
M e d ic a l  C o m p t o n  C a m e r a s  B a se d  o n  
Se m ic o n d u c t o r  D e t e c t o r s : D e sig n  

AND E x p e r im e n t a l  D e v e l o p m e n t

Maria Giulia Scannavini

UCL
UNIVERSITY COLLEGE LONDON

Submitted for 
The Degree of Doctor of Philosophy 

The University of London

February 2001



ProQuest Number: U642138

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U642138

Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

The work presented in this thesis is aimed at the study of Compton scatter as an 

alternative method of collimating gamma-rays in nuclear medicine applications. 

Conventional approaches to radioisotope medical imaging and their current 

limitations are examined. The theory of electronic collimation based on 

Compton scatter is introduced and it is shown that in principle its application 

could provide an advantageous imaging method, with both high spatial 

resolution and high sensitivity. The current status of research in the field of 

Compton cameras is assessed and potential niches for applications of clinical 

interest are suggested. The criteria for the design of a Compton scatter camera 

are examined. A variety of semiconductors are considered for the construction 

of an electronic collimator and results from Monte Carlo computer simulations 

are presented for photon energies of clinical interest. It is concluded that the 

most viable approach is to design a silicon collimator for the imaging of high- 

energy (511 ke V) photons.

A computer model of a Compton camera is developed in order to study the 

phenomena that affect the angular resolution and the sensitivity of the system. 

This simulation tool is applied to select the optimum characteristics of the silicon 

scatter detector. Such results are employed to design and initiate the construction 

of an experimental prototype of Compton camera, based on the use of double­

sided silicon microstrip detectors. The development of special readout electronics 

required for the camera operation is described. Experimental tests are performed 

for the characterisation of the silicon strip detectors and the results are presented. 

Predictions are made on the performance of the designed system. Finally, the 

current stage of system development is assessed and the main areas for future 

work are identified.
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Introduction

The idea of applying Compton scatter to the electronic collimation of y-rays for 

the formation of clinical images was suggested for the first time in the early 

1970s, as an alternative to mechanical collimation [Todd et al., 1974]. In 

conventional cameras for emission imaging, the use of absorptive collimators to 

select photon direction dramatically reduces the photon flux at the detector. 

Mechanical collimators also suffer from an inverse relationship between 

geometric efficiency and spatial resolution. In contrast, the process of electronic 

collimation by Compton scatter can in principle achieve high geometric efficiency 

without compromising spatial resolution.

The physics of Compton scatter favours the use of this imaging technique with 

photons of relatively high energy. Compton telescopes have been successfully 

employed for many years in astronomy, in order to observe celestial sources of 

radiation in the 1 - 30 MeV energy range [Zych et al., 1979], [Schônfelder et al., 

1993]. Portable Compton cameras have also been researched for industrial use in 

the 0.5 - 3 MeV energy range [Martin et al., 1993], [Royle and Speller, 1994]. A 

radiation environment in a nuclear industry site was successfully imaged using a 

prototype system [Royle and Speller, 1997].

Compton telescopes currently remain the only application of Compton imaging 

that has translated into a well-established technology for mapping distributions of 

radioactive sources. In near-field applications, such as medical and industrial 

imaging, reconstruction is a more complex problem, due to the three-dimensional 

geometry of the radiating objects. System sensitivity is a more problematic issue 

in medical rather than industrial applications, due to the constraints on the levels 

of activity that can be administered to a patient. Finally, severe requirements on 

the energy and spatial resolution capabilities of the detectors make the use of 

Compton cameras as medical imaging devices a particularly challenging 

objective.

Feasibility studies in order to build a Compton camera prototype for medical 

imaging were extensively carried out in the 1980s at both theoretical and
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Introduction

experimental level by Singh and co-workers [Singh, 1983], [Singh and Doria, 

1983], [Singh and Brechner, 1990]. However, these results did not show an 

improvement in the image quality over conventional systems. This was due to the 

lack of suitable detectors that could meet the stringent requirements in terms of 

energy and spatial resolution.

The prospects for the development of a clinical Compton camera have much 

improved during the last decade, thanks to the availability of new position 

sensitive devices and to the introduction of high-energy physics technology in 

medical diagnostic instrumentation. Over the last few years, a renewed interest 

has been shown by various authors in the development of medical Compton 

cameras. Prototype systems have been developed, based on the use of either solid- 

state [LeBlanc et al., 1998], [Tümer et al., 1997] or gaseous detectors 

[Bolozdynya et al., 1996].

However, the scientific community have almost exclusively been focused on 

producing a Compton camera that will operate with low-energy y-rays, due to the 

widespread application of ̂ "̂’Tc (140 keV) in nuclear medicine examinations. By 

contrast, this work aims to develop a prototype Compton camera to image high- 

energy (511 keV) photons from the annihilation of positron emitters. No 

electronic collimators based on Compton scatter have yet been optimised for this 

specific application. This thesis presents the initial results on the design and 

experimental development of a laboratory Compton camera prototype, based on 

the use of double-sided silicon microstrip detectors.

The work, which includes both computational and experimental aspects, is 

organised in the thesis as follows:

• Chapter One introduces the basic principles of y-ray emission medical 

imaging and reviews the different existing approaches to photon collimation 

in nuclear medicine. The clinical utility of imaging positron emitters is 

highlighted. The performance of the various systems currently available for 

clinical imaging at 511 keV is discussed. The chapter includes a literature
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review on Compton scatter imaging in astronomy, industry and medicine. 

General advantages in the medical use of Compton cameras are described 

and potential clinical applications are identified.

Chapter Two focuses on the selection of the physical and geometrical 

characteristics of a position sensitive, energy resolving detector, designed to 

perform Compton scatter collimation of 511 keV y-rays. The chapter includes 

the description of a computer model, based on Monte Carlo techniques, which 

was specifically developed as a design tool for a Compton camera prototype. 

Simulation results are presented to select the optimal detector material, 

geometry, spatial resolution and energy resolution. Such results are applied to 

identify suitable commercially available detectors and integrated readout 

electronics.

Chapter Three contains the description and results of various experimental 

tests that were carried out for the characterisation of the detectors prior to the 

bonding of the electronics. In particular, experiments are reported for the 

measurement of leakage current and strip capacitance, which strongly affect 

the noise performance of the detectors. The measurements of strip capacitance 

required the application of equivalent circuit models that showed the 

consistency of the results with the geometrical and physical characteristics of 

the detector design.

Chapter Four presents a series of experimental measurements designed to 

evaluate the noise performance of the bonded silicon strip detectors and test 

their operation as charged particle detectors. The electrical parameters 

obtained from the experiments described in chapter 3 are applied to a noise 

model of the detector-chip system, so as to formulate an estimate of the 

expected noise level. The noise pattern across the strips is characterised 

experimentally and the typical noise level is compared to the theoretical 

estimate. Observations on the effects of temperature and pulse shape on noise 

performance are presented. This chapter also includes a discussion of the
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energy loss of eharged particles in silicon and describes a procedure for a 

preliminary energy calibration of the detectors.

• Chapter Five proposes a laboratory Compton camera prototype, based on a 

stack of silicon microstrip detectors operating in a double Compton 

configuration and externally triggered. The development and testing of 

special-purpose interface electronics are described, along with an overview 

of the data acquisition system. The Monte Carlo simulation model is applied 

to evaluate the imaging performance of the proposed collimator. The effects 

of patient scatter on collimator angular resolution are discussed.

• Chapter Six is a summary of the conclusions drawn from this work, followed 

by suggested areas for future work.

This project was carried out in collaboration with the Institute of Nuclear 

Medicine of Middlesex Hospital and the High Energy Physics Group at Imperial 

College. It is therefore necessary to identify the different contributions to this 

work.

The Monte Carlo simulation model, which produced all the results in chapters 2 

and 5 for the design and evaluation of the prototype system, was developed 

entirely by myself and is based on original EGS4* user codes. In the simulation of 

point source images, all the necessary data were produced using these codes but 

the image reconstruction was performed by applying an independent source code, 

which was previously developed at UCL [Royle and Speller, 1994].

Although the Monte Carlo model identified specific geometrical and physical 

characteristics that were desirable for the silicon microstrip sensors, the detectors 

that were actually selected for this project were commercially available^. 

Therefore the design work of this thesis does not account for the particular details 

of the strip layout, such as width and thickness of implant and metal strips, choice 

of coupling oxides, method of strip bias, etc.

'The EGS4 code system [Nelson et a!., 1985]

 ̂Detectors manufactured by Eurisys Mesures, Tanneries CEDEX, France
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All measurements in chapter 3 for the characterisation of unbonded silicon strip 

detectors were carried out by myself at the Blackett Laboratory, Imperial College 

with the support of the High Energy Physics Group. The modelling approach for 

the capacitance measurements is based on models previously formulated in the 

literature^, which I have adapted and applied to this specific design of strip 

detectors.

The APV6 readout chip was designed and developed by Imperial College and 

the Rutherford Appleton Laboratory (RAL) for the Compact Muon Solenoid 

(CMS) tracker experiments at the CERN"  ̂ Large Hadron Collider (LHC) 

[Raymond et al., 1997]. The mount board for the support and readout of the 

detectors was designed and produced for this project at Imperial College. 

Technical support was provided by RAL for detector bonding.

All of the performance measurements on bonded detectors in chapter 4 were 

also carried out by myself at the Blackett Laboratory, Imperial College. These 

experiments were conducted using a data acquisition system for strip detectors, 

developed by the High Energy Physics Group, who also provided support. The 

theoretical estimates of the strip noise are an application of elements of electronic 

noise theory from the literature^. The simulations of energy loss distribution from 

charged particles in silicon were carried out at Imperial College by Dr. A. 

Howard.

Dr. I. Cullum of the Institute of Nuclear Medicine, Middlesex Hospital designed 

the data acquisition and control system for the Compton camera prototype, 

including the interface electronics and controlling software. The general design 

and assembly of the mechanical components of the prototype, the experimental 

development and testing of the interface electronics were done at the Radiation 

Physics Laboratory of UCL by myself and Dr. Cullum.

 ̂ [Barberis et al., 1994], [Bacchetta et a i, 1995], [Frautschi et a i, 1996], [MacEvoy, 1997] etc. 

 ̂The European Laboratory for Particle Physics 

 ̂ [Nicholson, 1982], [Nygârd, 1991], [Dubbs et a l, 1996], etc.
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Chapter 1

Collimation Approaches 

in Medical y-ray Imaging

1.1 Principles of radionuclide imaging in medicine

Techniques for the imaging of radionuclides are employed in nuclear medicine in 

order to obtain information on morphology and functionality of organs within the 

human body. Radioactively labelled unsealed substances (radiopharmaeeuticals) are 

introduced in the patient by the parenteral route, usually by simple intravenous 

injection. These substances are specifically localised in the organ of interest via a 

variety of physiological and metabolic mechanisms. The organ is imaged by placing 

around the patient one or more external radiation detectors, assembled in imaging 

systems.

Radiopharmaeeuticals generally consist of single photon emitters that are 

incorporated in chemical compounds with favourable biological properties. The 

energy of the emitted photons is usually in the 80-400 keV range. An example of a 

pure gamma emitter is ^̂ "’Tc (140 keV), the isotope most widely utilised in medical 

investigations. Annihilation photons (511 keV) from positron (P^) emitters are also 

used, as they offer the advantage of tracing the pharmacodynamics of substances 

naturally present in the human metabolism. Positron emitters such as ’*C, 

and '^F are in fact isotopes of elements that are normal components in many 

biological molecules and potential natural carriers.
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Chapter 1 Collimation Approaches in Medical y-ray Imaging

Mapping of gamma emitters is most frequently undertaken with the Anger camera, 

which traditionally consists of a scintillation detector coupled to a lead collimator. 

There are however several limitations with this approach, especially at high energies. 

Electronic collimation is much more efficient and can be found in many clinical 

investigations that make use of positron emitters. In Positron Emission Tomography 

(PET) two co-linear photons created from the positron-electron annihilation process 

are detected in coincidence. As PET scanners are very complex and expensive 

devices, dual-head cameras of the Anger type may also be manufactured with suitable 

coincidence electronics so as to allow the removal of the collimators when positron 

emitters are imaged. Finally, the Compton camera is an alternative type of gamma 

camera where the physical laws of Compton scattering are employed to electronically 

collimate single photons.

The imaging principles, upon which all these methods are based, are described in 

this chapter. Problems regarding the design and the use of mechanical collimators 

with high energy radioisotopes are also addressed. As the Compton camera was the 

subject of study in this thesis, advantages of this approach over conventional systems 

are highlighted. The chapter also includes a review of the theoretical and 

experimental work available in the literature on Compton cameras. Finally, possible 

clinical applications are suggested for the use of a Compton scatter imager.

1.2 Mechanically collimated cameras: the Anger camera

1.2.1 Principles of operation

The Anger camera was originally developed in the 1950s [Anger, 1958] and has been 

subsequently adapted to become the standard imaging instrument in nuclear medicine 

investigations. This imaging device makes use of a single, large-area scintillation 

crystal, which is usually made of Nal(Tl) and is relatively thin (approximately 1 cm). 

The shape of the crystal may be either circular (with a diameter of approximately 40 

cm) or rectangular (with a typical size of 55 cm x 40 cm). The crystal is optically
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coupled to an array o f  photom ultiplier tubes (PM Ts) that are used to view  its back 

plane.

In order to establish a one-to-one spatial correlation between points o f  em ission and 

detection, a mechanical collim ator is placed at the front surface o f the scintillation 

crystal. It usually consists o f  a block o f  lead in which parallel holes have been made. 

The absorptive collim ator selects the direction o f  the photon m om entum  and restricts 

it to a very small solid angle.

Figure 1.1 illustrates the principle o f operation o f a scintillation camera. The PM Ts 

output are weighted by means o f analogue electronics and combined to produce a set 

o f (x, y) co-ordinate signals locating the gam m a ray interaction in the crystal. An 

energy signal (z) is also com puted by summ ing the output signals o f  the PMTs. A 

pulse-height analyser prevents the recording o f  scattered and background radiation 

pulses by discarding those z signals that do not fall w ithin a pre-set energy window.

Position and 
pulse-height 
module

/ \/ \/ \/ V v  \/ \

^  X, y, z

Lead shielding

PMTs
Light Guide

Nal(Tl)

Collimator

Fig. 1.1: Schematic diagram of the Anger camera.

Single view images obtained with the Anger cam era are planar projections o f  three- 

dimensional source distributions. In Single Photon Em ission Com puted Tom ography
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(SPECT) the camera is rotated around the patient and multiple views can be acquired 

and combined to reconstruct images of cross sectional slices of the organ of interest. 

Transaxial, sagittal and coronal sectional images may be reconstructed to obtain 

information on three-dimensional anatomical structures.

1.2.2 Basic parameters in collimator design

The collimator is the most critical component determining the quality of the images 

obtained with the Anger camera. The collimator performs the essential function of 

establish a geometrical relationship between the photons and the detector. The first 

characteristic of any collimator is the material selected for its construction. As the 

collimation process relies on the absorption of the photons travelling along certain 

directions, high-density materials with high atomic number (Z) are employed, such as 

lead and tungsten, in order to maximise the probability of photoelectric interactions.

The first Anger camera had a simple pinhole collimator, which is a small aperture at 

the apex of a cone located more than 20 cm away from the detector plane. Other 

designs have since been developed in order to increase efficiency. The most common 

collimator employed in nuclear medicine imaging is of the parallel-hale type, in 

which all the holes are arranged with their axes perpendicular to the collimator face. 

The orientation of the hole axes may follow a different pattern {converging or 

diverging collimators) when specific applications require magnifying or minifying 

properties.

Geometrical considerations in hole size and septa thickness are another 

fundamental aspect in collimator design (see for example [Moore et al., 1992], 

[Gunter, 1996]). The thickness of the septa is a function of the gamma-ray energy and 

it is designed to reduce penetration effects. A maximum septum penetration of 5% is 

usually accepted as reasonable criteria, thus resulting in a septum thickness t given by 

the following expression [Sorenson and Phelps, 1987]:
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where d  is the hole diameter, / is the physical length of the collimator holes and ju is 

the total linear attenuation coefficient of the collimator material at the energy of 

interest.

The physical dimensions of the holes play a major role in determining the system 

spatial resolution. The collimator spatial resolution is usually quantified by means of 

the width of its point spread function (PSF), which is the radiation profile obtained on 

the detector from a point source placed in front of the collimator. If the simple and 

most encountered case of a parallel hole collimator is considered and the thickness of 

the detector crystal is neglected, the following expression may be used for an 

approximate evaluation of the collimator resolution Rc, defined as the full width at 

half-maximum (FWHM) of the collimator PSF [Sorenson and Phelps, 1987]:

R,^d[l,+b)n, ( 1.2)

where d is again the hole diameter, b is the distance between the source and the 

collimator and U is the collimator “effective length” or “effective thickness”. The 

quantity 4 is related to the physical thickness / of the collimator by the equation 

/g where p  is the total linear attenuation coefficient of the collimator

material at the given energy. The collimator effective thickness is introduced to 

account for the effect of penetration. As can be seen from equation (1.2), small values 

of the ratio {d/l^ provide better image quality.

The collimator geometric efficiency g, defined as the fraction of photons passing 

through the collimator per photon emitted by the source, can also be expressed in 

terms of the geometrical dimensions characteristic of the collimator (for a point 

source in air) [Sorenson and Phelps, 1987]:
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g ^ K ^ { d H ^ f [ d ^  (1.3)

where d and 4 indicate the same physical quantities as in equation (1.2), t is the septal 

thickness and K  is an adimensional constant that is a function of the hole shape (e.g. 

Æ-0.24 for round holes in a hexagonal array). This equation shows that g  increases as 

the quantity (d/leŸ is increased.

The sensitivity of an imaging system is the fraction of photons counted by the 

system per photon emitted by the source. The sensitivity S^cs of a mechanically 

collimated system (MCS) can therefore be defined as the product of the geometric 

efficiency (equation (1.3)) and the photopeak detection efficiency ŝ et of the 

scintillator crystal in the camera:

^M CS ~  (i-4)

The photopeak detection efficiency is a function of the source energy: for photon 

energies up to 100 keV, the Anger camera is over 90% efficient, but at 511 keV it has 

an efficiency of about 15%. In case of radioactive distributions different than a point 

source in air, corrections are required to account for the attenuation losses within the 

object. The sensitivity of a y-camera with a parallel hole collimator for ^̂ "’Tc is 

typically between 100 and 200 cps/MBq.

Relationships (1.2) and (1.3) indicate that if the collimator is designed so as to 

increase spatial resolution (i.e. Rc is decreased) then efficiency (or sensitivity) is 

necessarily decreased and vice versa, according to the approximate relationship 

g cc . The appropriate geometric trade-off between efficiency and resolution is 

usually tailored to specific applications by collimator manufacturers. Collimators for 

low-energy photons are therefore typically available in the following designs: high 

efficiency (low resolution), high resolution (low efficiency) or general-purpose with
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intermediate efficiency and resolution. Table 1.1 summarises the typical performance 

characteristics of commercially manufactured parallel-hole collimators with different 

properties.

Table 1.1: Performance characteristics o f some typical commercially manufactured parallel-hole 

collimators [Sorenson and Phelps, 1987].

Collimator type Maximum 

energy of 

operation

(keV)

Geometric 

efficiency g

Resolution

(FWHM in mm at 

10 cm collimator-source 

distance)

Low Energy, 

High Resolution

150 1.84 X 10"̂ 7.4

Low Energy, 

General Purpose

150 2.68 X lO'"̂ 9.1

Low Energy, 

High Sensitivity

150 5.74 X 10'^ 13.2

Medium Energy, 

High-Sensitivity

400 1.72 X 10"* 13.4

The total spatial resolution Rs of a gamma camera system is determined by the 

combination of the collimator resolution Rc with the intrinsic resolution Ri of the 

scintillation camera. The intrinsic resolution Ri is a measure of the precision with 

which interaction points can be localised in the uncollimated crystal. It is a function
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of the crystal quality and geometry, of the optical readout system and it also depends 

on the photon energy. If the collimator and intrinsic PSFs are represented by Gaussian 

functions, the overall system resolution can be expressed as follows:

R, =^ R^ , +Rf  (1.5)

As the intrinsic resolution of modem cameras is in the order of 3 - 4 mm, it can be 

seen from the values reported in Table 1.1 that the collimator resolution is the 

dominant factor in determining the overall system resolution.

1.2.3 Problems associated with mechanical collimation

As described in the previous paragraphs, most of the radiation potentially useful to 

construct an image is actually absorbed in the collimator itself. Typically only 1 

photon in 10"* is transmitted by the collimator. The first problem associated with 

mechanical collimation is the inherent low efficiency of the process. This drawback is 

particularly evident in clinical applications, where statistical noise cannot be reduced 

by increasing the number of photons emitted by the source, as the dose to the patient 

is obviously of primary concern and must be kept to a minimum. Increasing the 

counting time is not a viable option either. The maximum time allowed for image 

acquisition is dependent upon the number of patients that can be examined per day. 

But more importantly it depends on the physical and biological time characteristics of 

the radiotracer, as well as on the need to perform fast dynamic studies; for example, 

cardiac imaging may require acquisition of up to 32 images during a single heart beat 

[Webb, 1988].

The energy of the radionuclide selected for imaging studies is another problematic 

aspect. Mechanical collimators cannot be optimised for radionuclides that emit 

multiple photons of different energies, such as ^^Ga (94 keV, 184 keV and 296 keV) 

and ’̂ ^Xe (172 keV, 202 keV and 375 keV), which are isotopes used in oncology 

studies and pulmonary ventilation imaging respectively. But the shortcomings of
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mechanical collimation become more noticeable as the energy of the photons 

increases. SPECT imaging techniques with high-energy photons (at 511 keV in 

particular) offer great potential in clinical applications. Unfortunately, collimator 

performances in the high-energy range (over 300 keV) are not as satisfactory as in the 

case of low and medium energies. Typical values of resolution and sensitivity for 

high-energy collimators are reported in Table 1.2 and the performance of each 

collimator is shown at both high and low energy. It can be seen that their sensitivity is 

less than 50 cps/MBq, which is lower by a factor of 2 or 4 than the typical sensitivity 

of a low-energy collimator.

Table 1.2: Spatial resolution and efficiency o f systems making use of Ultra High Energy (UHE) 

collimators at 511 and 140 keV. The values are obtained from measurements carried out by J. A. 

Patton et al. [Patton et a l, 1996].

Collimator type Energy of 

operation 

(keV)

System Sensitivity 

(cps/Bq)

Resolution R* 

(FWHM in mm at 

10 cm collimator- 

source distance)

UHE parallel beam 511 4.19 X 10'^ 14.1

UHE parallel beam 140 4.82 X 10'^ 10.8

UHE fan beam 511 4.50 X 10'^ 7.4

UHE fan beam 140 5.09 X 10'^ 6.4
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Septal penetration presents a major problem and dramatically affects image quality. 

Thick septa ( 2 - 4  mm) can prevent these effects, but they also increase the distance 

between adjacent holes, thus ultimately introducing further artefacts as the hole 

pattern become visible when the hole spacing {d + t) becomes comparable with the 

intrinsic resolution of the camera. This may be solved by introducing collimator 

rotation [Brunsden, 1975] so as to average out the hole pattern by motion. Such a 

solution however introduces the disadvantage of additional mechanical components, 

required for moving the collimator. Because of their absorption characteristics, high- 

energy collimators are also extremely heavy (100-200 Kg) and their weight may not 

be supported by the gantry of a standard gamma camera.

gamma camera

object

collimated rays

fan-beam collimator

Fig. 1.2: Diagram  illustrating the use o f  a fan beam  collim ator (see  for exam ple [Fahey and H arkness, 

1996]). The collim ator focu ses the photons in the transversal d irection , w hereas in the axial direction  

these are co llim ated  as parallel rays.
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The use of UHE fan beam collimators (see Fig. 1.2) substantially improves the 

spatial resolution attainable at 511 keV and images of acceptable quality for clinical 

use may be produced [Patton et al., 1996]. However, the sensitivity is still rather low 

(even if approximately 7% higher in comparison with parallel-hole collimators) and 

obtaining adequate counting statistics remains a problem for many clinical imaging 

situations. The clinical utility of fan beam collimators, the design and analysis of 

which is rather complicated, appears therefore to be limited by the maximum imaging 

time allowed for specific examinations.

In order to increase the sensitivity of high-energy medical SPECT systems, the use 

of coded aperture techniques has also been suggested as an alternative to 

conventional collimators [Zhang et a l, 1998]. This approach to collimation, which is 

normally employed in astronomy, was adapted to a near field y-ray imager. Coded 

apertures are masks with spatially varying opacity, the pattern of which is designed 

according to a mathematical algorithm. The spatial distribution of a radiation source 

can be reconstructed by decoding the shadow that the rays project on the detector 

through the mask. Experiments conducted at 511 keV on a commercial gamma 

camera showed that the designed coded aperture provided higher sensitivity over 

parallel-hole collimators but poorer spatial resolution. Future work is aimed at 

optimising aperture size and system geometry so as to achieve high sensitivity whilst 

retaining spatial resolution.

1.3 Dual-photon electronically collimated cameras

1.3.1 Positron emitters for clinical use

The clinical utility of imaging positron emitters (PE) is well recognised. Some 

positron emitters are isotopes of elements of natural metabolites (such as glucose, 

ammonia and water) and it is therefore possible to label biological carriers without 

altering their biochemical structure and behaviour. The main advantage of positron 

emitters is the associated in vivo production of annihilation photon pairs, which can
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be “electronically collimated” by means of sophisticated coincidence counting 

techniques. This method of detection makes it possible to achieve higher sensitivity 

and superior image quality in comparison with mechanically collimated cameras. 

Some of the physical characteristics and general properties of the four most 

commonly used p^-emitting radionuclides are reported in Table 1.3.

Table 1.3: Characteristics of the positron emitter nuclides that are most commonly used [Gatley, 

1996], [Hichwa, 1996].

Nuclide Half-life

(min)

P'^decay

(%)

E m ax

(MeV)

Max P  ̂range 

in tissue (mm)

Nuclear

reaction

“c 20.4 99.8 0.96 4.1 '"N(p,a)"C

’°B(d,n)"C

'̂ N 10 100 1.2 5.1 'C(p,n)>'N

'^0(p,a)"N

'^0 2.1 99.9 1.7 7.3 '"N(d,n)'"0

'^N(p,n)"0

18p 110 96.9 0.63 2.4 '*0(p,n)'«F

Ŷfe(d,a)’*F
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PE nuclides are almost exclusively produced in cyclotron targets by a variety of 

nuclear reactions. The resulting nuclei are neutron-deficient and can therefore decay 

by positron emission. The positrons travel a short distance (in the order of a few mm 

in tissue) before annihilating with an electron of the surrounding medium. It is the 

detection of the two 511 keV annihilation photons that is the fundamental principle of 

PE imaging. The photons are emitted in diametrically opposed directions in the centre 

of mass of the system. In the laboratory system the decay is not exactly collinear, due 

to the residual kinetic energy of the annihilating positron. Because of their short half- 

life, the use of positron emitters normally requires a nearby nuclear accelerator. This 

on one hand has the disadvantage of making imaging examinations expensive and of 

limiting the routine availability of PE-labelled radiopharmaeeuticals. On the other 

hand, the short half-life of these radionuclides has the advantage of resulting in a low 

absorbed dose to the patient and of allowing several studies to be made on the same 

subject on the same day.

Specific areas for the clinical application of PE include [Cook and Maisey, 1996]: 

cardiology (e.g. detection of coronary artery disease, detection of viable myocardium 

and evaluation of cardiac innervation); neurology (e.g. studies of cerebral metabolism 

and neurotransmission, investigation of neurological disorders such as Alzheimer’s 

and Parkinson’s diseases, schizophrenia and epilepsy); oncology (e.g. imaging of 

brain tumours, carcinoma of the lung, breast, head and neck, colorectal and pancreatic 

carcinoma). Some selected PE radiopharmaceutical agents and their use are shown in 

Table 1.4.
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Table 1.4: Applications o f selected positron-emitting radiopharmaeeuticals [Gatley, 1996].

Radiopharmaceutical Use

"C-carbon monoxide Labelling o f haemoglobin 

in blood volume studies

' 'C-hydroxyephedrine Used as false neurotransmitter in assessing 

nerve terminal function

"C-L-methionine Incorporated into proteins for 

brain tumour metabolism studies

"C-thymidine Incorporated into DNA for 

tumour metabolism studies

'^N-ammonia Diffuses as tissue amino acids 

(applications in myocardial perfusion)

'^0-water Inert diffusible indicator 

(applications in brain/heart perfusion)

’*F-2-fluoro-2-deoxy-D-glucose ('*F - 

FDG)

Glucose utilisation in a variety o f applications 

(brain scanning, myocardial metabolism, 

tumour scanning)

'^F-6-fluoroDOPA

Specificity for the striatum 

(applications in diseases with nigro-striatal 

degeneration, such as parkinsonism)

'*F-16-fluoro-17b-estradiol Specificity for estrogen receptors 

that are over expressed in breast tumours

'^F-fluoromethane Inert diffusible indicator 

(studies o f cerebral blood flow)
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1.3.2 PET scanners

The first positron emission tomography (PET) system that was developed for clinical 

use consisted of 48 cylindrical Nal(Tl) detectors in a hexagonal array [Hoffman et al, 

1976]. Modem PET scanners have since evolved into very complex devices that are 

comprised of thousands of detectors. Typical PET systems now make use of 2.5- to 

3.0-cm-thick bismuth germanate (BGO) scintillating crystals, which are 

approximately 75% efficient to 511-keV photons. The detectors are arranged into 

circular arrays or rings. The elements in one ring form the so called “direct detection 

planes”. Coincidence counting (with a time window of 10-20 ns) is generally enabled 

between one detector and a number of opposite detectors in the ring, so as to cover 

the transverse field of view (FOV) that is required, as shown in Fig. 1.3. Rings of 

detectors are stacked one upon another so as to increase the solid angle of detection 

and the axial field of view of the tomograph. Detectors belonging to a given ring can 

participate in coincidence detection with elements of other rings, thus defining 

additional cross detection planes. The number of allowed cross planes can be limited 

by introducing absorptive collimators (septa) between rings (Fig. 1.4). To increase 

sensitivity, the inter-plane septa can be removed so as to make use of all ring 

combinations and operate the scanner in 3-D. A summary of the design parameters 

and performance characteristics of different modem PET scanners is presented in 

Table 1.5.

The spatial resolution in PET is high (typically in the range of 4-6 mm). The spatial 

resolution of a PET scanner depends primarily on the physical size and the 

geometrical configuration of the detector elements. However, as the resolution of the 

instmmentation is further improved, the finite range of the positron and the non- 

collinear decay pose an intrinsic limitation to this imaging technique, as it becomes 

difficult to determine the position of annihilation with respect to the point of emission 

of the positron. The ultimate limit on spatial resolution in PET may therefore be 

established as approximately 2 mm FWHM [Jarritt and Acton, 1996]. The absence of 

mechanical collimators and the ring design allow the PET detectors to cover a wider
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field of view than gamma cameras. Sensitivities of PET scanners at the centre of the 

field of view in 2D-mode are in the order of 500 cps/MBq, which is approximately 

one order of magnitude greater than the sensitivities attainable in high-energy 

SPECT.

Ring Diameter

Detector
element

X

Fig. 1.3: Schem atic diagram  o f  a PET system . The diagram  sh ow s on ly  the ring elem en ts that take part 

in co in cid en ce  counting. C o in cid en ce  counting is enabled betw een  the detector e lem en ts opp osite  a 

sing le  detector i f  the co in cid en ce  rays intersect the transverse FO V in the (x , y ) plane [H ichw a, 1996].
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Direct plane

Septa

Cross planes

transverse direction
(x,y)

axial direction
(z)

Fig. 1.4: Side view o f a PET scanner with multiple rings. Detector elements in the same ring form a so- 

called direct plane. By enabling coincidence counting between elements o f different rings, additional 

detection planes {cross planes) are introduced. Collimator septa can be placed between rings in order 

to limit the number o f cross detection planes.
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Table 1.5: Characteristics of some modem PET scanners [Erlandsson and Ohlsson, 1998].

Scanner PC384-7B ECAT 111 Donner-600 ECAT 953B

Crystal type BGO BGO BGO BGO

Crystal size

(mm X mm x mm)

1 2 x 2 0 x 3 0 5.6 X 30 X 30 3 X 10x23-30 5.16 X 6.15 X 30

Number of rings 4 2 1 16

Number of 

crystals/ring

96 512 600 384

Ring diameter

(cm )

48 100 60 76.5

In-plane spatial 

resolution

(FWHM in mm)

7.6 4.4 2.6 4.6

Sensitivity

cps/(kBq ml ') 

per slice o f  a 20-cm -  

diameter cylindrical 

phantom

595 405 216 128
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1.3.3 Dual-head coincidence gamma cameras

Although Positron Emission Tomography remains the gold standard technique for the 

clinical imaging of 511 keV photons, the high cost of PET scanners (typically from 1 

to 3 million dollars) has prevented their implementation on a large scale. As a 

consequence, in recent years substantial effort has been invested in the development 

of high-energy imaging with y-cameras of the Anger type.

The advantages of this approach include not only the widespread availability and 

lower cost (300-600 thousand dollars) of SPECT systems, but also the possibility of 

performing dual-isotope imaging in a single session. As mentioned in the previous 

sections, a variety of high-energy collimators have been designed to enable 

conventional gamma cameras to perform single-photon PE imaging [Patton et al., 

1996], [Bax et al., 1995], [Drane et al., 1994], [Van Lingen et al., 1992].

Attention has focussed on the use of ’^F-2-[fluorine-18]fluoro-2-deoxy-D-glucose 

(FDG) (see Table 1.4), a well-established radio-pharmaceutical employed in a 

number of clinical applications, such as measurement of brain metabolism, 

myocardial viability assessment and tumour imaging. Because of the relatively long 

half-life of *̂ F (110 minutes - see Table 1.3), **F-FDG can be produced remotely and 

delivered to medical facilities that do not have access to an on-site cyclotron. 

However, although the use of mechanical collimators for 511 keV photons has been 

proved to be feasible, inadequate counting statistics and low resolution seem to limit 

their applicability to cardiac studies.

In order to overcome these shortcomings, a more promising route has recently been 

followed with the development of dual-headed coincidence imaging (DHCI) 

[Wollenweber et al., 1998], [Lewellen et al., 1997], [Miyaoka et al., 1996], [Miyaoka 

et al., 1995]. In order to perform DHCI, the mechanical collimators of a dual-head 

gamma camera are removed and the system is provided with custom electronics for 

coincidence detection (see Fig. 1.5). All current DHCI systems are based on Nal(Tl)
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detector technology, but with thicker crystals (up to 1.9 cm) than in conventional 

gamma cameras. For such detectors the photo-peak efficiency at 511 keV is 

approximately 20%, which is almost double the efficiency of a standard 9.5-mm- 

crystal (~ 11%). This is still, however, almost four times less efficient than a standard 

3-cm BGO crystal of a PET scanner.

y-camera 
head 1

Coincidence
UnitAm plifiers Timing discriminators

y-camera 
head 2

-►

Signal

F ig. 1.5: Schem atic diagram  o f  the basic com ponents o f  a dual-head co in cid en ce  gam m a cam era (see  

for exam ple [L ew ellen  et ai,  1999]).
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Several studies [Hasegawa et al., 1999], [Wollenweber et al., 1998], [Lewellen et 

a l, 1999] have shown that DHCI provides superior sensitivity and resolution than 

high-energy, mechanically collimated SPECT. The spatial resolution at the centre of 

the field of view of a 20-cm diameter cylinder phantom is in the order of 4-5 mm 

FWHM, thus comparable to PET. The DHCI sensitivity, however, is lower than PET 

and is limited by the high rate of single events. The authors of a recent study 

[Hasegawa et al., 1999] have compared directly '*F-FDG PET, ^^F-FDG SPECT with 

ultra-high-energy general purpose collimators (UHGPs) and '^F-FDG DHCI for the 

assessment of myocardial viability. The specifications of the three imaging systems 

are reported in Table 1.6.

Table 1.6: Characteristics o f the three imaging systems employed in a recent study that compared 

DHCI and UHGP-SPECT to PET in ’̂ F-FDG-imaging for the detection o f viable myocardium 

[Hasegawa et a l, 1999].

Imaging system PET DHCI UHGP-SPECT

In-plane resolution 

(FWHM in mm) 3.7 4.8 9.2

Sensitivity 

(in cpm/MBq/ml) 440 160 15

The system sensitivity of the DHCI system was approximately one order of 

magnitude higher than UHGP-SPECT and approximately a factor of 3 lower than 

PET. The FWHM spatial resolution of the DHCI system was also better than UHGP- 

SPECT. The results on the diagnostic accuracy of DHCI and UHGP-SPECT for the 

assessment of viable myocardium are summarised in Table 1.7, where the findings of 

PET are considered the gold standard. Image quality, which was expressed as target- 

to-background ratios, proved to be better in DHCI than in collimated SPECT. 

