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ABSTRACT

A platform developed to simulate the measured performance of position encoding
multicrystal detectors for imaging applications is introduced. The platform is designed to treat the interactions of 7-rays in an inorganic scintillator, the geometry of
the multicrystal array, as well as the propagation and detection of individual scintillation photons. Energy and position spectra predicted by the simulation are compared
to measured ones for the block detectors of the ECAT E X A C T HR PLUS positron
emission tomograph. The success of the simulation in reproducing measured results
is used as a validation of the simulation.
The simulation is then used in an investigation of a modification to the design
of the EXACT HR PLUS that would improve significantly its Depth-Of-Interaction
sensitivity. Modifications to the E X A C T HR PLUS block are incorporated to the
model. The simulated performances of the new design are compared to measured
ones for an early prototype. An evaluation of the capacity of the new block to correct
for the parallax error in Positron Emission Tomography is conducted. The outcome
of this study has proved to be very encouraging and provides verification for the
feasibility of the proposed correction scheme.
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CHAPTER 1

INTRODUCTION

This chapter gives a brief overview of the basic concepts of Positron Emission
Tomography (PET). For a concise and complete description of PET, the reader is
suggested to research the many publications on the matter, in particular, the material
presented in [1] would be an excellent start.
I. Physical Basis for P E T

A growing number of modalities including a technique known as Positron Emission Tomography offer the promise of aiding us gain knowledge of the complex chemistry found in the human body. The uniqueness and advantage of PET exist in the
technique's ability to produce quantitative images of biochemical processes in vivowithout invasive measures. At the heart of the technique, the compounds used in the
chemical processes can be synthesized from short lived radioactive isotopes of some
of the basic building blocks such as carbon, nitrogen, oxygen and fluorine. Hence,
drugs and organic compounds already present in the human body can be labelled by
these radio-isotopes, and the resulting radiopharmaceutical can be introduced into
the subject by way of a simple intravenous injection without disturbing the existing
metabolism. As the body metabolizes these tagged compounds, an encircling ring
of radiation detectors monitors their spatial distribution as shown in Figure 1.1. A
spatial and temporal representation of the chemical distribution results.
1

Figure 1.1: A circular ring PET tomograph system [2].

As its name implies, PET images the distribution of positron emitting isotopes.
The robustness of the technique lies in the fact that the aforementioned basic biological building blocks have positron emitting isotopes. These radio-isotopes are widely
used in PET and can be easily produced by bombarding stable isotopes with proton
beams generated in small cyclotrons. The positron range in water, the energy and
half-life of the most commonly used radio-isotopes in PET are given in Table 1.1.
The radionuclides are used to label organic molecules without altering their structure
and composition. For example, C labelled CO is used to measure blood volume, F
n

1 8

labelled 2D-deoxyglucose is used to measure glucose metabolism,
and H 0 are used to study blood flow,
2

1 3

1 5

0 labelled CO2

N labelled amino acids are used to measure

regional metabolism in the brain.
The radionuclides of Table 1.1 have more protons than neutrons and can emit
positrons by /3 decay:
+

p-^n + e

2

+

+ i/.

(l.i)

Radio-Isotope

Half Life
(min)

Maximum
Positron
Energy,
E

max

Carbon 11
Nitrogen 13
Oxygen 15
Fluorine 18

20.4
9.96
2.07
109.7

(MeV)

0.97
1.19
1.7
0.64

Positron
Radial Range
in Water
FWHM (mm)
1.11
1.42
1.49
1.02

Table 1.1: Physical properties of isotopes commonly used in medical applications of
PET [3].
The positron annihilates with a free electron into two photons:
e + e" -)• 7 + 7.
+

(1.2)

The positron emitted by radioactive decay has finite energy and it can lose all or
part of it before annihilation with an electron. If annihilation takes place when
positron momentum is zero, then conservation of energy requires that the two photons
from the e e~ annihilation will have an energy equal to the electron mass: 511 keV.
+

Conservation of momentum requires that these photons will be emitted in exactly
opposite directions in the rest frame of the positron.
Photons may interact with matter in a number of ways:
1. Thomson scattering
2. Rayleigh scattering
3. Compton scattering
4. photoelectric effect
5. pair production.
Since Thomson and Rayleigh Scattering dominate only at low energies relative to
the electron mass, their cross-sections are small and they may be neglected for the
3

purposes of PET. Pair production requires that the 7's energy, E , be larger than
7

1.022 MeV [4] and so is a forbidden process at the energy scale of PET. Hence,
for 511 keV 7s only the Compton and photoelectric interactions are at play. The
Compton interaction cross-section dominates for low Z materials, whereas, for high Z
materials, the photoelectric interaction cross-section dominates. In the photoelectric
effect, the 7 is absorbed by an atomic electron with the subsequent ejection of the
electron from the atom. The energy of the outgoing electron is then
E = hi/-B.E.,

(1.3)

where B.E. is the binding energy of the electron. Since a free electron cannot absorb
a photon and also conserve momentum, the photoelectric effect always occurs on
bound electrons with the nucleus absorbing the recoil momentum. Also, since the
photon is completely absorbed by this process, materials for which the photoelectric
cross-section is high will be of special interest in PET either for detection or shielding
purposes. Compton scattering involves the impartation of energy to a free electron
from an impinging 7 and the associated redirection of the resultant 7 with reduced
energy. In typical matter, of course, the electrons are bound; however, if the 7 energy
is high with respect to the binding energy, this latter energy can be ignored and the
electrons can be considered as essentially free. Within the subject under study, the 7s
may undergo a number of Compton scatterings before they escape its volume to reach
the detector ring. The same is true when the 7s enter the detector active volume.
Minimization of the acceptance to such Compton scattered 7s is of key importance
in achieving good signal-to-noise ratio in PET studies.
State-of-the-art PET cameras have a detection ring that incorporates scintillation
counters made of inorganic crystals. Such scintillation counters exploit the abilities
of certain materials to emit a small flash of light, i.e. a scintillation, when struck by
4

a charged particle or radiation. When a 7 enters a crystal, two principal processes
can occur [4]. It can ionize the crystal by exciting an electron from the valence band
to the conduction band, creating a free electron and a free hole. Or it can create an
exciton by exciting an electron to a band, the exciton band, located just below the
conduction band as shown in Figure 1.2. In this state, the electron and hole remain
bound together as a pair. However, the pair can move freely through the crystal.
If the crystal now contains impurity atoms, called activators, electronic levels in the
forbidden energy gap can be locally created. A migrating free hole or a hole from
an exciton pair which encounters an impurity centre, can then positively ionize the
impurity atom. If subsequently, an electron arrives, it can fall into the opening left
by the hole and make a transition from an excited state to the ground state, emitting
radiation if such a de-excitation mode is allowed. This radiation lies about the visible
light band and is termed a scintillation. These scintillations can be converted into
photoelectrons by a photomultiplier tube (PMT), an amplifying device coupled to the
back of the scintillator. The quality of PMTs is rated by a measure of their Quantum
Efficiency: the proportion of incoming photons that are converted to photoelectrons
to give a measurable electrical pulse. The electrical pulses can then be analyzed and
counted electronically to give information concerning the incident radiation.
Some of the scintillators first used in PET include CsF, BaF and Nal. These were
2

quickly abandoned in favour for BGO which is currently used extensively because of its
short attenuation length for 511 keV 7s which equates to a high detection efficiency
for these 7-rays. New promising materials that combine good detection efficiency
and a larger scintillation yield than BGO at 511 keV are also becoming available.
These include GSO, YAP, YAG, LSO and LuAP. Table 1.2 lists the most important
properties of some of these scintillators. The attenuation length is defined as the
distance after which the light intensity is reduced by a factor e . The photo-fraction
_1

5

Band

Impurity.
Traps

Valence
Band
Figure 1.2: Electronic band structure of inorganic crystals [4].

is here defined as the ratio of the photoelectric cross-section to the total cross-section
for 511 keV 7-rays. The photo-fraction increases rapidly with Z and the density.
Photon yield is defined as the average number of scintillation photons emitted per
keV of ionizing radiation. The decay time of scintillation light is defined as the time
required for the emission of approximately 63% (1 — e ) of the light.
_1

For better image resolution and sensitivity of the PET scanner (camera), a scintillator offering high atomic number (Z), high density, high light yield, short decay
time and high photo-fraction is preferred. In addition, the scintillation light emitted
should be of a wavelength detectable using photomultiplier tubes or photodiodes. F i nally, the ideal scintillation material is preferably non-hygroscopic and of course, low
in cost.
The position encoding multicrystal detector that is modelled in the following chapter utilizes BGO as its scintillation material because it fulfills all of the above criteria
to a satisfactory level. BGO became commercially available in the late 1970s. The
crystals are typically grown by the Czochralski method [5] in which a crystal boule is

6

generic name
composition
atomic
number
density
(gm/cm )
attenuation
length (cm )
at 511 keV
photo-fraction
(•%)
relative
light yield
photon yield
(per keV)
decay time
(ns)
refractive
index [6, 7]
references

Nal(Tl)
NaLTl
53,11

BGO
Bi Ge 0
83,32,8
4

3

12

GSO
Gd Si0 :Ce
71,15,8

YAP
YA10 :Ce
39,13,8

LSO
Lu Si05:Ce
71,14,8

2

5

3

2

3.7

7.1

6.7

5.55

7.4

0.34

1.1

1.4

2.2

1.2

18

42

26

4.4

33

1.00

0.22

0.20

0.52

0.75

37.3

8.2

7.5

19.4

28.0

230

300

60

30

40

1.85

2.14

1.9

1.95

1.82

[6, 7, 8]

[6, 7, 8]

[6,7, 9]

[6, 7, 10]

[Uj

3

-1

Table 1.2: Physical properties of scintillation materials used in PET.

7

pulled from a molten mixture of bismuth oxide and germanium oxide at a rate of a
few millimetres per hour. The boule can then be cut and polished using conventional
methods. BGO remains very expensive at a price of $20(U.S.)/cm [12].
3

BGO is an example of a pure inorganic scintillator that does not require the
presence of a trace activator element to promote the scintillation process. Instead,
the luminescence is associated with an optical transition of the B i

3 +

ion [5] that is a

major constituent of the crystal. There is a relatively large shift between the optical
absorption and emission spectra, called the Stokes shift, of the B i

3 +

states. Therefore,

relatively little self-absorption of the scintillation light occurs, and the crystal remains
transparent to its own emission over dimensions of many centimetres, that is, BGO
has a relatively long mean free path for bulk absorption. The scintillation efficiency
depends strongly on the purity of the crystal, and some of the variability in the light
yield reported from BGO in the past can be attributed to using crystals with different
residual levels of impurities.
A major advantage of BGO is its high density and the large atomic number (83)
of the bismuth component. These properties result in the largest probability per
unit volume of any commonly available scintillation material for the photoelectric
absorption of 7-rays. Its mechanical and chemical properties make it easy to handle
and use, and detectors using BGO can be made more rugged than those employing
the more fragile and hygroscopic sodium iodide. Unfortunately, the light yield from
BGO is relatively low, being variously reported at 10 — 25% of that of Nal(Tl).
It is therefore of primary interest when the need for high 7-ray counting efficiency
outweighs considerations of energy resolution as is in the case of PET.

