowing the use of comparatively less shielding. However, the 
non-uniformity of the PSPMT detector plane was demonstrated to be a limiting factor in the 
sensitivity of the pinhole imager. 

In the context of a detector suitable for a scintimamography detector system, a multi-wire data 
acquisition system was evaluated with a 5" Position Sensitive Photomultiplier (PSPMT) in order 
to improve upon the poor performance of the resistive divider technique. The readout system 
improved the useable area of the PSPMT by 36% and the spatial resolution from 1.9 to 1.5mm 
when imaging a CsI(Tl) crystal array of 2x2x3mm elements, compared with the resistive divider 
network. Subsequent to this evaluation the potential of the Multi-pixel Hybrid Photodiode 
(MHPD) was evaluated as an alternative to the PSPMT in this application. The spatial resolution 
of the MHPD was measured to be 600)J,m with a I mm thick planar CsI(Tl) scintillator. This data 
was then extrapolated to generate the parameters of a large area, 72mm diameter, device with a 
spatial resolution of <lmm. The feasibility of applying the device to two applications was then 
investigated. The first system, a near-field coded aperture system demonstrated a spatial 
resolution of 0.72mm at 7cm from the detector head, at 60keV. The second system designed 
demonstrated that a compact Anger camera based on the large area tube could locate a sentinel 
lymph node at a depth of 25mm in the patient, to an accuracy of 3mm in 30 seconds. 

Finally a compact industrial imaging system was designed and constructed, with a mass no 
greater than 10kg or maximum lateral dimension of 14cm, system capable of entering the fire 
damaged core of the Windscale Piles. The system was optimised for the imaging of Cs-137, the 
design and preliminary trials of the system are presented, including conclusions drawn from the 
development experience gained as to modifications which could be made to improve the 
performance of the system. 
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Chapter 1 

Chapter 1 

Thesis Overview 

1.1 Introduction 

This thesis reflects the broad range of applications which benefit from the ability to localise a 

source of gamma rays in a scene. Applications as diverse as locating the sentinel lymph node, for 

the staging of breast cancer, to imaging the fire-damaged core of a nuclear reactor in order to aid 

in its decommissioning. The common thread between these applications is the use of scintillation 

detectors to measure the distribution of the radioactivity, it is the study and development of these 

detectors which forms the basis of this thesis. 

Chapter 2 defines the energy range of photons of interest in this thesis to be between 30keV and 

1.5MeV, based upon the main isotopes of interest in both the medical and industrial 

applications. It also provides an introduction to the processes, techniques and detectors relevant 

in this energy band. The classic Anger-camera is introduced providing both the context and 

benchmark for the comparison of subsequent detector technologies. Of the technologies suitable 

for use in the detector plane of the industrial imaging system, only the Position Sensitive 

Photomultiplier (PSPMT) was available during the design stage the of the projects reported in 

the following chapter. 

In chapter 3 the relative performance of two different gamma-ray imaging techniques are 

explored, by modifying an existing industrial imaging system to incorporate a coded aperture 

imaging technique. The previously developed industrial imaging system, EPSILON is based on 

the use of a PSPMT and scintillation crystal array in the to record an image of the scene. The 

design of the coded aperture system is presented along with a theoretical evaluation of its 

performance in comparison with the pinhole system. The CAVE (Coded Aperture Version of 

EPSILON) system was designed and tested by the author in collaboration with Dr Paul Durrant 

and Dr Ian Jupp, who at the time were research assistants in the group. The two systems were 

then applied to a number of imaging scenarios, in order to explore the trade-off in performance 

between the two systems. The coded aperture system was demonstrated to offer a much 

improved sensitivity when imaging high background scenes, whereas the pinhole system was 

l-I 



Chapter 1 

clearly superior in imaging scenes which included extended or multiple sources. As a 

consequence a combined system was proposed that utilised both techniques. However, it was 

clear from the evaluation of the two systems that the non-uniformity of the detector response 

was severely limiting the imaging performance of the pinhole system. Thus demonstrating the 

need for an improved scintillation detector plane. This topic was investigated in the following 

Chapter. 

In the first section of Chapter 4 a multi-wire readout system is described which improved the 

spatial resolution and active area of a Position Sensitive Photomultiplier Tube (PSPMT). The 

multi-wire readout system was developed and evaluated in collaboration with Paul Durrant, a 

fellow student at the time. The performance of the improved system remained limited by the 

PSPMT. As a result of this experience, the Multi-pixel Hybrid Photodiode (MHPD) was 

investigated as an alternative position-sensitive planar detector plane. At the time of this 

research a large area, 72mm, diameter device was in development for CERN. The purpose of the 

second section of this chapter was to evaluate the performance of the available 18mm diameter 

devices in order to best optimise the design of the next generation of 72mm diameter devices for 

the medical gamma-camera application. The readout system used in the evaluation of the 

MPHD's, was developed by fellow student Cor Datema. 

Chapter 5 evaluates the feasibility of using the large area MHPD, proposed in the previous 

chapter, in two imaging systems of interest to the medical community. The first system is a near 

field coded aperture system and the second is a compact Anger-camera. The near-field imager 

application is for use in the in vivo imaging of radio-tracers in small animal models for drug 

development studies by the pharmaceutical industry. A preliminary design was developed using 

an image intensifier as the detection plane, in place of the large area MHPD. The near-field 

coded aperture imaging system was designed and tested in collaboration with Ian Jupp and Paul 

Durrant. The second application planned to utilise the 72mm MHPD as the detection plane in a 

compact anger camera, suitable for the location of the sentinel lymph node during breast cancer 

surgery. This work was performed in collaboration with Deborah Herbert a I®' year PhD student 

at the time. A range of collimator design were evaluated in computer simulations of the expected 

imaging environment with the optimum design presented. A novel collimator design is also 

presented capable of measuring the depth of the sentinel lymph node beneath the surface of the 

patients skin. Preliminary results of a pre-prototype collimator are presented using the small area 

MHPD as the detector plane. 

In Chapter 6, the design and preliminary evaluation of a novel imaging device, aimed at meeting 

a very specific decommissioning task proposed by BNFL, is presented. The decommissioning 
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task required the system to image the interior of the fire damaged Windscale piles at the BNFL 

facility in Cumbria. Access to the piles could only be gained through a small, 15cm diameter 

channel, thus, requiring an extremely compact imaging system. The design process and 

preliminary trials of the imager are presented. The design and construction of the system was the 

combined effort of several people, including the software, which was written by John 

Willoughby in collaboration with the author. The mechanical support structure was designed and 

constructed by Tony Gomm in collaboration with the author. 
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Chapter 2 

Chapter 2 

Recent developments in position sensitive 

Scintillation Detectors. 

2.1 Introduction 

The chief characteristic of y-rays which makes them useful probes in both astronomical and 

terrestrial observations, namely their penetrating nature, presents a challenging proposition for 

an instrumentation design. At photon energies above lOkeV the use of conventional focussing 

optics is not possible. Therefore, more exotic techniques have had to be developed. The scope of 

this thesis is the terrestrial applications of y-ray imaging in both nuclear medicine and industrial 

applications, therefore, only processes and detectors applicable in the photon energy range of 

30keV to l.SMeV will be considered. This energy range encompasses the lowest energy 

radioisotope in use by nuclear medicine to the upper limit of Co-60 emission in the nuclear 

industry. The techniques, which have been developed to image y-rays in this energy band rely 

upon the modulation of the photon flux in such a way as to allow the determination of the source 

position. The modulation of the photon flux can be either with respect to, time, or position. The 

temporal modulation technique requires only a simple detector capable of recording the incident 

flux as a function of time, whereas the spatially modulated technique requires the detector plane 

to also measure the location of the interaction within the detector. In this introduction we shall 

concentrate upon presenting the current state of the art in the position-sensitive scintillator 

detector plane sector. 

Position-sensitive detector development has been largely driven by the desire in the medical 

community, for devices capable of extending the use of diagnostic nuclear medicine to more 

specialist applications, for which current gamma-cameras are ill suited. 

In this chapter, a brief summary of the main processes by which y-rays interact with matter will 

be presented, followed by an introduction to the standard gamma-camera, leading to the recent 

developments in compact position-sensitive detector technology. 
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Chapter 2 

2.2 Photo-electric Absorption 

Under photoelectric absorption an incident y-ray is absorbed by a bound electron which is then 

ejected from the atom. The energy of the ejected electron is the energy of the incident photon 

minus the electron Binding Energy (B.E) expended in escaping from the electron shell, as per 

Equation 2-1. 

E = hv — B.E. Equation 2-1. 

The probability of a photon undergoing such a photoelectric interaction is dependent upon the 

atomic number Z, of the absorbing material and the energy By, of the incident photon, is given in 

equation 2-2. 

Z" 
oc — j j Equation 2-2. 

Here, n varies between 4 and 5 for the y-ray energies of interest. The high dependence of the 

photoelectric effect on the Z of the absorber is the motivation for the use of high-Z materials in 

both gamma-ray detectors and collimation systems. 

2.3 Compton Scattering 

Compton Scattering is a consequence of the interaction between a photon and an isolated 

electron. Whilst in solids the electrons will not be strictly free, this can be ignored when the 

photon-energy is large compared with this binding energy. The Compton scattering process can 

be seen illustrated in Figure 2-1. 

Recoil eleclTon 

Incident photon (hv) 

Scattered photon (hv) 

Figure 2-1. The Compton scattering process 
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Where the incident photon, with energy hv deflected by the electron at an angle 6, at an 

energy of hv'. From the conservation of energy and momentum, the following relation for the 

energy of the scattered photon can be derived, where $ is the scattering angle of the recoil 

electron: 

hv'--
hv 

1 + (l - cos l9) 
m„c 

Equation 2-3 

Were the difference in energy between the incident and scattered photon is transferred to the 

recoil electron. The probability of a photon undergoing a Compton interaction is dependent upon 

the electron density of material. The relative importance of these interaction processes is given 

in Figure 2-2 as a function of incident photon energy and the Z of the absorber. The lines in 

Figure 2-2 denote an equal probability of either reaction occurring. The third mechanism, by 

which a photon can deposit energy in a material is pair production, this process is only possible 

in the case of the incident photons with an energy greater than l.lMeV, and does not dominate 

until the incident photon energy exceeds ~5MeV. 
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Figure 2-2. Relative importance of the three major y-ray 

interaction mechanisms. 
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2.4 Gamma-ray detectors 

The interaction of y-rays with matter, produces fast electrons having a kinetic energy 

corresponding to the energy deposited in the material by the incident photon. The challenge in 

gamma-ray detector development is to measure the energy and location of the energy deposit. 

There are two main technologies which form the majority of position-sensitive gamma-ray 

detector research, scintillation devices and room-temperature semiconductor devices. 

The detection of y-rays in a scintillation counter is a two-stage process, first the incident photon 

is converted into a pulse of visible light by a scintillator, followed by the detection of the visible 

light by a photodetector. The passage of the fast electron through the scintillator excites bound 

electrons, these electrons decay back to their ground-state by emitting a photon having an energy 

equal to the difference in between the two energy levels. By adding an impurity, or "activators" 

to the crystal the number and wavelength of the emitted photons can be adjusted, as well as the 

decay time of the scintillation response. 

Position-sensitive scintillation detectors can be separated in into two groups, defined by the 

technique used to locate the position of interaction; 

Pixellated scintillation detectors: the individual scintillator elements are optically 

isolated from one another and the spatial information is limited simply by the size of the 

elements. These individual detectors are tessellated to form an array. 

Continuous position sensitive devices: In this case the scintillation light is shared 

between a number of optical detectors, a centroiding algorithm may then be used to 

calculate the location of the event with an accuracy greater than the individual detector 

elements. Alternatively, such a single scintillator slab could be read-out using a position-

sensitive photodetector. 

In the case of room-temperature semiconductor gamma-ray detectors the passage of the fast 

electron excites electrons from the valence band of the semiconductor into the conduction band, 

creating electron-hole pairs. These charge carriers are then swept to the collecting anode or 

cathode under an applied electric field, generating a charge signal. The number of electron-hole 

pairs generated is function of the band-gap of the material and the incident energy of the gamma-

ray photon, it is this direct conversion of the incident gamma-ray into the primary charge carriers 

which affords this devices their high spectral resolution, making them attractive components for 

use in a compact Anger camera. 
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2.4.1 The Anger Camera 

The Anger-camera which was invented in 1958 by H. Anger [2-1], has become the experimental 

bedrock of diagnostic nuclear medicine over the last 40 years. Whilst the original Anger-camera 

has evolved, the basic principle of its operation has remained unchanged. The mode of operation 

of the camera can be seen illustrated Figure 2-3. A thick scintillator, usually ~lcm of Nal(Tl) is 

coupled to an hexagonal array of PMT's. The scintillation light from the interaction of a y-ray in 

the scintillator is spread over a number of PMT's, via the scintillator and the thick glass window 

of the Nal(Tl) crystal which acts as a light guide. The charge measured by each PMT is therefore 

a function of its distance from the location of the gamma-ray interaction, thus the position of the 

interaction can be calculated using a simple centroiding algorithm. The most recent devices have 

an intrinsic spatial resolution of ~3-4mm over a large active area of typically ~40x40cm^ [2-2]. 

Gamma-Ray 

Collimota 

Sdntillota 

Light-Guide 

P W s 

Figure 2-3. Gamma camera operating principle 

In order for the interaction position to be reconstructed accurately the lightpool must be fully 

sampled. Since there are a finite number of PMT's this criterion cannot be fulfilled near the edge 

of the camera. As a result there is a "dead-area" around the edge of the detector where no 

position information can be reconstructed. This dead area is further increased by the inclusion of 

shielding around the detector. 

As well as having been successfully applied to medical imaging these devices have also been 

applied, in astronomy as the imaging plane in the Sigma coded aperture telescope mission [2-3], 

and also in the nuclear industry as a component in a pinhole imaging system for the sorting of 

nuclear waste. In the case of the Sigma telescope the sensitivity of the camera suffered from the 

fluorescence of the scintillator due to the cosmic ray background. 
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A desire exists in the nuclear medicine community to extend the benefits of diagnostic imaging 

to more challenging applications such as situations where access to the object to be imaged is 

restricted. An example of a procedure where this is the case is scintimammography where 

lesions in the breast, close to the chest wall, cannot be located with large gamma camera, as a 

consequence of the lack of sensitive area around the perimeter [2-4]. Other medical procedures, 

such as the sentinel lymph biopsy, require a device capable of being positioned in close 

proximity to areas, which for reasons of anatomy are difficult to achieve with existing systems. 

A compact gamma-camera is required having an active area from ~30cm^, for the lymph node 

detector, to ~400cm^, in the case of scintimammography. It is this requirement, which has 

stimulated the development of compact photodetectors. Such devices would also be of value in 

the nuclear industry and astronomy where a decrease in overall volume of the detector would 

lead to significant decrease in shielding mass. It is the development and application of such a 

compact gamma camera which forms the basis of this thesis. During the late 1980's Hamamatsu 

developed a position-sensitive PMT (PSPMT) that was applied to the compact gamma camera 

application. 

2.4.2 Position-Sensitive Photomultiplier Tubes 

A range of PSPMT devices have subsequently been developed by Hamamatsu, ranging from a 1" 

square tube to an 8" circular device. Position information is achieved by using a position 

sensitive anode, with a modified electron amplification stage designed to maintain the spread of 

the charge cloud as it is amplified. The photoelectrons emitted from a bialkali photocathode are 

amplified by a series of mesh dynode stages, resulting in a total gain of typically 10^ at an 

applied voltage of 1250V. Due to the photocathode deposition process detector uniformity varies 

by as much as a factor of 3:1 [2-5] unless a premium price is paid for selected tubes with a more 

uniform photocathode. A variety of PSPMT designs are currently available from the original 

manufacturer Hamamatsu. The current PSPMT designs available can be divided into two main 

classes, those with crossed wire anodes and those with metal plate anodes. 

In the crossed-wire anode design, the charge cloud exiting the electron multiplication stage is 

sampled by two planes of orthogonal wires, as can be seen in Figure 2-4. The charge collected 

on each wire is a function of its distance from the centroid of the event. As in the Anger camera, 

the charge cloud must be adequately sampled in order to produce a reliable centroid, but as a 

result the centroiding of events at the edge of the PSPMT is degraded. The extent of this 

degradation depends on the data acquisition method utilised. The most common method for 

reading out the crossed-wire PSPMT is the resistive-divider network, in which the ends of each 

anode wire are connected to a chain of resistors. The charge is divided according to the position 
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of the wire in the chain. Therefore the charge collected at each end of the resistor chain is 

proportional to the interaction position along the chain, and the use of simple algorithm 

reconstructs the position in one dimension. 

Photon 
Photocathode 

K'Focusing Mesh 

. , ' N-Grid Type Dynode 

X-anode 
Y»anode 

Last Dynode 

Figure 2-4. Operation of a PSPMT. 

Another read-out option for these devices, is to measure the amount of charge deposited on each 

wire individually, this technique requires a more complex data acquisition system but has been 

demonstrated to provide improve both the spatial resolution and the active area [2-6]. A 

summary of the crossed wire anode PSPMT's available from Hamamatsu can be seen in Table 

2-1. 

Type Number Outer geometry Sensitive area 
Percentage 
active area 

Number of 
Anode wires 

R2486 
Circle 3" 
Diameter 

50mm diam 43% 16x16 

R2487 
Square 
3"x3" 

60x50mm 49% 18x16 

R3292 
Circle 

5 "diameter 
100mm diam 59% 28x28 

R6970 
Circle 

8"diameter 
180mm diam 70% 

36x36 
paired 

Table 2-1. Cross wire anode PSPMT's available from 

Hamamatsu 

These devices have been used by a number of detector development groups around the world to 

read-out discrete scintillator arrays [2-7] and continuous crystals [2-8]. The 8" PSPMT device 

was a prototype device, and its performance was found to be poor as will be discussed in 
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Chapter 3. The resolution and useable area achieved with these PSPMT's is governed by the 

lightspread in the scintillator and entrance window. The use of arrays of optically isolated 

scintillator elements constrains the width of the light-pool incident on the entrance window, 

whilst increasing the light collection efficiency in comparison with the planar crystal. Also the 

individual crystals produce well-defined image pixels, in which the spectral and spatial 

uniformity can be corrected by post processing [2-9], plus an increase in the active area due to 

the narrower charge distribution at the anode. The drawbacks in using discrete elements are, (a) 

the spatial resolution is limited by the dimensions of the detector pixel and (b) the partition 

between individual crystals is insensitive to y-rays thus reducing the sensitivity of the camera. 

The high dead area of these devices, still limits their application as a compact gamma camera. 