However, diagnostic agreement between coincidence imaging and PET (expressed in
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terms of the technique sensitivity^) was surprisingly low. The sensitivity of DHCI 

improved with the application of attenuation correction, although the results were still 

more accurate with UHGP-SPECT rather than with DHCI.

Table 1.7: Results o f the study for the comparison of collimated SPECT and dual-head coincidence 

cameras in '®F-FDG imaging for the detection o f myocardial viability [Hasegawa et a i,  1999]. The 

sensitivity^ and specificity o f SPECT and DHCI were evaluated in this study by using the PET findings 

as the gold standard.

Index

DHCI

without 

attenuation correction 

(%)

DHCI

with

attenuation correction 

(%)

UHGP-SPECT

(%)

Sensitivity^ 18.8 48.4 67.2

Specificity 92.6 94.6 91.6

The development of attenuation correction techniques is therefore a major area of 

interest for the future progress of DHCI. The count rate capability of DHCI systems is 

in the order of 3,000-10,000 cps (true events), which is higher than collimated 

SPECT (-1,000 cps per detector) but is lower than most PET scanners in 2D-mode 

imaging by at least a factor of 10 [Lewellen et al., 1999]. Because of its high spatial 

resolution capability, the most promising clinical niche for DHCI is in oncology, as a 

relatively low-cost '^F-FDG-imaging tool. However, the count rate capability and 

sensitivity of DHCI systems may not improve sufficiently so as to fulfil the 

requirements of studies with short-lived emitters, such as ^'C and

Please note that in this context the term “sensitivity” has a completely different meaning than in Table 

1.6, where it is used to represent the efficiency o f an imaging system. The “sensitivity” is here a 

statistical index, which measures how frequently a technique or clinical test is positive in the 

population with a disease. The “specificity” measures how frequently the test is negative in the 

population without the disease.
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1.4. Single-photon electronically collimated gamma cameras: 

the Compton camera

1.4.1 The principle of Compton scatter imaging

The Compton camera is a type of gamma-camera that makes use of the kinematics of 

Compton scatter to construct the image of a radioactive distribution without the aid of 

mechanical collimators. The principle of a gamma camera based on the Compton 

effect was initially proposed by Todd et al. [Todd et a l, 1974]. In the Compton 

camera the conventional absorptive collimator is replaced with a second detector, 

which electronically collimates the photons by recording the Compton scatter 

information.

The basic camera design consists of two planar detectors with position sensitive and 

energy resolving capabilities, placed in a known location with respect to each other 

and operating in coincidence (Fig. 1.6). The location of a point source is defined by 

the back projection and intersection of conic surfaces in the image space. Each cone 

corresponds to a single source emission, which is followed by a single Compton 

interaction in the front detector and a second interaction of the scattered photon in the 

back detector volume.

The cone semi-aperture 0 is the Compton scatter angle and can be determined from 

the recoil electron energy Ere measured in the front detector, if the source energy Ey is 

known:

cos 8 = \-mQC‘ (1.6)

where mo c is the electron rest-mass energy (mo c = 0.511 MeV).
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The cone axis is defined by the line joining the points of interaction in the two 

sensors. If an image plane is defined to intersect the cones, the point source will be 

imaged as the overlap of curves, which are generally ellipses but can be in some cases 

parabolas or hyperbolae.

Back Detector

Image point

Y-ray
Front DetectorPoint Source

Fig. 1.6: Illustration o f  the princip le o f  functioning o f  the C om pton cam era.

If the source is not placed in air or void, the events produced by the photons that 

have scattered in the medium before reaching the first detector should be rejected. 

This is done by selecting Compton scattered photons that are photo-electrically 

absorbed in the back detector and by ensuring that the sum of the energies deposited 

in the two detectors matches the energy of the source within a set window.

The tracking of the original direction of the emitted photons is strongly dependent 

on the accuracy with which the parameters of the conic surfaces are determined. The 

energy resolution and position resolution of the detectors therefore play a major role 

in locating the point source and in ultimately determining the quality of the image.
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The imaging principle is described here for a simple point source. An extended 

radiating object may be thought of as a distribution of point sources. The depth and 

the inclination of the image plane are arbitrary variables. Thus, one can back-project 

the cones onto a multitude of planes and obtain a variety of sections through the 

object (from the same set of experimental data) that can be combined to obtain 

images in three dimensions.

A Compton scatter camera offers many potential advantages over other imaging 

systems. In comparison to lead-collimated cameras, its principle of operation could 

provide higher efficiency and a wider field of view. Unlike conventional SPECT 

systems, Compton cameras do not require to view the object at different angles 

around its axis in order to reconstruct 3-D images. The absence of heavy components 

would also allow the construction of a more compact and lightweight system, which 

could be built as a portable unit for many imaging applications.

Compton cameras have been proposed in the scientific literature for a variety of 

applications including gamma-ray astronomy, high-energy imaging in the nuclear 

industry and medical imaging. Few experimental prototypes have, however, been 

constructed. In the following paragraphs, the most interesting achievements and 

recent results in the design and experimental development of Compton cameras are 

reviewed for these three main areas of application.
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1.4.2 Compton telescopes

Gamma ray telescopes using Compton scatter techniques have been employed as an 

efficient method to observe low fluxes of cosmic radiation sources in the 0.3 - 30 

MeV energy range. The astrophysical observations are aimed at objectives such as 

mapping the nuclear line emissions across the Galaxy, studying the diffuse gamma- 

ray background, the occurrence of supemovae, etc. The emissions from the sources of 

interest consist of both discrete spectral lines and continuum radiation. The sensitivity 

of a Compton telescope is a measure of how intense these sources need to be in order 

to be imaged. The point-source sensitivity of a Compton y-ray telescope can be 

expressed as a function of the background and source counts, the detection area and 

the observation time [Schonfelder et al, 1993]. The sensitivity limit (photons cm'^ s') 

is usually employed to characterise the performance of a Compton telescope.

One of the first designs of a Compton telescope [Zych et a l, 1979] utilised two 

large-area (1 m^) arrays of scintillators separated by a distance of 1.25 m. This design 

is since known as the “double Compton telescope”. The first array consisted of ten 

linear plastic scintillation detectors (1-m long), with cross-sections of 10 cm x 10 cm. 

The second array was made of ten linear Nal(Tl) detectors of the same size and 

configuration as the first array. This telescope was specifically designed for satellite 

observations in the medium energy range (1-30 MeV). The angular resolution of the 

system was approximately 5.5° HWHM (Half Width at Half Maximum) at 1 MeV 

and 3° HWHM at 6.1 MeV. The estimated sensitivity for discrete sources of line 

emission (1 MeV) was 3 x 10'  ̂ y cm'^ s"'. A more recent version of this telescope 

(flovm by balloon in 1989) was developed at UCR (University of California at 

Riverside) [Ait-Ouamer et al., 1990] by combining two planes made up of bars of 

plastic scintillator (16 units, each having a size of 6.35 x 7.62 x 103 cm^) and Nal(Tl) 

(16 units, each having a size of 4.83 x 4.83 x 102 cm^) respectively.

The Compton telescope COMPTEL [Schonfelder et al, 1984] was until recently the 

observation instrument available in gamma-ray astrophysics with the best angular
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resolution properties. The instrument, which was the result of an international 

collaboration including the Max Planck Institute for Extraterrestrial Physics, the 

University of New Hampshire, the Space Research Organisation of Netherlands and 

ESA^, was launched in 1991 on board the NASA^’s COMPTON Gamma Ray 

Observatory (CORO). The Observatory mission ended in June 2000 via a controlled 

re-entry following technical failure of one of its gyroscopes. COMPTEL consisted of 

an open array of seven upper cells filled with a liquid scintillator (each one was 28 

cm in diameter and 8.5 cm deep) and fourteen lower Nal scintillation units (each one 

was 28 cm in diameter by 7.5 cm in depth). An angular resolution (1 a  width of the 

point spread function) of 2° and 1.3° was obtained respectively at 1.2 and 2.75 MeV. 

The telescope was able to cover the y-ray energy range from 0.75 MeV to 30 MeV. 

The sensitivity of the instrument to line emissions at 1 MeV was down to 

approximately 2 x 10'  ̂y/(cm^s) [Schonfelder et a l, 1993].

The next generation of Compton telescopes aims to advance the level of 

observation beyond the current standard set by COMPTEL. The requirements on the 

performance of a new instrument include: the capability of operating in the 300 keV - 

30 MeV y-ray energy range; an angular resolution better than 0.5° at 1 MeV; 

sensitivities approaching 10'  ̂ y/(cm^s) in the low-energy range (511 keV -  2 MeV) 

[Kurfess, 1998]. These goals pose very stringent requirements on the energy 

resolution (~ a few keV) and spatial resolution (~ 1 mm) of the detectors. Different 

configurations, based on state-of-the-art position sensitive detectors, have been 

proposed. All the proposed designs involve the use of solid-state detectors, with the 

exception of one telescope that consists of a liquid gas detection chamber.

A new Compton telescope design has been developed within the Tracking and 

Imaging Gamma-ray Experiment (TIGRE) [O’Neill et a l, 1992]. This telescope 

configuration aims to improve the COMPTEL sensitivity by one order of magnitude.

 ̂European Space Agency 
 ̂National Aeronautic and Space Administration
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It is estimated that at 2 MeV of energy a telescope sensitivity could be achieved down 

to 1.6 X 10'  ̂ y/(cm^s). A small laboratory prototype was constructed with 7 double 

sided silicon strip detectors (3.2 cm x 3.2 cm x 300 pm with 1 mm pitch in both the x 

and y directions), which were used to track the recoil electron from the Compton 

interaction and measure its energy [O’Neill et al., 1995]. The energy and the position 

of interaction of the scattered photon were determined using 36 Csl(Tl) photodiode 

detectors (1 cm x 1 cm x 1.7 cm). The silicon detectors were separated by a distance 

of 6.5 mm. The 36 scintillation crystals were grouped into four arrays of nine units 

each and were placed at a distance of 26 cm from the silicon detectors. The 

innovative feature of tracking scattered electrons would allow easy discrimination 

between upward and downward photons. Tests carried out with a point source at 511 

keV and 900 keV showed an angular resolution of 11° and 10° (FWHM) 

respectively.

A similar approach has been recently adopted by the Max Planck Institute with the 

design of the MEGA telescope (Medium Energy Gamma-ray Astronomy telescope), a 

successor for COMPTEL that aims to extend the energy range of observable y-rays 

from 0.5 MeV to 50 MeV [Schopper et al., 1999]. The design consists of a stack of 

double-sided silicon strip detectors, which act as the Compton scatter unit and allow 

the recoil electron to be tracked, so as to determine the orientation of the incident 

photon. The scattered photon is absorbed in a calorimeter that consists of small 

Csl(Tl) scintillation bars coupled to silicon PIN photodiodes and low-noise 

electronics. The silicon detectors in the tracker have a sensitive area of 6 cm x 6 cm, a 

thickness of 0.5 mm and a pitch of 0.47 mm on both sides. The calorimeter is highly 

segmented. It is made up of several blocks that surround the side and the bottom of 

the tracker. Each block is a monolithic array of 10 x l2  Csl(Tl) bars, with pixel size of 

5 mm X  5 mm. Bars of different depths (2 cm and 8 cm) have been tested with single­

side and double-side readout respectively [Schopper et al., 2000]. A small prototype 

is currently being developed with 11 silicon layers, where each layer is a matrix of 

3x3 strip detectors. The design of the future telescope will include 4 adjacent towers.

53



Chapter 1 Collimation Approaches in Medical y-ray Imaging

each being made up of 32 layers. The high spatial resolution of the detectors should 

allow the tracker to be as close as possible to the calorimeter, thus making the 

telescope more compact and efficient. Simulations of the prototype design indicate 

that at 2 MeV an angular resolution of approximately 1° FWHM may be obtained. 

The telescope is expected to achieve an approximate sensitivity gain of one order of 

magnitude over COMPTEL in the 0.5-50 MeV energy range.

Another concept being investigated is the feasibility of building a large-area, high- 

resolution Compton telescope (ATHENA, Advanced Telescope for High Energy 

Nuclear Astrophysics) based on position sensitive germanium detectors [Johnson et 

al., 1995]. The telescope has been designed to cover the energy range from ~ 300 keV 

to above 10 MeV. An initial study was carried out using a 25 x 25 strip (2 mm pitch, 

11 mm thick) Ge detector in combination with a 5 x 5 strip (9 mm pitch, 11 mm 

thick) Ge detector [Phlips et al., 1996]. The two sensors were separated by a 45 cm 

distance. The imaging capabilities of the detectors as a near-field Compton telescope 

were tested with a ^̂ ^Cs ( 662 keV) point source, located at a distance of 8 cm from 

the front plane. An angular resolution of approximately 1 ° FWHM was obtained. The 

design of the actual astronomic telescope should consist of two 1-cm thick 

germanium detector layers acting as the front scatter component and six germanium 

detector layers placed behind for the detection of the Compton scattered photons. 

The back six layers would be separated from the first two by a distance of 1 metre. It 

is estimated that a 1-m  ̂ Ge telescope would achieve a line sensitivity down to ~ 7 x 

10'  ̂y/(cm^s) at 1 MeV.

Finally, a Liquid-Xenon Gamma-Ray Imaging Telescope (LXeGRIT) is under 

development at the Astrophysics Laboratory of Columbia University with NASA 

support and with the collaboration of other universities and space centres [Aprile et 

al., 1996]. The design is based on the use of two liquid-gas time-projection chambers 

(TPCs) in coincidence. The upper chamber is filled with liquid argon (LAr-TPC) and 

operates as a scatter detector. The lower chamber is filled with liquid xenon (LXe-
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TPC) and acts as an absorption detector for the scattered photons, although it can also 

work as an independent Compton telescope for those photons that fail to scatter in the 

upper chamber (the double detector configuration is preferred as it improves the 

angular resolution of the telescope). In order to demonstrate the feasibility of the 

LXeGRIT design, a small LXeTPC prototype has been developed and operated as a 

Compton telescope. After successful laboratory testing, the same prototype was 

successfully flown by balloon for the first time in 1997 [Aprile et al., 1998].

In this specific design of Compton camera, the primary scatter event and 

subsequent photon interactions (multiple Compton and/or photo-absorption) are 

recorded within a homogeneous detector. The chamber has a total volume of 10 litres 

and a sensitive area of 400 cm^. The cathode is at the top of the chamber and the 

anode is at the bottom. An X-Y mesh (consisting of two planes of 62 parallel wires 

each, in orthogonal direction) separates the active volume into a 7-cm drift gap 

(between the mesh and the cathode) and a narrow collection region between the mesh 

and the anode. Both the ionisation and the primary scintillation light produced by the 

electrons are detected. The scintillation photons are detected by four UV sensitive 

photo-multipliers, coupled to the anode by quartz windows. The scintillation light 

provides the event time zero, so as to infer the Z co-ordinate of the event. The 

ionisation electrons drift across the chamber gap in a uniform electric field towards 

the mesh, where they induce signals that are used to obtain the X-Y co-ordinate 

information. The collection signal on the anode is used to determine the energy 

deposition associated with the event. Amplitude and timing analysis allows 

differentiation between subsequent interactions, so as to make use of Compton 

kinematics to reconstruct the direction of the incoming y-ray.

The angular resolution of the 10-litre LXeTPC prototype at 1 MeV is ~ 2° (1 

a  width of the point spread function), with a line sensitivity down to 5.7 x 10’̂  

y/(cm^s). The two detectors proposed for the LXeGRIT design will have a sensitive 

area of ~ 4000 cm^, a ten-fold increase over the LXe-TPC prototype. It is estimated
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that, assuming a separation distance > 5 0  cm, the combined operation of the two 

chambers will achieve an angular resolution < 0.14° (1 cr width of the point spread 

function at 10 MeV). The line sensitivity of LXeGRIT is expected to be down to 1.6 

X  10'^y/(cm^s) at 1 MeV and 2.8 x 10’̂ y/(cm^s) at 10 MeV.

A summary of the characteristics of the Compton telescopes described in this 

section is given in Table 1.8.
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Table 1.8: Summary o f properties of the designed and/or constructed Compton telescopes that are 

described in the text.

Detector

Configuration Energy

Angular

resolution

(FWHM)

Sensitivity

(y cm'  ̂s ')

Type of system

Linear array of 1 MeV ~ i r 3 X 10'̂ Double Compton

plastic scintillators + telescope

Nal(Tl) crystal array 6 MeV - 6 ° - [Zych et a i, 1979]

Array o f liquid 1 MeV - 5 ° 2 X lO'S COMPTEL

scintillator cells + [Schonfelder et al..

Nal(Tl) crystal array 3 MeV - 3 ° 1993]

Stack o f Si 2 MeV 1.6 X 10'̂

microstrip detectors + TIGRE telescope

Csl(Tl) modules 511 keV ~ 11° - [O’Neill et a l, 1995]

900 keV ~ 10° -

Stack of Si 0.5 -  50 MeV 0.1 X COM PTEL MEGA telescope

microstrip detectors + [Schopper et a l.

Csl(Tl) modules 2 MeV ~ 1° - 1999]

2 X Ge strip detectors 662 keV ~ 1° . ATHENA

[Johnson et a l, 1995]

1 MeV - 7 x  10-7

2 X Time Projection 1 MeV 1.6 X 10'̂

Chambers LXeGRIT

(LArTPC + LXeTPC) 10 MeV ± 0 .3  ° 2.8 X 10-7 [Aprile et a l, 1996]

in coincidence
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1.4.3 Compton cameras for applications in the nuclear industry

The interest in Compton cameras for imaging applications in the nuclear industry is 

mainly associated with the potential portability of such devices. Possible applications 

include environmental monitoring and radioactive waste management at industrial 

sites. Accurate non-destructive analysis of radioactive waste containers requires the 

source distribution to be localised within the container. This makes it possible to 

suitably correct for attenuating materials when estimating the activity in the container, 

thus reducing the costs of handling and storage that may be associated with 

overestimation of activity.

A new Compton camera design, the Ring Compton Scatter Camera, was proposed 

by Martin and Singh in order to image radio-nuclides of industrial interest in the 

medium energy range (from 0.5 to 3.0 MeV) [Martin et al., 1993]. It consisted of a 4 

X 4 planar array of HPGe detectors (5 mm x 5 mm x 6 mm) surrounded by a ring 

array of 8 cylindrical Nal(Tl) crystals (19.1 mm in diameter and 50.8 mm in length). 

The scintillators were equally spaced in the azimuthal angle around the ring, with the 

same central scattering angle and centre-to-centre distance from the germanium array. 

The camera geometry allowed the central scatter angle to be varied between 15° and 

60°. The distance of the scintillator modules from the Ge collimator could be varied 

between 15 cm and 70 cm. The ring shape for the second detector was designed to 

reduce the fraction of recorded events from small-angle scatter and from unscattered 

photons. However, as the ring subtended a smaller range of Compton scattering 

angles, such design showed lower efficiency in comparison with the use of a planar 

back detector. Point sources of ^̂ ^Cs were imaged with an angular resolution of 9.1°. 

The absolute efficiency of the camera (defined as the number of events contributing 

to the image per photon emitted by the source) was measured to be approximately 

4.5x10'^ (assuming a scatter angle of 45°, a separation distance between front and 

back detectors of 30 cm and a distance of 10 cm between the source and the 

electronic collimator).
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A  second prototype was later developed with 16 Nal(Tl) crystals [Martin et a i, 

1994]. This work was aimed at investigating the capability of the camera to image 

multi-energy gamma-ray fields, as such fields are often of interest in the nuclear 

industry. Photons with different energy were discriminated on the basis of the sum of 

the energy signals deposited in the two detectors. The spectral imaging capability of 

the system was demonstrated by acquiring images of a phantom containing 

simultaneously the isotopes "̂̂ Cu (0.511 keV) and ^^Zn (1.116 MeV). The same 

authors have more recently proposed the replacement of the germanium collimator 

with a room-temperature operating Si(Li) detector, so as to improve the system 

portability [Evans and Martin, 1996].

A prototype camera for gamma ray imaging within industrial sites was constructed 

by Royle and Speller [Royle and Speller, 1994]. The system was based on the use of 

germanium and Nal(Tl) detectors. Three different configurations were tested with 

*̂ ^Cs point sources. An angular resolution of approximately 11° was achieved with a 

camera made of two large-element (5 cm x 5 cm) Nal(Tl) detectors. A combination 

of two small-element (1.6 cm x 1.6 cm) HPGe detectors provided an angular 

resolution of -  7°. An angular resolution of approximately 9° was obtained with a 

“mixed” configuration featuring both HPGe and Nal(Tl) as front and back detector 

respectively. The same authors have more recently suggested a modular structure for 

a flexible, low-cost Compton camera to be used in industrial radiation environments 

with restricted access [Royle and Speller, 1996]. The work was carried out on behalf 

of British Nuclear Fuels for applications in their reprocessing plant in Sellafield, UK. 

A prototype camera was built with three 1 x 1 x 1  mm^ Nal(Tl) detectors arranged in 

a small cluster and operating in coincidence. The camera was evaluated in a 

laboratory simulation of a limited-access industrial site; a point spread function of 17 

cm at 1-m distance was measured for *̂ ^Cs point sources. After the laboratory 

evaluation, the system was used to image a real decommissioning environment at the 

Sellafield plant [Royle and Speller, 1997]. It produced the world’s first land based 

images within an actual, highly active decommissioning site. Simulation studies
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suggested the possibility of replacing the scintillators with CdZnTe semiconductor 

detectors. It is predicted that such a system would achieve an angular resolution of 

approximately 6-7°.

The capability of generating non-tomographic three-dimensional images with an 

all-germanium Compton camera was demonstrated by McKisson et al. [McKisson et 

al., 1994]. A Compton camera prototype was built with eight HPGe coaxial detectors 

(each 4 cm in diameter and 4 cm long) configured in two planes of four detectors 

each. The point source FWHM resolution for a ^̂ ^Cs source varied from 0.5 to 1 cm 

depending on the source-camera distance ranging from 25 cm to Im. The system was 

tested to prove the feasibility of Compton imaging as a non-destructive testing 

technique for the evaluation of mixed waste containers [King et al., 1994]. Separation 

of multiple lines with different intensities was reported using ^^^Cs, ^^Co and ’̂ ^Ba 

sources. Experiments with sources placed in water-filled drums were also carried out 

in order to investigate the effects of surrounding media in a high scattering 

environment. A point spread function of 6.6 cm (FWHM) was obtained at 662 keV of 

energy and at a distance of 1 m between the camera front detector plane and the drum 

centre.

A novel approach has been recently proposed with a design that combines 

mechanical collimation (based on the use of coded-apertures) with electronic 

collimation (based on Compton scatter) [Smith et al., 1998]. This hybrid camera was 

specifically designed as an industrial y-ray imaging system, with the aim of providing 

good angular resolution and efficiency over a broad energy range (50 keV - 3 MeV). 

The system comprises a coded aperture placed at 20 cm distance in front of a first 

scintillation detector, consisting of a 100 x 100 x 10 mm^ Nal(Tl) crystal with a four- 

phototube Anger logic readout. A second detector is placed at a 30° central scatter 

angle and at a 3 5-cm distance angle with respect to the first one. The second detector 

is a CsI(Na) crystal of 7x7 pixels (the size of each pixel is 9 x 9 x 30 mm^), coupled 

to a position sensitive photomultiplier tube (PSPMT). The hybrid camera was
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designed with the aim of optimising the characteristics of the imaging system as a 

function of the photon energy. The basic idea is that at low energies (< 300 keV) the 

photons are mechanically collimated onto the first detector, where they are photo- 

electrically absorbed as in a conventional gamma camera. For higher-energy photons 

(> 600 keV) the system can operate in a Compton camera mode. At such energies the 

coded mask will not be a significant attenuator and many photons will Compton 

scatter in the first scintillator before being absorbed in the second detector. At 

intermediate energies (300-600 keV), complementary data sets from both 

mechanically and electronically collimated photons can be combined to reconstruct 

the source image. Monte Carlo modelling of the hybrid camera predicts an intrinsic 

efficiency (defined as the probability that a photon incident on the front detector will 

result in a useful imaging event) ranging from approximately 0.5 to 1 xlO*  ̂ . An 

angular resolution of 3-5° is predicted over the 50 keV -  3 MeV sensitive energy 

range.

The characteristics of the industrial Compton cameras described in this section are 

summarised in Table 1.9.
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Table 1.9: Summaiy o f properties of the designed and/or constructed industrial Compton cameras that 

are described in the text.

Detector Configuration Energy Angular 

resolution ^

(FWHM)

Type of system

Small-element planar 

HPGe array + ring array 

o f Nal(Tl) crystals

662 keV - 9 °

Laboratory prototype for 

industrial use in the 

0.5 -  3 MeV energy range 

[Martin et al., 1993]

a) 2 X Large-element Nal(Tl)

b) 2 X Small-element HPGe

c) HPGe + Nal(Tl)

d) triangular cluster of 

Nal elements

662 keV

-1 1 °

- 7 °

- 9 °

-9 .6 °

Industrial prototype 

for imaging applications 

within limited access 

industrial sites 

[Royle and Speller, 1997]

2 X planes o f 4 HPGe 

coaxial detectors

662 keV 

(in air) 

(in a water- 

filled drum)

-  1° 

- 4 °

Prototype for applications in 

nuclear waste imaging 

[McKisson et al., 1994]

Coded aperture + Nal crystal 

+ CsI(Na) crystal

50 keV- 

3 MeV

3-5° Hybrid portable 

Gamma camera 

[Smith et al., 1998]

The FWHM angular resolution, when not explicitly reported by the authors, has been evaluated as 

FWHM Â orn the following relationship [Singh, 1983] (equation 2.5 in section 2.5.1 o f Chapter 2):

^ F W H M  -  ^  ) , where ASywHM is the FWHM spatial resolution and D is the

source-electronic collimator distance.
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1.4.4 Compton cameras for medical imaging

The idea of a Compton camera aimed at clinical applications was initially proposed 

by Todd et al. [Todd et al., 1974]. The authors suggested the use of a single three- 

dimensional lattice consisting of orthogonal arrays of 0.5 mm silicon cubic elements. 

The tracking of photons would be achieved by measuring the (x, y, z) co-ordinates of 

the first two consecutive events in multiple Compton interactions. Practical problems 

were however highlighted in the hypothetical construction of an actual camera, 

particularly in association with the difficult task of determining the sequential order 

of interactions. A subsequent study by the same authors proposed a different camera 

design, which employed a stack of 50 5-cm diameter discs, each forming a two- 

dimensional array of silicon diodes [Everett et al., 1977]. Suggestions were also made 

in order to initially build a simple two-layer prototype, where the sequential order of 

interactions would be more easily determined.

The theoretical work of Todd and Everett was followed in the early eighties by the 

pioneering experimental work of Singh and Doria [Singh and Doria, 1983], who built 

the first working prototype of a Compton camera for medical use. Since then, a 

growing interest has been reported on the design and experimental development of 

Compton cameras for nuclear medicine applications, due to the rapid advances in the 

technology of position sensitive detectors. The following paragraphs describe the 

most important contributions made to this specific field during the last twenty years. 

State-of-the-art developments include collimator designs based on the use of both 

semiconductors and gaseous scintillators.

I) Germanium collimators

As previously introduced, the first experimental device ever constructed for medical 

imaging was designed by Singh and Doria in 1983. It consisted of a single 6-mm- 

diameter x 6-mm-thick germanium element coupled to a conventional uncollimated 

scintillation camera in a coincidence detection mode. The separation between the Ge 

detector and the y-camera was 5 cm. Images of ^̂ "’Tc and *̂ ^Cs point sources were
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obtained, thus demonstrating for the first time the feasibility of electronically 

collimating single photon emitters. A spatial resolution of approximately 0.7 cm was 

obtained for a ^̂ "’Tc (140 keV) point source located on the central axis at a distance 

of 4.3 cm from the detector. A *̂ ^Cs (662 keV) point source, located at a 2.6 cm 

distance, produced a spatial resolution in the order of 0.5 cm. The measured 

sensitivity of this first prototype was 77 cps, obtained with a 78.5 MBq point source 

of 99n̂ Tc, which was located 5.9 cm from the germanium detector. An extrapolation 

of this value was used to determine the sensitivity of larger arrays of germanium 

detector elements. The predicted sensitivity of the system was ten times greater than a 

conventional collimator; this could be achieved by optimising the system geometry 

and increasing the size of the electronic collimator.

Further developments were carried out in the construction of a new version of the 

electronic collimator consisting of a 4 x 4 germanium detector array [Singh and 

Doria, 1985]. This detector prototype was obtained from a single high-purity 

germanium slab, segmented into 16 independent 5 mm x 5 mm x 6 mm elements. 

The Ge detector was located 5 cm from the uncollimated gamma camera. Each Ge 

element was independently interfaced to its own circuitry providing amplification, 

energy discrimination and analogue-to-digital conversion. Detection of valid 

coincidences between one element of the Ge detector and the scintillation camera 

enabled the process of digitising the interaction position signals in the scintillator, 

identifying the Ge element in which the hit was produced and digitising its energy 

signal so as to allow the computation of the scatter angle. The energy signal from the 

scintillation camera was also digitised and added to the energy signal from the 

germanium detector. Pulse height discrimination was applied to reject radiation 

scattered from the object and to reduce the fraction of random coincident counts. 

Events were rejected in the case where simultaneous signals were produced from 

more than one germanium channel.
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Three-dimensional images of cylindrical test-objects were acquired [Singh and 

Brechner, 1990]. The phantoms imaged contained either ^^"'Tc or *̂ ^Cs and were 

located at 12 cm and 14.5 cm distance respectively from the germanium detector. 

Conventional SPECT data were also acquired from the same test-objects for 

comparison, by removing the Ge detector and mounting on the camera a conventional 

high-resolution parallel-hole collimator for ^ '̂"Tc and a pin-hole collimator for '^^Cs. 

The SPECT images obtained with mechanical collimators showed slightly better 

spatial resolution (1.3 + 0.5 cm at 140 keV, 1.5 ± 0.5 cm at 662 keV) when compared 

to the images produced by electronic collimation (1.5 + 0.5 cm at 140 keV, 1.7 + 0.5 

cm at 662 keV). Experimental results on the camera count rate, however, made it 

possible to confirm that electronic collimation would provide much higher sensitivity. 

Extrapolation of such results confirmed that if objects were placed at a 1-cm distance 

from the Compton scatter collimator and if the size of the germanium array was 

extended to 33x33 elements, the sensitivity gain over mechanical collimation at 140 

keV would be approximately one order of magnitude.

The sensitivity gain was expected to increase with higher energy gamma rays: thick 

septa reduce sensitivity in high energy mechanical collimators, whereas electronic 

collimation sensitivity improves with increasing energy due to both an increase in the 

Compton/photoelectric ratio and to more forward scattering. Such an increase could 

not be observed on the basis of the experimental results obtained for the '^^Cs source, 

due to the low absorption efficiency of the scintillation camera at 662 keV. It was 

estimated, however, that the use of a more efficient scintillator material such as BOO 

would approximately double the sensitivity at 662 keV compared to 140 keV.

II) Compound semiconductor collimators

In recent years, the feasibility of using room-temperature operating Cadmium-Zinc- 

Telluride (CdZnTe) detectors as the front detector in electronically collimated SPECT 

has been investigated as an alternative to cryogenically cooled Ge detectors [Singh et 

al., 1995]. A theoretical study was carried out in order to compare CdZnTe and Ge
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electronic collimators in terms of their Compton Aperture Efficiency (CAE). The 

CAE is defined as the probability that a photon incident on the collimator undergoes a 

single Compton interaction in the first detector, followed by an escape of the 

scattered photon within the solid angle subtended by the back detector. The study 

showed that at 140 keV the CAE of a CdZnTe-based system would be a factor of 2.5 

lower in comparison to Ge and the spatial resolution attainable would also be worse 

by approximately a factor of 2. However, preliminary experimental measurements 

with a ’̂ ^Cs point source showed that at higher energies the performances of the two 

types of detectors become comparable, thus encouraging the application of CdZnTe 

detectors with their practical advantages to the imaging of radioisotopes at energies 

above 500 keV. The use of CdZnTe position sensitive detectors replacing the 

scintillation camera in the back has also been proposed in conjunction with the use of 

an electronic collimator made of silicon [Rohe and Valentine, 1996], [Tiimer et al.,

1997] or gallium arsenide [Kramer et al., 1998]. The development of a prototype 

Compton camera based on two 3-D position sensitive CdZnTe detectors has also 

been recently proposed [Du et al., 1999]. Computer simulations predicted that an 

angular resolution of 2-3° could be expected from such a system in the 0.511-1 MeV 

energy range. It is estimated that the intrinsic efficiency for a point source at 10-cm 

distance would range from 1.5x10'"  ̂at 500 keV to 8.8x10’̂  at 3 MeV.

Ill) Single-scatter silicon collimators

Silicon detectors have been suggested by various authors for the construction of the 

electronic collimator as an alternative to germanium, by virtue of their advantage of 

room temperature operation, low cost and wide availability. A 3 x 3 array of silicon 

drift detectors (2.75 x 2.75 mm^ elements) was built and proposed for use in imaging 

140 keV photons [Kuykens and Audet, 1988]. Because of its practical advantages, the 

use of a 5 cm X 5 cm silicon microstrip detector was also suggested in order to 

perform medical studies with radionuclides in the 100 keV to 1 MeV energy range, 

even if silicon has a lower probability of Compton interaction than germanium 

[Solomon and Ott, 1988]. It was estimated that a Compton device consisting of a 2-
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mm thick silicon detector in coincidence with a standard Nal y-camera would 

achieve an intrinsic efficiency of 1.7% for photons of 140 keV of energy (the intrinsic 

efficiency was defined as the likelihood of a detected coincidence given that the 

photon is incident on the face of the scattering detector).

A feasibility study was also more recently carried out in order to test silicon 

microstrip detectors for Compton imaging [Tiimer et a i, 1997]. This system was 

based on the design of the TIGRE telescope that was previously described. A small 

desktop prototype system was built, in which a stack of three double sided silicon 

detectors with 1 mm pitch (size of 40 x 40 x 1 mm^) acted as scatter components (the 

detectors were separated by 2 cm). The back detector comprised of three CsI(Tl) 

scintillation modules, each one consisting of an array of 3 x 3 crystals of size 1 x 1 x

2.5 cm^ coupled to silicon photodiodes. Events were selected for image 

reconstruction if one and only one of the silicon detector planes would generate a 

signal in coincidence with one of the scintillation modules and if the sum of the two 

energy signals detected would fall within a pre-set window centred around the source 

energy value. Images of a ^^Na point source (511 keV) were reconstructed using 

approximately 400 events, due to the low efficiency of the prototype. A spatial 

resolution of approximately 1.5 cm was obtained for a distance of 10.5 cm between 

the source and the central strip detector. In order to increase efficiency, the use of 15- 

25 silicon planes was recommended for future developments of the prototype. The 

authors also suggested that replacing the scintillation modules with higher-resolution 

CdZnTe detectors would substantially improve the system performance, achieving a 

3-10 sensitivity gain.

A prototype Compton camera (C-SPRJNT, Compton-Single Photon RINg 

Tomograph) based on a silicon collimator is currently being developed at the 

University of Michigan for low energy (140 keV) y-ray imaging [LeBlanc et al.,

1998]. The system comprises a single 3 x 3 x 0.1 cm^ silicon pad detector (pixellated 

into a 22 X 22 array of 1.2 x 1.2 mm^ elements), which is operated in coincidence
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with the pre-existing Michigan SPECT system (SPRINT) with its lead collimators 

removed. SPRINT consists of a ring of eleven scintillator modules, where each 

module is an array of 1.27-cm thick Nal bars viewed by 20 PMTs. The scintillator 

modules are arranged so as to form a 50-cm-diameter, 10-cm long cylinder, at the 

front face of which is located the silicon collimator. Monte Carlo simulations of the 

set-up predict absolute Compton efficiency in the order of 2.7 x 10'  ̂ (the absolute 

Compton efficiency is defined as the fraction of all source photons that are first 

incident on the silicon detector, then single Compton scatter in the silicon detector, 

then escape into the solid angle subtended by SPRINT, in which finally undergo full 

energy deposition). The authors claim that this efficiency could be improved by two 

orders of magnitude by using a stack of five detectors with larger area ( 9 x 9  cm^) and 

by re-designing the geometry of the scintillator ring so as to accept a wider range of 

scatter angles. It is predicted that at 140 keV the system could achieve a sensitivity 

gain of ~ 20 over mechanical collimators, with an angular resolution of 

approximately 4° FWHM.