8

II. Principles of P E T Imaging

A modern 2-D PET tomograph consists of several rings of radiation detectors
that encircle the subject. Within a ring, each detector can be in coincidence with a
number of detectors on the opposing side of the ring. A line joining two detectors
in coincidence is called a Line Of Response (LOR). In practice, however, since the
detectors are finite in size, the LOR is replaced by a tube as shown in Figure 1.3.

(LOR)

*

Figure 1.3: The tube of response for two detectors in coincidence [13].

Annihilation photons that arise within a volume element, or voxel, occur in a
random order and are produced isotropically. Only those that are produced within a
LOR and for which their direction of emission also lies will be detected. The number
of positrons emitted from a voxel, and hence annihilations occurring in that voxel,
in a given time is proportional to the tracer concentration within the voxel. Then
the number of photons detected is also proportional to the tracer concentration, even
though the set of possible LORs may represent a small fraction of the complete set of
9

all possible lines of emissions through the voxel. Furthermore, the number of annihilation photon pairs, or events, associated with each tube of response is proportional to
the sum of the tracer concentration within that entire tube. This sum approximates
the line integral of the tracer concentration along the LOR.
During a PET scan, coincidences are detected and assigned to their appropriate
LORs, the current contents of which are continually updated. This process is realized
using a histogramming circuit which logs the fact that an event occurred on a LOR
by adding one to a corresponding location in an array in memory. For 2-D image
reconstruction, LOR indexing in its simplest form requires two indices. The rows of
the array are indexed by the angle, <J3, the line makes with respect to some reference
axis and the columns are indexed by the line's distance, s, from the centre of the
detector ring as presented in Figure 1.4.

Figure 1.4: The LOR coordinate system [13].
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After many hundreds of thousands of events have been collected, a pattern forms
in the array that uniquely describes the distribution of radioactivity in the slice within
the plane of detectors. Since a point of radioactivity will leave a pattern proportional
to the sine of the angle index, this array is called a sinogram as illustrated in Figure 1.5(B). Thus, a sinogram is simply a (s,</>) plot, with each LOR represented by a
single point on the plot as shown in Figure 1.5(A).

Figure 1.5: Mappings of LORs to sinogram points [13]. (A) A Line Of Response
corresponding to one point in a sinogram. (B) The sinusoidal curve in the sinogram
for a point off centre.

Figure 1.6(A) presents a 1-D

parallel

projection

11

which is defined to be the set of

all line integrals intersecting a slice of the tracer distribution at the same given angle
<p = 4> , but at different spatial positions. Therefore, the set of LORs corresponding
0

to a parallel projection (s, <f) ) is one complete row of a sinogram as illustrated in
0

Figure 1.6(B), and subsequent sets for different values of <p are stored as consecutive
rows. Mathematically, a parallel projection (s, (p ) is the 2-D Radon transform, or
0

identically the X-ray transform [14], of the tracer distribution f(x, y, z).
Tracer D M r l b u t l o n
\

1-OiKliai

Figure 1.6: Radon transform of the tracer distribution [13]. (A) A 1-D parallel
projection of a 2-D section. (B) A parallel projection corresponding to one row in a
sinogram.

In order to form an image, the inverse Radon transform must be taken. Typically,
12

the calculation used for the inverse Radon transform is the filtered backprojection
(FBP) [13]. Figure 1.7 presents an illustrated comparison between the unfiltered
and filtered backprojection processes. Simple backprojection involves inverse Radon
transformation of the projection data. Essentially the value of each integral is spread
uniformly over the coincidence chord defined by the LOR and the projections are
summed over s and <p to get the activity distribution. Unfiltered backprojection produces a blurred image containing artifacts. In filtered backprojection, each projection
is modified using an appropriate windowed frequency ramp filter prior to backprojection. In this operation, each row of the sinogram is first corrected for attenuation
losses and filtered with a highpass filter. FBP is very fast, but it works best when
the projections are uncorrupted by noise and are comphtt. A complete projection is
one which spans beyond the object on both ends, in which each measured value is
exactly equal to the ray sum along the line of measurement and which satisfies all
the sampling criteria set down by Shannon's sampling ihtortm [15]. Theoretically,
the resulting image will accurately represent the spatial distribution of radioactivity
within the subject.

Figure 1.7: An illustration of the projection and backprojection processes [16].
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III. Limitations to Image Resolution
The image resolution achievable by PET cameras is limited by several factors.
These factors are broadly categorized into two divisions: the theoretical limits and
the practical limits. Limitations of the first type restrict the best achievable resolution under ideal circumstances, while limitations of the second type dictate the best
possible resolution for individual PET cameras during standard operation.
Theoretical limits are set by two properties of positron decay: the range of the
positron and the angular range or acollinearity of the annihilation photons. The
positrons emitted in radionuclide decay annihilate at some distance from their point
of origin. This distance depends upon the energy of the emitted positron and upon
the density of the medium into which the positron is released. Positrons are emitted
isotropically with energies ranging from zero to the maximum E x listed in Table 1.1
ma

for various radionuclide decays. The average energy of the positrons is approximately
0.4 E

m a x

. The ranges specified in the third column of Table 1.1 corresponds to the

range of positrons with energies corresponding to the average energy and not to E

m a x

.

As already mentioned, the annihilation of a positron with an electron results in the
emission of two photons at 180° to each other in the centre-of-mass. In the laboratory
however, the electron-positron pair always has non-zero net momentum. As a result,
the two annihilation photons are acollinear, and show finite angular distribution about
180°. The two image degrading factors described above, positron range and photon
acollinearity, are intrinsic limitations upon the best resolution one may achieve under
ideal circumstances.
Practical limits to resolution are set by the detector size and type, the coupling efficiency between the detectors and the photomultipliers that detect scintillation light

14

and inter-detector scatter as well as the linear sampling distance. Other limitations
arise from restrictions on the amount of radioactivity that a subject can be given
which influences the statistical quality of the image, dead-time losses, attenuation,
scattering, randoms, crystal identification miscodings and body movement. Deadtime losses are mainly due to the inability of the detectors to count any interactions
occurring before (until) the scintillation light of a previous event has decayed to a
negligible level. Attenuation arises from the absorption of 7s by body tissue before
they reach the detectors. This loss affects image uniformity and results in an underestimation of the tracer concentration. Scatter and random coincidences cause events
to be assigned to incorrect LORs. Figure 1.8 illustrates the types of coincidences in
PET. Scatters occur when one 7, or both, Compton scatter and become detected.
Randoms or accidentals result when 7s belonging to two separate annihilations are
detected within the same coincidence time window and paired together as the same
event. Crystal identification miscodings are due to the position reconstruction algorithms assigning scintillation events to crystals that do not match the entrance
crystals of the impinging 7s. These errors are detrimental to the transverse position
resolution. Finally, body movements during imaging with PET introduce image blurring. Even if restraining devices are employed, the body movements can still severely
reduce the diagnostic value of the PET images.
By far the most important factor that determines the resolution of a multiple
crystal PET camera is the detector size. The width of the crystals used to detect
annihilation photons determines the width of the tube of response within which the
event may lie. The narrower the detectors, the thinner the tube of response, the
higher the resolution. While the detector width can be made as small as possible,
the detector depth must be maintained sufficiently long so that most of the 511 keV
photons passing through it are stopped. In high resolution systems, the detector depth
15

true

scattered

random

Figure 1.8: The three types of coincident events [13].

is much greater than the width of the detector. A 511 keV photon passing through a
detector does not always deposit all its energy by photoelectric interaction at the first
interaction point. For BGO, the probability of a photoelectric interaction at the first
interaction point is about 42%. Some photons undergo Compton scatter and deflect
into a neighbouring detector where they deposit all or some of the remaining energy.
If such an event passed the energy threshold it would be accepted as a valid event
and could be assigned to the other crystal rather than the entrance crystal. This is
an unacceptable error since image reconstruction in PET relies on the detection of
7-rays impinging with their direction parallel to the long axes of the narrow crystals.
The problem of crystal penetration is especially important in systems with detectors whose widths are significantly less than the attenuation length of a 511 keV
photon. An annihilation photon created at the centre of the Field-Of-View (FOV)
would be incident perpendicularly on the crystals and have a greater chance of being
detected in the same crystal. Photons from an annihilation occurring at the edge
of the FOV enter the crystal obliquely and may traverse many crystals before being
detected. As a result of this possible mis-positioning, the resolution at the edge of the
FOV is much worse compared to the resolution at the centre of the FOV. To develop
16

a remedy for this degradation, known as the radial elongation or parallax error [12],
has been the first motivation for this work.
This thesis describes the development of a procedure for simulating the performance of PET block detectors. The work addresses an important issue of how to
effectively design block detectors for new scintillator materials, optimize block size,
optimize saw-cut depths, correcting the crystal penetration problem described above,
etc. This tool developed is very useful and will be of interest to the imaging and
detector development community. The next chapter presents experimental measurements of the performances of a state-of-the-art position encoding detector for PET.
A model of this detector is then developed in Chapter 3 and simulated performances
are commissioned against the measured data. The investigation of a new scheme to
eliminate the radial elongation problem [17], caused by crystal penetration, and its
results are presented and evaluated in the fourth chapter. In Chapter 5, the validity
and utility of the model are discussed and its potential explored.
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CHAPTER 2

EXPERIMENTAL MEASUREMENTS

Prior to the development of a model for the design of position encoding multicrystal detectors for PET, measurements were undertaken to characterize the performances of a state-of-the-art block detector. The outline and results of these measurements are presented in this chapter.
I. Block Candidate Specifications
The block detector selected for study and simulation is the new block manufactured by Siemens-CTI for the ECAT E X A C T HR PLUS positron emission to1

mograph. No photographs or drawings of this new block are available. However,
Figure 2.1 presents a photograph of a Siemens-CTI ECAT 953B detector which is
a predecessor, in its design, to the HR PLUS. The major differences between the
HR PLUS block and the 953B block is that the HR PLUS detectors are considerably
smaller and incorporate round PMTs whereas the PMTs used by the 953B detectors
are square. Table 2.1 lists the geometrical specifications of the 953B and HR PLUS
block detectors to ease the comparison.
The HR PLUS block detector utilizes BGO as its scintillation material, and is
of the position encoding multicrystal type with an 8x8 segmentation. This gives an
^ T I P E T Systems Inc., 810 Innovation Drive, Knoxville, T N

18

Figure 2.1: A photograph of the Siemens-CTI ECAT 953B detector [18].
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block dim. (mm )
block area (mm )
block segmentation
crystal dim. (mm )
area/crystal (mm )
saw cut widths (mm)
PMT (mm)
reference
3

2

2

2

953B
49x53x30
2597
8x8
5.62x6.11
34.3
0.64
25.6 square
[19]

HRPLUS
36x38x30
1368
8x8
4.04x4.29
21.4
0.46
19 round
[20]

Table 2.1: Dimensional specifications of the 953B and HR PLUS block detectors.
array of 64 BGO crystals coupled from its back face to a 2x2 array of Hamamatsu
or Burle 19 mm round PMTs via a slotted light guide. The crystals and light guide
are cut from a single BGO block with the cuts running perpendicular to the P M T
entrance window. The light guide is formed by extending to appropriate depths the
cuts which separate the crystals. The depths of the cuts are determined by the
criterion that "the probability of correctly identifying a crystal be the same for all of
the crystals in the detector" [21].
The BGO block measures 36 mm transaxially by 38 mm axially across the front
face and is 30 mm deep. The total scintillation light yield from interacting 7-rays
is read by the assembly of four circular PMTs of 19 mm diameter. Given that each
quadrant of the block is read by one of the PMTs, the granularity of the block
can be characterized by its crystal to quadrant surface ratio of 1/16. Crystals have
dimensions approximately of 4.04x4.29 mm . The edge and corner crystals of the
2

block are cut slightly smaller than the other crystals to maintain centre-to-centre
crystal spacing between blocks in a ring tomograph. The crystals are coated with a
highly reflective diffuse substance to maximize the light collection efficiency.