One solution to the high dead-area problem of the PSPMT has been to develop smaller, F 'xl" 

square packaged PSPMT's, in order to reduce the overall size of the vacuum enclosure to a 1" 

square entrance window. This allows the use of thinner glass entrance window, which decreases 

the amount of lightspread and therefore the overall distribution of charge at the anode, thus 

resulting in a higher intrinsic spatial resolution than the larger tubes whilst maintaining a high 

active area, in a package which can be tessellated. This type of PSPMT has been realised with a 

range of anode configurations; a summary of the devices available form Hamamatsu can be seen 

in Table 2-2 [2-10]. 

Type Number Outer geometry Sensitive area 
Percentage 
active area 

Anode 
configuration 

R7600-C12 
25.5x25.5 
x20mm 

22x22mm 73% 6x6 metal strips 

R7600-C8 
25.5x25.5 
x20mm 

22x22mm 73% 4x4 metal strips 

R7600-M16 
25.5x25.5 

x20mm 
18x18mm 48% 4x4 metal pads 

R7600-M64 
25.5x25.5 
x20mm 

18x18mm 48% 8x8 metal pads 

Table 2-2. Properties of Hamamatsu multi-anode PMT's 

The metal strip anode devices operate in much the same way as the cross-wire anode PSPMT's 

mentioned previously. The metal pad devices operate in effect like arrays of individual PMT's 

enclosed in a single vacuum enclosure, with very little charge-sharing between adjacent anode 

elements. The higher percentage active area allows the devices to be tessellated with less dead 

space between PMT's. Results for compact gamma cameras consisting of arrays of these 

detector have been presented [2-11,2-12], for scintimammography and Positron Emission 

Tomography (PET). The PSPMT matrix reads out an array of scintillator crystals via some form 

of light-guide. Once the non-uniformity of the detector is corrected for the imaging performance 

of these cameras is promising; the compact PMT design allows for a significant decrease in the 
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dead array at the edge of the detector, which hampered the application of the larger PSPMT 

designs, hi the case of the system developed by Majewski [2-11] for use in scintimammography, 

the array of 8x6 R7600-C8 PSPMT's is able to resolve the 3x3x6mm Na(Tl) pixel elements in a 

15x20cm array. This resolution is achieved with effectively no dead space, due to the light guide 

arrangement. However, due to the inherent non-uniformity in these devices they are not suitable 

for reading out continuous crystals. 

2.4.3 Multi-pixel Hybrid Photodiode 

The Multi-Pixel Hybrid photodiode (MHPD) is a vacuum photocathode tube where the 

collecting electrode consists of a reverse biased PIN diode. Photoelectrons generated in the 

photocathode are accelerated by a negative high voltage to the silicon anode. The accelerated 

photoelectrons deposit their energy in the diode by impact ionisation. The average energy 

required to generate an electron-hole pair is 3.6eV. The number of electron-hole pairs generated 

in the diode is therefore given by equation 2-2. 

(V-T) 
M = — — — Equation 2-1 

Here, V is the applied acceleration voltage and T is the photoelectron kinetic energy dissipated 

in traversing the thin dead layer of the diode, typically IkeV. Accelerating voltage values are 

typically-1 OkV resulting in a gain of -3000. From equation 2-1 we can see that the gain of the 

HPD is a linear function of the applied high voltage, providing the system with excellent gain 

stability. 

The single stage multiplication of the photoelectrons leads to an improved statistical measure of 

the charge generated when compared to the multiplicative amplification in a PMT, where the 

Poissonian distribution of secondary electrons generated at each dynode stage yields a much 

poorer single photoelectron response. An example of the excellent single photoelectron response 

of the HPD can be seen in Figure 2-5, where the individual peaks corresponding to the number 

of photoelectrons emitted from the photocathode can clearly be resolved above the first peak, 

which is the electronic noise pedestal. 
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Figure 2-5. Single electron response of a single pixel HPD. 

The fractional energy deposits in Figure 2-5, are due to the incident photoelectron being back-

scattered out of the diode and therefore not depositing all of its kinetic energy in the diode. As a 

result of this the photoelectron detection efficiency of the HPD is 81%, as measured by 

D'Ambrosio et al [2-13]. This is an improvement upon the conventional PMT where electron 

collection efficiencies of only -50% are typical. HPD's have been developed with both 

electrostatic and proximity focussing electron optics. The two designs can be seen in Figure 2-6 
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Figure 2-6. Working principle of the HPD (a) Electrostatically 

focussed, (b) Proximity focussed. 

The electrostatically focussed HPD minimises the silicon diode area which in turn decreases the 

capacitance and therefore the overall noise of the system. Excellent low-noise single-electron 

response spectra have been collected with these devices, an example of which can be seen in 

Figure 2-5 from [2-14]. The electrostatic focussing is a loss free taper, where the positional 
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accuracy of the focussing has been measured to be 87|Lim [2-15], allowing large area detectors to 

be built without an associated increase in anode dimensions. The proximity-focussed design is 

insensitive to high magnetic fields if the device is co-aligned with the magnetic field lines. This 

is essential when these devices are used in high-energy particle physics experiments where they 

would be expected to operate in magnetic fields of up to 4-5T. 

As scintillation detectors, the main advantage of the MHPD is the uniformity of the 

photocathode response, which has been measured to vary by a maximum of 10% [2-16]. This 

improvement in uniformity over the PSPMT is achieved as a consequence of both the processes 

employed in manufacturing the HPD and the absence of an internal dynode structure. 

Another advantage is the modular manufacturing process of the MHPD which allows a range of 

anode configurations as a result these devices can be optimised for each specific application. 

Preliminary results have been presented for these devices use in both high energy physics 

experiments [2-17] and nuclear medicine where experimental results with crystal arrays have 

demonstrated a resolution of 0.59mm [2-18]. 

2.5 Silicon Photodiode 

In certain applications a silicon photodiode may be preferable to the use of a Photomultiplier 

Tube (PMT) for the readout of a scintillator, specifically where the dimensions of the PMT are 

prohibitive, or there is a large magnetic field present. The mode of operation of a PIN diode can 

be seen in Figure 2-7. The incident scintillation photons are incident at the p layer with an 

energy of 3-4eV, and these generate electron-hole pairs in the depletion layer of the diode. The 

quantum efficiency of this process can be as high as 80-90%, at the peak emission of CsI(Tl), as 

the charge carriers do not have to escape from a surface, as is the case in the photocathode of a 

PMT. The electrons and holes are swept to the anode and cathode respectively under the action 

of the electric field of the applied bias voltage, generating a current which can be measured by 

the associated readout electronics. 
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Figure 2-7. Working principal of the Silicon photodiode 

The advantage of photodiode devices over PMT's are that they are, compact, rugged, have a 

lower power consumption and higher quantum efficiency. A comparison of the Quantum 

Efficiency (QE) of a typical PIN photodiode can be seen in Figure 2-8, where for comparison the 

QE two PMT's is also given along with the emission spectra of BGO. These factors make the 

photodiode an attractive scintillation detector component. 
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Figure 2-8. Comparison of the Quantum efficiency of a silicon 

photodiode with a bialkah and S-20 photocathode efficiencies, 

plus the emission spectra of BGO for reference. 

However, as there is no internal gain in the photodiode the signal levels produced by scintillation 

light are small, orders of magnitude lower than the signal from a PMT, as a result the 

performance of these devices is dominated by the detector noise. The noise in a silicon 

photodiode is related to the leakage current and capacitance of the detector, through the noise 

slope of the preamplifier, both of which are predominately governed by the sensitive area of the 

detector as demonstrated by Carter et al [2-19], where the noise level of a number of photodiode 

devices with a range of sensitive areas was demonstrated to decrease linearly with active area. 

Photodiodes are therefore promising device for the readout of small scintillator crystal arrays, of 

a size useful to medical applications, with individual elements of ~3x3mm^. However, the 

packaging of commercially available small photodiodes would prevent the close packing of the 

individual scintillator once they had been coupled to the diode. The dead space problem with 

small photodiodes could be overcome by constructing an array of photodiodes on a single silicon 
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device with a minimal separation between the elements. However, this solution would also 

require a single channel of high sensitivity electronics per photodiode element. This approach 

has been successfully applied by a group at the Lawrence Berkley National Laboratory. The 

device consists of an 8x8 array of 3x3mm diodes on a single device [2-20], the small active area 

of the individual diodes leading to an extremely low detector capacitance and leakage current of 

4pF and 50pA respectively, resulting in an energy resolution at 140keV of -10% with a low 

energy threshold of ~40keV [2-21]. This detector system has been applied by the Digirad 

Corporation in their 2020tc compact gamma camera design, where an 8x8 array of the 

monolithic detectors provides a detector plane with an active area of 19xl9cm with 4096 

individual elements and an equal number of readout channels [2-22]. The first system was 

delivered in August 2000. This silicon diode array functioning as a compact Anger camera is an 

excellent solution, however the high number of readout channels and limited spatial resolution 

(3mm) mean that the device is not suitable for a system useable over the range of applications in 

this thesis. 

2.5.1 Silicon drift diodes 

Another solution to the high noise in the photodiode is to decrease the capacitance of the diode. 

This is achieved in the silicon drift diode by decreasing the area of the anode, and therefore the 

capacitance of the detector whilst maintaining the active area. The SDD was introduced in 1983 

by Gatti et al [2-23]. The SDD operates in the same way as the PIN diode except that the anode 

of the detector is greatly reduced in area, the bias is supplied to the detector in such a way that 

the electrons generated in the semiconductor drift towards the anode. This decrease in capacitive 

noise allows the fabrication of devices with extremely low noise characteristics, in the case of 

Fiorini et al an equivalent electron noise of 35e at 0°C, the cooling is necessary as the noise is 

dominated at room temperature by the leakage current. The high signal to noise of these 

detectors mean that they could be in principle be used as a replacement to the PMT's used in the 

classic Anger camera design, allowing an improved spatial resolution as the individual SDD can 

be much smaller than the PMT's in existing Anger systems. 

The most promising results obtained so far with SDD's have involved the integration of a low 

noise JFET directly on the detector, further reducing the capacitance of the detector as a whole. 

These detectors have successfully been evaluated in an array of seven hexagonal devices 

coupled to a thin CsI(Tl) scintillator with a spatial resolution of 0.5mm and a spectral resolution 

of 16% at 122keV [2-24]. The SDD array is another promising detector development, however at 

the time of writing only a device with 7 individual detectors with a useable area of 3x2mm is 
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available. There is therefore clearly further research necessary before these devices can be 

considered in applications of a compact gamma camera. 

2.5.2 Avalanche Photodiode 

The avalanche photodiode (APD) improves upon the signal to noise ratio of a PIN photodiode of 

the same size by providing an internal gain. The avalanche photodiode is essentially a 

photodiode operated at a higher reverse-bias voltage. The bias voltage accelerates the electrons 

sufficiently that they create further electron-hole pairs through impact ionisation as they traverse 

the avalanche region, which are in turn accelerated and create further electron-hole pairs. APD's 

with gains up to 1000 have been developed, however at present there are fundamental problems 

with the devices with regards to the stability of the gain of the device. There are a number of 

problems which remain in the use of APD's as summarised in Allier [2-25]; 

• Non-linear gain, can vary by as much as 5% with incident light intensity, 

• Non-uniformity across the detector, varies by as much as 10%, 

• Gain variation with temperature by typically 2% per degree. 

At the time of writing they remain an unstable solution to the compact gamma camera 

application, requiring further development. 

2.6 Room temperature semiconductors 

Although spectroscopy systems based on a semiconductor material such as germanium offer 

excellent spectral resolution, due to the direct conversion of the gamma rays into electron-hole 

pairs. Due to the low band-gap energy of this material, 0.77eV, the high leakage current due to 

thermal excitation, precludes their operation at room temperature, therefore these devices have 

to be cooled to ~77K. Operation at cryogenics temperatures is not convenient for a versatile 

compact gamma-camera. Therefore, a great deal of research effort has been expended in 

developing a semiconductor with a higher band-gap, which would allow operation at room 

temperature. Two of the most promising materials are CdTe and Cdi.xZn^Te (CZT); the 

properties of these two materials can be seen in Table 2-3 compared with germanium and 

silicon, with the best reported spectral resolution at 120keV. 
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Material Z 
Density 
(g/cc) 

Band Gap 
(eV) 

Best Energy 
Resolution (%) 

@ 122keV 
Si 

(77K) 
14 2J3 1.12 

Ge 
(77Kj 

32 5^2 0J4 

CdTe 
(300K) 

4&j2 6.06 L47 2 j # 

CZT 
(300K) 

4&j2 6 1.64 3.3 

Table 2-3. Properties of semiconductor materials [2-26 and 2-27] 

Both CdTe and CZT suffer from poor charge-carrier mobility compared with germanium or 

silicon. Resulting in enhanced recombination and trapping of charge carriers as they traverse the 

material. Therefore, complete charge collection is difficult to achieve over material thicknesses 

greater than 1mm. The detection efficiency of these detectors is therefore a compromise with 

the spectral-resolution. 

The two main solutions to the charge-trapping problem which have been attempted are to correct 

for the incomplete charge collection in the readout stage based upon the measured rise-time of 

the signal [2-28], where an energy resolution of 1.13% at 662keV was achieved, or to design the 

device in such a way that the contribution of the holes on the measured signal is minimised [2-

29]. This latter technique has produced spectral resolution with a Icm^ sample of CZT of 1.79% 

at 662keV, a by-product of this technique is the position of the interaction within the sensitive 

volume can be measured in three dimensions. This technique however, requires the use of 128 

channels of readout electronics to acquire the data from a Icm^ sample, this clearly represents a 

limitation when one considers the number of elements necessary to generate a useful imaging 

plane. 

Further developments in arrays of small CZT/CdTe elements, also represent great potential in 

providing high spectral resolution over a large detector area, a review of the most recent 

detectors can be found in [2-26], where pixel sizes of ~2.5mm are typical. However these 

devices have been plagued by manufacturing problems associated in producing large volumes of 

the material required. This technology clearly shows great promise in improving the 

performance of compact gamma cameras, however at this time, further development is required 

before reliable detector arrays become widely available with the detection efficiency and energy 

resolution of those systems demonstrated in the literature. 
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2.7 Conclusions 

The collimator, rather than the detector plane resolution, limits the spatial resolution of a 

compact gamma camera system. Whilst extremely high-resolution collimators can be fabricated 

the sensitivity of such systems is poor. As a consequence of this a spatial resolution better than 

3mm in a gamma camera detector plane does not yield an improved system resolution, when 

coupled to a parallel-hole collimator with a useful sensitivity. Three competing detector 

technologies: 

® Monolithic photodiode array coupled to scintillator array, 

® Matrix of 1" PSPMT and scintillator array, 

• CZT and CdTe arrays 

have generated systems which have a spatial resolution of ~3mm with high stopping power at 

140keV, in modules which can be tessellated with no dead area. Of these three systems the room 

temperature semiconductors have the potential to improve upon the spectral resolution of the 

other two systems, which are at present limited by the scintillator. However the potential of CZT 

and CdTe has been recognised for along time, yet despite a great deal of research effort they 

remain difficult to reliably manufacture, whereas the two other systems are based upon well 

established technology with no fundamental manufacturing problems. Another advantage of the 

scintillator based systems is that their sensitivity can be optimised for higher energy 

applications, by simply increasing the volume of the array elements, as opposed to the solid state 

detectors where the charge trapping limits the achievable size of the sensitive volume. As a 

consequence of these factors the scintillator array devices are considered to be the optimum 

solution for the position sensitive detection plane for imaging systems designed to operate over 

the energy range of 30keV to 1.5MeV. At the time of the design and construction of the large 

area position sensitive detector plane for the BNFL imager system, only the large area cross-wire 

anode PSPMT devices were available, for consideration. 
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Chapter 3 

Imaging Of A Radioactive Environment With A 

Coded Aperture Telescope 

3.1 Introduction 

It is essential, in planning the safe and efficient decommissioning of a nuclear facility, to be able 

to predict the dose received by personnel involved in the decommissioning process. The ideal 

solution for this task is the use of a system able to measure the radiation dose remotely. The 

most likely sources of radiation in the industrial setting emit y-rays predominately in the photon 

energy range of lOOkeV to 1.3Mev [3-1]. An imaging system, using the pinhole image formation 

technique, was developed at the University of Southampton, the EPSBLON imager [3-2] was 

designed as a retrofit to the existing BNFL RADSCAN mapping device. The detector plane of 

the pinhole imager was a 3"circular PSPMT viewing an array of scintillator crystals. The angular 

resolution of the imager was 2°. 

A number of other systems had been designed in an attempt to enable the imaging of y-ray dose 

map; the most recent systems can be found in references 3-2 to 3-7. These systems make use of 

either the coded aperture or pinhole technique. The use of coded aperture imaging in the nuclear 

industry is an attractive option in comparison with the pinhole technique, due to the inherent 

higher sensitivity of the coded aperture and its ability to image in high background 

environments, thus allowing a more compact device with less shielding. However, due to the 

manner in which the image is generated, the sensitivity of the coded aperture system is 

dependent upon the composition of the scene being imaged. Therefore the choice of imaging 

technique is not as straightforward as it might at first appear, since in certain circumstances, the 

pinhole imager may provide an improvement in performance over a coded aperture system. The 

relative performance of the two techniques can be calculated theoretically and compared, 

however, these calculations cannot take into account all of the aspects of the physical 

implementation of the two techniques. In order to clarify the performance trade-off between the 
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two image forming techniques, an existing pinhole imaging system, EPSILON, was modified for 

use with a coded aperture, hi this chapter the design and development of the Coded Aperture 

Version of EPSILON (CAVE) will be discussed and experimental results will then be compared 

with both EPSILON and theoretical predictions. 

3.2 The EPSILON System 

The EPSILON system is a y-ray imaging system based on the use of the pinhole camera 

technique. EPSILON was developed at the University of Southampton, its design and evolution 

has been detailed by Durrant at al [3-2]. EPSILON was developed for BNFL in order to meet 

their need for a remote dose mapping system. The EPSILON system was designed to be 

compatible with the existing scanning hardware in use with the RADSCAN generation of 

scanning systems [3-1]. 

The position-sensitive detector plane of EPSILON consisted of a 3" circular Hamamatsu 

Position Sensitive Photomultiplier Tube (PSPMT - R2486), coupled to a pixellated scintillator 

array. The detector was shielded by 30kg of tungsten providing a near uniform shielding of 

35mm. A section through the EPSILON system can be seen in Figure 3- 1. The pinhole had a 

diameter of 6mm and provided the camera with an angular resolution of 2° over a Field of View 

(FOV) of ±6.4°. The PSPMT was readout using the resistive divider technique. The four output 

signals from the PSPMT were analysed using a 4-channel IMHz Datel PC430 ADC. The ADC 

had an on-board Digital Signal Processor (DSP), which calculated the centroid of the events in 

real time. The readout system operated up to a maximum event rate of 30kHz. 