Experimental results from the system were recently reported making use of a single 

scintillation module, with a ^̂ "’Tc source placed on the SPRINT centreline axis at a 

2.5-cm distance from the silicon pad detector, which was set 8 cm inside the ring 

[LeBlanc et al., IEEE 1999]. The silicon pad detector had 3.5 keV FWHM energy 

resolution at 60 keV of energy. The image performance of the system was rather 

poor, with an angular resolution of approximately 40° FWHM, obtained with a 

simple backprojection algorithm. The authors claim that the resolution would 

improve to ~ 25° if an iterative method was used for reconstruction. A second set of 

experiments were performed by making use of all eleven modules and by replacing 

the original collimator with a 300-pm thick silicon pad detector with better energy 

resolution (2.2 keV FWHM at 60 keV). The source was placed at 10 cm from the 

silicon detector. The spatial resolution was calculated to be 1.5 cm. This corresponds 

to more than a factor of four improvement in the angular resolution (8.6° FWHM). If 

the iterative algorithm was used on this second data run, the resolution would
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improve to 7 mm (i.e. ~ 4° FWHM). However, such a resolution recovery was 

obtained at the expense of increased noise in the image.

Compton cameras have improved performance with high-energy photons, as will be 

discussed in the next chapter. Therefore, although C-SPRINT was specifically 

designed for low-energy imaging, the authors are now considering the application of 

C-SPRINT at higher energies. Their interest is currently in the medical applications 

of the high-energy line (393 keV) of the isotope [Le Blanc et al., NIM 1999]. It 

is estimated that the sensitivity gain of the C-SPRINT system at this energy would be 

a factor of 3 to 5 when compared to ^̂ ""Tc imaging.

IV) Multiple-scatter silicon collimators

Multiple layers of silicon detectors have been proposed in order to extend the 

Compton scatter imaging principle to multiple scatter events [Kamae et al., 1987]. 

This method was devised to enhance the efficiency of the events used in image 

reconstruction. Another potential advantage of this approach is the polarisation 

dependence of multiple Compton scattering. The use of the polarisation induced by 

scattering has in fact been suggested as a method to resolve the azimuthal ambiguity 

that characterises single Compton scatter [Dogan et al., 1992]. The system design of 

Kamae et al. is based on a stack of independent large area, energy resolving and 

position sensitive silicon microstrip detectors. The thickness of each layer must be 

adequately small so as to minimise the probability of multiple scatter but at the same 

time must be sufficient to contain the recoil electron range. The stack is surrounded 

by a scintillation counter in order to increase detection efficiency. In order to 

reconstruct the direction of the incoming photons, the characteristics of the first two 

interactions are needed. This requires the identification of the exact sequence of 

events in the stack, which can be achieved through the known kinematics of Compton 

scattering.

Simulation work was carried out to optimise the design for gamma rays in the 150- 

600 keV energy range [Kamae et al., 1988]. Each detecting silicon layer was
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simulated with a sensitive area of 6 x 6 cm^ and a thickness of 500 with 500 jam 

pitch both in the x and y co-ordinates. The minimum detectable energy was set to 10 

keV and the electronic noise contribution to the detector energy resolution was 

assumed to be 1 keV. The side counter was designed as a CsI(Tl) cylindrical detector 

of 10 cm inner radius, 18 cm height and 2 cm thickness. The system angular 

resolution was estimated to be in the 3° - 5° range (FWHM) when using 50 layers. 

Further work was carried out extending the photon energy up to 1 MeV and stacks of 

germanium detectors were also taken into consideration [Dogan et al., 1990]. The 

“reconstruction efficiency” (defined as the fraction of incident photons the incident 

direction and energy of which are correctly reconstructed) was estimated to be 7-14% 

for Si and 16-28% for Ge, depending on the photon energy (in both cases the layer 

thickness was 5 mm).

More recent work aimed at optimising the layer thickness of silicon detectors for 

operation at specific energies [Dogan and Wehe, 1994]. Optimal values were found to 

be less than 0.5 mm at 150 keV, 2 mm at 511 keV and 5 mm at 1 MeV. The 

construction of a 20-layer prototype (each layer being 1 mm thick) was also proposed. 

Multiple Compton cameras have however never been constructed, mainly because of 

the high cost of the large number of detectors required and the complex electronics 

associated.

V) Gas detector-based collimators

Finally, among other type of detectors, gas scintillators have also been considered in 

order to build a Compton camera for medical use. An electronically collimated 

gamma camera was proposed, where a gas scintillation position-sensitive detector 

was employed as the scatter component, coupled to a multi-layer and multi-wire 

proportional chamber (MPWC) as the back detector [Fujieda and Perez-Mendez, 

1986]. The authors acknowledged the superior energy resolution of germanium 

detectors with respect to gas scintillators, but suggested that such disadvantage may 

be offset by the higher spatial resolution and large field of view of gaseous detectors.
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Theoretical calculations were carried out in order to evaluate the system performance 

at 140 keV, considering xenon as the filling gas. The front detector was assumed to 

have 1 mm x 1 mm x 1 mm intrinsic spatial resolution. The back detector spatial 

resolution was assumed to be 1 mm FWHM. It was estimated that a point spread 

function with 5.7 mm FWHM at a 5 cm distance may be obtained, but the probability 

of events undergoing single Compton interactions in the front detector and reaching 

the back detector would be less than 1.2%. The proposed system showed low 

efficiency in comparison with germanium-based cameras.

The idea of realising a xenon-filled detector for a Compton camera has been 

recently reinterpreted with a novel approach [Bolozdynya et a l, 1996]. A prototype 

for y-ray imaging has been constructed, which consists of a single high-pressure 

xenon scintillation drift chamber with a large active area (30 cm in diameter). The 

field of view of the camera is comparable to the conditions encountered in clinical 

examinations. It contains a low-field drift region (37 mm deep) followed by a high- 

field light emitting gap (6-mm deep). The radiation is absorbed in the drift region 

with low electric field and produces both primary scintillation light and ionisation 

clusters. The electron clusters drift to the high-field gap where a secondary 

scintillation process (electro-luminescence) is activated. Light originated from both 

scintillation and electro-luminescence is detected by 19 PMTs. The {x, y) position of 

each electron cluster is measured from the distribution of the electro-luminescence 

signals over the PMT array, whilst the z co-ordinate is obtained from the delay time 

between the primary scintillation signal (the trigger) and the electro-luminescence 

signal.

In order to recognise those events where the incoming photon undergoes single 

Compton scatter followed by photoelectric absorption, after the scintillation trigger 

three vertices must be present in the drift region, each one producing a separate 

electro-luminescence signal: the Compton vertex of the recoil electron, the vertex of 

the scattered and photo-absorbed photon and the vertex of the photo-absorbed
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fluorescent photon. The energy of the fluorescent photon is approximately 30 keV, 

whereas the energies corresponding to the other two vertices should lie within ranges 

allowed by the Compton kinematics. The sum of the three signals must be equal to 

the energy of the incident photon. Preliminary tests were carried out with the camera 

operating in Compton mode and a spatial resolution of 25 mm FWHM at a 10.5 cm 

distance was obtained for a ^̂ ""Tc point source. The authors suggested that the 

performance may be noticeably improved by replacing the 80-mm diameter PMTs 

with a fibre optic readout system. The camera efficiency to Compton scatter (2.2 % at 

9 atm) may also be increased by filling the camera with high pressure (30 atm) argon.

The same authors have more recently proposed a cylindrical geometry for a two- 

detector Compton camera for low-energy y-ray imaging based on gaseous position 

sensitive detectors [Bolozdynya et a/,.1997]. The proposed design consists of an inner 

scatter cylinder (surrounding the object to be imaged) filled with pressurised argon, in 

conjunction with an outer concentric absorption cylinder filled with pressurised 

xenon. The authors suggested the concept of a Multi-layer Electro-Luminescence 

Camera (MELC) [Bolozdynya and Morgunov, 1998] to be used for both the scatter 

and the absorption detectors. It is estimated that the proposed configuration for a 

Compton camera would achieve a sensitivity gain of one order of magnitude over 

conventional SPECT systems whilst maintaining comparable spatial resolution.

In order to summarise the state-of-the-art in the field of Compton cameras for 

medical applications, the characteristics of the few systems that have actually been 

constructed are shown in Table 1.10.
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Table 1.10: Summary o f properties o f the Compton camera prototypes that have been constructed for 

medical applications.

Detector

Configuration

Energy

Angular

resolution*®

(FWHM)

Potential 

sensitivity gain 

over 

mechanical 

collimators

Type of system

Planar HPGe array 

+ single Nal(Tl) 

module

140 keV - 7 ° -10

Planar geometry 

SPECT prototype 

[Singh and Brechner, 1990]

Double-sided Si 

microstrip detectors 

+ CsI(Tl) modules

511 keV - 8 ° 3-10

Small desktop prototype 

based on the design of the 

TIGRE telescope 

[Tiimer era/., 1997]

Silicon pad 

detector + ring of  

Nal(Tl) modules

140 keV

~ 25°(*)

-20

Ring geometry 

SPECT prototype 

(C-SPRINT) 

[LeBlanc et a i, 1999]

High-pressure Xe 

scintillation drift 

chamber

140 keV ~ 13° -10

Electroluminescent camera 

operated in Compton mode 

for feasibility study 

[Bolozdynya et al., 1997]

3x3x0.] cm  ̂ Si detector with 3.5 keV FWHM energy resolution (measured at 60 keV). 

^**^3x3x0.03 cm  ̂ Si detector with 2.2 keV FWHM energy resolution (measured at 60 keV).

See note 9 o f Table 1.9.
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1.4.5 Potential advantages of a Compton scatter camera for clinical use

The Compton camera offers many attractive features for y-ray imaging applications in 

medicine. Potentially, Compton cameras can achieve both high spatial resolution and 

high sensitivity, thus fulfilling the two main requirements of emission medical 

imaging.

Typical values of administered activity for imaging studies are in the order of 100 

MBq and acquisition times are normally between 10 and 30 minutes (the total 

examination time is actually much longer as scans are often performed from 15 

minutes to a few hours after the injection of the radio-pharmaceutical). The use of 

Compton cameras in medical investigations could imply a reduction of both the 

administered activity (thus lowering the dose delivered to the patient) and the time 

allowed for the imaging procedure (thus achieving increased patient comfort and 

diminishing image artefacts due to patient motion).

Another important feature of the Compton camera is its capability to perform 3-D 

imaging with no need for detector motion, as opposed to rotating SPECT systems. 

This characteristic would simplify the mechanical design of the system. It would also 

allow the camera to be positioned as close as possible to the organ of interest; 

physical limitations often require a large radius of rotation for conventional gamma 

cameras (e.g. 25 cm in abdominal SPECT with circular orbit), with a consequent 

degradation in spatial resolution. The absence of heavy collimators would also make 

the camera portable and therefore mobile, allowing clinical investigations to be 

carried out in a varied environment.

As will be discussed later, the principle of Compton camera imaging is most 

advantageous for medical applications with high-energy radioisotopes, where the 

performance of mechanical collimators is degraded by radiation scatter and 

penetration and the performance of electronic collimators improves. A variety of 

high-energy applications are of possible interest. The emission spectrum of for
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example, which consists of a 364 keV primary photon with accompanying gamma 

rays of even higher energy (637 keV and 723 keV), is not favourable with 

conventional collimators. The isotope is currently considered a better agent than 

’̂ *1 for thyroid gland imaging because of its lower energy emission (160 keV) that is 

more suited to the collimation characteristics of gamma cameras. however is low-

cost, readily available and can be used not only for diagnostic purposes, but also for 

therapy (typically for thyroid cancer treatment) as it is both a gamma and a beta 

emitter. A portable lightweight Compton camera would be ideal for imaging patients 

undergoing therapy.

Another possible isotope for use with a Compton camera is ' '^"’In (gamma emission 

at 393 keV). could substitute in some applications the more commonly used

**'ln (173 and 274 keV), which is employed, for example, in labelled leukocytes 

scintigraphy (a technique employed to localise infections and inflammatory sites) and 

platelet radiolabelling (a technique used to identify clots in the vasculature). Finally, 

Compton scatter may be considered as a potentially successful approach to positron 

emitter imaging, as suggested in the next chapter.
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Chapter 2

Design and Selection of a Compton Scatter 

Detector for Positron Emitter Imaging

In this chapter, considerations are made to justify the optimisation of a Compton 

collimator for application at 511 keV of energy. Monte Carlo simulations are carried 

out in order to evaluate the Compton scatter efficiency of a group of semiconductor 

detectors. The potential sensitivity gain over mechanical parallel-hole collimators is 

discussed for all considered materials.

The fundamental physical and geometric parameters for the design of an 

electronically collimated camera are presented. As the scatter detector is the most 

critical component in determining the overall angular resolution of the camera, its 

properties are selected using a specifically developed computer model, based on 

Monte Carlo techniques. The computer code, which fully simulates the operation of a 

two-element Compton camera, is applied to produce images of point sources. The 

simulations are carried out for a range of values of spatial and energy resolution in the 

scatter detector. Results are presented for the optimum design of a silicon sensor to 

perform Compton collimation of annihilation y-rays.

The principle of operation of double-sided silicon microstrip detectors is briefly 

described. Considerations are made on the optimum strip configuration for the 

detection of recoil electrons resulting from Compton scatter of 511 keV photons. 

Finally, the results obtained from the modelling work are applied to identify suitable 

commercially available detectors and integrated readout electronics.
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2.1 A Compton camera for PE imaging: motivations

For Compton cameras operating in the energy range of clinical interest (~ 100-500 

keV), angular uncertainties decrease as photon energy increases, whilst the fraction of 

Compton interactions in the electronic collimator increases. The use of Compton 

scatter cameras with 511 keV photons is therefore likely to provide both higher 

spatial resolution and higher signal to noise ratio than with low-energy y-rays. 

Another advantage of using high-energy gammas in medical applications is that the 

amount of scattered photons in soft tissue is less than at lower energies. Moreover, 

scatter rejection is more easily performed at higher energies, due to the greater value 

of deposited energy for a given scatter angle (see Figures 2.1 and 2.2).

y-ray energy : 511 keV

350 1

300 -

^ 250 -

200 -

150 -

1  1 0 0 -

50 -

0 20 40 60 80 100 120 140 160 180
Scatter angle (degrees)

Fig. 2.1: Energy o f recoil electrons in a Compton interaction with 511 keV photons, plotted as a 

function of scatter angle.

77



Chapter 2 Design and Selection o f  a Compton Scatter Detector fo r Positron Emitter Imaging

y-ray energy : 140 keV
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0 20 40 60 80 100 120 140 160 180
Scatter angle (degrees)

Fig. 2.2: Energy o f recoil electrons in a Compton interaction with 140 keV photons, plotted as a 

function o f scatter angle.

At a depth of 10 cm, the percentage of photons attenuated in tissue by scatter is 

approximately 60% at 511 keV of energy and it approaches almost 80% at 140 keV. 

If one assumed that scattered photons could be rejected if the energy loss in tissue 

was above a threshold of 10 keV, only approximately 6% of the scattered photons 

would then fail to be discriminated at 511 keV, against approximately 20% at 140 

keV.

Although the use of positron emitters in nuclear medicine is traditionally more 

limited than single-photon, low-energy isotopes, a growing niche is appearing for PE 

imaging methods other than PET scanners. A three-month study was recently 

conducted in the UK in order to determine the most important cost-effective research 

priorities for the National Health Service in relation to positron emitter imaging 

[Robert and Milne, 1999]. The survey, which incorporated the views of 22 national 

experts, concluded that the key questions for the cost-effectiveness of PET techniques
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were in the areas of lung cancer, breast cancer and the assessment of myocardial 

viability. To this regard, relatively inexpensive collimation approaches such as dual­

head coincidence cameras were identified as imaging devices that need urgent 

assessment in terms of their clinical role.

These results confirm the current interest in imaging modalities that would allow 

positron emitters to be employed more extensively and at a lower cost than using 

complex and expensive PET scanners. Compton cameras could be considered within 

this context as an attractive approach, as they have the potential to improve 

significantly the spatial resolution over ultra-high energy mechanical collimators and 

could be built as more efficient systems than current dual-head gamma cameras. 

Compton devices may therefore, in theory, fill a specific technological niche in the 

practice of ^^F-FDG-SPECT imaging in oncology and cardiology studies. In 

particular, a specific design for the 100-500 keV range of energy would provide the 

ideal device for heart studies, as it would make it possible to perform simultaneous 

dual-isotope acquisition with ^^'"Tc-MIBI and ’^F-FDG in myocardial 

perfusion/metabolism imaging.

Economically viable applications of a positron Compton camera would also extend 

to radio-pharmaceuticals other than *^F-FDG, such as compounds labelled with *^Rb 

or ^^Ga. These are cyclotron-independent positron-emitting isotopes that can be 

obtained as generator eluates in a standard radiopharmacy laboratory. The isotope 

^^Rb, which is mainly used in myocardial perfusion studies, can be obtained in the 

form of rubidium chloride from ^^Sr/^^Rb generators that have been made 

commercially available in recent years. Because of its very short half-life (75 

seconds), repeat PET studies can be performed with this emitter on the same patient 

in a single session. The isotope ^^Ga has a half-life of 68 minutes and can be 

produced from a ^^Ge/^^Ga generator. Because the reactivity of gallium is similar to 

technetium, it can be employed in a wide range of radio-pharmaceuticals that are used 

in perfusion studies and scanning of many organs.
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2.2 Selection of collimator material

The efficiency requirements of a camera for 511 keV photon imaging indicated that 

solid state detectors were more suitable as scatter elements than gaseous detection 

systems. The need for a detector with high spatial resolution combined with high 

spectrometric performance made semiconductors the preferred choice over 

scintillating crystals. The ideal detector would combine the advantages of room 

temperature operation, high Compton efficiency and good energy and spatial 

resolutions. A group of semiconductors, the technology of which makes it possible to 

build radiation sensors in the form of pixel arrays or other position sensitive devices, 

were investigated as possible candidates for the construction of an electronic 

collimator. These materials and their physical properties of interest for radiation 

detection are listed in Table 2.1.

2.2.1 Monte Carlo simulations of Compton scatter in semiconductor detectors

A variety of simulations were carried out for the considered materials, by making 

use of a computer code based on radiation-transport routines of the general-purpose 

EGS4 Monte-Carlo system. A description of the main features of EGS4 is given in 

[Nelson et a/., 1985]. In the simulated problem, a 511 keV y-ray point source was 

located at the origin of a three-dimensional frame of reference, at a fixed distance 

from the centre of a semiconductor detector with a square face (see Fig. 2.3). The 

photons emitted by the source were generated with suitable direction cosines, so that 

the points of incidence would be uniformly distributed over the detector surface. The 

output of the code produced the number and type of interactions occurring during the 

‘history’ of each primary photon.

The single Compton efficiency was defined as the fraction of photons impinging on 

the detector that undergo single Compton scatter. It was calculated for each 

considered material as a function of detector thickness. These simulated data also 

allowed the computation of the ratio of single Compton events to the total number of
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interactions. Simulations were carried out for detector thickness values up to a 

maximum of 0.4 cm. The use of thicker detectors was not taken into consideration, in 

order to limit the uncertainty of the co-ordinates of interaction within a small pixel 

volume (this aspect will be discussed later in more detail).

Source

Fig. 2.3: Diagram showing the geometry employed in the simulations o f Compton scatter at 511 keV, 

assuming different semiconductor detectors o f varying thickness in the 0-4 mm range. The point source 

is located at a 5-cm distance from the centre o f the detector surface. The detector sensitive area is 6 cm 

X 6  cm. The points o f incidence on the detector surface are randomly generated according to a uniform 

distribution. The direction cosines o f the emitted photons are obtained by back-projecting the rays to 

the origin of the frame o f reference, where the point source is located.

The results of the EGS4 simulations on the efficiency and the proportion of 

Compton interactions are shown in Fig. 2.4 and Fig. 2.5 for all the materials 

considered as possible candidates to be used for the construction of a photon scatter 

collimator at 511 keV. The Monte Carlo simulations were also extended to the case 

of 140 keV y-rays for comparison (see Fig. 2.6 and Fig. 2.7).
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Table 2.1: Properties of semiconductor materials evaluated for electronic collimation. Data obtained 

from [Squillante and Shah, 1995].

Semiconductor Si Ge GaAs CdTe/CdZnTe Hgiz

Z 14 32 31-33 48-52/48-30-52 80-53

Density p  (g/cm^)
2.33 5.32 5.35 6 .0 6 /5 .8 6.30

Bandgap Eq (eV) 

@ jooA: 1.12 0.67 1.43 1 .45/1 .6 2.13

Ionisation 

Energy w (eV) 3.61 2.96" 4.27 4.43/5.00 4.15

Electron Mobility

(cm^F's'‘)
@300K

1500 3900 8500 1000/ 1350 100

Hole Mobility

(cm^F's'')
@300K

600 1800 420 8 0 /1 2 0 4

Electron 

Lifetime (s) 3 X 10'̂ 10'̂ 10'̂ 10'̂ 10'̂

Hole 

Lifetime (s) 3 X 10'̂ 10'̂ 10‘̂ 10'̂ 10*

Intrinsic

Resistivity

(£2 cm) @ 300 K

2 3 5 X 10̂ 50 10* lOV 10" 10"

Value for T= 90 K. All other values refer to T= 300 K.

82



Chapter 2 Design and Selection of a Compton Scatter Detector for Positron Emitter Imaging

y-ray energy: 511 keV
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Fig. 2.4; Effic iency o f  single  Com pton scatter events as a function o f  material thickness for photons o f  

511 keV o f  energy (values obtained from EG S4 Monte Carlo simulations).
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Fig. 2.5: Ratio o f  single  Com pton scatter events to total number o f  interactions as a function o f  

material thickness for photons o f  511 keV o f  energy (values obtained from E G S4 Monte Carlo  

simulations).
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Y -ray energy: 140 keV
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Fig. 2.6: Efficiency o f  s ingle  Compton scatter events as a function o f  material thickness for 140 keV  

photons (values obtained from E G S4 Monte Carlo simulations).
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Fig. 2.7: Ratio o f  single  Compton scatter events to total number o f  interactions as a function o f  

material thickness for 140 keV photons (values obtained from E G S4 M onte Carlo simulations).
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2.2.2 Sensitivity of a Compton scatter collimator

The efficiency Secs of an electronically collimated system (ECS) based on Compton 

scatter can be defined as in the case of a conventional imaging camera. The efficiency 

is the fraction of incident photons that are actually counted by the system and may be 

calculated as the product of the following factors [Fujieda and Perez-Mendez, 1986]:

^ECS ~  (2-1)

where £> is the back detector efficiency to photo-absorption of the scattered photons 

and Pc is the probability of a single Compton scatter in the first detector followed by 

an escape of the scattered gamma ray with its direction incident on the back detector.

For a point source in air, assuming that there is no scatter between source and front 

detector, the efficiency can be related to the sensitivity Secs of the system (defined as 

the fraction of photons emitted isotropically by the source that are actually counted by 

the system) through the following relationship:

^ECS ~  ^ E C S ^ E C S  (2-2)

where P2ecs is the fraction of solid angle subtended by the front detector with respect 

to the source.

For the simple case of a point source located on the axis of a detector with circular 

sensitive area, Oecs can be expressed as follows:

-  2 1 -

+a^ 2
(2.3)

where a is the detector radius and b is the detector-source distance.
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2.2.3 Electronic collimation with semiconductor detectors 

versus mechanical collimation

The sensitivity S^cs of & mechanically collimated system (MCS) was defined in 

equation (1.4) of chapter one as the product of the geometric efficiency g of the 

absorptive collimator and the photopeak detection efficiency of the scintillator crystal 

in the camera. If the following approximations are made;

1 ) all the photons scattered in the Compton scatter collimator are intercepted by the 

back detector;

2) both the back detector in the Compton camera and the scintillator of a 

conventional gamma camera have 100% detection efficiency to the photons that 

are incident on their surface;

the sensitivity ratio between an ECS and a MCS will therefore be expressed by:

where Pc is now simply the probability of occurrence of a single Compton scatter 

event in the electronic collimator.

Assumptions 1) and 2) are necessary so as to evaluate the sensitivity gain obtained 

with a Compton collimator made of a specific material irrespective of other design 

factors, such as the geometry or the detection efficiency of the back elements in both 

types of camera. This, however, implies some limitations in the calculations that 

follow. The degree to which the first and second assumptions are achieved in an 

experimental ECS will strongly depend on the geometrical configuration of the 

system. Such a condition may be approximated, for example, by a design consisting 

of annular detectors or of large arrays surrounding the front detector. This analysis
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also assumes that the energy deposited by all scattered photons (including the events 

with small Compton scatter angle) can be detected in the electronic collimator. This 

assumption would be approximated with the use of an ultra low-noise detection 

system (e.g. in silicon position sensitive detectors it is possible to achieve a noise 

level between 1 and 2 keV FWHM [Ronnqvist et a/., 1994], [P.Weilhammer et aL,

1996]). The second assumption made for a MCS may be considered realistic for 140 

keV photons, but correction factors will be required in the case of positron emitters.

The performance of an ECS and of a conventional MCS were compared for a 511 

keV point source in air, by applying equation (2.4) to each of the semiconductor 

detectors considered in section 2.2.1. These calculations were also performed for 140 

keV y-rays for comparison. A typical general-purpose, low-energy lead collimator 

with a spatial resolution of 9 mm FWHM at 10-cm distance was considered for the 

140 keV y-rays. A high-energy collimator made of the same material and with the 

same spatial resolution was assumed for the 511 keV case. The geometrical 

parameters used for both collimators are given in Table 2.2. The septal thickness was 

evaluated on the basis of equation (1.1) of chapter one, thus assuming a maximum 

septal penetration of 5%. The geometric efficiency of the mechanical collimators was 

calculated using equation (1.3) of chapter one. The probability term in equation (2.4) 

was estimated for all materials as a function of thickness, by making use of the 

simulation results on Compton scatter efficiency that were presented in section 2.2.1.

Computations of the sensitivity ratios R are shown in Fig. 2.8 and Fig. 2.9 for the 

two energies of interest. The calculations were performed considering typical 

detection areas associated with a gamma camera (Amcs) of 40 cm diameter and a solid 

state electronic collimator (Aecs) of 6 cm diameter. In Fig. 2.10 and Fig. 2.11 the 

same curves are plotted, now multiplied by a normalisation factor that accounts for 

the magnitude of the respective detection areas (i.e. the plotted quantity is the ratio 

of sensitivities per cm^). All the calculations shown in Fig. 2.8 to 2.11 were 

performed assuming a distance of 10 cm between the electronic collimator and the
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radiation source, as this is the standard distance for the performance assessment of 

conventional gamma cameras. A small area electronic collimator, however, could be 

placed much closer to the patient than conventional imaging systems. The sensitivity 

of the ECS is proportional to the solid angle viewed by the camera; if the source- 

collimator distance was reduced to 5 cm, the sensitivity gain would increase by a 

factor of approximately 3.5.

Table 2.2. Parameters and properties used for the mechanical collimators in the evaluation of the 

sensitivity ratios.

Type o f collimator: Low-Energy (140 keV) High Energy (511 keV)

Material Pb Pb

Hole shape constant K 0.24 0.24

Collimator length I (cm) 4 9.2

Hole diameter d (cm) 0.25 0.4

Septal thickness t (cm) 0.02 0.2

Resolution (cm) @ 10 cm 0.9 0.9

Geometric efficiency g 2.02 X 10'̂ 6.04 X 10’̂
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y-ray energy: 511 keV
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2.2.4 Discussion of results

The main purpose of the work presented in this section was to obtain a quantitative 

estimate of the efficiency of a class of semiconductors (as a function of thickness) 

and to relate it to the performance of a parallel-hole collimator. The results in Fig. 2.8 

to Fig. 2.11 show that Compton scatter could provide a sensitivity gain of between 

one and three orders of magnitude over mechanical collimation in the 140-511 keV 

energy range, depending on the size and the material of the Compton collimator.

This study confirms that Compton scatter is a potentially more advantageous form 

of SPECT collimation than ultra-high energy mechanical collimators. The sensitivity 

gain is reduced at lower energies because of the improved performance of 

conventional collimators and the higher probability of photoelectric interactions in 

the scatter detector. The simplifying assumptions made in this study must be 

accounted for in order to extrapolate these results to experimental conditions. It has 

also been shown that the sensitivity gain can be reduced by a factor of 3 to 10 in the 

image reconstruction process [Bolozdynya et a i, 1997], [Singh et a l, 1988]. 

Nevertheless, even allowing for the above limitations, this comparative analysis 

provides a simple and useful method to obtain an indicative estimate of the relative 

gain that can be obtained when different semiconductors are used for electronic 

collimation based on Compton scatter.

The results presented in this section were produced for a simple design where the 

collimator consists of a single detection element. The design could be made more 

complex by stacking independent silicon planes to realise a multiple Compton camera 

(see section 1.4.4 IV). For such a design, the considerations made here for the 

sensitivity gain cannot be directly applied, as the probability of single Compton 

interactions in separate layers has to be accounted for. However, the characteristics 

required for each layer would be similar to the case of a single collimating element 

and the reported results therefore contain useful information to this regard.
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At present, silicon and germanium are the most suitable materials for the 

construction of a Compton collimator for high-energy photons. Germanium is the 

material that would provide the most efficient electronic collimator (its Compton 

efficiency is approximately 4% for 1 mm of thickness at 511 keV of energy, see Fig. 

2.4). However, the need for cryogenic cooling precludes the design of a compact and 

lightweight system. An equivalent performance in terms of efficiency would be 

obtained with the use of gallium arsenide, as its average atomic number and density 

are approximately the same as those of germanium. However, as good charge 

transport properties are required for optimum spectrometric performance, elemental 

semiconductors are currently preferred over compound materials (see Table 2.1). 

Considerable effort is being directed at improving the energy resolution of detectors 

made of compound semiconductors and the indications are that such materials 

(CdZnTe in particular) could be employed in the near future.

Pulse processing techniques for trapping compensation have been developed in 

recent years for CdTe/CdZnTe detectors and better spectrometric performances can 

now be obtained, with FWHM energy resolution values of 1.2 keV at 122 keV and

2.4 keV at 662 keV [Niemela et a i, 1996], [Ivanov et al., 1998]. Although the current 

work aims to optimise the scatter collimator for PE imaging, it is desirable to 

construct a device that could also operate at 140 keV. In this regard the simulation 

results in Fig. 2.6 and Fig. 2.7 showed that the use of high-Z semiconductors (such as 

CdZnTe and HgH) would not be suited to low-energy photons because of the high 

number of photoelectric interactions. Germanium and silicon are therefore also a 

more flexible choice of material.

Room-temperature operation, relatively low-cost and well-established technology 

for the fabrication of position sensitive devices currently make silicon detectors the 

most viable option. Although its quantum efficiency at 511 keV is relatively low (~ 

2% for 1 mm of thickness, see Fig. 2.4), silicon has the great advantage of the highest 

Compton/photoelectric ratio and therefore the highest relative efficiency of single
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Compton events (approximately 97% of all photon interactions in 1 mm of silicon are 

single Compton scatter interactions, see Fig. 2.5). Finally, the use of high-energy 

photons combined with a relatively low-Z material such as silicon minimises the 

degradation effects of Doppler broadening, which has been recently reported to affect 

angular resolution in Compton cameras [Ordonez et al., 1997] (this effect and other 

noise sources will be discussed in more detail in the following sections).

2.3 Analysis of Compton camera angular resolution

In the analysis of Compton scatter cameras, the angular resolution is defined as the 

uncertainty associated with the measurement of the incident direction of the incoming 

photons. If D is the distance between a point source located at S  and the position of 

the first Compton scatter at {xj , y i , zy) (see Fig. 2.12), the measurement of the scatter 

angle ^will be contaminated by a number of noise and uncertainty sources, as will be 

discussed in the following sections.

AS AG

AG

Mr

D

Fig. 2.12: Diagram illustrating the relationship between angular resolution and spatial resolution in a 

Compton scatter camera.

The precision in the measurement of the scatter angle is represented by the 

parameter AO, which will follow a statistical distribution as a result of the fluctuations
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in the measurement process of the scatter angle. The statistical distribution of 

AO may be characterised by its FWHM value, which is usually employed to represent 

the angular resolution of the Compton camera. The precision in determining the 

position of the source is represented by the spatial parameter AS\ the fluctuations of 

AO will result in fluctuations of AS. The distribution function of AS is usually 

interpreted as the point spread function (PSP) of the system, and its FWHM value is 

used to characterise the spatial resolution of a Compton camera. The FWHM angular 

resolution AOfwhm '̂  ̂ related to the FWHM spatial resolution ASfwhm via the source- 

to-scatter distance D [Singh, 1983]:

^ F W H M  — )  ( 2 * ^ )

An approach to estimating the overall FWHM angular resolution of a Compton 

camera has been considered by Singh [Singh, 1983], who has identified four 

independent sources of uncertainty that affect the measurement of the scatter angle. 

These can be grouped into a geometrical component and a component related to the 

energy resolution of the scatter detector, so that:

)= tan (̂A9°“; r ) + t a n ^ ( A 9 ^ S (2,6)

A detailed description of both terms is given in the following sections.

2.3.1 Geometrical effects

The spatial resolution of both the scatter and the absorption detector is of paramount 

importance in determining the overall angular resolution of the Compton camera. The 

angular spread associated with geometric effects was computed by Singh on the basis 

of his camera design by adding in quadrature the uncertainties due to the pixel width 

and thickness of the germanium scatter detector and the finite spatial resolution of the 

back detector, which consisted of an uncollimated y-camera.
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If this analysis is followed [Singh, 1983] and the effect of radiation that is scattered 

before reaching the front detector is ignored, the combined angular resolution value 

A3^^/^^"^can be obtained from the following expression (see Fig. 2.13, Fig. 2.14 and 

2.15):

tan^(A »^S"") = )+4tan^(A9"^™ ) + tan^(A9” «„ ) (2.7)

where the quantities and A a r e  evaluated as follows:

.ytan(8 +A8^) = y + 5tan(8 + 0 )  {2.1a)

5tan(8 +A8^^) = (̂ 5 + — tan(8) (2.7 6)
2

5 tan(8 + A8^" ) = 5 tan(8) + r (2.7 c)

and where s is the separation between the two detectors, ^ is a given scatter angle, d  

and I are the front detector pixel width and thickness respectively, O is the half-angle

subtended by a pixel of the front detector at the source position ( O = , where D is

the source-electronic collimator distance) and r = Pq c o s  8 , with ro equal to the 

intrinsic resolution of the back detector. Assuming a typical source-collimator 

distance of at least 5 cm and a pixel width in the order of a few mm, the implicit 

dependence on the source-collimator distance D is of the second order and its 

geometric effect on the overall angular resolution can be neglected.
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Front Detector Back Detector
Pixel
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Fig. 2.13: Diagram illustrating the geometric contribution to the angular resolution associated with the 

width o f the front detector pixel (term in equation 2.7 a).
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Front Detector 

Pixel
w
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Fig. 2.14: Diagram illustrating the geometric contribution to the angular resolution associated with the 

thickness o f the front detector pixel (term in equation 2.7 b).
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Fig. 2.15: Diagram illustrating the geometric contribution to the angular resolution associated with the 

finite spatial resolution of the back detector (term in equation 2.7 c).

From the set of equations (2.7 d), (2.7 b) and (2.7 c) it can be seen that an increase 

in the separation distance s leads to a better spatial resolution of the system. However, 

this diminishes the sensitivity as it reduces the solid angle subtended by the back 

detector thus decreasing the probability factor Pc of equation (2.1). An increase in 5  

should therefore be compensated by a larger back detector area in order to obtain an 

equally efficient system. The variation of and as a function of the

separation distance (in the range 1-30 cm) is plotted in Fig. 2.16 for a typical detector 

geometry and an intermediate scatter angle of 45°. Fig. 2.17 shows the geometrical 

contribution to the total angular resolution that is associated with the width and 

thickness of the front detector pixel, assuming a separation distance of 1 cm and a 

scatter angle of 45°.
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Fig. 2.16: Variation of the geometrical components of the angular resolution in a Compton camera as a

function of the distance separating the front and the back detector. The values of and

A8̂ ^̂  were calculated assuming 1 mm, / = 2 mm, r - A  mm and D =10 cm and ^= 45°.
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Fig. 2.17: Component of the angular uncertainty (FWHM in degrees) associated with the front detector 

pixel volume, plotted as a function of pixel width and thickness and calculated for an intermediate 

scatter angle (45°). The values are calculated assuming 5 = 1 cm and D = 5 cm.
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The contribution of the back detector, considering an intrinsic resolution of 4 nun 

for the scintillator, is approximately 7°. Assuming that the back detector is used in 

combination with a relatively thick front detector (4 mm) with equal position 

sensitivity (i.e. ~ 4 mm in-plane spatial resolution), the total geometric component of 

the angular resolution will add up to approximately 14° FWHM. If the intrinsic 

resolution of the back detector is improved by a factor of four (i.e. ~ 1 mm FWHM), 

the contribution of the geometry to the total angular resolution will decrease only to 

approximately 12° FWHM. However, if the pixel size and thickness of the front 

detector are also reduced by a factor of four, the geometric term of the angular 

resolution will improve dramatically (~ 4° FWHM). These estimates show the critical 

role played by the spatial resolution of the electronic collimator in determining the 

overall angular resolution of the camera. The importance of the physical design of the 

front detector is enhanced further by the effects of its energy resolution over the 

performance of the camera, as will be shown in the next section.

