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ABSTRACT
Positron Emission Tomography (PET) has been used for the last two decades to obtain
functional images with positron-emitting radiotracers in the body. PET is expected to be a
very promising tool for both basic and clinical research, because it makes possible the study of
regional chemistry within multiple organs of the body in living human beings and
experimental animals. As PET has become to play an important role in research and clinical
fields, the demand for improving system performance has increased. In re sponse to this
demand the imaging properties of PET have improved significantly, but there still exists a
strong demand for better quality of images. Many efforts in PET instrumentation have been
directed toward higher spatial resolution to obtain more accurate and quantitative information
of distributions of radioactivity. Spatial resolution achieved with current PET systems is,
however, limited to a great extent by the intrinsic resolution of the detector. The intrinsic
resolution achieved with the detectors developed up to the present is still far from the
theoretical limit of the spatial resolution of PET (1.5 mm- 2.0 mm).
The work presented here describes new PET detectors that brought better system
performance characteristics including spatial resolution. To overcome the difficnlty to
improve the resolution with the conventional schemes of detectors , a new scheme of high
resolurion block detector has been developed which consists of small segments of a bismuth
germanate (BOO) array and a position-sen sitive photomultiplier tube (PS-PMT).

The

coincidence detector resolution of less than 2.0 mm in full width at half maximum (FWHM)
was achieved with the new detector, which is very close to the theoretical resolution limit of
PET system.
Several attempts have been pursued to improve the performance of the block detector
using the PS-PMT for a practical use, and a high resolution PET system dedicated to animal
studies has been developed, to which the block detector was applied. A spatial resolution of
3.0 mm was achieved with the animal PET system, and it was confmned that the new scheme
of detector could provide the superior performance characteristics to the conventional
detectors.
- vii -

As a further development of the position-sensitive detector scheme, two kinds of PET
detectors were proposed which providing the system with uniform resolution over the entire
field of view. In high resolution PET systems using thin slender crystals, the radial resolution
degrades toward the peripheral field of view because of a parallax error. The proposed
detectors can detect the depth-of-interaction of y-rays in the scintillators, so that they can
reduce the parallax error and thus improve the resolution uniformity. One of the proposed
detectors has bundled pillar shaped BGO elements coupled to two PS-PMTs at their both ends.
A prototype detector module was constructed using 32 BGO pillars and preliminary
experiments have been carried out. The detector showed little variation of spatial resolution
for different angles of y-ray incidence. The other new detector consists of the PS-PMT and a
block BGO crystal having comb-shaped slits in it. The detector can provide a single bit of
depth infonnation of y-ray interaction in the BGO block as well as the position information.
Since the detector structure is very simple, it can be easily appEed to the animal PET system
mentioned above.
As a future prospect, it is desired to develop detectors for three dimensional PET (3DPET) and CEnical PET. Removal of interplane septa in the 3D-PET, combined with the
acceptance of all possible coincidences over the axial field of view, increases the sensitivity
dramatically, while the increases of single events, scattered and accidental coincidence events
are much larger than that of true coincidence events. Detectors for 3D-PET are strongly
required to have a higher count rate capability, better time and energy resolution than those for
the conventional 20-PET. A multi-anode PS-PMT and a small size of PS-PMT having
improved dynodes are the possible detectors for this application.

-viii -

Chapter I

Introduction
Positron Emission Tomography (PET) is an important Nuclear Medicine Technique, which is
used to determine the distribution of the administered tracer substances labeled with positron
emitting nuclides. It is continually evolving as a valuable tool for the study of biological
functions and diseases. The imaging properties of PET have improved significantly, but there
still exists a strong demand for better quality of images, especially for better spatial resolution.
This dissertation will focus on the radiation detectors for 511 keY annihilation y-ray
detection. In particular, new detector schemes yielding better spatial resolution for PET will
be described. The goal of the research described here is

to

develop novel detectors for better

PET instrumentation, where the emphasis is especially placed on their development for a
practical use in PET. The new detectors use small segments of a bismuth gerrnanate (BOO)
array and a position-sensitive photomultiplier tube (PS-PMT).

- 1-

1.1 Positron Emission Tomography : PET
1.1.1 Basic Principle of PET
Positron Emission Tomography (PET) is a three dimensional imaging technique that
noninvasively measures the concentration of radiopharmaceuticals in the body that are labeled
with positron-emitting nuclides. As the changes of the radiotracer distribution in a living
tissue are also obtained with a temporal resolution of ten seconds to several minutes, PET
provides four dimensional information; three dimensions in space and one dimension in time.
The radioisotopes used for PET studies are produced by a cyclotron that adds positive
charges (protons) to stable isotopes by high-energy bombardment of the stable nuclei with
protons or deuterons. The primary positron-emitting radionuclides used in biological studies
are oxygen-15 (half life t 1n, 2 min), nitrogen-13 (t 1n, 10 min), carbon- 11 (t 1n, 20 min), and
fluorine-18 (tJ/2, 110 min). The nuclear reactions to produce these positron-emitting nuclides
are summarized in Table 1-I.

Table 1-I Nuclear reactions to produce positron-emitting nuclides

Nuclide

Nuclear Reaction

C-11

lOB (d, n) 1lC
14N (p, a) 1lC
12(; (d, n) 13N

N-13

Hi() (p, a) 13N
14N (d, n) 15()

0-15

18() (p, n) 18f

F-18

20Ne (d, a) 18f

-2-

When a positron-emitting nuclide decays in the body, the nucleus rids itself of the excess
positive charge by emitting a positive electron (positron), which loses its energy through
multiple collisions with electrons in the surrounding tissue. After losing most of its kinetic
energy, it combines with one of these electrons and annihilates. In the annihilation process,
the masses of the electron and positron are converted into electromagnetic radiation in the
form of two equal y-rays (511 keY). They are emitted at 180° to each other under restriction
of momentum conservation law. A pair of annihilation y-rays can be detected externally using
the coincidence technique as shown in Fig.l-1.
_..- ·· · ····· - ._s_ubject
Radioisotope

I

SilkeY y;.ray
,·"',·

··.

Coincidence
Fig.l -1 Schematics of positron annihilation and coincidence detection

Considerable advantages of utilizing positron-emitting labels can be achieved through
the coincidence collimation of the annihilation radiation, which include high efficiency and
constant sensitivity for the sources lying between two opposite detectors.
Current PET systems consist of one or more circuJar rings of detectors which surround
the subject. A coincidence event between two detectors on a ring across the subject defmes a
line along which the positron annihilation must have occurred. Millions of coincidence counts
between the thousands of possible combination of detectors are collected and stored on storage
media such as computer memories or a hard disk. As data is acquired, the coincidence

-3-

detector pair address is rearranged into projection data for each coincidence ray angle which is
called a "sinogram." It permits the reconstruction of the positron distribution in the body
through a mathematical procedure such as a filtered back projection technique, which is
familiar in X-ray computed tomography (X-ray CT). Figure 1-2 illustrates the principle of
PET, its detector construction and image formation.

Projection Data

Fig.l-2 Principle of PET: detector construction and image fom1ation

1.1.2 Tracers Labeled with Positron Emitters
Positron-emitting nuclides including carbon (II C), oxygen (lSQ), and nitrogen (13N) are useful
for nuclear imaging because stable elements of these nuclides are naturally contained in the
pharmaceuticals or biological compounds to be labeled, therefore not introducing any alien to
the compounds to be measured. The choice of nuclides, C, N, 0 being the most naturally
abundant biological elements, means that almost any biologically present substance, such as
water or glucose can be labeled and traced within the organism in question. Fluorine (18F) can
be used as a substitute for hydrogen (H) or other functional groups. There is the potential for

-4-
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developing tracer materials for investigating a wide range of physiological functions. Thus,
with the proper tracer compounds labeled with positron-emitting nuclides, PET can be used to
measure metabolism, blood flow, or other physiological values in vivo. More than 200
biological substances, their analogs and other drugs have been labeled by 11C, 13N, 15Q and
18F. A partial list of the compounds labeled with positron-emitting nuclides is shown in Table
1-II.

Table 1-II Example of compounds labeled with positron emitters

Labeled Compounds

Applications

H 2 15Q, Cl5Q2. t3NH3

Cerebral blood flow

llCO, CJSQ

Cerebral blood volume

l5Q2

Oxygen consumption

18F-fluorodeoxyglucose

Glucose metabolism

l3N-arnino acids

Amino acid metabolism

llC-N-methylspiperone

Dopamine Dz receptor

llC-RoJS-1788

Benzodiazepine receptor

1.1.3 Medical and Research Use of PET
Significant advances in understanding the normal and diseased organs including the brain have
been achieved with PET by many investigators.

PET can measure noninvasively the

functional activity in humans, and can image the working parts of the organs. PET studies are
categorized into three types; studies on regional blood flow, substrate metabolism, and
chemical recognition sites such as receptors and enzymes. Regional mapping of blood flow
and metabolism in the brain has led to a better understanding of strokes and brain tumors. The
development of agents to measure neurotransmission systems within the brain is expected to

-5-
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bring new insights on brain abnormalities in psychiatric and degenerative brain <liseases. PET
is now used to study a large number of disorders, including schizophrenia, epilepsy,
depression, Parkinson's <lisease, Alzheimer's <lisease, and Huntington 's <lisease. Stu<lies in the
heart using PET are useful techniques for assessing damage to heart muscle following infarct.
A number of PET stu<lies have demonstrated the value of PET for assessing the effects of
therapy on tumors. PET can be used not only to detect <lisease, but also to plan its treatment
and monitor the effectiveness of the treatment.
Researchers are also using PET to examine the response of the human brain to various
psychological or physiological stimuli, e.g. changes in local glucose metabolism or blood flow
in response

to

some stimulus. It is also expected to use PET for studies of higher cognition

functions such as learning, thinking, and memory.
Some researchers have applied PET to basic stu<lies using experimental animals. The
functional map of monkey brains has been stu<lied using micro electrodes by many researchers
in neurophysiology.

While the measurements using micro electrodes provide neuronal

activities point-by-point in the brain, PET provides three <limensional images of brain
functions with blood flow or glucose metabolism. On the contrary, the temporal resolution of
PET for this application is 40 - 90 seconds, while the micro electrodes can pick up neuron
activities in a millisecond range. Thus PET may be used in combination with the micro
electrodes complementarily. The other possible application of PET to animal studies is
investigation of drug efficacy and behavior in vivo. New organic compounds or drugs can be
evaluated or screened through the animal experiments with PET, before their administration to
human subjects.