20

II. Experimental Configuration
The experimental setup shown in Figure 2.2 allows for the study of the energy and
position resolutions of the block [22, 23]. The benchtop setup conveniently utilizes
either one block detector for single mode measurements or two block detectors for
coincidence measurements. For these studies, 511 keV 7-rays from a 0.3 mCi source
of G e are used.
68

Figure 2.2 also shows the hardware in use for data acquisition. The sum of the
four PMT signals,
E = A + B + C + D,
7

(2.1)

is thresholded and used to drive the trigger logic. For each trigger, the signals from
the four PMTs are acquired from a 10-bit charge-sensitive analog to digital converter

2

with an integration time of 1000 nsec. These digital signals are then buffered in a
dual-ported memory before being passed on to a SUN Workstation for processing.
3

The gains of the PMTs are balanced by requiring that the inclusive count rates
be equal within statistics in each quadrant of the block when the block is exposed
to a flood source. Such a uniform flood of single 7-rays at the block front face is
obtained from an uncollimated point source placed approximately 40 cm from the
block detector. With typically 10,000 counts per quadrant, a 1% tolerance can be
achieved on the relative gain balance. Once the gains are balanced, a data run of one
to five million events is acquired with the flood source to perform the block position
and energy calibrations.

2
3

Lecroy 4300B Fast Encoding/Readout A D C
Lecroy 4302
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III. Raw Data Analysis
For each gamma ray interaction, the crystal of scintillation is identified by the
computer using the four P M T signals. Anger camera logic is used to obtain a measured position value ( X , Y ) from these signals [22]:
7

7

X-y

Y

7

=

(B + D) - (A + C)
A+B+C+D '
(A + B ) - ( C + D)
A+B+C+D '

(2.2)
(2-3)

where A, B, C, and D are the ADC-converted pulse heights from the four PMTs as
arranged in Figure 2.3.

00
©0

X

Figure 2.3: The P M T configuration.

The flood source measurements provide a 128x128 channel position response distributions in the X Y -plane. Figure 2.4 shows the position response distribution for
7

7

the HR PLUS block detector under study. A distinct peak is observed in the distribution for each crystal in the detector. The relationship between measured and true
interaction positions is non-linear in position encoding BGO block detectors [22, 24].
A lookup table (LUT) is therefore necessary to relate a given ( X , Y ) pair to crys7

7

tal row and column addresses. The position calibration LUT is generated for each
23

crystal in the detector so that every possible ( X , Y ) pair is assigned to one crystal
7

7

and no detected events are thrown away. Each region in the position calibration L U T
is referred to as a Region Of Interest, or ROI. The ROIs are chosen to be four-sided
polygons, since they are easy to generate, yet flexible enough to bound the 64 peaks
without throwing away any events.

Figure 2.4: Measured 2-D flood position calibration spectrum for the H R P L U S block
detector under study, overlaid with its corresponding generated L U T boundaries. The
horizontal axis corresponds to the X -axis and the vertical axis corresponds to the
7

Y-y-axis.

The method used for the generation of the position calibration L U T also satisfies
24

the desired condition that the ROI boundaries follow valleys in the data set as closely
as possible. First, the position of the local maximum within each of the 64 peaks
is determined. The average position of each group of four nearest-neighbour local
maxima is then taken to be an ROI corner. Joining these corners provides all ROIs
except those along the detector edges. To obtain boundaries for edge peaks, an
average position of two neighbouring edge local maxima is calculated; then a line is
extended from the nearest ROI corner through this average position to the edge of
the data set. The position calibration ROI boundaries are shown in Figure 2.4 where
the LUT is overlaid on top of the flood spectrum.
The position peaks exhibit the characteristic stretching towards the corners of the
block and away from the centres of the sides of the block known as the pincushion
effect. Related to this effect is the ROIs decrease in area size as the position of the
crystal lies further and further away from the centre of the block. At the edge, the
ROIs are thin strips and at the corners, the ROIs have the smallest areas. This
geometrical trend in the variation of the ROI areas produces the contrast observed
in the peaks. The closer the location of the peaks are to the edges of the plot, the
darker they appear indicating a higher concentration of events.
Large peak-to-valley ratios (PVRs) are desirable in the position map of the block
detector. Large ratios indicate that the peaks are well separated and thus the identification of the crystals of interaction is correct for a large fraction of the events.
For the block under study, PVRs were found to have values ranging from 1.5 to 16.5.
Table 2.2 gives the PVRs along four rows in one half of the block. The columns are
numbered 0 to 7 from the left to the right of Figure 2.4. The rows are numbered 0 to
3 from the top to the centre.
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Row
0 (top)
1
2
3 (centre)

0
1
4.6 2.8
8.7 4.4
6.8 3.3
8.9 4.1

2
1,9
2.9
2.5
2.0

Column
3
4
1.8 2.0
2.6 2.9
2.4 2.6
1.6 1.5

5
6
2.1 4.1
2.9 6.1
2.9 4.6
2.0 6.2

7
7.6
14.1
12.4
16.5

Table 2.2: Peak-to-valley ratios along four rows in one half of the block under study.
The high statistics data are used to characterize the uniformity of energy resolution
and 7-ray detection efficiency of the detector from crystal to crystal. The position
calibration LUT just discussed is used to relate ( X , Y ) of each event to a crystal
7

7

address. An energy spectrum for each crystal is then obtained by histogramming the
events by total pulse height, E , in accordance to their crystal address.
7

Figure 2.5 presents the measured energy spectra for 4 crystals situated along the
diagonal in one quadrant of the block. The exact locations of these crystals are
presented in Figure 2.6. Each of the energy spectra consist of a gaussian-like peak,
contributed by events with photoelectric interactions, with a low energy tail, known
as the Compton tail, produced by Compton interactions in which the interacting 7s
are redirected out of the detector block. The relative ratios of the peak to Compton
tail yields range from 2 for crystals along the edge, to 9 for crystals near the centre of
the block. This is expected since 7s are more likely to scatter out of the block from
edge crystals than when scattering from crystals near the centre.
Table 2.3 gives the relative photopeak channels for the 16 crystals in one quadrant
of the block in percentages. The individual photopeak channels were normalized to
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Scaled ^(Photoelectrons)
Figure 2.5: Measured energy spectra for 4 crystals situated along the diagonal in one
quadrant of the HR PLUS block detector under study.
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Figure 2.6: Exact locations of the four diagonal crystals of Figure 2.5.

the photopeak channel of the crystal located in row 3 and column 3 (B):
^

x 100%;

(2.4)

I33

this being the crystal exhibiting the highest photopeak channel. The table also gives
the FWHM as a percentage of the photopeak position for each energy distribution in
parentheses:
FWHM

^ x

100%.

(2.5)

The transverse Line-Spread-Functions (LSFs) of the block candidate are measured
by stepping a fan beam across the front face of the detector and parallel to the columns
of the block. A fan beam is obtained by using two 5 cm thick lead bricks separated
by a 1 mm slit. Figure 2.7 shows the measured fan beam profile at the front face of
the detector superimposed by a gaussian fitted to the data. The fan beam was found
to have a FWHM of 2.3 mm and a F W T M of 4.7 mm. The detector under study
is positioned close behind the bricks while the source is at a distance of typically
10 cm from the bricks. The response of each crystal along one column of the block is
measured by counting the number of 7-rays detected in those crystals as a function
28

Row
4 (edge)

Column
2
3

1 (centre)
50±2
(34±3)

53±2
(32±3)

77±2
(26±1)

84±2
(23±1)
C
81±2
(23±1)

93±1
(23±1)

71±1
(26±1)

75±2
(25±1)

86±2
(25±1)

67±2
(28±1)

3
2
1 (centre)

4 (edge)
A
39±2
(42±5)

73±2
(26±1)
D
71±2
(30±1)

62±3
(30±2)
B
100±0
(22±1)

78±1
(25±1)

Table 2.3: Relative photopeak channels and (relative FWHMs) from the energy spectra for one quadrant of the HR PLUS block under study.
of the fan beam slit position relative to the centre of that column. Steps of 1 mm are
used to completely scan the face of the block. Finally, the response is averaged along
the column of the block.
Figure 2.8 presents 8 LSFs for the HR PLUS block detector, one for each column
of the block, which have been superimposed relative to the centre of the block. The
measured LSFs are basically narrow distributions centred at their corresponding crystal locations, with slight shoulders at the tenth maximum level. There are also large
tails located beyond the edges of the block which are caused by inward scattering
7S. Table 2.4 gives the FWHMs and FWTMs for the 8 LSFs measured for the block
under study.
The measured data presented in this chapter are sufficient to fully characterize
the E X A C T HR PLUS block detector. In the next chapter, a model of the HR PLUS
29

Figure 2.7: Profile of the fan beam produced with a gaussian fitted to the data.

block is developed and simulated results are commissioned against this data.
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FWHM (mm)
F W T M (mm)

0 j 1
5.3
5.1
13.2 12.2

Column
2
3
4
5
4.8 4.9 4.8 4.7
10.3 11.0 9.8 9.9

6
5.1
11.7

7
4.6
13.2

Table 2.4: The FWHMs and FWTMs for the 8 LSFs measured for the block under
study.
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X (mm)
Figure 2.8: Measured LSFs for the HR PLUS block detector under study.
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CHAPTER 3

THE MODEL

With the price of a detector such as the E X A C T HR PLUS being of the order of
$600(U.S.)/in. just for parts [12], the search for the multicrystal geometry and signal
2

readout of a new prototype achieving better performances is an expensive process
when done on an empirical trial and error basis. A dedicated simulation platform
then becomes an attractive tool to bring down the time and material invested in the
development phase of the new block and to guarantee the satisfactory performance
of the early prototype.
Work in the past on PET simulations by Ziegler et al. [25] and Tzanakos et al. [26]
has focussed on studies of the time resolution in simple monocrystal BaF2 detectors
for Time-Of-Flight (TOF) PET. The energy and position responses of multicrystal
array detectors found in modern PET cameras were not addressed by these authors.
A platform designed to simulate the performance of position encoding multicrystal
detectors has been developed and is presented in this chapter. The initial development of the platform has focussed on the simulation of the block detector that was
introduced in the previous chapter: the Siemens-CTI ECAT E X A C T HR PLUS block
detector. This simulation platform models the interactions of 7-rays as well as optical
light transport in a geometry as sophisticated as that of position encoding multicrystal detectors. An overview of the simulation platform is given in Section I. A brief
33

description of the treatment of 7-ray interactions is given in Section II. The public domain package used to treat the propagation of optical photons in the detector
geometry is introduced in Section III. The block detector specifications to the simulation are then presented in Section IV. The results of the simulation are compared to
the measurements of Chapter 2 as a validation of the platform in Section V. Finally,
the details and results of systematic studies performed on the simulation are given in
Section VI.
I. The Simulation Platform
Figure 3.1 shows the conceptual design of the simulation platform. The platform
treats the interactions of 7-rays in an inorganic scintillator, the geometry of the
multicrystal array, as well as the propagation and detection of individual scintillation
photons.
The geometry of the block is first used as input to the j-ray transport module. A
uniform beam of 7-rays with specified energy is generated from a distant point source.
Each incident photon is then tracked in the volume of the block for photoelectric and
Compton interactions. For each interaction, an event scintillation vector is written to
a f-ray interaction list file. The first three words are the coordinates of the interaction
point within the block volume (X;, Y,, Z,). The fourth word gives the calibrated light
yield, L,, at that vertex. The fifth word is a sequential index incremented for each
interaction until all the energy of the incoming 7 is deposited in the block volume or
until the 7 escapes from the block volume. Finally, the last two words give the block
entrance coordinate, (X*, Y*), of the incoming 7.
The DETECT syntax translator describes the geometry and optical properties
of the block in adherence to the language syntax imposed by the light transport
34

