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Abstract

Tumor motion limits the accuracy of radiation therapy. Positron emission tracking
(PeTrack) is a technique that can track tumors through detecting annihilation gammas
from implanted positron emission markers. This thesis focuses on detector development
for PeTrack. Due to the intense scattered x rays from a Linac, scintillator (BGO)

afterglow and detector gating, i.e. turning off the detector during the intense x-ray pulse
need to be addressed. The evaluation of BGO showed very low afterglow. A gating
circuit was designed, optimized and tested. Energy resolution of the detector is better
than 25% (FWHM) with optimal gating parameters. A data acquisition system for
PeTrack was set up and calibrated successfully. The first PeTrack prototype was
developed and evaluated. The prototype was able to localize two positron emitting
markers with an average precision of 0.16-0.21 mm, and an average accuracy of 0.6 mm
on distance between the two markers.

n

Acknowledgements

This work is dedicated to my parents, who encouraged me to explore my academic
interests and curiosities and have led me to where I am today. And to my dear husband
who has always stood by my side and without his support this work could not have been
completed. And to my sister, her little son, and my brother, whose support and
encouragement made my intellectual journey a better experience.
I would like to express my gratitude to my supervisor, Dr. Tong Xu, for his
continuous support and commitment to his students, and also for his wide knowledge,
valuable advice and excellent guidance throughout this project.
I would also like to thank Malcolm McEwen from the National Research Council
of Canada who facilitated the use of the clinical linear accelerator at NRC.
I am also deeply grateful to my friend, Benjamin Spencer, for his extreme help
and support in computer programming, designing figures and plotting graphs for this
project.
I warmly thank my lab partner, Marc Chamberland, for the information he
provided me, with regard to PeTrack algorithm.
I would also like to thank Dr. Shengli Liu, Yves Baribeau, and Cliff Hargrove,
for consultation on gating circuit design and electronics.
I also wish to thank, Philippe Gravelle, for his help in machining the housing of
detectors.
I would also like to thank, Bill Jack, for his assistance in software installation.
I would also like to acknowledge NSERC Discovery Grant for funding this
project.

iii

Table of Contents
Abstract ii
List of Tables vj
List of Figures vji
Glossary of Acronyms

x

Project Overview xj
Chapter 1 - Introduction (Background) 1
1.1-Current radiation delivery techniques 1
1.2-Limitation of radiation delivery 3
1.3 -Current tumor tracking techniques during radiation therapy 4
1.4-PeTrack: A new tumor tracking technique 5
Chapter 2- Design of the PeTrack system 7
2.1-Principles of PeTrack 7
2.2-Markers 8
2.3-Detector module 11
2.4-Readout system 15
2.5-Single marker and multi-marker tracking algorithm 16
2.6-Summary 18
Chapter 3 - BGO Crystal 19
3.1-Characteristics of BGO 19
3.2-Radiation Hardness 19
3.3-Afterglow 21
3.4- Evaluation of BGO sample 21

iv

3.5-Result
Chapter 4 - Gating of PeTrack detector 27
4.1-Principles of gating 27
4.2-Evaluation of the gating circuit with UV excitation 31
4.3-Evaluating the gating circuit with a linear accelerator and obtaining the
optimal gating voltage and gating width 35
4.4-Evaluation of gating with optimized parameters 52
4.5-Conclusion 55
Chapter 5 - The first PeTrack prototype 56
5.1-Setup of the first PeTrack prototype 56
5.2-Principles of the readout system 57
5.3-Calibration of the PeTrack prototype 59
5.4-Evaluation of the PeTrack prototype 65
5.5-Result 65
5.6-Conclusions 66
Chapter 6 - Conclusion and future work 67
References 68

v

List of Tables
Table 2.1 Average positron energy (keV) for isotopes used in PeTrack 9
Table 2.2 CSDA range of positron in different materials 9
Table 2.3 Life time dose at different distances from the marker with different
isotopes (activity=3.7 M B q ) [1]
10

Table 3.1 Comparison of major inorganic scintillators 19
Table 3.2 Dose measurements in air with an ion chamber for different settings of the
Linac and different locations of the PeTrack detector
20
Table 4.1 Energy resolutions for different frequencies: field size 15x15 cm2, gate width
150 ps, gating voltage 200 V , pmt voltage 830 V, 10 M V beam
37
Table 4.2 Energy resolutions for different frequencies: field size 15x15 cm2, gate width
150 [is, gating voltage 200 V, pmt voltage 830 V , 6 M V beam
38
Table 4.3 Energy resolution for different field sizes 40
Table 4.4 Energy resolution for different gate width, 200 Hz 41
Table 4.5 Energy resolutions for different gate width, 400 Hz 44
Table 4.6 Energy resolution different gating voltages, 50 Hz 45
Table 4.7 Energy resolution different gating voltages, 100 Hz 46
Table 4.8 Energy resolution, 6 MV, different frequencies 53
Table 4.9 Energy resolution, 10 MV, different frequencies 54
Table 5.1 energy resolutions for different crystal element in a 9x9 array of 4x4 mm2
crystal elements
63

vi

List of Figures
Figure 1.4.1 Positron emission and annihilation 6
Figure 2.1.1 Drawing of four PeTrack detector modules (Al, A2, BI, B2) mounted on the
linear accelerator gantry with 50 cm from isocentre 7
Figure 2.2.1 The positron emission marker for PeTrack system 8
Figure 2.3.1 Schematics of PeTrack Detector modules 11
Figure 2.3.2 A 5.2x5.2 cm2 BGO crystal pixelated to 13x13 array of 4x4 mm2 elements
and an H8500 Hamamatsu photomultiplier 12
Figure 2.3.3 Electrode structure and electron trajectory of a Position Sensitive PMT 13
Figure 2.3.4 a: Anode pad array of PMT with the position coordinates x, y, b: Active
resistive network and four output signals 14
Figure 3.4.1 A 2x2x2 cm3 undoped BGO crystal 21
Figure 3.4.2 Detector unit (a), electronic schematics (b), used for primary evaluations.
Crystal is coupled to the PMT with silicon grease, outer cap moves and covers the
housing 22
Figure 3.4.3 Showing the intensity of the UV light shining on a 2x2x2 cm3 BGO 23
Figure 3.5.1 UV signal, top, and PMT output at 500V, bottom 25
Figure 3.5.2 Energy resolution of BGO for 511 keV gamma rays,
high voltage 830 volts 25
Figure 3.5.3 PMT output due to scattered x rays from a Linac at different field sizes 26
Figure 4.1.1 Schematics of gating circuit. K is the photocathode. D Y1... .D Y10 are PMT
dynodes 1... 10. P is the anode. HV1 is the high voltage power supply for the PMT. HV2
is the gating voltage. GATE is the input for gating pulse 28

vii

Figure 4.1.2 a: Gate signal, 10 usee, b: Dynode 2, 3, 4, and 5 voltages before, during and
after gate signal 30
Figure 4.2.1 UV LED signal (top) and gating signal (bottom) 31
Figure 4.2.2 UV signal and pmt output without gating 32
Figure 4.2.3 PMT output with 20V gating 33
Figure 4.2.4 PMT output with 80V gating 33
Figure 4.2.5 PMT output with 100 V gating voltage 34

Figure 4.3.1 Geometry (a), and electronics schematics (b), of the detector unit setup wi
the Linac atNRC 36
Figure 4.3.2 Energy spectrum of 22Na, in the radiation environment of a Linac, with
gating, 10 MV beam 38
Figure 4.3.3 Energy spectrum of 22Na, in the radiation environment of a Linac, with
gating, 6 MV beam 39
Figure 4.3.4 Energy spectrum of 22Na, with gating, 6 MV beam,
different field sizes 40
Figure 4.3.5 Energy spectrum of Na, with gating, 6 MV beam,
different gate width 41
99

Figure 4.3.6 Energy spectrum of Na, 150 us gating, 6 M V beam,
400 Hz x-ray signal 42
99

Figure 4.3.7 Energy spectrum of N a , 50 us gating, 6 M V beam,
400 Hz x-ray signal 43
Figure 4.3.8 Energy spectrum of Na, 6 MV beam, 400 Hz x-ray signal,
different gate width 43

viii

Figure 4.3.9 Energy spectrum of 2 2 N a for different gating voltages, 50 H z

45

Figure 4.3.10 Energy spectrum of 22Na for different gating voltages, 100 Hz 46
Figure 4.3.11 Gate signal, 10 ps long 48
Figure 4.3.12 PMT output signal for different gating voltages 48
Figure 4.3.13 (a) PMT output signal for different field sizes at 6 MV beam, (b) the

amplitude of the PMT signal was plotted against the field size. The line indicates a line
regressing fit. The gating parameter used are 100 V and 10 us 49
Figure 4.3.14 PMT output signal for different field sizes at 10 MV beam 50
Figure 4.3.15 PMT output for 6 and 10 MV beams at 45°, forward scatter 51
Figure 4.3.16 PMT output for 6 and 10 MV beam at 45°, backscatter 52
Figure 4.4.1 Energy spectrum of the 22Na without gating at 400 Hz 53
Figure 4.4.2 Energy spectrum of 22Na, at 6 MV for different frequencies 54
Figure 4.4.3 Energy spectrum of 22Na, at 10 MV for different frequencies 55
Figure 5.1.1 Schematics of the first PeTrack prototype 56
Figure 5.2.1 (a) schematics of the readout system for PeTrack
(b) Schematics of MPET-8 module 58
Figure 5.3.1 2D position histogram of PMT # 0 60
Figure 5.3.2 One dimensional profile of one row of crystal elements 61
Figure 5.3.3 Energy spectrum of 4x4 mm crystal elements, (a) crystal ID number (1, 1),
(b) crystal ID number (5, 5), and (c) crystal ID number (9, 5) 63