2.3.2 Energy resolution effects

i) Statistical and electronic noise

The component in equation (2.6) is related to the uncertainty AEre f w h m

associated with the measurement of the recoil electron energy in the front detector. 

This contribution to the total angular spread is therefore a function of the energy 

resolution of the scatter collimator and can be obtained by differentiating the 

Compton scatter relationship (1.6) of chapter 1 :

The energy measurement uncertainty AEre can be interpreted in terms of two 

physical noise sources that affect the energy resolution in the front detector. These are
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the statistical fluctuations in the number of the charge carriers produced by radiation 

interactions in the semiconductor and the detector electronic noise. As such noise 

sources are independent and symmetric, their Gaussian distributions allow the total 

2 ^ fwhm energy resolution of a semiconductor detector to be computed as follows 

[Knoll, 1989]:

^ ^ F W H M  ~ ^ ^ S l a i F W H M  Elec FW HM  ( 2 - 9 )

where

^^siai FWHM ^^Eicc EWHM —2.35 FwE + {ELN^ (2.10)

and where F  is the Fano factor, w is the mean ionisation energy and ELN is the 

electronic noise expressed in energy units. The above expression can be computed for 

E = Ere over the whole energy range of the recoil electron for a given energy of the 

incoming photons, thus allowing relationship (2.8) to be computed at any scatter 

angle.

The spectrometric contribution of the front detector to the total angular resolution 

of the Compton camera is plotted in Fig. 2.18 as a function of scatter angle and for a 

range of values of energy resolutions, assuming that the photon energy is 511 keV 

and that the front detector is made of silicon. These curves show how the energy 

resolution of the front detector affects not only the angular resolution of the camera, 

but also the range of scatter angles that can be used for image reconstruction. It is 

important to observe that relationship (2.8) is non-linear with energy. The quadratic 

term in the denominator causes the angular uncertainty to decrease when the gamma- 

ray energy is increased. This is the major reason why Compton cameras exhibit better 

performance at high energy. Fig. 2.19 shows for comparison a plot of equation (2.8) 

at 140 keV and 511 keV, assuming a silicon detector with 1 keV of energy resolution
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at 100 keV o f  m easured energy (which represents a typical energy deposition value, 

corresponding to a scatter angle o f  approxim ately 40° for 511 keV y-rays).
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By combining the information contained in Fig. 2.17 and Fig. 2.18 it is possible to 

obtain indications of the angular resolution at a specific scatter angle, when a front 

detector with given energy resolution and geometry is used. For example, a silicon 

collimator with 1 x 1 x 1  mm^ pixel size and 2 keV energy resolution would resolve a 

45° scatter angle by 3.4° FWHM. This corresponds to a total camera resolution of

8.5 ° FWHM if the back detector is placed at a distance of 1 cm and its intrinsic 

spatial resolution is 4 mm.

ii) Doppler broadening

The theoretical analysis of Compton cameras performed by Singh is based on the 

classical assumption that the Compton interaction in the front detector occurs 

between a y-ray and a free electron at rest. This assumption implies that a one-to-one 

correspondence is established between the scatter angle 6 and the energy Ey' of the 

scattered photon, according to the following relationship:

< =    (2.11)
1 +  — ^ ( 1 - C O S 0 )  

m.c

where Ey is the energy of the incident photon. Under these conditions, a one-to-one 

correlation is therefore assumed also between the kinetic energy of the recoil electron 

energy Ere and the scatter angle 6, considering that it is simply:

Ere=E^- E^  (2 .12)

From the above relationship one obtains equation (1.6) of chapter 1, which in turn 

provides expression (2.8) for the angular uncertainty associated with the measurement 

of the recoil electron energy. In reality, the electrons are bound to the atoms of the 

interacting medium and are in motion. An accurate discussion of the energy 

uncertainty in Compton cameras should therefore consider the binding and pre­
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collision motion effects, as was recently observed by Ordonez et al. [Ordonez et al.,

1997]. The electron momentum before the Compton interaction is described by a 

distribution or “Compton profile”, which is characteristic of the atom and the sub­

shell to which the electron belongs. The momentum distribution of the electrons 

before the collision causes a distribution of possible scattered photon and recoil 

electron energies for the same scatter angle. As the one-to-one correspondence 

between energy and scatter angle is lost, the same amount of energy deposited in the 

detector can also correspond to a range of possible scatter angles.

The energy broadening of Compton-scattered photons (or Doppler broadening), 

which is associated with the momentum of the bound electrons prior to the scatter 

interaction, is a well-known phenomenon [Stuewer and Cooper, 1977]. However, 

until very recently the conventional treatment of the angular uncertainties in Compton 

cameras has always identified the finite energy resolution of the detector as the only 

source of uncertainty when measuring the energy deposited by the scattered photon 

in the front detector. Indications are that this effect cannot be neglected, especially in 

low-energy y-ray imaging. The effects of Doppler broadening should be considered 

when the motion and binding energy of the target electrons become important, i.e. at 

low photon energy and/or high atomic numbers.

Simulation work conducted by Ordonez et al. [Ordonez et al., 1997] has suggested 

that this effect cannot be neglected when designing a camera for ^̂ "’Tc imaging. 

Assuming an incident energy of 140 keV, the simulated distribution of the energy lost 

by the gamma-rays after Compton scatter at 90° (~ 30 keV) showed a FWHM of 

approximately 2.1 keV in germanium (Z = 32) and 1.3 keV in silicon (Z=14). These 

values are not negligible when compared to the typical energy resolutions of 

elemental semiconductor detectors (e.g. 1 keV or less for a HPGe detector). Further 

simulation work has estimated that the angular resolution of the C-SPRINT Compton 

camera at 140 keV is degraded by a as much as 50% because of the effects of 

Doppler broadening in silicon [Wilderman et al., 1998]. It is worthwhile mentioning.
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however, that no ad hoc experiments have yet been carried out so as to provide 

supporting evidence that Doppler broadening has such a dramatic effect on the 

performance of Compton cameras. This is certainly an aspect of Compton imaging 

that requires future in-depth investigation.

2.4 Optimisation of the scatter detector characteristics

Although the theory developed by Singh offers a very straightforward method for 

estimating the angular resolution of a Compton camera, it is mainly based on 

geometric considerations and is therefore limited to the description of simple designs. 

The model requires the radiation source to be located on the central axis of the front 

detector and allows the calculation of the estimated angular resolution only at a 

specific scatter angle. An adaptation of this model for a ring array used as the back 

detector predicted angular resolutions only within 25% of the measured values, 

although the source was located on the symmetry axis of the camera [Martin et al., 

1993].

Other aspects of the model may also limit a full description of a system design. The 

contribution of the back detector, which is represented by equation (2.7 c), is 

specifically relevant to Singh’s camera design, as it is expressed in terms of the 

intrinsic position resolution of a y-camera without collimator. The model lacks 

generality in this sense also because it is limited to a planar view of the interaction 

sites in the camera. A more general approach should consider the thickness of the 

pixel in the back detector, which affects the estimate of the interaction co-ordinate in 

the transverse direction. The energy resolution component in Singh’s model is made 

independent of the front detector thickness, which is a reasonable assumption for 

low-energy applications. For high-energy photons and relatively thin detectors, 

however, equation (2.8) should account for possible escapes of high-energy recoil 

electrons. In addition, as was previously mentioned, current indications are that a 

realistic procedure for estimating the angular resolution should also include the
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effects of Doppler broadening. Finally, the described method neglects the inherent 

degradation of the PSF due to the ellipse overlap (see section 1.4.1) in the image 

reconstruction process.

In order to overcome these limitations, a specific-purpose simulation tool was 

developed for this study. The design tool was applied in order to determine the energy 

and spatial resolution requirements for a silicon scatter collimator tailored to 511 keV 

photons.

2.4.1 Development of a computer model

The computer model for a Compton camera was implemented making use of EGS4 

[Nelson et aL, 1985], which is the same simulation code that was employed for the 

work described in section 2.2. Other Monte Carlo codes in widespread use for the 

simulation of radiation transport (e.g. the Integrated TIGER Series (ITS) [Halblieb et 

al., 1984]) were initially considered for this task. The EGS4 package was chosen to 

model the problem of interest because of its particularly flexible programming 

structure, which allows the user to track individual particles and extract the 

information required to construct the source image. The model, which simulates the 

operation of a camera consisting of two planar detectors, was initially set up with a 

scatter detector made of silicon in combination with a scintillation crystal (Nal) as the 

rear absorption detector (see Fig. 2.20).

In order to maximise the efficiency of Compton scatter, the silicon thickness was 

set to 1 mm, as this is approximately the technological limit in the growth of 

crystalline silicon. A sensitive area of 6 x 6 cm^ was assumed for the silicon scatter 

detector, as such a size would allow relatively large organs (e.g. the heart) to be 

imaged. For simplicity of simulation geometry, the sensitive area and thickness of 

the back detector was assumed to be the same as in the front detector. The silicon 

wafer was placed at a distance of 5 cm from a point source, located in air, emitting 

511 keV y-rays isotropically. In order to maximise the solid angle viewed by the Nal
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detector, the separation distance between the two camera elements was set to a 

minimum (1 cm).

Nal

Source

Fig. 2.20; Diagram showing the operation o f the two-plane Compton camera that was simulated in the 

computer model. The events that were tracked in the simulation consisted o f a Compton scatter 

interaction in the Si detector, followed by photoelectric absorption in the scintillation crystal. For each 

event of interest, the positions o f interaction in the two detectors and the energy deposited in the silicon 

detector were recorded. The simulations were aimed at optimising the spatial resolution and energy 

resolution o f the silicon detector.

Information on the position of interaction and the amount of deposited energy was 

recorded for all ‘useful events’, i.e. for those events that consisted of a single 

Compton interaction occurring in the Si detector, followed by photo-electric 

absorption in the scintillator. The noise-free pulse height spectrum that was recorded 

in the scatter detector for such events is shown in Fig. 2.21.
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Fig. 2.21; Simulation of the energy spectrum recorded by the silicon detector for those 511 keV 

photons that undergo single Compton scatter in the front detector and are fully absorbed in the back 

detector.

In order to simulate the pulse measurement process in the scatter detector, 

fluctuations were introduced in the energy signals generated by the EGS4-based code. 

The statistical and electronic noise sources were simulated by using equations (2.9) 

and (2.10), where for silicon it was assumed that F=0.1 and w = 3.61 eV . The 

“measured” energy value was sampled from a Gaussian distribution characterised by

AE
a variance a FWHM

2.35'
and a mean value ju = (with the important difference

that here the value Ere is not the kinetic energy transferred to the recoil electron, but 

is the energy deposited by the recoil electron in the front detector). Doppler 

broadening effects were accounted for by making use of the LSCAT package 

developed for EGS4 [Namito et a l, 1994]. Realistic detector position signals were 

also generated. This was done by transforming the interaction co-ordinates into 

discrete elements of a position matrix associated with the detector pixels.
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2.4.2 Results from the simulation of point source images

The simulated measurements of energy and position were used to reconstruct the 

image of a point source. The image reconstruction was carried out by applying a 

simple algorithm, which had been previously developed by the UCL Radiation 

Physics Group and applied to experimental data in the course of their research work 

on industrial Compton cameras [Royle and Speller, 1994]. The reconstruction 

programme was based on a pixel matrix on the image plane. The counts (or grey 

levels) in all the matrix pixels were initialised to zero. The co-ordinates of each pixel 

were assumed in turn as the initial guess for the source position and were employed 

to compute the corresponding scatter angle (the direction cosines of the scattered 

photon were calculated from the recorded positions of the interactions in the two 

detectors). The computed scatter angle was then used to calculate the corresponding 

energy value of the recoil electron. When this matched the value of energy that was 

recorded in the Compton interaction, one count was added in the relevant pixel. The 

grey level of the pixel map was displayed on a 0-255 scale and was normalised to the 

maximum value of intensity (i.e. the maximum value of counts).

In this section, results from the Compton camera model are presented, where the 

Point Spread Function (PSF) of a Compton scatter camera was evaluated as a 

function of the spatial and energy resolutions of the silicon collimator. In analogy 

with the definition of the PSF given in section 1.2.2 for a mechanical collimator, the 

point spread function of the Compton camera was evaluated as the radiation profile 

obtained from a point source placed in front of the scatter collimator. A number of 

simulations were carried out by combining different values of pixel size and energy 

resolution in the front detector. As the aim was to optimise these two physical 

parameters in the collimator design, the characteristics of the back detector 

(thickness, area and pixel size) were kept constant in most of the simulations. Some 

examples of the simulated images of a 511 keV point source are shown in Fig. 2.22 a 

to 2.22 d. The corresponding image profiles are shown in Fig. 2.23 a to 2.23 d. The
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PSF widths (at half maximum) that were estimated for the simulated images are 

presented in Table 2.3.

Table 2.3; Evaluation o f Point Spread Function from simulated images of a 511 keV y-ray point 

source, placed at a 5 cm distance from the front detector plane. The separation between detectors is 1 

cm.

Pixel size x 
thickness 
in Front 
Detector

Pixel size x 
thickness 
in Back 
Detector

Front Detector 
energy resolution

(FWHM in keV)

@ 100 keV

Estimated 
Spatial 

Resolution 
(FWHM of the 

PSF in mm) 
@ 5 cm

Corresponding 
angular 

resolution 
(FWHM in °)

300 pm X 
1 mm

1 mm X 
1 mm

2 3.4 3 .9 °

500 pm X 
1 mm

1 mm X 
1 mm

2 3.5 4 .0 °

1 mm X 

1 mm
1 mm X 
1 mm

2 4.0 4.6 °

1 mm X 
1 mm

4 mm X 
1 cm

2 22 24°

300 pm X 
1 mm

1 mm X 
1 mm

6 4.5 5.1 °

500 pm X 
1 mm

1 mm X 
1 mm

6 4.8 5.5 °

1 mm X 
1 mm

1 mm X 
1 mm

6 5.1 5.8 °

300 pm X 
1 mm

1 mm X 
1 mm

10 5.6 6 .4 °

500 pm X 
1 mm

1 mm X 
1 mm

10 5.8 6 .6°

1 mm X 

1 mm
1 mm X 
1 mm

10 6.0 6.8 °

- - ( * ) —  (*) - -  (*) 0.5 (*) 0.6 ° (*)

(* ) “Perfect detectors” ease: energy and position are measured in the detectors with infinite accuracy.
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a) F.D. p ixel size: I mm x I mm  
F.D. thickness: I mm  
F.D. energy resolution: 2 keV  
B.D. p ixel size: 4 mm x 4  mm  
B.D. thickness: 1 cm

b) F.D. p ixel size: 1mm x 1mm 
F.D. thickness: 1mm 
F.D. energy resolution: lO k eV  
B.D. p ixel size: 1 mm x 1 mm  
B.D. thickness: 1 mm

c) F.D. p ixel size: 0 .3  mm x 0.3 mm  
F.D. thickness: 1mm  
F.D. energy resolution: 2 keV  
B.D. p ixel size: 1 mm x 1 mm  
B.D. thickness: 1 mm

d) Energy and position  are here 
m easured with perfect accuracy  
in both Front and Back D etector  

(case  o f ‘perfect d etectors’ )

F ig . 2 .22: S im ulated im ages o f  a 511 keV  point source, assum ing different va lues o f  energy resolution  

(F W H M  at 100 k eV ) and p ixel size  in the Front and Back Detectors. The separation d istance betw een  

detectors is set to 1 cm .
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a) F.D. pixel size: 1mm x 1mm 
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F.D. energy resolution: 2 keV 
B.D. pixel size: 4 mm x 4 mm 
B.D. thickness: 1 cm

b) F.D. pixel size: 1mm x 1mm 
F.D. thickness: 1mm 
F.D. energy resolution: lOkeV  
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B.D. thickness: 1 mm
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cj F.D. pixel size: 0.3 mm x 0.3 mm 
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F.D. energy resolution: 2 keV 
B.D. pixel size: 1 mm x 1 mm 
B.D. thickness: 1 mm

d) Energy and position are here 
measured with perfect accuracy 
in both Front and Back Detector 

(case o f ‘perfect detectors’ )

Fig. 2.23: Profiles (or Point Spread Functions) of the images shown in Fig. 2.22 a) to Fig. 2.22 d). The 

spatial resolution o f the modelled systems was evaluated in each case as the FWHM o f the relevant 

image profile. Images are 400 x400 pixels in size, with a pixel width o f 0.25 mm.
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2.4.3 Conclusions on fundamental detector requirements

The performance of existing positron imaging systems may be expressed in terms of 

their angular resolution by making use of a relationship analogous to (2.5), where the 

FWHM spatial resolution values are obtained from Tables 1.2, 1.5 and 1.6 and where 

D equals 10 cm. Following this definition, it results that the angular resolution of 

PET scanners and DHCI systems ranges from 2° to 4°, whereas for SPECT cameras 

that make use of parallel-hole mechanical collimators the typical performance at 511 

keV of energy is in the order of 7°-8°. As the project aimed to design a Compton 

camera as a feasible alternative to other collimation methods, the performance of 

mechanical collimators was set as the minimum requirement for the angular 

resolution of the first prototype.

The simulations showed that superior angular resolution (less than 4°) would be 

achieved with a 1-mm thick silicon detector with a pixel size of 300 p,m and 2% 

energy resolution. A Compton camera with good angular resolution (~ 4.6°) could be 

designed whilst allowing for a larger pixel size (1 mm x 1 mm). In position sensitive 

detectors made of silicon, the energy resolution is mainly determined by the 

electronic noise introduced by detector readout. Unfortunately, a noise level as low as 

2 keV is rather difficult to achieve in silicon under experimental conditions, even 

with the use of sophisticated readout integrated electronics. However, the results of 

the above simulations showed that it is possible to trade off energy resolution for 

spatial resolution. In particular, the performance obtained by combining 6 keV 

FWHM energy resolution with a pixel width of 300 p,m is almost as good as the one 

obtained by combining 2 keV energy resolution with 1 mm^ pixel size. The angular 

resolution in both cases is approximately equal to 5°, which is well within the upper 

limit set for the angular spread.

This design study made it possible to define the “ideal” basic characteristics of a 

silicon scatter detector so as to set up a desktop laboratory prototype, aimed at 

carrying out tests on the Compton collimation of 511 keV y-rays. Such a detector
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should be 1 mm thick, have a sensitive area of at least 2.5 x 2.5 cm^ (so as to image 

objects of size comparable to small organs such as the thyroid) or possibly larger (~ 6 

X 6 cm^), have a spatial resolution in the order of 300 pm (in both the x and y 

directions) and have an energy resolution of 6 % or better for 100 keV of energy 

deposition.

2.5 A Compton collimator based on silicon microstrip detectors

2.5.1 Selection of a position sensitive silicon detector

The requirement for a silicon detector with high spatial resolution and two- 

dimensional position information is fulfilled by different design options. The 

technology of position sensitive silicon devices has seen enormous developments in 

the last twenty years. Such progress is associated with the evolution of High-Energy 

Physics (HEP) instrumentation and in particular of silicon tracking microscopes, 

which are used to probe a variety of particles of physical interest. The position 

sensitive silicon sensors employed in HEP experiments include microstrip detectors, 

pixel detectors and drift detectors.

Microstrip devices [Peisert, 1993], [Damerell, 1995] are the silicon detectors most 

traditionally employed in HEP experiments. Their technology is therefore well 

established and they are widely available as commercial products in a variety of 

geometrical designs and readout configurations. This is the main reason why they 

were chosen for the realisation of the Compton collimator. Another advantage of 

silicon microstrip detectors is that the readout electronics is located to the side of the 

sensitive area and therefore does not interfere with the trajectory of Compton 

scattered photons. Two-dimensional position information is obtained with double­

sided devices [Batignani et ah, 1991], [Welhammer, 1994], which are described in 

the following section.
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Pixel detectors [Damerell, 1995], [Weilhammer, 1996] are fabricated in a similar 

way to microstrip detectors, but with a different segmentation approach: the implant 

strips on the detector surface are replaced with a 2-D array of pixels or small-area 

“pads”. Pixel detectors are currently of great interest to the HEP international 

community, as one of their main advantages over strip devices is that they allow 

multiple hits to be unambiguously located. However, such a capability is obtained at 

the expense of a much larger number of readout channels (assuming a N x N position 

grid, the number of channels is versus 2N as in the case of a double-sided 

microstrip detector). In pixel detectors the channel readout is usually based on a 

hybrid approach, where the integrated electronics is implemented on a separate chip 

that is ‘sandwiched' to the back of the detector via a technological process known as 

‘bump bonding’. Unfortunately, this configuration does not favour the use of pixel 

devices in a Compton camera, due to the fact that the readout electronics would be 

positioned right behind the scatter plane. Therefore, pixel devices were not 

considered a viable option for this project.

Silicon drift detectors [Gatti and Rehak, 1984], on the other hand, have already 

been suggested for the construction of a Compton camera [Solomon and Ott, 1988]. 

These devices are based on the measurement of the transport time of the charge 

carriers produced by the incoming radiation and can be designed so as to provide 2-D 

information [Chen et aL, 1992]. Owing to their low-noise characteristics, these 

detectors could be suitably applied to the construction of a Compton collimator. 

However, their production in industry is not as established as for microstrip detectors 

and their use in this project would have required customised design and production. 

Such an option was not taken into consideration because of the high associated costs.

2.5.2 Double-sided silicon strip detectors: operation and general characteristics

A microstrip detector is basically a position sensitive p-i-n diode, consisting of a 

wafer of high-purity «-type silicon where parallel strips of highly doped silicon are 

implanted on one side (junction or p-side) and a layer of highly doped n^ silicon is
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implanted on the other {ohmic or n-side). The layer is segmented into strips in the 

orthogonal direction with respect to t h e s t r i p s  on the opposite side, so as to achieve 

two-dimensional position sensitivity. Between adjacent strips, on both planes a layer 

of silicon dioxide (SiO]) or passivation layer is maintained so as to protect the wafer 

surface. The oxide passivation process introduces a positive fixed oxide charge, 

which produces an electron accumulation layer at the Si-SiOi interface. This 

phenomenon affects the operation of the n-side of the detector, as it causes a short- 

circuit of all the strips. In most double-sided detectors this problem is solved by 

implanting blockingp^ strips between adjacent strips [Kemmer and Lutz, 1988].

The p ^- n junction can be reverse polarised by applying a positive voltage to the 

strips with the p^ strips grounded. The reverse polarisation produces in the silicon 

bulk a depletion region, which extends with increasing bias into the n side of the 

wafer until it reaches the n^ strip back plane. The depletion region is the sensitive 

volume of the detector and achieves its maximum thickness when the device is fully 

depleted. The passage of ionising radiation through the depleted silicon produces 

electron-hole pairs, which migrate in opposite directions and induce a charge signal 

on the respective collection electrodes.

The reverse voltage can be applied to the detector according to different biasing 

schemes. The most common approach is the use of integrated polysilicon resistors 

[Caccia et aL, 1987] that join the strips to a common bias line, which traces the 

perimeter of the implant strips on both sides. Another biasing scheme is the ‘reach- 

through’ or ‘punch through’ [Holl et a l, 1989], where a;?^-type DC contact (the ‘bias 

ring’) is implanted in an orthogonal direction and at a small distance (< 10 pm) with 

respect to the detector p^ strips. If a reverse bias is applied between the bias ring and 

the back plane, a ‘reach through current’ will be observed, consisting of holes flowing 

between the floating strips and the bias ring. A state of equilibrium is eventually 

attained, where the potential of the floating strips follow the bias voltage with a 

constant difference. A more elaborate version of this method is the FOXFET biasing
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approach [Allport et aL, 1991], which makes use of a gate electrode on top of the 

oxide between bias ring and floating strips; the gate voltage allows tuning of the 

potential difference between the bias ring and the floating strips. Both sides of a 

silicon strip detector have one or more extra implants, the guard rings, which 

surround the sensitive area of the detector; they are held at the same potential as the 

bias ring and have the function of collecting edge currents and shaping the periphery 

of the electric field.

Every p"" and implant strip is metallized so as it can be bonded to the readout 

electronics. The detector strips may be coupled to the preamplifier channels of the 

readout electronics according to two configurations: AC or DC coupling. In DC- 

coupled detectors, the strip metal layer is in direct contact with the implanted strips. 

In AC-coupled detectors, the metal readout strips are isolated from the implanted 

strips by means of a thin layer of dielectric. This is usually silicon dioxide, although a 

layer of silicon nitride (Si]N4) can also be added. This is done in order to minimise 

the probability of having simultaneously a ‘pinhole' in both the oxide and the nitride 

layers (see section 3.9 of chapter three regarding detector testing for this type of 

defect). Figures 2.24 and 2.25 show a schematic diagram of the /?-side and «-side of 

an AC-coupled double sided strip detector. The use of AC coupling prevents the DC 

component of the leakage current from being sensed by the amplifier, thus avoiding 

large pedestal variations across the detector readout channels.
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Fig. 2.24: Schematic diagram of a double sided AC-coupled silicon microstrip detector,/p-side.
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Fig. 2.25: Schematic diagram of a double sided AC-coupled silicon microstrip detector, «-side.
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2.5.3 Selection of a specific design of strip detector 

and associated readout electronics

The requirements of an ‘ideal’ silicon scatter detector for a Compton camera 

application were summarised in section 2.4.3, where it was stated that a similar 

performance would be achieved by either combining a pixel size of 1 mm with 2 keV 

FWHM energy resolution Or a pixel size of 300 pm with 6 keV FWHM energy 

resolution. Such general results are now applied to the specific case of a strip detector 

design.

In silicon strip detectors, the energy resolution is dominated by the electronic noise, 

which can be expressed as a function of various components, as will be discussed in 

more detail in chapter four. The most important components of the noise are 

associated with the detector leakage current (typically in the order of 5-10 nA per 

strip) and the VLSI readout electronics. The noise of an integrated preamplifier may 

be expressed as the standard deviation (cr) of the noise spectrum in keV and as a 

function of the input capacitance (see chapter four, section 4.4). Assuming 10 pF of 

input capacitance, examples of noise (cr values) of integrated preamplifier channels 

are 0.8 keV (Viking chip [Toker, 1994]), 2.3 keV (APV6 chip [Raymond, 1997]) and 

4.2 keV (MX3 chip [Schwarz, 1994]). One may therefore assume that a FWHM 

energy resolution value between 5 and 7 keV (at 100 keV energy deposition) could be 

achieved by selecting good quality silicon wafers and by making use of a low-noise 

chip such as the APV6, which was employed in this project. As the APV6 had been 

designed for use with AC coupled detectors, this type of coupling became an 

additional requirement on the detector characteristics for this project.

In a strip detector, the requirements on ‘pixel size’ have to be translated in terms of 

the strip pitch, which is the characteristic distance that separates adjacent implants. If 

one assumes that the hit position is given by the strip with the highest signal, the 

FWHM spatial resolution of a strip detector has an inherent geometrical limit, which 

can be expressed in terms of the pitch p  as follows [Weilhammer, 1994]:
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^FWHM

However, if the strip pitch is comparable to or smaller than the width of the charge 

packet created by the recoil electron at interaction, better precision can be obtained by 

applying centre of gravity (COG) algorithms (the limit on the achievable resolution is 

in this case dependent on the signal to noise ratio). The current limitation on the 

readout pitch of the existing front-end electronics is 50 pm. If sampling of narrow 

distributions is required, the detector may be designed with a strip pitch that is 

smaller than the readout pitch (i.e. the separation between the strips that are actually 

wire-bonded to the electronics). In such applications, intermediate strips are left 

floating, with the pre-amplifier channels connected every «-th strip; the principle of 

capacitive charge division is employed for the detector read-out [England et al., 

1981]. Typical values of spatial precision obtained in HEP experiments are in the 

order of 5 -10 pm, considering detectors with a strip pitch < 50 pm and a readout 

pitch ^150  pm [Damerell, 1995].

A Monte Carlo study was carried out in order to determine the profile of the recoil 

electron range following Compton scatter of 511 keV photons in silicon (see Fig. 

2.26). It was shown that the FWHM value of the spatial distribution is approximately 

280 pm. Although this estimate does not account for diffusion effects and for the 

presence of an electric field, it suggests the need for a relatively large strip pitch (in 

the order of a few hundred pm) so as to prevent the produced charge being shared by 

a large number of strips, resulting in a poor signal/noise ratio. On the other hand, 

charge sharing may improve spatial resolution by applying the COG position finding 

method to two or three strips. It was concluded that the optimum strip pitch was 

approximately 500 pm. According to equation (2.13), such a value would provide a 

FWHM spatial resolution of 340 pm or better, thus fulfilling the position sensitivity 

requirements established for the Compton scatter detector.
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Fig. 2.26: Monte Carlo simulation of the spatial distribution o f the energy deposited in silicon by the 

recoil electrons, following Compton scatter of 511 keV photons.

In section 2.4.3 it was also stated that the desirable thickness of the scatter detector 

was 1 mm, in order to maximise single Compton efficiency. Satisfying such a 

requirement posed some difficulties; the standard silicon wafers used in detector 

manufacture are only 300 pm thick, since they are usually designed for the detection 

of charged particles or low-energy X-rays. A compromise solution was found in the 

choice of the IPS 60x60-500 NX-NY128 double-sided silicon microstrip detector, 

which is manufactured by the French company Eurisys^^. The detector is AC coupled, 

punch-through biased, with a sensitive area of 6 x 6 cm^, a thickness of 500 pm and a 

strip pitch of 470 pm in both planes (128 channels/side). A detailed description of the 

strip configuration and the technical specifications of the detector is given in the next 

chapter. The detector area, strip pitch and type of coupling of this detector design 

were a perfect match of the required characteristics, which were selected on the basis 

of the computer model. However, the detector thickness was half the value stated as 

‘ideal’, causing the absolute efficiency of single Compton scatter at 511 keV to
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diminish from approximately 2% to 1%. The decrease in efficiency did not pose a 

serious problem, as the construction of the laboratory prototype was aimed, in its 

initial phase, to study the spatial resolution of the system rather than its efficiency. A 

more critical aspect related to the decrease in sensitive thickness was whether this 

would affect the energy resolution, owing to possible escape of recoil electrons with 

relatively high energy. To investigate this, the computer model for the simulation of a 

point source image was applied to a silicon front detector of 500 pm in thickness and 

the results were compared to the case of a 1-mm thick detector.

A simple study of the electron escapes was also carried out by evaluating the 

attenuation effects associated with the wafer thickness. No consideration was made 

regarding the presence of an electric field. It was shown that, although at 511 keV the 

overall percentage of electron escapes increased from approximately 10% in 1 mm of 

silicon to 18% in 500 pm of silicon, the percentage of escapes in the group of events 

used for image reconstruction increased only by 2% (from approximately 6% to 8 %). 

This was due to the scatter geometry of the modelled camera, for which the 

maximum central scatter angle was 72° (corresponding to 208 keV of energy 

deposition). This geometrical constraint prevented those photons that scattered at 

large angles (for which the recoil electrons were more likely to escape) from reaching 

the back plane. On the other hand, a thinner detector provided the advantage of higher 

position sensitivity along the z-axis. The simulations showed that the overall angular 

resolution was improved by approximately 1.2° when the active thickness was 

diminished from 1 mm to 0.5 mm (assuming a detector spatial resolution of 1 mm 

and an energy resolution of 6%). The computer model for the simulation of a point 

source image was also applied to the case of the standard thickness of a silicon wafer 

(300 pm), for which the efficiency of single Compton scatter at 511 keV is 

approximately 0.6%. It was found that in this case the simulated PSF improved by 

only 0.7° with respect to the case of the 1-mm thick detector, as the gain in spatial 

resolution along the detector axis was counterbalanced by the loss in energy

Detectors manufactured by Eurisys Mesures, Tanneries CEDEX, France.
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resolution, due to the increase of electron escapes in the events contributing to the 

image (approximately 12%, while the overall electron escapes were 30%).

In conclusion, a double-sided silicon detector manufactured according to the IPS 

60x60-500 NX-NY128 design was found to fit the requirements for a scatter detector 

tailored to the Compton collimation of 511 keV photons. As already suggested in 

section 2.2.4, the design results for both strip pitch and wafer thickness could also be 

extended to the case of the design of each silicon layer in a multiple Compton 

camera, where the collimator would consist of a stack of strip detectors.
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Chapter 3

Tests of Electrical Characteristics 

of Unbonded Silicon Strip Detectors

3.1 Introduction

A good characterisation of the strip detectors was essential to the development of the 

silicon collimator. Two sets of experimental measurements were carried out for this 

purpose at the Blackett Laboratory, Imperial College. The first set of tests were 

performed on the bare silicon wafers, i.e. prior to the bonding of the electronics. Such 

tests were carried out in order to measure some important electrical properties of the 

detectors and compare them to the relevant manufacturer specifications. These tests 

measured parameters, such as the total strip capacitance and the leakage current, 

which affect the noise level in the detectors. The measurements of strip capacitance 

required the application of equivalent circuit models, which allowed the experimental 

results to be related to the geometrical and physical characteristics of the detector 

design. All measurements on unbonded detectors are presented in this chapter. The 

second set of experimental tests were performed on the bonded detectors. Such tests 

were principally aimed at characterising the noise pattern across the strips, as well as 

performing a preliminary energy calibration of the detectors. The experiments on the 

bonded detectors are described in chapter four.

As described in the previous chapter, the silicon strip detectors were manufactured 

by Eurisys Mesures, France with AC coupling and punch-through biasing. A 

photograph of an unbonded detector is shown in Fig. 3.1. The detector design (type 

IPS 60x60 -  500 NX-NY128) can be seen in Figures 3.2 to 3.5, which show details of
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the technical drawings supplied by the company and indicate the configuration of the 

strips and the location of the bonding pads. The silicon wafers were realised in planar 

technology with high-purity, «-type (phosphor doped) silicon. The float zone process 

[Sze, 1985] was used to grow the silicon. The ingots were sliced into wafers with 

<111> lattice orientation. The strips were created on both sides of each wafer by ion 

implantation. Two batches of two detectors each were delivered (serial numbers: 

B2578-1, B2578-2, B2578-3, B2578-4). The nominal characteristics of the detectors, 

as specified by the manufacturer, are summarised in Tables 3.1 and 3.2.

Fig. 3.1 : Image showing one of the detectors prior to the bonding of the electronics.
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Fig. 3.2: Cross-sectional diagram showing the strip configuration on the /7-side of the detector 
(drawing supplied by Eurisys Mesures).
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Fig. 3.3: Cross-sectional diagram showing the strip configuration on the «-side of the detector 
(drawing supplied by Eurisys Mesures).
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Fig. 3.4: Details of the strip configuration on the /?-side of the detector (technical drawing supplied by 
Eurisys Mesures).
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Fig. 3.5: Details of the strip configuration on the /7-side of the detector (technical drawing supplied by 
Eurisys Mesures).
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Table 3.1: Characteristics o f the IPS 60x60 -  500 NX-NY128 detector design (Eurisys Mesures).

Silicon Resistivity > 141d2cm

Active area (approx.) / Total area 60x60 mm2 / 63x63 mm^

Thickness (500+15) pm

Strip pitch {p- and n- sides) 470 pm

Strip implantation width (p- side) 300 pm

Strip implantation width (n- side) 200 pm

Metallisation (Al) thickness 1000 nm

Metallisation (Al) width 50 pm

Polarity on bias ring negative

Dynamic biasing resistors > 100 MQ 
(punch-through)

Depletion voltage 50 V

Operating voltage (max) 70-80 V
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Table 3.2: Detector characteristics @ 20°C (IPS 60x60 -  500 NX-NY128 design by Eurisys Mesures).

Detector serial 
number

B2578-1 B2578-2 B2578-3 B2578-4

Total leakage 
current 

(at depletion)
<2pA < Ip A <2pA <2pA

Number of 
defective strips 

(“pinholes”)
1 2 4 4

Strip to 
back plane 
capacitance 

(theoretical value)

< 6  pF < 6 p F < 6 p F < 6 p F

Coupling
capacitance

> 120 pFmm'^ > 120 pFmm'^ > 120 pFmm’̂ > 120 pFmm'^

3.2 Instrumentation used for tests on bare detectors

The tests of the basic electrical properties of the silicon microstrip detectors were 

carried out using a light-tight probe station (Fig. 3.6) that is routinely dedicated to this 

type of measurements. The probe station is essentially a micrometric table enclosed in 

a grounded metallic box, which not only ensures darkness but also acts as a Faraday 

cage. The table is equipped with a microscope mounted on its top. The wafer to be 

tested is placed on a special conductive support or “chuck”, to which vacuum is 

applied so as to prevent the wafer from moving. Electrical contacts on the wafer are 

established via coaxial cables, terminating in special probes that consist of fine 

tungsten needles. The needles can be accurately positioned under the microscope 

manually, by means of micrometric screws. The only points at which electrical
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contact could be made on the detectors are the bias traces, the guard ring pads, the 

DC pads and the bonding pads on the AC strips.