Pinhole (4mm diameter) 

Dynode Chain Scintillator Crystal Array 
and Resitive Hamamatsu In this prototype: 

Divider Position segmentated Csl(TI) 
Boards Sensitive 3x3x20 mm crystals, 

Photomultiplier P'toh 3.3 mm with 0.3 mm at some locations to fit housing. 
Tube (3" R2486) epoxy resin seperation. 

Tungsten Alloy Collimator 
(35mm shielding for most incident 
directions). Outer profile, in this 

prototype, compromised 

Figure 3-1. EPSILON pinhole imager. 
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Due to the penetrating nature of y-rays in the energy band of interest, a large volume of 

scintillator is required to provide an adequate probability of an interaction. In order to maintain 

the required spatial resolution the scintillator was divided into individual elements, isolated from 

the surrounding pixels. The detector plane consisted of 147 individual elements of CsI(Tl) each 

one measuring 3.6x3.6x25mm, on a pitch of 3.8mm. Each crystal was hand polished and 

wrapped in several layers of PTFE tape. A spark-eroded aluminium housing was constructed to 

support the crystals. The purpose of hand polishing and wrapping the individual elements of the 

array was to improve the light output of the pixels. The EPSILON imager mounted on the 

RADSCAN pan and tilt table can be seen in Figure 3- 2. 

Figure 3- 2. EPSILON imager mounted on the RADSCAN pan 

and tilt table. 

3.3 Coded aperture Imaging 

The simplest image formation technique for use with both optical and gamma-ray photons is that 

of a single aperture in an opaque plane, equivalent to the simple optical pinhole camera. With an 

ideal detector plane with infinite spatial resolution the angular resolution of the system is 

defined by the angular dimensions of the aperture. The resolution of the detector plane at optical 

photon energies indeed approaches the ideal. However, at gamma-ray energies the individual 

elements of the detector, or pixels, are typically of the order of millimetres, therefore the 

resolution of a pinhole imager at gamma-ray energies is a combination of the detector resolution 

and the aperture size. However, the sensitivity of the system is limited by the size of the 
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aperture, therefore in order to increase the sensitivity one must compromise the angular 

resolution. 

Coded aperture imaging can be thought of as an extension of the pinhole image forming 

technique, in that instead of a single aperture there are many. A source in front of the imager will 

cast a shadow at the detector plane. The shadow cast will have the same coding as the mask 

except that it would be shifted in phase according to the direction of the source. This distribution 

measured by the detection plane is known as the shadowgram. If there are multiple sources 

present in the scene, each will cast a shadow of the mask shifted by an appropriate factor. The 

position and intensity of each source is encoded in the shift and strength of each mask shadow. 

The original source distribution can be decoded from the final data set by determining the phase-

shift and strength of every mask pattern in the shadowgram. The coded aperture imaging 

technique can therefore in principal maintain the same angular resolution as the pinhole imager, 

whilst increasing the sensitivity through the use of multiple apertures. 

Whilst coded aperture imaging could, in principal, work for any aperture distribution in the 

mask, the optimum performance is achieved when a unique shadowgram is projected from every 

resolvable element in the source plane. This restricts the type of coded apertures which can be 

implemented. The search for mask patterns, which have an appropriate distribution of apertures 

has provided a number of solutions based on cyclic difference sets, as first proposed by Gunson 

[3-8]. A review of the available coding options can be found in Busboom et al [3-9]. A sample of 

several possible mask designs which meet the uniqueness requirement are shown in Figure 3- 3, 

each is appropriate for different detector implementations. 
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(a) 

(e) (d) 

Figure 3- 3. Examples of coded aperture mask designs. 

There are three main configurations of a coded aperture system, with regard to the relative size 

and position of the detector and coded aperture, shown in Figure 3- 4. The simplest arrangement 

is to have the detector and mask of equal size as demonstrated in Figure 3- 4a. In this geometry 

only a source in the on-axis direction will cast a shadow of the whole mask. The source in this 

position is said to be in the Fully Coded Field of View (FCFOV). Sources in all other directions 

only project a portion of the coded aperture on to the detector, this is known as the Partially 

Coded Field of View (PCFOV). Sources in the PCFOV will introduce artefacts in the decoded 

image. The fully coded field of view can be extended simply by increasing the size of the 

detector as in Figure 3- 4b. However, the most efficient arrangement is achieved by extending 

the mask. This arrangement maintains the same FCFOV and sensitivity as in Figure 3- 4b but 

with a much smaller detector area. The autocorrelation function of the mosaiced mask is 

maintained by stepping the original mask design into a 2x2 array where the last column and row 

of the original is not repeated, as per figure 4c. The original pattern which is mosaiced is known 

as the unit mask pattern. 

The angular resolution of the coded aperture system is defined by the system's ability to 

differentiate between the projected shadowgram from one source and that of another. This 
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criteria is met using the simplest reconstruction techniques, when the projected shadowgram is 

shifted by one unit mask element. Therefore the number of resolvable elements at the image 

plane is defined by the number of elements in the unit mask. 

W (b) 

Figure 3- 4. The three most common coded aperture telescope 

optical arrangements, (a) The box camera arrangement, (b) a 

fully coded field of view system and (c) the optimum 

configuration. 
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3.4 Theoretical SNR comparison of Coded Aperture and Pinhole 

techniques. 

In the coded aperture imaging technique a detector element may sample photons from anywhere 

in the FOV of the imager. This is important when the source distribution extends beyond a single 

resolvable pixel at the source plane, as the statistical fluctuations from one source in the FOV 

will be induced all other elements in the decoded image. The sensitivity of a coded aperture 

system is therefore dependent on the source distribution. 

The signal to noise ratio of a deconvolved image from either a coded aperture or pinhole system 

will be affected by the following radiation environment components. 

• Sk - total number of detected photons incident at the detector from the particular source 

of interest. 

• B - total number of photons detected due to the background flux. 

® Si - total number of photons detected from all other sources in the FOV, also known as 

the aperture flux. 

From a theoretical analysis of the imaging forming process for both coded aperture and pinhole 

the following equations have been derived [3-10]. The SNR of the source of interest in an image 

formed using a coded aperture imaging system is give in Equation 3-1. 

a 

Where: 

<y Equation 3-1. 

\ ^CA/ ^~^CAI J 

Where, T and O are the transparency of the open and closed mask elements respectively. Sk is 

the total number of counts incident from the source of interest and tcai is the open fraction of the 

mask. The SNR of the source of interest in an image generated by a pinhole system from a 

similar treatment is given by Equation 3-2. 

SNR.,, = 
™ fer + 2 S + 2 X i , 0 ) / ( ™ ) ' " Equation 3-2 

3-7 



Chapter 3 

Where, T and O are the transparency of open and closed pinhole elements respectively, tpu is the 

open fraction of the pinhole in units of detector area. 

The relative improvement in performance of the coded aperture system over the pinhole is given 

simply by the ratio of Equation 3-1 and Equation 3-2. A SNR gain of less than 1 indicates that 

the SNR of the source of interest is higher using the pinhole system. The ratio of Equations 1&2 

have been plotted for an ideal coded aperture imaging system in Figure 3- 5, for a number of 

imaging environments. 

B=OSk 

400/ • ^450 

Aperture Flux (Sk) 

Figure 3- 5. SNR gain of coded aperture technique over the 

pinhole system, over a range of imaging scenarios. 

From Figure 3- 5 we can see that, the performance of the coded aperture is superior to that of the 

pinhole when there is a background component and the scene is dominated by the source of 

interest, hicreasing the aperture flux degrades the improvement possible with the coded aperture, 

hi the low background environment the advantage of the coded aperture systems is less evident. 

In a zero background environment the pinhole system is more sensitive than the coded aperture 

system when the aperture flux exceeds 20 times the source of interest. The equations plotted in 

Figure 3- 5 do not take into account the effect of the physical implementation of the techniques, 

the spatial resolution of the detector, detector noise, and mask design. 
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3.5 Coded Aperture Version of EPSILON (CAVE) 

In order to perform a fair comparison between the two image forming techniques the FOV and 

angular resolution of the CAVE system was matched as well as possible to that of the EPSILON 

system. 

The type of coded aperture mask chosen for the CAVE imager was the Hexagonal Uniformly 

Redundant Array (HURA) due to its efficient use of the circular detector plane and its 60° 

rotational symmetry. The rotational symmetry allowed the use the "mask-anti mask" technique 

[3-11] to be used to reduce systematic effects in the background. This observing strategy is ideal 

when a PSPMT, with its inherent non-uniformity, as this technique removes any effect which is 

not modulated by the mask. All of the results using CAVE will make use of mask anti-masking 

in the image reconstruction. 

From Equation 3-1, the ratio of open to closed elements (tcai) in the unit mask pattern, will affect 

the sensitivity of the imager. Specifically, the greater the open fraction of the mask the more 

sensitive the imager is to other sources in the FCFOV. A mask with an open fraction of 50% is 

optimum for the imaging of isolated point sources [3-12], hence their popularity in y-ray 

astronomy telescopes. As the source distribution becomes more complex, the optimum open 

fraction decreases, until eventually, the single aperture of the pinhole system is reached. In 

designing the mask for the CAVE system an open fraction of 50% was chosen in order to 

maximise the sensitivity of the system to point sources. 

The FCFOV of the coded aperture imager was matched to that of EPSILON at an object plane 

distance of 2.5m from the aperture. The FCFOV of EPSILON and CAVE can only be matched at 

a single source plane distance, due to the different geometry of the two image forming 

techniques. A 127-order HURA with 13 elements across the unit mask was chosen as the 

aperture design of CAVE. The resolution of this mask ideally should be -1°. This mask design 

matches the size of the mask elements projected on to the individual detector elements, giving a 

sampling ratio of the mask elements by the detector of unity. There will be a decrease in 

sensitivity of the imager with respect to the ideal case of an infinite number of detector elements 

sampling the shadowgram. This is due to both the accuracy with which the shadowgram is 

recorded and the source position with relation to the position of the projected mask elements and 

the detector pixel boundaries. The mean of these two effects can be is shown in Figure 3- 6 from 

an analysis by I.D Jupp [3-12]. 
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Figure 3- 6. The effect of detector sampling of the shadowgram 

on the sensitivity of the imager with respect to the ideal case. 

From Figure 3- 6 the sensitivity of the detector will be 50% that of the ideal case when the 

sampling of the projected mask elements is 1:1. By decreasing the number of elements in the 

unit mask to 5 for the 19 element mask the relative sensitivity of the system could be increased 

by 20%, with the appropriate decrease in resolution. In this the first stage implementation of CAI 

technique it was decided to maintain the higher resolution option. The 127-order HURA can be 

seen in Figure 3- 7, where the closed elements are black. 
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Figure 3- 7. The chosen mask, a 127 HURA with 3.5mm across 

flats mask elements. Closed elements in black. 

The size and position of the coded aperture is defined from geometrical considerations of the 

imager. In the case of CAVE the FCFOV was chosen to be the same as EPSILON at 2.5m i.e. 

±6.4°. As the sampling ratio of the imager has been defined the size of the individual mask 

elements and therefore the overall mask dimensions are fixed by the distance of the mask to the 

detector. The mask-detector distance is defined by the FCOV requirement. The resultant imager 

geometry calculated from purely geometrical considerations is given in Table 3-1. 

Mask to detector distance 20.2cm 

Mask element (ACF) 3.5mm 

Mask size ACF 8.75cm 

Table 3-1. CAVE geometry 

3.5.1 Mask design 

As we can see from the mask design in Figure 3- 7 the design chosen is not self-supporting, in 

certain cases the closed elements are totally isolated by open elements. In other applications a 

transparent backing plate has been used to support the closed elements. An alternative technique 

in this case was chosen to make the mask self-supporting, the 3.5mm hexagonal open elements 
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of the mask were replaced by 3mm diameter circles, thus providing 0.5mm of material to support 

the isolated elements. This solution was not ideal as the non-optimum shape of the mask 

elements will decrease the transparency of the open elements thus degrading the sensitivity of 

the coded aperture system further. The final mask design can be seen in Figure 3- 8. The purpose 

of the six holes around the perimeter of the mask is to allow the accurate positioning of the 

mask. 

O 

0 ( ^ ^ 

O 

o _ _ o 

120 m m 

Figure 3- 8. The manufactured CAVE mask. 

The effect of the mask thickness upon the sensitivity of the coded is evident from Equation 3-1. 

The greater the contrast between open and closed elements, the greater the SNR of the source of 

interest. However an increased mask thickness will have a detrimental effect on the sensitivity of 

the imager, since the mask will act as collimator, decreasing the source flux incident to detector 

pixels at oblique angles from the source, known as vignetting. The ideal case of zero 

transparency would require a mask of considerable thickness, optimised for 662keV using 

Tungsten, the mask would have to be ~3cm thick. A mask of this thickness would totally obscure 

the open elements of the mask to the detector pixels at the edges of the detector plane. The 

thickness of the mask was chosen to minimise the effect of collimation in the mask by matching 

the mask element size, making the transparency of the closed elements of the imager 55%. 
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The EPSILON mounting bracket which allowed the device to be attached to the RADSCAN pan 

and tilt table was also designed to accommodate the CAVE imager. The CAVE imager can be 

seen mounted in Figure 3- 9. 

r 

; 

Figure 3- 9. CAVE mounted on the RADSCAN pan and tilt 

table. 

In the design of CAVE several compromises to the ideal coded aperture design were required. 

The effect of these compromises on the theoretical performance of the imager can be seen in 

Figure 3- 10, in which the SNR improvement had been recalculated using the variables from the 

actual designs. The gain in sensitivity in using the coded aperture imaging technique was 

severely limited by the engineering and detector limitations of a practical design. 
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Figure 3- 10. Comparison of the final coded aperture and 

pinhole designs. 

The final coded aperture system offers a maximum improvement of 1.7 over the pinhole system. 

This improvement is degraded by an increase in aperture flux, and in the case of a background 

count rate equal to ten times the source rate the coded aperture system is optimal if the aperture 

flux is below 30 times that of the source of interest, above this level the pinhole system is an 

optimum imaging choice. 

3.6 Experimental results 

The experimental comparison of the two systems was performed at the BNFL facility in 

Sellafield, Cumbria. The CAVE data was deconvolved using a cross-correlation algorithm 

written by I. D. Jupp. A lOmCi Cs-137 source was positioned 2.5m from the detector for the all 

the data presented in the following sections. With the source at the same position a background 

data-set was collected with the mask and pinhole collimator removed. Due to the poor spectral 

performance of the scintillator array, a wide energy window was used to encompass all of the 

full-energy events deposited in the crystal array. The variation in the light output of the 

individual elements in the array is demonstrated in Figure 3 - 1 1 where an image of a flood 

illumination of the crystal with a Cs-137 source can be seen along with the spectra from 

individual elements. The variation in measured light output of the individual crystals in the 

scintillator array was measured to vary by up to 100% in some cases. The boundaries used in the 

data analysis software to define the individual array elements can be seen superimposed on the 

image of the flood illumination. 
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Figure 3- 11. Image of a Cs-137 flood illumination of the 

scintillator array and the energy spectra from a single row in the 

array. 

The poor performance of the scintillator array was a consequence of the individual polishing and 

wrapping of the crystals coupled to the poor uniformity of the photocathode. With this 

scintillator treatment process it was difficult to maintain a consistent quality control 

3.6.1 Sensitivity 

In order to compare the performance of the two systems a technique for assessing the SNR of the 

reconstructed images was devised. The technique used was to fit a gaussian to the source of 

interest. The background level was calculated by measuring the variation in the image pixels not 

associated with the source of interest. Whilst this technique did not give an absolute measure of 

the significance of the point sources, it provided a figure of merit for the SNR of the 

reconstructed image, which is consistent for both techniques. 

The technique for collecting data on a range of imaging scenarios, was to acquire the source data 

independently of the background and aperture flux data sets. These data sets could then be added 

to other data sets in order to simulate various source, aperture and background ratios. The 

summing of data files was performed prior to deconvolution in the case of the CAVE data. The 

coded aperture images were generated by adding background to both the mask and anti-mask 

data sets prior to deconvolution. In the case of the pinhole the background was added to the data 

set 
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3.6.2 Sensitivity with respect to aperture flux 

In order to assess the effect of increasing aperture flux on the sensitivity of the coded aperture 

source up to eight identical point sources were added to the data set of the source of interest, in 

this case the source in the centre of each image. The resulting images can be seen in Figure 3-12 

U 

Figure 3- 12. Coded aperture images of a single point source, 

with increasing aperture flux. 

From Figure 3- 12, the resolution of the central point source decreases, as expected, with the 

increase in aperture flux. The SNR of the central point was measured at each of these stages. 

The SNR gain derived from the experimental data was seen to be grossly different from that 

predicted. Whilst the predicted SNR performance of the theory was in agreement with 

experimental results for the CAVE system, as can be seen in Figure 3- 13. The pinhole system 

response to the increasing aperture flux departed significantly from that predicted by the theory. 

The theoretical SNR curve for the pinhole system can be seen in Figure 3-14, compared with the 

experimental data. 
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Figure 3- 13 Comparison of the predicted and observed 

response of CAVE to increasing aperture flux. 
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Figure 3- 14. Comparison of the predicted and observed 

response of EPSILON to increasing aperture flux. 

The SNR of EPSILON is seen to decrease dramatically with increasing aperture flux. Indeed in 

this comparison the pinhole system can be seen to decrease by a greater factor than the coded 

aperture imaging system. The reason for this behaviour was that the response function of 

EPSILON imager to point sources contains a broad distribution due to some events being 

incorrectly binned. Caused by the non-uniform response of the detector plane. This problem is 
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highlighted in Figure 3- 11. It is clear to see that there is no boundary arrangement which would 

correctly position all of the events to the appropriate pixel. The effect of this poor detector 

response function is similar to that of a poorly shielded pinhole system, allowing significant 

penetration through the pinhole. This is demonstrated in Figure 3- 15, where the SNR curve 

from equation 3-2 has been modified and plotted with a shield transparency of 90%, and is in 

good agreement with the experimental performance. 
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Figure 3- 15. Comparison of the theoretical and experimental 

SNR of EPSILON with shield transparency 90%. 

3.6.3 Sensitivity with respect to background flux. 

As expected, the SNR of the CAVE system is less affected by the increase in background. 

Whereas the EPSILON imager was severely affected, with the source of interest dropping below 

the 3 sigma level at a background equal to 75% the flux from the source of interest. An 

illustration of the excellent imaging properties of the CAVE system in a background 

environment can be seen in Figure 3- 16, where a background flux of twice that of the source 

flux has been added. There was found to be no decrease in the SNR of the source even when the 

background flux reached 20 times that of the source. 
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Figure 3- 16. Reconstructed Coded aperture image (left) and 

pinhole image (right) of a source in a background twice that of 

the source of interest. 