1.1.4 Feature of PET: Advantage and Limitation
PET is a scientific tool for in vivo stu<lies for biological and physiological process in the body.
PET is unique because it allows examination of a particular chemical species. On the other
hand, magnetic resonance imaging (MRI) or X-ray CT provides anatomic information about
tissue density (X-ray CT), proton density (MRI) and spin lattice relaxation time (MRI). Since
much <lisease has a chemical origin, biochemical changes due to disease are often prior to
changes in organ size, position or density. PET has, therefore, a capability to measure the
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disease due to biochemical changes in the tissue long before MRI or X-ray Cf scans show any
evidence of disease. Another advantage of PET is the use of radioactive tracers, because the
tracer technique is extremely sensitive to small concentration of chemicals to be measured; for
example it can measure picomol or subpicomol receptors in the body. Magnetic resonance
spectroscopy (MRS) imaging may be a competitive technique with PET, but continues to
suffer from poor sensitivity and spatial resolution; it requires long observation time (30
minutes to hours) to obtain an image with I - 2 em resolution.
PET is often compared to single photon emission tomography (SPECT) which also
utilizes radio-tracers and thus provides functional information.

If we compare their

performance, PET is evidently superior to SPECf by virtue of the use of positron-emitting
radiotracers:
• More freedom in synthesis of tracers (especially with

II C)

Mostly non-analog tracers
• Shorter decay time of the tracers
Less absorption of y-rays in the body
Quantitative measurement thanks to exact attenuation correction for "frays
Higher sensitivity due to electronic y-ray collimation instead of using mechnaical
colliamtors
PET studies require a number of researchers and assistan t staffs; medical doctors ,
chemists, physicists, nurses and technicians. PET studies also consume much expenses
including personnel and material expenses, and that of depreciation for instrument,
nevertheless the number of PET studies per day is limited. Those factors above now limit a
wide scale of clinical application of PET. Most PET systems used in the field have spatial
resolutions of 5 - 7 mm, while that of MRI or X-ray Cf is Jess than l.O mm: The temporal
resolution of PET is 10 - 40 seconds, while that of X-ray Cf is severdl seconds or even less
than a second. Those immature performance of PET also limits its wide use in research and
clinical fields.

1.2 PET Performance Criteria
1.2.1 Spatial Resolution
There are two fundamental factors limiting the spatial resolution of PET; the effect of non·
colinearity of annihilation r-rays and the effect of finite range of positrons traveling in the
tissue before annihilation. Although the two annihilation r-rays emerge nearly back-to-back,
there is a small angular deviation that depends on the material within which the annihilation
event occurs. The angular deviation spread is expressed by a Gaussian function of which the
full-width at half-maximum (FWHM) is approximately 0.5° (I). Thus the amount of resolution
loss in the PET images is proportional to the detector ring diameter. This effect will range 1
mm for a 50 em diameter to 2 mm for a 100 em diameter tomograph. The resolution loss due
to the positron range depends on the energy of positrons. The degradation on the FWHM
resolution is relatively small(< I mm) for positron energy less than 1 MeV, i.e., I8F (0.649
MeV) and
13N

IIC

(0.968 MeV), and moderate (1 -2 mm) for energies from 1 MeV to 2 MeV, i.e.,

(1.22 MeV) and

I5Q

(1.68 MeV)

(2)(3).

Although there exist physical limitations above, the spatial resolution of current PET
systems is limited to a great extent by the intrinsic resolution of the detector which depends
primarily on the width of scintillators. A major technicai obstacle to obtaining narrower
detectors has been the unavailability of photomultipEer tubes (PMT) small enough to couple
efficiently

to

narrow scintilla tors.

The resulting spatial resolution achievable in a PET system is determined by the
following factors: the angular deviation of annihilation r-rays, the positron range effect, the
intrinsic detector resolution, geometry of the detector arrangement, and other factors relating
to image reconstruction such as data sampling density, pixel size in images and frequency
characteristics of reconstruction filters.

1.2.2 Counting Statistics and PET Performance
Spatial resolution, sensitivity, signal-to-noise-ratio (SIN), and temporal resolution are all of
prime importance as PET performance characteristics. They are related to each other through
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the counting statistics (Fig.l-3), because PET images are reconstructed from sinogram data
which is a two dimensional histogram of counting events.
Intrinsic spatial resolution of the system is defined in the condition that a large amount
of events are accumulated and the statistical accuracy of the data is good enough. In the
practical use of PET, however, both the data acquisition time and the dose to a patient are
limited, so that the statistical noise degrades the image quality.

Spatial
Resolution

Temporal
Resolution
Sensitivity

SIN

Fig.l-3 Relation of PET performance through counting statistics

The SIN ratio (SIN) at the center of a three dimensional image of a spherical object
(diameter d) is related to the total coums obtained (n,) and the effective resolution element
size (r) by the formula (4)-(6):

(1-2-1)

where k is a constant. To improve the spatial resolution by a factor of two, while maintaining
the same SIN ratio, it is necessary to increase the total counts accumulated by a factor of 16.
To improve the SIN ratio, spatial smoothing is often introduced through the image
reconstruction process or after forming an image, and consequently degrades the image
resolution. It 1s desirable to acquire the counting data as much as possible during a certain
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period for attaining statistical accuracy. Thus the system sensitivity is important to obtain high
resolution images.
The shortest period to acquire the counting data much enough to form reasonable quality
of images is the temporal resolution of PET system. In general, a high sensitivity system
provides good temporal resolution. A high spatial resolution image is hard

to

obtain in a short

temporal frame due to the limitation of total number of counts collected.

1.2.3 Background Noise in PET Measurement
In considering SIN in images, there are two major noise components besides the statistical
fluctuation of the acquired counts, which are scattered coincidence events and accidental
coincidence events.

Some of the annihilation photons have an interaction of Compton

scattering in human tissue, and most of those are scattered in the forward direction. The origin
of scattered events is all parts of the body that are simultaneously in line of sight with two
coincident detectors. In a PET system, the coincidence events are distinguished by whether
the two events occur within a certain time window (coincidence time window). Because of the
finite width of the time window, there is a probability that unrelated photons accidentally
produce the coincidence signals. For a given detector geometry, the true coincidence rate ( R,),
2

2

and the accidental coincidence noise rate ( R,) are expressed by R, = k,e A and R, = -r k?e' A
respectively, where k, and k, are constants,

,

e is the detector efficiency for incident y-rays, -r is

the coincidence time window width, and A is the activity in the object. From these equations,
we have

R, = -r
R,

(5_)2l_R
k, e
2

(1-2-2)

'

The accidental coincidence rate is proportional to the coincidence time window. Since the
coincidence time window is usually set to a value slightly larger than the FWTM (full-width at
tenth-maximum) of the coincidence time resolution of the detectors, timing properties of the
detectors are important to decrease the accidental to true coincidence ratio.
If we define the useful maximum true coincidence rate (R, mu) by the true coincidence

rate at which it equals to the accidental coincidence rate, we have
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(1-2-3)

The equation (1-2-3) implies that the useful maximum true coincidence rate is proportional to
the square of the detector efficiency.

1.3 Detector Performance Required in PET
The spatial resolution of current PET systems depends primarily on the size of the detectors.
Coincidence resolution is measured by passing a point source or a narrow line source of
positron emitter between coincident detectors to give a count profile as a function of position
along a line perpendicular to the axis of the detector pair as shown in Fig.l-4.

Fig.l-4 Coincidence response function (CRF) of PET detector

This profile is called the coincidence response function (CRF). The width of the CRF
of detector pairs is a common measure of detector resolution in PET. A pair of rectangular
detectors yield a triangle CRF at the center between the two detectors, of which the FWHM is
approximately 50% of the detector width. Thus using small size of detectors is of essential
importance to achieve high resolution in PET systems.

-11-

The system sensitivity of PET is directly proportional to the square of each detector
sensitivity because of the use of coincidence detection. In order to detect high energy y-rays
(511 keY) efficiently, materials having both high atomic number and high density are used as
scintillators. The characteri stics of various scintillation materials are shown in Table 1-ill.

Table 1-ill Characteristics of scintillators used for PET detectors
Nal (TI)

BGO

GSO

CsF

BaF2

Density (glee)

3.67

7.13

6.71

4.61

4.8

Linear attenuation coefficient
for 5 1! keV y (1/cm)

0.328

0.903

0.6

0.42

0.438

Relative light yield

100

15

27

5

5 (fast)
30 (slow)

Scintillation decay lime (ns)

230

300

60

2.5

0.8 (fast)
620 (slow)

Emission peak wavelength
(nm)

415

480

430

390

225 (fast)
310 (slow)

Refractive index

1.85

2.15

1.9

1.48

1.56

Hygroscopic?

yes

no

no

yes

no

The most efficient material is bism uth germanate (Bi4Ge3012 : BGO) wi th a linear
attenuation coeffic ient for 511 keY y-rays of 0.903 cm- 1 , while the light yield is 15% of
Nal(Tl), and the decay time is 300 ns which is much longer than that of BaF2 (0.8 ns) or CsF
(2.5 ns) scintillator. To detect the weak scintillation light emitted from BGO, photomultiplier

tubes (PMTs) having high quantum efficiency and high amplification gain are used as
photodetectors. By virtue of the high amplification of 106

,

the timing information can be

picked up at a single photoelectron level, so that the time resolution of a few nanoseconds is
achievable with the slow BGO scintillator.
It is desirable

to

place the de tectors on a ring as closely as possible together in a PET

system, because the detector packing fraction affects the system sensitivity in the same manner
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as the detection efficiency of the detectors. To pack the detectors closely together on a ring,
the optimum shape of the scintillation crystals is a rectangle.
The detectors for PET are also required to have fast time resolution and good energy
resolution to reduce the background noise of accidental events and scattered events efficiently.
The single event-rate is SO to 100 times larger than the true coincidence event-rate, because the
solid angle for coincidence event detection is much smaller than that for single event
detection. Wben the single event-rate is high, a detector unit having a large detection area and
slow scintillation decay time may cause pulse pile-up, and consequently limits the count rate
capability of the PET system. Since thousands of detectors are used in one PET system, the
stability of the individual detector is of essential importance. The detector performance
required in PET systems is summarized in Table 1-IV.