During the experimental tests, the coaxial probes could be connected to the 

following electrical instruments in different configurations, depending on the type of 

measurements to be performed: a Keithley 487 Picoammeter/Voltage Source, a 

Keithley 617 Programmable Electrometer, a Keithley 485 Autoranging Picoammeter 

and a Keithley 590 C-V Analyser. All instruments were controlled by a Macintosh 

computer via an IEEE 488 interface, making use of the MultiTest instrument 

control/data analysis software developed at Imperial College.

if

Fig. 3.6: Image showing the probe station that was used to perform the measurements of the electrical 

properties of the detectors.
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3.3 Visual inspection

All silicon wafers were first visually inspected with the microscope for any important 

physical defects, such as cracks, severe misalignment of strips, etc. that would justify 

the rejection of the detector. Each wafer was carefully scanned strip by strip using the 

microscope, on both sides. No serious defects were observed on any detector. Limited 

surface contamination was identified on some areas of the detectors. Scratches on a 

few of the metal strips were also found, although their appearance suggested that the 

damage was only superficial. It was felt that the observed imperfections should not 

affect the detector performance, although this could be confirmed only by subsequent 

experimental measurements. Figures 3.7 to 3.12 show some examples of the pictures 

that were taken during the detector inspection.

Fig. 3.7: Photograph taken during inspection of detector B2578-1 (strips 43-48,/?-side).
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Fig. 3.8: Photograph taken during inspection of detector B2578-1 (detail o f strip 45, p-side).

Fig. 3.9: Photograph taken during inspection of detector B2578-1 (strips 22-28,/j-side).
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Fig. 3.10: Photograph taken during inspection o f detector B2578-1 (strips 124-120, p-side).

Fig. 3.11: Photograph taken during inspection of detector B2578-1 (detail o f strip 126,p-side).
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Fig. 3.12: Photograph taken during inspection of detector B2578-1 (strip 65, «-side).

3.4 Measurements of leakage current

The leakage current is the current that flows in a reverse-biased silicon diode when no 

radiation is present (apart from the background). A large leakage current is 

undesirable, as it broadens the FWHM energy resolution of the system. The leakage 

current was measured for all detectors as a function of the voltage, which was applied 

between the bias line and the back plane of the detector. The «-side was positively 

biased via the Keithley 487 PicoSource, with bias and guard rings held at earth 

potential via the two electrometers.

These measurements were performed using the instrument configuration shown in 

Fig. 3.13. The voltage on the back plane was increased from 0 V to 70 V in steps of 1 

V. The experimental I-V curves are plotted in Fig. 3.14, 3.15, 3.16 and 3.17 for the 

four detectors, showing the current values that were measured on both the bias and 

the guard ring. All measurements were carried out at room temperature. At 50 V bias 

(i.e. the nominal depletion voltage) the value of the leakage current that was 

measured on the bias ring was in agreement with the company specifications (see

134



Chapter 3 Tests o f Electrical Characteristics o f Unbonded Silicon Strip Detectors

Table 3.2) for all four detectors. The maximum value reported for the leakage current 

at the operating voltage of 70 V was 2.4 pA for the bias ring (detector B2578-3) and 

0.3 pA for the guard ring (detector B2578-2).

To bias ring

To guard ring

n-type Si

+  v

PicoSource

Electrometer 1

Electrometer 2

Controlling
Computer

F ig . 3 .13: D iagram  illustrating the instrum ent configuration  that w as em p loyed  for the m easurem ents  

o f  leakage current.
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Fig. 3.14; Measurements of leakage current for detector B2578-1.
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Fig. 3.15: Measurements of leakage current for detector B2578-2.
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Detector B2578-3
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Fig. 3.16: Measurements of leakage current for detector B2578-3.
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Fig. 3.17: Measurements of leakage current for detector B2578-4.
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3.5 Capacitance components for a strip detector

The detector contribution to the noise performance does not only depend on its 

leakage current, but also on its capacitance (this aspect will be described in more 

detail in Chapter four). Each amplifier in the integrated readout electronics will see at 

its input a capacitive load associated with the bonded strip of the detector. This is 

given by the combination of the strip capacitance to the neighbouring strips with the 

strip capacitance Cb to the back plane (see Fig. 3.18). For a central strip, as the 

interstrip capacitance is symmetrical with respect to its neighbours on the left and the 

right hand-side, it will consist of two identical terms Cis. The total strip capacitance 

Cs can therefore be expressed as follows:

Q = 2 Q v + C g  (3. 1)

where the interstrip capacitance is often evaluated for a total of four strips, i.e. the 

two closest (Ccv) and the two outer neighbours (Cqn), as the contribution of farther 

strips tends to be negligible, especially if the strips are not closely spaced. This is the 

case for large pitch (~ 0.5 mm) detectors such as the IPS 60x60 -  500 NX-NY128 

design:

~  ^ O N  ) “̂  (3 .2 )

A series of tests were carried out in order to measure the capacitance of a single 

strip to the back plane as well as the different components of the interstrip 

capacitance. Such measurements allowed the noise contribution due to the total strip 

capacitance to be evaluated. As the energy signal is most frequently acquired from the 

junction side rather than the ohmic side (the /?-side provides better energy resolution 

due to its lower input capacitance), the capacitance measurements were carried out on 

the p-side of the detector.
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Because of the small order of magnitude (~ pF) of the capacitance that is typically 

measured on micro strip detectors, the various parasitic effects (due to the cables, the 

contacts between the probes and the strips, etc.) had to be considered and corrected 

for. This was done experimentally by making use of the “open circuit correction” 

feature of the C-V Analyser, which allows automatic subtraction of the total parasitic 

capacitance. This correction was made for all experimental configurations and 

frequency values by performing a measurement with all probes raised from the wafer. 

The capacitance value that is measured with this procedure is the parasitic 

capacitance, which the Analyser automatically sets as the “zero” reference value for 

all subsequent measurements. The measured values of the total parasitic capacitance 

were in the order of 10’*̂ to 10’*̂  F.

J-2 j - i

'CN

C b Cb

J+1 J+2

1

^CN

»

^QN

C b

CN
CN

ON

C b C b

Fig. 3.18: Diagram illustrating the strip capacitance components with respect to the amplifier input.
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3.6 Capacitance measurement models

3.6.1 Series and parallel models

The Keithley 590 C-V A nalysera llow s the user to perform measurements of 

capacitance of an equivalent circuit connected between its input and output terminals. 

The measurements are made at a fixed frequency value, which can be selected as 100 

kHz or 1 MHz. This equivalent circuit can be represented according to either the 

“series” or the “parallel” model (see Fig. 3.19 q) and b) ).

a )

Series Model

b)
Parallel Model

Fig. 3.19: Circuit diagrams of series and parallel models.

In both cases, the circuit is simply made up of a single resistive element and a 

single capacitive element, which are respectively connected in series or in parallel. 

The Analyser always measures the capacitance in the parallel form, but it will 

automatically convert the measured data into serial form (via a mathematical 

operation) if the relevant mode is selected. The complex impedance of the two types 

of circuit is expressed as follows:

Keithley Model 590 CV Analyser Instruction Manual (Keithley Instruments Inc., Cleveland, Ohio, 
USA 1987)
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1
Z = R ^ -  j   {series model) (3.3)

coC

R„ (aCRl
^  = ( P W / . / W . 0  (3.4)

The selection of the model depends on the type of measurement that is performed. 

Only in the particular case of a nearly-lossless circuit (i.e. both the resistance Rs and 

the conductance 1/Rp are = 0 )  do the two models provide results for the capacitance 

measurements that are virtually identical. The user should select an equivalent circuit 

model that suitably approximates the structure of the device of interest. In this study, 

all measurements of capacitance were performed by applying the series model. The 

justification of the chosen model is given in the following sections.

3.6.2 Model of a p-n diode

The p-n diode can be simply described as consisting of a capacitance element C, a 

parallel resistance RpOnd a series resistance Rs. This is represented in Fig. 3.20, where 

C is the capacitance between the diode planes, Rp is the resistance of the depleted 

region and Rs is the resistance of the undepleted silicon.

The series model could be used in measuring the capacitance of a p-n diode if the 

following condition was satisfied {R^ —> go) [MacEvoy, 1997]:

Rr »  (3.5)coC

Such a relationship implies that the real part of the parallel impedance in (3.4) can be 

neglected with respect to the imaginary term; the parallel circuit is approximated by a

 ̂ 1 1purely capacitive component with impedance
V GOC
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The parallel model could be used if the scalar impedance in (3.4) was much greater 

than the series resistance 0) [MacEvoy, 1997]:

R. f
+

R.

^1 + co'C'/?
(3.6)

If the condition in (3.5) is also satisfied, this relationship reduces to the following 

expression:

a . <<
1

coC
(3.7)

If both (3.5) and (3.7) are true, either the series or the parallel model could be used to 

measure the diode capacitance.

Fig. 3.20: Circuit diagram representing a p-n  diode.
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3.6.3 Model for a single strip with respect to the back plane

The ̂ -side of a microstrip detector can be simply described as an array of individual, 

narrow and parallel diodes. The equivalent circuit of a single jc>-strip with respect to 

the «-plane can therefore be considered as the same as in Fig. 3.20, where C is the 

capacitance of the strip to the back plane, Rp is the resistance of the depleted region 

below the strip and Rs is the resistance of the thickness of silicon that has not been 

depleted.

The value of both resistances is clearly a function of the applied reverse bias. Even 

when no depletion has yet occurred, the value of the series resistance is rather small 

(a few kQ), as will be shown later (see equation 3.9). The voltage drop across Rs 

caused by the leakage current (~ 1 pA at full depletion) is therefore always less than 1 

mV and can be neglected. An approximate value of Rp may then be calculated from 

the I-V characteristic of the detector for a given value of the leakage current /  and of 

the applied reverse bias V [MacEvoy, 1997]:

It is therefore possible to make an order of magnitude estimate of the parallel 

resistance of the equivalent circuit of a single strip corresponding to different 

experimental points of the I-V curves presented in section 3.4.

For example, in the case of detector B2578-1, for which the nominal depletion 

voltage is 50 V, the total leakage current is approximately 0.4 pA in the low voltage 

region (F =  10 V), rising to 1 pA before full depletion is reached (V=  35 V) and 

increasing to a maximum value of 1.5 pA at over depletion (V= 70 V). The leakage 

current value per strip is approximately equal to the total leakage current divided by 

the number N  of strips (N = 128). A value in the order of a few nA is therefore 

obtained for the leakage current associated with a single strip before full depletion is
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reached. The leakage current value per strip reaches approximately 10 nA in the 

detector operating voltage range (50 - 70 V). From equation (3.8) one can therefore 

estimate that the resistance Rp of the depleted region for a single strip varies from a 

few GQ to approximately 10 GQ in the 0-70 V range. As the capacitance of a single 

strip with respect to the back plane is approximately C = 6 pF (see Table 3.2), the 

right-hand side term of relationship (3.5) becomes l/(coC) ~ 3 x 10̂  for a frequency of 

100 kHz and 1/(cùC) ~ 3 x  10"̂  for a frequency of 1 MHz. The conditions for the 

validity of the series model expressed in (3.5) are therefore fully satisfied.

In order to use the parallel model approximation, one should verify the condition 

expressed in (3.6). Because we have just proved the validity of relationship (3.5), it 

is sufficient to satisfy relationship (3.7). An estimate of the component may be 

obtained from the following equation:

R, = - 4  (3 9)wL

where p  is the silicon resistivity (Qcm), d  is the depth of the undepleted region (cm), 

w is the implant strip width (cm) and L is the strip length (cm). Rs will assume its 

maximum value when the detector is fully undepleted (i.e. d  is equal to the detector 

thickness). For the detectors of the IPS 60x60 -  500 NX-NY128 type we can assume 

p = \ A  kQcm, 6/= 500 p,m, w = 300 pm and Z = 6 cm (see Table 3.1). From equation 

(3.9) we obtain therefore a resistance value Rs~ ^ kQ, which satisfies condition (3.7) 

for both values of frequency.

When measuring the C-V characteristics of a diode or of a single strip with respect 

to the back plane, it is normally possible to apply either the series or the parallel 

measurement model. The series model is however usually preferred, as relationship 

(3.5) is always satisfied. Although relationship (3.7) is normally satisfied for silicon 

devices that have not been irradiated, it may not be valid after irradiation. Radiation
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damage may cause a variation of the doping concentration that could cause the silicon 

resistivity to become of the same order as the intrinsic resistivity (which is 

approximately 235 kQcm) [MacEvoy, 1997]. This would then increase the value of 

Rs and compromise the validity of (3.7). The series model was employed in the 

measurements that are reported here.

3.6.4 Model for a single strip with respect to its neighbour

In order to represent the equivalent circuit network for the capacitance measurements 

of a single AC-coupled strip to one of its neighbours, a simplified diagram (Fig. 3.21) 

could be used: Rss is the series resistance for the input and output terminals of the C-V 

Analyser, Cm is the capacitance between the two metal electrodes, Q  is the coupling 

capacitance, Ris is the interstrip resistance and C,j is the interstrip capacitance. By 

determining the orders of magnitudes of these parameters, it is possible to show that 

the series model is a suitable measurement model also for the interstrip circuit.

R is

Fig. 3.21: Circuit diagram employed to describe the measurements o f strip capacitance (AC contact) 

with respect to its first neighbour.
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The interstrip capacitance is a function of the detector design and in particular of the 

implant strip width and the detector pitch. It is minimised by narrow strips and large 

readout pitch. An estimate of the interstrip capacitance value C» of one strip with 

respect to its closest neighbour may be extrapolated for a specific strip geometry as a 

function of the ratio wip, where w is the implanted strip width and p  is the strip pitch 

[Bacchetta et a l, 1998]. From Table 3.1 (w = 300 pm and p  = 470 pm) we obtain a 

value w!p = 0.6, which according to Bacchetta et al. would correspond to a 

capacitance value not greater than 0.6 pF/cm. A value of less than 4 pF can therefore 

be assumed for C« (the strip length is 6  cm).

The value of the coupling capacitance Q  can be estimated with a simple 

computation. In the IPS 60x60 -  500 NX-NY128 detectors, the dielectric of the 

coupling capacitors consists of a first layer of SiO] on which a second layer of Si]N4 

is grown (see Fig. 3.2). The total coupling capacitance per unit area can therefore be 

calculated from the expression:

—  —------------ 1 pF  / mm  ̂ (3.10)

where

and
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where €o = 8.854 x 10’’̂  Fm‘* is the vacuum permittivity and where the relative 

dielectric constants of the oxides are £(Si0 2 ) = 3.9, 6 (SisN4)  = 8  and their thickness 

values are d (Si0 2 ) = 150 nm and d (SÏ3 N 4) = 90 nm. From equation (3.10) one 

obtains a value Q  =180 pF/mm^. As the aluminium readout strips are 50 pm wide 

and 6  cm long, the coupling capacitance is approximately 540 pF.

The interelectrodic capacitance Cm per unit area may also be obtained by means of 

a simple calculation:

pFIrnrn^ (3.13)

where the relative dielectric constant of air is s  (air) = 1.00059 and p  = 470 pm is the 

distance (equal to the strip pitch) between the central points of two metal electrodes. 

As the metallisation thickness is 1000 nm and the aluminium strips are 6  cm long, the 

capacitance between the two metal electrodes is -  1 fF.

The interstrip resistance Ris is the resistance between two implant strips. Its value is 

always very high, typically between hundreds of MQ and a few TQ [Bacchetta et ah, 

1995], [Frautschi et a/., 1996], in order to maintain channel isolation. We can 

therefore assume that it is Ris > 100 MQ.

The series component o f the resistance Rss results from different contributions, such 

as the metallisation layer of the strips, the cables connecting the probes to the 

instrumentation terminals, etc. These are all rather small values of resistance. The 

metal strip will contribute to Rss with its thickness, integrated along the length of the 

portion of strip that is involved by the propagation of the input/output signal of the 

Analyser. The metal readout strip resistance Rmet may be computed by using the 

following expression:
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(3.14)

where the aluminium resistivity is pai = 2.63 x 10'^ Qcm, the metal strip width is wai 

= 50 fim and its thickness is Iai = 1000 nm. From equation (3.14) a value of 

approximately 5 Q/cm is obtained for the metal electrode resistivity. One may 

therefore assume that the overall series resistance Rss < 100 Q.

The capacitance between electrodes combines in parallel with the equivalent 

capacitance of the series combination of the interstrip capacitance and the two 

coupling capacitors. This equivalent capacitance is equal to (C,, Cc)/(2 Cis + Q ) »  

Cm .We can therefore neglect the interelectrode capacitance and express the 

impedance of the circuit in Fig. 3.21 as follows:

J + (3 15)

This is basically the serial combination of two separate subcircuits, one of the 

series type and one of the parallel type. The impedance of the series subcircuit can in 

fact be expressed in the same form as equation (3.3), with Rs = 2 Rss and C = CJ2, 

whereas the impedance of the parallel subcircuit is of the same form as (3.4), with Rp 

= Ris and C = C,̂ . From the values estimated for the circuit parameters, it follows that 

l/(cùCis) = 4 X 10̂  for a frequency of 100 kHz and l/((oCis) = 4 x 10"̂  for a frequency 

of 1 MHz. This means that at both frequencies the relationship Ris »  l/(coCis) is 

satisfied and since 1/ Ri, = 0 equation (3.15) reduces to:

(3.16)
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which is an approximation of the interstrip circuit according to the series model (see 

equation (3.3)). The series resistance is equal to twice the value of the resistance 

associated with the readout of a single electrode; the total capacitance is given by the 

serial combination of the two coupling capacitors and the interstrip capacitance.

The nature of the interstrip impedance is actually almost purely capacitive. It is in 

fact Rss «  Ris, which allows us to consider the circuit series resistance R  ̂ = 0  and

the parallel resistance R^ =co. Therefore, the parallel model is also a suitable

approximation of the interstrip circuit. To this regard, it can be proved that the scalar 

impedance of the parallel subcircuit is much greater than the impedance of the series 

subcircuit. The scalar impedance Z; of the series subcircuit {Rs = 2Rss and C = Cc/2) 

may be calculated as follows:

(3.17)

where l/(coCc) = 3 x 1 0  ̂ for a frequency of 100 kHz and l/(coCc) = 3 x 1 0  ̂ for a 1 

MHz frequency. As a consequence of the relationship Ris »  l/(coCis) that was 

demonstrated, the scalar impedance Z2 of the parallel subcircuit {Rp = Ris and C = 

Cis) may be approximated as follows:

(3.18)

and by substituting the relevant values for the circuit parameters in (3.17) and (3.18) 

one can show that Zy «  Z2 at both 100 kHz and 1 MHz of frequency. Although both 

models could be used, the measurements of interstrip capacitance were also 

performed with the series model, so that the same type of method would be employed 

for simplicity in all of the capacitance measurements.
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3.7 Measurements of capacitance of a single strip to the back plane

3.7.1 Theoretical determination of value of capacitance

A simplified diagram of the capacitive network representing the capacitance 

components of the detector is shown in Fig. 3.22. The theoretical value for the single 

strip capaeitance to the baek plane Cg is approximately 6  pF (see the specification 

value given by the manufacturer in Table 3.2) and ean be easily calculated on the 

basis of the detector geometry.

E]

Cb Cb Cb Cb Cb

Back Plane

F ig . 3 .22: Schem atic diagram  o f  the com ponents form ing the body capacitance o f  a silico n  m icrostrip  

detector.

The total body capacitance at full depletion Cp can be assumed to be equal to the 

one of a parallel plate capacitor as follows [Sze, 1985]:

r ' _ (3.19)
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where d  is the thickness of the depleted region, S  is the detector area, sq = 8.854 x 10' 

Fm’' is again the vacuum permittivity and £> = 11.9 is the relative dielectric 

constant for silicon. Considering the geometry of the detectors of the IPS 60x60 -  

500 NX-NY128 type (w = 500 pm, S= 36 cm^), this results in = 760 pF. Looking 

at the diagram in Fig. 3.22, we can express the total body capacitance of a detector 

with N  strips as the combination of N  'strip to back plane’ capacitors in parallel:

(3.20)

If Cd= 760 pF and #=128, one obtains from this relationship that Cb = 6 pF.

3.7.2 Experimental results

The capacitance measurements for a single strip to the back plane were performed on 

detector B2578-3 with the instrument configuration shown in Fig. 3.23. The voltage 

on the back plane was increased from 0 to 70 V in steps of 2 V, with the bias line 

held at earth potential. The closest two neighbouring strips and the outer two 

neighbouring strips were also held at earth potential during the measurements. This 

was done to prevent the capacitive coupling of neighbouring floating strips from 

contributing to the measured capacitance.

The measurements were performed on both the AC and DC pads of a central strip 

on the / 7-side of the detector (strip n. 65) and were repeated at frequencies of 100 kHz 

and 1 MHz. The results of these four measurements are plotted in Fig. 3.24. The 

capacitance values that were measured at over depletion (70 V) for both frequencies 

and for both type of connections were found to agree within 3 to 5 % with the value 

that was estimated theoretically.
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Ok

Bias ring

n-typc Si

+  v

C-V Analyser

Voltage Source Bus ring
63 64 65 66 67

□ □ Ü □ □

Controlling
Computer

Fig. 3 .2 3 : Diagram  illustrating the instrum ent configuration that w as em ployed  for the m easurem ents 

o f  capacitance o f  a sing le  p-strip  (n. 6 5 ) with respect to the back plane.

With a more rigorous approach, one should note that the measurements performed 

with the AC connection included the presence of the coupling capacitors, as the total 

capacitance Cjot of a single strip to the back plane can be expressed as follows:

CTot

J _
(3 .21 )

However, the coupling capacitors CV are normally quite large with respect to the body 

capacitance Cb of the strip (see Table 3.2). They are in fact designed to be sufficiently 

greater than the interstrip capacitance so as to avoid signal spreading over the 

neighbouring strips. We can therefore use the following approximation:
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Cc »  Cg
c Tot c,

(3.22)

which explains why no significant differences were observed between the capacitance 

values obtained at over depletion (70 V) using the DC or the AC connection on the 

strip pad.

1.00E-10 q
AC connection, 100 kHz 
DC connection, 100 kHz 

AC connection, 1 MHz 
DC connection, 1 MHze

u
a
Ô

1.00E-12
10 20 BiaPçV) 50 60 701

Fig. 3.24: Capacitance to the back plane o f strip 65 on the /7-side of detector B2578-3. Strips n. 63, n. 

64, n. 66, n. 67 were held at earth potential.

3.7.3 Estimate of depletion voltage

The C-V characteristics of the detector were also used in order to extrapolate an 

estimate of the depletion voltage, so as to compare it with its nominal value (i.e. 50 

V, see Table 3.1). This extrapolation procedure relies on the fact that a p^- n junction 

capacitance decreases with the square root of the increasing applied bias and it 

maintains a constant value once the detector is fully depleted [Sze, 1985]:
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C(V) = for VRB<Vdepi (per unit area) (3.23)

= for VRB>Vdepi (per unit area) (3.24)
d

where the parameters d, sq and 6  ̂have the same meaning as in equation (3.19), and 

where Vrb is the positive voltage applied to the «-type contact (reverse bias), Vdepi is 

the voltage at total depletion. Op is the built-in potential of the junction, is the 

electronic charge, 'No is the number of donors (i.e. the concentration in the lightly 

doped «-type bulk) and w is the thickness of the depleted region. Below Vdepi the 

function C(V) obeys a power-law, but the capacitance becomes a constant for Vrb > 

Vdepi, since there is no additional region to deplete of carriers remaining in the bulk 

silicon.

An estimate of the depletion voltage can be extracted from a plot of Log(C) versus 

Log(V) (see Fig. 3.25). The estimated value of depletion voltage can be found at the 

intersection of two straight lines, obtained by fitting the C-V data (plotted in 

logarithmic scale) in the linearly decreasing region and in the plateau region. The 

shape of the experimental characteristic curve made the actual value of depletion 

voltage rather difficult to determine. A depletion voltage of approximately 55 V was 

extrapolated from the data in Fig. 3.25.
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1.00E -10  q
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Fig. 3.25: M easurem ent o f  strip to back plane capacitance as a function o f  detector bias. The

m easurem ent w as perform ed on the AC connection  o f  strip 65 . C lo sest and outer neighbours (i.e . strips 

63 , 6 4 , 66  and 6 7 ) are held at earth potential.

3.8 Measurements of interstrip capacitance

These measurements were performed on the AC pads of one central strip and its four 

neighbours on the detector p-side. In all measurements the bias ring was held at earth 

potential whilst the voltage on the back plane was increased from 0 to 70 V in steps 

of 2 V. In the first configuration of the experimental set-up (see Fig. 3.26) the two 

outer neighbouring strips were grounded, so as to measure the capacitance of the 

central strip to its two closest neighbours. In the second configuration (see Fig. 3.27) 

the two closest neighbours were grounded, and the capacitance of the central strip 

was measured with respect to its two outer neighbours. Finally, in the third 

configuration (see Fig. 3.28) the total interstrip capacitance was evaluated for the 

central strip, by measuring its capacitance with respect to all four neighbours.
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Bias ring□ □ Ü □ □
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Bias ring
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C-V Analyser
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Fig. 3.26: Diagram illustrating the instrument configuration that was employed for the measurements 

of capacitance of a single /?-strip (65) with respect to its closest two neighbours (i.e. strips 64 and 66).

Qk

Bias ring□ □  Ü n  □
63 64 65 66 67

Bias ring

+  v

C-V Analyser

Voltage Source

Controlling
Computer

Fig. 3.27: Diagram illustrating the instrument configuration that was employed for the measurements 

of capacitance of a single p-strip (65) with respect to its two outer neighbours (i.e. strips 63 and 67).
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Fig. 3.28: Diagram illustrating the instrument configuration that was employed for the measurements 

of total interstrip capacitance for a central strip (65).

•Closest neighbours

1.00E-10 Outer neighbours

— Closest plus outer neighbours 
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Fig. 3.29: Experimental measurements of interstrip capacitance with respect to the two closest 

neighbours, the two outer neighbours and all four neighbours. The measurements were performed on 

the AC connection of strip 65 at a frequency of 1 MHz.
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The total interstrip capacitance value measured at over depletion (70 V) for the 

central strip (considering its four neighbours) is approximately 8  pF. This value is 

given mainly by the coupling of the two closest neighbours, as the contribution of the 

outer neighbours is only of the order of 3%.

The results reported in Fig. 3.29 were obtained at a frequency of 1 MHz, which has 

been used in the literature as a reference frequency for measurements of interstrip 

capacitance on AC coupled detectors [Barberis et al., 1994]. Different authors have 

in fact observed that such measurements exhibit a strong frequency dependence.

Circuit simulation programs designed for the analysis of electronic circuits have 

been employed in order to study the electrical characteristics of AC coupled strip 

detectors. Their application has shown that the phenomenon of the frequency 

dependence of the measured interstrip capacitance should be interpreted in terms of 

the detector behaving as an extended network of capacitors and resistors (see Fig. 

3.30) [Bacchetta et aL, 1995]. Using such circuit models, every detector strip is 

divided into hundreds or even thousands of elementary cells, each consisting of 

discrete circuit components. A computer programme is then employed to solve the 

equations that describe the circuit voltages and currents, thus allowing the user to 

predict the electrical behaviour of the detector. It was shown that the capacitance 

value increases with frequency until it reaches a plateau at the high frequency limit of 

approximately 1 MHz [Barberis et aL, 1994]. This frequency dependence effect was 

also observed in the experimental data obtained from the IPS 60x60-500 NX-NY128 

detectors. The effect can be seen in Fig. 3.31, where the measurements of the AC 

interstrip capacitance between one metal strip and its closest four neighbours are 

plotted for both 100 kHz and 1 MHz frequency.
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A

Back Plane

Fig. 3.30: The structure of the electrical network used for the simulation model of the AC-coupled strip 

detectors in [Bacchetta et a i,  1998], [Bacchetta et a i,  1995]. Only one central strip and its four 

neighbours are considered in this figure. Every strip is divided across its length into hundreds of 

elementary cells. Looking at the cross section plane along the strips, each cell consists of a pair of 

resistors Rmet representing the metal strip, a pair of resistors R,m,> representing the implant strip and a 

coupling capacitor Q  bridging both pairs. All these unit cells are connected in series into a network. In 

the cross section plane perpendicular to the strips, the network is made up by the inter-electrode 

capacitance Cmet, the interstrip capacitors to first ( C / . s v )  and second neighbours (C/.s7 )and the interstrip 

resistors Rjs- The p -n diodes are also part of the network. They are here represented as the parallel 

combination of Rsvh (substrate resistance between the p+ implant and the back side) with Cg (strip 

capacitance to the back plane), which are present in both cross sectional planes.

159



Chapter 3 Tests o f Electrical Characteristics o f Unbonded Silicon Strip Detectors
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Fig. 3.31: Measurements of interstrip capacitance (with respect to the four closest neighbours) that 

were performed on strip 65 (p-side of detector B2578-3) at both 1 MHz and 100 kHz frequencies.

As the detectors are AC coupled, the measurements do not strictly provide us with 

the “true” value of the interstrip capaeitance. In the measurements obtained with the 

instrument configuration of Fig. 3.26 (measurements to the two closest neighbours), 

the measured quantity Cac results from a combination of the coupling capacitors Q  

of the three strips with the “true” interstrip capacitance values C,s of the two 

neighbouring strips, plus a very small contribution Cm{~ 1 Ff, see section 3.6.4) from 

the coupling of the metal electrodes. The measured value of capacitance is actually 

more important for real applications, as it is the AC interstrip capacitance that 

contributes to the amplifier noise in experimental conditions. However, by 

constructing an adequate equivalent circuit of the capacitor network that describes 

our measurements (see Fig. 3.32), it is possible to estimate the “true” value of the 

interstrip capacitance.
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C .

Fig. 3.32: Schematic o f the capacitor network involved in the experimental measurements o f interstrip 

capacitance.

If we neglect the parallel contribution of the intermetal capacitance (as Cm «  Cac it 

is C^ç + 2 C^ = ) we will obtain:

C, = (3.25)

which can be approximated as follows (since Q  »  Cac)'-

2
(3.26)

From equation (3.26) we obtain that the AC interstrip capacitance value Cac 

measured with respect to the first two neighbours can be approximated as the sum of 

the “true” interstrip values C,j of the two strips. From the experimental measurements 

the value of the interstrip capacitance with respect to its two closest neighbours is ~ 8  

pF; therefore, the capacitance C/5 of one strip with respect to one of its closest 

neighbours is ~ 4 pF. This value is in agreement with the estimate given in section 

3.6.4, which was obtained from fitted data in the literature that predict the interstrip
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capacitance value as a function of the strip width/pitch ratio [Bacchetta et aL, 

1998].

In most commercially available microstrip silicon detectors, the typical readout 

pitch is 50 pm and the standard detector thickness is 300 pm. The pitch is therefore 

quite small with respect to the depletion thickness, resulting in interstrip capacitance 

values that are typically one order of magnitude larger than the capacitance between 

the strip and the back plane. The interstrip capacitance in most silicon detectors is 

therefore the dominant capacitive component at the input of the readout electronics. 

As can be seen from these measurements, as well as from the theoretical 

considerations previously presented, this is no longer the case for detectors such as 

the IPS 60x60 -  500 NX-NY128 type. The strip pitch (470 pm) is almost equal to the 

detector active gap (500 pm), and the interstrip capacitance is of the same order of 

magnitude as the capacitance of the strip to the back plane. On one hand, this has the 

positive effect of reducing the noise of the readout strip that is caused by the interstrip 

coupling. On the other hand, however, it may pose a critical issue when this kind of 

detectors is used in capacitive charge division readout mode, due to the charge loss 

to the back plane capacitance [Dabrowski et aL, 1994].

3.9 Tests on coupling capacitors

The capacitors that couple the charge between the metal readout strips and their 

implant strips have the function of isolating the bias voltage and the leakage current 

from the front-end of the readout chip. If “pinholes”, i.e. pierces in the coupling 

oxide, are present in some capacitors, a short will be created between the 

corresponding implant and metal strip, thus allowing the leakage current to flow 

through. Tests were carried out so as to identify the presence of such pinholes and 

hence preventing the bonding of the associated strips to the electronics. The 

manufacturing company provided us with the number of defective strips in each
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detector (see Table 3,2), but no information had been recorded regarding the strip 

position or the detector side where the pinholes had been found. The tests on the 

coupling capacitors were carried out on three detectors (B2578-1, B2578-2, B2578- 

3).

The experiments searching for pinholes in the capacitors were performed on the 

bare wafers by measuring the current flowing between the bias ring and the AC pad 

of each readout strip, when a given potential was applied across the coupling 

capacitors. This potential was made similar to the one that the capacitors would 

experience during the operation of the detector.

One way of biasing the detector is to ground one side whilst applying the high 

voltage on the other side. However, as the metal strips connected to the APV6  are at a 

potential of less than 1 V, biasing the detector with this method would subject the 

coupling capacitors to a large difference of potential on the high voltage side, and to a 

very small difference of potential on the grounded side. In order to avoid this 

imbalance and minimise the stress produced on the capacitor dielectric, it was 

decided that during operation the total bias Vop across the detector would be obtained 

by applying a symmetrical potential on the two sides, i.e. +( Vop/2 ) on the «-side and -  

( Vop/2) on the jp-side. Assuming an operational voltage of 70-80 V (see Table 3.1), 

one obtains that during operation a maximum voltage of approximately 40 V will be 

applied on each side across the coupling capacitors. These tests were thus performed 

with a conservative value of 45 V applied to the coupling capacitors.

In Fig. 3.33 and Fig. 3.34 the experimental set-up employed for such tests is shown 

for the detector p- and «-side respectively. A protection resistor of 1 MQ was used to 

limit the maximum current flowing between the detector and the Voltage Source. The 

measurements were performed by examining the 128 strips one by one on each side 

of the detector. If no pinhole was present, the measured current was of the order of 

0.1 pA, rising to hundreds of pA when a failing coupling capacitor was found. The
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capacitors were tested on the bare wafers for detector B2578-2 and B2578-3. No 

pinholes were found in the coupling capacitors of detector B2578-2, whereas three 

failing coupling capacitors were identified on detector B2578-3. Such experimental 

results did not agree with the information provided by the company (see Table 3.2).

Electrometer
To AC pad on strip

-45 V

Voltage Source

IM D

To bias ring

n-typeSi

Fig. 3.33: Diagram illustrating the instrument configuration that was employed for testing the coupling 

capacitors on the /?-side of the detector.
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Electrometer
To AC pad on strip

IMH+45 V

Voltage Source

To bias ring

n
n-typeSi

Fig. 3.34: Diagram illustrating the instrument configuration that was employed for testing the coupling 

capacitors on the /7-side of the detector.
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Chapter 4

Performance Measurements 

of Bonded Silicon Strip Detectors

4.1 Introduction

Following the characterisation of their electrical properties, two of the microstrip 

detectors were bonded to the electronics and assembled into scatter modules. These 

were then tested using the experimental set-up at Imperial College, which is 

described in this chapter. This system is routinely employed to test silicon strip 

detectors and their integrated readout electronics. The reason for testing the modules 

on a standard acquisition system for strip detectors is twofold. Firstly it allowed us to 

test the sensors on a general-purpose and fully operational set-up; the acquired data 

will serve as a benchmark for the readout system developed at UCL for the Compton 

camera (which is described in the next chapter). Furthermore, the study of the 

performance of the scatter modules as standard detectors for charged particles (P‘) 

provided a simple method for the energy calibration of the strips, thus making it 

possible to estimate the typical FWHM noise (keV) of a detector channel. Such a 

result not only made it possible to correlate the detector noise performance with the 

previous measurements of current and voltage characteristics, but it also allowed us 

to make a prediction on the spatial resolution of the designed camera, as will be 

discussed in the next chapter.
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4.2 The integrated readout electronics

4.2.1 Overview of the APV6 readout chip

The APV6  is one of the latest prototypes of front end readout chips that have been 

developed for the CMS silicon tracker at LHC. A detailed description of the chip can 

be found in [French, 1997], [Raymond et aL, 1997]. The APV6  is a 128-channel 

analogue pipeline implemented on a 12 mm x 6.3 mm silicon area, fabricated in 

radiation-hardened technology (Harris AVLSIRA process). The chip has a power 

consumption of 2.4 mW/channel.