Detector design

Scintillator
Active volume

Block geometry
Optical specifications

Gamma transport module
—•^"Incident gamma

D E T E C T syntax
translator

^

/scintillation vertex i
event scintillation vector
(Xi,Yi,Zi,Li,i)

D E T E C T description
of detector design

Gamma interaction list file

D E T E C T simulation driver
Initialize geometry
scintillation vertex i ^>
Simulate N i scintillation photons
propagating from X i , Y i , Z i
Event signal vector

1r

Event signal list file

Figure 3.1: Data flow diagram of the block simulation platform [23].
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simulator DETECT [27]. Once the translation is complete, the geometry and optical
properties of the detector are included in the DETECT simulation driver to initialize
the block design specifications.
Scintillation events from the 7-ray interaction list file are then simulated sequentially. The coordinates (X», Y , Z,) of the interaction point are used to specify an
t

infinitesimal voxel from which Lj scintillation photons are isotropically generated and
tracked by DETECT. The signals collected in each of the detection elements of the
detector are written in an event signal vector.
Event signal vectors belonging to the same incoming 7-ray are finally merged
to compute a record encoding the total energy deposited in the detector and the
coordinates of the interaction. Monte Carlo information from the event scintillation
vectors may also be duplicated. The resulting signal listfileis then stored on disk for
subsequent data analysis.
II. G a m m a Transport Interface

A gamma transport model, introduced in [28, 23], simulates the interactions of
7-rays in an inorganic scintillator.
The active volume of the block is first used as input to the 7-ray transport module. A uniform beam of 7-rays with specified energy is generated from a distant point
source. Each incident photon is then tracked in the volume of the block for photoelectric and Compton interactions. Cross-sections for these two processes are derived
from GEANT [29] for the inorganic scintillator considered in the block design. Their
relative ratio is used to randomly choose which of the two processes occurs, and the
trajectory of the interacting 7 is randomly generated according to an exponential
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distribution. The total cross-section at the energy of the interacting 7 determines the
interaction length of the exponential. Values of the cross-sections are tabulated from
15 to 511 keV in bins of 5 keV.
Tracking is stopped either by a photoelectric interaction, escape of the photon
from the block volume, or by a Compton interaction leaving less than 15 keV to
the recoil photon. For Compton interactions, the direction of the scattered 7 follows
the Klein-Nishina angular distribution [4] and the energy of the recoil electron is
assumed to be converted to light at the interaction vertex. Scattering of 7s into the
block detector from the cannister or surrounding supports is not modelled.
Scintillation event information including location and number of light photons
emitted are produced as output. This data is required as input to the light transport
module detailed in Section III.
III. Introduction to D E T E C T

The development of a simulation of PET multicrystal block detectors necessitated
the incorporation of a program created by Dr. G.F. Knoll aptly named DETECT.
Written in the PASCAL language, the program DETECT is a Monte Carlo model of
the optical behaviour of scintillation detectors. It generates individual scintillation
photons in specified voxels of the active volume of the detector, follows each photon
in its passage through the various components and interactions with surfaces, allows
for possible absorption and re-emission by a waveshifting component, and records the
fate (absorption, escape, or detection) of each. The probabilities of these processes
are derived from the results of multiple histories involving the simulation of many
scintillation photons.

Data is also recorded on the number of reflecting surfaces

encountered and the photon flight time to detection.
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DETECT allows for the specification of the geometry of a detector with a very
general syntax. Any complex system may be modelled as long as it is possible to
separate it into constituent parts consisting of a volume specified by multiple planar,
cylindrical, conical, or spherical surfaces with arbitrary orientation. For more flexibility, common unphysical surfaces shared by contiguous elements may be declared as
pseudo-surfaces

and are ignored by the tracking. The optical behaviour of real surfaces

may be specified to simulate possible reflections under polished, ground, painted, or
metalized conditions. Surfaces in optical contact are treated using Fresnel's equations
governing reflection and transmission as well as Snell's law of refraction. Within each
optical element, bulk absorption, scattering, and wavelength shifting are simulated
by specifying a mean distance of photon travel for each process. Only one wavelength
shift is allowed per history, and is accompanied by appropriate changes in absorption,
reflection, and scattering properties.
The program is well structured using initial definition statements to specify the
optical properties of all materials used in the system. A component is selected from
this list of possible materials, and its geometry is delineated by specifying multiple
bounding surfaces. These surfaces may be selected from previously defined planes,
cylinders, cones, or spheres, and can be used in either convex or concave orientation.
The optical behaviour of each surface is chosen by selecting one of a set of previously
defined surface finishes, including a detector surface representing for instance the photocathode of a photomultiplier tube. Surfaces may either be external, and assumed
to be an interface with vacuum, or shared in common with another component.
Once the geometry is defined, the scintillation voxel may be specified along with
the number of photons produced within that voxel, L;. These scintillation photons
are then isotropically generated and are tracked on an individual basis until they are
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absorbed, detected, or have escaped from the system. At each photon reflection or
scattering, the program logic determines the new direction of the photon, identifies
the component in which it is travelling, and computes the next intersection with a
surface. A random sampling is then made to determine if the photon is bulk absorbed,
scattered, or wavelength shifted over this path. If none of these processes occur,
the optical properties of the next surface determine whether the photon is reflected,
refracted, detected, or absorbed. This process is then repeated for all subsequent
paths in the history. A maximum flight time per history is specified to abort those
cases in which a photon becomes internally trapped.
After the specified number of histories have been completed, a report is prepared
that summarizes the probability of occurrence with statistical uncertainty estimate
for each of the possible fates. Data are also reported on the probability for wavelength
shift, mean age, and mean number of surfaces encountered. These data are separately
tabulated for all photons and for just the subset that are ultimately detected. A
histogram describing the elapsed time to detection can also be generated.
As mentioned, five types of optical finishes are allowed for component surfaces. A
brief description of each optical finish is provided here:
1. POLISH. This option represents a polished surface that may or may not be in
optical contact with another component. If no other component is specified, the
surface is assumed to interface with vacuum. Photons incident on the surface
are assumed to have random polarization, and are first tested for the possibility
of Fresnel reflection if a change in refractive index occurs at the surface [30].
This probability is given by
sin (a — b )
sin (a + b )
2

2
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tan (a — b )
tan (a + b ) J
2

2

(3.1)

where a and b are the angles of incidence and refraction, respectively. If reflection is selected, the angle of reflection is set equal to the angle of incidence. If
reflection does not occur, the photon is transmitted with the complementary
probability of:
T = 1 - R,

(3.2)

and assumed to follow Snell's law of refraction:
«5&l

sm(b)

=

5S,

n

(3.3)

a

where n and nj, are the refractive indices of the incident and transmitted compoa

nents [30]. Depending on the refractive index change and the angle of incidence,
this may result in total internal reflection of the photon back into the incident
component. If the surface interfaces with vacuum and a coat of diffuse reflector
has been specified by including a reflection coefficient in the specification of the
surface treatment, the transmitted photon may be reflected back across the surface. The value of the reflection coefficient is the probability that, if a photon
escapes from the surface, it is returned to the original medium by Lambertian
reflection [30]. In this case, the angle of reflection is independent of the angle
of incidence, and is sampled from a distribution given by
1(0) = l(a)cos(0 - a),

(3.4)

where a is the angle of incidence, 9 is the angle of reflection and 1(6) is the light
intensity at angle 6. The photon is again refracted as it crosses the surface back
into the original medium. Should the reflected photon fail to cross the surface
on its first attempt, additional reflection angles are randomly selected until
the reflected photon successfully re-enters the original component. Figure 3.2
illustrates the possible optical processes and their corresponding probabilities
40

for a surface that is polished and coated with a diffuse reflector with a specified
reflection coefficient of r.

(l-r)T

N =1
n

R

Figure 3.2: The optical processes and their corresponding probabilities at a polished
surface coated with an external diffuse reflector with a reflection coefficient of r. R
and T are the probabilities for Fresnel reflection and transmission respectively.

2. GROUND. This surface specification simulates a roughened or ground optical
surface. It is treated in the same way as the polished surface described above,
except that the normal to the surface used to define the angles in Equations 3.1
to 3.4 is randomly distributed following a Lambertian distribution around the
nominal surface normal. To prevent unrealistic cases in which a photon travelling at an oblique angle could arrive on the wrong side of one of these perturbed
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surface elements, a test is made of the dot product of the reflected photon direction with the nominal surface normal. For those cases in which the result
is negative, a new surface normal is randomly selected until this dot product
is positive. Additionally, a reflection coefficient can be specified to simulate an
external diffuse reflector for those photons that pass through a rough surface.
3. PAINT. The surface is assumed to be painted with a diffuse reflecting material
characterized by reflection coefficients that may be supplied for the primary
and shifted wavelengths. If random sampling shows that reflection occurs, it is
assumed to be Lambertian. Transmission is not allowed and so jumps in the
index of refraction is of no relevance.
4. METAL. The surface is assumed to be smooth and covered with a metallized
coating representing a specular reflector. Reflection coefficients may be specified for the primary and shifted wavelengths. A random sampling determines
whether the photon is absorbed at the surface or undergoes reflection at an
angle equal to the angle of incidence. Transmission is not allowed and so jumps
in the index of refraction is of no relevance.
5. DETECT. This specification represents a photocathode, photodiode, or any
other photon detecting layer. As an option, the photocathode may be located
on the opposite surface of a thin window of chosen refractive index. Records
are kept of the number of primary and waveshifted photons that are detected,
so that the results may be. easily modified to account for the spectral sensitivity
of actual photocathodes at each wavelength.