ix

Glossary of Acronyms
BGO - bismuth germinate
BGO:Eu - europium doped BGO
CSDA - continuous-slowing-down approximation
CT - computed tomography
CTV - clinical tumor volume
3DCRT - three dimensional conformal radiation therapy
F WHM- full width half maximum
GTV - gross tumor volume
IMRT - intensity modulated radiation therapy
IMAT - intensity modulated arc therapy
MLC - multileaf collimator
MRI - magnetic resonance imaging
PEPT - positron emission particle tracking
PET - positron emission tomography
PM - Photomultiplier
PMT - Photomultiplier tube
PTV - planned tumor volume
SPECT - single photon emission computed tomography
US - ultrasound

x

Project overview and summary of contributions
Radiation therapy is one of the main modalities for the localized treatment of tumors.
Although there have been advancements in radiation delivery techniques, tumor motion
can limit the accuracy of the radiation therapy. Patient movement, respiration, and
transient physiological events, change the position of the treatment site during externalbeam radiotherapy. Studies have shown that tumor located in the chest or abdominal area
can move up to 30 mm due to respiration or cardiac beating [1, 2, and 3].
To achieve the goals of radiation therapy it is important to consider tumor's motion in
radiation treatment planning. Present practice accommodates target movement by
expanding the treatment beam to ensure that the treatment target always remains within
the irradiated field. However, this increases the radiation exposure to healthy tissue,
limiting the maximum dose that can be delivered to the tumor. Lower doses results in
inferior treatment outcomes. In an ideal radiotherapy procedure the treatment system
would continuously adapt the radiation beam delivery to compensate target movement,
thus elimination motion margins and enabling higher doses.
Treatment during free breathing presents the most challenging problem in motionadaptive radiotherapy. There are presently two basic strategies to synchronize dose
delivery to respiration: (1) turn the beam on only when the tumor is estimated to be at a
specific position in the respiratory cycle (temporal gating); or (2) shift the beam in space
to maintain alignment with the tumor throughout the respiratory cycle (spatial tracking).
External or internal markers or other devices are used to monitor the respiratory motion.
There are many factors that contribute to bad correlations between external markers and
internal motion, such as unstable breathing, phase shift and cardiac beating, Therefore
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internal markers are preferable. Internal markers are implanted in or close to tumor. The
techniques are invasive but provide exact location of the tumor. Two kind of internal
markers are: Radio-opaque markers that can be tracked by two x-ray imaging systems
and Electromagnet (EM) markers that can be tracked by an array of coils (antenna). Both
of these tracking techniques have their own limitations. X-ray fluoroscopy introduces
extra dose to the patient and electromagnetic tracking uses large size markers which can
be dangerous to be implanted into lung tumors. With the Positron emission based tumor
tracking technique (PeTrack), that was first introduced in 2006 by Dr. Tong Xu, et. al.[l],
small radio opaque markers labeled with a short half life positron emission source that are
implanted inside or around tumor will be tracked. Tracking is done with two pairs of
position sensitive gamma detector modules. The objective of this work was to develop
and evaluate the detector for PeTrack and also to set up and calibrate a prototype PeTrack
system.
Bismuth Germinate crystal was chosen as scintillator for the detector. In the first part of
this project I evaluated the characteristics, mainly afterglow, of our BGO crystal sample.
To avoid overloading the PeTrack detector with scattered x rays from the linear
accelerator, the PeTrack detector should be able to work in a gated mode, i.e. the detector
should be turned off during the x-ray pulse and be turned on between the x-ray pulses to
acquire positron emission signal. In this project, after the gating circuit for the detector
was designed, I built and evaluated the gating circuit. I also tested the overall
performance of the detector with the gating circuit. In the last part of the project, I
constructed a prototype of a PeTrack system and evaluated its capability to localize the
position of positron emission sources.
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Chapter 1- Introduction
In this chapter, overviews of different radiation delivery and tumor motion
tracking techniques as well as their limitations are provided. These overviews will later
lead to a brief introduction to the PeTrack technique.
1.1- Current radiation delivery techniques
Radiation therapy is one of the main modalities for the localized treatment of
tumor. The goal of radiation therapy is to maximize the probability of tumor eradication
and minimize the probability of injury to surrounding normal tissue. This can be achieved
by delivering sufficient dose to tumor cells and reducing normal tissue dose to acceptable
level. Recently, there have been significant improvements in radiation therapy delivery
techniques.
3D conformal therapy (3DCRT)
The three-dimensional conformal radiotherapy (3DCRT) process is based on a
three dimensional computed tomography. Multiple beams from different directions are
focused on the tumor. The shapes of the radiation fields are tailored to follow the outline
of the tumor. This will result is a "conformed" radiation to tumor cells while avoiding
normal adjacent tissue. Because higher doses of radiation can be delivered to cancer cells
while significantly reducing the amount of radiation received by surrounding healthy
tissues, the technique can increase the rate of tumor control while decreasing side effects.
Multi-leaf collimator based intensity modulated radiation therapy (IMRT)
Computer-controlled x-ray accelerators are used in intensity-modulated radiation
therapy (IMRT) [4]. IMRT delivers precise radiation doses that are conformed more
precisely to the three-dimensional shape of the tumor by controlling the intensity of the
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radiation beam. With IMRT the radiation doses can be focused to regions within the
tumor and therefore the dose to surrounding normal tissue is minimized. The treatment is
planned by using 3-D CT images of the patient. A computerized dose calculation will
determine the dose intensity pattern that will best conform to the tumor shape. A custom
tailored radiation dose that maximizes tumor dose while protecting normal tissues
surrounding the tumor will be produced by the combination of several intensitymodulated fields coming from different beam directions. Compared with 3DCRT, higher
doses can safely be delivered to tumors while dose to normal adjacent tissue is reduced to
minimum, with the IMRT approach.
Tomotherapy
Tomotherapy is delivery of intensity-modulated, rotational radiation therapy using
a fan-beam delivery [5]. The NOMOS (Sewickley, PA) Peacock system is an example of
sequential (or serial) tomotherapy that uses a fast-moving, actuator-driven multileaf
collimator attached to a conventional C-arm gantry to modulate the beam intensity. In

helical tomotherapy, the patient is continuously translated through a ring gantry as the fan
beam rotates. The beam delivery geometry is similar to that of helical computed
tomography and requires the use of slip rings to transmit power and data.
Intensity modulated arc therapy (IMA T)
This technique combines spatial and temporal intensity modulation with the

movement of the gantry [6]. Instead of using a slit (or fan) beam to treat a single slice of
the patient at a time, as in tomotherapy or other slice-based treatments MLC-shaped
fields, which change shape during gantry rotation, to deliver the dose to the treatment
target are used.
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Robot-based radiosurgery
The CyberKnife Stereotactic Radiosurgery System [7] uses computer-assisted,
non-surgical technology to transmit small beams of radiation from several different
angles into a tumor thereby minimizing the exposure of surrounding healthy tissue. Based
on CT scan data of a tumor, and the skeletal structure of the body as a reference frame, a
high speed computer-controlled robotic arm is used to position the beam to follow patient
and tumor positions during treatment.

1.2- Limitation of radiation delivery
The recent development of delivery techniques has significantly improved degree
of dose conformity to the planning target volume. With the help of advanced imaging
modalities (CT, MRI, SPECT, PET, and US) tumor visualization and eradication have
improved a lot within the last few years [8]. For tumors located in the chest or abdominal
areas though, the limiting factor on the delivery accuracy of radiation therapy is tumor's
motion due to respiration or cardiac beating [9]. To cover tumor's motion during
respiration larger target volume margin is used. This results in significant dose to the
normal tissue surrounding the tumor. Applying precise respiration gating is one of the
solutions and requires the exact spatial position of the tumor to be determined in real-time
during treatment. Skin markers used in this technique can provide indirect indication of
tumor position which can introduce significant tracking errors [10, 11]. Even with
implanted x-ray fiducial markers that are correlated with the external respiratory
surrogates prior to each treatment fraction, due to the intra-fractional variation of the
patient's breathing pattern the residual motion can still be large [11-13]. Real time tumor
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tracking can provide accurate respiration gating or even tumor-tracked radiation therapy.
1.3 - Current tumour tracking techniques during radiation therapy
To succeed, a tracking system must be able to do four things: (1) determine the
tumor position; (2) anticipate the tumor motion to allow for time delays in realignment of
the beam; (3) transmit the target coordinates to the re-alignment system through a control
loop; (4) reposition the beam [14]. All of this must be done automatically and in real
time, where real time refers to timescales that are short compared to the period over
which the tumor moves appreciably. Tracking tumour position in real-time is the first
step. Current tracking techniques include x-ray imaging and electromagnetic tracking.

X-ray imaging
If planar x-ray imaging is used, there is a challenge to see and automatically
isolate low-contrast tumor tissue in the images [15]. This problem has been most often
solved by implanting point-like radio-opaque markers in the tumor, which show up
clearly in x-ray and can be quickly and automatically localized. If a fluoroscopic imaging
system is used, a real-time stream of tumor position at 10 - 30 Hz can be observed.
However, fluoroscopy during lengthy radiotherapy fractions delivers a significant
concomitant radiation dose to the patient: 30-100 cGy skin dose per hour of treatment
time over an area of 100-200 cm2 [17].
Electromagnetic Tracking
In this technique electromagnetic transponders are implanted at the treatment site
[16]. The wireless transponders are activated by an external transmitter and then allowed
to radiate EM signals at their characteristic frequency. The radiated signals are detected
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by an array of receiver antennae positioned above the patient, from which the system
triangulates to the position of the transponder [14]. Implanting radiographic fiducials or
transponders, typically 1.8 mm x 8 mm cylinders, is an invasive procedure that has
associated risk, especially in the lung.