Table 1-IV Detector performance required in PET

PET Performance

Spatial resolution

Detector Performance Required

Small detector size
High stopping power (BGO)

Sensitivity

High stopping power
Close detector packing (Rectangular shape)

Accidental noise

Good timing resolution

Scattered noise

Good energy resolution

Count rate performance

Short scintillation decay time
Small detector unit area

Stability

Count rate independency
Temperature stability
Long term gain stability
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1.4 Review of Detector Development for PET
1.4.1 Historical Remarks
PET has been developed through the efforts of many investigators. Since the detector
performance is of prime importance in the realization of better PET instrumentation, new
detectors have been developed corresponding to the system innovations.
The positron scanner was proposed in 1951 by Wrenn (7) and Sweet<8l independently,
and tbe ftrst system was developed by Brownell et a!. in 1953
positron imaging device using scintillation cameras

(10).

(9).

In 1959, Anger reported a

These systems were designed and

used for planar imaging of positron-emitting tracer distribution in the human body.
The first system for transverse-section positron imaging was developed by Rankowitz et
a!. in 1962, which used a circular array of 32 Nai(11) detectors

(11).

The transverse-section

images were reconstructed using linear superposition of backprojections (simple
backprojection).
The current design of PET system was developed by Phelps and Ter-Pogossian et al. in
1975 (PETTIT)

(12)(13).

It consisted of a hexagonal array of Nai(Tl) detectors and utilized a

Fourier-based cr algorithm with attenuation correction. Phelps et al. reported the first whole
body PET (PETT nJ) in 1976 0 4l.

This system was subsequently redesigned and

commercially produced as ECAT by EG&G/ORTEC.
In 1976, Cho eta!. developed a circular ring PET system employing 64 Nai(Tl) detectors
(15).

Circular ring PET systems have also been developed by Yamamoto eta!. in 1977 (16), by

Bobm et al. in 1978

(17),

and by Derenzo et al. in 1979 <18 l·

detectors in the PET system for the ftrst time

0 9),

Tompson eta!. used BGO

while the introduction of the BGO detectors

for a PET system was originally proposed by Cho et al

(20).

The first PET systems having multiple-slice imaging capability include the system
developed by Brownell et al. in 1977, which was a dual-headed planar camera having two
dimensional detector arrays

(21).

Muhllehner et al. also developed a dual-headed rotating

scintillation camera system for positron imaging in 1976 <22>. Multiple-layer detector ring PET

systems (PEIT IV and PEIT V) have been developed by Ter-Pogossian et al. in 1978 (23J(24l.
PEIT IV had a hexagonal arrangement ofNai(Tl) cylindrical detectors and was a system for
whole body studies, while PEIT V had a circular arrangement of NaJ(TI) detectors and was
designed for brain studies. Phelps and Hoffman developed a five-image plane system called
NeuroECAT with BOO detectors in 1981

(25).

Ter-Pogossian et al. developed the first PET system (Super PEIT) utilizing time-offlight (TOF) information of annihilated 'Y-rays in 1981

(26),

where the employment of a TOF

technieque and fast CsF scintillators for PET was originally proposed by Allemand et al. in
1980 (27).
A circular PET using small BOO detectors (Neuro PET) was developed for brain studies
by Brooks et al. in 1980

(28).

Circular ring BGO systems were also developed, by Carroll et al.

of Cyclotron Corporation in 1979 <29l, by Nohara et al. in 1980 (30), and by Eriksson et al. with
Scanditronix in 1982

(31).

NaJ(Tl) detectors in J 981

Kanno et al. have developed a hybrid PET/SPECT system using
(32).

Hitachi and Shimazu in Japan, and AECL in canada developed

commercial PET systems in 1980 -1982.
In 1983, Muhllehner et al. developed a hexagonal arrangement of NaJ(Tl) bar detectors
each which was one dimensional scintillation camera

(3 3 l.

It was extended to a multi-ring

system by applying two dimensional detectors (PENN-PET).
NaJ(TI) detectors had been gradually replaced with BGO detectors, because BOO has
the capability of providing better spatial resolution and higher efficiency. CsF and BaF2
detectors were used in fast PET systems, which may be adequate for an application to cardiac
studies. The use of PET has gradually moved toward clinical applications from a research
stage. According to the increasing clinical application of PET, various commercial PET
systems have been developed, most of which are whole-body scan ners. At present, the spatial
resolution achieved in the current commercial PET systems is 4.0 mm - 6.0 mm.

1.4.2 Recent Development of PET Detectors
A major concern in recent PET design is spatial resolution. In order to improve the spatial
resolution in PET, the size of the scintillators has become smaller. Various scinti llator/PMT
coupling schemes have been proposed to efficiently detect the scinti llation light from sma.ll
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scintillators. The simplest scheme is individual BGO/PMT coupling in one-to-one
correspondence, which potentially provides the best spatial resolution and the highest count
rate capability for the system. As the crystals become smaller, however, it becomes difficult to
individually couple a PMT to a crystal because of limitations in the size of a PMT.
Derenzo et al. (1987) developed a unique detector ring geometry in which 13 mm
diameter PMTs are individually coupled to 3 mm wide BGO crystals at their top, bottom or
side planes

(34)

as shown in Fig.l-5 . However, this detector construction only provided a

single detector ring due to the geometrical limitation. The author et al. (1990) adopted a new
multi-segment PMT to form a five ring PET system in which a BGO/PMT individual coupling
scheme was used (35) as shown in Fig.l-6.

r-r a y s

BGO
3mm x 10 mm x 30mm

Fig.l-5 Individual BGO/PMT coupling detector developed by Derenzo et al. (34)

Quad PMT

-tSmm

Fig.l-6 Quad-PMT detector developed by Yamashita et al.
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(35)

In order to overcome the difficulty in the individual coupling scheme, group coupling
detectors using different coding schemes have been designed, where a large number of crystals
are coupled to a small number of PMTs. Murayama et al.(l982) proposed a quad BGO
detector in which four BGO crystals were coded by two PMTs

(36)

(Fig.l-7). Burnham eta!.

(1982) adopted an Anger camera scheme to a PET detector ring, where BGO crystals are
coupled to a PMT array through a circular light guide (37) (Fig.l-8).

PMT

BGO

Optical
Interface

Reflector

Fig. l-7 Quad-BOO detector developed by Murayama et al. (3 6)

BGO

Fig.l-8 Anger camera scheme of detector developed by Burnham et al.
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(37)

Casey et a!. (1986) developed a multi-crystal 2D modular detector using a 4x8 matrix of
BOO crystals which were coupled to four rectangular PMTs through a square light guide

(38).

The original design is now changed to adopting slits in a BOO block instead of the light guide
and the crystal array has changed to an 8x8 matrix (Fig. 1-9).

Block BGO

PMT

Fig. 1-9 Two dimensional BOO block detector developed by Casey et al.

(38)

A dual segment PMT, Hamamatsu Rl548, was originally developed to provide a PET

detector using an individual coupling scheme (the author eta!., 1982 CJ9l). Since then, many
researchers have proposed a variety of detectors using the dual segment PMTs coupled to a
BOO array in different manners: Roney eta!. (1984) coupled four wedge shape BOO crystals
to the PMT, where the glass window of the PMT was used as a light guide

(40)

(Fig.1-10 ),

Yamamoto eta!. (1986) developed a unique design of twisted light guides to code eight BOO
crystals with one dual PMT (41) (Fig.l-11 ), Erickson eta!.

(42)

(1987) and Min et al.

(43)

(1987)

developed a 2D modular detector using a 4x4 BOO matrix and two dual PMTs (Fig.l-12).
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Septa

Dual-PMT

Fig.l-10 Coding scheme using duai-PMT by Roney eta!.

(40)

/~~

Twisted Light
Guide

Fig. l-11 Coding scheme using dual PMT by Yamamoto eta!. (41)

BGO
Light Guide

Fig.l -12 Coding scheme using dual PMTs by Eriksson et a!. (42)
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Moreover, various unique ideas have been introduced to PET detectors. Erickson et al.
(1983) proposed a Phoswich detector having a BGO and a Gd2Si05 (GSO) crystals coupled to
a 13 mm diameter PMT, where either of BGO/GSO crystals was identified by means of a
pulse shape discriminator (44) (Fig.1-13 (a)). Murayama et al. (1984) also developed a coding
scheme using a pulse shape discriminator and a unique design of half-gated PMT <45 > (Fig.l-13
(b)) .

BGO

BGO

GSO

II

ID

.
.

PMTD

HALF-GATE PMT

(a) BGO/GSO phoswich detector developed
by Erikson eta!. <44 )

(b) Half-gate PMT detector developed

by Murayama eta!. <45 >

Fig.l-13 Coding schemes using pulse shape discriminators

Derenzo et a!. (1989) proposed a use of silicon photodiodes to identify a flashed segment
among BGO crystals and the depth information of y-ray interactions in each BGO, where a
small PMT was used to detect timing and energy information (46) (Fig.l-14). Lightstone et al.
(1986) developed a detector module having two BGO crystals, each which was individually
coupled to an avalanche photodiode (47) (Fig.l-15).
Bateman eta!. (1983) applied multi-wire proportional chambers (MWPC) to PET, which
employed a stack of 21 lead foil cathodes sandwiched between MWPC anode planes (48).
Mine et al. (1987) proposed an application of a BaF2-TMAE multi-wire chamber detector to
PET (49). The wire chamber contains a mixture gas of tetrakis-(dimethylamino)-ethylen
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(TMAE) and a quencher, where the TAME gas is ionized by 220 nm sc intillation photons
emitted from BaF2.
The development of various PET detectors is summarized in Table 1-V.

BGO

~
-

~
SPD

BGO with silicon
photodiodes
PMT

Fig.1-14 Hybrid detector composed of PMT/BGO/SPD proposed by Derenzo et al.

Avalanche
photodiode

Fig.1-15 BGO/APD detector developed by Lightstone et al.
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(47)

(46)

Table 1-Y Development of Detectors for PET

1951

F.R.Wrenn, W.H.Sweet

Nai probe pair delector

1959

H.O.Angeretal.

Gamma camera and single probe

1969

GL.Brownell

Opposing bank of detectors (Nai probe array)

1977

G.Muehllehner et al.

Opposing gamma cameras

S.E.Derenzo et al.

Nai+Light guide

Z.H.Cho

Proposal of BGO scintillator for PET

1978

M.M.Ter-Pogossian et al.

Bar Nal between PMTs

1980

R.Allemond et al

Proposal of CsF detector for TOF PET

1982

H.Murayama et al

Quad BGO detector

Cascade Nal blocks coded by two PMTs

1983

1984
1986

1987

1989
1991

T.Yamashita et al.*

Dual PMT

G.Muehllehne.r et al.