In the APV6 , detector signals are amplified, shaped and stored at a sample rate of 

40 MHz, which is the operation frequency of the LHC. Each pipeline channel 

contains 160 capacitor cells, where data are stored for up to 4 ps and read out when 

externally triggered. The APV6  can be operated in two different ways: deconvolution 

or peak mode. In the first case a weighted sum of three samples of the stored pulse is 

multiplexed out, whereas in the second case only a single sample (which can be timed 

to be at the peak of the shaped pulse) is read and output. The peak mode was selected 

for this application. The position of the pipeline cell to be read out is the same for all 

128 channels and is determined by the trigger timing, which is defined by a user 

supplied ‘latency’ value (see Fig. 4.1). The latency is the time interval (in units of 

clock cycles) that occurs between storing a point to the pipeline and sending a trigger.
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Fig. 4.1: Schematic o f the pipeline [Cullum, 2000].
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4.2.2 Output data format

A 128:1 analogue multiplexer operating at 20 MHz (i.e. half the clock frequency) is 

used to serially transmit the data from the channels in current mode. The output data 

stream is 7 ps long and consists of a 12-bit digital section followed by 128 analogue 

levels (see Fig. 4.2). The digital section comprises a 4-bit header (where a low bit in 

the third position indicates an error condition) and an 8 -bit digital value that identifies 

the pipeline address from which the data have been read out. An independent digital 

output synchronised with the data stream is also available and can be used as a trigger 

for external digitisation. Because of the architecture of the multiplexer, the output of 

the analogue data follows a non-consecutive order and shows a characteristic pedestal 

pattern. The channels are output in 8  groups of 16 channels. In the j-th group 0=0,7) 

the channel order is as follows: 0 +j, 32+j, 64+j, 96+j, 8 +j, 40+j, 72+j,104+j, 16+j, 

48+j, 80+j, 112+j, 24+j, 56+j, 8 8 +j, 120+j. In Fig. 4.3 the same data as plotted in Fig.

4.2 are shown, after restoring the data to consecutive order. It can be seen that a 

pattern is present in the pedestals, consisting of four batches of channels with similar 

pedestal levels.
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APV6 Output data stream
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Anabgue pedestals not 
following APV6  channel 
order
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0
0 1 2 3 4 5 6 7 8 9

Time (ps)

Fig. 4.2: Example o f data output from the APV6 (detector B2578-3, p-side). The detector bias is 70 V. 

The data shown here are the ‘pedestal’ values, averaged over 1,000 events.

APV6 Output data stream
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Fig. 4.3: Same data as above, but reordered.
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4.2.3 Noise performance of the APV6

In the experiments for applications at CERN, the amplifier in the APV6  chip is 

normally operated so as to produce a symmetrical pulse shape with a shaping time 

(i.e. the pulse peaking time) of 50 ns. As will be discussed in section 4.4, the noise 

level of a readout chip for a given value of shaping time r  can be expressed in terms 

of its Equivalent Noise Charge or EMC.

The APV6  has a much lower noise contribution than the previous prototypes. 

Typical ENC measurements in peak mode with r=  50 ns give approximately 

510+36/pF electrons as a function of input capacitance [Raymond et aL, 1997]. 

Assuming an input capacitance of 10 pF from the detector strip, one obtains a FWHM 

noise level of approximately 7.4 keV in silicon "̂ .̂ However, for this application a 

lower noise level was desirable. Moreover, such a short pulse shape ( r=  50 ns) was 

not suitable for the Compton camera application, as explained in the next paragraph.

In peak mode operation, it is necessary to programme the latency value so as to 

sample the peak value of the pulse. This is a particularly important requirement in the 

Compton camera application, where energy resolution is of paramount importance. In 

most HEP applications, the timing of events is known and synchronised to the clock 

cycle; the latency value can thus be suitably calculated for peak sampling. In this 

project, on the other hand, the external trigger will be provided by an additional 

detector, as will be described in chapter five. The trigger signal will occur randomly 

with respect to the APV6  clock and must be synchronised to it by means of special 

electronics. If the delay between the event in the trigger detector and the collimator 

detector is constant, then a fixed latency value determined experimentally will be 

appropriate even with a sharply peaked pulse. However, the energy signal will not 

enable a trigger request unless it is above a given threshold. This process of signal

'"FWHM noise (keV silicon) = ENC (electrons) x 2.35 x w, where w is the ionisation energy in silicon 
(w = 3.26 X 10'^ keV). The factor 2.35 is introduced as the ENC is the standard deviation o f the 
Gaussian curve that represents the noise broadening o f an ideal line spectrum (see section 4.4.1).
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discrimination could therefore introduce a time dependence of the trigger request on 

the height of the shaped pulse.

A flat-top pulse with a long falling time in the APV6  would help overcoming this 

problem, as it would ensure that the pulse-height information is retained when the 

trigger request occurs. To investigate this, a study was carried out at Imperial College 

in order to tune the shaping time of the pulse, aiming at lowering the noise figure as 

well as achieving a flat-top pulse shape. It was suggested that an asymmetric pulse 

shape should be used, with a ‘short’ rising time (~ 150 ns) and a ‘long’ falling time 

(~ 9 ps). For this pulse shape, the measurement of the ENC lowered to approximately 

413+23/pF electrons [Raymond, 1997]. This expression corresponds to 5.5 keV 

FWHM in silicon, assuming 10 pF of external input capacitance. These noise 

measurements, however, were carried out on the bare chip. It was concluded that the 

noise level and the effects of the suggested pulse shape should be re-assessed once 

the APV6  channels were bonded to the detector. The results of this evaluation are 

reported in section 4.7.3.

4.3 Bonding of the detectors to the readout electronics

In order to read out each strip detector, two APV6 s would require bonding onto 

opposite planes, in orthogonal direction one with respect to the other. The mount 

board had to be sufficiently compact so as to be placed inside the wire bonding 

station as well as to allow geometrical flexibility of the camera configuration. A 

"sandwich" structure (metal-PCB-metal) was specifically designed at Imperial 

College in order to support the detector and the associated integrated readout 

electronics. A technical drawing showing the dimensions of the metal frames 

sandwiching the PCB layer is given in Fig. 4.4. A photograph of a constructed 

module hosting a detector bonded to the two readout chips is also shown (see Fig. 

4.5). As the input pitch on the APV6  was much smaller (50 pm) than the silicon 

detector pitch (470 pm), 50 pm to 200 pm pitch adapters (consisting of fine metal
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lines on a glass substrate) were used in a two-stage fanout so as to gradually 

accommodate the pitch difference (Fig. 4.6).

8 8 3 e

575

•  Removable bolt 
O Fixed bolt 
O Hole 

[ÿ[ Detector 
^  Metal Plate
All dimensions in inches

Fig. 4.4: Metal support for the board hosting a detector with two APV6s (technical drawing supplied 

by Imperial College).
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Fig, 4.5: M ount board for a double sided strip detector (« -sid e  facing up) and integrated readout 

electron ics.

Two detectors (B2578-1 and B2578-2) were mounted and bonded to the electronics. 

Visual inspection tests were also performed on these detectors after bonding. The 

bonding pattern was carefully inspected, in order to identify possible unbonded strips 

and to ensure a correct correlation between the APV6 channels and the detector 

strips. The bonding scheme was in fact rather complex, due to the large number of 

strips and to the presence of many intermediate stages (detector-PCB-pitch adapter- 

APV6).
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Fig. 4 .6: Diagram  sh ow in g  the d etector-A P V 6 bonding schem e, including the 2 0 0  pm  to 50  pm  pitch  

adaptor (draw ing supp lied  by Imperial C o lleg e).

A very thorough inspection was required in particular for detector B2578-2, as once 

bonded this detector showed unacceptable values of leakage current (up to a few 

hundreds of pA). These current values were much higher than the ones measured 

prior to bonding (i.e. in the order of 1 pA), Unfortunately, the microscope 

examination found that a crack was now present on the wafer, short-circuiting the two 

sides and making the detector unusable. This finding was unforeseen and difficult to 

explain, as the detector had not been subjected to obvious mechanical damage; cracks 

do not normally occur as a consequence of mere ultrasonic bonding. Detector B2578- 

2 was rejected and subsequently replaced with detector B2578-3. Visual inspection of 

this detector showed no damage following the bonding process.

4.3.1 Tests of coupling capacitors on bonded detectors

Testing of the coupling capacitors was performed not only on the bare wafers but 

also on the bonded detectors, in order to check that no damage had occurred during 

the wire bonding of the readout electronics to the AC pads. If a strip bonded to the 

amplifier has a defective coupling capacitor, not only will an unwanted path be 

created for the leakage current, but the potential of that strip will also be brought 

down to the voltage level of the electronics, causing severe distortion of the electric
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field in that region of the detector. If a pinhole is found, it will then be necessary to 

detach that strip from the electronics and leave it at the bias potential.

The tests on the coupling capacitors were performed on the bonded strips by 

measuring the voltage of every single metal strip, after powering up the readout 

electronics. The experimental set-ups that were used for the measurements on the 

detector p- and n- sides are shown respectively in Fig. 4.7 and Fig. 4.8.

To AC pad on strip
V2

To bias ring
VI

- I V

n-type Si
Voltage Source

Fig. 4 .7: D iagram  illustrating the instrum ent configuration  that w as em ployed  for testing the cou p lin g  

capacitors on the p -s id e  o f  the bonded detectors.
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To AC pad on strip
V2

To bias ring
VI

+ 1 V

n-type Si
Voltage Source

Fig. 4.8: Diagram  illustrating the instrument configuration  that w as em p loyed  for testing the cou p lin g  

capacitors on the /7-side o f  the bonded detectors.

A bias of only 1 V was applied to the detector, in order to prevent the amplifier 

input from sinking a high leakage current if a pinhole in the oxide was found. A 

protection resistor ( 100 kQ) was put between the voltage source and the connection 

to the bias ring during the measurements on both detector sides. When the detector is 

biased, the implant strips are brought to the potential of the bias ring via the punch- 

through effect. If no pinholes are present, the metal readout strips (which are bonded 

to the readout electronics) are isolated from the implant strips by the coupling oxide. 

The measured potential of the metal strips should therefore be the same as the one of 

the APV6 input (0.6 V). However, if a coupling capacitor is damaged and the 

implant strip is shorted to its readout metal layer, a DC current will flow across the 

capacitor. The measured potential on the metal strip will no longer be at the same 

level as the electronics, but it will now increase towards the value of the bias voltage 

applied to the implant strip.
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These measurements were performed by examining the 128 strips one by one on 

each side of the detector. The strips associated with failing coupling capacitors were 

disconnected from the electronics by cutting the corresponding metal trace on the 

PCB that allows the detector to be joined to the pitch adapter on the detector mount 

board. These measurements on the coupling capacitors of the bonded detectors were 

performed on detectors B2578-1, B2578-2 and B2578-3, of which only the latter two 

had been tested for pinholes also prior to bonding. The results of these tests showed 

an increased number of defective coupling capacitors following the bonding of the 

electronics (new pinholes in the dielectric appeared in three capacitors on the /?-side 

of detector B2578-2 and in one capacitor on the «-side of detector B2578-3).

4.3.2 Identification of “defective” strips

The total number and the position of the “defective” strips found on the three 

detectors B2578-1, B2578-2 and B2578-3 are reported in Tables 4.1, 4.2 and 4.3. 

These include not only the strips affected by the presence of pinholes and that were 

subsequently disconnected from the readout electronics, but also the strips that 

showed accidentally broken or missing bonds during the visual inspection tests. The 

tables also report the corresponding APV6 channel number. It is important to remark, 

however, that ‘missing strips’ are not a major problem in the Compton camera 

application. Inactive areas in the detector in fact do not produce image defects as in 

conventional systems, but they simply affect the overall system sensitivity.
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Table 4.1; Summary o f ‘defective’ strips in detector B2578-1.

DETECTO R B2578-1

p-side

Strip number: APV channel: Type o f defect:

4, 7, 102, 106, 

117, 120, 128

2, 7, 100, 104, 

117,118, 126

Pinholes in coupling capacitors

8 6

Accidentally broken trace 

on the PCB joining the detector 

to the pitch adapter

M-side

Strip number: APV channel: Type o f defect:

2,13, 128 127, 114, 1 Pinholes in coupling capacitors

92 37 Broken bond between 

the detector and the PCB

Table 4.2: Summary o f ‘defective’ strips in detector B2578-2.

DETECTO R B2578-2

p-side

Strip number: APV channel: Type o f defect:

33, 65, 66 32, 64, 65 Pinholes in coupling capacitors

126 125

Broken trace on the PCB joining 

the detector to the pitch adapter

17, 29, 127, 
128

16, 28, 126, 127 Missing or broken bonds 

between the detector and the PCB

«-side

Strip number: APV channel: Type o f defect:

1 127 Missing bond between 

the detector and the PCB

2 126 Broken trace on the pitch adapter
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Table 4.3: Summary o f ‘defective’ strips in detector B2578-3.

DETECTO R B2578-3

p-side

Strip number: APV channel: Type o f  defect:

1

“Skipped strip”. No associated 

channel on the APV6. As a 

consequence channel 127 on the 

APV6 is not bonded to any 

strip on the detector.

The strip is connected up to the 

pitch adaptor but this 

has no connection to any 

channel on the APV6

71,72, 119 69, 70,117 pinholes in coupling capacitors

127 125 PCB trace disconnected 

from pitch adaptor

128 126 Missing connection 

from the detector to the PCB

«-side

Strip number: APV channel: Type o f defect:

1

“Skipped strip”. No associated 

channel on the APV6. As a 

consequence channel 0 on the 

APV6 is not bonded to any 

strip on the detector.

Missing connection 

from the detector to the PCB

2 127 PCB trace disconnected 

from pitch adaptor

46 83 Pinhole in coupling capacitor
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4.4 Theoretical estimate of strip noise

4.4.1 The Equivalent Noise Charge

The electronic noise is one of the factors that affect the energy resolution in a silicon 

detector. The signal fluctuations due to the electronic noise are recorded by an 

analyser even in the absence of an external radiation source. These noise pulses show 

as a Gaussian spectrum, centred around the “zero energy” channel (see Fig. 4.9). The 

standard deviation (cr) of such a Gaussian curve is the root mean square {RMS) 

voltage of the noise and can also be represented in terms of the Equivalent Noise 

Charge {ENC). The ENC is the genuine charge signal (produced from the detector on 

the input capacity of the preamplifier) that would generate the same output as the 

RMS noise F„ [Nicholson, 1982].

Let us define the signal to noise ratio p as the ratio of the mean signal pulse height 

V to the RMS noise voltage

If the signal is obtained from a charge Q produced in a radiation detector, we can then 

write:

(4,2)
Q V Ti

The ENC is the amount of charge at the input for which the signal-to-noise ratio at 

the output is equal to unity. The units for the ENC are normally Coulombs, but it can 

also be expressed in terms of the corresponding number of electrons {ENC/e, where e 

= 1.6xlO'‘̂ C).
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100 1

ADC units

Fig. 4.9: Noise peak (arbitrary offset o f 500 ADC units), as measured over 1,000 events for a central 

strip on the p-side o f detector B2578-3.

The general expression for the ENC (or d) in a detector - readout chip system will 

include the contribution of the pre-amplifying and shaping integrated electronics plus 

the additional components associated with the detector itself. The noise of a single 

strip of an AC coupled silicon detector may in fact be parameterised in terms of 

several contributions [Dubbs et al., 1996], [Nygârd etaL, 1991]:

(4.3)

where

CTchip = noise associated with the readout chip 

o'Rmet = thermal noise due to the metal strip resistance 

(T/= shot noise due to the detector leakage current 

CTRbias = thermal noise in the detector bias resistor
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Some of the terms in equation (4.3) represent noise sources in series with the input 

and will therefore depend on the input capacitance. The terms associated with parallel 

noise sources will not be a function of the input capacitance, as a variation of 

capacitance will affect both signal and noise together, thus not affecting the ENC. In 

the following sections, the contribution of each term is evaluated in order to obtain an 

estimate of the noise level that results from the silicon scatter detectors using the 

APV6 readout chip.

4.4.2 Noise components from the readout chip

There are four main individual noise sources in the integrated readout electronics and 

they are associated with the input field effect transistor (FET) of the preamplifier: 

thermal noise in the gate resistor, shot noise from the gate current, thermal noise and 

Flicker {1/f) noise in the FET channel [Delaney, 1980], [Nicholson, 1982]. The 

current thermal noise (or Johnson noise) is thermally generated in any resistor and is 

associated with the random Brownian motion of the electrons: the fluctuations in the 

carrier velocities result in small fluctuating voltages across the resistor. The current 

shot noise is due to the discrete nature of the carriers: it originates from the 

fluctuations of the number of individual charged particles that are available for 

conduction. The Flicker noise (or 1/f noise) predominates at lower frequencies and it 

appears to be dependent on crystal imperfections and surface effects in 

semiconductors. Its origin however is not completely understood.

The general expression of the ENC may be computed for various practical shaping 

systems. In the APV6, the output pulse shape closely approximates simple CR-RC 

shaping. It can be shown [Nicholson, 1982] (see Appendix 1) that for a CR-RC 

shaping amplifier with time constants t\ and % Q- =%/ n) and with input capacitance 

Cir, one obtains:

C l [CoulombY (4.4)
2 X{X + l)X| 2(X + 1) X'-'̂  (x̂  - 1)
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where the coefficients kj, k2  and Aj depend on the geometrical and physical 

characteristics of the transistor as well as on the temperature.

In the above equation, the first term expresses the contribution of the FET channel 

thermal noise, which is a series noise source. The second term includes the 

contribution of the gate resistor thermal noise and the gate current shot noise. These 

are both parallel noise sources, as they do not depend on the input capacitance. 

Finally, the last term expresses the contribution of the Flicker noise, which is a series 

noise source and in good quality amplifiers is usually negligible with respect to the 

other two terms.

All the terms in (4.4) give their minimum contribution for A = 1, i.e. when the rise 

and fall times of the amplifier are made equal (ti= T2 =f). The expression for the ENC 

in this particular case is given by [Nicholson, 1982]:

(ÆACy -exp(l)^ [Coulomb^] (4.5)

The noise at the output of a preamplifier and CR-RC shaper chip is usually quoted 

by most manufacturers in a simpler form. It is expressed as the number of electrons 

corresponding to the equivalent noise charge, as a function of the external capacitance 

Gin applied at the chip input and for a stated value of the peaking time r (or the time 

constants tj and T2  if they are different):

ĉh,p + P c Q  [electrons] (4.6)

where ctq is the noise of the bare amplifier (expressed in electrons) and f5c is the 

amplifier slope (expressed in electrons/pF).

For the APV6, assuming a shaped pulse with time constants r/=  150 ns and = 9 

|LAS, ( T o  = 413 e" and Pc = 23 e'/pF [Raymond, 1997]. If we assume that the total
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parasitic capacitance is given by the total strip capacitance as expressed by equation 

(3.1) in Chapter three, we obtain from our capacitance measurements that C,„ -14 pF 

and therefore from equation (4.6) that (Jchip ~ 735 electrons.

4.4.3 Noise components from the detector

The detector contributes to the total strip noise both in the series noise (via its 

capacitance and the metal strip resistance) and in the parallel noise (via its leakage 

current and its bias resistor). For an explanation on how the noise equations included 

in this section were obtained, please refer to Appendix I.

The aluminium strip resistance contributes to the series thermal noise with the 

following term:

kTR C  ^
" [electrons] '  (4.7)

where ti = 150 ns, A, = i 2 / t i  = 60 (t2 = 9 ps), e = 1.6x10'*^ C is the elementary 

electronic charge, k=  1.38 xlO^^ J/(mol K) is the Boltzmann constant, T=300 K is 

the room temperature and 30 Q is the metal strip resistance (see eq. (3.14) in 

Chapter three). Using these values for the parameters in equation (4.7) one obtains 

that = 7160 [electrons]^.

The parallel source of thermal noise comes from the detector bias resistor and may 

be computed as follows:

.2
' t t / y / a s  2 A. [electrons]  ̂ (4.8)
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where Rbias> 100 MQ (see Table 3.1 in Chapter three), resulting in a maximum value 

=16400 [electrons]^.

Finally, another source of parallel noise is the shot noise from the detector leakage 

current, which can be estimated using the relationship:

(7/ =   [electrons]^ (4.9)
À^2(À + l)

where we can assume that the detector leakage current per strip is /  = 20 nA. This 

estimate is obtained by averaging the leakage current measured on the whole face of 

the detector (i.e. 2.5 pA for 128 strips in total). From equation (4.9) one obtains that 

(5 ] = 621000 [electrons]^.

By combining all contributions we can finally calculate the total noise (sigma in 

electrons) associated with a single detector channel:

u  = + o L ,  = 1 090 [electrons] (4.10)

This estimate corresponds to approximately 9.2 keV FWHM for silicon.

The values of the physical parameters employed in the noise calculations and the 

estimates obtained for each component are summarised in Tables 4.4 and 4.5. It can 

be seen that the largest contributions to the noise are produced by the readout chip 

(via the input capacitance) and by the detector leakage current. The evaluation of the 

total strip noise given in (4.10) is obviously an approximation of the noise level 

experimentally observed in the strips, as various simplifying assumptions were made. 

For example, the total parasitic capacitance was here evaluated in terms of the strip 

capacitance with respect to its nearest four neighbours and to the back plane. Other
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parasitic effects of second order due to additional sources of input stray capacitance 

(pitch adaptor, connectors, cables, etc.) have been neglected. The value of the leakage 

current per strip employed in equation (4.9) is also a reference estimate. Monitoring 

of the detectors during hours of operation has shown current variations of the order of 

several pA. The leakage current may increase because of temperature rise, surface 

contamination with detector use or because the detector is not perfectly isolated from 

light. For example, it was observed that in detector B2578-3 the leakage current 

reached a peak value of 5 pA. This would correspond to approximately 40 nA per 

strip and would increase the estimated FWHM noise level to 12 keV.

Table 4.4. Parameters employed in the estimate of the components o f the strip noise.

Temperature 300 K

Leakage current per strip 20 nA

Shaped pulse time constants z-/ = 150 ns, r^= 9 ps

Input capacitance 14 pF

Bias resistor 100 MQ

Metal strip resistance 30 Q
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Table 4.5. Estimated values for the different components o f strip noise.

^chip CTRmet O’Rbias CTl
Total

noise

Total FWHM 

noise
(e‘) (e) (e l (e l

(crin e l (keV in Si)

735 85 128 788 1090 9.2

4.5 Detection of charged particles

4.5.1 Description of experimental set-up

The data acquisition system employed for the detection of charged particles and for 

the noise measurements, which are both described in this chapter, was developed by 

the High Energy Physics group at the Blackett Laboratory, Imperial College. The 

system is based on a VME crate (see Fig. 4.10) controlled by a Power Macintosh 

computer running Labview software. The APV6 slow control is implemented via a 

VME to fC  interface. The clock and trigger lines are supplied by a SEQSl’̂  

programmable pulse generator. The APV6 analogue data are digitised by a Front End 

Driver (FED) ADC module^

Sequencer, designed at the Rutherford Laboratories by M. Morrissey.
Digitiser (10-bit, single-channel prototype), custom Rutherford design for the CMS.
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Fig. 4.10; The VME crate of the data acquisition system that was employed in the experiments for the 

detection of charged particles at Imperial College.

The p-particle pulse height spectra were acquired using a collimated ^Sr source 

located approximately at the centre of the detector. The detector and radiation source 

were enclosed in a light-tight aluminium box. A plastic scintillator was placed behind 

the silicon detector in order to provide a trigger. The scintillator was located behind a 

small exit window that had been created in the box, so as to allow the transmission of 

low penetrating radiation (see Fig. 4.11). As the system is designed for the readout of 

a single-sided strip detector, the p- and «-side in each detector module were tested in 

separate experiments.
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Light Ught Box

Collimated ^-source
clock

A p U T detectorOUTB

Plastic scintillator

trigger

PMT

VME
Crate

F ig . 4 .11  : Schem atic diagram  o f  the experim ental set-up that w as em p loyed  for the particle detection  

and n o ise  m easurem ents at Imperial C o lleg e . A O U T  and O U T E  are the analogue and digital outputs o f  

the A P V 6 .

The data acquisition software of this system allows the user to perform a series of 

operations on the digitised data. Due to the method implemented for channel 

multiplexing, the output data of the APV6 follow a non-consecutive order (see 

section 4.2.2). The first operation simply consists of re-ordering the analogue levels 

into the 0,1 ....127 channel sequence. The re-ordered data obtained from the;?-side of 

the detector by triggering with the ®̂Sr source are shown in Fig. 4.12. Another 

operation {Pedestal Subtraction) is subsequently applied in order to eliminate the 

typical pattern exhibited by the raw data frame obtained from the APV6. In the 

absence of a signal from external radiation, the output data stream consists of a 12- 

bit digital header, followed by 128 analogue levels that represent the “pedestals” of 

the APV6 channels. The pedestal pattern is removed from the analogue data by
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subtracting the average pedestal (i.e. the average acquired over 1,000 events) on a 

channel by channel basis. Finally, a third operation {Common Mode Subtraction or 

CMS) is performed so as to remove the common mode contribution to the noise. This 

is calculated for every event as the average readout value across all channels, and is 

also subtracted from the analogue data. The channels that show particularly high 

levels of noise and those that collect pulses from the radiation source are excluded 

from the CMS procedure. The effect of pedestal and common mode subtraction is 

shown in Fig. 4.13.

700

600 -

500 - 

S 400 -
Raw data (reordered)

200  -

100 -

0 10 20 30 40 50 60 70 80 90 100 110 120

APV6 channel n.

Fig. 4.12: Example o f data acquired from the APV6 (128 digitised values) and subsequently

reordered.
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Fig. 4.13; Same data as in Fig. 4.12, after pedestal and CM subtraction.

4.5.2 Determination of the APV6 settings for pulse peak sampling

The “peak mode” operation of the APV6 makes it possible to read out a single 

sample of the shaped pulse, as described in section 4.2.1. In order to read out the peak 

value of the analogue pulse shape stored in the pipeline, it is necessary to suitably 

adjust the timing between a sample being written to and being read from the pipeline. 

The sample that is read out is the one that was stored a programmed interval of time 

before the trigger. This time interval is defined by the value programmed in the 

“latency” register, which contains the separation (in clock cycles) between the write 

and trigger pointers to the pipeline.

The ‘peak mode’ operation of the APV6 requires searching for the optimum value 

of the APV6 ‘latency’ register. This may be done experimentally by observing the 

position (in ADC channels) of the ^®Sr ‘Landau peak’ as a function of the 

programmed latency value. The Landau peak is a characteristic peak in the energy
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deposition spectrum of the p-particles that traverse a given thickness of silicon, as 

described in more detail later in this chapter. The latency value was varied from 6 to 

20 in steps of 1 clock cycle. The optimum latency value (11 clock cycles) was found 

at the maximum channel number that defines the Landau peak (see Fig. 4.14).

I
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Ô-ao>

o
Z

2

1.5

1

0.5

0

LAT=18

LAT=16

LAT=11

LAT=19

LAT=6

LAT=8

50 100 150 200
Pulse Height (ADC channels)

250 300

Fig. 4.14: ^Sr (3-spectra acquired from one strip on the p-side of detector B2578-1, by programming 

different values of ‘latency’ in the APV6. The detector was biased at 60 V. The counts in the spectra 

are normalised to the maximum. The zero energy’ channel was arbitrarily set to ADC channel 50.

In Fig. 4.15, the position of the Landau peak is plotted as a function of the 

programmed latency value (in reverse order). Such a plot provides a coarse 

reconstruction of the stored pulse shape. The graph shows that for a trigger latency 

equal to 11 the sample reserved for readout is a peak value from the flat top of the 

pulse.
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Fig. 4.15: Position o f the Landau peak (in ADC channels) as a function of the value programmed in the 

latency register. The plot was obtained from the spectra shown above. The arbitrary offset (50 ADC 

units) has been subtracted.

4.5.3 Determination of operating voltage

Silicon detectors are operated by applying an external reverse bias that ensures full 

depletion of the device. In complex devices such as silicon microstrip detectors, the 

extrapolation of the full depletion voltage from the C-V characteristic presents 

difficulties, due to the non-ideal shape of the experimental curves (see section 3.7.3 

in chapter three).

The operating voltage may thus be determined once again with spectroscopic 

measurements, by observing the position of the Landau peak as a function of the 

applied bias. When the operating voltage is such that the device is fully depleted and 

all the charge produced by the radiation is collected at the electrodes, the pulse height 

corresponding to the Landau peak will be recorded with its maximum value in ADC 

units. During these measurements the bias applied to the detector was varied from 40
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V to 80 V in steps of 10 V. The latency register value was kept constant at its 

optimum value (11 clock cycles). The experiments showed that for both detectors 

(B2578-1 and B2578-3) the pulse height magnitude would not increase once a bias 

greater than 70 V was applied (see Fig. 4.16). This bias voltage (70 V) was therefore 

established as the optimum operating value for the silicon detector modules.

B3
Ô
•o0)

0.5

100 150 200 250 300

V = 40 V 

V =  50 V

V = 60 V

V = 70 V 

V =  80 V

Pulse Height (ADC channels)

Fig. 4.16: ^Sr (3-spectra acquired from strip 67 on the p-side of detector B2578-1, by applying 

increasing bias voltages to the detector. The counts in the spectra are normalised to the maximum. The 

‘zero energy’ channel was arbitrarily set to ADC channel 50. The noise peaks (which are centred at 

zero energy) are therefore not visible in this figure.

4.6 Detector calibration using ®̂Sr

4.6.1 Energy loss of charged particles in silicon

When a charged particle traverses a medium, it interacts with the electrons and the 

nuclei of the atoms of the surrounding material. In the case of heavy charged 

particles, these interactions are almost exclusively collisions, which may simply 

excite the atom (“soft” collisions) or cause the ejection of secondary electrons with
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considerable kinetic energy (ô-rays from “hard” collisions). The mean rate of energy 

loss per unit path length due to collision interactions is the linear collision stopping 

power. In the case of mono-energetic particles, this is approximated by the Bethe- 

Bloch equation as fol lows[At t ix ,  1986]:

dx
Anz^Ze^N In (i-VV -P' [MeVcm’ ĵ (4.11)

where

ze = charge of the primary particle (with e = electronic charge)

Z = Atomic number of the medium

N  = number of atoms/cm^ of the medium = pNa/A, being p  the medium density 

(g/cm^ ), A the medium atomic weight and Na the Avogadro number 

moc^ = electron rest mass (= 0.511 MeV)

/?= velocity of the primary particle in units of c 

I  = mean ionisation and excitation potential of the absorber (MeV)

In the form of (4.11), the Bethe-Bloch equation is valid for heavy particles only 

(e.g. protons or pions) and is almost independent of particle type. In the case of light 

charged particles (such as electrons) the collision stopping power is a similar 

expression, where modifications must be included as the incident electrons and the 

atomic electrons in the medium are indistinguishable particles. In order to show the 

typical behaviour of the energy loss rate curves, the collision stopping powers for 

electrons and protons in silicon (for which 7=173 eV) are plotted as an example in 

Fig. 4.17 as a function of the product py (where p = v/c and y = (1-p^)'^^^). As can be 

seen from the graph, the energy loss due to the passage of an electron is reduced with 

respect to the energy loss due to the passage of a heavy particle. This is caused by the

For simplicity the terms for density and shell correction have not been included in equation (4.11). 
The complete expression o f the Bethe-Bloch approximation can be found for example in [Skyrme, 
1967], [Attix, 1986].
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identical nature of the interacting electrons, which affects the maximum allowed 

energy transfer.

In practical cases, most relativistic particles have stopping powers close to the 

minimum of the Bethe-Bloch curve and for this reason are said to be “minimum 

ionising particles” (or '"mips"). The average energy deposit of 1 mip in 100 pm of 

silicon is approximately 39 keV [Physics Letters, 1990].

20 1

electrons in silicon 

protons in silicon

0.1 1 100010 100 10000

Py

Fig. 4.17: Mass stopping power in silicon (i.e. the stopping power dE/dx divided by the medium 

density p in MeVcm^/g), plotted for both electrons and protons as a function of the product Py.

Energetic electrons may also be subject to energy loss by production of 

bremsstrahlung radiation. The total linear stopping power is the sum of the collision 

and radiation terms:

dx *  Jc.,1
+ (4.12)

raJ
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The ratio of the two terms is often expressed by the following relationship [Attix, 

1986]:

{ d E / d x \ ^  _  EZ

{deE/dx)^^i 700

The energy loss mechanism by radiation production gains importance with 

increasing electron energy and atomic number of the medium, as can be seen from 

relationship (4.13). For electrons such as beta particles (the maximum energy of 

which is typically in the order of a few MeV) the fraction of energy loss due to 

bremsstrahlung production is relatively low in a material like silicon. Furthermore, 

most of the bremmstrahlung photons are very energetic and they are likely to escape 

the silicon detector without interacting. Therefore, the energy loss by emission of 

radiation does not contribute significantly to the energy deposition recorded by the 

passage of beta particles in a silicon detector.

4.6.2 The “Landau peak”

If we assume that the thickness of the material is small so that the stopping power 

does not change along the path, the mean energy lost by a particle in the absorber will 

be the rate of loss of energy (given by the Bethe-Bloch approximation) multiplied by 

the thickness of the absorber. However, large fluctuations of the energy loss will 

occur with respect to this average value. These are not simply associated with the 

statistical nature of the collision process, but also with the probability of &ray 

production, which may cause energy losses that are considerably larger than the 

average value. The ionisation produced by a charged particle results in an energy-loss 

distribution, which is characteristic of the passage of the particle in a given thickness 

of a specific medium.

A discussion of the energy loss distributions associated with the passage of charged 

particles through silicon can be found for example in [Skyrme, 1967], [Hall, 1984].
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The first theoretical study of the energy loss fluctuations was performed by Landau. 

The description of the energy loss straggling was subsequently made more accurate 

by Vavilov, who introduced a limit to the maximum energy transfer in a single 

collision (which is assumed to be infinite in the original Landau theory). The Landau- 

Vavilov distribution is asymmetric and skewed towards high energies. The average 

value of the distribution is therefore larger than the most probable value, which 

occurs at the so called ‘Landau peak’. If the medium is particularly thick (~ cm) the 

number of collisions becomes large and by the Central Limit Theorem the 

distribution approximates a Gaussian function. The average value of energy loss in 

this case approaches the most probable value.

The pulse height spectrum recorded by a charged particle detector is described in its 

general features by the Landau-Vavilov distribution. However, some important 

differences need highlighting. Firstly, the distribution of the energy lost by a particle 

does not necessarily correspond to the distribution of the energy deposited by the 

particle in the absorber. A large number of ^rays may in fact escape from the 

sensitive volume of the detector. This is particularly the case for the passage of 

relativistic particles in thin and relatively light media, such as silicon detectors. 

Therefore, due to the finite geometry and the finite absorption efficiency of the 

detector, the distribution of the energy deposited will not exhibit such an extreme tail 

at high energies as a pure Landau-Vavilov distribution. Moreover, experimental 

studies have observed that the measured distributions tend to be broader than 

expected on a theoretical basis. The energy loss spectrum that is measured 

experimentally is in fact a convolution of a Landau-type curve with a Gaussian 

distribution. This phenomenon is not simply due to the noise produced by the readout 

electronics. The discrepancy in the width of the distribution is also caused by electron 

binding effects, as the Landau-Vavilov theory is based upon free electron scattering 

[G. Hall, 1984], [HancocketaL, 1983].
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Despite these differences, the Landau-Vavilov theoretical distribution still provides 

us with a suitable qualitative description of a measured distribution. Therefore, even 

if the ‘Landau peak’ is strictly the modal value of a pure Landau-Vavilov distribution, 

this denomination is usually also applied to the pulse height spectrum measured by a 

charged particle detector. The most probable value of energy deposited by a 

minimum ionising particle is estimated to be 26 keV in 100 pm of silicon, which 

scales within 10% from approximately 20 pm to 300 pm [Physics Letters, 1990]. 

Experimental measurements on relativistic pions are in agreement with this estimate, 

as they have determined that the most probable value of deposited energy for a mip 

that transverses 300 pm of silicon is 84.0+2.8 keV [Hancock et ah, 1983]. Hancock 

et al. have also shown (in the same reference) that the most probable energy 

deposited by /T particles is approximately the same as for relativistic pions. Using a 

'^^Ru source, the Landau peak in a 300-pm thick silicon detector was measured at 

86.8+2.8 keV (*®̂ Ru decays to ^^^Rh, with p~ maximum emission energy of 39 keV 

and 3.5 MeV respectively) [Hancock et al., 1983].