1.4- PeTrack: A new tumor tracking technique
After discussing different radiation delivery techniques and their limitations, the
positron emission tracking (PeTrack) technique is introduced in this section as a solution
for the limitations mentioned above.
PeTrack uses very small (0.5 - 0.8 mm diameter) markers labeled with a very low
activity (0.03-0.2 mCi) positron emission source. By detecting pairs of annihilation
gammas from the positron source, with two pairs of position sensitive gamma detectors
that are installed onto the linear accelerator gantry, the position of the markers can be
determined. Figure 1.4.1 shows the positron annihilation and two back-to-back gamma
rays produced. The PeTrack technique can provide real-time tumor tracking with low
dose to normal tissue and will increase the feasibility of precise respiration gated IMRT,
tumor tracked radiation therapy [18, 19], and robotic motion compensated radiosurgery
[4]. The implantation of positron emission markers, whose diameter can be as small as
0.5 mm diameter, is easier than implantation of existing markers.
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Figure 1.4.1 Positron emission and annihilation

In the following chapters, the design and evaluation of the PeTrack detectors will
be discussed. The construction and evaluation of a PeTrack prototype will be also
presented.

Chapter 2- Design of the PeTrack system
In this chapter the proposed design of the PeTrack system including markers,
detector modules, and readout systems will be discussed.
2.1 Principle of PeTrack
The PeTrack system uses positron emission markers, labeled with low activity
positron emission isotopes, and position-sensitive gamma ray detectors to track tumor
position in real time (figure 2.1.1). Two pairs of detector modules installed 50-70 cm

Water phantom
(patient's location)
Patient's bed

Linac's gantry

Figure 2.1.1 Drawing of four PeTrack detector modules (Al, A 2 , BI, B 2 )
mounted on the linear accelerator gantry with 50 c m from isocentre [1].
from the isocentre of the linear accelerator, will detect back-to-back annihilation gammas
from the positron source. By acquiring these events from each marker, coincidence lines
between each pair of detectors are obtained. These coincidence lines are fed to a multi-
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marker localization algorithm which localizes the position of the markers in real time
with sub-millimeter accuracy.
The PeTrack system includes positron emission markers, two pairs of orthogonal oriented
detector modules, multi-marker localization algorithm, front end electronics, and data
acquisition system.
2.2- Markers
PeTrack markers are small titanium or gold capsules, 0.5-0.8 mm diameter, 2-4
mm long containing positron isotopes with very low activity (0.03-0.2 mCi) and half life
comparable to the total time span of radiation therapy. The most probable isotopes are
24

l (ti/2=4.2 days), 74As (t1/2=l7.8 days), and 84Rb (ti/2=32 days), which have already

been used for PET imaging [20-23].
These small radio-opaque markers labeled with a positron emission source, mentioned
above, will be implanted inside or around the tumor.
Figure 2.2.1 shows a positron emission marker for the PeTrack system.

Radioactive
core or
Titanium
Gold capsule
\

cf

0.5-0.8 m m

2-4 mm

Figure 2.2.1 The positron emission marker for the PeTrack system

Table 2.1 shows the average energy of the positron emitted from the mentioned isotopes,
and Table 2.2 shows continuous slowing down approximation range, CSDA, in different
materials.
Table 2.1 Average positron energy (keV) for isotopes to be used in PeTrack
74

Average positron

As

336

SI

Rb

408

124

604

energy (keV)
Average positron energy is a weighted average energy of the positrons emitted from the
isotope.

Table 2.2 C S D A range of positrons in different materials
C S D A range at average energy (cm)
U

As

Rb

124 j

u

titanium

0.033

0.040

0.070

gold

0.011

0.013

0.022

tungsten

0.010

0.013

0.021

water

0.106

0.129

0.227

C S D A range is a very close approximation to the average path length traveled by a
charged particle as it slows down to rest, calculated in the continuous-slowing-down
approximation. In this approximation, the rate of energy loss at every point along the
track is assumed to be equal to the same as the total stopping power. Energy-loss
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fluctuations are neglected. The CSDA range is obtained by integrating the reciprocal of
the total stopping power with respect to energy.
It can be seen that even the fastest positron will be stopped with 0.022 cm of gold or
0.070 cm titanium which is the material used to make the capsule for PeTrack markers.
The dose delivered to the patients from the marker depends on marker activity at the time
of implantation and decreases rapidly with increasing distance. Dose to a small tissue
volume surrounding the marker, from these isotopes, can be -70-500 cGy to 4-12 cc of

tissue, in about 4 weeks, table 2.3 [1]. It should also be noted that, since these markers ar
implanted inside the tumor most of the dose from the markers is actually deposited into
the tumor itself.

Table 2.3 Life time dose at different distances from the marker with
different isotopes (activity=3.7 M B q ) [1]. Reproduced by permission.
Lifetime dose (Gy) at a different distance and the
affected volume

Isotope

Half-life
(days)

5 mm
(0.5 cm 3 )

10 m m
(4.2 cm 3 )

15 m m
(14 cm 3 )

2.46
4.96

0.32
1.09
2.24

124

I 4.2 2.6 0.7
As
17.8
^Rb
32.7
74

9.0
18.6
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2.3- Detector module
Two pairs of position-sensitive gamma detector modules for PeTrack will be
installed on the linear accelerator gantry at 50-70 cm from the isocentre (Figure 2.1.1).
The dimensions of the detector module are estimated to be 20x20x30 cm. Detectors Al

Gating Cards

Figure 2.3.1 Schematic of the PeTrack Detector modules
and B1 will be attached to the Linac head. Detectors A2 and B2 will also be mounted on
the Linac gantry through adjustable arms. The detector modules will be able to rotate
around the patient with the gantry. By acquiring 60-200 positron annihilation events from
each marker, the position of the marker can be determined with sub-millimeter accuracy.
Each detector module composed of a 2x2 array of 5.2x5.2 cm2 Bismuth Germinate
(BGO) crystal blocks, a Hamamatsu position-sensitive photomultiplier immediately
behind the crystal, front end electronics and gating circuit. Each detector module will
have a field of view of 10.4x10.4 cm2, which is sufficient to cover the range of

12
respiratory motion.
Figure 2.3.1 is a schematic of the PeTrack detector modules.
BGO crystal
Bismuth Germinate crystal is known for its high detection efficiency, low
afterglow and high radiation hardness. It was found that the afterglow and radiation
hardness of BGO crystal differ depending on doping and manufacture [24, 25, 26]. It
was reported that some undoped BGO crystal have a much lower afterglow as compared
with doped BGO [27]. Based on these characteristics undoped BGO crystal was chosen

Figure 2.3.2 A 5.2x5.2 c m 2 B G O crystal pixelated to 13x13 arrays of 4x4
m m 2 elements and an H8500 Hamamatsu photomultiplier
to be used for PeTrack detectors (Dr. Tong Xu, et. al. 2006). Each detector module has a
2x2 array of 5.2x5.2 cm2 BGO crystal blocks and each block is pixelated to a 13x13 array
of 4x4 mm2 elements. Each crystal block is being readout by a position sensitive
photomultiplier. Figure 2.3.2 shows a 5.2x5.2 cm2 crystal block and an H8500
Hamamatsu photomultiplier.
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Position Sensitive Photomultiplier

PHOTOCATHODE
FOCUSING M E S H

£T£T

METAL CHANNEL
DYNODES
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ir ir imr ir ir £T

• an
MULTIANODE
Figure 2.3.3 Electrode structure and electron trajectory of a PositionSensitive P M T [39].Reproduced with permission of Hamamatsu Co.
Position-sensitive photomultipliers consist of a metal channel dynode structure
combined with multianode readout. Figure 2.3.3 shows the electrode structure for metal
channel dynodes and the associated electron trajectories. The photoelectrons emitted
from the photocathode are directed onto the first dynode by the focusing mesh and then
flow to the second dynode, third dynode.. ..last dynode and finally to the anode, while
being multiplied with a minimum spatial spread in the secondary electron flow [39].
PMT provide a gain on the order of 106 tolO7 of detected light signal by electron
avalanches through a cathode - dynodes - anode system. High voltages are applied
between dynodes to keep accelerating the secondary electrons and generate avalanches.
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i

:i
A

1

l

Q

3
Y

Figure 2.3.4 a: A n o d e pad array of P M T with the position coordinates x, y
b: Active resistive network and four output signals [39]

Summing +
different driver

B corner marking, PM-HV cable
T h e position sensitive photomultiplier (H-8500 H a m a m a t s u Co.) has 8x8 anode pads of
5.6 mm x 5.6 mm size and 6 mm pitch. The 64 output signals from the anode pads are fed
into an active resistor network. Four output signals are transformed from this network to
the pulse processing board where the x and y coordinates of the absorption events are
calculated [27]. Figure 2.3.4 shows a: the anode pad array of PMT with the position
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Coordinates X, Y, and b: the active resistive network and four output signals.
The active resistor network converts the 64 anode signals to four position signals. These
four output signals A,D and B, C are transferred to the digital pulse processing board
where the ratios for position X and Y are calculated.