Some limitations are encountered when applying this program. DETECT does
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not allow more than one finish type per surface for each component. Hence, components are required to be segmented into smaller components until this restriction
is satisfied. Another important restriction to note is that a surface of one component in optical contact to a surface of a second component must either lie completely
within the other surface or otherwise completely envelope it. Although defining two
components with a coupling area less than either of the two surfaces in question is
syntactically permissable, problems nevertheless eventually arise during photon tracking. These run-time errors occur due to DETECT's mishandling of photons that exit
one of the components in contact through the uncoupled area of the questionable
surface and resulting in a position outside the second component, and in fact, outside
the defined active volume. An inconvenience of DETECT is the hard-coding of the
quantum efficiency in the program which does not allow for quick modifications since
re-compilation is necessary. A solution to this problem is to decrease the number
of scintillation photons tracked by a factor equal to the quantum efficiency desired
and to hard-code the quantum efficiency in DETECT to be 100%. This solution
is physically acceptable since the quantum efficiency can be thought of as a purely
statistical factor. Indeed, the product of the quantum efficiency and the scintillation
light yield is constrained only by the energy resolution. The solution is also computationally desirable as it reduces processing time by a factor equal to the quantum
efficiency. Lastly, a shortcoming of the program that has to be addressed is its lack of
a parabolic surface type to model the photocathode. An approximation of the photocathode must be made to one of the available surface shapes and this approximation
will be described in detail in Section IV.
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I V . Block Detector Specifications
Table 3.1 lists the input parameters used to describe the HR PLUS block detector
geometry and optical properties with DETECT. The detector model begins with
the description of the block given in Chapter 2. Additional factors in the geometry
specifications as well as known optical properties of the materials involved represent
the author's best understanding of the block at this point given the information made
available by the fabricant.
parameter
BGO light yield
BGO refraction index
BGO scattering length
BGO absorption length
surface finish
surface reflectivity
block dim (mm)
block segmentation
adjacent crystal spacing (mm)
PMT photocathode radius
PMT window refraction index
photocathode quantum eff.
photon loss adjustment factor

Input Value
8200 photons/MeV
2.14
4000 mm
4000 mm
ground
95%
36(T)x38(A)x30(H)
8x8
0.46(T)x0.46(A)
7.4 mm
1.52
0.125
0.47

Table 3.1: List of input parameters used to describe the block geometry and optical
properties with DETECT.
Figure 3.3 allows for a good visualization of the geometry used in the model of the
HR PLUS block detector. As well, the material and surface treatment specifications
to the simulation are given in the figure. Diagram A shows the configuration of the
major components of the detector. Diagram B displays the BGO block along with the
saw-cuts. The component modelling simultaneously the PMT window and the optical
coupling glue is shown in Diagram C. Diagram D presents a component that models
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the material surrounding the photocathodes within each PMT. The actual P M T is
given in Diagram E where the bottom spherical surface represents the photocathode.
A dummy component is specified only to satisfy one of the error checks that DETECT
enforces. Finally, Diagram F illustrates the positioning of a PMT over a quadrant
of the block detector. Detailed descriptions of the BGO block, the PMTs and the
entrance window are given in the remainder of this section.
A. The BGO Block
The intrinsic properties of BGO are available in the literature. The scintillation light yield of the crystal was taken from the measured value of 8200 ±750 photons/MeV reported in [8]. Each time that an energy deposition occurs, the simulation
generates a number of scintillation photons proportional to the energy deposited by
the scintillation light yield factor. For simplicity, the number of scintillation photons
generated was not allowed to fluctuate statistically. The BGO sample used in the production of the HR PLUS block is characterized by an index of refraction of 2.14 [31].
Derenzo and Riles [32] have measured a total attenuation length, X , of 200 mm at the
t

peak emission wavelength in clear BGO crystals. A beam of known intensity was directed through BGO blocks of varying lengths and the directly transmitted intensity
was measured from which the total attenuation length was determined. Nowadays,
improvements in crystal growing methods provide much clearer BGO samples, and
total attenuation length values are quoted to be as high as 2,000 mm [31]. To allow
for bulk absorption as well as scattering in the simulation, this value was split in two
components, A and X . Assuming that attenuation of the scintillation light through
a

s

bulk absorption and scattering are independent processes, one has:
e" =

x e ^,
-
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(3.5)
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Figure 3.3: The segmentation of the detector assembly. A: Layout of the detector
assembly. B: BGO scintillator block. C: Glass plate. D: P M T holder. E: P M T .
F: Overlap between the upper-right quadrant of the scintillator block and its associated PMT.
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from which the following relation can be derived between A , A and X :
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DETECT provides two options, polished and ground, which could potentially
model the surface finish and coating of the block. To see which of the two is appropriate, a 30 mm long crystal centred on a detection unit was simulated. The finish of
the five faces of the crystal not in contact with the detection unit was considered to be
either polished or ground and coated by an opaque reflector with reflection coefficient
(RC) of 85% [31]. A point source was moved in steps of 1 mm across the length of
the crystal, starting at 1 mm from the top down to the position of the detection unit.
The simulated photon yield in the detection unit is presented as a function of the
source position in Figure 3.4 for both surface finishes. The results from the simulation are compared to the measured dependence of the photopeak energy channel, for
a crystal at the centre of a quadrant of the HR PLUS block, upon the longitudinal
position of a fan beam of interacting 7-rays incident on a side face of the block [33].
All simulated data points were normalized so that the total photon yield projected at
the top face of the crystals matched that projected for the measurements. The lightyield for a source at the top face was chosen for the normalization because the simulation is believed to be more accurate in predicting the measured photopeak channels
for shallow events since the uncertainty of the saw cut depths present a less significant problem for these events. The polish finish exhibits a dependence matching well
the measured data. Using the ground option with 85% RC causes a dependence of
the light collection upon the longitudinal position of the source that is incompatible
with measurements. However, increasing the reflection coefficient to 95% improves
the performance of the ground finish to match the measured depth dependence most
satisfactorily. So either polish at 85% RC or ground at 95% RC could potentially
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model the surface finish.
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Figure 3.4: A study of the effects of the simulated surface finish on the depth dependence of the collected light yield in an isolated crystal of the HR PLUS.

Although polish matches the measured data, it does not exhibit a true depth
dependence. The light collection is actually constant throughout most of the detector's length. A modification to the standard reflector coating the HR PLUS crystals
that will be presented in Chapter 4 exploits the already present depth dependence by
exaggerating it. It was found that the polish option of DETECT was unable to reproduce the measured results for this modification primarily due to its lack of true depth
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dependence. On the basis of these comparisons, the surface finish of the HR PLUS
crystals was specified to DETECT as being ground with a reflection coefficient of
95%. Intuitively, this option is the more physical surface treatment since the saws
that produce the cuts leave behind a surface that is definitely non-uniform. However,
a ground finish of 95% RC yields a photon count that is in disagreement with the
measured FWHM of the photopeaks presented in Table 2.3. Modelling the surface
will be discussed further in Section VI.
To allow for saw cut recesses varying for different crystal rows or columns, the
geometry specification of the block had to be partitioned into a number of components
much larger than the number of crystals. The cut depths were assumed to be axially
and transaxially symmetrical. In that case, a crystal is a stack of four components, one
for each depth of cut of the four bounding sides. The volumes beneath the cuts had
to be separated into their own components as well. Adding to this the components
that define the four PMTs, a total exceeding 500 components is required for the block
geometry declaration to DETECT.
To acquire the capacity of determining saw cut recesses providing good crystal
position identification is one of the principal aims of the simulation platform. Values of
the cut depths for the simulated 2-D flood position reconstruction map were therefore
inferred through optimization. The optimization process begins with setting all the
cut depths to zero. Each cut is then systematically lowered starting from the outside
towards the centre. The optimal depth of the cut for the simulation is reached when
the peak of the position distribution for events in the crystal defined by the cut is well
resolved from its inner and outer neighbours, i.e., possessing PVRs that match the
measurements presented in Table 2.2. Due to the four-fold symmetry of the block,
the optimization only considered crystals along the diagonal of one quadrant. The
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search process can be further quickened by simulating a small set of point sources,
equivalent to 511 keV 7-rays having a prompt photoelectric interaction, in a given
crystal. Point sources were spread along the longitudinal axis of the crystal within
the mean attenuation length of 511 keV photons in BGO and the average of the
reconstructed positions gave a good approximation of the peak location. Even though
the peak locations in the reconstruction map match well the measured locations,
the PVRs may be unacceptably inconsistent with measurements. As a result, once
a preliminary set of cut depths is found, a full simulation of the 16 crystals in a
quadrant is still needed. Fine adjustments to the cut depths are finally made to
improve the PVRs. This last step again involves using 511 keV-equivalent point
sources and exploits the empirical fact that as the cut recesses are lowered, the peaks
shift towards the edge of the block and become better resolved.
Interactions located within the volume of the saw cuts, taken to be 0.46 mm
wide [31], were ignored by the DETECT simulation driver. DETECT rejects any
scintillation locations lying outside the specified geometry and automatically reports
zeros for the PMT counts. Null signal events are subsequently filtered out by lower
energy thresholding.
Finally, the dimensions of the block detector were decreased on four sides by
0.48 mm to reproduce the volume removed to allow for the box containing the detector
block. Thus the edge crystals are smaller by that amount along one side, while corner
crystals are similarly reduced in volume along two sides.
B.

The

PMTs

Burle and Hamamatsu PMTs of 19 mm diameter are both used in HR PLUS
prototypes, and here, the geometry of the PMTs is modelled after the Hamamatsu
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R5364, a typical 19 mm PMT. A scaled drawing of the R5364 is given in Figure 3.5.
The model of the PMT consists of a cylinder with a flat top and spherical detection
surface at the bottom representing the photocathode. The inner cylindrical wall is
given a 100% reflective mirror finish and the top surface is assumed to be polished
with an index of refraction of 1.52, that of glass. The cylinder length of 1.5 mm
and radius of 7.5 mm are taken from the Hamamatsu catalog diagram of the R5364.
The radius of curvature of the photocathode is chosen such that the photocathode
approaches within 0.1 mm of the top surface.

<j)18.6±0.7

faceplate
photocathode

Figure 3.5: Dimensional outline and basing diagram for the Hamamatsu R5364
PMT [34].
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The average quantum efficiency of the PMTs was derived from the convolution of
the normalized emission spectrum of BGO with the spectral response of bialkali photocathodes. Figure 3.6 presents typical photocathode spectral responses for various
PMT window materials and emission spectrums for various scintillators. An allowable
range of 11% < Q.E. < 14% was determined from which the intermediate value of
12.5% was selected for the model.

Figure 3.6: Typical photocathode spectral response and emission spectrum of scintillators [34]. A: Borosilicate Glass. B: UV Glass. C: Synthetic Silica. D: Bialkali
Photocathode. E: High Temp. Bialkali Photocathode. F: Extended Green Bialkali
Photocathode.
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C. The Coupling

Window

To simulate the coupling window of the PMTs and the optical glue coupling the
PMTs to the BGO block, four rectangular glass plates are used with dimensions of
19x18x0.5 mm . The top and bottom faces of the plates are specified as polished.
3

This coupling interface allows for a crosstalk of a few percent of the total signal
between the PMT reading directly an edge or corner crystal and the other PMTs. The
thickness of the plate is chosen to reproduce this relative signal sharing by matching
the observed width of the position response function of the edge crystals.
The next section presents the simulated results and a comparison with measured
data is made in a validation of the platform. Section VI will discuss the systematics
of the simulation including the effect of the thickness of the simulated coupling plate.
V . Validation of the Simulation

Results from the simulation were commissioned against block performance measurements acquired in Chapter 2. Figure 3.7 presents the simulated energy spectra
for 16 crystals in one quadrant of the block.
The lower left spectrum belongs to the crystal at the centre of the block. For
each crystal, the absolute difference between the measured and simulated photopeak
position and FWHM are given in parenthesis. Values are percentages derived from:
/pij
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where P'- denotes the photopeak channel of the crystal in the i row and ]
7
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t h

column

from the centre. For the simulated data, events were assigned to the crystal in which
the energy weighted centroid of interaction was located. Photopeak channels were
normalized to the value obtained for the crystal in the third row and third column from
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Figure 3.7: Simulated energy spectra for the 16 crystals in one quadrant of the block.
The lower left spectrum is that of the crystal at the centre of the block. The numbers in parentheses are absolute differences in percentages between the measured and
simulated photopeak position and FWHM normalized to the crystal in the third row
and third column from the centre.