During laboratory tests, the passage of mips through silicon detectors is frequently 

simulated using radio-isotopic sources of electrons, so that their ‘Landau peak’ can be 

used for energy calibration of the detector [Seller et al., 1988], [Laakso et a l,  1993], 

[O’Neill et al., 1995]. On the basis of the reported results, one obtains an 

approximate value of 24,000 electrons for the most probable signal given in 300 pm 

of silicon by a typical y^source. Scaling with thickness, the passage of /^-particles 

through a 500-pm thick detector should produce an energy distribution with a Landau 

peak at approximately 144 keV (~ 40,000 electrons).

The silicon detectors of the Compton collimator were tested using a ^®Sr y^source. 

The decay scheme for ^®Sr is shovm in Fig. 4.18. The emission spectrum is a 

combination of the father and daughter /^-decays, with a maximum energy of 546 keV 

and 2.28 MeV respectively (see Fig. 4.19). In order to confirm the position of the 

Landau peak, the extrapolated value of 144 keV was checked against simulation
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results. A Monte Carlo programme, specifically developed for the study of the 

conversion of ̂ ^Sr p-electrons to mips in diamond [Howard, 1998] was applied to the 

case of silicon. Assuming a silicon detector of 500 pm in thickness, the simulation 

programme produces a most probable value of deposited energy of (140 + 1) keV 

[Howard, 2000]. A simulated Landau distribution from ^®Sr betas in 500 pm of 

silicon is shown in Fig. 4.20.

Sr (A=90, Z=38)

p 0.546 MeV (100%)

Y (A=90, Z=39)

P 0.51 MeV (0.02%)

P 2.28 MeV (99.98%)

y 1.77 MeV (100%)

Zr (A=90, Z=40)

Fig. 4.18: Decay scheme o f  ̂ °Sr. The half-lives of and are 27.7 y and 64 h respectively.9 0 c  I 90.,
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Fig. 4.19; Simulated P- spectrum emitted from the decay o f ’°Sr into 90x
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Fig. 4.20: Simulated Landau spectrum for a *°Sr source in a 500-|im thick silicon detector [Howard, 

2000].
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The conversion from ADC units to keV in silicon may be obtained experimentally 

by fitting the Landau peak to the p-spectra acquired from a strip (see Fig. 4.22). 

Assuming that the most probable energy value of the spectrum is located at 

approximately (140+1) keV, the channel separation between the noise peak and the 

Landau peak in Fig. 4.21 shows that 1 ADC count corresponds to ~ 1 keV of 

deposited energy. This simple calibration procedure permits a measurement of the 

strip noise by converting the width (in ADC channels) of the observed noise peak to 

an equivalent noise charge (ENC) in keV in silicon.
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Fig. 4.21: Single strip pulse-height spectrum (experimental data) o f (3 particles emitted from a 

collimated *°Sr source. This spectrum was measured on the p-side for strip n. 67 (APV6 channel 60) of 

detector B2578-1. Both the noise peak (centred at channel 0) and the ‘Landau peak’ are visible.
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Fig. 4.22: The ‘Landau peak’ o f the spectrum in Fig. 4.21, here plotted on a different scale (the noise 

peak is not shown in this graph).

204



Chapter 4 Performance Measurements o f Bonded Silicon Strip Detectors

4.7 Measurements of strip noise

4.7.1 Experimental results on noise distribution

The noise evaluation tests were carried out by measuring the fluctuations in the 

channel readout (using random triggers) over 1 , 0 0 0  events when no radiation source 

was present. The noise was evaluated as the sigma (in ADC counts) of the Gaussian 

noise peak in each channel, after performing pedestal and common mode subtraction. 

The experimental results are reported in Fig. 4.23, Fig. 4.24, Fig. 4.25 and Fig. 4.26 

for both the ̂ -side and the «-side of detectors B2578-1 and B2578-3.

An arbitrary definition of “good channels” may be obtained from the distribution of 

the measured noise across the detector channels. A channel is here considered “good” 

if its noise is less than or equal to the mean value across all channels plus one 

standard deviation of the distribution. The channels that were disconnected from the 

readout electronics were excluded in computing the noise distribution parameters, 

which are summarised in table 4.6.
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Table 4.6: Statistical parameters (in ADC units) o f the distributions o f the RMS noise measured from 

the bonded channels o f detectors B2578-1 and B2578-3 (the distributions are plotted in figures 4.23, 

4.24, 4.25 and 4.26).

Detector

B2578-1

p-side

Detector

B2578-1

«-side

Detector

B2578-3

p-side

Detector

B2578-3

/i-side

Number o f  

bonded channels 120 124 122 125

(all bonded 

channels)

5.76 15.67 6.40 8.33

cr

(all bonded 

channels)

1.07 4.14 1.48 1.69

Number of  

“good channels” 

(i.e. for which 

RMS noise < p  + d)

110 113 110 117

n '

(“good channels”) 3.88 5.79 4.00 6.50

(J ’

(“good channels”) 0.05 0.23 0.07 0.07

The noise is here expressed in ADC counts. A typical detector “good channel” is 

strip n. 67 of detector B2578-1, from which the spectrum of Fig. 4.22 was acquired. 

This strip is bonded to channel 60 of the APV6  and the sigma of its noise peak is 

equal to approximately 4 ADC counts. On the basis of the strip calibrationprocedure 

described in the previous section, the estimated channel noise is 9.4 keV FWHM. 

This value may be considered as a reference figure representing the noise associated 

with a “good” central strip on the junction side. Such an experimental result is well in 

agreement with the theoretical estimate given in section 4.4.3.
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Noise (ADC counts)

Fig. 4.23: Noise distribution for detector B2578-1, p-side. The noise is evaluated for each strip as the 

sigma (in ADC counts) o f the noise peak acquired for 1,000 events.
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Fig. 4.24: Noise distribution for detector B2578-1, «-side. The noise is evaluated for each strip as the 

sigma (in ADC counts) o f the noise peak acquired for 1,000 events.
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Fig. 4.25: Noise distribution for detector B2578-3, p-side. The noise is evaluated for each strip as the 

sigma (in ADC counts) o f the noise peak acquired for 1,000 events.
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Fig. 4.26: Noise distribution for detector B2578-3, «-side. The noise is evaluated for each strip as the 

sigma (in ADC counts) o f the noise peak acquired for 1,000 events.
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The experimental results show that the “good channels” on a single side of the 

detector are between 90% and 94% of the available channels. The experimental 

spectra acquired from a “good channel” and from a channel of lower spectrometric 

quality are shown respectively in Fig. 4.27 A) and B). Some relevant physical and 

electronic parameters were investigated, in order to obtain lower noise from all 

channels and especially in order to identify the origin of the high noise observed in 

some of the channels. The results of such experimental tests are presented in the 

following two sections.
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Fig. 4.27: Examples o f *°Sr yg-spectra acquired from detector channels with different spectrometric 

performance (Detector B2578-1, n-side). A) The RMS noise measured in for channel 54 (i.e. detector 

strip n. 73) is 5.6 ADC counts. B) The noise measured for channel 65 (i.e. detector strip n. 64) is 13.8 

ADC counts. One ADC count corresponds to ~  1 keV. The noise peak is arbitrarily centred at ADC 

channel 500 in both graphs.
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4.7.2 Effects of room temperature variation

One of the parameters that affect the noise performance in a detector is the 

temperature at which the device is operated. All of the experiments reported in this 

chapter were performed at room temperature. The effects of room temperature 

variation on the noise level were evaluated by comparing experimental spectra that 

were acquired at 19°C and 29°C, which represent the two extremes of the room 

temperature.

The temperature was regularly monitored during these experiments and it 

maintained a constant value (+ 0.1 °C) throughout acquisition. Fig. 4.28 shows the 

two noise peaks obtained from strip n. 67 of detector B2578-1 (p-side) at 19°C and 

29° respectively. By fitting the noise peak with a Gaussian curve, it was estimated 

that its FWHM is approximately 8.5 keV at 19°C and 10 keV at 29°C. These results 

showed that a temperature increase of 10°C had increased the FWHM noise by 18%.

Such increase of the noise with temperature results from the contribution of a 

number of factors. From equations (4.7) and (4.8) one can see the obvious increase of 

the thermal noise in the resistors with temperature. The noise component associated 

with the bare chip is also enhanced by a temperature increase, as the coefficients kj 

and k2  in equation (4.5) are increasing functions of temperature [Nicholson, 1982]. 

Finally, equation (4.9) has also an implicit dependence on temperature, as the leakage 

current is a function of the detector operational temperature according to the 

relationship:

ĜO
(4.14)

where Eqo is the silicon energy band gap at T = 0 K {Eqo =1.12 eV) and AEt ~ 0.04 

eV is an experimentally fitted parameter that represents the typical distance of the 

trap energy levels from the middle of the band gap [Walton, 1984], [Ohsugi et al., 

1988], [Barberis et al., 1993].
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From equation (4.14) it follows that given a ten centigrade increase in tem perature, 

the leakage current value is approxim ately doubled. At room tem perature the ENC  

contribution given by the leakage current (see equation 4.9 and table 4.5) is 

approxim ately ay = 788 electrons, which in silicon correspond to 6.7 keV FW HM . By 

cooling the detector down to 0°C, the RMS noise contribution given by the leakage 

current would be reduced to approxim ately 226 electrons (i.e. 1.9 keV FW HM ).

0.8

C
I  0.6
"3

I  0 .4

I
0.2

19 degrees 

29 degrees

30 40 50 60 70

ADC units

Fig. 4.28: N o ise  peak m easured on channel 60  o f  the A P V 6  (detector strip n. 6 7 ), on the p -s id e  o f  

detector B 2578-1  (b ias = 70  V ).

4.7.3 Effects of time constant variation

Another param eter that affects the noise level in the detector is the choice o f the tim e 

constants o f the shaping amplifier. All the experim ental data presented in the 

previous sections were obtained with a relatively short rise time r / ( ~  150 ns) and a 

very long fall tim e r ? ( -  9 ps). As explained in section 4.2.3, these values o f  r/ and 

were initially chosen because o f  the need for achieving low-noise perform ance o f the 

APV6 whilst at the same time obtaining a long-lasting, flat-top pulse shape, suitable
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for triggering in the Compton camera. These settings however do not optimise the 

noise performance of the chip-detector system. Equations (4.4), (4.7), (4.8) and (4.9) 

are all independent functions of the time constants r/ and r̂ . By combining them all 

together, one can express the equivalent noise charge of the system amplifier-detector 

as a function of the ratio X [Nicholson, 1982] (see Appendix I):

 c l f c l  [conlombs^] (4.15)
2X(X + 1)t, A'-i 2{x +1) (x" -1)

with:

A = k^+ 2kTR^^, (4.15 a)

2KT
B = k ,+ -------+ el (4.156)

^Bias

C = (4.15 c)

The first term (“A term”) in equation (4.15) is the series thermal noise arising from 

the channel in the amplifier FET and from the resistance of the metal readout strip in 

the detector. The second term (“B term”) is the parallel noise arising from the gate 

resistor (thermal and shot noise in the gate resistance) and from the detector (thermal 

noise in the bias resistor and shot noise due to the leakage current). The third term is 

the Flicker noise of the FET in the amplifier. Fig. 4.29 shows a plot on an arbitrary 

scale of the contributions given by these three noise terms to the (ENCf in equation

(4.15), as a function of A.

213



Chapter 4 Performance Measurements of Bonded Silicon Strip Detectors

I

«

2 5  - ■

A or B term

Flicker 

A or B term

20  -■

O

1•c
o
U

1 0  - ■

10 1000.01 0.1

X —T 2 / T I

Fig. 4.29: C ontributions o f  the different noise term s to the overall value o f  1/t]~ in an am plifier- 

detector system  as a function o f  the ratio X = TfTi,  as obtained from  equation (4 .1 5 )  [N ich o lso n , 

1982]. It is assum ed that the charge Q produced in the radiation detector is equal to 1 C ou lom b, so  that 

1 / r f  =  (ENCf  ( see  equation (4 .2 )  in section  4.4.1 ). It is a lso  assum ed that A = 8=̂  C =\ in (4 .1 5 ). The  

plotted  curves are norm alised  to their m inim um  value (obtained for À ^\).  The product T1T2  is 

m aintained constant in varying the value o f  X. Mirror curves are obtained for the A and B term s, 

depend ing  whether (ENCf  in equation (4 .1 5 ) is expressed  as an ex p lic it function o f  T/ or r?.

If we assume a unitary produced charge (i.e. Q C in equation (4.2) of section 

4.4.1), the square equivalent noise charge is also the square inverse of the signal-to- 

noise ratio {l/pf). The curves in Fig. 4.29 are obtained by plotting the three terms 

individually, assuming the same weight for each term {A = B = C =\). \ï  the product 

T1 T2  is kept constant while varying r/, the continuous line represents the A term and 

the dotted line represents the B term (the curves are swapped if we replace r/ in 

equation (4.15) with r/T  and we express the relationship as a function of rf). From
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these plots it can be clearly seen that amplifier, detector and Flicker noise give their 

minimum contribution to the overall noise when the time constants are made equal, 

i.e. A = 1 .

The value of the ratio of the time constants chosen for the APV6  in order to 

conveniently shape the pulse is A = 60, which is not an optimum in terms of the 

overall noise achieved. Some simple tests were carried out, where the register values 

chosen as default for the APV6  were modified in order to obtain different values of 

the ratio A. This was done in order to observe how varying the ratio of the time 

constants would affect the measured noise across all detector channels. The tests were 

performed on the /7-side of detector B2578-3 by making use of three different pulse 

shapes (see Fig. 4.30, Fig. 4.31 and Fig. 4.32) with A respectively equal to 60, 15 and 

5. The corresponding values of the measured noise (in ADC counts) are plotted as a 

function of the APV6  channel number in Fig. 4.33, Fig. 4.34 and Fig. 4.35.
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Fig. 4.30: Pulse shape that was initially selected for the Compton camera application (A = 60). The 

approximate values of the time constants of the pulse are T/ = 150 ns and = 9ps.
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Fig. 4.31: Modified pulse shape (À = 15). The approximate values of the time constants of the pulse 

are Tj= 100 ns and Tj = 1.5ps.
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Fig. 4.32: Modified pulse shape (À = 5). The approximate values of the time constants of the pulse are 

T/ = 50 ns and r? = 250 ns.
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Fig. 4.33: Plot o f the noise on the /?-side o f detector B2578-3 (sigma in ADC counts for 1000 events) 

as a function of the APV6 channel number. The pulse is shaped with time constants 7/ = 150 ns and 

T2  = 9ps. The channels that are not connected to the detector are excluded.
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Fig. 4.34: Plot o f the noise on the />-side o f detector B2578-3 (sigma in ADC counts for 1000 events) 

as a function o f the APV6 channel number. The pulse is shaped with time constants T/ = 100 ns and 

T2  =1.5 |is. The channels that are not connected to the detector are excluded.
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Fig. 4.35: Plot o f the noise on the p-side o f detector B2578-3 (sigma in ADC counts for 1000 events) 

as a function of the APV6 channel number. The pulse is shaped with time constants Tj = 50 ns and T2  

= 250 ns. The channels that are not connected to the detector are excluded.

These tests showed that the number of channels with very high noise is significantly 

reduced if the ratio X that characterises the pulse shape is made smaller. This can be 

easily seen from Fig. 4.33, 4.34 and 4.35. Although a direct comparison of the noise 

magnitude is not possible as the settings for the three pulse shapes do not provide 

exactly the same gain, one may still give an indicative estimate of this effect. The 

mean value of the noise jd' for the “good channels” in each set of data may be 

calculated as a local reference value, according to the definition given in section 

4.7.1. A channel is then classified as “highly noisy” if its noise is greater than twice 

this reference value. Following this definition, the estimated percentage of channels 

with high noise is 20% for /I = 60, 11% for = 15 and it decreases to 3% for A = 5.

The bare APV6  chips had been tested prior to detector bonding and no anomalies 

were found in the noise level across all channels (except for channel 0 , the high noise 

of which is due to a chip fault). The source of the particularly high noise observed in
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some of the readout channels should therefore be associated with the detector 

contribution. In order to try and identify the source of noise in these specific channels, 

equations (4.7), (4.8) and (4.9) were again employed. They allowed the detector 

contribution to the noise to be calculated for the separate components and for the 

three different T values. The results are reported in table 4.7.

Table 4.7: Noise contributions computed for different pulse shapes.

T| T2 X =

T2 /T 1

CfRmet

(e-)

CfRbias

(e)

(7|

(e‘)

Detector 

contribution 

to the noise

(a in e')

Detector 

contribution 

to the 

FWHM noise

(keV in Si)

150 ns 9 ps 60 85 128 788 803 6.8

100 ns 1.5 ps 15 114 58 355 378 3.2

50 ns 250 ns 5 188 27 168 254 2.1

These estimates show that the physical parameters of the detector are such that for 

the chosen default values of the time constants (A = 60) the dominant component in 

the detector noise is associated with the leakage current. As the value of A is made 

smaller by modifying the values of both r/ and r?, the parallel noise {(jRb,as combined 

with 0 7) is decreased whilst the series noise {(jRmet) is increased. The overall effect is, 

as expected, a reduction of the detector total contribution to the noise.
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This simple analysis shows that the high noise observed in some of the channels is 

due to the parallel component. The dramatic reduction of the noise level observed in 

these channels when reducing the time constant ratio suggests that the most likely 

cause of localised high noise is the strip leakage current, which is the largest 

contribution to the parallel noise. In previous calculations, we estimated the leakage 

current of a single strip as the total current measured in the detector bulk, averaged 

over the number of strips. This is of course an approximation, as the leakage current 

is not perfectly uniform across all strips. Its value may in fact be considerably higher 

for specific strip positions, due to the presence of preferential paths caused by small 

defects or surface contamination.
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Chapter 5

Development of a Laboratory 

Compton Camera prototype

In this chapter, a laboratory set-up configuration is proposed so as to operate the 

silicon microstrip detectors in a Compton camera prototype. The chapter includes the 

experimental work on the Compton camera prototype under construction at UCL. 

The control signals for the APV6 chip, which was employed for detector readout, are 

described. The use of this chip in the Compton camera application required the 

development of a special-purpose interface unit, which was designed for this project 

at the Institute of Nuclear Medicine, Middlesex Hospital [Cullum, 2000]. The 

development and testing of such electronics at UCL are described in this chapter, 

along with an overview of the data acquisition system. The computer model of 

Compton camera is applied in order to estimate the angular resolution of the system 

for various levels of strip noise in the silicon detectors. Predictions of the imaging 

performance of the scatter collimator are made, assuming both the case of a point 

source in air and of a point source imbedded in tissue-like phantoms of different size.

5.1 A proposed laboratory prototype of Compton camera

5.1.1 An externally triggered configuration based on double Compton scatter

The design of the initial camera prototype was aimed to test the scatter detectors in 

Compton mode. In order to read out the detector signals, the latest version of the 

APV chip series (APV6) [Raymond et a l, 1997] was made available for this project 

(see Chapter 4, section 4.2). The APV6 chip was originally developed at Imperial 

College and the Rutherford Appleton Laboratory for the Compact Muon Solenoid 

(CMS) tracker experiments at the CERN Large Hadron Collider (LHC). The 

properties of high reliability and low-noise, along with the number of readout
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channels matching the number of strips on each side of the selected detector (128), 

made the APV6 an attractive option for this application, in combination with the 

willingness of the High Energy Physics Group at Imperial College to collaborate in 

the project.

The APV6 chip requires an external trigger for data readout. In HEP applications, 

the timing of the particle interactions in the detector is known and is given by the 

frequency of beam collisions in the accelerators. By contrast, in y-ray imaging the 

photon emissions and interactions in the detector occur at random times. The camera 

prototype had therefore to be designed around the requirement for an external trigger 

of the readout electronics. As a consequence, the system configuration was devised 

so as to allow the detection of three separate events. The operation of the proposed 

camera is based on a double Compton interaction occurring in any two elements of a 

stack of silicon strip detectors. An additional detector is placed behind the stack, so 

as to absorb the double scattered photon and provide a trigger for the readout of the 

hit position and energy information in the silicon detectors. A High-Purity 

Germanium (HPGe) planar detector with a diameter of 32 mm and a thickness of 10 

mm will initially act as the triggering component. This configuration, which is 

illustrated in Fig. 5.1, relies on the principle of multiple Compton imaging (for the 

simple case of double scatter) that has been proposed by various authors (see section

1.4.4 IV).

Although the camera design provides for four silicon layers, the set-up will be 

initially operated with two scatter elements. During experimental operation an energy 

window will be set on the basis of Compton kinematics, in order to send the trigger 

signal only after a potential double scatter interaction. Such a window should be 

defined by the camera geometry and by the source primary energy, which determine 

the possible energy values of those photons that Compton scatter in two silicon 

layers. The energy selection for the trigger events is best performed with a high- 

resolution detector. HPGe detectors are excellent y-ray spectrometers, with an energy 

resolution of less than 600 eV FWHM for 122 keV y-ray s. The signals of the three
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detectors will also be added together in order to ensure that the total energy 

deposition matches the source energy. The analogue data will then be sent as input to 

a DAQ board connected to a computer for data analysis and storage.

Germanium Detector
Silicon Strip Detectors

Trigger Signal

El + E2 + E3 = Ey

E3

Trigger Logic

X2, Y2, E2XI, VI, El

Fig. 5.1; Configuration of the proposed camera. The scattered photon is single Compton scattered in 

each one of the silicon detectors and is then intercepted by the HPGe trigger detector.

5.1.2 Assembly of scatter collimator

Once a board comprising one silicon strip detector and two APV6s had been 

assembled and fully tested at Imperial College (see sections 4.3, 4.5, 4.6 and 4.7 of 

the previous chapter), it was then mounted at UCL on a PCB plane. This was hosted 

in a metal rack that can accommodate in sequence up to four planes on separate rails. 

The PCB planes were designed so that different detectors could be located simply on 

axis, one behind the other, as well as off axis, in order to allow the selection of a 

preferential range of scatter angles. A photo of a detector plane is shown in Fig. 5.2, 

where one can also see the two readout cards that plug into each of the two APV6s on
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the opposite sides of the detector. Each PCB plane (31.5 cm x 23 cm in size) was 

sealed on both sides with a removable cover made of a 0.5-mm-thick carbon fibre 

sheet, in order to ensure light tightness, as shown in Fig. 5.3. The thickness of the 

sheet was suitably chosen so that it would allow transmission of beta particles from a 

^^Sr source; these particles are often used for tests on strip detectors, as was discussed 

in Chapter 4. An image of the mount rack is shown in Fig. 5.4. The rack, which is 

made of aluminium, was built as a 26.5-cm high, 36-cm wide and 8-cm deep unit, 

thus making the collimator light and compact.

Simulation work indicated that in a two-element camera increasing the separation 

distance from 1 cm to 10 cm diminishes the system efficiency by approximately a 

factor of 20. However, as was observed in section 2.3.1 of Chapter 2, higher spatial 

resolution can be achieved by increasing the separation between the camera elements. 

In order to maximise the collimator compactness and efficiency, the distance between 

two silicon detectors in adjacent rails was kept to the minimum value (approximately 

1 cm) allowed by the supporting structures. As it is reported in the next section, the 

prediction of the computer model was that, due to the good spatial and energy 

resolutions of these strip detectors, a separation of 1 cm was sufficient to provide an 

acceptable spatial resolution in the image.
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Fig. 5.2: Photograph o f a detector plane (the carbon fibre cover was here removed).

1

Fig. 5.3: Photograph o f a detector plane with its carbon fibre cover.
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Fig. 5.4: The detector mount rack. In the background, to the right of the rack, is the APV6 stand-alone 

set-up employed for preliminary testing (see section 5.4).

5.2 Control sequences for the APV6 readout chip

The APV6 operation mode (i.e. peak or deconvolution mode, see section 4.2.1) and 

other configuration parameters (bias settings for pulse shaping, amplification, latency 

value, etc.) can be programmed via a two-wire serial bus that conforms to the Phillips 

l^C standard. It is possible to address up to 15 APV6s on the same bus, with the 

binary address 1111 being reserved for global addressing of all APVs. On the APV6s 

bonded to the strip detectors, the addresses are set by logic voltages and are ‘hard­

wired’ on the board housing the chip.

In addition to the I^C slow-control signals and 40-MHz clock, the operation of 

each chip also requires a separate trigger line for sending the fast-control signals in

226



Chapter 5 Development o f  a Laboratory Compton Camera Prototype

order to trigger, reset and ‘calibrate’ the chip. The trigger signal is in the form of a 

single pulse (‘ 1 ’) lasting the duration of a clock cycle (i.e. 25 ns). The reset signal, 

which re-initialise the pipeline and clears possible error states, consists of two 25-ns 

pulses separated by one clock cycle (‘101’). Finally, the calibration signal is a 

sequence of two consecutive 25-ns pulses (’11’); this signal sends a request for on- 

chip generation of test pulses. This feature allows the measurement of the pulse shape 

in all the APV channels. All the described sequences (trigger, reset and calibrate) 

must be synchronised to the 40MHz clock, which controls data storage to the 

pipeline. A schematic of the APV6 chip and its required control signals are shown in 

Fig. 5.5.

C o n t r o l  d a t a  ( I  C )

+ 2 V  - 2 V  G o d

A n a l o g u e  O u t

D a t a  O u t  T r i g g e r

T r i g g e r  D a t a  
H o l d

C l o c k / 2

C l o c k

APV6

Fig. 5.5: Diagram showing the APV6 and its slow- and fast-control signals [Cullum, 2000].
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5.3 Development of special interface electronics

5.3.1 Overview of the UCL data acquisition system

At Imperial College and CERN the APV6 is controlled and read out by a rather 

complex VME-based system, the size (and cost) of which was not suitable for a 

portable instrument. A dedicated acquisition/control system was therefore designed 

for this project at the Institute of Nuclear Medicine of the Middlesex Hospital 

[Cullum, 2000].

The system, which has been built in the Radiation Physics laboratory of UCL, is 

based around a PC and a small electronic interface unit. The control of the APV6 is 

carried out by the interface unit, which was specifically developed for the Compton 

camera, and data collection is performed by a fast digitiser card commercially 

available for the PC. Figure 5.6 is a schematic showing the electronics for one 

microstrip detector.

W k.

I I
IIsf-

A P V 6  2  
( V e r t )

A P V 6  I 
( H o r i z )

I n t e r f a c e  E l e c t r o n i c s

P D A ! 2  A D C

R S 2 3 2  S e r i a l

IBM PC

Fig. 5.6: Overview of the UCL acquisition system for the Compton camera [Cullum, 2000].
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As each detector makes use of two APV6 chips (one for each side) and the 

PDA12A’^digitiser card has two analogue inputs, a single card is sufficient for the 

readout of one detector. The whole system can be controlled running a Borland 

program in a DOS environment.

5.3.2 The interface unit

This unit is based around a single board microcontroller (TDS2020^^) which 

incorporates an Hitachi H8/532 processor running at 19.8MHz. The board was 

chosen due to its small size, relatively low cost, ability to easily interface keypads

and liquid crystal displays (LCDs), and the built-in I^C bus controller. The processor 

is programmed in a combination of Forth and assembler. During development the 

code was written on and downloaded from a PC, after debugging it was stored in 

EPROM on the microprocessor sub-assembly board.

The APV6 parameters are defined using an integral keypad and liquid crystal 

display (see Fig. 5.7) or remotely via an RS232 serial link. In either case the values 

are shown on the attached LCD. This allows the flexibility of using the interface unit 

either in stand-alone form or under control of a PC. In addition to the microcontroller 

and electronics associated with the integral keypad and display, the unit contains a 

dedicated interface board, which supplies the chip clock and provides suitable 

synchronisation of the various sequences on the trigger line. The clock and control 

signals are provided at differential ECL levels, as required for the APV6 input. The

board also buffers the I C bus between the microcontroller and the APV6, so as to 

allow level shifting from 0-5 V on the TDS2020 to +1-2 V on the APV6. Finally, the 

board produces a 20 MHz clock signal for the PC-based ADC cards and allows it to 

be synchronised to the analogue data output stream from the APV6s. A detailed 

description of the interface electronics including circuit diagrams is given in 

Appendix II.

PDA12A card manufactured by Signatec Inc., California USA 

TDS2020 manufactured by Triangle Digital Services Ltd, London UK
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Fig. 5.7: Image showing the components of the UCL silicon Compton camera. The two detector 

planes are to the right of their mount rack; to the left is the control box (equipped with a keypad and a 

liquid crystal display), which contains the interface board with the TDS2020 microcontroller. Above 

are the power supply units for biasing the detector and powering the control box.

5.4 Tests on the operation of the interface electronics

In order to verify the correct operation of the dedicated interface electronics and 

DAQ system developed at UCL, a single APV6 and three auxiliary boards were 

provided by Imperial College for test purposes. These components were assembled in 

the stand-alone test set-up at UCL shown in Fig. 5.8. The system consisted of a board 

hosting the APV6 chip, accompanied by three peripheral boards that provided power 

supplies and interfaced the input/output signals for the chip.
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Fig. 5.8: Test set-up for the APV6.

5.4.1 Tests on the APV6 ‘slow control’

Tests were carried out so as to verify that the microcontroller could ‘communicate’ 

correctly with the APV6 via the I^C bus. To this regard, some template sequences (as 

recorded by a digital scope) for data transmission to and from the APV6 were 

provided by Imperial College. These sequences showed an example of ‘writing to’ 

and ‘reading from’ an APV6 register. The format of the template data was correctly 

reproduced on the UCL stand-alone system (see Fig. 5.9 and Fig. 5.10). In both the 

‘read’ and ‘write’ template sequences the signal from the I^C data line (which is bi­

directional between the interface unit and the APV6) is plotted together with the I^C 

clock (the pulses of which last approximately 5 ps).
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Read from IPRE Register Sequence
- y " - 10"

,.:4
-•2

-^8^)0. ■ .-600. ■ .-400. ■ .-2Ô0. i.2-
.'.A

,400. : .600. : .80o. : 1000 : .1200 : i4po m600 : .ispo

I2C clock 

I2C data

Time (ps)

Fig. 5.9: Correct Î C sequence for reading a value from the APV6 register IPRE (which contains the 

settings for the preamplifier bias current).

Write to MODE Register Sequence

. i .

:2---
4-- '--h

«  -800 : -600 : -400 : -200 :"O r - - 1

•■a

12..... 200 : 400 : §00 sop : 1000:1200 : i 40q : lepp : 18O0 
: : : :-------12c  clock : :

I2C data

- 44- 4-..

Time (ps)

Fig. 5.10: Correct Î C sequence for writing a value to the APV6 register MODE (which defines the 

operation mode of the APV6, i.e. peak or deconvolution, and enables or inhibits the calibration test 

pulses).
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5.4.2 Tests on the APV6 ‘fast control’

A series of tests was also successfully carried out in order to ensure that the control 

sequences on the trigger line (trigger, reset and calibrate) were produced in the 

correct form (differential ECL levels) by the interface board and were correctly timed 

with respect to the pulses from the 40-MHz clock. The signals were monitored 

between the APV6 input pads and the ground; the signals sensed on the positive input 

pad of the trigger line (TRGP) and the clock (CLKP) are shown in Fig. 5.11, Fig. 

5.12 and Fig. 5.13 in the case of the trigger (‘1’), reset (‘101’) and calibrate (‘11’) 

sequences respectively. The trigger line is always sampled on rising edges of the 

clock signal.

Trigger (’!') on TRGP and CLKP

5 0 0 -1-

■4 0 0 -■
trigger line (p) 

c lock  line (p)
300 - •

I 200 ..

I
00

too

200

- *300 - ■

400  J-

Time (ns)

Fig. 5.11; Trigger signal (‘ 1 ’) plotted above the APV6 40-MHz clock. The trigger line is sampled on 

rising edges o f the clock.
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Reset ('101') on TRGP and CLKP

trigger line (p) 

clock line (p)I
I
t 4bB<

Time (ns)

Fig. 5.12: Reset signal ( ‘101’) plotted above the APV6 40-MHz clock. The trigger line is sampled on 

rising edges o f the clock.

Calibrate ('11') on TRGP and CLKP

trigger line (p) 

clock line (p)I
I.ts
0" 4b -6(

<  :  ■ ’

1 5 0  1 Î 5

Time (ns)

Fig. 5.13: Calibrate signal ( ‘11’) plotted above the APV6 40-MHz clock. The trigger line is sampled 

on rising edges of the clock.
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Once the calibrate sequence had been correctly timed to the clock, it was used to 

produce internal pulses, so as to test the system developed for the APV6 readout. The 

magnitude of the pulses is defined by the user and programmed into a specific 

register of the APV6. The charge injected to produce a voltage step can be written to 

the CLVL register as an integer number between 0 and 255; this corresponds to a 

value of charge that can be varied between 0 and 15.3 fC in steps of 0.06 fC.

The timing of the pulse can also be programmed (using register CSKW) in steps of 

l/8th clock cycle. By sampling the pulse at a fixed time (i.e. with a constant value of 

the latency) and progressively shifting the pulse timing one can thus reconstruct an 

image of the pulse for the measurement of the pulse shape.

The calibration pulses can be applied to 8 groups of 16 channels. The channels 

belonging to the same calibration group do not follow consecutive numbering, but 

they appear in output as consecutive channels. It is possible to ‘fire’ only selected 

groups, according to the value programmed into the 8-bit Calibrate Mask Register 

(CDRV) of the APV6. Each bit represents a group of channels, with LSB referring to 

the first group of output channels and MSB to the last one. A bit set to 1/0 

enables/disables calibration of the corresponding group of channels. For example, 

setting CDRV = 5 (i.e. ‘00000101’ binary) will enable injection of test pulses in the 

first and third group of channels. This situation is shown in Fig. 5.14, where the 

analogue output of the APV6 (AOUT) is shown in synchronisation with the digital 

output of the chip (CUTE), indicating correct chip operation and readout. Preceding 

and following the data stream (which is approximately 7 ps long) one can also see the 

so-called ‘ticks’ of the APV6; these are single pulses (logic ‘Is’) that occur every 

1.75 ps and are always present, except during the readout interval, even when no 

event has been triggered.
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APV6 analogue and digital outputs for internal calibration
signals 

(CDRV = 5)

200. r
AOUT

OUTE

2  I— HPi Müy A--- 1—t---1---(— {-
1 ? ? 4  §

II wii — (
7 Ç 9 i p i i  1Î2 1|3 14 1)5 1^ 1;7

Time (ps)

Fig. 5.14: Analogue (AOUT) and digital (OUTE) outputs for internal calibration signals produced in 
the APV6.

After evaluation of the stand-alone set-up of a single APV6, all the tests described 

were successfully repeated by connecting the system to the two APV6s bonded to a 

detector plane. On the detector plane, the three peripheral boards of the stand-alone 

set-up have been ‘merged’ and replaced with a single readout card for each chip (the 

two readout cards for the two APV6s that are bonded to one detector plane can be 

seen in Fig. 5.2). At present, two detector planes have been built, and the operation of 

both APV6s at the UCL set-up has been fully tested in one of the two planes.
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5.5 Simulation of the imaging performance 

of the proposed scatter collimator

The computer model described in Chapter Two (see section 2.4.1) was initially 

developed for the simulation of a silicon scatter detector operating in coincidence 

with an absorption scintillation detector. The Monte Carlo code was then adapted so 

as to track double Compton interactions occurring in two separate silicon strip 

detectors (see Fig. 5.15). The model was applied to the design of the silicon 

collimator in the UCL Compton camera prototype, so as to simulate the imaging 

performance of the system.

Source

Fig. 5.15: Diagram showing the operation o f two elements o f the silicon scatter collimator, based on a 

double Compton scatter interaction. The events that were tracked in the simulation consisted o f a 

single Compton scatter interaction in one o f the detectors, followed by another single Compton scatter 

event in the other. For each event o f interest, the positions o f interaction in the two detectors and the 

energy deposited in the first detector were recorded.
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5.5.1 Effects of strip noise on angular resolution

The Monte Carlo model was applied in order to simulate how the point spread 

function of the Compton scatter collimator is affected by the electronic noise in the 

strip detectors. Predictions were made for the first set-up of the collimator, which will 

consist of two silicon layers with 1 cm spacing. The modelling of the two silicon 

scatter elements was performed with the EGS4-based computer model previously 

described, assuming for each element a 500 pm-thick silicon detector, with a 6 x 6

cm^ sensitive area and a strip pitch of 500 pm. The simulations were performed 

assuming uniformly distributed noise across all channels. The FWHM spatial 

resolution obtained for a point source in air at 10 cm distance is plotted in Fig. 5.16 

as a function of the FWHM noise in silicon expressed in keV. The corresponding 

FWHM angular resolution should range from approximately 3 to 6 degrees as the 

FWHM noise of the readout channels varies from 2 to 10 keV.