BX OC
+ C
A+D+B+C
Toe

A + B
A+B+C+D

These represent the X and Y coordinates of the position where the energy absorption
event occurred. Total energy absorbed is proportional to the sum of the four signals,
A+B+C+D.
2.4- Readout system
Mesytec MPET (mesytec GmbH & Co. KG, Putzbrunn, Germany) is used as the
readout system for PeTrack. The main function of this system is first to decode the X, Y
position of the events, from signals A, B, C, D. Next is to find the coincidence events in
time window that is defined for the system (35 nsec in our case). The software used is
Mesydaq and it is the main user interface for the readout system. The MPET main allows
connecting up to 8 position sensitive photo multipliers coupled to scintillators (BGO).
PMTs are grouped in two coincidence groups with 4 PMTs each. For those two groups a
fixed coincidence time window of 35ns is implemented. Signal amplitudes, positions and
coincidence time of the two responding PMTs are digitized and transmitted as 10 bit
values [31]. An intelligence central processing device (MCPD2) is used for system
control and buffering which transmits the data via Ethernet to a PC. The MCPD2 can
serve up to 4 MPET-8 modules.
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After system setup and calibration, we will have the X, Y coordinates of the energy
absorption events and from these data we want to find the location of the markers
implanted inside or at the site of the tumor. This will be done with a multi-marker
tracking algorithm.
2.5 -Single maker and multi-marker tracking algorithm
-Single marker algorithm
Single marker algorithm is used in the positron emission particle tracking (PEPT)
technique. For industrial applications, the PEPT tracks a single marker labeled with
positron emission isotope that is introduced into a flow system [28, 29]. One pair of
gamma detectors tracks the marker's location from the detection of two back-to-back
annihilation gammas (511 keV). If there was no scatter and back-to-back gammas where
exactly at a 180 degrees, two pairs of gammas whose coincidence line cross at the point
of emission, can determine the location of the point source. It should also be noted that

resolution of the detector is limited and therefore to triangulate the location of the marke
additional gamma pairs are required. Single marker algorithm finds a point in 3D space
that has the minimum distance to the N collected gamma coincidence lines and that
would be the location of the marker. Therefore the localization accuracy is L/VN, where
L is the intrinsic spatial resolution of the system and N is the number of detected
coincidence lines. For example, in a PEPT system where intrinsic spatial resolution is 6
mm, to bring the accuracy to 1 mm, 36 coincidence lines should be collected, and to have
an accurate real-time tracking of the positron emission marker, this is done in a fraction
of a second. In order to track tumor's location and orientation using positron emission
markers, at least three fiducial markers are required [1]. A multiple particle-tracking
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algorithm for industrial applications proposed by Gundogdu and Tarcan was able to track
two positron emission particles with 20-30 mm resolution [30]. However, 2 markers are
not enough and 20-30 mm resolution is not sufficient for tumor tracking.
-PeTrack multimarket algorithm
PeTrack's multi-marker tracking algorithm can track more than 3 markers with
sub-millimeter precision.
The first step of the PeTrack algorithm is to sort hundreds of unlabeled
coincidence lines arising from 3 markers into 3 clusters. After classifying all the
coincidence lines into three clusters, inside each cluster the position of each marker is
determined from its set of coincidence lines. Clustering the coincidence lines and finding
and assigning the location of the marker inside each cluster are based on an Expectation Maximization clustering algorithm [18].
The PeTrack algorithm is based on the following steps:
1) Initialization: Based on CT images taken from the patient after implantation of the
3 markers, the location of them is approximately known. The algorithm uses those
approximate locations as the initial locations of the markers.
2) Clustering: the next step is to group the coincidence lines based on their distance
from the three markers. Coincidence lines will be grouped into 3 clusters
corresponding to three markers.
3) Updating the location of the markers: Now that all the coincidence lines are
clustered, inside each cluster the algorithm finds a point that is closest to all the
coincidence lines in that cluster and that point will be the new location of the
marker.
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4) Iterative process: With these new markers' locations step 2 and 3 of the algorithm
are repeated. This means all the coincidence lines are grouped into 3 clusters
based on their distance to these 3 new markers' locations and then from these
clusters new locations of the markers will be found and markers' location will be
updated. This iterative process will be repeated until it converges and the output
will be the final location of the 3 markers.
2.6-summary
In this chapter an overview of the PeTrack system was provided and design of the
detector modules was explained. The readout system of PeTrack was introduced as well
as a flow chart of the PeTrack algorithm.
As mentioned in section 2.2, BGO crystal is being used as the scintillating crystal for
PeTrack detector modules. In the next chapter, characteristics of BGO crystal are
discussed in more details and the results of afterglow evaluation and energy resolution of
the BGO crystal sample are also provided.

Chapter 3- B G O crystal
In this chapter the characteristics that made bismuth germinate (Bi

4

Ge 3 O12) a

good candidate for PeTrack detector modules as a scintillating crystal, are discussed and
the results of our evaluation of a BGO sample is provided.
3.1 Characteristics of BGO
Despite a rather low light yield at room temperature (12% of Nal-Tl) BGO has

come to be recognized as a crystal scintillator whose high density, short radiation length,
high stopping power, low afterglow, mechanical stability and short decay time (300 ns)
make it attractive for a wide range of applications in high energy physics, space science
and medical imaging [33].
Table 3.1 compares some characteristics of a few major inorganic scintillators.
Table 3.1 Comparison of major inorganic scintillators [34]
Scintillator
Effective atomic number
Densitv (g/cm-)
Peak wavelength (nm)
Light yield (relative)
Scintillation decay time (ns)
Attenuation coefficient (511 keVxnr 1 )

GSO BGO
59
74

NalrTl

CsI:Tl

50

54

3.67

4.51

6.71

7.13

410
100
230

565
45

430
20
60

480
12
300

0.34

1000
0.41

0.674 0.955

For 511 k e V g a m m a s , B G O with highest atomic number and density among others has
the highest attenuation coefficient (Table 3.1). The peak wavelength of BGO scintillation
light is around 480 nm.
3.2 Radiation Hardness
Since the scattered x-ray field from a linear accelerator is very intense, radiation
hardness of the scintillating crystal is a concern in the design of the PeTrack detectors.
Radiation damage to the crystal happens when the electrons that are excited by radiation
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are trapped in oxygen vacancies and form the color centers in the crystal.

It has been reported that BGO crystal will show a reduction in light output after 1-10 krad
of radiation [24, 27]. It has also been observed that BGO crystal has the ability to self
recover after irradiation [27]. The radiation background from a linear accelerator (Elekta
Precise) was measured experimentally at the location of the PeTrack detector Al and BI,
(Figure 2.1.1), at National Research Council Canada. A 30x30x22 cm3 solid water
phantom was used to simulate the patient's scatter. The source to surface distance was
100 cm and source to isocentre was 110 cm. The field size was chosen to be 10x10 cm2
and 500 monitor units were delivered at 500 MU/min rate. An ion chamber, Exradin A19
Farmer-type chamber, was used. The build-up cap was about 7 cm diameter PMMA, and
the calibration coefficient was 4.8 cGy per nC. The radiation background was measured
for 6 MV and 10 MV beams. The results are listed in Table 3.2.

Table 3.2 Dose measurements in air with an ion chamber for different settings of the Linac
and different locations of the PeTrack detector

10 MV, 200 Hz

6 MV, 400 Hz

Forward position

0.99 cGy

0.99 cGy

Back position

0.43 cGy

0.46 cGy

Back position means attached to the Linac head (Al and BI in figure 2.1.1)
Forward means behind the phantom (A2 and B2 in figure 2.1.1)

It was found that at forward position, A 2 and B 2 in figure 2.1.1, w e have a higher dose
rate of about 0.99 rad per 500 MU delivered. Assuming 1000 MU delivered per patient
and 35 patients a day in a normal clinical setup, the BGO crystal will accumulate about
70 rad in one day. This is far lower than the 1-10 krad radiation hardness of BGO crystal
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[27], and as mentioned before since BGO has the ability to self recover after radiation
[27], BGO crystal may fully recover overnight.
3.3 Afterglow
Afterglow is commonly understood as a very slow light emission from a
scintillation crystal after the cessation of an excitation. Compared to the decay time of
scintillation crystal, a few hundred nanoseconds, afterglow can be as long as a few
milliseconds.
It has been reported that BGO crystals has a very low afterglow: ranging from 0.005% at
0.2 ms to 0.005 % at 3 ms [27]. Studies have shown that compared to doped BGO, pure
BGO does not have a visible afterglow [27].

3.4- Evaluation of BGO sample
Since afterglow depends on the purity of the BGO crystal, the evaluation of
afterglow for our BGO sample was required. The first evaluation was done with pulsed
UV light. The crystal shown in figure 3.4.1 is an undoped BGO crystal (2x2x2 cm3) that
was examined for afterglow.
A Hamamatsu R980 PMT was coupled to the crystal with silicon grease. A UV filter was

Figure 3.4.1 A 2x2x2 cm 3 undoped B G O crystal.

placed between crystal and P M T to prevent P M T being excited directly by intense U V

light, i.e. only the scintillation light from the BGO crystal can pass the filter. Figure 3
shows the detector unit and a schematic of the electronics for primary evaluations.

^
Crystal
(2x2x2)cm3

UV control
0\ U V Power

Filter

Light tight
housing

(a)
D e t e c t o r Unit
Crystal! uy LED
PMT
Output

Linear
amplifier

HV1|

HV2M GateM

hn
Oscilloscope

Multi
Channel
Analyzer

PMTHV
Power
supply

Gating H V p H
Power
supply

Computer
(b)
Figure 3.4.2 Detector unit (a), electronics schematic (b), used for primary evaluations.
Crystal is coupled to the P M T with silicon grease, outer cap slides and covers the
housing.
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- Evaluating BGO afterglow from UV excitation
An ultra violet LED with 305 nm wavelength was used to simulate the intense
stimulation from scattered x-ray from Linac. The radiation dose to the crystal due to
scattered x rays was measured to estimate the required excitation energy from LED.
Scattered x rays from the Linac were measured for 500 MU with a rate of 500 MU /min.
For a 6 MV beam, the dose at 50 cm from isocentre (location of the PeTrack detectors)

was measured to be 0.99 rad/min. At this rate the total energy deposited to the crystal (5
g) is 0.6 x 10"3 J per minute. Taking into account the frequency of the x-ray pulse, 400
Hz, and the pulse width of 10 us, the power of the scattered x rays will be 0.15 mW.

Figure 3.4.3 Showing the intensity of the U V light shining on a 2x2x2 cm 3 B G O crystal
The power of the UV LED can be as high as 2.4 mW at 180 mA (in pulse mode).