3.7 Discussion 

During the design of the CAVE system several compromises where made which impacted upon 

the sensitivity of the imager. The poor stopping power of the mask and the non-hexagonal mask 

elements significantly reduced the sensitivity of CAVE. In principle the mask could be made 

thicker without increasing the collimation by using a lower order coded aperture with larger 

mask elements. Using a 19-order HURA the mask element size would be increased to 9.1mm 

ACF, and a corresponding increase in mask thickness to 9.1mm would decrease the transparency 

of the mask from 0.55 to 0.17. The modified mask design would increase the angular resolution 

to 2.5 degrees, whilst maintaining the same FCFOV. The second-generation mask as described, 

would increase the SNR improvement over the pinhole design by a factor of 3 in background 

dominated imaging situations. 

3.8 Conclusion 

The performance of the coded aperture system was, as expected, superior to that of the pinhole 

system when a background flux was introduced into the scene. The theoretical predictions for 

the SNR of the CAVE system were in good agreement with that of the experimental results. The 

same was not found to be true of the pinhole imager EPSILON. The theory diverged from the 

experimentally observed results. It was seen that the presence of increasing aperture flux had a 

greater than expected effect on the SNR of the source of interest. This decrease in SNR was in 

fact due to the poor detector response which produced a varying background count rate larger 

than that predicted from purely statistical considerations. 
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The coded aperture system was seen to offer an improvement in performance over the pinhole 

imaging system in scenarios where there was a significant background. However, the sensitivity 

of the coded aperture system to an increase in aperture flux suggest that a combination of coded 

aperture and pinhole in the single imager is the ideal imager solution. In situations where the 

background flux exceeds 75% of the source of interest, switching to the coded aperture version 

would allow the imager to continue functioning. 
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Medicine applications 

4.1 Introduction 

In gamma ray imaging applications, one is very much concerned with understanding the most 

appropriate techniques to apply in the development of position sensitive scintillation counters. 

These devices form the essential component in virtually all gamma-ray imager applications 

outside astronomy. In Chapter 2, a general review of the current (2001) status of this important 

area of detector physics has been provided. This chapter summarises the progress made in 

applying two types of position-sensitive photodetector in the field of nuclear medicine, of which 

the dominant segment is in the imaging of y-rays from Tc-99m, at 140keV. The first section 

describes the experiences of applying the 5" PSPMT to the nuclear medicine field. The second 

section considers the possibility of using hybrid photodiodes in a similar range of gamma camera 

applications. 

4.2 Improved Large area PSPMT detectors 

In parallel with the use of a 3" Position-Sensitive Photomultiplier Tube (PSPMT) in the 

industrial imaging project described in Chapter 3, research was carried out into the use of a 

larger, 5" diameter, PSPMT as the basis for a compact gamma camera designed for low-energy 

medical imaging applications. The specific applications were to perform, scintimammography, 

cardiac imaging and radio-guided surgery. In these applications good spatial-resolution over a 

large area was required. In the case of scintimammography it is critical that the sensitive area of 

the detector is as close to the chest wall as possible, in order to fully image the breast. Therefore, 

the larger the active area ratio of the position sensitive detector the greater the efficacy of the 

system. The use of a PSPMT in these applications was limited by the non-uniformity of the 

detector and the poor active area ratio, when using the standard resistive divider technique. In an 

attempt to improve the spatial resolution and active area of the 5" PSPMT an alternative readout 

technique, first reported by Bird et al [4-1] was used. 
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4.2.1 Resistive Divider Readout 

As discussed in Chapter 2 the 5" PSPMT is a bialkali photocathode PMT which has a position 

sensitive anode in the form of two arrays of orthogonal wires, hi the resistive divider network 

readout technique, each wire from the X and Y stages of the anode is connected to a chain of 

identical resistors. These resistors divide the charge from the anode wires in inverse proportion 

to the resistances between the wire and an amplifier at each end of the chain. The charge from 

an event at the centre of the tube will be divided evenly, thus producing an identical output 

signal at both output amplifiers. Therefore, the relative magnitude of the amplified signals is a 

measure of the distance of an event from the centre of the tube. The position of an event can be 

calculated by applying a centroiding algorithm, shown in Equation 4-1. 

X = ^ Equation 4-1 

Where Xi and X2 is the signal from the amplifiers at either end of the resistive chain and X is the 

calculated peak of the event in the x direction. 

This method of position calculation assumes that the charge-cloud incident upon the anode is 

symmetrical about the incident event position. However, if the incident event is close to the 

edge of the tube then the gaussian distribution is not fully sampled by the anode wires causing 

this calculated event position to be folded towards the centre of the tube. This effectively 

decreases the active area of the photocathode, since only events incident within a radius smaller 

than that of the photocathode are reliably positioned in the data analysis. The second 

disadvantage of the resistive-divider method is caused by the system sampling all 56 anode wires 

to calculate the position of an event. The disadvantage being that charge on wires which are not 

affected by the actual event will alter the reconstructed position of the event. Variation in the 

dark current of the anode wires will produce this effect and it should be noted that the charge on 

non-event wires does not have to be comparable to event wires to produce a significant effect. 

4.2.2 Multi-wire readout 

The multi-wire readout method of data acquisition measures the charge on each wire in the 

anode. The signal from these wires are integrated simultaneously using multi-channel charge 

integrating amplifiers read out in sequence. The readout electronics used in the investigation of 

the multi-wire technique were the multi-channel HX2 charge integrating amplifiers, developed 

by the Rutherford Appleton Laboratory. Each HX2 had 16 inputs requiring four to readout the 

56 channels from the anode. The output from the HX2 would then be readout using a computer 
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controlled ADC with an on-board digital signal processor (DSP). The DSP software calculates 

the position of an event using a squared centroid algorithm, the equation for which is given in 

Equation 4-2 below. 

i = n ^ 

K " , ) 
X = Equation 4-2 

f= l 

Where, i is the wire number, x, is the charge on wire i and n is the number of wires in one axis. 

This method of position calculation is not ideal since it is also susceptible to the same edge 

effects problem as the resistive divider network. However, the multi-wire technique offers an 

increase in spatial resolution, and active area, as selection criteria can be applied to the wires to 

be included in the calculation of the position of an event. This removes the disproportionate 

effect of wires with a small noise signal some distance away from the centroid of an event. 

4.2.3 Experimental Evaluation 

To compare the performance of the two readout techniques discussed two similar 5" PSPMT's 

were used, one with the Multi-wire readout and the other using the standard Hamamatsu 

Resistive divider network. The scintillator array used as a structured test object was a CsI(Tl) 

array, consisting of 2x2x3mm^ individual pixels separated by 0.2mm of titanium loaded white 

epoxy. There were 50 elements across the diameter of the array resulting in a sensitive diameter 

of 11cm. The array was coupled to each detector using a coupling gel with refractive index of 

-1.5. The array was then flood illuminated with a ImCi Co-57 source placed at 2m. The images 

generated from both detectors can be seen in Figure 4-1. 
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Figure 4-1. CsI(Tl) 2x2x3mm 11cm diameter array, flood 

illuminated with Co-57, (left) resistive divider readout, (right) 

multi-wire readout system 

From Figure 4-1, the improvement in spatial resolution in using the multi-wire readout is 

demonstrated, as the individual elements of the test object are clearly better resolved. The 

FWHM of the individual elements of the array for the Multi-wire technique, measured from 

Figure 4-1, were typically 1.5mm compared to 1.9mm in the case of the resistive divider. The 

number of resolvable elements across the array in the case of the multi-wire was 46 in 

comparison with 38 for the resistive divider technique, representing an increase in useable area 

of 36%. 

The multi-wire readout system was also applied to a prototype 8" PSPMT developed by 

Hamamatsu. The device was evaluated using exactly the same experimental method as for the 5" 

devices. The prototype nature of the PSPMT resulted in certain problems which may not have 

been present in a fully engineered device; specifically, the gain of the device was 20 times less 

than that of the 5" PSPMT. The performance of the tube was such that the Co-57 events could 

not be discerned from the background present in the device. At present no further development 

has been reported utilising the 8" PSPMT. 

The multi-wire readout system combined with a selected PSPMT has demonstrated an excellent 

pixellated detector for nuclear medicine. However, the spatial resolution of the detectors remains 

limited by the intrinsic light spread in the entrance window [4-2], coupled with the typical non-

uniformity of these devices, which resulted in an alternative detector technology, utilising the 

Multi-Pixel Hybrid Photodiode, being investigated. 
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4.3 Multi-Pixel Hybrid Photodiode 

The working principle of the Multi-Pixel Hybrid Photodiode (MHPD) was described in Chapter 

2. The advantages associated with using a Multi-Pixel Hybrid Photodiode (MHPD) as a gamma 

camera photodetector were perceived to be three fold; firstly the uniform detector response, 

secondly the ability to use a fibre entrance window to restrict light spread in the entrance 

window, thus potentially increasing the spatial resolution, and thirdly the flexibility of the anode 

design allowing the optimisation of the anode for specific applications. 

At the time this work was undertaken a 72mm diameter electrostatically focussed MHPD was 

under development by the Dutch manufacturer DEP. This device had the potential of extending 

the excellent performance characteristics of the MHPD to a sensitive area useful for nuclear 

medicine. However, the initial 72mm diameter tube design incorporated an 8mm thick concave 

quartz entrance window, optimised for high-energy physics experiments at CERN [4-3]. In this 

section, the challenge was to design and construct a compact gamma camera based upon the 

available MHPD, with a view to forming an experimental basis from which to estimate and 

optimise the detector performance of a large area gamma camera based upon the 72mm diameter 

MHPD. 

The MHPD's available at the time of the experimental evaluation were two 18mm proximity 

focussed tubes, one with a fibre entrance window and the other with quartz. The pixellated 

anode of the MHPD used in this evaluation can be seen in Figure 4-2. Whilst a higher pixellation 

of the anode would improve the spatial resolution, it was felt that this expense could not be 

justified until the performance of the MHPD in the compact gamma camera application had been 

demonstrated. 
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Figure 4-2. Cross-section of the 61-pixel hexagonal anode 

The resolution of the MHPD as a compact gamma camera photodetector, was investigated using 

optical Monte-Carlo simulations of the scintillator entrance window interface by Meng L.J. [4-

4], where the effect of the number of anode elements, coupling material, entrance window 

material, scintillator thickness and surface treatment where all investigated with respect to their 

effect upon spatial resolution. The FWHM of the detector spatial resolution {FWHMded, was 

seen to be dependent upon the FWHM of the photoelectron distribution incident at the anode 

{FWHMpe) and the number of photoelectrons (N) as per the relation in equation 4-3. 

FWHM 
FWHM pe 

^fN 
Equation 4-3. 

From this we can see that minimising the FWHMpe whilst maximising the number of 

photoelectrons, will improve the spatial resolution. However, if the FWHMpe was to be reduced 

to less than the width of the anode pixels, the distribution would be inadequately sampled, 

causing an error in the reconstructed position. The optimum lightpool distribution was shown to 

be when the FWHM lightpool matched the dimensions of the sampling anode pixels. 

The distribution of scintillation light is broadened initially by the scintillator, followed by the 

entrance window. The effect of broadening in the entrance window can be minimised by the use 

of a fibre optic entrance window which channels the light down the fibres. The reduction of light 

spread in the fibre window is however at the expense of quantum efficiency due to the 

transmission losses in the fibre entrance window below 450nm. The quantum efficiency curves 

for the S20 photocathode with the two entrance windows can be seen in Figure 4-3, taken from 
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reference [4-5], where the quantum efficiency of the fibre window at 420nm, the peak emission 

of CsI(Na), has dropped to half that of the quartz window. 

>. 25 

S 20 

500 550 600 

Wavelength (rvT̂  

Figure 4-3. The quantum efficiency of the fibre and quartz 

entrance windows. 

4.3.1 Readout System 

The low noise multi-channel readout electronics needed to acquire the data from the MHPD 

were designed and built by Cor Datema at the University of Southampton. The first 

Southampton designed multi-channel readout system for the MHPD was based upon the 

VA_RICH Application Specific Integrated Circuit (ASIC) derived from the VIKING chip 

developed at CERN to readout silicon strip detectors in high-energy physics experiments [4-6]. 

Preliminary results obtained with this readout system have been presented in reference [4-7]. 

The VA-RICH chip consisted of 64 charge sensitive pre-amplifiers and shaping amplifiers with a 

peak hold circuit in parallel. The 64-channel output could either be multiplexed into a serial 

differential output or read-out in parallel. The serial read-out mode was chosen in order to 

reduce the complexity and cost of the data acquisition hardware. Each amplifier has a gain of 

lOmV/pC and a dynamic range of 500,000 electrons; this corresponds to a range of 200 photo-

electrons, at an MHPD acceleration voltage of lOkV. The shaping-time of the amplifiers can be 

adjusted between l-3pis, with external bias controls. The chip had a power consumption of 

lOOmW at ±2V. The VA_RICH chip was not self triggering, therefore in order to read-out the 

chip, an external trigger had to be applied. This was generated from the 'common' side of the 

anode. Whilst the noise on the common-side signal is larger than that of the individual pixels due 

to the larger capacitance, it is capable of triggering on light levels greater than 10 photo-
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electrons [4-8]. A schematic representation of the MHPD readout system can be seen in Figure 

4-4. 

6 1 - p i x e l M - H P D 

external 
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A D C 

P C 

discr. de lay 

Figure 4-4. Schematic of the readout circuit design. 

As can be seen from Figure 4-4, the common signal of the MHPD is amplified and shaped such 

that a threshold may be applied, to define the minimum light-level of an event to be read out. 

Alternatively an external trigger could be applied to synchronise the acquisition of data with 

some other event. If the signal level was above the discriminator threshold the sequencer would 

be triggered, generating the necessary trigger pulses for the VA_RICH, after an appropriate 

delay. The delay is necessary in order to synchronise the timing of the hold signal with the 

peaking time of the VA_RICH shaping amplifiers. The timing diagram of the logic chain 

required to readout the VA_RICH chip can be seen in Figure 4-5. 
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Figure 4-5. VA sequencer timing scheme. 

The hold_VA signal activates the sample-and-hold circuit. The shift_VA signal transfers these 

held voltage levels to the multiplexer, a clock signal is then applied to the multiplexer to read-

out each signal serially. The differential serial output of the chip (outp and outm) is then 

sampled by an ADC, which uses the clock pulse as the timing signal to sample the serial data. 

The ADC used for this work was a National Instruments 500kSamples/s ADC [4-9]. The readout 

system was split between two separate boards each ~8x8cm^ square mounted at the rear of the 

MHPD. These can be seen in Figure 4-6 with the major components labelled. 

Differential 
anologue outputs ADC-etart 

ADC-dock 

Common 
trigger 

VA-bias 
circuitry 

VA-rich chip 
on ceramic carrier 

SH1-shaplng amplifier 
A250 preamplifier 

Connector to 
VA-motherboard 

Connector to 
sequencer board 

bias connector 

input-FET 

Opto-isolators 

Discriminator Delay-line 

Optional 
external 
trigger 

Connection to 

power Bupply 
(+/- 8 Volt) 

Delay select 

Sequencer chip 

Frequency select 

Oscillator IC 

Voltage regulators 

Figure 4-6. The VA_RICH motherboard (left) and the 

Sequencer board (right). 
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4.3.2 Scintillation crystal 

In operating the MHPD coupled to a planar scintillator as an Anger camera the scintillator 

material, geometry and surface treatment will have a large effect on the spatial resolution of the 

system. The thickness of scintillator will effect the width of the lightpool incident at the entrance 

window, whilst, the scintillator material type and surface treatment will effect the amount of 

light in the distribution. In Table 4-1, the properties of the most applicable scintillators are 

summarised. The number of photoelectrons generated has been derived from simply the product 

of the number of photons at 140kev with the quantum efficiency of the photocathode at the peak 

emission wavelength for that scintillator, for both the quartz and fibre entrance windows. 

Peak 
emission 

(nm) 

Photons per Quartz QE 
Mev @ peak 

(%) 

Photoeleotrons 
@ 140kev 

Quartz MHPD 

Fibre QE @ 
peak 
(%) 

Photoelectrons 
@ I40kev 

Fibre MHPD 
Csl(Na) 420 39000 20 1092 12 655 
Csl(TI) 550 52000 8 582 9 655 
Nal(TI) 415 38000 21 1117 11 585 
LSO 420 27000 20 756 12 454 
BGO 490 8200 13 149 13 149 

Table 4-1. Properties of potential scintillators. 

Nal(Tl) was not considered suitable for the detector plane due to the need for encapsulation, 

which would further broaden the light pool incident at the photocathode, it is included as a 

baseline for comparison. The low light output of BGO was clearly unsuitable for this 

application. The high stopping power of LSO would allow the scintillator to be -1/3 of the 

thickness of Csl scintillators whilst maintaining the same sensitivity. However the presence of a 

background signal due to the natural radioactivity of the lutetium would decrease the sensitivity 

of the detector. Therefore CsI(Na) was considered to be the best scintillator choice for use in a 

gamma camera based on the MHPD. 

4.3.3 Optical modelling of the scintillator MHPD interface 

As the thickness of the scintillator is increased the sensitivity of the camera is improved, as 

demonstrated in the results of GEANT simulations shown in Table 4-2. However, the diameter 

of the light pool incident at the entrance window of the MHPD will increase, causing the spatial 

resolution of the camera to worsen in comparison to the less sensitive, thinner scintillator option. 

The evaluation of the actual degradation in the spatial resolution as the thickness of the 

scintillator is increased is an essential component in the design of an Anger camera based upon 

the MHPD. 

4-10 



Chapter 4 

Crystal thickness % of incident 140keV stopped 

1 29 

2 49 

3 63 

4 74 

Table 4-2. Stopping power of the scintillator discs used (Csl). 

In order to experimentally evaluate this trade-off, a number of discs 18mm in diameter of both 

types of Csl were procured, with thicknesses of 1,2,3 and 4mm. The stopping power of the 

scintillator discs at 140keV, was evaluated using a number of GEANT Monte Carlo simulations. 

The stopping power as determined from the simulations can be seen in table 4-2. 

As well as the scintillator thickness, the optical design of the scintillator will affect the 

performance of the Anger camera. The optical design has several facets: the coupling of the 

scintillator to the entrance window, the surface treatment of the scintillator and the optical 

properties of the materials in contact with the scintillator. The refractive index of the coupling 

material determines the efficiency with which light is transmitted across the scintillator-entrance 

window interface. It was decided that in the evaluation of the 18mm diameter devices that no 

optical coupling material should be used in order to remove a variable element from the 

experiment. 

The upper and lower surfaces of the scintillator discs were polished whilst the edges were 

roughened. A white, diffuse-reflector was used at the upper surface of the scintillator in order to 

increase the light collection efficiency. A specular reflector would decrease the width of the 

lightpool at the expense of the total light output [4-8]. The edges of the disc were left bare with 

no reflecting material, the purpose of this was to minimise the folding in of light at the edge of 

the crystals which would have a detrimental effect on the spatial resolution achieved at the edge 

of the detector sensitive area. 