Hexagonal Nal bar camera

L.Erikson et al

BGO/GSO poswich detector

J.E.Bateman et al

Stack MWPC

M.Laval et al

BaF2 detector

C.A.Buhnham et al

Small BGO coded by PMT array through LG

H.Murayama et al.

Half-gated PMT

H. Uchida et al.*

PS-PMT +Mosaic BGO

M.W.Casey et al.

4x8 BGO block detector

A.W Lights tone et al.

APD+BGO

S.Yamamoto et al.

8 BGO + twisted LG +dual PMT

S.E.Derenzo et al.

BGO-PMT 1:1 coupling

L.Erikson et al.

4x4 BGO array+ LG +dual PMTs

H.B.Min et al.

4x4 BGO array +dual PMTs

P.Mine et al.

BaFz +MWPC

K.Shimizu et al. *

3D BGO detector

S.E.Derenzo et al.

Wedge shape PD and PMT

T.Yamashita et al.*

4 segment PMT

T.Yamashita et al.*

Comb-slit BGO + PS-PMT
*Developed by the author of this thesis, et al.
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1.5 Proposal of New Detector Scheme
1.5.1 Discussion of Detector Schemes
As reviewed in Section 1.4.2, the PET detector schemes developed up to the present are
divided into two categories, individual coupling methods and group coupling methods. The
individual scintillator/PMT coupling in one-to-one correspondence is a simple scheme, but it
potentially provides the best spatial resolution and the highest count rate capability. However,
there is a resolution limit in this scheme due to the size of a PMT. Since the proportion of
useful area on a photocathode becomes smaller with smaller PMTs, efficient optical coupling
between a PMT and a scintillator is difficult to be obtained, and thus the timing and energy
resolution degrade. The other drawback of this scheme is that the cost for the total detectors in
a PET system is relatively high compared to that for detectors using group coupling schemes.
The use of solid state detectors such as a p-i-n silicon photodiode (SPD) or an avalanche
photodiode (APD) may overcome those drawbacks, but studies of the solid state detectors for
PET are still in a preliminary stage, and there exist many engineering problems to be solved
for their practical uses. A SPD having a small area (e.g. 3 mm in diameter) shows a rootmean-square noise level of 300-400 electron-hole pairs equivalent combining with a low noise
amplifier. As the number of BGO photons produced by a 511 keV y-ray is 1,500-2,000, the
signal pulse height is marginal over the electronic noise level.

Fairly good noise

discrimination is obtained only by cooling the detector, when the thermal noise is suppressed
and the light amount from BGO increases as well.
The time resolution of an APD is limited by the existence of excess noise. The signal
pulses from an APD are amplified through a timing an1plifier of which shaping time is in a
microsecond range.

The band-limited amplifier suppresses the noise, whiJe providing

amplified signal pulses having a slow rise time. Because the timing pick-off is perfom1ed with
those amplified pulses, the time resolution of an APD/BGO detector is poorer than that of a
PMT/BGO detector. In addition , since the gain of APD is temperature dependent, the detector
system requires temperature stabilization, which is not a desirable feature in the practical
application to PET.
- 23 -

The spatial resolution attained with the coding scheme detectors is generally restricted
by the size of a PMT or of its segments, and by statistical fluctuation of photon number
emitted from BGO crystals. The manner by which photon statistics affect the spatial
resolution in those coding schemes is similar to that in scintillation cameras, where the spatial
resolution is limited by the spatial spread of the scintillation light which is optimized for the
PMT size or pitch. The detector pair resolution obtained with the conventional coding
schemes is 3.0 - 4.0 mrn FWHM.
Detectors using MWPCs have potential capabilities of providing high intrinsic spatial
resolution. The disadvantage of MWPC is its low detection efficiency for 511 keY y-rays.
Even the detection efficiency of a detector using a photosensitive MWPC coupled with BaF2
scintillators is low. Since BaF2 has much lower stopping power for 511 ke V y.rays than BGO,
it is necessary to use long scintillators in depth in order to obtain the detection efficiency
comparable to that of BGO, which results in the degradation of the spatial resolution due to
Compton scattering among the crystal segments. Because of the deterioration of the TMAE
gas, it is necessary to use a system to recycle the gas in the chamber, which is not a desirable
feature for a practical system.

1.5.2 Advantageous Usc of Position-Sensitive PMT for PET
A new approach to attain higher resolution than that in the conventional schemes is the use of
a position-sensitive PMT (PS-PMT) coupled to a BGO array having small segments

(50)(51).

Since the PS-PMT has a very high intrinsic resolution capability, a spatial resolution less than

2.0 mm is obtained by coupling to properly designed BGO crystals. The schematic drawing of
the detector using PS-PMT is shown in Fig.l-15. Scintillation photons produced in one BGO
segment travel to the photocathode, and are converted to photoelectrons which are multiplied
by 5x105-106. and reach the crossed-wire anodes encoding position information. The position
is calculated by a charge division method in the X andY directions independently. Since the
PS-PMT has no structural difference between the X and Y directions, it has a high resolution
capability in the both directions. The other advantage is its cost effectiveness. The PMT cost
normalized by the useful detection area can be decreased, and the number of read-out
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electronics used in the whole system can be reduced in compari son with that in PET systems
using conventional detectors.
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Fig.1-15 Schematic drawing of a BGO block detector using PS-PMT

A high resolution PET dedicated to animal studies has been developed using the PSPMT. A spatial resolution of 3 mm FWHM has been achieved with this PET system. Figure
1-16 shows the evolution of spatial resolution of PET systems developed during the last fifteen
years, in which the resolution achieved in the PET system using PS-PMT is also shown.
An intrinsic resolution less than 1.5 mm FWHM can be obtained with a coincidence
detector pair having the PS-PMTs coupled to very narrow BGO crystals of 1.0 - 1.5 mm in
width. Thus, the PS-PMT has a potential capability to provide a PET system having a spatial
resolution close to a theoretical limit (1.5 mm - 2.0 mm).
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Fig.l-16 Evolution of spatial resol ution of PET during the last fifteen years
(Resolution of a PET using the PS-PMT detector is indicated by an
arrow in the figure)
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1.6 Scope of the Dissertation
Designing and building a high intrinsic resolution detector for PET is the primary concern of
this study. As this is the first effort in building a PET detector system composed of a positionsensitive PMT, we have investigated and discovered many interesting characteristics of the
detector and a PET system using it.
Chapter 2 describes the results of fundamental studies on the PET detectors which
include optimal design of BGO scintillators, development of techniques to quantitatively
evaluate the detector performance and analysis of the detector characteristics.
In Chapter 3 the basic design of a new detector using a PS-PMT is described.
Resolution limits of the detector are also discussed in this chapter. Position calculation for the
PS-PMT is analyzed and it is shown that the scintillation light spread on the photocathode is a
primary factor affecting the intrinsic resolution of the PS-PMT detector. A new BGO block
detector is presented, which was developed for a practical use in a PET system.
A PET system dedicated to animal studies has been developed using the new PS-PMT,
and a spatial resolution of 3.0 mm has been achieved. The design and the construction of the
PET system is described in Chapter 4. The physical performance of the system and the results
of PET experiments with animals are also shown in this chapter.
In Chapters 5 and 6, new detectors detecting depth-of-interaction of r-rays are discussed.

This work has been motivated by a need for uniform resolution over the entire field of view.
The detectors proposed here are variations from the original design of the detector using PSPMT. The effectiveness of the depth-of-interaction detection was evaluated by measuring the
coincidence response function for different incident angles of r-rays.
Finally, in Chapter 7, we summarize the results and offer some possible directions for
future work, where discussions on detectors for 3D-PET and clinical PET are included.
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Chapter 2

Study of Detector Design for PET
This chapter describes fundamental characteristics of scintillation detectors for PET. PET
detectors are specifically required to have good temporal and spatial resolution , while most
characteristics required for them are common to those with other radiation detectors.
In Section 2.1 , optical and geometrical design of scintillators to obtain better detector
characteristics is demonstrated. Section 2.2 presents methods for valid evaluation of the
detectors which are essential for the improvement or the development of new detectors. We
have constructed instrument to measure the performance of PET detectors developed in the
last fifteen years , some of which were developed on the basis of the previous work. Section
2.3 shows the analysis of the time resolution with a BGO detector.

2.1 Optical and Geometrical Design
2.1.1 Characteristics Matching between ScintiUator and PMT
BGO (Bi4Ge3012)• BaF2, CsF and Nal(Tl) scintillators have been used in PET systems
because of their high stopping power for 511 keV y-rays and short scintillation decay time
(1X2l. Various types of PMTs have been coupled to scintillators in different manners. In any
detector scheme, the matching characteristics between the scintillator and the PMT are of
prime importance. Figure 2-1 shows the emission spectra of BGO, Nal(Tl) and BaF2, which
are used in current PET systems.
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Fig.2-l Emission spectra of scintilla tors used in PET

The emission spectra of the scintillators have their emission peaks in the wavelength
region below 500 nm, so that bialkali photocathode can provide the highest conversion
efficiency from scintillation photons to photoelectrons among numerous photocathode
materials (3). Since BGO has the highest stopping power among the scintillators, mo~t current
PET systems use BGO in order to obtain both high spatial resolution and high sensitivity. An
ideal bialkali photocathode has a quantum efficiency over 20% at the BGO emission peak of
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480 nm as shown in Fig.2-2. As a good quality of BOO scintillator has an energy conversion
efficiency of approximately 1.5% (from 511 keY y-rays to visible photons), the number of
photoelectrons emitted from the photocathode is calculated to be 400 - 500 in one event.
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Fig.2-2 Spectral quantum efficiency of bialkali photocathode

In a practical use, however, there are two dominant factors that reduce the conversion
efficiency from y-rays to PMT current signals: one is the loss of scintillation photons through
the light propagation process from the scintillation point to the photocathode, and the other is
the photoelectron collection efficiency of the first dynode in a PMT. The former factor largely
depends on the optical and geometrical design of the scintillator and the PMT, which includes
surface smoothness, transparency (self-absorption in a scintillator), reflectance of the reflector,
scintillator shape, properties of the optical coupling compound between the scintillator and the
PMT, refractive indices of the PMT glass window and the photocathode, and the PMT
window geometry (its shape and thickness). The latter factor is determined by the design of
electron optics in a PMT which largely depends on the PMT shape (cylindrical or rectangular)
and the dynode structure. The net efficiency including both the photocathode quantum
efficiency and the photoelectron collection efficiency is called effective quantum efficiency.
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The effective photoelectron number in one event is estimated to be 200-300 for 511 keY yrays with a small diameter PMT coupled to a BGO.
Very fast timing properties are not required for PMTs coupled to BGO crystals, while
they are of prime importance for a PMT using with fast scintillators such as BaF2 or CsF.
Since BGO has a relatively slow scintillation decay time and poor light output, the dominant
factor affecting the time resolution is the number of effective photoelectrons in one event The
time resolution for BGO photons is discussed in Section 2.3.