Therefore, it is capable of simulating the crystal stimulation from scattered x rays. Fig
3.4.3 shows the intensity of the UV LED by shining it on the BGO crystal. The blue light
is the scintillation light from BGO due to UV excitation.
Figure 3.4.2 (b) shows electronics schematic of the detector unit. During the afterglow
experiment, the PMT was connected to a high voltage of 500 volts (the voltage of the
PMT was set lower than the working voltage of the PMT (800V to 1000V) to protect the
PMT from possible damage from the intense UV light) and PMT output was measured

24
and recorded with UV excitation of the BGO crystal. The UV was working in a pulse
mode, with the pulse width of 40 us.
-Evaluating energy resolution
The energy spectrum of a positron emission source 22Na was obtained with a multi
channel analyzer to measure the energy resolution of the BGO sample. The isotopes
mentioned in section 2.2 are suitable for the PeTrack technique in clinical applications

because their short half lives are comparable to the duration of the radiation therapy. In
the lab, although we could work with any of those positron emission isotopes mentioned

before, it was preferred to use an isotope that had a longer half life. Since the project w
over a two year period, Na with half life of 2.6 years was purchased and used during
our research as our positron emission source. During the energy spectrum measurement,
the PMT was supplied with normal working voltage of 830 V.
-Evaluating BGO respond from scatter Linac x-ray
The same setup (Figure 3.4.2), was also taken to the National Research Council of
Canada for evaluation in a radiation environment of a Linac. At 6 MV and 50 Hz setting,
The PMT was connected to a high voltage of 830 volts and for different field sizes the
PMT output was recorded with a Tektronix oscilloscope (UV filter was removed and
crystal was directly coupled to the PMT with silicon grease).
3.5- Results
Figure 3.5.1 shows the UV signal and also the PMT output. It was observed that almost
immediately after the UV signal was cut off, the PMT output disappeared, proving that
there was not a visible afterglow in our BGO sample (PMT output signal from 511 keV
gamma is around 5 mV and afterglow is around 0.2% of this signal which is negligible).
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Figure 3.5.1 UV signal, top, and PMT output at 500V, bottom
Figure 3.5.2 shows the spectrum and it can be seen that both g a m m a peaks, 511 keV and

1.21 MeV, are easily distinguished for the background. After fitting the 511 keV p

with a Gaussian function the energy resolution (full with half maximum) was calcul
to be 16 %. This energy resolution is well within the normal requirement of a PET
as well as PeTrack design parameters (energy resolution of better than 25%). When
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Figure 3 5.2 Energy resolution of BGO for 511 keV gamma rays, high voltage 830
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detector assembly was put into the radiation environment of Linac machine, a very
intense scatter signal was observed. Figure 3.5.3 shows PMT output signal amplitude for
different field sizes. Once more from these results, we could see that there is no visible
afterglow from BGO crystal. But another interesting observation was also made from

figure 3.5.3. In this picture, it can be seen that with changing the field size, i.e. scatter
level, the PMT output changes a little. For example, the scatter signal with zero field size
should be about 1/10 of that of 15x15 cm2 field (see section 4.3, figure 4.3.13). However,
they have the same amplitude as shown in Figure 3.5.3. This is an indication of PMT
being saturated due to the intense scatter radiation from the Linac. This justifies the use
of a gating circuit to protect the PMT from saturation, and prevent temporary overload or
even permanent damage to the dynode system [36, 39].
In the next chapter, the principle of PMT gating is discussed, and design and
evaluation of the gating is presented.
E MV. 50 Hz. Different field size. No gating
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Figure 3.5.3 P M T output due to scatter x-ray from a Linac at differentfieldsizes

Chapter 4- Gating of PeTrack detector
As mentioned in the previous chapter, scattered x-ray field in the environment of
a Linac is so intense that it can cause temporary overload or even permanent damage to
the PMT and the electronics. It is best to gate the PMT off during the Linac signal. In this
chapter, the principles of gating, as well as design and evaluation of the gating circuit
used in the PeTrack system, are presented.
4.1- Principles of gating
A Linac works in pulse mode with a pulse rate of 25-400 Hz and a pulse width of
only a few microseconds. The time intervals between the pulses are 2.5 to 40 ms. The
scattered x-ray field from the NRC Linac was measured at 500 MU with a rate of 500
MU/min, for 6 MV beam, and the dose at 50 cm from isocentre (location of the PeTrack
detectors) was measured to be 0.99 rad/min. The total energy deposited to the crystal (57
g), is 0.6 x 10" J per minute. Taking into account the frequency of the x-ray pulse, 400
Hz, the energy deposited to the crystal per pulse is 2.5 x 10"8 J which is much higher than
the energy of one gamma ray from positron annihilation (511 keV or 8.2 x 10 ~14 J).
Therefore the PeTrack detectors should be gated to not acquire data during the x-ray
pulse. This is achieved by gating the photomultiplier tube (PMT), i.e. turn the PMT off
during the intense x-ray pulse and turn it back on during the time between the pulses.
Gating of a photomultiplier is a common technique when it is required to observe
a small signal compare to an intense excitation. As shown in section 2.3, the PMT
provide a gain in the order of 106 tolO7 of detected light signal by electron avalanches
through a cathode - dynodes - anode system. High voltages are applied between dynodes
to keep accelerating the secondary electrons and generate avalanches. When there is an
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intense signal, in our case scattered x rays, it is desirable to gate the photomultiplier off
for a certain period of time in order to prevent the dynode system from suffering
temporary overload, and even permanent damage. As shown in Chapter 3, figure 3.5.3,
the PMT was saturated by the scattered x-ray pulses; which will cause significant stress
on the PMT and the front end electronics. Particular gating systems tend to relate to a
particular type of photomultiplier. Some of the gating techniques available are as follows:
1. Pulsing overall high voltage supply
2. Pulsing group of dynodes
3. Pulsing the photocathode
4. Pulsing the first dynode
5. Pulsing a focusing or gating electrode, if present
Among these techniques pulsing groups of dynodes has been reported to be the most

TP^output J
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HV2
Gating circuit
(Hamamatsu, Japan)
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V7? V7?
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Figure 4.1.1 Schematics of gating circuit. K is the photocathode. D Y 1 ....DY10 are the P M T the
dynodes 1... 10. P is the anode. H V 1 is the high voltage power supply for the P M T . H V 2 is the gating
voltage. G A T E is the input for gating pulse. Reproduced with permission of Hamamtsu Co, Japan .

successful technique [36]. This technique has been used in our design and w e are pulsing
dynodes number 2 (DY2) and 4 (DY4). As a rough approximation, reversing the potential
between adjacent dynodes such that secondaries are repelled by succeeding dynodes
rather than accelerated will reduce the output signal by 30 to 100 times.
Using another such a reverse biased stage in the multiplier (not including DY1), can
possibly attain a cutoff ratio of 104 [36].
Figure 4.1.1 shows the design of the gating circuit. The design was adopted from a PMT
gating circuit designed by Hamamatsu. The original circuit was designed for a gate width
of 10-100 ns. The circuit was adjusted to work with gate width of 10-500 ps.
The PMT is connected to a high negative voltage (HV1) of-1000 volt. The gating voltage
(HV2) is -250V. Before applying the gating signal (GATE), point TP1 (Test Point
one) which is connected to one side of the large capacitor C14, 1000 pF, is sitting at a
negative voltage of-250 volt, which is equal to HV2. The other side of C14 is connected
to dynode 2 (DY2) which is sitting at -750 volt. Therefore C14 has 500 volts across it
(time constant 2.5 ms). The other large capacitor, C3, 10 nF, has -750 volt on one side
and - 583 volt on the other side, resulting in 167 volts across. When the gating signal
(GATE), of-4 volt is applied, TP1 which is connected to one side of C14, will be

connected to ground. Since C14 is a large capacitor and just before this switch was sittin
at 500 volts across, it will try to hold the same voltage across (time constant 30 ms) and
this will bring the voltage of dynode 2 (DY2), which originally was -750 V, to -500 V.
This means that now dynode 3 (DY3), that is sitting on -666 V is more negative than
dynode 2 (DY2) and electrons will not be accelerated toward it. The same procedure is
happening for dynodes 4 and 5. When the gating voltage is applied and transistors Ql and

Q 2 switch to off and on respectively, one side of C 3 will be connected to - 500 V and
since C3 had 167 V across, it will try to keep this voltage across and as a result it will
bring the voltage of the dynode 4 to -416 which is more positive than the voltage of
dynode 5 which is -500 and therefore electrons will not accelerate from dynode 4 toward
dynode 5. These reverse biased stages will force the PMT to be gated off for the duration
of gating signal (10 us). Figure 4.1.2 shows the gating signal and also the voltage
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changes for D Y 2 , D Y 3 , D Y 4 , and D Y 5 before, during and after the gating signal.
T o achieve a highest ratio of P M T shutoff, the gating voltage was designed to be
about VA of the P M T voltage, i.e. H V 2 = lA H V 1 .
The gating voltage H V 2 should be negative. However, the gating voltage value will be
quoted by its absolute value in the rest of the report for the sake of simplicity.
4.2- Evaluation of the gating circuit with U V excitation
Evaluation of the gating circuit was done in two stages. Thefirststage was done
in our o w n lab using an intense ultraviolet L E D (1.8 m W ) . The setup is the same as
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Figure 4.2.1 U V L E D signal (top) and gating signal (bottom)
shown in figure 3.4.2. The U V source was set to work in a pulse mode with pulse width
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of 40 us (Figure 4.2.1). The width of the gating signal was chosen to be 250 us (much

longer than the UV pulse width to remove afterglow of crystal if there is any). A 2x2x
cm3 BGO crystal was used as our scintillating crystal. The crystal was coupled to an
Hamamatsu PMT R980 with silicon grease (a UV filter was also placed in front of the
PMT to prevent the direct excitation of the PMT with intense UV light). The PMT was
then attached to our gating circuit and the output signal of the PMT was read on a
Tektronix TDS 3012B oscilloscope. The PMT was connected to the high voltage supply
and the voltage was set to 500 volts (the voltage of the PMT was set lower than the
working voltage of the PMT, 800 V to 1000 V, to protect the PMT from possible damage
from the intense UV light).