The configuration described coupled to a 2mm thick quartz entrance window, was simulated 

using the optical Monte-Carlo software package "GUERAP". An isotropic source of light was 

positioned at three depths, 0.1mm from the upper surface, in the middle and 0.1mm from the 

surface closest to the simulated entrance window, in the scintillator. These simulations showed 

that as the thickness of the crystal was increased the diameter of the lightpool incident at the 

photocathode also increased. However the minimum FWHM, with the source 0.1mm above the 

interface with the MHPD, remained relatively constant. The FWHM of the lightspread as a 

function of depth of source within the crystal can be seen in Figure 4-7 for the four different 
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thicknesses of scintillator. In all cases the location of the source is measured from the surface of 

the scintillator which is not in contact with the entrance window. 

E 
E 

X 
£ 

0 2 3 

Depth of interaction (mm) 

Figure 4-7. FWHM of the lightpool incident at the photocathode 

from GUERAP simulations of the optical design 

The FWHM of the lightpool, as predicted by the simulations, are much larger than 2mm, 

required to match the pixel element size, necessary to maximise the spatial resolution. The 

amount of light incident at the photocathode decreased by -10% as the thickness of the 

scintillator increases. This is to be expected as the thicker the disc the larger the area of the disc 

walls, through which light can escape. 

In modelling the fibre entrance window, the model had to be simplified from the actual optical 

configuration of the window, as a totally accurate model would require the inclusion of very 

large number of parallel fibres 6^m in diameter, which using the software and computers 

available at the time was unfeasible. Simulations by Datema [4-8] simulated the effect of the 

numerical aperture of the fibres by using a thin layer of transparent material with an index of 

refraction of 1.5, thus limiting the acceptance angle of the photocathode, in a similar way as the 

fibre entrance window. A summary of these results can be seen in Table 4-3 

CsI(Na) thickness Average 
(mm) lightspread 

(mm) 

2 1.1 

3 1.7 

4 2.2 

Table 4-3. Summary of optical modelling of the fibre entrance 

window and scintillator from Datema [4-8] 
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From Table 4-3 we can see that the broadening of the lightpool is decreased by as much as a 

factor of 4 in the case of the 1mm thick scintillator disc, compared to that of the quartz entrance 

window. Further simulations using a newly developed optical simulation code have been 

performed by Lowe et al [4-10], which concur with the earlier work of C. Datema. 

4.4 Experimental Results with Quartz entrance window MHPD 

The spatial resolution of the two devices as gamma-cameras was evaluated experimentally using 

the readout system described in section 4.3.1. Unless stated otherwise, an acceleration voltage of 

8kV was applied to the MHPD, with a reverse bias voltage applied to the PIN diode of 50V. The 

upper and lower surfaces of the scintillator discs were polished whilst the edges were roughened. 

A white, diffuse-reflector was used at the upper surface of the scintillator in order to increase the 

light collection efficiency. A Co-57 source was used in all the experiments presented in the 

following sections. 

4.4.1 Relative lightoutput of the CsI(Na) and Cs(Tl) crystals 

In order to confirm the relative light output performance of the two scintillator options presented 

in Table 4-1, spectra were collected using the electronics and shaping times consistent with the 

equipment and values that would be used in the analysis of the common side signal to generate a 

trigger. Each scintillator disc was flood illuminated with a Co-57 source. The signal from the 

common side of the anode was amplified with an AMPTEK A250 preamplifier and shaped using 

an EG&G NEVIS shaping unit with a shaping time constant of 0.5p,s; this shaped signal was then 

analysed using an MCA. The short shaping time was chosen in order to match the shaping time 

of the multi-channel VA_RICH chip. The normalised Co-57 photopeak position is shown in 

Table 4-4 for each of the scintillator discs. 

Crystal thickness (mm) CsI(Tl) CsI(Na) 
1 40.53 100.00 
2 35.97 97.60 
3 31^9 76.74 
4 26.14 69.06 

Table 4-4 Normalised Co-57 photopeak position on the quartz 

window MHPD. 

The light output of the CsI(Na) scintillator was in all cases at least double that of the thallium 

doped option, due to the better match between its emission peak and the photocathode response, 

confirming the data in Table 4-1. 
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4.4.2 Intrinsic Spatial Resolution 

The intrinsic spatial resolution of the MHPD Anger camera was evaluated determining the 

detector contribution from the known response of a collimator. A 1cm thick lead collimator was 

used with three 1.5mm diameter holes separated by 5mm. The width of the reconstructed 

distribution of events will contain a broadening due to the intrinsic resolution of the detector 

plus the width of the collimator. To calculate the FWHM of the intrinsic resolution a gaussian 

curve was fitted to the experimental data, the broadening due to the collimator was then removed 

using Equation 4-4 [4-7]. 

Rt - K - Equation 4-4. 

Where Rj is the intrinsic spatial resolution Rm is the FWHM of the measured distribution and Dc 

is the diameter of the collimator. The intrinsic spatial resolution for the three positions on the 

quartz entrance window MHPD with respect to the thickness of CsI(Na) crystal used can be seen 

in Table 4-5. A typical example of the data collected can be seen in Figure 4-8, where the image 

from the 1mm thick crystal is given. 

Crystal 
Thickness 

(mm) 

Spatial 
Resolution 
@ 5mm (L) 

(mm) 

Spatial 
Resolution 
@ centre 

(mm) 

Spatial 
Resolution 
@ 5mm (R) 

(mm) 

1 1.7 0.8 1.2 

2 1.5 1.2 1.5 

3 2.8 1.6 2.1 

4 3.4 1.7 2.7 

Table 4-5. Position resolution wit 1 respect to scintillator crystal 

thickness 

From Table 4-5 the experimentally determined spatial resolution at the centre of he detector was 

seen to degrade by 100% between the 1mm and 4mm thick discs. The spatial resolution was also 

seen to worsen dramatically towards the edge of the scintillator. With the collimator positioned 

at 5mm from the centre of the disc we can see from figure 4-7 that the FWHM of the lightpool 

exceeds the active area of the anode, resulting in poor sampling of the lightpool, and therefore 

the poor spatial resolution in comparison with the central position. 
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0 0 

Figure 4-8. Image of three 1.5mm diameter holes separated by 

5mm with the 1mm thick CsI(Na) crystal. 

4.5 Experimental Results with Fibre entrance window MHPD 

The spatial resolution of the 18mm fibre entrance window detector was measured in the same 

way as that of the quartz entrance window device, using a lead collimator, and several discs of 

CsI(Na). The experimental parameters where identical to those for the quartz MHPD. The 

experimentally measured spatial resolution of the fibre entrance window device is summarised in 

Table 4-6. 

CsI(Na) thickness Spatial 
(mm) resolution (mm) 

1 0.6 

2 1.0 

3 0.8 

Table 4-6. Litrinsic spatial resolution at the centre of the MHPD 

for different thicknesses of scintillator. 
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The intrinsic resolution of the fibre entrance window MHPD does not increase uniformly as the 

thickness of the scintillator increases; this effect could be due to the poor sampling of the 

lightspread distribution at the anode. In order to explore this effect on the imaging performance 

of the camera a 1cm thick lead collimator, with an array of 1mm diameter holes on a pitch of 

3x3mm was imaged with the 1mm thick CsI(Na) scintillator disc. An image of the reconstructed 

data can be seen in Figure 4-9. If the detector was under-sampling the incident lightpool one 

would expect an extended image to contain severe artefacts. 

# # e ^ 
# # » 

# # # * 

Figure 4-9. 1mm thick CsI(Na) on fibre entrance window 

MHPD, imaging an array of 1mm diameter holes in a lead 

collimator on a pitch of 3mm. 

As can be seen from Figure 4-9, the reconstructed position of the collimated gamma-rays are to 

some extent weighted towards the centre of the anode pixels. However, the effect is not 

substantial, Figure 4-9 demonstrates the excellent uniformity of the fibre entrance window 

MHPD. The useable are of the device measured directly from the image is 12xl3.5mm, 

corresponding to the dimensions of the anode pixels excluding the outer ring of elements. 

The limited effect of under-sampling can be seen in Figure 4-10 to be totally absent in the image 

of a novel circular collimator with the 3mm thick scintillator disc. The sampling of the lightpool 

in the case of the 3mm scintillator is approximately matched 1:1. 
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Figure 4-10. Image of a Co-57 source with circular collimator, 

scintillator, CsI(Na) 3mm thick. 

In the Figure 4-10 there is however, a uniform background continuum, which was due to a 

background count rate. This noise level was observed to have an amplitude up to several 

hundred photo-electrons. The background count rate was due to random pulses of light from 

within the entrance window which could be observed externally using a second HPD. The count 

rate observed at the second HPD was seen to increase as a function of the high voltage applied to 

the MHPD, confirming that the false counts are flashes of light, proportional to the HV applied. 

Measurements made at the manufacturers DEP suggest that these signals are caused by small 

flashes, which are the result of high voltage discharges between the boundary of the entrance 

window and the air around the tube. Research into this effect is continuing at DEP. 

4.6 Extrapolation of results to the performance of the 72mm diameter 

MHPD Anger camera 

The optical model of the 18mm diameter quartz entrance window was extended to the case of a 

72mm version, with a 5mm thick planar window. The increased entrance window thickness was 

necessary to strengthen the entrance window. In the simulations of the 72mm diameter window, 

the same optical properties as those already described were used. The FWHM of the data 

simulated is presented in Figure 4-11, and can be seen to follow the same distribution as for the 

18mm MHPD. 
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Figure 4-11. FWHM of the lightpool incident at the 

photocathode from GUERAP simulations of the optical design 

As expected the magnitude of the broadening of the lightpool due to the thicker entrance 

window is much larger than that of the small tube. The width of the lightpool distribution from 

the simulations ranges from -35mm to 50mm. From the experimental result with the 18mm tube 

where the resolution of the central point was degraded by between 25-100% when the point of 

interaction was brought to within less than the FWHM of the distribution from the edge of the 

crystal, it is reasonable to assume that the same effect will occur with the larger tube. As a result 

the useable diameter of the tube would be reduced unacceptably, at best for the 1mm thick 

crystal to "40mm. Therefore, the 5mm thick, quartz entrance window device is clearly 

unsuitable for use as an Anger camera in the design specified here, due to the light spread in the 

entrance window. 

In extrapolating the performance of the fibre entrance window to the larger diameter MHPD, as 

there is very little lightspread in the entrance window the lightpool distribution can be 

considered to be the same. Therefore the main effect to consider is whether the light spread is 

sufficiently broad to be sampled fully by the anode pixels. In order to match the minimum 

sampling requirement experimentally derived as 1:2 from Figure 4-9 the minimum thickness 

would be 3mm. However, based on the experimental results of greater sampling ratios the 

thickness could be increased to 4mm without significantly degrading the resolution. 

4.7 Conclusions 

The experimental performance of the quartz entrance window MHPD was disappointing. The 

spatial resolution at the centre of the detector was sub-millimetric with the thinnest crystal, yet 
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the uniformity of the tube was seen to be poor. This was attributed to the lightspread in the 

quartz window, which was demonstrated through modelling to become an even greater factor 

when the design was extrapolated to the larger diameter tube. The quartz entrance window was 

therefore not considered an option for the 72mm MHPD. 

A spatial resolution of 0.6-1.0mm was achieved with a fibre entrance window MHPD operating 

in gamma camera mode at 140keV, with excellent detector response over a 12xl3.5mm useable 

area. From optical modelling of a proposed 72mm diameter fibre entrance window MHPD, the 

experimental and theoretical data suggest a similar spatial resolution could be achieved with a 

271 anode MHPD coupled to a 4mm thick CsI(Na) with an active area of 65mm in diameter. As 

well as the standard application of the gamma camera for planar imaging the high resolution of 

the proposed MHPD could be applied to alternative applications, such as a high resolution coded 

aperture microscope for low energy 3D imaging. 
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( Z l i a j p t e i i ) 

Medical Applications of a New Compact Gamma 

Camera. 

5.1 Introduction 

In this chapter we explore two applications of the high-resolution 72mm diameter detector 

system proposed in the previous chapter. The first application examines the feasibility of 

constructing a high-resolution coded aperture camera system for small animal studies at 35keV. 

A second application examines the performance of a large area compact Anger camera, based 

upon the proposed MHPD, to locate the sentinel lymph node associated with a breast tumour. 

5.2 A high resolution gamma camera with 3D resolution 

In the development of new pharmaceuticals, the behaviour of a drug within the human 

metabolism is simulated by observing it in a series of laboratory animals. In order to observe 

how the injected pharmaceutical interacts with the animal over time, a number of animals are 

injected with a radio-labelled version of the drug, at the same time. These animals are then 

sacrificed at specific periods of time after the initial injection and the distribution of the drug can 

then be measured in vitro with a beta-autoradiography system. This technique is based on the 

assumption that the metabolism of all of the animals is identical in their response to the drug 

over time. A more rigorous technique would be to image the distribution of the radio-labelled 

pharmaceutical in a single animal over a period of time. However, the organs and tissue of 

interest are extremely small typically 2x2x2cm^ for the brain, thus requiring a very high 

resolution imaging system. The proposed system is intended for use with l'^^, which is 

commonly used in medical research, and is readily available linked to a range of molecules. 

decays with a half-life of 59.4 days, via electron capture with the emission of a 35keV photon, 

which makes it ideal for dynamic studies over extended periods of time. In the case of imaging 

the brains of small animals, the Volume Of Interest (VOI) of the system is ~20x20x20mm^. With 

a target spatial resolution of -0.5mm. 
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Existing tomographic techniques such as Positron Emission Tomography (PET) and Single 

Photon Emission Computed Tomography (SPECT) [5-1 to 5-6] have been applied to the small 

animal regime. However, none have so far achieved both the high resolution and high sensitivity 

required. PET systems have a high sensitivity yet the spatial resolution is limited by the range of 

the positron to ~2mm and whilst there is no limit to the resolution of the pinhole SPECT system, 

high-resolution is achieved at the expense of sensitivity. The highest resolution reported to date 

is 1.1mm by Ogawa et al [5-7] 

In using a coded aperture, of N apertures, instead of a pinhole collimator, the sensitivity of a 

SPECT system could potentially increased by N as there are N times more photons being 

collected [5-8], whilst maintaining the spatial resolution of the single aperture. Another 

advantage of the coded aperture is that the depth distribution of an imaged scene is presented in 

a data set acquired from a single viewing-angle [5-9]. The sensitivity of the system can also be 

greatly improved by the use of multiple detectors viewing the object from a number of angles [5-

10]. An in-depth discussion of the technique as applied to tomography can be found in reference 

[5-9]. 

The basic concept of coded aperture imaging has been introduced in Chapter 3. In the case of 

near field imaging the distance from the detector to mask and mask to source are comparable. 

The source distribution in depth is encoded in the magnification of the shadowgram as shown in 

Figure 5-1. 

Volume of interest 

Coded Aperture 

Detector Plane 

Figure 5-1. Depth Resolution with a coded aperture 

Photons emitted from planes within the object at different depths will project a shadowgram 

scaled by the magnification factor corresponding to the separation of the plane from the aperture. 

Therefore, each plane in depth has a specific magnification factor associated with its projected 
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shadowgram and deconvolving the shadowgram with an appropriate mask magnification should 

produce the source distribution at that plane. The detector plane should be compact with a large 

number of resolvable elements in order to minimise the effects associated with operating in the 

near field regime [5-9]. An ideal detector for this application is the MHPD design proposed at 

the end of the last chapter. 

In this chapter the feasibility of constructing a prototype near-field coded aperture system, 

optimised for the small animal imaging application outlined, was considered. As the proposed 

MHPD was not available at the time a Photek image intensifier on loan from DERA was used. 

The prototype will be constructed and tested using a 60keV AM-241 source, the higher energy 

source was necessary to improve the signal to noise performance of the detector. 

5.2.1 Near-field imager design 

The design of the near-field coded-aperture imager can be split into two distinct sections, 

geometry and mask design. The geometry of the imager encompasses the position and size of the 

coded aperture and detector relative to the object to be imaged, which will have an effect on the 

sensitivity and spatial resolution of the imager. 

In the design of the near-field coded-aperture system, an essential requirement is that the Fully 

Coded Field of View (FCFOV) encompasses both the front and rear plane of the VOL The 

FCFOV of a coded aperture system is defined by the limit at which a source pixel can project a 

complete unit-mask pattern on to the detector, this is demonstrated in Figure 5-2. As the 

resolution of a coded aperture imaging system is simply the FCFOV divided by the number of 

mask elements across the unit mask pattern, the FCFOV at the front and rear of the VOI should 

ideally be as close as possible in order to limit the degradation in resolution at the rear of the 

VOL 

Figure 5-2. Geometry of a near field coded aperture 
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In Figure 5-2 the FCFOV is represented by the solid lines from the detector passing through the 

aperture to the object plane. A source at the plane closest to the aperture in the VOI projects a 

unit mask pattern which is larger than that projected by a source at the rear of the VOI. This 

maximum projected unit-mask size should match the size of the detector in order to maximise 

the sensitivity. Therefore the only variable in the design of a near field imaging system is the 

size of the unit mask projected from the rear of the VOI. Consequently there are a limited 

number of geometrical configurations which will satisfy the criteria which we have laid down. 

Examples of these are summarised in Table 5-1. 

Projected mask Aperture to Front plane to Unit mask FCFOV @ FCFOV @ 
size at detector Detector aperture diameter front rear 

from rear of distance distance (mm) (mm) (mm) 
VOI (mm) (mm) (mm) 

30.6 25.0 7.4 16 20.8 33.6 
40.8 57.3 17.0 16 20.8 26.4 
51.0 124.3 3&8 16 20.8 23.4 
61.2 346.7 102.7 16 20.8 21.6 

Table 5-1. CAI geometries which satisfy the criteria laid down 

in the text. 

From Table 5-1, we can see that the FCFOV and therefore the resolution at the rear of the VOI 

can be much larger than the target values of 20mm, depending on the geometry chosen. The 

competing requirements which must be considered in choosing the geometry of the imager are; 

the closer the detector to the source the greater the sensitivity, however, as the detector is moved 

closer to the source the sensitivity will drop due to collimation of photons from the source in the 

mask. In order to evaluate the effect of the decrease in sensitivity due to the aperture, the number 

of elements in the aperture must be defined. 

5.2.2 Mask Design 

From Table 5-1 we can see that the coded aperture will have a unit mask diameter of 16mm, 

therefore, -40 individual mask elements across the unit mask will be required to achieve the 

resolution required of 0.5mm. As a consequence, each mask element will be ~400n.m across. The 

collimation of the source by the mask is a function of both the mask element size and the 

distance between the aperture and source, this effect is known as vignetting. The percentage 

reduction in flux at the detector due to collimation of the source as a function of the mask 

thickness, can be seen in Figure 5-3 for a number of source to aperture distances. 
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Figure 5-3. Vignetting as a function of mask thickness for 

several aperture source distances. 