2.1.2 Light Output from .BGO Scintillators
Crystal growth technology with BGO has greatly advanced since BOO's scintillation
properties were discovered by Weber and Monchamp in 1973

(4).

At present light output from

the best quality BGO crystal reaches 20% ofNal(Tl). The attenuation length of BGO photons
(mean free path) is larger than 100 em, so that the efficiency loss due to self-absorption in the
crystal is negligible (5). The dominant factor affecting the BGO light output is absorption by a
reflector material. As the number of reflections on a reflector increases in a BGO crystal, the
light output from the crystal decreases. Especially, in a slender BGO having a smaller cross
section area and a longer depth, the light output becomes smaller because of an increasing
number of reflections on the reflector walls.
The dependence of light output on the crystal surface condition was studied with slender
BGO crystals, where each BGO specimen has a 3 mm x 3 mm cross-section area and a 15 mm
depth. The experimental results are shown in Fig.2-3. BGO crystals having five mirrorpolished surfaces and one coarsely ground (#1000) surface on the top provide the highest light
output. Since the refractive index of BGO is 2.15, the critical angle for total reflection is 28°
at the air boundary and 44 o at the boundary to a PMT window. If the all surface planes of a
BGO crystal are mirror-polished, a large fraction of scintillation photons are trapped in the
BOO. On the other hand, if they are all coarsely ground, the number of reflections on the
reflector material increases, and consequently the light output decreases due to the reflection
loss.
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We earned out a simulation study of the light output from BGO crystals having <lifferent
areas of square cross-section and different depths using the Monte Carlo method

(6).

In the

simulation, all BGO crystals have five mirror-polished surfaces and one coarsely ground
surface on the top. The calculation was performed on the following hypotheses:
(I)

All photons in one event are emitted simultaneously from a given point in a
BGO, into random directions.

(2)

When a photon reaches the BGO surface, it undergoes the Fresnel law with
both reflection and refraction. If a photon strikes the diffused reflector, the
distribution of reflection angles is given by the Lambert law.

(3)

The calculation for one history is stopped, if the number of reflections exceeds
a given maximum value.

(4)

The light attenuation is caused only by two factors; absorption in the BGO and
reflection loss at the diffused reflector.

In this calculation, we assumed that the optical attenuation length in a BGO was 200 em and
the reflectivity on the diffused reflector was 98 % . The maximum number of reflections were
set to 100. Figure 2-4 summarizes the results of the calculation. As shown in the figure, a
BGO crystal having a smaller cross-sectional area and a longer depth loses more scintillation
photons before their escape from the crystal.
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Fig.2-4 Light output dependence on the length and width of BGO crystals
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There are many reflector materials for BGO such as BaS04 , Ti02, Al203 and MgO. It is
reported that the primary factor affecting reflection efficiency is the particle size of the
reflector material, not the material itself (7). The other important factor for better light output
is the existence of thin air gaps between the crystal and the reflector, because the total
reflection at the crystal-air boundary causes no optical loss and the probability of the total
reflection is large with a high refractive index of BGO. The powder materials are us ually
retained to a BGO wall with adhesive materials (binder) which generally degrades the
reflection efficiency. Thus there is a trade-off between the mechanical strength of the powder
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reflector on a crystal and the reflection efficiency. By contrast with the powder materials,
Teflon (polytetrafluoroethylene) is a convenient reflector material for a practical use, because
it has reasonably good reflection efficiency, and a crystal can be easily lapped using thin
Teflon sheets having uniform thickness.

2.2 Evaluation of PET Detector Characteristics
An accurate evaluation of detector characteristics is necessary for the design and development
of PET detectors.

We have constructed various apparatus to measure the detector

characteristics; PMT transit time spread, scintillation decay time, coincidence time resolution,
PMT count rate performance, and detector intrinsic spatial resolution.

2.2.1 Transit Time Spread (TTS)
Transit time spread (TIS) is one of the most important measures for evaluation of the timing
properties of a PMT. For a given illuminated area on a PMT photocathode, the arrival time of
electron pulses at the anode fluctuates event by event. TIS is characterized by a probability
density function of the transit time from the photocathode to the anode, when the photocathode
is illuminated with very weak light pulses providing only a single photoelectron per pulse.
The measurement apparatus we built is shown in Fig.2-5. Fast light pulses of 800 nm
wavelength are emitted from a laser diode, and converted to pulses having 400 nm wavelength
through a nonlinear crystal, called second harmonic generator (SHG). They are irradiated onto
the full cathode area of a PMT after passing through several filters, a filter removing 800 om
light and neutral density (ND) filters attenuating the intensity of light pulses down to a single
photon level.

2.2.2 Scintillation Decay Time
Scintillation decay time is measured using the delayed-coincidence method of Bollinger and
Thomas, as modified by Moszynsk:i and Bengtson (8X9J. Figure 2-6 shows an apparatus for the
scintillation decay time measurement. A BaF2 or a plastic scintillator detector is used for a
reference probe and the timing signal through a constant fraction discriminator (CFD) is led
into a time-to-amplitude converter (TAC) as the stop timing trigger. Scintillation light from a
scintillator specimen is detected by a fast PMT having a small aperture on the photocathode,
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and the output signal through a CFD is used as the start timing nigger into the TAC. The
timing accuracy of the measuring system is 200 ps - 300 ps which primarily depends on the
timing properties (mainly TIS) of the start channel PMT. Since 511 keY y-rays may cause
scintillation or Cherenkov radiation in the glass window of a monitor PMT (i n the start
channel), a lead shield is placed between a positron source and the PMT.
Condenser
Lens

Filter
(IR Rejection)

Fig.2-5 Measurement apparatus of transit time spread (TIS)

Pb shield

CJ~·~I sa~IL---~
Speclme

So u rce

Fig.2-6 Measurement apparatus of scintillation decay time
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2.2.3 Coincidence Time Resolution
Figure 2-7 shows measurement apparatus for coincidence time resolution , which uses a fastslow coincidence technique. For slow scintillators such as BGO, the energy discrimination is
performed with pulses integrated for a period long enough compared to the decay time in order
to attain a good statistical accuracy.
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Fig.2-7 Measurement apparatus of coincidence time resolution
In the measurement setup shown in Fig.2-7, the last dynode signal and the anode signal
are independently taken out, where the positive signal from the last dynode is used for energy
discrimination, and the negative signal from the anode is used for timing pick-off. Anode
pulses are amplified through fast current amplifiers and introduced to constant fraction
discriminators (CFD). The timing discrimination is performed at a single photoelectron level.
In our experiments, ARC timing method (amplitude and rise time compensated timing

method) provided better time resolution than TCR timing method (true constant fractio n
timing method). To apply ARC timing method, we set the delay time between the fractional
inverted signals and the delayed input signals at 1 ns or less. The reason for the superior
timing with the ARC timing method, may be explained by the fact that the rising part of BGO
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pulse is composed of piled-up single photoelectron events and thus the rise time may fluctuate
event by event because of the poor photon statistics.

2.2.4 Count Rate Dependence ofPMT and Voltage Divider
Electron pulses in a PMT are gradually amplified through a multiple secondary electron
emission process at cascade dynodes. The current level of signals increases exponentially
towards the later stages of the dynodes. The signal current flows through resistors of a voltage
divider in the opposite direction against the feeder current. Thus it may cause a voltage drop
at the later dynodes, when the PMT is illuminated with high count-rate light pulses. Since the
total applied voltage to the voltage divider is always kept constant by an external voltage
power supply, the voltage drop at the later stages of dynodes is redistributed towards the
photocathode, and consequently the electron multiplier gain increases. In order to operate a
PMT at a constant gain, the anode current should be kept at a level below 2% - 5% of the
feeder current. The count rate capability is measured using the apparatus shown in Fig.2-8.
Although large feeder current improves the count rate capability, it results in large power
dissipation through the resistor chain. As the signal current level is large only at the later stage
of dynodes, especially at the anode and the last dynode, the count rate capability is improved
by using a separate power supply for the later dynodes.

1 -300 kHz
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Fig.2-8 Measurement apparatus of count rate performance
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2.2.5 Intrinsic Spatial Resolution of PET Detector
The spatial resolution of a PET detector can be evaluated by the coincidence response function
(CRF) as described in Section 1.3. However, the CRF measured with an opposed detector pair
in coincidence includes other physical factors, positron range and angular deviation, besides
the detector intrinsic resolution . We can evaluate the detector intrinsic resolution by the
following procedure.
First, a single detector response function (DRF) is measured as a response to a sweeping
collimated source maintaining the iocident angle constant as shown in Fig.2-9. The CRF is
then calculated from the single DRF by taking the product of the differential efficiency curves
for coincidence between two opposing detectors. For the intrinsic DRF of g(X), Lecomte et al.
ioduced the CRF f(X,e) as follows

f(X,e)

where

e= lj I r2 (r2 > lj)

(10):

=fox, g(x)g{X + e (X- x)}dx,

(2-2-5)

is the eccentricity in the position of the source relative to the

coincidence detectors, and Xo is the effective channel width defined by the projection of the
detector active volumes at the considered incidence angle (refer Fig.2-ll ). For a source
located halfway between the detectors (e = 1), the CRF takes on a value equivalent to the autoconvolution of the DRF.

t

Pb slit
collimator

~Scan
Fig.2-9 Measurement apparatus of detector response function (DRF)
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Fig.2-10 Geomeoical Parameters for calculation of coincidence response function

2.3 Time Resolution of BGO Detectors
2.3.1 Calculation of Time Resolution
For a slow and low light yield scintillator such as BOO, the best time resolution is obtained
when the anode signal corresponding to the frrst photoelectron arriving at the frrst dynode is
used as a timing pick-off nigger. The variance in its arrival time is then given by (tIN.)2 as
reported by Post and Schiff (11 ), where N, is the mean value of photoelectron number in one
event and -r is a scintillation decay constant. In the condition above, it is assumed that a PMT
is illuminated by a single exponential light pulse and also that the PMT has no TIS. In an
actual case, however, the illumination function has a finite rise time due to the transit time
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jitter of the scintillation photons in a cintillator, and a PMT has transit time fluctuation (TTS).
In consideration of these factors, we analyzed the time resolution for a given geometry of a
BGO detector (12).
We assume that the time resolution of a BGO detector ( a) is given by the following
equation:

(2-3-1)

where asc. and apm are the standard deviations of the time jitter for a scintillator and a PMT,
respectively.
The photon transit time distribution from EGO can be calculated using the Monte Carlo
method described in Section 2.1.2. Figure 2-11 shows an example of the photon transit time
distribution calculated for a 12 mm wide x 24 mm high x 24 mm deep BGO, where a PMT is
fully coupled to a 12 x 24 mm2 plane of the BGO. The EGO has five coarsely-ground planes
and one mirror-polished plane contacting with the PMT.
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Fig.2-ll Photon transit time distribution calculated by the Monte Carlo method
(BGO has five coasely-ground planes and one mirror-polished plane
contacting with PMT)
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As shown in the figure, the distribution has fas t and slow transit components. The fast
component is due to the photons which reach the output plane directly or after a few
reflections, while the slow component is due to the multiple reflections in the BGO.
The illumination function (light input on a PMT) H(r) is described by the convolution
between a BGO scintillation decay function G(r) and the photon transit time distribution l (r) as
follows:
H(r) = l (r) ® G(r).