Before connecting the gating signal and applying the gating voltage, the output signal
the PMT was recorded and is shown in figure 4.2.2. The output signal was around 50mV.
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Then the gating signal was connected and a gating voltage of 20 V was applied. As
shown in figure 4.2.3 the output signal of the PMT dropped to about 5 mV. With increase
of the gating voltage to 80 V the signal shrank more and at 100 V the amplitude of the
signal was almost zero (figures 4.2.4 and 4.2.5). These preliminary results proved that the
gating circuit was able to shut off the PMT.
The next step was to evaluate the gating circuit with scattered x rays from a
clinical linear accelerator.

4.3 Evaluating the gating circuit with a linear accelerator and obtaining the optimal
gating voltage and gating width
At this stage the same setup we had in the lab was transferred to National
Research Council Canada and the gating circuit was tested with scattered x rays from
linear accelerator, Elekta Precise (the UV filter was removed and BGO crystal was
directly coupled to the PMT with silicon grease). The goal was to prove that gating
circuit is operational and also to obtain an optimal gating width and gating voltage to
have an acceptable energy resolution.
Two energy levels of x-ray were tested, 6 MV and 10 MV. The output dose rate from
linac is called monitor unit (MU) rate. The monitor unit rate is in the unit of MU/min.
One monitor unit corresponds to about 1 cGy dose at the isocenter. For the Linac which
was used, the intensity of each x-ray pulse is fixed and the monitor unit rate is adjusted
through the x-ray pulse frequency. The x-ray pulse frequency can be 25, 50, 100, 200,
and 400 Hz (6 MV only). For each beam energy the evaluation was done for different
monitor unit rates and different frequencies from 25 Hz to 400 Hz. We also tested
different field sizes, from 4x4 cm2 to 15x15 cm2. As shown in figure 4.3.1 (a), a 30x30
cm2 and 20 cm thick solid water phantom was placed at 100 cm SSD (Source to Surface
Distance) and isocenter was at 110 from the X-ray source. The detector unit was first
aligned to the isocentre at 50 cm and 90 degrees. Figure 4.3.1 (b) shows the Electronics
schematic. The PMT was connected to the high voltage supply and the voltage was set to
830 volts. A signal from the Linac, which indicates the beginning of each x-ray pulse,
was used to trigger the gating circuit. The Na source, a positron emission isotope, was
sitting on top of the housing of the crystal and PMT.
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F i g u r e 4.3.1 G e o m e t r y (a) and electronics schematic (b) of the detector unit setup with
the Linac at N R C .
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10 MV, 15x15 cm2 field size (gating voltage: 200 V, gating width 150 us)
At 10 MV setting, with PMT voltage of 830 V, gating voltage of 200 V, and gate
width of 150 us, the spectrum of the

22

Na was recorded with a multichannel analyzer,

MCA, for different frequencies, therefore different monitor unit rates, with 15x15 cm2
field size. Figure 4.3.2 shows the spectrum for 50 Hz: 95 MU / min, 100 Hz: 194 MU/min
and200Hz:391MU/min.
It can be seen that for the gate width of 150 us and gating voltage of 200 V, at 200

spectrum is not as good as lower frequencies. The 511 keV gamma peak is almost lost in
the background and is not distinguishable anymore. The 511 keV peaks were fitted with

Gaussian function and the results, the center of the peak (XC) and the FWHM, are shown
in table 4.1. The energy resolution is much worse at higher frequency.

It should be noted that 15x15 cm2 field size is a fairly big field size, and at this s
tumor, the tumor motion is unlikely a concern. This large size field was chosen to
simulate the worst scatter.

Table 4.1 Energy resolution for different frequencies: field size 15x15 cm2, gate widt
150 us, gating voltage 200 V, P M T voltage 830 V, 10 M V beam.
200 Hz
10 M V
50 H z
100 Hz

F W H M (ch)

255

349

466

X C (ch)

1668

1494

1066

Energy Res

15%

23%

44%
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Figure 4.3.2 Energy spectrum of Na, in the radiation environment of a Linac, with gating.
6 MV, 15x15 cm2 field size, (gating voltage: 200 V, gating width 150 us)
The same experiment was performed with the 6 MV beam as well, and the result
is presented in figure 4.3.3. The 511 keV peaks were fitted with a Gaussian function and
results are shown in Table 4.2.
Table 4.2 Energy resolution for different frequencies: field size 15x15 cm2, gate width
150 us, gating voltage 200 V, P M T voltage 830 V, 6 M V beam.

6MV

50 Hz

100 Hz

200 Hz

F W H M (ch)

318

393

355

X C (ch)

1726

1576

1124

Eng Res

18%

25%

32%
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Figure 4.3.3 Energy spectrum of N a , in the radiation environment of a Linac, with gating.
The same problem of having bad energy resolution at higher frequencies was observed.
There are some additional sharp peaks shown up on the spectrum (around channel
number 1000 and 3000 for black spectrum), which are related to the switching noise from
the gating circuit. These noises can be rejected by the data acquisition system.
T h e effect offieldsize:
The next step was to change thefieldsize and see the effects on the spectrum and
energy resolution. The P M T voltage was set to 830 V, the gating voltage was set to 200
V , gate width 150 us, and frequency was set to 50 H z for 6 M V beam, 47 MU/min.
Figure 4.3.4 shows the spectra for two differentfieldsizes. The results of fitting with a
Gaussian function for these two and three otherfieldsizes are listed in Table 4.3.
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Figure 4.3.4 Energy spectrum of N a , with gating, 6 M V beam, differentfieldsizes.

It is observed that at this low frequency for all different field sizes, the gating voltage of
200 V and 150 us width, is sufficient and the spectra have good peaks with energy
resolution of 2 1 % .

50 Hz, 6 Mv

Table 4.3 Energy resolution for differentfieldsizes.
2
15x15 c m 2
10x10 cm2
8x8 cm2

F W H M (ch)

367

354

XC (ch)

1734

E n g Res

21%

6x6 cm

4x4 cm2

353

348

345

1653

1635

1626

1627

21%

21%

21%

21%

A s the scatter level is approximately proportional to thefieldsize (in area), these results
indicate that the scatter level has little effect on the performance of the detector.
The above results show that the gating frequency, rather than the amount of
scattered, has significant effect on the performance of detector. Therefore, the next step
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was to obtain the optimal gating parameters, i.e. gate width and gating voltage.
Optimal gate width
-50us
To find the optimal gate width, the width of the gate was reduced from 150 us to
50 ps and spectra were obtained with 6 MV beam, at 200 Hz, gating voltage 200 V and

10x10 cm2 field size. Figure 4.3.5 shows the spectra. The result of fitting the 511 ke
peaks to a Gaussian function is also listed in Table 4.4.
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Figure 4.3.5 Energy spectrum of 22Na, with gating, 6 M V beam, different gate width.
Table 4.4 Energy resolution for different gate width.
200 Hz, 6 MV
150 ps
50 ps

F W H M (ch)

381

391

X C (ch)

1097

1481

Energy Resolution

35%

26%

It was observed that spectrum and therefore energy resolution is m u c h better with shorter
gate width.
Encouraged by these results, we increased the frequency to 400 Hz and repeated
the experiment. At 400 Hz, with the long gate (150 ps) the spectrum was completely
distorted for different field sizes. Even for zero field size the 511 keV peak was not
distinguishable from the background. Figure 4.3.6 shows the spectrum for zero field size
at 400 Hz with long gate width of 150 ps.

6 MV, 400 Hz, gating voltage 200 V, gate width 150 us, zero field size
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Figure 4.3.6 Energy spectrum of 2 2 Na, 150 ps gating, 6 M V beam, 400 H z x-ray
signal.
After changing the gate width to 50 ps, w e were able to obtain spectra for
different field sizes and they all had acceptable energy resolution and good 511 keV
peaks. Figure 4.3.7 shows one of these spectra at 400 Hz for a 10x10 cm2 field size.
Since the shorter gate had encouraging results we reduced the gate width even lower to
30 and 3 ps and recorded spectra at 400 Hz for 6 MV beam for 8x8 cm2 field size. Figure
4.3.8 shows the spectra obtained for 50, 30 and 3 ps. The energy resolution was also
calculated after fitting the peaks with a Gaussian function and is listed in Table 4.5.
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6 MV, 400 Hz, gating voltage 200, gate width 50 us, 10x10 cm field size
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Figure 4.3.7 Energy spectrum of
Na, 50 ps gating, 6 M V beam, 400 H z x-ray signal.
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Figure 4.3 ,8 Energy spectra of

22

Na, 6 MV beam, 400 Hz x-ray signal, different gate widths
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Table 4.5 Energy resolutions for different gate width.
6 MV, 400 Hz

3 ps

30 ps

50 ps

F W H M (ch)

261

350

349

X C (ch)

1637

1303

1139

Energy Res

15%

26%

30%

The definite conclusion was that with reducing the gating width, the energy resolution
gets better.

In order to assign the optimal gating width, the width of the Linac signal was considere
The x-ray pulse width of the Linac at NRC was around 2.5 ps. However, to have the
gating system to be able to work with other Linacs, the gate width was chosen to be set
10 ps long.
-Optimal gating voltage
The next step was to find the optimal gating voltage. To do so, in the first set of

experiments the original setting, with gate width of 150 ps, was arranged and the effect
of gating voltage on the energy resolution and spectrum were recorded. Later, in the
second set of experiments, the output signal of PMT was measured for different gating
voltage and results were recorded.

45

700

6MV, 50 HZ, 150 us, 15x15 cm 2 Field size

600

500

400
(A

•£ 300o
o 200

100

0-I
-100
2000

4000

6000

8000

Channel number

Figure 4.3.9 Energy spectra of 2 2 Na for different gating voltages, 50 Hz.