From Figure 5-3 we can see that the thinner mask can be made and the closer it is to the source 

the less the reduction in flux due to collimation. 

The physical requirement of the coded aperture is that the closed elements attenuated the 

incident 35keV photons ideally by 100%. A mask using 160|.;m of tungsten would provide an 

attenuation of 99% at 35keV. However, machining the metal and positioning each element 

accurately on a substrate transparent at 35keV, was considered to be technically unfeasible. An 

alternative solution was found using flexible printed circuit board technology. In this technique a 

layer of thin metal is deposited onto a thin plastic substrate (Kapton™); the metal can then be 

removed using lithography, leaving behind the desired design. The resulting mask would be a 

sandwich of gold, copper, and Kapton; a cross-section through a portion of the mask can be 

seen in Figure 5-4. 
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Figure 5-4 Cross section through mask 

The total thickness of a single mask was 206|a,m, the attenuation of each mask was calculated to 

be 77.4% at 35keV, and the masks can be stacked in order to increase the attenuation. The 

advantage of the PCB manufacturing technique is that no support structure needs to be 

incorporated into the mask design as the Kapton substrate performs this task. A summary of the 

properties of the PCB manufactured masks can be seen in Table 5-2. 

Attenuation % 
Total Thickness 

(urn) 35 keV 60 keV 
1 mask 206 77.4 28.4 
2 masks 412 94.9 48.7 
3 masks 618 98.9 63.3 

Table 5-2. Properties of PCB mask design. 

A detailed discussion of various types of coded apertures can be found in reference 5-11. At the 

feasibility stage of the ^SPECT system a simple Hexagonally Uniformly Redundant Array 

(HURA) coded aperture design was chosen, in order to best match the circular detector sensitive 

area. In order to maximise the sensitivity of the imager only coded apertures with an open 

fraction of 50% were considered. The most appropriate HURA masks are summarised in Table 

5-3, with their effect on the sensitivity of the imager. 

Mask 
order 

Number of pixels 
across unit mask 

Resolution 
(lim) 

Pixel size 
(M,m) 

Vignetting 
(%) 

1951 51 390 313 30 
919 35 570 457 21 
631 29 690 551 17 

Ta )le 5-3. Properties of appropriate HURA mask designs 

The 631 HURA was chosen in view of the low level of vignetting and the less demanding mask 

element size requirement. The mask design chosen can be seen in Figure 5-5, with an image of 

the actual fabricated mask. 
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Figure 5-5. (left) HURA coded aperture order 631 (right). 

Photograph of the fabricated PCB mask. 

Now the mask design has been finalised, the overall geometry of the imager can also be defined, 

the final design of the coded aperture near field imager maybe summarised in Table 5-4. 

Detector Sensitive 7.0cm 
diameter 

Spatial resolution of 0.02cm 
detector 

Aperture to front 7.0cm 
plane object distance 
Aperture to detector 

distance 
23.6cm 

Unit mask diameter 16.0mm 
Vignetting 17% 

2D resolution 0.69mm 
mask element size 551nm 

Table 5-4. Design of near field coded aperture system 

5.2.3 Simulation of the imager 

Simulations were performed to evaluate the performance of the detector designed in the previous 

section using the GEANT Monte-Carlo software. The simulations were generated by Dr I Jupp. 

The simulations were designed to evaluate the depth resolution of the imager. The simulated 

source distribution comprised of two equal strength point sources separated along the depth axis, 

by 1cm. The simulated data was reconstructed using a simple iterative maximum likelihood 

algorithm. The distribution of the reconstructed sources on the depth axis can be seen in Figure 

5-6. 
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Figure 5-6. Intensity distribution through the z-axis of a 3D 

reconstruction of the 

From Figure 5-6 we can see that the FWHM of the source distribution is 5mm, considerably 

poorer than the target resolution of 0.5mm, it is however in accordance with the predictions of 

Smith et al [5-10] 

5.2.4 Experimental results 

The on-loan image intensifier differed from the design specification in that the FOV was a 

square of diagonal dimension 7cm as opposed to a square of side 7cm. This meant that the 

original detector geometry was unsuitable. The geometry of the detector was therefore re-

defined as a circle with a diameter of 4.8cm with a resolution of 0.2mm. As the mask design had 

at this stage been manufactured the aperture and detector geometry where altered to best fit the 

new detector plane. The redesigned imager parameters can be seen in Table 5-5. During 

preliminary experiments the signal to noise of the image intensifier, imaging a 35keV source was 

seen to be poor, therefore a higher energy Am-241 source with an emission of 60keV was used. 

In order to increase the stopping power of the coded aperture of the mask three were stacked in 

order to improve the attenuation to 65%, resulting in an associated increase in vignetting to 

-30%. 
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Detector Sensitive 4.8cm 
diameter 

Spatial resolution of 0.02cm 
detector 

Aperture to front 6.65cm 
plane object distance 
Aperture to detector 13.29cm 

distance 
Unit mask diameter 16.0mm 

Vignetting 30% 
2D resolution 0.68mm 

Mask element size 551nm 
Table 5-5. Parameters of the re-designed near field coded 

aperture system incorporating the image intensifier. 

An optical photographic enlarger was modified to allow the mounting of the image intensifier 

and coded aperture mask. The use of this table allowed the precision mounting of the 

components of the imager without the need to manufacture a custom system. A picture of the 

imager can be seen in Figure 5-7. 

6.65cm 

Detector 

13.^9cm 

Mask 

Object 

Figure 5-7. Picture of the near-field coded-aperture imager. 

To evaluate the 2D imaging performance of the detector the Am-241 point source was placed at 

the front object plane of the detector at three different positions separated by 0.5cm, the data sets 
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were summed and deconvolved, using a cross correlation algorithm, the resultant image can be 

seen in Figure 5-8. 

Figure 5-8. Reconstructed image from the imager of 3 point 

sources separated by 5mm. 

The spatial resolution of the sources in Figure 5-8 was measured by fitting a gaussian to the 

profile, the FWHM was measured to be 0.72mm. The performance of the imager with respect to 

a scene distributed in 3D was assessed using the same technique as for the 2D tests except the 

source was placed at the centre of the object front plane and at 0.5cm in the x-direction at the 

rear object plane. The source positions imaged can be seen in Figure 5-9 (top); the two sources 

are separated by 2cm in depth and 0.5cm in the x-direction. The data reconstructed at different 

magnifications corresponding to the depth planes labelled can be seen in Figure 5-9 (bottom). 

5-10 



Chapter 5 

D = 0cm 0.67cm 1.0cm 1.33c 2.0cm 

Figure 5-9. Source distribution (top) and reconstructed data 

from coded aperture imager (bottom) 

In Figure 5-9 the interference of each source on all other reconstructed planes is clearly evident, 

as expected, with the cross-correlation reconstruction technique. The simulations in section 5.2.3 

predict that, by using a maximum likelihood reconstruction technique, two point sources 

separated by 1cm in depth should be discemable. The reconstruction algorithm was unable to 

produce a deconvolved image. The reason for this can be seen in the discrepancy between the 

two images in Figure 5-10. 
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Figure 5-10. (left) Observed shadowgram of 2 sources separated 

by 1cm in depth, and the iteratively produced shadowgram of 

the same scene 

The observed shadowgram from the image intensifier can be seen to contain a non-uniform 

background component which the response function used in the reconstruction did not contain. 

Therefore the reconstruction algorithm could not generate an image. 

5.3 Sentinel lymph node imager 

The second possible application of the large area MHPD that was explored was in a compact 

gamma camera for the location of radioactive tracers during surgery. The initial application for 

such a compact camera would be the location of the sentinel lymph node in breast cancer staging 

surgery. 

According to the World Health Organisation (WHO) in the year 2000, 34,000 women in the UK 

were estimated to have been diagnosed as having breast cancer. The treatment and therefore 

prognosis for the patient depends strongly upon whether the cancer has spread to the rest of the 

body. Cancerous cells in the breast will spread to the rest of the body via the lymphatic system. 

The lymph nodes in the lymphatic chain associated with the tumour are the first site where the 

cancerous cells can be found. Specifically, the first lymph node in the lymphatic chain from the 

tumour [5-13], defined as the "sentinel" lymph node. In the case of breast cancer the lymph 

nodes associated with the tumour can usually be found in the axilla, neck, shoulder or internal to 

the breast. At present the current standard of care is to remove all of the lymph nodes in the 

axilla for laboratory analysis, this procedure is known as an Axillary Lymph Node Dissection 

(ALND). The ALND procedure has a high morbidity, as the surgery is an extensive procedure 

leading to a large number of post-operative complications [5-14]. An alternative to this 
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procedure is the removal and analysis of the sentinel lymph node. This procedure, known as 

Sentinel lymph Node Biopsy (SNB), is believed to produce fewer complications. In the case of a 

SNB the pathology laboratory has a small number of positively identified lymph nodes to 

examine, which is not always the case with the ALND. 

The sentinel lymph node is not a well defined anatomical feature; that is to say it does not 

always occur in the same place, and coupled with the small size of a typical lymph node and the 

fact that it will appear identical to any other lymph nodes in the region makes its location 

difficult, hence the use of the ALND. There are at present two methods by which the sentinel 

lymph node associated with a tumour may be located. An overview of the two methods for 

locating the sentinel lymph node are given here; the precise details will vary from centre to 

centre, but the general outline is similar. The two methods are, blue dye, and radiotracer. In the 

blue dye technique 2-4ml of patent blue dye is injected around the tumour usually 5-10 minutes 

before the operation. This duly flows through the lymphatic system where it is trapped in the 

first lymph node which it encounters. The surgeon then makes an incision in the axilla and 

identifies the lymph nodes which are stained blue. This may require considerable dissection of 

tissue if the incision site is some distance away from the sentinel lymph nodes. Using the 

radiotracer method, -3.7 xlO^ Bq of [''Tc]-sulphur colloid is injected around the tumour site, 

again the radio tracer is trapped on its journey through the lymphatic system from the tumour by 

the first lymph node it encounters, i.e. the sentinel node. A hand-held gamma probe is used to 

locate the 'hotspot'. In some centres a gamma-camera is used the day before surgery to locate the 

general area of drainage. The inter-operative gamma probe is a non-position sensitive collimated 

single pixel detector, the count rate in a preset energy window is conveyed to the surgeon by an 

audio signal which increases in pitch with increasing count rate. Results of several medical 

studies [5-14], have demonstrated that the combination of the radio-tracer and blue dye 

techniques would prove to be clinically superior to the individual procedures alone. 

The single element detectors used in this procedure are unable to locate the sentinel lymph nodes 

closer than 7cm to the primary tumour [5-15]. This limitation is due to the poor specificity of the 

radio tracer used, in that the uptake of the radioactivity in the node ranges from 1:50 to 1:200; 

the rest of the activity remains close to the primary injection site, producing a Compton scatter 

background around the tumour. The single pixel probes perform poorly at distinguishing the 

presence of an increase in activity due to the sentinel node in this background, due to a 

combination of the limited audio information transfer to the surgeon and the time the surgeon is 

prepared to allocate to the procedure. This is reflected in the range of success in implementing 

the technique; for example in the results from Kragg et al [5-16] the false negative rate varied 

from 0-28%. The limitation of the gamma probes is due to a combination of the spatial response 
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of the collimator, the energy resolution and the method by which the information is sensed by 

the user. 

A compact imaging system capable of use in the surgical environment is an attractive solution to 

the problem, as it would provide a radiation map of a comparatively large area, whilst also 

allowing a clearer visualisation of the lymph node in the Compton background. Initial results 

with a 24mm diameter compact gamma camera used in a surgical setting [5-17] have 

demonstrated the usefulness of this approach. 

In this section we will simulate the performance of the large area MHPD, described in the 

previous chapter, as a compact Anger camera for the localisation of the sentinel lymph node. 

The detector specification from the previous chapter is for a detector with a sensitive diameter of 

65mm with a resolution -1mm, using a scintillator 4mm thick. 

5.3.1 Imager design 

During the sentinel lymph node biopsy procedure, the surgeon needs to locate the lymph node 

rapidly. This requirement was taken as the main priority in the design. Also, a high-resolution 

image of the lymph node would be of little use, as once the incision is made the tissue will 

naturally be displaced relative to the initial markings. The sensitivity of the compact gamma 

camera is defined by both the collimator and scintillator. As the optimum scintillator 

configuration of 4mm thick has already been defined only the collimator remains. The resolution 

and sensitivity of a parallel-hole collimator is a function of the hole diameter, length and the 

thickness of the collimator walls. The sensitivity of a collimator is a function of the collimator 

hole size and the distance to the emitting object, as given in equation 5-1 [5-18], where a is the 

collimator hole diameter, and r is the distance from the collimator to the emitting object. 

; r ( a / 2 y , <1 
O = — — ^ Equation 5-1 

From Equation 5-1 it is clear that the larger the collimator hole diameter the greater the 

sensitivity of the device. However this is achieved at the expense of the spatial resolution of the 

collimator. The spatial resolution (R) of a parallel hole collimator is given in Equation 5-2 [5-

18]. 

^ _ di^ + b) Equation 5-2. 
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In this equation, d is the diameter of the collimator hole, b is the distance from the top of the 

collimator to the source and 1 is the length of the collimator. From equation 5-2 the increase in 

aperture diameter leads to a linear increase in the resolution at the distance b. Therefore the 

design of the collimator is a trade off between resolution and sensitivity. 

In order to evaluate this trade-off a range of collimator geometries was simulated, the length of 

the collimator and hole diameters were varied. For these studies, a sentinel lymph node of 1cm 

diameter was positioned at 2.5cm below the surface of a volume of water. The activity of the 

node was taken to be lO^Bq. This was based upon a conservative estimate of the uptake in the 

sentinel lymph node of -1:100 from an injection of lOMBq around the primary tumour. With the 

water being a good approximation to the attenuation characteristics of human tissue. The 

geometry described was simulated using the GEANT MONTE CARLO simulation code from 

CERN. The optimum collimator geometry of 3mm holes with a collimator length of 20mm was 

chosen. The resolution of this collimator at 30mm from the detector was calculated to be 5mm 

which was considered to be the minimum allowable for the application. The results of the 

simulations can be seen in Figure 5-11. 

(a) 3 

(c) 

(b) 

(d) 

Figure 5-11. Simulation results for 1cm SLN 25mm beneath 

skin for exposure times of (a)10s,(b)20s,(c)30s,(d) distribution 

of counts in one direction for the 30secs exposure, (all axis in 

cm) 
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Figure 5-11 demonstrates the ability of the proposed Anger camera design to locate a sentinel 

lymph node to within +/-3mm in 30 seconds over the detector area of diameter 65mm. The 

background present in the images is due to the Compton scattering of photons in the water, 

which still pass through the collimator. 

5.3.2 Depth Focussing Collimator 

Having located the SLN in this way, it would be useful to provide the surgeon with some 

additional information regarding depth beneath the skin. To meet this need, an additional 'snap-

on' collimator was designed. The camera operating in this mode could provide a measure of the 

distance between the collimator and Sentinel Lymph Node (SLN). This collimator consists of a 

series of conical septa which converge at successively larger depths as the radius increases, the 

cross section of the collimator can be seen in Figure 5-12. When located at the position of the 

previously measured centroid of the emission from the SLN, information about the depth of the 

gland may then be derived from the radial distribution of the events detected by the camera. 

8 l O m m 

Figure 5-12. Depth focussing collimator. 

In Figure 5-12 the field of view of the first 3 rings is shown. A pre-prototype collimator was 

manufactured from brass and tested using a 3mm thick crystal on the 18mm diameter fibre 

entrance M-HPD. A 2\xCi Co57 source 3mm in diameter was positioned in air along the centre 

line of the collimator. Data was collected with the source in a range of depth positions. The 

images produced with the depth collimator can be seen in Figure 5-13. 
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Figure 5-13. Depth collimator images of a Co-57 source 

at various depths. 

As can be seen from Figure 5-13 the depth of the source can be inferred from the number and 

diameter of the rings in the image. 

5.4 Conclusions 

The feasibility of the proposed large area 72mm 271-pixel MHPD with sub-millimetre resolution 

has been investigated in two possible applications: 

A high resolution gamma camera with 3D resolution: The feasibility of constructing a 

compact coded aperture imager has been demonstrated. The resolution of the imager in 2D was 

measured to be 0.72mm FWHM. The 3D performance of the imager was disappointing however, 

though by the multiplexing of data from multiple views, as suggested by the simulations 

performed by Meikle [5-12], the resolution should be improved to that of the 2D case. 

Sentinel Lymph node imager: The design of a simple compact hand-held imager based on the 

use of the 72mm MHPD has been demonstrated to be able to locate a sentinel lymph node at a 
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depth of 25mm in tissue in less than 30 seconds. A novel collimator capable of discerning the 

location of a source in depth has also been presented. 
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Chapter 6 

The LOGIC System 

6.1 Introduction 

This chapter details the development of a prototype imager capable of aiding in the 

decommissioning of the Windscale Piles. Rather than being used to map the distribution of 

activity across the entire field of view the main task was to identify the location of radioactive 

hotspots in the FOV. The imaging system incorporated a combination of the collimation and 

anti-collimation temporal modulation techniques to generate a map of the scene. The 

requirement for the imaging system was proposed by Dr J. Lightfoot of BNFL Instruments. The 

working title "LOGIC" was given to the project, the detector system which evolved from this 

proposal is referred to as, the LOGIC system, throughout this chapter. 