K

12

10

8

6

4

2

0

0 2 4 6 8 10 12

Noise (keV)

Fig. 5.16: The simulated FWHM of the Point Spread Function o f a 511 keV gamma-ray source is 

plotted as a function o f electronic noise in the silicon detectors. The point source is isotropic and 

located at 10 cm from the Compton collimator. The noise is expressed as the FWHM in keV in silicon.
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The experimental measurements and theoretical considerations presented in 

Chapter Four (sections 4.4 and 4.7) allowed us to determine that the chip-detector 

configuration chosen for the scatter modules would produce a noise level of 

approximately 9 keV FWHM for a typical readout channel. On the basis of the results 

presented in section 4.7, it is reasonable to conclude that this value could be reduced 

to at least 6 keV FWHM by cooling the detector and/or by adjusting the APV6 

settings for the pulse shape. Both operations would in fact reduce the contribution to 

the noise produced by the leakage current, which was shown to have a major effect 

on the system spectrometric performance. The level of electronic noise (FWHM in 

keV) in the simulations that follow was therefore assumed to be of 5.5 keV, giving a 

detector FWHM energy resolution of approximately 6% at 100 keV of energy 

deposition. This level of noise also defined the minimum scatter angle that could be 

detected in both layers (~ 9°).

5.5.2 Collimator performance for a point source in air

The imaging performance of the scatter collimator was first evaluated assuming the 

simple case of an isotropic point source in air. Figure 5.17 shows the simulated image 

of a 511 keV point source placed in air at a 10-cm distance from the face of a two- 

element collimator (1 mm total silicon thickness) with 1 cm spacing between 

detectors. The FWHM of the PSF was estimated to be equal to (7.7 + 0.3) mm, which 

corresponds to an angular resolution of approximately 4°. The collimator absolute 

efficiency (number of detected double Compton events per photon emitted by the

source) was estimated to be approximately 1.7 x 10"^. This value is reduced to 

approximately 1 x 10'  ̂ if the analysis is limited to those events that are potentially 

useful for external triggering, i.e. where the double scattered photons emerge from 

the second detector with positive direction.
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F ig , 5 .17: S im ulated  im age o f  a point source o f  511 keV  o f  energy, located in air at 10 cm  from  the  

face o f  the e lectron ic  collim ator. Im age obtained w ith approxim ately  2 8 ,0 0 0  double C om pton  even ts  

in s ilicon .

The summed spectrum of the coincident energy signals from the two silicon layers 

was obtained for all double Compton events that were transmitted by the collimator 

in forward direction (see Fig.5.18); it was found that following a double Compton 

scatter interaction, a photon with an initial energy of 511 keV was not likely to have 

lost more than approximately 350 keV; this implies that a minimum threshold of 160 

keV could be established for a third detector in order to enable the trigger for the 

silicon sensor readout. If we assumed that in each silicon element no events could be 

detected below a noise threshold of ~ 5-6 keV, the energy window in the trigger 

detector would then be set between 160 and 500 keV.
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Fig. 5.18: Summed spectrum of coincident energy signals, produced by double Compton scatter 

photons in a two-element silicon collimator.

The model was also applied in order to evaluate the raw sensitivity of a scatter 

collimator consisting of a stack of silicon detectors: the collimator absolute efficiency

for a stack of four strip detectors (each 6 x 6  cm^ x 500 pm in size) was estimated to

be approximately 7.6x10“^, with a 10-cm distance between the collimator surface 

and the point source. Simulations were also carried out for a ten-element stack, which

was estimated to provide a collimator absolute efficiency of 2 .8 x 1 0'^. This figure

would increase to an approximate value of 10"^ if 1 -mm thick silicon detectors were 

used.

A computer simulation was also carried out in order to determine the distribution of 

scatter angles for single Compton events at 511 keV. The impinging photons were 

simulated as a central pencil beam, perpendicular to the surface of the silicon strip 

detector. The Monte Carlo code was employed to record the flight direction of the 

emerging photons undergoing a single Compton interaction. The angular distribution 

of such photons is plotted in Fig. 5.19. It has a peak at approximately 33°. The ‘ditch’
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in the curve is due to the partial absorption of the photons scattered at 90°. The 

detector thickness (500 pm) is in fact much smaller than its dimensions in the plane 

perpendicular to the beam (6 cm x 6 cm).
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Fig. 5.19: Distribution o f scatter angles for all 511 keV photons that emerge from a silicon strip 

detector following a single Compton scatter event. The ‘ditch’ in the curve is due to the partial 

absorption o f the photons scattered at 90°.

Finally, a simulation test was carried out in order to estimate the effects of Doppler 

broadening on the angular resolution of the silicon collimator at 511 keV. The 

relevant LSCAT option in EGS4 was “switched o ff’ in a simulation run and the 

corresponding results were compared to the simulated data that included the effects 

of Doppler broadening. The observed degradation in angular resolution was 

approximately 16%.
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5.5.3 Considerations of scatter effects in tissue

Simulation work was also carried out so as to obtain information on the effects of 

photon scatter in tissue in Compton imaging at 511 keV. The computer model was 

employed in order to produce the image of an isotropic point source in the same 

geometrical conditions as described in the previous section; in this application, 

however, the 10-cm gap set between the source and the silicon collimator was filled 

with soft tissue instead of air.

The image was reconstructed for two different cases. In the first case, it was 

assumed that all detected photons contributed to the image; in other words, the 

energy window used for scatter rejection was infinitely wide. In the second case, 

events were rejected if their energy prior to the first detector interaction was less than 

10 keV below the source energy. The image profiles are plotted for both cases in Fig. 

5.20, where they are also compared to the image profile of a point source in air.
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Fig. 5.20: Point source at 10 cm -  in air and tissue, with and without scatter correction.

243



Chapter 5 Development o f  a Laboratory Compton Camera Prototype

The effects of scatter in a 10-cm layer of tissue were observed as a degradation of 

the signal/noise ratio (or “peak-to-valley”) in the image; however, they did not affect 

significantly the FWHM of the profile. An angular resolution of approximately 4° 

(the same as in the case of a point source in air) was obtained even when considering 

the maximum effect of scatter (infinite energy window). With the discrimination at 

10 keV below the source energy, a change in the angular resolution could not be 

appreciated as the scatter correction improved only the “tails” of the profiles.

In order to obtain a better approximation to a clinical imaging situation, as well as 

to compare the effects of different amounts of tissue, simulations were also carried 

out for the case of radiation sources inside 3-D objects. In these investigations, the 

source simulated a point-like tumour imbedded at the centre of a uniform cylinder of 

soft tissue. The photon emission was isotropic and covered the entire solid angle. The 

number of simulated photon histories was 2 x 1 0 ^  for each case. This number was 

based on the typical conditions of a clinical examination; we assumed the 

administered activity to be in the order of 100 MBq, the acquisition time to be in the 

order of a few minutes (e. g. 200 s) and the ^*F-FDG uptake to be equal to 1 %. The 

distance between the centre of the phantom and the face of the electronic collimator 

was maintained constant (15.5 cm) for all cases. Three simple cases were modelled: a 

breast-size object (cylinder of 10 cm in diameter, 10 cm in length), a head-size object 

(cylinder of 20 cm in diameter, 20 cm in length) and an abdomen-size object 

(cylinder of 30 cm in diameter, 30 cm in length). The images obtained for these three 

cases are shown in Fig. 5.21 a). Fig. 5.21 b) and Fig 5.21 c).
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a) b)

c) d)

Fig. 5.21: Simulated images of 511 keV point sources imbedded in cylindrical phantoms of tissue 

equivalent material: a) breast-size phantom; b) head-size phantom; c) abdomen-size phantom; d) again 

abdomen-size phantom, but with scatter rejection (applied within a 10 keV window below the source 

energy).
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Analysis of the images showed that the scatter in tissue did not alter the value of the 

FWHM of the image profiles of the breast and head-size objects. Some degradation 

of the profile was found in the case of the abdomen-size object, for which however it 

was estimated that the angular resolution was worsened only by approximately half a 

degree. Again, the application of scatter correction did not improve the FWHM 

angular resolution, but it diminished the background noise (see Fig 5.21 d) and Fig. 

5.22).

abdom en size object 
(infinite w indow )

abdom en size object 
(10 keV w indow )

250 t

200  -

.e  150 -  
cQJ
c

0 100 200 400300

Pixel number

Fig. 5.22: H orizontal profiles o f  a point source in a tissu e ob ject o f  size  com parable to an abdom en, 

w ith  scatter correction  (1 0  keV  w in d o w ) and w ithout scatter correction (in fin ite  w in d ow ).
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Conclusions

6.1 Summary of results

The principle of y-ray collimation based on Compton scatter de-couples the inverse 

relationship between spatial resolution and detection sensitivity, which characterises 

conventional SPECT systems. The principle of Compton imaging favours medical 

applications with high-energy radioisotopes. In this work, Compton cameras were 

suggested as a potentially advantageous technique for imaging long-lived positron 

emitters. Results were presented on the design and experimental development of a 

Compton collimator, based on the use of semiconductor detectors.

A Monte Carlo simulation study was carried out in order to evaluate the use of 

elemental and compound semiconductors as scatter elements for a high-energy (511 

keV) Compton collimator. The Compton scatter efficiency of all materials was 

related to the performance of a conventional, parallel-hole collimator. It was 

estimated that a sensitivity gain between 10  ̂ and 10̂  could be achieved in the 140- 

511 keV energy range, depending on the size and the material of the collimator. The 

study concluded that silicon is at present the most suitable scatter material for the 

construction of a clinical Compton camera.

A computer model was developed in order to optimise the characteristics of a 

silicon detector for the electronic collimation of annihilation photons. The model 

simulated the functioning of a two-element Compton camera and included all the 

physical and geometrical factors that affect its angular resolution. The fundamental 

requirements of a silicon scatter detector were determined for its use in a desktop 

prototype system. The detector should be approximately 1 mm thick, have a
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minimum sensitive area of 2.4 x 2.4 cm^, have a spatial resolution in the order of 300 

pm and have an energy resolution of 6 % or better for 100 keV of energy deposition.

The results on the detector design were applied to the experimental development of 

a prototype collimator, based on the use of silicon microstrip detectors. The 

simulation tool was employed to evaluate the use of commercially available strip 

detectors and readout electronics. Effects associated with strip pitch and wafer 

thickness were investigated. The results showed that the optimum strip pitch should 

be approximately 500 pm. It was also proved that a wafer thickness of 0.5 mm would 

improve the spatial resolution of the system, whilst maintaining acceptable scatter 

efficiency and containment of recoil electrons. A double-sided microstrip detector 

with a thickness of 500 pm and a strip pitch of 470 pm was eventually selected for 

this project. The detector sensitive area was 6 x 6  cm^, hosting 128 strips on each 

side. The detector was to be used in conjunction with the APV6 readout chip, for 

which a noise level of 5.5 keV FHWM was estimated.

Tests were carried out for the electrical characterisation of the unbonded silicon 

strip detectors. Experiments were performed to measure the detector current-voltage 

and capacitance-voltage characteristics. The measured values of leakage current at 

full depletion were in the order of 1 -  2 pA. Circuit models were developed so as to 

perform and interpret the measurements of strip capacitance. The capacitance of a 

single strip was measured to be 6 pF with respect to the back plane, and 8 pF with 

respect to its four neighbours. The measurements of the electrical parameters of the 

detectors were applied to produce a theoretical estimate of the strip noise of ~ 9.2 

keV.

The silicon detectors were bonded to the readout electronics and tested for 

defective strips. Two detection modules were assembled and employed for the 

detection of minimum ionising electrons, using a fully operational acquisition system 

developed at Imperial College. Strip calibration was performed making use of the 

^®Sr ‘Landau peak’. The noise distribution was measured across all strips. The noise
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level of a typical detector channel was found to be approximately 9.4 keV (FWHM), 

in excellent agreement with the theoretical estimate based on the measured values of 

leakage current and strip capacitance. Experimental results on temperature effects 

and pulse shape variation indicated that the leakage current was the most probable 

cause of high noise. It was suggested that the noise level could be reduced by cooling 

the detector and/or by modifying the time constant values of the shaping amplifier.

A small laboratory prototype Compton camera was proposed, consisting of a stack 

of four silicon microstrip detectors, operating in a double Compton configuration and 

externally triggered readout mode. The experimental development of the camera was 

initiated by assembling two silicon modules for the first set-up of the collimator. A 

germanium detector, placed behind the stack, would provide the external trigger. 

Custom electronics were developed in order to enable the use of the APV6 in this 

application. Results were presented on the successful testing of a dedicated interface 

unit, which was constructed to synchronise trigger sequences, supply the chip clock 

and set the APV6 parameters.

A specific-purpose Monte Carlo code was employed, so as to correlate different 

levels of strip noise to the imaging performance of the Compton collimator. 

Modelling of the proposed two-element collimator at 511 keV (assuming a channel 

noise of ~ 6 keV) predicted an angular resolution of approximately 4°, which 

surpasses by 3° the typical performance of ultra-high-energy mechanical collimators. 

The collimator sensitivity to double Compton scatter was estimated to be 1.7 x 10*̂ , 

which is of the same order of magnitude as the geometric efficiency of a high-energy 

lead collimator. The estimated value of sensitivity increased to 7.6 x 10'  ̂ for a four- 

element collimator and to 2.8 x 10'"̂  for a ten-element stack. Simulation work was 

also presented for the case of point sources imbedded in tissue. Preliminary results 

suggested that patient scatter at 511 keV should not significantly affect the quality of 

the image profile. However, the use of a clinical Compton camera may be most 

suited to the imaging of small objects. The small size of the camera would in fact 

allow its use as a close field imager, thus increasing sensitivity with respect to the
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performance evaluated at a standard distance of 10 cm between source object and 

electronic collimator.

6.2 Future work

This thesis presented the first results on the design and experimental development of 

a Compton collimator for positron emitter imaging. The construction of a laboratory 

prototype Compton camera is currently under way at UCL. Substantial progress has 

been made on the system development and the completion of the experimental 

prototype is the aim for the immediate future. Although the emphasis of future work 

should be put on the experimental aspects of the project, the simulation and 

computing contents of this work could also be extended.

The first experimental tasks to be performed using the dedicated DAQ system at 

UCL should repeat the same strip calibration procedure that was carried out at the 

silicon laboratory of Imperial College. Such tests will assess the reliability of the 

readout system and the reproducibility of the measurements of strip noise. The 

operation of the existing two silicon modules in conjunction with the germanium 

detector will have to be tested in a simple set-up of the designed Compton camera, 

using a 511-keV point source (^^Na) in air. Experimental tests need to be carried out 

to determine the optimum pulse shaping performed by the APV6 in order to minimise 

channel noise.

The angular resolution of the camera should be evaluated experimentally and 

compared with the predicted performance, so as to assess the robustness of the 

computer model. In order to verify the results on the system sensitivity, however, the 

simulation tool should be extended so as to include the presence of an additional 

detector to provide the external trigger. The detection of three interactions will 

diminish the efficiency advantage that was predicted for the scatter collimator, which 

in this work was evaluated for its intrinsic performance.
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The developed computer model aimed to select the optimum parameters of the 

collimator and to assess the potential of the design, as a separate issue from the mode 

of triggering. The configuration of the proposed camera prototype, however, was 

dictated by the characteristics of the readout electronics, which required an external 

trigger. Future developments of the system may consider the use of self-triggering 

readout electronics, such as chips from the Viking series [Overdick et al., 1997] or 

the RENA chip [Kravis et al., 1999].

Another interesting area for future work is the study of calibration methods other 

than the detection of minimum ionising particles, as the evaluation of the Landau 

peak may not provide sufficient accuracy for this application. The choice of the 

optimum calibration procedure will depend on the characteristics of the readout 

electronics. In the case of externally triggered readout chips, such as the APV6, 

alternative calibration methods could be based on the use of unsealed ^^^Am sources 

[O’Neill et al., 1995] or Compton scatter of high-energy photons [Zych et al., 1996 ].

The optimum geometrical configuration of the camera elements should also be 

studied. Such experimental results would provide valuable information for more 

sophisticated and efficient designs. More efficient camera configurations could be 

researched; a stack of silicon scatter detectors could be employed in combination 

with a solid-state, position sensitive calorimeter. This thesis has concentrated on the 

optimisation of the scatter detector; future work could address the design criteria for 

the back detector.

Further investigations are also required on the effects of Doppler broadening in 

Compton imaging for photon energies of clinical interest (140 -  511 keV). On the 

basis of simulation results, it was recently suggested [Ordonez et al., 1997], 

[Wilderman et al., 1998] that this phenomenon considerably affects the operation of 

Compton cameras. Experimental evidence is needed so as to quantify this effect on 

the angular resolution of Compton collimators.
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Finally, one of the most challenging aspects in the medical application of scatter- 

based collimation is image reconstruction, the study of which was outside the scope 

of this thesis. Imaging of complex three-dimensional sources will require the 

development of more sophisticated reconstruction methods. As the number of 

sensitive elements of the prototype camera will eventually be extended, opportunities 

will exist to investigate algorithms based on polarisation effects of multiple 

Compton interactions. Such methods have been proposed in the literature [Dogan et 

al., 1992], but never actually applied to an experimental device.
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Appendix I

Electronic Noise in Strip Detectors

A l l  General noise model for a detector-preamplifîer system

For any detector-preamplifier system, the noise can be expressed in terms of an 

equivalent input noise source of spectral density [Nicholson, 1982], [Delaney, 

1980] (see Fig. AI.l):

dv^ =  F(cû)û?cû (AI.l)

where

F(co) = -\— -  H---- CAI.2)
CÙ CO

In the above expression, is the series noise term (mainly from the 

preamplifier plus a small contribution from the detector), b l̂co  ̂ is the parallel 

noise term (from both preamplifier and detector), and c /̂co is the Flicker noise 

term (from the preamplifier).

Noise ( F(co)dco )

Signal

Noiseless, ideal 
shaping amplifier

Fig. A l l: General model for a detector-shaping amplifier system. Cj is the total input capacitance.
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AI.2 Expression of Equivalent Noise Charge for a CR-RC shaper

If the amplifier gain has a frequency dependence of the type H(ja>), the mean 

square voltage at the output will be given by [Nicholson, 1982]:

F / = I ” F(co)l//(yœ)| rf(0 (AI.3)

For a CR-RC shaper of time constants r/ and the frequency function H(jco) is 

as follows:

= ,, . . r  (AI.4)(l + ycoT,)(l + ycoTj

By substituting expressions (AI.2) and (AI.4) in (AI.3) and by solving the 

integral, one obtains the following relationship:

where X = ti/ti.

The output pulse of the CR-RC shaper is:

C, T,
for t> 0  (AI.6)

where Q  is the charge associated with the detector signal and Cj is the input 

capacitance.

It can be shown that the function V(t) in (AI.6) has the following peak 

amplitude:
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V = (AI.7)
C.

By definition of Equivalent Noise Charge (or ENC, see section 4.4.1 of Chapter 

Four), it is:

N N .  = &  (ai.8)
Q V

Therefore, by combining equations (AI.7) and (AI.8):

And by substituting with expression (AI.5) one obtains the following 

expression for the Equivalent Noise Charge for a CR-RC shaper:

{EN Cf = ^ {  A ^ V - + - / — + [coulombs^]2X 2A.(X + 1)t, 2(X + 1) - l ) J
(AI.IO)

AI.3 Noise contributions in a strip detector system

The individual noise sources in a strip detector-readout chip system are discussed 

in sections 4.4 and 4.7 of Chapter Four, where the total strip noise is computed for 

the system of interest as a function of various physical parameters. The aim of the 

following sections is to provide the reader with an explanation of the equations 

that appear in those sections, which were employed for the theoretical evaluation 

of the strip noise. The global contribution of all noise sources to the equivalent 

noise charge is expressed in section 4.7.3 by equation (4.15), which is derived in 

this appendix with the help of some fundamental references ([[Nicholson, 1982], 

[Delaney, 1980], [Dubbs et a l, 1996], [Nygârd et a l, 1991]).
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AI.3.1 Contribution of integrated readout electronics

In the readout electronics employed for strip detectors, the preamplifier is 

integrated in an electronic chip. The preamplifier contributes to the noise with a 

power density spectrum F(co)chip, which can be expressed as follows [Nicholson, 

1982], [Delaney, 1980]:

^ A:, ^
—  +  ^  +  —

^ 7T 71(0 C , CO y
d(p (ALII)

where the first term is the thermal noise in the channel FET, the second term is 

due to the shot noise and the thermal noise in the gate resistor, and the third term 

is the Flicker noise. The coefficients ki, k2  and ks depend on the geometrical and 

physical characteristics of the transistor and on the temperature. This expression 

includes the dependence of the chip noise from the detector, as the input 

capacitance C, is the total strip capacitance.

AI.3.2 Detector contributions

Additional noise sources in a detector channel are associated with the resistance 

of the metal strip, the strip bias resistor and the strip leakage current. The 

following sections examine such contributions in more detail.

I) Metal strip resistance

The mean square voltage developed by a resistor in any frequency interval at a 

temperature T is given by Nyquist’s law:

~^ = 4kTRdf (ATI 2)

Since d f = da>/ (27t), then, assuming R = R^et, where Rmet is the metal strip 

resistance, one obtains:

^ ^ 2kT R „ Jœ  (AI.13)
71
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II) Bias resistor

Equation (AI.l 2) can be also applied to the case of the bias resistor Rsiaŝ  In terms 

of an equivalent current source, the relationship becomes:

(AI.14)
^ B ia s  ^ B ia s  ^ ^ B ia s

This current will flow across the input capacitance C,. The corresponding mean 

square voltage appearing at the amplifier input will be given by the value of

i  ̂multiplied by the square of the impedance of C,:

7  = (AI.15)

III) Leakage current

The detector leakage curren t/is  a source of shot noise, which is associated with 

the fluctuations of number of carriers in the current. If d/V is the average number 

of carriers in a time dt, then the corresponding average current is ( / = dQ/dt):

1 = ^  (AI.16)
dt

where e is the electron charge.

The number dN  will fluctuate statistically with a standard deviation equal to 

(dN)^^ .̂ From equation (AI.16), the corresponding current fluctuation i is:

From equation (AI.16), it is dN = Idt/e, thus:
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(AI.l 8)
dty/e

Squaring up equation (AL 18) we obtain for the mean square fluctuation:

e  = —  = eld f = (Al. 19)
dt 2n

A  detailed analysis [Schottky, 1918] shows that this quantity should actually be 

twice the relationship in (AI.l9). The mean square current fluctuation is therefore:

= (AI.20)
7t

Again, this current will flow across the input capacitance C,. The corresponding 

mean square voltage appearing at the amplifier input will be given by the value

of P multiplied by the square of the impedance of Q:

AI.3.3 Equation for the Equivalent Noise Charge

The detector contribution F(co)detector to the noise power density spectrum for a 

single strip will be given by the sum of the terms expressed by equations (AI.13), 

(AI.15) and (AI.21), which are respectively associated with the resistance of the 

metal strip, the strip bias resistor and the strip leakage current:

+ -------------------:— -  +

V "  ■Kta^Cf j

Let us now write explicitly the spectral power density F(co) for a chip-detector 

system, by combining equations (AI.l 1) and (AI.22):
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+ ^ ^  + eI
^ — + &  

7T 7TCÛ C. CO
(AI.23)

This is of the same form as equation (AI.2), with

^ 2

7T
(AI.23 a)

H H s i
R

—  Bias_______

TCC'
(AI.23 b)

= k. (AI.23 c)

Finally, by substituting (AI.23 a \  (AI.23 b) and (AI.23 c) in equation (AI.IO), 

we obtain the following expression for the Equivalent Noise Charge in the case of 

a system comprising a strip detector and a readout chip with CR-RC shaping:

A  _ 2  BTj C l n À---- C t + —̂ ------------  + •( E N C f = - ^  ^
2X{X + l)X| 2(x +1) {x̂  - 1)2 k

c l  \Coulomb^ ] (AI.24)

where:

A = k^+ 2kTR^^, (AI.24 ci)

B = k^ + ^E L  + eI
Rb. .

(AI.24 b)

C = k. (AI.24 c)

Equations (AI.24), (AI.24 a), (AI.24 b) and (AI.24 c) are the same as 

equations (4.15), (4.15 a), (4.15 b) and (4.15 c) in Chapter Four, Q.E.D.
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By isolating the six addition terms in (AI.24), it is thus also possible to identify 

equations (4.7), (4.8) and (4.9) of section 4.4.3; they can be related to the second, 

the fourth and the fifth term respectively. These equations were employed in 

Chapter Four for the computation of the detector noise contribution from the 

resistance of the metal strip, the strip bias resistor and the strip leakage current. 

However, in equations (4.7), (4.8) and (4.9) the ENC is expressed in electrons 

rather than Coulombs; such equations should therefore be multiplied by a factor 

g=1.6 X  10"’̂  C in order to match the corresponding terms in equation (AI.24) of 

this Appendix.

260



Appendix II

The Interface Electronics

The interface electronics for the UCL Compton camera DAQ system was developed 

as a compact unit (see section 5.3.2 of Chapter Five). This comprises the TDS2020 

microcontroller, the electronics associated with the integral keypad and liquid crystal 

display and the interface board, which is dedicated to the formation of the fast- 

control signals for the APV6. In addition, the board performs voltage level shifting

for the slow-control (I^C) signals between the microcontroller and the APV6. The 

board also produces a clock signal for the PC-based ADC cards and allows it to be 

synchronised to the data output stream from the APV6s. This appendix, the content 

of which was extracted and/or adapted from [Cullum, 2000], is a technical 

description of the interface board.

A Il.l Basic description of the interface board and its functions

The fast-control signals on the APV6 trigger line are generated by the interface board 

in response to a simple rising edge on one of its four inputs. These input signals can 

be either supplied as test sequences by the microcontroller or as a trigger by an 

external detector. The interface board plugs onto the motherboard of the interface 

unit. The timing and duration of the input control signals to the interface board are 

non critical and are at TTL levels. The board uses mainly high speed CMOS (74HCT 

series) logic. A second smaller assembly (‘piggy-back’ board) plugs onto the 

interface board. This additional board was not included in the original design but 

became necessary to properly condition the ECL clock and trigger signals when 

multiple APV6s are used.

The functions of the interface board can be summarised as follows:

1) To provide a reset sequence (‘101’) to the APV6 in response to a manual request 

from integral keypad or PC. The sequence has to be suitably timed to the chip clock.
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2) To provide a calibrate sequence to the APV6 in response to a manual request from 

integral keypad or PC. This calibrate sequence must be followed by a trigger to allow 

readout of the calibrate data. The calibrate signal is a ('11'), again suitably 

synchronised with the system clock. The subsequent trigger is a single 1 which must 

follow a set time after the calibrate request. The actual value of the delay can be 

programmed into the APV6 via the ‘latency’ register.

3) To provide a trigger signal (‘1’) in response to a trigger event from an external 

detector or a manual request from the integral keypad or PC. The system must be 

insensitive to subsequent trigger events during the readout time. The system responds 

in an identical manner to manual requests or to those from an external detector. The 

requests from the external detector can be disabled on the board within the 

controlling software.

4) To shift all fast-control signals (i.e. clock, calibrate, reset or trigger) on the APV6 

trigger and clock inputs from TTL to differential ECL voltage levels.

5) To provide voltage level shifting (between 0-5 V and +/- 2V) for the bi-directional 

I^C data slow-control signal and uni-directional clock signal between the 

microcontroller and the APV6. The clock is always supplied by the microcontroller 

irrespective of whether data is being written to or read from the APV6.

AII.2 Method of operation

For the operation of the interface electronics it is necessary to refer to the circuit 

diagram in Fig. AII.l a) and b).

AII.2.1 System Clock

The basic system clock is supplied by ICI and is subsequently divided down by two 

(pin 14) and 4 (pin 13) of IC2. These signals are termed Clk, Clk/2 and Clk/4. 

Throughout this description the system clock is assumed to be at a frequency of 

40MHz, i.e. a cycle duration of 25 ns (12.5 ns ‘high’ and 12.5 ns ‘low’), which is the
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standard operation frequency of the APV6. The functioning of the board is actually 

independent of clock frequency except that the various timings and delays will need 

to be scaled accordingly.

AII.2.2 Manual Reset

The manual reset (‘101’) clears the APV6 pipeline and resets internal pointers. It is 

needed before using the APV6 following power-up or after changing the values 

stored in any of the APV6 registers. The reset sequence is instigated by a high level 

on pin 13 of IC9, which is then also present on IC9 pin 11 and IC ll pin 1. Its 

duration is not critical and it can occur at any part of the clock cycle.

The high level on ICI 1 pin 1 allows Clk/2 signal (which is always present on ICI 1 

pin 2) to eventually appear on ICI2 pin 6 and hence IC ll pin 9. The high level on 

IC9 pin 11 produces a high level on ICIO pin 2. The next rising edge of the Clk/4 

signal on pin 3 of ICIO causes pin5 of ICIO to go high. The rising edge of this signal 

therefore signifies a reset request, but importantly it is synchronised with the rising 

edge of Clk/4 and hence the rising edge of Clk. This signal is applied to pin2 of ICI 3 

after passing through variable delay unit Delay4, causing a positive going pulse on 

pin 13 of IC3. This pulse enables the reset sequence.

The pulse length can be varied by using the capacitor C l2 and the variable resistor 

VR6; it should be set between 75 and 125 nsec (nominally lOOnsec, 4 clk pulses). 

This pulse length is sufficient to span the 101 reset sequence (and not to obtain 

further high data or ‘I ’s) as long as the synchronisation of this pulse with clk/2 is 

correct. The enable pulse from IC I3 pin 13 is ‘anded’ with the clk/2 sequence (or 

clk/4 sequence in the case of the calibrate - see next section) on pins 9 and 10 of 

IC ll. To obtain the correct sequence from IC ll pin8, pin 9 of IC ll must be low 

when pin 10 goes high. This is the use of Delay4.

The output from IC ll pin 8 and hence ICI2 pin 11 is the reset sequence, except 

that it needs to be suitably re-synchronised with the Clk signal. This is the use of
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Delays. Finally the TTL sequence is applied to IC4 pin 7, producing a differential 

ECL level sequence on pins 1 and 3.

AII.2.3 Calibrate Sequence

The calibrate sequence (‘110’) is achieved in much the same way as the reset 

sequence, except by using the clk/4 sequence. With the calibrate line high on IC ll 

pin 4, the clk/4 sequence (which is continuously present on IC ll pin 5) will appear 

on IC ll pin 6 and hence ICI2 pin 6 and IC ll pin 9. The high calibrate signal also 

appears on ICI2 pin 1 and hence ICIO pin 2, causing the same set of processes to 

occur as described for the reset sequence.

AII.2.4 Calibrate Trigger

The calibrate sequence causes the production of an internal 'event', i.e. a 'dummy' 

analogue pulse in the APV6. To read out this event a trigger (‘1’) must follow the 

calibrate sequence after a fixed time. The actual value of this delay can be 

programmed into the APV6.

The trigger for the calibrate sequence is produced in the following way. At the 

same time that ICI2 pin 12 goes high so does IC ll pinl3. To ensure that this is a 

calibrate and not a reset request this signal is 'anded' with the calibrate signal (IC ll 

pin 12) to produce a rising edge on IC ll p in ll. This rising edge will have a fixed 

time relationship to the start of the calibration sequence. The rising edge on IC13 pin 

10 produces an output pulse on ICI3 pin 5, the duration of which is set by C8 and 

VR5. This should be set between 2800 and 6000 ns (14-30 times clock/8), nominally 

set to 4400 ns, the length is not critical. This pulse is applied to pin 1 of IC3, bringing 

the counter out of reset, and counting at the rate of clock/8 (IC3 is clocked on pin 2 

by the signal from pin 12 of ICI 8, which is brought out of reset at the same time of 

IC3). At the start of the 14̂*̂  clock/8 pulse (i.e. after 13 x 25 x 8 = 2600 ns) pins 11,12 

and 13 of IC3 are high, and hence so are pins 3, 4, 5 and 6 of IC5, pin 6 remains high 

for 50ns. This produces a rising edge on ICI2 pin 9 and hence ICI2 pin 8 and ICI4 

pin 2. ICI4 produces a positive output pulse on pin 13 of length determined by C l4
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and VR8. This pulse length is set to be longer than the readout period (which is 

approximately 7p,s). On the next rising edge of Clk (on ICIO pin 11), ICIO pin 9 goes 

high (i.e. the trigger information is now synchronised with the system clock).

The rising edge of this signal is applied to 1C 14 pin 10 (after passing through 

variable delay line Delay 1) which produces a positive output pulse on 1C 14 pin5 of 

duration 25-75ns (nominal 50ns), set by C13 and VR7. Delay 1 is used to ensure that 

the rising edge of this signal occurs whilst Clk/2 is low. The duration of the pulse is 

such to ensure that under these circumstances one and only one (i.e. 25ns) high pulse 

of clk/2 appears on 1C5 pin 12. Delay2 is used to resynchronise this pulse to Clk, it 

then passes through 1C 12 pins 13 and 11 to 1C4 pin 7 to be converted to ECL levels 

on 1C4 pins 1 and 3.

AII.2.5 Normal Trigger

This is produced in response to a rising edge on 1C5 pins 9 and 10 from an external 

trigger detector (or some other TTL trigger source). The system is sensitive to the 

rising edge of this pulse and its length is therefore not critical. As there may be pulses 

on this input which need to be ignored when carrying out acquisitions using internal 

trigger source (calibrate or trigger only) it is necessary to disable this input when not 

in use. This is done by 'anding' the signals with a control signal present on 1C5 pin 

11. When enabled, the external trigger event causes a rising edge on 1C9 pins 9 and 8 

and then on 1C 12 pins 10 and 8. The same sequence of events as described above for 

the calibrate trigger is hence instigated.

AII.2.6 Manual Trigger

This produces the same sequence of events as the normal trigger except it is initiated 

by a rising edge on 1C9 pin 10.

AII.2.7 Multiple Triggers

The system has to be made insensitive to multiple events. Very fast multiple triggers 

could be misinterpreted as a reset sequence. This is achieved by the system being
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basically edge triggered. A second trigger whilst the first is being processed (i.e. the 

pulses from ICI4 pin 13 and IC I5 pinlS are still high) will only result in the length of 

these pulses being increased. As the rest of the trigger circuit responds only to level 

changes of these signals the system is insensitive to the second trigger.

AII.2.8 I^C Bus

This is basically a two-wire bus, one carrying a clock signal which is always supplied 

by the master device (TDS2020) and one carrying data. The ‘data in’ and ‘data out’ 

lines on the APV6 are in fact separate, but during operation are tied together.

The f c  clock signal on pin 2 of ICI 6, which runs between 0 V and 5 V, is shifted by 

ICI6 to run between +/- 2.0 V on pin 6. The data line is common (i.e. in and out on 

the same wire) on the TDS2020 side. This is achieved by using the output enable 

function of ICI7 and IC7. When not enabled, the output line goes into a high 

impedance state. ICI7 and IC7 also perform voltage level shifting (from 0/5 V to +/- 

2 V or vice versa) of the I^C in and out data signals.

In order to write data to the APV6, the Enable APV6 data in line is set high. So 

IC I7 pin 7 goes high and ICI7 pin 6 goes into a high impedance state. At the same 

time IC6 pin 6 goes low and hence IC8 pin6 drops to -2  V, enabling IC7 (via IC7 pin 

7). This allows data to be sent from the TDS2020 on IC7 pin2 to the APV6 on IC7 

pin6.

In order to read data from the APV6, the enable APV6 data in line is set low. This 

causes IC6 pin 6 (and hence IC8 pin 2 and IC8 pin 6) to go high (+2 V). IC7 pin7 

therefore goes high disabling the output from IC7 (i.e. IC7 pin 6 goes into a high 

impedance state). Subsequently, data sent from the APV6 on ICI7 pin 2 are 

presented at TTL levels on ICI7 pin6 for reading by the TDS2020.

AII.2.9 Control of multiple APV6s

As mentioned earlier, an additional board was introduced for the fast-control (clock
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and trigger line) signal conversion from TTL to ECL levels when multiple APV6s 

have to be controlled. Due to the termination resistance on the APV6s, it is only 

possible to drive one APV6 per output of the chip that performs the conversion (i.e. 

IC4 in Fig. AII.l a). In order to allow four APV6s (i.e. two detector planes) to be 

controlled at the same time, a sub-board (‘piggy back’ board) was specifically 

designed (see Fig. AII.2). The signals on IC4 of the main interface card (Fig. AII.l a) 

are guided via a connector onto the piggy back board at ICI (Fig. AII.2). There are 

two converter (MCI0124) chips on the piggy back board: IC2 is used to produce four 

differential ECL clock outputs and IC3 to produce four differential ECL trigger 

outputs. Their function and wiring is as described earlier for the original board. IC4 

(a 74HCT04 in Fig. AII.2, not to be confused with IC4 of Fig. AII.l a) is used simply 

to buffer the TTL clock and trigger signals from ICI so as to allow them to drive the 

four inputs on each of the MCI 0124 converters. IC4 also buffers the 40-MHz clock 

signal before it is passed to the PDA12A ADC cards via a coaxial cable.
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Fig. AII.l: a) Circuit diagram  o f  the interface board (Part I).
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