(2-3-2)

We measured the BGO intrinsic decay function for the 12 x 24 x 24 mm3 BGO by
adopting the measurement technique described in Section 2.2.2, where we used a
microchannel--plate (MCP) PMT in the stan channel and a plastic scintillator in the stop
channel. The timing accuracy of the system was about 300 ps.
components as reponed by Moszynski et al

(13).

BGO has two decay

The measured decay time constants were

about 60 ns (including 10% of the total photons) and 300 ns (90% photons), which agreed with
the values obtained by Moszynsk:i et al. The illumination function obtained by calculation
using eq.2-3-2 is shown in Fig.2-12.
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Fig.2- l 1 Illuminating function calculated for a BGO having five coasely-ground
planes and one mirror-polished plane contacting with PMT.
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-1l1e probability P(T) that the first photoelectron arrives at the first dynode within a small
interval of /',.T between the timeT and T + /',.T is obtained using Poisson statistics as follows:
P(T)/',.T = exp{-N,J:H(r)dr}[I- exp{-N,H(T)/',.T}j,

(2-3-3)

where N. is the number of photoelectrons in one event.
We measured the pulse height for single photoelectron events and compared it to the
pulse height for 511 keY y-rays. The ratio of 320 was obtained, i.e. N.=320. The BGO
coincidence timing spectrum is then given by the aUto-convolution of P(T). Figures 2-13 (a)
and (b) show the calculated and measured coincidence riming spectra, respectively. In the
measurement, dual PMTs having two 12 x 24 mm2 segments (Hamarnatsu Rl548) were used
with fully coupled to the BGO crystals. The values of FWHM of the distributions are 2.22 ns
and 2.9 ns for the calculated and measured spectra. The discrepancy between the calculation
and the measurement can be explained by the fact that the effect of PMT transit time spread
(TIS) is included in the measurement data, but not accoun ted fo r in the calculation.
Inaccuracy in the estimation of N., associated with the pulse height measurement for single
photoelectron events, might be also introduced in the calculation of the coincidence riming
spectra.
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Fig.2-13 Coincidence timing specrra obtained by calculation (top) and by
measurement (bottom).
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2.3.2 Dlumination Functions from BGO Crystals with Different Conditions
We assume that a 13 mm diameter PMT (e.g. Hamamatsu R647) is coupled to the BGO (12 x
24 mm 2 cross section by 24 mm depth) at a 12 mm x 24 mm plane, where the PMT is partially
coupled to the BGO. All surface areas on the BGO except the area optically coupled to the
PMT is covered with a BaS04 reflector. The BGO has five coarsely-ground planes and one
mirror-polished plane contacting with the PMT. We calculated the transit time distribution of
the scintillation photons and the illumination function. Figure 2-14 shows the rising pan of
the illumination function obtained by the calculation. It is found that the rise time of
illumination function is slow with a BGO crystal partially coupled to a PMT (Fig.2-14),
compared to that with aBGO fully coupled to a PMT (Fig.2-12).
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Fig.2-14 Illumination function from BGO partially coupled to PMT.

We also calculated the photon transit time distribution and the illumination function with
a BGO crystal having a different optical condition. The calculation was pe.rformed with a
BGO (12 x 24 x 24 mm3) having five mirror-polished planes and one coarsely ground plane on
the top which was fully coupled to a PMT. The results are shown in Figures 2-15 and 2-16.
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Figure 2-15 shows the photon transit time distribution of the BGO. As shown in the
figure, two peaks corresponding to fast transit components are clearly seen, which are
followed by a slow exponential transit component. The first peak corresponds to scintillation
photons which directly reach the PMT, and the second peak corresponds to photons which are
once reflected at the BGO-PMT interface and reach the PMT after a reflection at the top
surface plane. Figure 2-16 shows the rising portion of the illumination function from the
BGO, which has a sharp rising part followed by a relatively slow rising part.
We assume the following empirical function to approximate the shape of the rising
portion of the illumination function ,

/(t)=k{l - exp(- t/-r,)},

(2-3-5)

where k is a function of the photon transit time distribution and scintillation decay time but not
of time t, and -r, is a time constant of the rising part. Although the function above is not a good
approximation for the illumination function of a BGO having a large fraction of fast photon
transit components shown in Fig.2-16, it helps our intuitive understandings how the
illumination function affects the time resolution of BGO detectors.

We calculated the

coincidence time resolution corresponding to illumination functions having different rise time.
Figure 2-17 shows the calculation result, where the FWFIM values of the coincidence time
resolution of BGO detectors having different illumination functions are shown as a function of
the number of photoelectrons in one event. If we use a high quality BGO crystal (12 x 24 x 24
mm 3 ) coupled to a 50 mm diameter PMT having a good effective quantum efficiency and a

good ITS (e.g. Hamamatsu R329), the values oft,< I ns and N, = 400 are obtained, and thus
the coincidence time resolution of less than 2 ns FWHM is obtained. This is a goal of the time
resolution of a PET detector using BGO, where it is important to design a detector in
consideration of the optical condition of the BGO crystal and the shape matching between the
crystal and the PMT.
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Chapter 3'

Development of BGO Block Detector Using
Position-Sensitive PMT
This chapter presents our studies on the spatial resolution of a position-sensitive PMT (PSPMT) and the development of a block detector using the PS-PMT, where the emphasis is
placed specifically on the development of a PET detector for a practical use.
In Section 3.1, a position calculation of a resistor charge division method is discussed
and the spatial resolution with a BGO block detector using a PS-PMT is analyzed. The
performance capability of BGO detectors is demonstrated in Section 3.2. A block detector
developed for an animal PET system is described in Section 3.3.
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3.1 Basic Studies on Position-Sensitive PMT
3.1.1 Position-Sensitive PMT for PET
Up to the present, a variety of position-sensitive PMfs (PS-PMTs) have been developed (IX2J.
Conventional PS-PMTs employed microchannel plates (MCP) as their electron multipliers.
Such devices may include image intensifier tubes and photon counting image tubes, which are
now widely used in many application fields. The MCP as a position-sensitive electron
multiplier has a number of features such as excellent spatial resolution (50 llJ11- 100 llJ11), very
fast timing propenies (TIS < 30 ps), and thin flat plate structure (0.5 mm - 1.0 mm in
thickness)

(3J.

The PS-PMTs using MCPs, however, have drawbacks in consideration of

applying them to PET. The maximum output current of MCP is several hundred nA, and thus
limits the count rate capability of the PMT. The open aperture ratio of MCP is approximately
50% (defined as the ratio of the active hole area to the whole input area) and each channel
input has a relatively low secondary electron emission ratio (&=2-3), so that the net conversion
efficiency from scintillation photons to primary electrons is low.
To overcome these problems with MCPs, new position-sensitive electron multipliers
have been developed, which use multiple-layer of mesh dynodes C4 J·C 6J. Most of them were
originally designed with the aim of application

to

detectors for high energy physics (HEP)

experiments. In the HEP experiments the energy of panicles or y-rays detected is over a
several MeV range, while the energy of y-rays is 511 keY in PET. Thus the light amount per
event on a PMT is considerably low in PET. For example, BGO scintillators commonly used
in PET emit only about 1,500 photons per event for 511 keY y-rays. In order to obtain good
statistical accuracy in energy resolution, timing resolution and spatial resolution in PET, the
PS-PMT is required to have high photocathode sensitivity, reasonably good timing propenies
and good electron collection efficiency. On the other hand, the pulse height linearity is not of
prime importance with PET detectors, because the peak current level of output pulses is not
large, especially with slow scintillators such as BGO. For applications to PET systems and
scintillation cameras, a new PS-PMT (Hamamatsu R3941) has been developed, which has a 66
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x 60 mm bialkali photocathode, transmission dynodes having an improved collection
efficiency and a nigh multiplication gain, and two sets of crossed multi-wire anodes.

3.1.2 Position Calculation with Resistive Current Divider
Position calculation with PS-PMT can be analyzed in an analogy to that with a scintillation
camera which has been studied by Tanaka et al. and other researchers

(?)(B) .

Figure 3-l shows

the principle of scintillation camera.

Scintillator
Light guide

PMTs

31

32

an

kl

k2

kn

Output

X
PMT Coordinate
Fig.3-l Schematic drawing of scintillation camera : Principle

ln a scintillation camera, the position of an incident y-ray, X, is calculated as a function

ofallPMToutput a1, a2 , --- -,a".
(3-1-l)

X= X(a,_,a,,-··,a,)

Deviations of each PMT output

/:;a;

produces a deviation of the calculated position LlX as

follows:

ax
aa,

ax
aa,

ax
aa, '

I!.X=-M1 +-!1a,+···+-!:J.a .
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(3-1-2)

The variance of X,

cr;, is given by
(3-l-3)

where

cr:, is the variance of

a,. In the linear resistor weighting method, the event centroid is

calculated from a position weighed average of all PMT ignals. Thus,

. I.