the centre. Simulated and measured data were respectively normalized to the same
crystal. For both simulated and measured data, this crystal presents the maximum
photopeak channel. The measured and simulated relative photopeak channels and
relative FWHMs in percentages are given in Table 3.2.
The simulation reproduces well the crystal-by-crystal variations of the energy spectra. The simulated FWHMs of the photopeaks are within the range —6% to +7% of
their expected values. This indicates that the combination of the BGO light yield,
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crystal,^
row col
1
1
1
2
1
3
1
4
2
1
2
2
2
3
2
4
3
1
3
2
3
3
3
4
4
1
4
2
4
3
4
4

P.i/P
meas.
71
75
86
67
73
81
93
71
77
84
100
78
50
53
62
39

33

x 100%
sim.
73
82
88
61
83
92
97
72
88
97
100
81
53
62
71
28

FWHM /P
meas.
30
25
25
28
26
23
23
26
26
23
22
25
34
32
30
42
t j

t j

x 100%
sim.
32
22
20
32
21
16
16
21
21
17
17
21
31
25
23
48

Table 3.2: The measured and simulated relative photopeak channels and relative
FWHMs in percentages from the energy spectra for one quadrant of the HR PLUS
block under study.
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PMT quantum efficiency and crystal surface finish reproduces effectively the measured total photostatistics for incident 511 keV 7-rays in the block. The simulation
also predicts the measured relative position of the peaks to within the range: —13%
to +11%.
Finally, the familiar Compton tail of the energy spectra is well modelled. At low
energy, the contribution of events escaping the block through the back plane or from
the side walls is apparent in each crystal. For crystals in the inner rows and columns,
the simulated ratio of the Compton plateau to the photopeak is w ^ . As expected,
the Compton tail is more prominent for crystals in the edge row and column of the
quadrant as more events can scatter out of the block active volume. The Compton
plateau remains however significantly underestimated by the simulation. This is not
surprising, as inward scattering from the detector cannister and surrounding supports
is not modelled.
Figure 3.8 presents the simulated 2-D flood position calibration spectrum for 16
crystals in one quadrant of the block. The levels of the contour plot were chosen to
enhance the view of all 16 crystals.
The simulated flood spectrum shows 16 resolved crystal peaks in the ( X , Y )
7

7

space. This indicates that our choice of cut depths effectively models the relative optical coupling of individual crystals to each of the four PMTs. Detailed features of the
measured flood position calibration spectrum of the HR PLUS block [20] are also well
reproduced. The simulated data show the typical pincushion deformation stretching
the inner crystal peaks towards the outmost corner of the block. Furthermore, in the
HR PLUS block, optical cross-talk between the PMTs through a common entrance
window is more suppressed than in previous block designs [22]. As a result, peaks

56

0
0.2
Block Centre

0.4

0.6

0.8

1
X

R

Figure 3.8: Simulated 2-D flood position calibration spectrum for the 16 crystals in
one quadrant of the block.

belonging either to the edge rows or columns are not bowed inwards. Figure 3.8 shows
that this new feature is well reproduced by the simulation.
Figure 3.9 allows a more quantitative evaluation of the simulation accuracy in
reproducing the measured flood position map. The figure presents a comparison
between the simulated and measured position peaks for a row of crystals at the
centre of the block. Only events with more than 350 keV were selected. The integral
of counts was normalized to unity in both cases. The simulated spectrum is perfectly
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symmetrical with respect to the centre and was smoothed to avoid artifacts from low
statistics.

0.25

0.5

0.75

1

Fi gure 3.9: Comparison between simulated (a) and measured (b) position map for a
row of crystals at the centre of the block.

The experimental spectrum displays a slight gain imbalance which pulls the peaks
towards the left of the block and one can see that the simulation models well the
relative features of each peak even though this gain imbalance was not simulated. For
crystals in the inner columns, the simulation successfully predicts the relative yield
and width of the position peaks. In both simulated and measured data, the crystals
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in the four central columns have a relative peak intensity of 0.009, while those of
the second columns from the edge have one of 0.015. At the centre of the block, the
peak-to-valley ratio is slightly better in the simulated spectrum. The simulation is
also slightly optimistic in its prediction of the position response of the edge crystals.
It overestimates the peak yield by a factor 1.2 and places the peaks at the very edge
of the position map.
A possible explanation of this is the following. For events in the edge crystals,
signal sharing is a few percent more important in the real block than what is predicted
by the simulation. This is attributed to an overly simplistic modelling of the optical
coupling between the BGO block and the PMTs. For instance, values for the coupling
glue's thickness, index of refraction, as well as absorption and scattering mean free
paths were not considered. At the cost of simplicity, the coupling plate used in the
simulation to effectively model the PMT entrance window could have better been
sectioned into separate components for the glue and the P M T window, each with
their own characteristics.
Figure 3.10 presents the measured and simulated LSFs for the four columns along
one quadrant of the block. The peaks were re-scaled to 1 and the positions are given
as distances in mm from the centre of the block along the transaxial direction X. The
simulated LSFs accounted for the fan beam width by convolving the simulated results
with the fan beam gaussian of Figure 2.7.
The simulation closely reproduces the measured LSFs as is clearly seen in the figure. The simulated peaks coincide with their measured counterparts and the FWHM
of the simulated LSFs match well the FWHM of their corresponding measured LSFs.
This is, however, not true for the right edge LSF. The measured right edge LSF is
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Figure 3.10: Simulated LSFs superimposed over measured LSFs for the HR PLUS
block detector under study.
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broadened and is extended beyond the physical dimensions of the block by inward
scattering 7s. Inward scattering is not modelled, thus the simulated edge LSF does
not display this anomaly. The differences in the FWTMs can be attributed to crystal
address miscodings associated to both the simulated and measured crystal ID LUT.
VI. Discussion of Systematics

Whenever one attempts to simulate a subset of reality, one must fully parameterize
that subset of reality in order to satisfactorily describe it and simulate it. It is with
these parameters, constrained by reality, that a simulation may have the freedom and
flexibility to approach and reproduce that reality. In this section, the

tweaking

knobs

of the model of the E X A C T HR PLUS are examined, especially their influence upon
the results.
The BGO light yield relates the number of scintillation photons emitted at an
interaction point, L -, to the energy deposited, E,-, by:
t

L; = Ei x 8200 scintillation photons/MeV.

(3.8)

Thus, for a 511 keV 7 that is absorbed in a photoelectric interaction, approximately
4190 scintillation photons are produced. Changes in the light yield of BGO has
no effect on relative crystal-by-crystal photopeak channel values, nor does it have an
effect on the position reconstruction distribution. Decreasing (increasing) L,, however,
will correspondingly increase (decrease) the FWHM of all the crystal energy spectra.
The total mean free path, \ , was originally set to 200 mm in accordance to [32],
t

but was later revised to 2,000 mm with the advent of the latest reported figures [31].
This alteration greatly shifted the photopeak channels higher and forced the saw cuts
deeper in order to maintain good resolution of the crystal peaks in the simulated flood
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spectrum. The prominence of this effect is strongest as A increases from 200 mm but
t

weakens gradually to about 1,000 mm at which the effect is barely appreciable. The
principle component contributing to this phenomenon is the bulk absorption mean
free path, A . Increasing X allows photons to travel further, resulting in higher PMT
a

a

counts as well as allowing photons to reach the distant PMTs causing the peaks in the
simulated flood position spectrum to be pulled away from the edges of the block. To
counteract this shift away from the block edges, saw cut recesses were required to be
lowered thus trapping more photons within their quadrant of origin. The scattering
mean free path, A , does not exhibit the same strong influence on the photopeak
s

channel nor on the flood spectrum.
The reflection coefficient of the coat of diffuse reflector surrounding the BGO block
was set to 95%. Decreasing this value squeezes the energy spectra to the low energy
end and increases the Depth-Of-Interaction sensitivity of the block to values that
disagree with experiment.
At the expense of simplicity, the program DETECT could have been modified to
allow for a more physical modelling of the surface finish of the HR PLUS. A more
sophisticated model could have been designed with more adjustment parameters than
the RC alone. However, tuning free parameters is a difficult task when the exact
nature of the surface finish and coating is unknown. The most practical model then
has the fewest free parameters and can easily be constrained by data. At least for
the HR PLUS block, there are 3 constraints provided by experiment:
1. the measured depth dependence of the photopeak.
2. the crystal-by-crystal relative FWHM,
3. the crystal-by-crystal relative energy and position peak locations,
Figure 3.4 showed that the standard ground finish with a reflection coefficient of 95%
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convincingly reproduces the measured depth dependence of the HR PLUS blocks. In
Section V , it was shown that this finish also performs well in satisfying constraint
3. However, ground alone fails to reproduce the measured relative FWHM. Adding
a photon light loss adjustment parameter with a value of 0.47 improves the relative
FWHMs of the simulation to acceptable values. This parameter accounts for the losses
of photons due to a mismatch of the index of refraction for the crystals, the coupling
grease and photomultiplier window together with the absorption of scintillation light
in these materials. Although the ground option of DETECT is only an effective
model of the surface finish of the blocks, it is sufficient to reproduce the data and
thus sufficient for the simulation at this point.
The saw cut recesses have an inherently direct impact on the flood spectrum since
they are the mechanism by which the crystals may be resolved in the reconstructed
X Y -space. The lowering and raising of the recesses affect the peak positions of the
7