6.2 Background 

On Thursday 10th October 1957, one of the two air-cooled nuclear reactors on the West Coast of 

Cumbria, used to produce plutonium for the UK's fledgling atomic weapons programme, caught 

fire. The graphite core of the reactor, or "pile", burnt for 8 hours before it was extinguished. The 

resulting release of radioactive contamination into the local environment was later classified as a 

level 5 event on the INES scale of nuclear incidents, second only to the Chernobyl nuclear 

disaster. The Windscale piles were identical, air-cooled graphite-moderated reactors constructed 

next to each other with a common storage pond for the spent nuclear material; a plan view of the 

pile facility can be seen in Figure 6-1. The graphite core of each pile was approximately 

cylindrical having a diameter of 15.32m and a length of 7.43m. Each core was built using a 

matrix of interlocking graphite moderator blocks, having a total volume of 1228.9m^ and a mass 

of 1966 metric tonnes [6-1]. The graphite moderator was pierced by 3444 horizontal fuel 

channels, into which the fuel cartridges were loaded by hand from the charge hoist. The fuel 

channels ran through the length of the core, so that when a new cartridge was pushed into the 

fuel channel, an irradiated one was forced out the other side. A plan view of a single pile can be 

seen in Figure 6-2, with a side view in Figure 6-3. The discharged cartridges fell down the 
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discharge void into the water duct at the far side of the pile. Open topped skips on rails 

submerged in the water duct caught the irradiated fuel canisters, and after a period of time these 

skips were transported to the storage pond and emptied, from where the fuel would be reclaimed 

for processing. In addition to the fuel channels, there were more than nine hundred smaller 

isotope channels in the core used for neutron-irradiation experiments. Cooling air was pumped 

through the core and expelled out through the chimneys by a fan system housed in the "blower 

houses" at a rate of one ton per second. The graphite core was surrounded by a biological shield 

of reinforced concrete up to 2m thick, separated from the core by a gap of ~2m. 
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Figure 6-1. Windscale Pile complex plan view. 
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Figure 6-2. A Windscale Pile plan view 
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Figure 6-3. A Windscale Pile side view 

The purpose of the graphite moderator was to decrease the energy of the fission neutrons to a 

favourable level for the desired neutron capture reaction to take place with the which 

decays to produce the required plutonium. The neutrons where moderated through elastic 

collisions with carbon nuclei. The majority of the energy lost by the neutrons in such a 

moderator is dissipated directly as heat. However, a significant fraction can be absorbed by the 

displacement of carbon atoms within the graphite crystal lattice, which can then become trapped 

between the planes to form defects. These defects result in changes to the mechanical and 

physical properties of the material. The two most important consequences of these phenomena 

are Wigner growth, which is a change in the bulk physical dimensions of the graphite and, the 

Wigner energy, which is an accumulation of potential energy within the crystal lattice. This 

energy may be spontaneously released as heat in an uncontrolled fashion. In 1948, during the 

design and manufacture of the graphite blocks for the piles information emerged from the United 

States indicating that the Wigner growth of the graphite would render the original pile design 

useless after a short period of time under irradiation. The pile design office developed an 

ingenious redesign of the core which would allow for the horizontal expansion of the blocks 

whilst maintaining them in the correct position. However, the stored Wigner energy was not 

considered to be a major safety concern, despite warnings in 1948 from the Americans of the 

potential for spontaneous release. The designers considered the risks to be small compared to 

those associated with the loss of coolant in a water-cooled pile, such as the Americans were 

operating. Little attention was paid to Wigner energy during the design, construction and early 

operation of the piles. Pile #1 was completed and began operation in October 1950 followed by 

#2 in June 1951. In May 1952 an anomalous temperature increase in the upper section of Pile #2, 

was observed but not understood. Then, in September 1952, while pile #1 was shut down there 
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was an abnormal temperature rise in a section of the core. Investigation of these two events 

coupled with further information from the United States, identified the cause of both of these 

incidents to be due to the spontaneous release of stored Wigner energy. If a way of releasing the 

stored energy whilst maintaining the normal operation of the piles could not be found, then the 

piles would have to be shutdown and new reactors built at great expense. This would result in a 

period of 4 years when plutonium would be unavailable. 

Raising the temperature of the graphite would allow atoms trapped in defects to migrate to a 

more stable position in the lattice, thus releasing the stored energy, a process analogous to 

annealing in metallurgy. This process was first attempted on pile #2 in January 1953, the process 

was repeated a further 15 times in total. Only broad outlines as to how to conduct the annealing 

of a core where provided, as no two anneals were the same, reflecting the lack of understanding, 

at the time, of the underlying processes involved. The general procedure was to locally raise the 

core temperature until an increase in temperature above that of the surrounding core was 

observed and seen to be spreading. At this, point the reaction was considered to be self-

sustaining, the pile was then shutdown and the energy release continued until all of the stored 

energy had been removed from the graphite. The 9"" anneal of pile #1, on Wednesday 9"' October 

1957, appeared to be proceeding normally and the temperature of a portion of the pile was seen 

to rise above that of the rest of the core. After the pile was shut down the temperature of the 

graphite began to fall prematurely, indicating to the pile operators that the release was "fizzling 

out", so to prevent a partial release of energy leaving potentially dangerous pockets of stored 

Wigner energy, nuclear heating was applied for a second time. This "dying-out" of the reaction 

before a full release had been observed on at least two other occasions. During the second 

heating the temperature of parts of the core began to rise despite all efforts to hold them in 

check. At this time an increase in radioactivity was noted on site. A burst fuel canister was 

suspected, a team was sent to the charge face to discharge the suspected fuel elements, and when 

the plug in the charge face was removed the four corresponding channels could be seen glowing 

red-hot. More plugs were removed, revealing yet more glowing fuel elements. These elements 

were so distorted by heat that they could not be discharged from the pile. By 11:30pm on 

Thursday lO"' blue flames could be seen spreading at the rear of the pile. The operators and 

scientist had to improvise procedures for dealing with the situation as a fire in an air-cooled 

reactor was simply never considered. A fire-break was set up by discharging fuel elements from 

the pile around the perimeter of the fire. At 5am on Friday an unsuccessful attempt to extinguish 

the fire was made by pumping carbon dioxide into the core. At this point the blue flames at the 

discharge face of the core were striking the steel-lined biological shield, prompting fears about 

the structural integrity of the core enclosure. As a last resort, preparations where made to pump 

water into the core. After injecting water onto the burning graphite there was the danger of an 
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explosion from the mixture of carbon monoxide, hydrogen and air produced. However, the risk 

had to be taken. At 9am, the water was turned on. There was no explosion and by midday the 

fire was extinguished. 

As a result of the fire, radioactive contaminants were released into the atmosphere and the 

surrounding environment. The main component in terms of the health impact on the surrounding 

population was adjudged to be the isotope of which it was estimated much later (in 1981) 

that some 27,000Ci had been released [6-2]. At the time of the accident an initial appraisal of the 

health implications highlighted An increase in the amount of the isotope present in samples 

of milk taken from the surrounding area was also noted at the time. As a result, a ban was placed 

on the consumption of locally produced milk. In the years after the Windscale fire there have 

been many estimates of the health impact of the accident, the highest placing an upper limit of 

100 fatal cancers, due to the Windscale accident, over 40-50 years [6-3]. 

After the fire, both piles were shut down. Due to the fire damage to Pile #1, it was not possible 

to discharge all of the fuel. It has been estimated that up to 15 tons of fuel [6-4] remain in the 

core. Pile #2 was unaffected by the fire, but its fuel was discharged and the control rods inserted, 

but no attempt has been made to anneal the graphite core. 

After 43 years, the task of removing the graphite from the two piles is about to begin. 

Knowledge of the distribution of the radioactive material remaining in the core is essential prior 

to and during the dismantling process, in order to plan and manage the procedure safely. The 

only access to the pile is via the 3444 fuel loading channels in the charge face. Each channel is 

15cm in diameter and 2.5m long; the channels will be accessed from the charge hoist. The 

imaging system will have to be deployed through these fuels channels on the end of a 

deployment arm. The imager must be designed to pass through the 15cm diameter channels and 

have a mass of no more than the 10kg limit of the deployment arm. The user requirements for 

the system were defined through discussion with BNFL Instruments and are summarised in 

Table 6-1. 
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Acceptable time to locate hotspot ~ several hours 

Resolvable Elements. 5x5° 

Mass <10kg 

Maximum Diameter <14cm 

Energy spectra performance Detector operating range 0.1-1.3 MeV, optimised 

for 662keV. Software able to display three 

Regions of Interest (ROI). Temperature range of 

4-30°C to -30°C 

Data Display Overlay of radiometric information from one of 

three ROI's over a visual image of the scene. 

Maximum Count Rate 100,000 c s ' 

Portability Man portable, mains power 

Table 6-1. Summary of the user requirement for a system to aid 

in the decommissioning of the Windscale Piles. 

Whilst the application outlined above is specific to a particular decommissioning task, other 

situations in which access is limited are common in the nuclear industry. Hence an imager, 

which is capable of meeting the Windscale pile decommissioning challenge, is believed to be of 

use in a wider range of decommissioning tasks. Of the imaging systems commercially available 

or in advanced development, none are capable of fulfilling the requirements laid out in Table 

6-1. Hence the need for a new detector system. 

6.3 Choice of imaging technique 

A y-ray image can only be generated by either spatially or temporally modulating the y-ray flux. 

Spatial modulation requires the use of a position-sensitive detector to record the distribution of 

the modulated flux. In temporal modulation systems one can use a simple, non-position-sensitive 

detector. In the light of experience gained with the EPSILON system [6-5] an adequately 

shielded position-sensitive detector plane was not considered to be feasible. Of the temporal 

modulation techniques, the two considered relevant to this application where; the scanning 

collimator and anti-collimator technique. 

6.3.1 Scanning Coll imator 

The scanning collimator technique uses a simple detector and limits its sensitivity to a certain 

field of view with a collimator opaque to the y-rays of interest. Several systems using this 

6 - 6 



Chapter 6 

technique have been constructed, most notably the BNFL instruments RADSCAN device [6-7]; 

this design has a collimator mass of 55kg. The collimator should attenuate all sources not in the 

FOV equally. The ideal collimator design to achieve this uniform attenuation of all sources is a 

sphere, with a conical aperture and a spherical detector at the centre. The count rate in the 

detector consists of radiation entering via the aperture plus that penetrating the collimator. For 

the measurement of the source flux to be meaningful the penetration through the shielding, must 

be relatively low. 

The merit of a collimator design can be defined in terms of its ability to suppress radiation 

incident upon the detector from angles other than that of the desired aperture. This is defined as 

the Signal to Background Ratio (SBR), the equation for SBR is given in Equation 6-1. 

SBR = 
Q 

Equation 6-1. 

Where T is the photopeak transmission of the shielding. Qa is the solid angle of the aperture and 

Qb is the solid angle subtended by the area over which the background is expected. In Figure 

6-4, the effect of SBR on the time needed to locate a point source to an accuracy of 3 sigma in a 

uniform background, can be seen. 
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Figure 6-4. Time to locate a source as a function of SBR for a 

background 10 times that of the source. 

From Figure 6-4 we see that the higher the SBR, the less the time required to locate a source. In 

the case where we wish to minimse the time spent imaging non-active portions of the scene, an 
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SBR of 5 is sufficiently high to allow a real-time (-Ihour) measurement of the activity, which 

allows the user to scan the scene manually and concentrate the scan on a smaller proportion of 

the whole area. The detector efficiency was not included in the generation of Figure 6-4. 

If we suppose that the detector is at the centre of the collimator and occupies a spherical volume 

1cm in diameter, then the mass of the collimator as a function of its SBR can be calculated. A 

plot of mass as a function of SBR for both lead and tungsten can be seen in Figure 6-5, at an 

incident photon energy of 662keV. From Figure 6-5 we can see that to achieve a SBR of 5 would 

require a collimator of either 13kg or 17kg depending on whether Tungsten or Lead, 

respectively, were used. This exceeds the mass limit for the deployment arm. 

2 5 

20 

CT 1 5 

- • - T u n g s t e n 

- B - L e a d 

6 

SBR 

10 12 

Figure 6-5. Mass of an ideal scanning collimator with a +1-5 

degree aperture as a function of SBR. 

6.3.2 Anti-Collimation 

The anti-collimation technique is essentially the inverse of the collimator technique. Instead of 

using the collimator to restrict the FOV, the collimator is reduced to an occulting block which is 

used to obscure an area or pixel of the scene to be mapped. The activity of an image pixel is a 

two stage process, firstly without any obstruction in the FOV the activity incident at the detector 

is recorded; the anti-collimator is then positioned such that it obscures the image pixel from the 

detector, the activity incident upon the detector is again measured. The difference between the 

two data sets is due to the activity incident from the area obscured by the anti-collimator. The 

technique was developed for use in situations where collimating the detector is not feasibile. 
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such as balloon-borne y-ray astronomy [6-7], where the presence of a massive collimator would 

actually increase the background incident on the detector. 

The advantage of using this technique is that a compact, low-mass system can be constructed. 

However, the time to map a scene is considerable as each pixel in the image must be sampled in 

turn. In the case of the Windscale piles, where sources are expected to be incident from 

anywhere in front of the system the number of data points would be -800. 

6.4 The Hybrid Solution 

By modifying and combining the Collimation and Anti-collimation techniques, it is possible to 

design a low mass mapping system which minimises the amount of time spent acquiring data 

from regions of low activity, whilst achieving the mapping resolution required. If the collimator 

was modified so that the FOV of the detector is expanded to a vertical slit, of angular 

dimensions 180°x5°, the collimator can be used to scan the scene in azimuth to locate any 

hotspots in the azimuthal plane as per Figure 6-6. The anti-collimator is then used to scan from 

+90 to -90° in elevation at the chosen azimuth co-ordinate, with an accuracy of 0.1°. Using this 

method the hotspot can be located in azimuth and elevation, thus allowing the anti-collimator to 

map only the area of interest, thus reducing the time spent measuring data point of no interest. 

Figure 6-6. Mode of operation of hybrid system. Azimuth scan 

(left). Elevation scan (right) 

Such a hybrid imager would consist of three main components; detector, collimator and anti-

collimator. The function of the collimator would be to uniformly attenuate the background 

outside the +/-90° elevation and 5° azimuth FOV of the detector. The effect of the increased 

solid angle of the aperture on the mass required to achieve a SBR of 5 can be seen in Figure 6-7. 
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Figure 6-7. SBR as a function of mass for a spherical collimator 

with an aperture of 5°xl80° 

From Figure 6-7 we can see that the required SBR can be achieved without exceeding the mass 

limit specified of 10kg. 

6.5 Detailed design considerations 

The most challenging aspect of the LOGIC user requirement is the small diameter through which 

it must be able to pass. Within the specified 14cm diameter, the detector, collimator and a 

mechanical support mechanism capable of positioning the collimator and anti-collimator with an 

accuracy of 0.1°, must be accommodated. In the next sections we will address each factor. 

6.5.1 Detector 

As discussed in the user requirements, the detector should be sensitive to y-rays in the energy 

range lOOkeV to 1.3MeV, optimised for performance at 662keV. The detector must also be very 

compact in order to allow the collimator to fit within the 14cm diameter of the fuel-loading 

channel. Three detector options were considered; 

• CsI(TI) with photodiode readout. A compact detector with proven performance [6-8], but 

with a limited count rate capability, due to long decay time of CsI(Tl). 

• LSO with photodiode readout. Compact detector, incorporating a fast, dense scintillator, 

but with unproven spectral performance. 
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• Nal(Tl) and photomultiplier tube (PMT). Proven design using a fast scintillator having a 

lower low energy threshold than the previous two designs. However not a compact design. 

The profile of the detector was chosen as that of a right cylinder, thus providing a uniform path 

length to y-rays incident from any elevation angle. The diameter of the crystal is a compromise 

between the 6mm required for a FWHM of 5° and a reasonable stopping power at 662keV. A 

diameter of 10mm was chosen. Both photodiode based detector assemblies were identical from 

the type of the scintillator used. The signal from the photodiode was amplified using an eV-5127 

hybrid preamplifier mounted at the rear of the photodiode. The photodiode chosen was the 

Hamamatsu S3590-08 Si-PIN, with an active entrance window of lOxlOmm^. The photodiode 

detectors were housed in a thin brass enclosure, with walls less than 1mm thick. The internal 

configuration of the photodiode assemblies can be seen in Figure 6-8. 

14 .5mm -

- 15 .4mm • 

4 t -

6 . 0 m m 

10.0mm diam 

^ 12 .78mm —» 

Photodiode 

^ Pre-Amp 

Figure 6-8. Photodiode-scintillator detector configuration 

The Nal(Tl) crystal was coupled to a miniature Hamamatsu photomultiplier Type R7400. The 

crystal had dimensions of 16mm diameter and a thickness of 6mm. The dimension of the total 

enclosure including voltage divider base, PMT and scintillator was a cylinder of height 58mm 

diameter 19mm. The size of the smallest available Nal(Tl) assembly was unsuitable for the 

application, but it was included at the suggestion of the customer to provide a baseline against 

which the performance of the other detectors could be compared. Both the Nal PMT detector 

and the photodiode detector can be seen in Figure 6-9. 
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(a) (b) 

Figure 6-9. Picture of (a) CsI(Tl)/LSO + photodiode. 

(b) Na(Tl) + PMT. 

The performance of the three detectors was evaluated using a Cs-137 source and standard NIMS 

electronics to shape the output pulses. The results of comparison tests of the detectors can be 

seen summarised in Table 6-2; examples of the spectra collected during the evaluation can be 

seen in figure 6-10. 

Scintillator '̂ shaping 

(^s) 
C ^ ^ F W H M ( % ) Temp Coeff Stopping 

Power 
Volume of 

detector 
(cm^) 

Nal(Tl) 

0 . 5 1 0 . 3 

-1-0.08 38 1 6 . 4 Nal(Tl) 
1 1 0 . 1 

-1-0.08 38 1 6 . 4 Nal(Tl) 
3 1 0 . 4 

-1-0.08 38 1 6 . 4 Nal(Tl) 

6 1 2 . 5 

-1-0.08 38 1 6 . 4 

CsI(Tl) 

0 . 5 1 0 . 2 

+ 0 . 3 2 3 3 3 . 0 CsI(Tl) 
1 8.2 

+ 0 . 3 2 3 3 3 . 0 CsI(Tl) 
3 7 . 1 

+ 0 . 3 2 3 3 3 . 0 CsI(Tl) 

6 7 . 0 

+ 0 . 3 2 3 3 3 . 0 

LSO 

0 . 5 3 0 . 8 

- 5 0 3 . 0 LSO 
1 2 5 . 0 

- 5 0 3 . 0 LSO 
3 2 3 . 4 

- 5 0 3 . 0 LSO 

6 2 6 . 1 

- 5 0 3 . 0 

Table 6-2. Summary of evaluated detector Properties 
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Cs-137 spectra with Nal(Tl)PMT at 1.0us 

5 3000 

10.1% 

Channel nr 
Mm 2M 

2000 
Cs-137 spectra with CslCTl) photodiode at 6.0us 

MO 4M MO 
Channel nr 

800 

2000 
Cs-137 spectra with LSO photodiode at 3.0us 

23.4% 

M 1M 1W 
Channel nr 

Figure 6-10. Sample spectra from evaluated detectors 

From Table 6-2, none of the detectors meet all of the user requirements. The Nal(Tl) detector is 

too large to allow adequate shielding, while the spectral performance of the LSO detector is 

inadequate and the CsI(Tl) detector would not meet the count rate requirements. The choice of 

detector must therefore be a compromise. The CsI(Tl) photodiode assembly was chosen as the 

detector, as it will be possible to prove the validity of the design in all but the most active of 

environments. 

The readout electronics for the detector were designed to be compact, portable and capable of 

operating from a UK mains supply. In order to analyse the output of the preamplifier the signal 

was shaped using a Eurorad SH-1 hybrid-shaping amplifier; this signal was then routed directly 

to the Pocket Multi-Channel Analyser (PMCA). The spectra collected by the PMCA were 

transmitted to the host PC via an RS232 connection. To minimise the potential for interference, 

the readout electronics were housed in a separate unit. The bias for the photodiode was 

generated using batteries, which were separately screened from the unit, labelled (b) in Figure 

6-11. The detector electronics can be seen in Figure 6-11. 
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Figure 6-11. Detector Electronics Unit (DEU), a) Power supply 

unit, b) photodiode bias, c) PMCA, d) Shaping amplifier 

enclosure. 