X= t;.k,a,

~a,

,

(3-1-4)

where k; is the x coordinate of the i-th PMT center. From eq.3-1-4, we derive

(3-1-5)

From equations 3-l-3, 3-1-4 and 3-1-5, we derive the following equation:

2 _"

Cix- L,

(k,- x)'

2

(3-1-6)

(:L,a,)' cr.,.

We consider a model of a PS-PMT assuming that there is no spatial spread in the
electron multiplication process in the PS-PMT. When scintillation light having a spatial
spread of f(x) is incident upon the photocathode, and distributed on each segment (#1 - #n) as
an amount of (NJ, N2, - - , Nn) in terms of photoelectron number arriving at the ftrst dynode.
The mean number of electrons ( aJ arriving at each anode is
{3-l-7)

where J.1 is the electron multiplier gain, and it is assumed that the mean electron multiplier gain
(Ji) is constant for all segments. When a stochastic process having a mean value of m, aod a
relative variance of

a-.t is followed by another stochastic process having a relative variance of
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a~, the variance resulting from their cascade process,

a.Z,

is given by

a.Z =cr.~+ a~ I m,.

The variance of a,, a~, , is thus calculated as follows:

(3-1-8)

where a~, is the variance for the number of photoelectrons arriving at the first dynode, and

a! is the variances for the number of electrOns arriving at the anode.
If each N; obeys Poisson statistics, a~, =

a.,z -_N,

N,.

Thus,

-z( a11!), .

J..L

1+

(3-1-9)

From the equations 3-1-6 and 3-1 -9, we derive

(3-1-10)

where

N=IN, .

If we denote

N1 = N · /;

and

I,t. = 1, where f; implies the fraction of

i:l

scintillation light entering the i-th segment, then we derive

(3-1-11)

The tem1

L,(k1 -X)'!, in the equation above is tbe variance of spatial spread functionf(x) of

the scintillation on the photocathode. The uncertainty of the calculated position (ax: standard
deviation) is given by

1

r,-:-:;2

(3-1-12)

ax= .JN'Vl +a." a,

(3-1-13)
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where

cr, is the standard deviation of the scintillation spread function, and cr.,.

(=

cr,. I JI) is the

relative standard deviation for the electron multiplication. If the secondary electron emission
from a dynode obeys Poisson statistics,

cr.! is given by the following equation:

I
I
I
cr." =-+--+···+--8, 8,8
8,8 ·8, '
2

(3-1-14)

2 ••

2

where 8,. 82 ,-·· , 8, are the ratio of the number of secondary electrons to that of the primary
electrons (the secondary electron emission ratio). If each dynode has the same secondary
electron emission ratio of 8 =4, the value of ~I+

cr.;

in eq.3-l-12 is approximately 1.15. The

statistical fluctuation of the electron multiplier gain dose not largely affect the position
resolution of a PS-PMT.
The equation 3-1-12 implies that decreasing the scintillation light spread on the
photocathode and increasing the effective quantum efficiency are primary factors in order

to

obtain a good spatial resolution for a PS-PMT. ln order to reduce the light spread from the
crystal, we decided to use a discrete EGO array rather than a large plate scintillator as used in
scintillation cameras.

3.1.3 Light Response Function
BGO has a large refractive index: value of 2.15, while the glass window of a PMT and an
optical coupling compound have refractive index values of 1.5 and 1.47, respectively. Thus,
the output light from a EGO crystal spreads over the photocathode through the glass window
as shown in Fig.3-2.

r -ray

n

n

BGO

2.15

1.5

PS-PMT
Fig.3-2 Schematic of EGO light spread on photocathode though PMT window

-59-

-~ ~

- -

Using the Monte Carlo method described in Section 2.1.2, we calculated the spatial
spread of scintillation photons from a 3 x 3 mm2 cross section by 15 mm deep BGO on a
photocathode through different thicknesses of glass windows. Figures 3-3 (a) to (d) show the
light spread calculated for PMT glass windows of 1 mm, 2 mm, 3 mm and 4 mm in thickness.
As shown in the figures, the light spread is largely affected by the window thickness, and thus
a PS-PMT having a thinner glass window provides better spatial resolution with BGO.
The electron spread at the wire-anodes is calculated by the convolution betwee n the light
spread on the photocathode and the electron spread in the electron multiplier. The electron
spread at the anodes in a PS-PMT was measured for a small spot illumination on the
photocathode. The electron spread is near a Gaussian distribution having approximately 7 mm
FWHM. We also measured the anode response function by scanning a 3 rom wide BGO on
the face plate of the PS-PMT. A distribution function obtained convolving the calculated ligh t
spread with the measured electron spread, coincides well with the anode response measured
for a 3 mm wide BGO crystal as shown in Fig.3-4.
We measured the image of a single BGO scintillator coupled to a PS-PMT. Figure 3-5
shows the profiles of the images measured with different widths of BGO crystals from 1 rom
to 5 mm. It was found that the FWHM value of the profile is independent of the BGO width
from 1 mm to 4 mm. It should be noted that the FWHM values are in the range of 1.3 mm1.35 mm even though the crystal width ranges up to 4.0 rom. This suggests that closely
packed array of crystals having 2.0 mm width or wider can be sharply separated, which is a
great advantage in the use of PS-PMTs.
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3.2 Performance Capability of BGO Detectors
It is important to use a thinner BGO crystal for attainmen t of high spatial resolution PET. A
practical limit of the crystal width was studied

(9).

BGO arrays having different widths of

segments were prepared and their performance characteristics were measured. The segment
width in each BGO array was 1 mm, 1.5 mm, 2 mm , 3 mm, 4 mm, 5 mm, and all had the same
height and depth , 8 mm in height and 20 mm in depth. Each array had 5 segments and 0.5 mm
thick reflectors between segmen ts. (refer to the figure at top-right in Fig.3-8)

3.2.1 Energy and Time Resolution of Thin BGO
We measured the light output, energy resolu tion and coincidence time resolution of those
BGO arrays u sing 2" diameter PMTs: Hamamatsu R1306 for the energy re olution
measurement, and rwo R329 for the coincidence time resolution measurement Figure 3-6
shows the dependence of light output and energy resolution on BGO width.
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Fig.3-6 Dependence of light output and energy resolution on BGO width
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The energy resolution degrades drastically with the BGO thinner than 2 mm, while the
decease in light output from thin BGO crystals is not large. In a thin BGO crystal, the
scintillation light emitted near the crystal top is reflected on the reflector walls many times
before escaping from the crystal. TI1e degree of light attenuation is dependent on the depth of
scintillation point (top, middle, bottom) in a thin crystal, and consequently it degrades the
intrinsic energy resolution of the crystal. Figure 3-7 shows the dependence of coincidence
time resolution on BGO width. The coincidence time resolution is almost independent of the
crystal width. In this measurement, the transit time dependence on illumination position on
the photocathode (called cathode rran sit time difference : CTTD) of the PMTs might affect the
results with thick crystal arrays which had larger coupling areas on the photocathode.
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3.2.2 Spatial Resolution Capability
We studied the spatial resolution capability of BGO detectors using a PS-PMT, Hamamatsu
R3941. Five segment BGO arrays having different widths were coupled to the PS-PMT, and
their detector response functions (DRFs) were measured in the same apparatus described in
Section 2.2.5. In addition, to obtain an ideal perfom1ance in a one-to-one coupling scheme,
we optically coupled only one center segment to the PS-PMT and measured the DRF. Using
the DRFs measured under two different conditions above, we calculated the coincidence
response functions (CRFs). The configura tions of the BGO arrays and the experimental setup
are shown in Fig.3-8.
Pb Slit CollimatOr

Dimensions of BGO arrays
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PSPMT
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W i l l J20mm
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(Heigh t = 8.0 mm)
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PS-PMT

MASK

PS-PMT

Fig.3-8 Experimental setup for the measurement of intrinsic spatial resolution of
detectors (bottom left; coding scheme, bottom right; simulation for
individual coupling scheme)
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The calculated CRF profiles with these ideal and practical detectors are shown in Figure 3-9.
Note that these CRFs are different fro m those obtained in a PET system, because the
calculated CRFs include no physical blurring factors such as a positron range and an angular
deviation.

l.O mm wide IJGO

l.5 mm wide OGO

1.0 mm wide BGO

(1
f

\

'

I

4.0 mm wide BGO

l

I

I

5.0 mm wide BGO

I

FigJ-9 CRF profiles with coding scheme using PS-PMT (doned line) and with ideal
detector (solid line) for different widths of BGO crystals
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The FWHM and FWTM values of the CRFs are shown in Fig.3- 10 as a function of crystal
width.

The CRFs in a practical condition is poorer than those in one-to-one coupling

condition, in particular with thin BGO crystals. The finite resolution capability of the PSPMT causes crosstalk among the BGO segments, and thus degrades the CRFs, especially their
FW1M values. In the ideal condition, only the crosstalk due toy-ray scattering in the crystals
affects the resolution, but this effect is not large . Thinner BGO crystals provide better
resolution for both practical and ideal detectors, and a CRF having a FWHM of less than 1.5
mm is obtained with a practical detector composed of a PS-PMT and a BGO array having 1.01.5 mm wide segments.

8.0
·· -• · ·· Individual coupling (FWHM)

---E

5
u
""
..,=

7.0

···6··· lndividual coupling (FWTM)
-+-Coding wilh PS-PiviT (FWHM)

6.0

5.0

'

0

u

=
=

~·

FWTM

"

0

'

4.0

~

..."'
0::

.6

0

""0

·;:;

=
0

0

-<>--Coding with PS-PiviT (FWTM)

.~:
0

...