7

crystals bordered by the recesses. A raise causes the peak positions to be shifted
in the direction of the recess whereas a drop shifts them away. The position peaks
of the central crystals were found to have a high sensitivity to changes in the recess
depths of the saw cuts that surround them. This sensitivity decreases for crystals
further and further away from the centre of the block. Changes of fractions of a mm
can produce noticable changes in the position peaks of the central crystals, while the
outlying crystals are insensitive to changes smaller than a few mm. Only a certain
range of combinations of the saw cut depths will give good resolution of the crystal
peaks. Otherwise, peaks will be seen to merge and exhibit poor PVRs. If the cuts
are consistently too deep then the peaks will be observed to be concentrated along
the edges. If the cuts are consistently too high then the peaks will converge at the
centre. Unfortunately, the optimized saw-cut depths cannot be presented here. The
true recess values are CTI proprietary information and were not disclosed to the
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author. It is believed from the accuracy of the model in predicting the position map
PVRs, LSFs and photopeaks that the saw-cuts modelled in the simulation are in close
agreement with reality and thus are not publishable information. Furthermore, the
values of the saw-cut depths used in the simulation are of little scientific interest as
they would not add to the substance of this work.
The thickness of the glass plate used to model concurrently the PMT window and
the coupling glue has a profound effect on the width and spread of the edge peaks
of the flood spectrum. In fact, this thickness was adjusted by matching the edge
peaks of the simulated flood spectrum to that measured. The thickness of the plate
was optimized to 0.6 mm. Variations in thickness of the order of 0.25 mm produce
observable changes in peak widths.
The PMTs were initially placed at the centre of each quadrant and shifted by
0.5 mm transaxially away from the centreline. It was found that the relative photopeak channels were better matched to measured values presented in Table 2.3 when
the PMTs were further shifted axially 0.25 mm away from their respective centrelines. The relative photopeak channels are highly dependent upon the positions of
the PMTs and shifts of the order of 0.25 mm produce stark changes in these values.
The Q.E. along with the BGO light yield, L, determine the F W H M of the energy
distribution around the photopeak according to the rules of Poisson statistics. As far
as the model is concerned, only their product can be constrained by the data. Verification of this statement was achieved when it was discovered that the combination
of Q.E. = 100% and L = 8200 x 0.125 produced results that are identical within
statistics to results produced using a combination of Q.E. = 12.5% and L = 8200.
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A study of the implications of setting a timeout at which the tracking of a scintillation photon is terminated was conducted. The purpose of a timeout is to decrease
the computer processing time required for a simulation by setting a maximum flight
time. This is based on the assumption that the cases that are aborted are ones involving photons that are internally trapped or photons that would eventually be lost
and not be counted by the PMTs. Point sources of 1,000 scintillation photons were
simulated at a depth of 1 mm in two crystals, one located at the centre of the block
detector and one at the corner. DETECT requires the timeout to be specified as
a measure of the maximum tracking distance in mm as opposed to units of time.
The simulation was executed repeatedly for a wide range of values for the timeout,
from distances of 100 mm to 10,000 mm. The resulting scaled total photon count
for each of these simulated events is plotted against timeout in Figure 3.11. As evident from the graph, for timeouts > 4,000 mm, there is insignificant change in the
detected scintillation photon yield. However, at 4,000 mm, it was discovered that
there is considerable difference in the position reconstruction values when compared
to simulations with a timeout of 10,000 mm. This would indicate that a significant
proportion of those aborted photons would have been detected by any of the other
three PMTs not directly coupled to the bottom face of the crystal. A comparison
between timeout values of 10,000 mm and 100,000 mm demonstrated that the difference in position reconstruction values does not present a critical concern when the
timeout reaches these distances. Thus a timeout value of 10,000 mm was chosen for
the simulation.
The full simulation of the block detector is rather C P U intensive. The worst
case involves the optical tracking of 4190 scintillation photons from the photoelectric
interaction of a 511 keV 7-ray. In that case, approximately 0.5 minutes of CPU time is
needed on a DEC Station 3000/400. This corresponds to 2 minutes in real-time under
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Figure 3.11: A study of the effects of timeout on the detected scintillation photon
yield in two crystals of the block.

normal system load. The four-fold symmetry of the block was exploited by folding
the events into only one quadrant. A typical run consisting of a thousand interactions
in each crystal of one quadrant then requires at minimum 4 days to complete when
the tasks are distributed among 5 DEC Station 3000/400s. Absorbing the quantum
efficiency into the generated photon counts, as described in section III, scales these
figures down by a factor approximately equal to the quantum efficiency itself.
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CHAPTER 4

RADIAL ELONGATION

Upon validation of the simulation platform through satisfactory reproduction of
measured results, the platform can then be used as a research tool to investigate unanswered questions regarding PET detectors. In the process of developing the platform,
much about the physics of PET detectors was revealed, yet more are awaiting to be
explored. Also the simulation platform can be exploited for numerous applications
such as the proposal and investigation of alternate detector designs. One such application is studied in this chapter which concerns a modification to existing PET
detectors to remove the problem of radial elongation, known as the parallax error,
and hence, provide uniform radial resolution across the FOV of modern P E T cameras. The factors determining the radial resolution in PET are first introduced in
Section I along with an explanation of the nature of the radial elongation. A method
that would allow correction of this systematic effect is presented in Section II. The results of the simulation incorporated with the necessary modifications to the E X A C T
HR PLUS block design is finally presented in Section III.
I. Radial Resolution and the Parallax Error
The image resolution of a PET system is specified by quoting three parameters:
the radial, tangential and axial resolutions. The radial resolution is measured radially
across the FOV in a plane perpendicular to the longitudinal axis of the detector ring.
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The tangential resolution is measured in the same plane tangential to a radial line at
different radial distances. Finally, the axial resolution is measured along the longitudinal axis of the detector ring and depends upon the detector size, the inter-detector
spacing in the axial direction and the collimation. This chapter will concentrate solely
on radial resolution. In particular, the principal cause of its deterioration as the imaged subject position departs from the FOV centre will be discussed and a method
for its correction will be outlined.
The radial resolution is determined by the width of the coincidence tubes defined
by the possible detector pairs in the ring tomograph. As the imaged point moves
towards the edge of the FOV, this tube becomes wider. The situation is illustrated
in Figure 4.1. With reference to the figure, if the annihilation photons are emitted
along the horizontal direction, they penetrate into the narrow crystals along their
long axes and the width of the coincidence tube is equal to the crystal width. If
the 7-rays are emitted in the vertical direction, one or both could stop in any one
of five crystals that lie in their path. The coincidence tube is considerably wider in
this case due to the so-called Depth-Of-Interaction (DOI) of the 7s. This results in
a considerable degradation of the radial resolution at the edge of the FOV. Table 4.1
presents radial and tangential image resolutions for three distances from the centre of
the FOV measured in a Siemens-CTI ECAT 953B PET scanner. It is clear that the
tangential resolution suffers no degradation. However, there is a severe loss in radial
resolution as the distance from the centre of the FOV increases.
As the imaged source is moved towards the periphery of the FOV, the photon
incident angles can have a wider and wider range. This increased obliqueness in the
incident angles allows for an increase in frequency of multiple crystal penetrations
producing the centre-side tail seen in the radial projection of Figure 4.1 as well as an
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Tangential
Projection

Figure 4.1: The effect of oblique penetration upon the spatial resolution [12].
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Distance w.r.t.
centre (cm)
0.0
4.5
9.0

Tangential Image Res.
FWHM (mm)
4.7
4.8
4.8

Radial Image Res.
FWHM (mm)
4.7
4.9
5.9

Table 4.1: Spatial image resolutions for various distances from the centre of the FOV
measured in a Siemens-CTI ECAT 953B PET scanner [19].
offset in the peak position of the projection. This tail represents crystal miscodings
and escalates in size as the radial position of the source increases. This crystal miscoding is detrimental to image reconstruction which presumes and relies on the fact
that the entrance crystal is identical to the detection crystal.
Figure 4.2 shows an obliquely incident photon penetrating a distance d into a
a

pair of block detectors mounted on a tomograph ring gantry. From geometrical considerations, a relationship between the transverse displacement, Ax, the penetration
distance, d , the tomograph radius,
a

A

x

=

Rt

o

m

o

,

c L x j ; _

and the radial distance, r, is derived:
0<r<R

F

O

V

,

(4.1)

tttomo

where

RFOV

is the radius of the FOV. This equation shows explicitly that the trans-

verse mis-positioning increases linearly with the radial distance, as well as the penetration distance, and reaches its extreme at the edge of the FOV.
Hence, the radial elongation of an image depends on two factors: 7 penetration
distance in BGO, d , and the angle of incidence at the face of the crystal, 6. On
a

average, a 511 keV 7 will penetrate BGO to a depth of about 1.1 cm. The larger
the angle of incidence, the less distance a 7 needs to penetrate to enter an adjacent
crystal. To get an idea of the size of incident angles encountered: a point 20 cm from
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Figure 4.2: Obliquely penetrating photons in a pair of detectors in a ring tomograph
gantry.

the centre of a tomograph with a radius of 40 cm will subtend an angle of 30° when
the LOR is perpendicular to the radial and the axial directions.
II. A Correction for DOI

Blurring

There exist two basic approaches to dealing with the problem of radial elongation. The first involves eliminating or minimizing radial elongation by altering the
scanner gantry design or geometry. The second involves actual determination of the
DOI of annihilation photons within the crystal. Examples of the first type include
the insertion of lead or tungsten septa between crystals, a technique widely used in
commercial PET scanners which is weakly effective. Others include implementation
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of shorter crystals and increasing the diameter of the detector ring which consequently
escalates the price for a commercial PET scanner. Unfortunately, every single one
of these methods suffer the unwanted side-effect of overall reduction in sensitivity to
the specific activity of the subject due to the reduction in the number of accepted
events. A method [17] of the second type, which does not suffer this same set-back,
is investigated in the remainder of this chapter.
Figure 4.3 shows how knowledge of the DOI, Z, can allow the correction of radial
elongation. With reference to the figure, an event may be initially assigned to crystal
5 in one block detector during processing. Using this crystal and the opposite crystal
in coincidence, the angle of incidence, 0, may be estimated. The correction factor, Ax,
can be determined from the measured Z and the estimated 6 from their trigonometric
relationship:
Ax = Z-tan(0).

(4.2)

Applying A x reveals the true entrance crystal to be crystal 2. In this manner, radial
resolution uniformity throughout the FOV could be achieved if there existed a means
of determining the depth of the interaction point of the annihilation photon within a
crystal.
Over the past years, several attempts have been made to determine the DOI of
the annihilation photon within the crystal of interaction. These include a scheme
incorporating the decay time variation of scintillation light with temperature of the
scintillation crystal and the application of a temperature gradient across the length
of the crystal [35]. Though valid, this technique is difficult to implement in practice.
Another method utilizes composite detectors made up of two or more scintillators
each with different decay times [36, 37]. One method places a position sensitive
photodiode along a transaxial face of a crystal [38]. A fourth method involves the
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Back Face (PMT's)

Front Face

Figure 4.3: Correction of multiple crystal penetrating 7s.

application of a black band around each crystal [39] thus segmenting each crystal into
two depth regions. This method is rather difficult and expensive to implement in the
manufacturing process.
In comparison to the previous methods, the method proposed by [17] is a very costeffective scheme. It does not require a complete re-design of the block detectors, nor
does it require additional electronic hardware which would add to the commercial cost
of a new tomograph. In addition, its implementation is quite simple and could easily
be appended to the current existing manufacturing process. The technique involves
the alteration of the standard surface treatment of all the crystals in the block to
become "lossy" over a fraction, / , of its length. The exact steps and specifications of
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this alteration are currently protected by a patent [40]. This modification induces a
gradient in the light collection efficiency of the detector producing the desired DOI
sensitivity. Consequently, allowing the DOI of 511 keV 7-rays to be simply estimated
from the variation in the photopeak pulse height from the front to the back face of
the block. The side-effect of this method is the decrease in light collection efficiency.
However, this effect is not as detrimental as a reduction in overall gamma detection
efficiency suffered by radial resolution improvement methods of the first type. The
loss in light collection efficiency results in a deterioration of the accuracy of the usual
determination of the energy as well as the x and y entrance coordinates of the 7s. The
feasibility of the method, that is, the improvement in radial resolution mediated by
the deterioration of the light collection efficiency, is investigated in the next section.
III. Performance of New D O I Sensitive Blocks
The necessary modifications to the simulation of the HR PLUS block detector
were made as in [40]. Parameters of the modification were then adjusted and fine
tuned until a point source test was able to reproduce measured results. Figure 4.4
shows the results of the test after the final values of the DOI modification parameters
were obtained.
The test involved the simulation of 29 point sources situated along the long axis of
crystal B of Figure 2.6, located directly over a PMT. The point sources were spaced
1 mm apart and produced 10,000 scintillation photons each. The figure displays
the peak pulse height channels for each of the 29 depths for both the modified and
unmodified blocks. Experimental data [33] are concurrently displayed but at much
fewer depth locations. The DOI response was experimentally measured, as in [17],
from the peak pulse height as a function of the position of a fan beam of 511 keV
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10

15

20

25

Depth ( m m )

Figure 4.4: The predictions of the simulation (histograms) for the DOI response of a
crystal at the centre of a quadrant in the HR PLUS block before and after modification
are compared to corresponding measured DOI responses.