The effect of temperature on the performance of the detector was explored over the range of 

+30°C to -30°C. The count-rate in the 662keV ROI was seen to vary by a maximum of 2.3% 

over the 60°C temperature range explored. 

The count rate performance of the detector was evaluated using a Cs-137 source. Number of 

counts in the 662keV ROI is plotted as a function of counts in the whole spectra in Figure 6-12. 
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Figure 6-12. Count rate in the 662keV ROI as a function of total 

count rate (shaping time l|^s). 
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As can be seen from Figure 6-12 the count rate in the ROI remains a constant fraction of the 

total until a count rate of ~25,000c/s is reached, thus defining the maximum useable count rate 

of the detector. 

Spectra were collected with the LOGIC motors switched on but not moving, this represents the 

noise floor when LOGIC will be in use. Energy resolution of the 662keV peak was 9.1%. Energy 

resolution of the 1332keV peak was 6.4%, the low energy threshold was seen to be lOOkeV. The 

degradation of the energy resolution of the detector was due to, interference from the 

surrounding electronic components and the l|J,s shaping time of the SH-1 amplifier. 

6.5.2 System Mechanical Support 

The hybrid imager requires movement along two orthogonal axes. The collimator must be 

rotated about the vertical axis such that it can be positioned at any point from +90° to -90° in 

azimuth to an accuracy of 0.1°. The anti-collimator must be moved about a horizontal axis co-

aligned with the centre of the detector, such that it can be positioned at any point from +120° to -

90° in elevation, again to within 0.1°. The range of motion of the anti-collimator allows the 

occulting block to be positioned out of the FOV of the detector. The 0.1° pointing accuracy is 

necessary to allow the anti-collimation measurements to be performed. The torque required by 

the anti-collimator is 350mNm. The anti-collimator arm is moved using a size 17 RS stepper 

motor (RS No-440-420) via an anti-backlash gear system. In order to move the collimator the 

motor used must be capable of providing a maximum torque of 3.2Nm, this was provided with a 

size 23 RS stepper motor (440-458) capable of producing sufficient torque via a 500:1 gearbox. 

The output of the 500:1 gear box is connected to a 90° gear-box mounted to the rear of the 

collimator which acts as the pivot of the collimator and transmission for the azimuth stepper 

motor. The mechanical support housing the motors gears and limit switches was manufactured 

from aluminium alloy and can be seen in Figure 6-13. 
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Figure 6-13. CAD drawing of mechanical support and 

articulation structure for LOGIC. 

In designing a system with a pointing accuracy of 0.1° the ideal solution would be to use 

absolute shaft encoders, these devices coupled to the pivots of the anti-collimator and collimator, 

would accurately measure the position of the shaft to an accuracy greater than 1/100® of a degree 

[6-11]. However, a shaft encoder connected directly to the elevation pivot would greatly 

compromise volume available for the collimator and as a result another solution was chosen. The 

position of the collimator and anti-collimator was determined by always driving the motors from 

a from a known datum point. Limit switches were implemented to provide a datum point for the 

motors. The disadvantage in using the datum method of positioning the collimator and anti-

collimator is that the accuracy in the position can only be guaranteed if the motors are driven 

from the datum. Therefore every position from the scan must be approached from a datum, 

which greatly increases the amount of time required to perform a scan. However the limit 
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switches are compact enough to be added to the design with no adverse effect on the 

performance of the system. The mechanical support structure was designed to provide as much 

room as possible for the collimator. The maximum total width available for the collimator in the 

design manufactured was 75mm. 

6.5.3 Collimator 

Whilst the ideal collimator design mentioned previously was a sphere with a spherical detector 

at the centre, it was not appropriate in the situation discussed where the available space is 

extremely restricted. The volume required to house the CsI(Tl) detector chosen, would be a 

sphere of diameter 26.4mm. The maximum allowable width of the collimator, from the support 

structure was 75mm, leaving a collimator thickness of 24.3mm. From equation 1 the SBR for a 

given shielding thickness can be calculated, and a plot of SBR as a function of material thickness 

can be seen in Figure 6-14. 

piB 

Lead 
Tungsten - B -
Lead 
Tungsten 

3.8 

? 3.6 1 
o 

(0 3.4 -
(0 
0) 
c 3.2 -

o 3 -
£ 
1- 2.8 -
CB 

2.6 -
+-< 
<0 
S 2.4 -

2.2 -

2 

5 

SBR 

10 

Figure 6-14. SBR as a function of collimator material and 

thickness 

A collimator thickness of 24.3mm produces a SBR of 0.7 and 1.7 when constructed using lead or 

tungsten respectively. In order to accommodate the 30.5mm necessary to achieve a SBR of 5 

using tungsten, the collimator must be designed so that it makes the most use of the space 

available. That is, the cavity in the centre of the collimator is reduced until it is totally occupied 

by the detector. The surface of the collimator was defined so that there was a constant depth of 

shielding to be passed through to reach the detector from any incident direction, except that of 

the aperture. In order to maximise the sensitivity of the device, the longest aperture length 
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possible of 7cm was used. At this length the width of the collimator required to provide a field 

of view of FWHM of 5° was 6mm. An example of a simple collimator design which fulfils this 

approach is given in Figure 6-15. The collimator in Figure 6-15 had a constant thickness of 

2.7cm. The cylinder at the centre represents the scintillator, which was 10mm in diameter and 

6mm thick. 

Figure 6-15 Uniform collimator design. 

The uniformity of the collimator is essential when one considers the azimuth scan. For this 

process to succeed, the only variation in the measured count rate during the scan, should be a 

consequence of changes in the aperture flux due to sources entering or leaving the FOV. In 

Figure 6-16, the finally chosen collimator profile with a uniform shielding thickness of 30.5mm 

can be seen. 
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Figure 6-16. Cross section through the horizontal plane of the 

chosen collimator design. 

The profile in Figure 6-16 shows a horizontal slice through the collimator at the centre of the 

detector. In order to manufacture the collimator, a three-dimensional surface model was required 

for the numerically controlled milling machine. Since the collimator is symmetrical about the 

horizontal axis 45 profiles had to be drawn, each one inclined at 2° to the previous one about the 

horizontal axis. The collimator was manufactured from a tungsten alloy, for which the small 

decrease in density due to the presence of other materials in the alloy was acceptable due to its 

more readily machineable nature. 

The uniformity in transmission of the collimator was measured using a Cs-137 source stepped 

around the collimator, and detector assembly, at intervals of 20°. The number of counts within 

the 662keV ROI as a percentage of the incident flux with the source positioned on the axis of the 

aperture was plotted in Figure 6-17. 
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Figure 6-17. Polar plot of shielding uniformity. 

The average transmission of the shielding is 1.5%, ranging from 3.1 to 0.69%. The figure of 

1.5% was greater than the simple calculation of penetration from the attenuation coefficient data, 

which predicted a transmission of 0.005% at 662keV. If we now recalculate the SBR using the 

experimentally derived value for the average attenuation we have an SBR of 3. 

The shielding uniformity defines the dynamic range of sources which the system can locate in 

the azimuth scan. If a second source having activity less than 3% of the first should be present in 

an azimuth scan it would not appear significant compared with the background generated by the 

original source. The dynamic range was acceptable, since a further scan performed once the first 

region of activity had been removed, would locate the 2°'' object. 

6.5.4 Anti-Collimator 

The purpose of the anti-collimator was to obscure selected regions in the elevation field of view. 

The anti-collimator design chosen was a tungsten block having dimensions 30.5xl0xl6mm. Its 

performance was measured experimentally using a Cs-137 source, and can be seen in Figure 

6-18. 
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Figure 6-18. Response Function of Anti-Collimator 

As discussed previously the FWHM of the anti-collimator response-function is not ±2.5° but 

±5°, due to the compromise between detector efficiency and angular resolution. The collimator 

and anti-collimator can be seen integrated with the mechanical support structure in Figure 6-19, 

and mounted on a bench stand. 

Figure 6-19. Side View of LOGIC mounted on bench stand 

6.5.5 Video Camera 

In order to provide the decommissioning team with visual reference points against which to 

locate regions of increased radioactivity, the radiometric data collected was integrated with a 

visual image of the scene. To this end a camera was incorporated in the design. In order to 
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ensure that the visual image is aligned with the radiometric data the camera was positioned on 

the anti-collimator. This configuration has the advantage of the automatic alignment of the 

radiometric and visual data sets, whilst allowing the visual data to be collected simultaneously 

with the radiometric data. The camera chosen used a 1/3" black and white CCD with a 

horizontal resolution of 380 lines, the camera operates at 110mA off 12V. The outer profile of 

the camera was a cylinder 52mm in length and 23mm in diameter, with a mass of 50 grams. The 

camera can be seen in Figure 6-20 mounted on the anti-collimator. 

4 

Figure 6-20. Detector Head 

6.6 System Control 

The control system for the LOGIC system could be considered as two components; software and 

hardware. The purpose of the software was to provide a simple interface for the operator that 

ensures that the system is used effectively. The role of the hardware is to interface the software 

commands with the control requirements of the stepper motors, detector and camera. 

6.6.1 Hardware 

At the heart of the LOGIC system there are three active components; the y-ray detector, stepper 

motors, and camera. In order to minimise the addition of noise to the y-ray detector signal from 

the motor control equipment, the hardware for each was housed in separate enclosures labelled; 

Detector Electronic Unit (DEU) and Motor Control Unit (MCU). The DEU has been discussed 

previously in section 7.5.1., although it should also be noted that the signal from the camera is 

routed to the image acquisition card in the PC via the DEU where the power for the camera is 
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provided. The stepper motors are controlled using a National Instruments ValueMotion PCI card 

mounted in the host PC; the control signals from the card have to be converted into control 

pulses for the stepper motors using several printed circuit boards mounted in the MCU. The 

MCU can be seen in Figure 6-21. A block diagram of the overall system can be seen in figure 6-

22. 

Figure 6-21. Motor Control Unit (MCU) 
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Figure 6-22. LOGIC hardware control 
components 

The two control units for the LOGIC system stand on top of each other above the host PC. All of 

the connections between the control units and the detector head are made using cables 5m in 

length, sufficient for the detector head to be placed inside the pile charge face. 

6.6.2 System Software 

The LOGIC software was split into two sections, which relate to the setting-up and calibration of 

the system before the instrument is introduced in the pile, known as pre-injection. Once the 

system was inserted into the pile the control instrument would be controlled from the Injected 

section of the software. The software was written by Dr J. Willoughby using Labwindows CVI. 
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6.6.3 The 'Pre-Injection' phase 

The purpose of the pre-Injection phase was to caUbrate the y-ray detector, camera and motors 

prior to the insertion of the system into the pile. The programme flow-chart can be seen in Figure 

6-23, showing the organisation of the programme; an outline of each sub-routine is given below 

Pre Injection 

nitialise 

Power Up 
Victors 

— Calibrate 
— Move to Centre 
— Move to Injection Position 
Acquire Data 

- S e t ROI's 
Display Image 
Save Image 

Shutdown 

QuH 

Figure 6-23. Subroutine Tree for Pre-Injection Project 

Power-Up 
Calibrate 
Move to Centre 
Move to Injection 
Position 
Set ROI's 
Display Image 
Save Image 
Quit 

Software checks the power status of the MCA, 2x Motors, Camera. 
Calibrate the Motors, measures the distance between limit switches. 
Moves motors to the centre position. 
Move motors to pre determined angle, suitable for insertion through 
charge face. Set to centre position as default 
Calibrate detector and set ROI's to be used for imaging. 
Display Image from Camera. 
Save Image from Camera 
Exit programme 

The "Set ROI's" interface is the control panel concerned with the calibration of the y-ray 

detector; a screen dump of this panel can be seen in Figure 6-24. This interface allows the 

operator to acquire spectra, and then use this information to calibrate the detector. Once the 

spectra have been calibrated, up to three ROFs can be defined, which can be monitored 

throughout an observation. The gain and low-level threshold of the PMCA is also defined in this 

section of the programme 
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Figure 6-24. Set ROI panel 

6.6.4 'Injected' Phase 

Once the LOGIC instrument has been inserted into the pile, the 'Injected' programme is used to 

locate and map the scene inside the biological shield. A flow chart of the component subroutines 

of the injected programme can be seen in Figure 6-25. Once the software has checked that all the 

systems are operating correctly and the calibration file is loaded, which includes the ROI's and 

detector calibration data, the system is ready to locate and map the scene. 
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njected 

nitialise 

— Power Up 

— Set Port Hole Number 
— Set Detector Settings 

Acquisition Time 

'—Acquisition Time 
otspot Analysis 

• Locate Hotspot 
Overlay 

— Map Hot Spot 
•Azimuth PSF 

•— Elevation PSF 
•Shutdown 

Quit 

Figure 6-25. Subroutine tree for Injected Programme. 

• Power-Up Software checks the power status of the MCA, 2x Motors, Camera. 
# Set Port Hole Information saved in scan file 

Number 
• Set Detector Load calibration file saved in pre-injection. 

Settings 
• Acquisition Time Set acquisition time of each data point to be used in all other sections 

of 'Injected' section 
• Locate Hotspot Azimuth and elevation scans. 
# Overlay Acquire scan data and overlay on image. 
e Map Hotspot Performs scan but does not overlay or interpolate. 
• Azimuth PSF Acquire Azimuth PSF data 
# Elevation PSF Acquire Elevation PSF data 
• Quit Exit programme 

The Acquisition Time sub-routine allows the operator to define the acquisition time for the 

PMCA to collect a spectrum from the y-ray detector. Once set, this acquisition time applies to all 

of the subroutines in the injected programme. 

As discussed previously, in order to locate a hotspot for mapping, the collimator must be 

scanned in azimuth followed by the anti-collimator in elevation. This task is performed in the 

Locate Hotspot section of the programme. A screen dump of the azimuth scan control panel can 

be seen in Figure 6-26. 
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Figure 6-26. Azimuth scan control panel 

In Figure 6-26, the azimuth scan for each ROI can be seen, the vertical axis is the number of 

counts within the acquisition time in the ROI. The three ROI's defined in Figure 6-26 

correspond to the 662keV photopeak, Compton region and the total spectrum. The horizontal 

axis corresponds to the azimuth location of the collimator in degrees. The step size in degrees 

between each acquisition point can be defined by the operator In this case an increment of 5° 

was selected. From Figure 6-26 we can see a source at an azimuth of 4-10°. 

Once the hotspot has been identified in azimuth, it can then be located in elevation using the 

elevation scan. The elevation scan-control panel can be seen in Figure 6-27. The collimator is 

moved to the desired azimuth angle, in this case +10°. At this point the 'background' data set is 

acquired with the anti-collimator placed outside the FOV of the detector. The anti-collimator 

may then be scanned in elevation, in steps defined by the operator from +80° to -80°. The data 

acquired at each elevation angle is subtracted from the 'background' data set, the results are then 

plotted on the screen as shown in Figure 6-27, where the colour of each pixel corresponds to the 

net number of counts in the ROI. The azimuth scan for that particular ROI is displayed along the 

bottom of the elevation scan for reference. The ROI being displayed can be selected to display 

any of the three using the Display option. 
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Figure 6-27. Elevation control panel 

From Figure 6-27 the hotspot is clearly located at an azimuth of +10° and an elevation of -15°. 

These co-ordinates can then be entered into the overlay control panel. The system may then be 

move to point the camera at these co-ordinates, and a visual image of the region around these co-

ordinates may then be displayed on the screen. Once the dimensions for the scan have been 

entered, a "box" of the appropriate size is placed on the image about the centre. From that 

central point the dimensions of the scan area the position of each individual measurement point 

are calculated, and the data points are collected within the specified area on a 2.5° pitch. The 

position of each point in the square grid was then transformed into the appropriate polar co-

ordinates in order to correctly sample the area to be mapped. In the case of Figure 6-28 where 

the area scanned is 20°x20°, 11x11 data points are required to fully sample the desired area. 
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Figure 6-28. Anti-collimator map of a Cs-137 1.5m from the 

instrument superimposed on the visual image. 

The data displayed in Figure 6-28 was acquired with a lOmCi Cs-137 at 1.5m from the LOGIC 

head. The dose rate at the detector was 12|a,Sv/hr. The time to image the scene was ~2hrs, and 

half of that time was spent simply moving the collimator. In Figure 6-28 the effect of the anti-

collimator's angular response function being larger than that of the collimator is evident in the 

asymmetric nature of the hotspot. The "Weighted Value in ROI" bar is the colour scale against 

which the intensity of the active source may be judged. The radiometric data superimposed on 

the video image is interpolated data. That is, the data is smoothed between the positions at which 

data was collected. This technique of data display was chosen by the user as being the most 

appropriate for use in operational situations. 

6.7 Discussion 

In the light of experience gained during the pre-delivery evaluation of the LOGIC system, and 

recent detector developments, there are certain aspects of the design which could be enhanced: 

Shaft Encoder. During the preliminary evaluation it was realised that the majority of the time 

spent positioning the collimator and anti-collimator was taken in moving the system in azimuth. 
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Therefore, the inclusion of a shaft encoder in this axis would greatly reduce the time taken to 

perform a scan. During the design phase, the use of shaft encoders to measure the position of the 

azimuth and elevation was dismissed, as it was not possible to integrate the shaft encoders in the 

mechanical system and remain within the target dimensions, since the elevation shaft encoder 

would compromise the shielding of the system. What was not considered at the time was using a 

combination of limit switches and shaft encoder to perform the accurate positioning of the 

device. A redesign of the mechanical design could be modified to allow the inclusion of an 

absolute shaft encoder. 

Spectral performance. Recent developments in the data processing of scintillation counters 

indicate, that the energy resolution of the detector could be improved by deconvolving the 

spectra with an accurate model of the detector energy response function, as presented in 6-12, 

potentially improving the resolution to -2% at 662keV. 

Count rate performance. The count rate performance of the device was below that of the user 

requirement. Odell et al [6-13] have developed a data acquisition system, capable of digitising 

the anode pulse from a PMT with no dead time. In principal, this system could be applied to the 

output of the LOGIC detector. The effect of pulse pile-up could then be removed by applying 

digital filtering and pulse searching algorithms demonstrated in [6-14], where these algorithms 

have been demonstrated to greatly improve the count-rate performance. 

6.8 Conclusions 

In this chapter we have presented the design, construction and pre-delivery testing of a compact 

imaging system suitable for imaging in radioactive environment, in particular for the 

decommissioning of the Windscale Piles. The detector had a spatial resolution of 5°xlO°, with a 

maximum count rate ability of 25,000c/s, corresponding to a dose rate limit of 2mSv/hr. We 

have also suggested enhancements to the existing design which could greatly improve, spectral 

performance, count-rate performance, the time taken to map a scene and the image resolution. 
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