-6 M V , 50 Hz, 15x15 cm 2 , gate width 150 ps
At this stage gating voltage was reduced and the effects on the spectrum and

energy resolution were measured. The gating voltage was decreased from 200 V to 150 V

with the same width of 150 so. At 50 Hz, 6 MV beam and field size of 15x15 cm spectra
are shown in figure 4.3.9.
Table 4.6 Energy resolution different gating voltage.
50Hz,6MV
150V
200 V

F W H M (ch)

338

318

XC (ch)

1798

1726

Eng Res

18%

18%

The 511 keV peaks were fitted with a Gaussian function. Table 4.6 shows that energy

resolution of the 511 keV peaks were the same for different gating voltages. In other
word, when the Linac is working at 50 Hz, gating voltage does not have any effect on the
energy resolution of the 511 keV gamma peaks.
-6 MV, 100 Hz, 15x15 cm2, gate width 150 us
We also repeated the same experiment for 100 Hz and 6 MV. Figure 4.3.10 and
table 4.7 shows the result of this experiment.
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Figure 4.3.10 Energy spectra of

N a for different gating voltages, at 100 Hz.

Table 4.7 Energy resolution different gating voltage

100 Hz, 6MV

150 V

200 V

F W H M (ch)

393

415

XC (ch)

1576

1517

Eng Res

25%

27%

At this frequency, 100 Hz, the lower gating voltage (150 V ) had actually a better energy
resolution (25%) As we increased the frequency, we had better energy resolution for the

lower gating voltage, i.e. 150 V compared to 200 V.
It was concluded that at higher frequencies, lower gating voltage will result in a
better energy resolution. This result was expected, since lower gating voltage at higher
frequencies, will cause less switching noise and is less disturbing to the system
electronics.
So far we knew that lowering gating voltage is beneficial and from the
experiments on gating width, we had found the optimal gating width of 10 ps.
At this point to find the optimal gating voltage, a second set of experiments was
performed with 10 ps gating width.
Although we knew lower gating voltage is beneficial but it is also known that a

lower gating voltage will result in a lower cutoff ratio for PMT output signal. In order to
obtain the optimal gating voltage, with the gating width of 10 ps, the PMT output for
different gating voltages were recorded with a Tektronix TDS3012B oscilloscope. While
the PMT was connected to a high voltage of 830 V, and Linac working at 50 Hz, 6 MV
beam, field size of 15x15 cm2' the gating voltage was increased from 0 to 200V. Figure
4.3.11 shows the gating signal with the gate width 10 ps and figure 4.3.12 shows the
PMT outputs for different gating voltages. As shown before in figure 3.5.3, without
gating, PMT is saturated and the PMT output signal of 250 mV shown for zero volts in
figure 4.3.12 can be even higher.
Figure 4.3.12 shows that as we increase the gating voltage, the PMT output signal rapidly
decreases. With a gating voltage of 100 volt, the output signal is already reduced from
over 250 mV (saturated PMT) to about 50 mV (15x15 cm2 field size), which is low
enough for our purpose, i.e. protection of the PMT and the front end electronics.
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Figure 4.3.11 Gate signal, 10 ps long.
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Figure 4.3.12 P M T output signal for different gating voltages.
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With this gating voltage of 100V and gating width 10 ps, the P M T output was recorded
for different field sizes at different beam energies. Figure 4.3.13 shows the PMT output
with gating applied for 6MV beam at 50 Hz for different field sizes and figure 4.3.14
shows the same experiment for 10 MV beam.

B Mv. 50 Hz. With Gating, differentfieldsize, gating voltage 100 V. Gate width 10 us
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Figure 4.3.13 (a) P M T output signal for differentfieldsizes at 6 M V beam. (b)The amplitude of
the P M T signal was plotted against thefieldsize. The line indicates a linear regressingfit.The
gating parameters used are 100 V and 10 ps.

10 Mv. 50 Hz. With Gating, different field size, gating voltage 100 V. Gate width 10 us

•s3 -0.04

Figure 4.3.14 P M T output signal for different field sizes with 10 M V b e a m .
These figures show that the PMT signal changes with the field size (scatter level). Figure
4.3.13(b) shows a linear relationship between scatter signal and field size. These indicate
that the PMT is working properly without saturation with the gating protection.
The signal level is less than 100 mV even with the highest scatter level (15x15 cm field
size for 10 MV beam), and this signal level is believed to be tolerable by the front-end
electronics. As shown in figure 4.3.1 all these experiments were done while our detector
unit was sitting 50 cm from the isocentre of the Linac at 90 degrees, but scatter level was
also measured at 45 degrees backwards and 45 degrees forwards of the phantom for
different beam energies.
Backward and Forward Scatter
The PMT location was also changed to 50 cm from the isocentre at 45 degrees forward
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(in front of the phantom) and the forward scatter was measured. Figure 4.3.15 shows the
PMT output signal for both 6 and 10 MV beams. Location was then change to 45 degrees
to the back (behind the phantom, closer to the Linac head) and backscatter was also
recorded for both 6 and 10 MV. Figure 4.3.16 shows the PMT output signal for both 6
and 10 MV beam energies As expected, compared with 6 MV, at 10 MV there is more
scattered radiation at both locations, 45 degrees forward and 45 degrees backward. For
both settings of 6 MV and 10 MV, there was about 50% increase in the PMT signal
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Figure 4.3.15 P M T output for 6 and 10 M V beams at 45°, forward scatter.
between forward scatter position as compared with the backward scatter position.
After all these measurements, optimal gating parameters were fixed at gating width of 10
ps and gating voltage of 100 volts. The next step was to measured energy resolutions for
different beam energies and Linac frequencies, with a reasonable field size of 8x8 cm2.
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Figure 4.3.16 P M T output for 6 and 10 M V beams at 45°, backscatter.

4.4 Evaluation of gating with optimized parameters
The evaluation with the linac was done for different beam energies, 10 MV and
6 MV, different frequencies, 25 Hz to 400 Hz. The optimal gating parameters were
selected to be 10 ps gate width and 100V gating voltage. Before applying the gating
voltage, a few spectra of our positron emission source, 22/va with 6 MV beam, field size
of 8 x8 cm2 for different frequencies from 25 to 400 Hz were obtained. Figure 4.4.1
shows one of these spectra at 400 Hz. Without gating, changing the frequency of the xray pulse did not change the spectra that much and we had an energy resolution of 16%
for almost all frequencies.
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Figure 4.4.1 Energy spectrum of the

N a without gating at 400 Hz.

After applying the gate, gate width of 10 ps and voltage of 100 V, spectra were obt
at different frequencies for 6 MV and 10 MV beams.
Figure 4.4.2 shows the spectra for 6 MV beam at different frequencies. Energy

resolutions after fitting the 511 keV peak with a Gaussian function are listed in t

Table 4.8 Energy resolution, 6 M V ,different frequencies.
6MV
50 H z
100 H z
200 H z
400 H z

F W H M (ch)

266

263

274

265

X C (ch)

1681

1667

1646

1596

Energy Res

16%

16%

17%

17%
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Figure 4.4.2 Energy spectrum of Na, at 6 M V for different frequencies.

It can be seen that, with gating, energy resolutions of 16 % and 17 % are ac

for higher frequencies that are comparable to energy resolution of 16% with

The same experiment was repeated for the 10 MV beam and results are shown i

4.4.3 and energy resolutions are listed in table 4.9. Energy resolutions of
were achieved for the 10 MV beam as well.

Table 4.9 Energy resolution, 10 M V , different frequencies.

10 M V

50 Hz

100 Hz

200 Hz

F W H M (ch)

269

269

269

X C (ch)
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1657

1623

Eng Res

16%

16%

17%
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Figure 4.4.3 Energy spectrum of 22Na, at 10 MV for different frequencies.
These results indicate that with our optimized gating parameters, the gating circuit is
operating in a way that the performance of our detector unit is still as good and system
electronics are not as disturbed.
Although it seems that without gating, the scatter radiation from Linac is not disturbing
the spectrum, it was observed that intense x-ray scatter saturates the PMT, figure 3.5.3,
which will damage the PMT and frontend electronics in the long run [36]. Therefore
PMT should be gated off during Linac pulse.
4.5 Conclusion
Results of these experiments provided us with strong proof that gating circuit
designed was operational with good performance (energy resolution of better than 20%).
The optimal parameters for the gating are found to be, 10 ps gating width and 100 V
gating voltage. At this point that gating circuit was proved to be working. The very first
PeTrack prototype was set up and evaluated. In the following chapter the design and
evaluation of this prototype are presented.

Chapter 5- ThefirstPeTrack Prototype
After all the primary evaluation of the sample detector unit and the gating circuit
it was time to design and build the very first PeTrack prototype.

Schematics of localization

To H V p o v m supply

-30cm

30cm13x13 ciyst.il

.13x13 ciystal

t

i

Tiigeilug coble

PMT

<

NA?? Somces

Ciu

link

X

Icltctionlcsl

foam,

F o a m cover

elect!
election cs

90deg Rotation

V

Figure 5.1.1 Schematics of thefirstPeTrack prototype.
5.1 Setup of the first PeTrack prototype.
Two position sensitive PMTs and two crystal blocks were used to set up and
calibrate the first PeTrack prototype. Two crystal blocks, 5.2x5.2 cm2, wrapped with
Teflon were coupled with two position-sensitive PMTs (Hamamatsu H8500) with silicon
grease. The crystal blocks, and PMTs were placed in light tight metal housings. As
shown in figure 5.1.1 the two detector units were positioned face to face at a 180 degree
angle at a distance of 60 cm.
Mesytec MPET (mesytec GmbH & Co. KG, Putzbrunn, Germany) is used as the readout
system for the PeTrack technique. It includes a fast coincidence and position calculation
module (MPET-8) and an intelligence central processing device (MCPD2) which controls
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and buffers the system and transmits the data via Ethernet to a PC. The software used is
called Mesydaq and it is the main interface to the PET readout system. Mesydaq controls
Mesytec MPET-8 systems and requires a PC with an Ethernet interface. Each Mesytec
MPET-8 allows connecting up to 8 position-sensitive photomultipliers, coupled to
scintillators (BGO). The PMTs were connected to the MPET-8 through the MPET-H8500
interface.