7-rays incident on a side face of the block. The simulated results were normalized
so that the peak pulse heights at the shallow depths matched measured values. The
normalization of the modified and unmodified blocks were performed independently
and the normalization factors used were found to be within 10% of each other.
As evident from the figure, the simulation matches measured results exceptionally well. The simulation successfully predicts the measured DOI sensitivity [28] of
SDO/=+12%

and +45% observed in the crystal prior to and after its modification

respectively. Most impressively, the simulation reproduces the shape of the depth
performance. From the results of this test, the analysis and evaluation of the DOI
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blurring correction method can be continued with full confidence in the implementation of the modification to the HR PLUS block in the simulation.
Attention was turned towards the analysis of the energy spectra for the modified
block. Figure 4.5 showcases the simulated energy spectra for the four crystals A,
B, C, and D of Figure 2.6 located along the diagonal of a quadrant of the modified
HR PLUS block.
The first row contains the results for a flood source incident on the top face.
When compared to their unmodified counterparts, the peaks are noticeably smeared
towards higher energies. In fact, there no longer exists a well-defined peak. These
results are in agreement with what is observed in the experimentally measured data.
Most remarkable, the distinct shape of the measured flood energy spectra [33] was
reproduced by the simulation. For the remaining four rows, a side-incident fan beam
was simulated at well-spaced depths of 1 mm, 6 mm, 15 mm and 24 mm. The energy
spectra resembles in shape the energy spectra for the unmodified block with the flood
source; the peaks are again sharp and well-defined. These photopeaks have been
characterized by their channels relative to that of crystal B at a depth of 24 mm
and by their F W H M relative to their own photopeak channels. Both these values are
given in parentheses as percentages for each of the four crystals and for each of the
four depths:
(4.3)
From these values, a definite relationship between the relative F W H M and the DOI
can be observed. The deeper the fan beam is placed, the smaller the relative F W H M
becomes and this is the case for all crystals. More importantly, the positions of
the peaks for each of the four crystals are observed to shift towards the right to
higher energies as the depth increases. This is the DOI sensitivity sought by the
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Figure 4.5: The simulated energy spectra for four crystals along the diagonal of a
quadrant of a modified H R P L U S block. The energy spectra were taken for a flood
source as well as for side-incident fan beams at four well-spread depths.
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modification. This indicates that the modification does indeed induce a gradient in
the light collection efficiency of the block detectors.
Figure 4.6 and Figure 4.7 present the measured and simulated depth sensitivities,
respectively, for the sixteen crystals of one quadrant of the block detector prior to
modification (top line) and after modification (bottom line). Side-incident fan beams
at depths of 2 mm, 12 mm, 16 mm, 20 mm, 22 mm, 24 mm, 26 mm and 28 mm were
used to produce the measured results, whereas, depths of 1 mm, 6 mm, 15 mm and
24 mm were used in the simulation. The crystal-by-crystal photopeak channels are
plotted against depth and these points are simply joined with straight lines.
The simulation performs fairly well in reproducing the measured data. The shapes
of the graphs are very close, however, the simulated data do not display the dip at
the higher depths seen in the measured depth sensitivities. This is due to the crystal
ID miscodings incurred by the real system, whereas the simulation presently utilizes
cheat information to get perfect crystal IDs. The overall drop in the photopeak pulse
heights after modification is well simulated.
To quantify the induced depth sensitivities, SDOI ['28], from the modification, a
value was assigned to each crystal determined by the difference in photopeak channels
at the two depths of 26 mm and 0 mm relative to the photopeak channel at 26 mm:
P26 — P o

o

S oi = —5——•
D

t A

A \

(4.4)

A depth of 26 mm was chosen since at this depth the maximum pulse height is
observed in the measured data. Differences between the measured and simulated
depth sensitivities of the modified block range only from -0.06 to +0.171. These
differences are believed to be due to crystal ID miscodings.
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The simulation does well to reproduce measured results, but that is not the focus of
this study. The aim is to demonstrate the feasibility of the correction method through
a simulation standpoint, thus offering a second proof of feasibility as reinforcement.
Up to this point, the simulation has managed to show that the DOI response for each
crystal can be enhanced through a simple modification to the surface treatment of the
crystals. Table 4.2 gives the photopeak channels (photoelectrons) for the modified
block at depths of 0 mm and 30 mm using a line fitted to the simulated data as well
as the slope, dP/dZ, of the line. Each of the 16 crystals, numbered from 0 (the block
centre) to 15 (the corner of the block), is represented in the table.
Crystal
0
1
2
3
4
5
6
7
8
9
10
' 11
12
13
14
15

Po P 3 0 dP/dZ
45 130
2.83
2.67
56 136
65 148
2.77
37 102
2.17
59 137
2.60
75 147 2.40
78 158 2.67
53 113 2.00
65 150
2.83
77 158
2.70
78 171
3.10
60 133 2.43
30 98
2.27
42 95
1.77
51 117
2.20
13 41
0.93

Table 4.2: Parameters taken from lines fitted to the Photon Count-Depth data for
the 16 crystals in one quadrant of the modified block.
To observe the scale of improvement afforded by the modification, the radial resolution for an obliquely incident fan beam was investigated for uncorrected and corrected
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DOI. The setup of Figure 4.2 was simulated along with an axially aligned fan beam
produced at r =

and incident upon the block detector at 30° from the normal

^Ktomo

at 1 mm in from the edge of the block. Data from the simulation were analyzed to
determine the transaxial resolution for this study and the results are exhibited in
Figure 4.8. The radial resolution is then obtained from the transaxial resolution by
simply scaling the transaxial resolution by a factor of cos 30°.
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The transaxial position centroid, X , weighted by the number of scintillation photons emitted at each 7 interaction point was calculated for each incoming 7, and the
events were binned according to X . The bins are 4.5 mm wide, approximately the
width of a crystal in the HR PLUS block. The data was fitted with a gaussian with a
F W H M of 17.1 mm as shown in the top figure. At this stage, the data is uncorrected
for DOI and its analysis gives the radial resolution achievable by an unmodified block.
The DOI, Z, of the gamma interactions were determined with the total photoelectron count, P, for each interaction and with data from Table 4.2.
Z= ^

.

(4.5)

The table was indexed with the crystal ID obtained from the spatial centroid position.
The transaxial displacement, Ax, was then calculated from:
Ax=Zxtan30°.

(4.6)

The transaxial position was subsequently corrected as follows:
x' = x + Ax.

(4.7)

The corrected data was replotted in the middle figure of Figure 4.8 with the new
DOI-corrected transaxial positions. Again, a gaussian was fitted to the data with a
much improved F W H M of 7.5 mm. In the bottom plot of Figure 4.8, the data was
further corrected for edge spill-overs. All events corrected to positions beyond the
physical dimensions of the block were re-allocated to the block edge bin. A gaussian
fitted to this new distribution exhibited a F W H M of 3.9 mm in accordance to that
expected for normal incidence on edge crystals. Improvements are seen to range from
a factor 2.28 to 4.38 in radial resolution. The results of this test demonstrate the DOI
correction method's ability to improve the radial resolution of a tomograph.
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To observe how the decrease in light collection efficiency has affected the transverse
resolution at normal incidence, a comparison of the LSFs was performed between the
modified and unmodified blocks for a normal incident fan beam. Figure 4.9 displays
this comparison for a central column of crystals.
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Figure 4.9: Simulated LSFs for a central column in the modified and unmodified
block detectors.
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The two LSFs almost coincide perfectly.

The FWHMs are identical and the

F W T M of the modified block is increased by 0.5 mm. These results are very encouraging and indicate that the loss in transverse resolution due to the modification
is insignificant for

SDOI

< 60%.
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CHAPTER 5
CONCLUDING REMARKS

The initial aim of this work was to develop a model of the light transport in
detectors for Positron Emission Tomography. This work has grown to also include
a gamma transport model into a very concise simulation platform currently dedicated to the simulation of state-of-the-art multicrystal position encoding scintillation
detectors. The principle feature of the platform is this interface between 7-ray interactions with the propagation and detection of scintillation photons. The former
is determined by the bulk properties of the inorganic scintillator and allows to realistically model the deposition of energy in the active volume of the block through
photoelectric and Compton interactions. The latter is dominated by the geometry
and optical properties of the saw-cut multicrystal array as well as the P M T coupling
scheme. Combining the two clearly provides an optimization tool more realistic than
geometrical and optical optimization alone.
The platform was put to a first test by comparing the predicted energy and position
spectra to those measured for an ECAT E X A C T H R PLUS block. With a simple
and realistic treatment of the block geometry and optics, the relative features of
the various crystal energy spectra were well reproduced. The measured crystal-bycrystal photopeak channels and energy resolutions were predicted to a good accuracy.
Similarly, the simulated 2-D flood position calibration specturm reproduced detailed
features of the measured one. The relative intensities of the peaks and valleys, as
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well as the widths of the peaks in the position map were shown to agree well with
measurements.
Improvements upon the accuracy of the simulation platform can be achieved primarily through the specification of a more realistic surface treatment. This can only
be obtained if exhaustive studies of the finish are performed and this requires cooperation of the fabricants. Unfortunately, information like this are considered trade
secrets and are not divulged to those outside their companies. Improvements may
also be observed if the saw cuts were allowed to be asymmetric along the two axes
in the simulation. Indeed, knowledge of the exact shape and depths of the saw cuts
would be most helpful. Furthermore, the simulation platform would benefit greatly
from a more detailed and realistic model of the B G O / P M T coupling medium. As a
minor point, light leakage which has yet to be modelled, could finally be incorporated
to produce a complete simulation platform.
An application of the simulation platform towards the study of a block design capable of simultaneously good transverse and Depth-Of-Interaction resolutions through
a modification of the surface treatment of the HR PLUS was undertaken. The simulation platform was able to reproduce experimentally measured data to a good accuracy
as well as offer proof that the DOI correction scheme is capable of improving radial
resolution significantly while negligibly degrading the central resolution. Therefore
the simulation was successful in verifying the feasibility of the proposed DOI correction scheme.
The potential of the simulation platform is opened to many possibilities. The
prediction power of the platform can be exploited to investigate new designs of yet
nonexistent block prototypes. Recently, fast inorganic scintillators with high light
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yield, such as YAP [10], LSO [11] or LuAP [41] have been placed under study. A l though the improvement in energy and time resolution is clear from measurements
taken on small individual crystals, the overall performance of multicrystal arrays made
of newly available scintillators is difficult to assess because of their relatively high cost
per unit volume compared to the extensively used BGO. The design of multicrystal
position encoding detectors based on these new high light yield inorganic scintillators
would definitely be an important application. Block designs capable of simultaneously
good transverse and Depth-Of-Interaction resolutions, such as the design studied in
Chapter 4 and mentioned above or designs with novel readout schemes to achieve
this, also deserve attention. The capacity of the platform to tackle 7-ray and light
transport together makes it a good tool to study event miscoding in existing or future
block designs which might lead eventually to energy and position encoding algorithms
of better resolution. Finally, the platform is not restricted to multicrystal position
encoding scintillation detectors nor is it restricted to PET. And so the single most
important aspect of the simulation platform is its versatility and applicability which
the author hopes will benefit detector physics throughout.
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