5.2- Principle of the readout system
According to the design of future PeTrack system, there are in total 4 detector
module in PeTrack system (Figure 2.1.1: Al, A2, BI, B2). Each detector module
includes 2x2 arrays of BGO crystal blocks (5.2x5.2 cm2) pixelated to 13x13 arrays of 4x4
mm2 elements. Each crystal block is coupled with a Hamamatsu H8500 position sensitive
photomultiplier. The Mesytec MPET-H8500 interface allows the connection between
PMTs and the MPET-8 fast coincidence and position calculation module. As shown in
figure 5.2.1 (a), each MPET-8 module allows connecting up to 8 PMTs. The PMTs are
grouped in two coincidence groups (A and B) with 4 PMTs each. Only the coincident
events between the two groups are accepted. For a full PeTrack system two MPET-8
modules are required. Each pair of opposite detector modules (i.e. Al and A2 in figure
(2.1.1)) is connected to one MPET-8 module. MPET-8 module will convert the four
signal outputs from PMT (A, B, C, D) to X and Y location of the energy absorption event
Two MPET-8 modules are connected to MCPD2, an intelligence central processing
device which controls and buffers the system and transmits the data via Ethernet to a PC
(Figure5.2.1(a),(b)).
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Figure 5.2.1 (a) schematics of the readout system for PeTrack
(b) Schematics of MPET-8 module [31]
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The position of two coincident P M T s as well as their amplitude and also the time shift
between the two PMTs are digitized and transmitted via serial bus (coincidence window
is 35 ns). Conditions on coincidence time and amplitude are adjustable and most of the
signal filtering was made via software. The hardware threshold was set to low to allow a
software threshold or window setting after software calibration. The following 9 values
are transmitted per event:
1 Address of the two responding PMTs (for example 1 A, 3B)
2 Amplitude of the two PMT signals (10 bits each)
3 Positions XO, Y0, X1, Y1 of the two responding PMTs (10 bits each)
4 Relative timing of the two PMTs (10 bits)
For the first prototype, there were only two detector units (crystal block + PMT)
available. Thus, only one MPET-8 was used and one detector unit was connected to each
coincident group.
5.3 Calibration of the PeTrack prototype
As the positron output from the MPET system was in 10 bit ADC unit, the system
has to be calibrated to produce the actual hit location of the detected gamma rays.

Figure 5.3.1 2 D position histogram of P M T # 0.
A position emission source, Na was placed in the middle of the two detector units in
the centre. A 2D position histogram of detected gamma rays from the 22Na source was
generated for each PMT. One of the two histograms is shown in figure 5.3.1. Good
crystal pixel identification is clearly visible in these histograms with a good peak to
valley ratio. Each bright spot on the 2D histogram correspond to a crystal element, but it
was observed that, due to insensitivity of the PMTs from 3 mm towards the edges, the
last two rows/columns of the crystal elements at the edges of the crystal block are not
distinguishable from one another and had to be eliminated in our calibration. Therefore
we were left with 9x9 arrays (instead of 13x13) of 4x4 mm2 crystal elements (This
suggests that in future design of the crystal array, the insensitive areas of the PMT's
should be taken into account and a smaller size crystal block should be ordered).
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Figure 5.3.2 O n e dimensional profile of one row of crystal elements

Figure 5.3.2 shows a one dimensional profile of one row of crystal elements. In the
profile only 11 crystals out of 13 can be identified. The very last peak on either side of
the profile is actually from the last two crystal elements at either end of the row, which
were eliminated in the calibration.
Some distortion was observed in the 2D histograms, which is due to the non-uniform gain
of the PMT and slight non-linearity introduced by the resistive network readout system
[37].
By manually drawing a square region of interest (50x50 pixels) around the peak or each
bright spot (ImageJ, Image processing and analysis in Java, National Institute of Health,
USA) in the 2D position histogram, figure 5.3.1, the centre mass of the peak was
obtained and the coordinates were recorded as the centers of each crystal element. Each
crystal element was then given a pair of ID numbers (i, j), i.e. i-th row and j-th column.
The data file obtained from the Mesydaq software consists of the x-y location of each
event. These x-y locations are in ADC units. To convert these x-y locations to crystal
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IDs, the x-y location of each event was compared to x-y locations of the centers of all
crystal elements (found from 2d position histogram) and if the event was inside a square
of 50 pixels around the centre of a crystal element, that crystal ID was assigned to the
event. After converting all x-y locations, in ADC unit, to crystal ID, an energy spectrum
for each crystal was generated, figure 5.3.3, a, b and c.
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Figure 5.3.3 Energy spectrum of 4x4 m m 2 crystal elements, (a) crystal ID number(l,l),
(b) crystal ID number(5,5), and (c) crystal ID number(9,5)
In figure 5.3.3 energy spectra of different crystal elements are shown. Crystal (1, 1) is

located in the first row, and the first column (top left of the crystal block). Crystal (5, 5)
is located in the fifth row and fifth column, in the middle of the block, and crystal (9, 5)
located in the middle at the bottom, ninth row and fifth column.
Energy spectra obtained from all 81 crystal elements had good 511 keV peaks and these
peaks were fitted with Gaussian function. The energy resolutions for the three crystal
elements in figure 5.3.3 are listed in Table 5.1.

Table 5.1 Energy resolutions for different crystal element in a 9x9 array of 4x4 m m 2
crystal elements
Crystal element
(5,5)
(9,5)
(1,0
Energy resolution

22%

23%

20%

It can be seen from the table that crystal elements at different locations of the crystal
block have almost the same energy resolution of about 20-23 %. The average energy
resolution for 10 crystal elements sampled from the crystal block is 22% with a standard
deviation of 1% and the location of the 511 keV gamma peaks have an average of 284
channels with a standard deviation of 32 channels. The above variation suggests the use
of different energy windows for different crystal elements in future implementation.
It was also observed that crystal elements in the middle of the crystal block have smaller
energy peaks compared with the elements located closer to the edges of the block (1600

for crystal (5, 5) versus 4000 for crystal (1,1) and 3500 for crystal (9, 5) in figure 5.3.3).
This variation is due to the gain non-uniformity across the position-sensitive PMT. The
gain at the center of the PMT is lower (lower peak locations in the spectrum) than the
gain at the edges. As a result there are fewer events passing the triggering threshold at
the center (triggering is based on the dynode signal instead of the sum of the anode
signals).
The next step in our calibration was to find the true location of each event in
Cartesian coordinates. To do this, first the true locations of the centers of all crystal
elements, based on the geometry of our system, were measured and recorded. Later, the
crystal ID that was attached to each event was converted to the x-y-z Cartesian
coordinates of the true location of the centre of the crystal element. After doing all these
conversions, data are in a suitable format for PeTrack algorithm. The PeTrack algorithm
uses the endpoint coordinates of the recorded coincidence lines to localize the markers.
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5.4 Evaluation of the PeTrack prototype
After the calibration, the following setup was arranged to evaluate the localization
ability of PeTrack prototype and algorithm. As shown in figure 5.1.1, two 22Na sources
were placed 2.54 cm away from each other on a rotating disk. Both data acquisition
systems were set to only record the coincidence events (coincidence window was open
for 35 ns). As described in Chapter 2, to do 3D localization we need to have two pairs of
orthogonal detector modules. However, we had only one pair available for the first
prototype. To overcome this problem, we had to take the first set of data, then either
rotate the detectors around the sources by 90 degrees (clockwise), or rotate the sources by
90 degrees (anti clockwise), and acquire the second set of data.

After the acquisition of first set of data, the disk, i.e. sources, were rotated 90 degree an
the second set of data was acquired. The two data sets were combined and randomly
mixed to generate a single data set as if the events were acquired from two pair of
detectors simultaneously.
The data were first converted to crystal ID (as explained in section 5.3, calibration
process) and then to true location of the events in Cartesian coordinates. Later these
Cartesian coordinates of the events were fed into the PeTrack algorithm (section 2.5).

5.5 Result
A total of 5528 events were captured and 200 lines were used for each run of
localization. After rejecting the scatter and random events, on average 88 lines were used
to localize each source for each run. The 5528 events allow us to do 27 (5528/200) runs
of localization. The precision was assessed by the standard deviation among the 27
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localization runs. The average precision of both sources were 0.16 mm on x, 0.2 mm on
y, and 0.2 mm on z. The average distance between the two sources calculated by the
algorithm was 24.78 cm ± 0.25 mm, compared with the true distance of 25.4 mm, gives
us a localization accuracy of 0.6 mm (this localization accuracy will be better once we

reduce the systematic errors, i.e. misalignment of the detector units and uncertainty of 0.5
mm on the location of the crystal block inside the detector module due to wrapping and
the cushions around the crystal blocks).

5.6 Conclusions
The First PeTrack prototype was successfully set up with only two pairs of
detector modules. The data acquisition system was working properly and the system was
calibrated. The prototype was able to localize two positron emitting sources with submillimeter precision and accuracy.

Chapter 6- Conclusion and future work
Experiments and results presented in this work introduce and support the PeTrack system
as an innovative tumor tracking technique. The PeTrack system has the ability to track
tumor's motion in real-time using positron emission markers with sub-millimeter
accuracy.
The objective of this work was to develop and evaluate the detectors for PeTrack. To
accomplish this, many experiments were performed and a summary of them is provided
here.
• BGO crystal was evaluated and the results obtained confirmed that BGO is a
suitable scintillating crystal for PeTrack position sensitive gamma ray detectors.
• Detector units were built and evaluated under the radiation environment of a
clinical linear accelerator and results for energy resolution were within the
acceptable energy resolution range (better than 25%).
• A gating circuit was designed, built and evaluated. The results obtained confirmed
the benefit of using a gating circuit. The optimal gating parameters were
determined.
• The readout system of the PeTrack was set up and calibrated successfully.
• Finally, the very first PeTrack prototype was designed, built and evaluated. Data
produced from readout system after calibration were fed into the PeTrack
algorithm for localization. Sub-millimeter precession and accuracy was achieved.
The encouraging results conducted from the very first PeTrack Prototype have motivated
the commercial production of this technique. Future work is going to be focused on
building the first engineering prototype.
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