'

3.0
,."b.

u

·;;; 2.0

=
.b
,_=

.*'

.....
FWHM

6

1.0

0.0
0.0

II '

1.0

~---

.·& '

2.0

3.0

4.0

5.0

6.0

BGO Crystal Width (mm)

Fig.3-10 FWHM and FWTM values of CRFs as a function of BGO width
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3.3 Development of BGO Block Detector for PET
3.3.1 Reduction of Edge Effect
Crystal packing ratio on a detector ring is an important factor in the design of a PET system
having reasonable sensitivity. Thus it is desirable to utilize a sensitive area of the PS-PMT as
large as possible. To reduce the edge effect of the PS-PMTs and extend the useful area on the
photocathode, several approaches have been taken.
The anode ourpurs from the PSPMT are not uniform for light inputs
incident on different positions of the

X-direction

Photocathode

photocathode : the ourput for a light
input on rhe peripheral region of the
Gain
Control
Grids

photocarhode is smaller than that on
the center region of the photocathode.
Electrons gradually spread in the
cascade multiplication process and
some of them are lost at the periphery
of the dynodes. To compensate rhe
gain drop at the periphery in the X

•••••••• ••••••
Last Dynode

Y-direction

l.:::==================:::::J Wire Anodes

direction, grids for local gain control
were implemented imo the PS-PMT in

Fig.3-ll Schematic of local gain control grids

place of the seventh and the ninth
dynodes as shown in Fig.3-1l. The uniformity of rhe gain in the X direction was controlled by
adjusting the potential at these grids. Figures 3-12 (a) and (b) show the gai n uniformity in the
X direction and the pulse height distribution for 511 keY y-rays uniformly irradiated on the
BGO blocks, respectively, where an improvement in gain uniformity by the gain control grids
is shown.

(a)

~

<11

>

With Control Grids

:§
<11

1 .0 -

~

.,"'

'I

::l

c.

I

\
I

Without Control Grids

E

...:

I

--~------------~--------------~---

'"
c

OIJ

(Jj

0

-33

0

+3J

Distance from the Center (mm)

(b)
leo

t1
1
~ \Without Control

~

c

::I
0

,,

u

>

-~~

-.;

-

"

\

¥/

v·

<11

"'
c:.::

W1th Control Grids

Grids

'/~

o

l ea

zaa

3oo

-4aa · :me

&ora

70"a

aae

~ tla

1eea

Pulse Height (ch)

Fig.3-12 Gain uniformity and pulse height distribution of PS -PMT with and
without local gain control grids
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The other edge effect of the PMT is position distortion at the periphery. We connected
all wire anodes in the X direction to a resistor chain, which was the standard anode read-out
scheme of the PS-PMT. The responses of two outputs from the resistor chain were measured
by scanning a 3 mm wide BGO crystal with 1 mm steps on the PMT window. Figure 3-13
shows the responses of the both outputs for the crystal positions on the window. The positions
calculated using two outputs are also shown in the same figure. The position information is
lost near the periphery because the electron trajectory of the photoelectrons emitted from the
periphery on the photocathode bends and crosses over other photoelectron trajectories.
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Fig.3-13 Output responses at both ends of resistor chain and calculated positions
using them

We measured each wire-anode response at the periphery, of which results are shown in
Fig.3-14. As shown by the normalized responses in the figure, the responses with the anode
#I and #2 are quite similar, and thus they provide the same position information. The signals
from anode #1 and #2 are much smaller than those from the anode #3 and #4. Therefore, the
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peripheral two anodes # 1 and #2 (also # 17 and # 18) were connected and taken out
independently.
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Fig.3-14 Response of peripheral anode wires in PS-PMT

The best position accuracy may be obtained by applying the optimum algorithm
(Maximum Likelihood Position Estimation) based on each anode response function

(10).

However, it requires rather sophisticated electronics and a number of amplifiers to pick up
each anode signal separately. Thus, we modified the simple charge division method using a
resistor chain. To improve the resolution in the peripheral regions, we added peripheral
position calculators

to

the conventional calculator (central position calculator) as shown in

Fig.3-15. A BGO array ha ving 5 pieces of 3 mm wide segments (4 mm in pitch) was placed
on the peripheral region on the PS -PMT window, and the capability for crystal separation was
measured with the peripheral and the central calculators. As shown in Figures 3-16 (b) and
(c), the peripheral posi tion calculator separates the crystals at the periphery, where the images
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obtained using the cenrral calculator are also shown. An image of the BGO array positioned at
the center on the PMT window is shown in Fig.3-16 (a) for a reference .
A 3 mm wide BGO was scanned on the PMT window with 1 mm steps, and the FWHM
values of the image profiles and calculated positions (X) were measured. We defined the
resolution distance as FWHM I (dX/dx). Figure 3-17 shows the results. The position accuracy
(resolution distance) in the peripheral region was improved by the addition of the peripheral
position calculators, and consequently a useful area on the PS-PMT was increased.

BGO Army

DDDDDDDDDDDDDDDDDDD
PS-PMT

X-direction Wire Anodes

Crystal Address
Fig.3-15 Schematic diagram of position calculator composed of a cenrral position
calculator and two peripheral position calculators
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Fig.3-16 Crystal separation capabilities of central and peripheral position calculators.
(A five segment BGO array was placed at different positions on PS-PMT.)
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Fig.3-J 7 Calculated positions and resolution distance with central and peripheral
position calculators

3.3.2 Detector Construction
We have developed a BGO block detector using a PS-PMT in order to apply it to an aruma!
PET system

(II)_

The detector unit consists of four blocks of BGO arrays and a 76 mm square

PS-PMT (Hamamatsu R3941-02) as shown in Fig.3-18. Each block has 33 BGO segments.
The geometry of four BGO blocks provides a PET system with four detector rings. The
individual crystal segments in the block have a dimension of 1.7 x I 0 mm2 cross section by 17

mm depth. The pitch of 33 crystal segments is 2 mm (corresponding to the rransaxial direction
in PET), and that of four blocks is 13 mm (corresponding to the axial directi.o n in PET). The
PS-PMT has two sets of anode wires, 18 in the X (transaxial) direction and 16 in theY (axial)
direction, where the pitches of the wires are 3.75 mm in the X-direction and 3.7 mm in theYdirection. Figure 3-19 shows the schematic of the signal readout from the crossed-wire
anodes. Wire anodes from # 3 to# 16 in the X-direction were connected to a resistor chain,
while the peripheral anode wire #I and #2, and #17 and #18 were bunched, respectively. Two
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outputs at the both ends of the resistor chain and the two peripheral outputs were taken out.
The anode wires in the Y -direction were connec ted in groups of four, and the output from each
group was taken out independently.

BGO array
#of segment ; 33
Segment width ; 1.7 mm
Segment pitch ; 2.0 mm

PS-PMT

T ran sax ial direction

mm
mm DDDDil7mm

Width; 10
Pitch; 13

PS-PMT

Axial direction
Fig.3-18 ConstrUction of block detector using four BGO arrays coupled to PS-PMT
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3.3.3 Performance of the Block Detector
We evaluated the inoin sic detector resolution of the block detector. Four signal outputs from
the PS-PMT for the X-position calculation were integrated and digitized through 8-bit flash
analog to digital converters (ADCs), and collected into a computer (HP9000/236) in list mode.
One of the four BOO arrays on the block detector was irradiated by uniform y-rays through a
10 mm wide slit, and the data was collected in the computer until reaching SO k events. We
calculated the X position for each event, and made an 8-bit position histogram.

In the

histogram, 33 peaks corresponding to each BOO segment were found. We set 33 channels of
position windows correspo ndin g to the BOO segments in the histogram by properly
determining the position discriminator levels at valleys between peaks. The detector response

functions (DRFs) in the X-direction were measured by scanning a collimated line source
through a 1 mm wide slit.

The measured DRFs for the 33 channels are shown in Fig.3-20.

Each 1.7 mm wide BGO segment (2 mm in pitch) was separated with small crosstalk from the
adjacent channels. The FWHM value averaged over the 33 segments is approximately 2.0
mm.

1\

If
II
v
V//J.~~\~~v~ ~Wk. ~
0

10

20

30

40

50

60

70

Distance (1 mm/div)
Fig.3-20 Detector response functions of 33 BGO segments of block detector

The time resolution of the block detector was measured using a BaF2 reference probe in
coincidence. A time resolution of 5 ns FWHM was obtained, which could provide BGO-BGO
time resolution of 7 ns FWHM. The energy resolution of the block detector is 30 % at full
illumination of 51! keY y-rays on the BGO blocks, which is worse than that obtained for a
spot illumination of y-rays

(20 %). The nonuniform anode sensitivity of the PS-PMT

degrades the energy resolution at the full crystal illumination.
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Chapter4

Development of Animal PET Using
Position-Sensitive Detector
This chapter presents the development of high resolution PET for animal studies, to which
newly designed block detectors using the position-sensitive photomultiplier tubes (PS-PMT)
were appl ied.
There are increasing demands for a PET system dedicated to in vivo animal studies
including oxygen and glucose metabolism, blood flow, and neurotransmission system
behaviors. PET animal studies are important not only as pre-clinical studies for human but
also as basic studies.
Despite these welt recognized advantages, PET animal studies have not been widely
performed because current PET systems, designed for human studies, do not have the spatial
resolution required for imaging the much smaller animal organs than those of humans. Since
detectors using PS-PMTs have the capability of providing much higher resolution than the
conventional PET detectors, a new block detector using th.e PS-PMT was developed and
applied to a high resolution PET system dedicated to animal studies.

4.1 Design Criteria of Animal PET
Animal studies using radiotracers have played an important role in biological research. Most
animal studies are made using low energy P-emitters such as J4C or 3H, and the analysis of the
tracer distribution in the animal bodies is performed by irz vitro counting of sampled tissue or
by autoradiography after sacrificing the animals. The method is therefore not suitable for fast
kinetic studies that need a large number of animals, or for experiments using expensive
animals such as primates. In addition, the specific activities of these isotopes are limited due
to their half-lives, and accordingly it becomes difficult to study the metabolism of extremely

small amounts of bioactive substances. With the progress of PET technology, there has been
increasing need for scanners dedicated to animal studies. The ability to assess biochemical
change in living laboratory animals has great potential in biomedical research. In vivo animal
imaging is particularly useful for repeated kinetic studies with different tracers or with
different conditions within the same animal subject. Animal studies are important not only as
preclinical studies for humans but also as basic studies such as physiological experiments by
stimulation, investigation of drug efficacy, and the development of new drugs

(1 )(2).

Animal

PET studies provide the opportunity to repeat studies without restriction of radiation dose, to
control physiological conditions before and during the experiment, and eventually to perform
autoradiography or neurochemical studies.
The size of the field-of-view, the spatial resolution, and the mechanical or geometrical
specifications of the animal scanner are largely dependent on the species of animals to be used,
the target organ of interest, and the purpose of the experiments. Small rodents such as mice,
rats or guinea pigs are often useful for the studies of kinetic models of tracers or
pathophysiological studies of disease. Larger animals such as rabbits, dogs, cats and monkeys
are used in more detailed physiological studies of a particular organ such as the brain, lung,
heart, liver, etc. This includes studies of oxygen and glucose metabolism, blood flow, tumor
perfusion, and neurotransmission system behaviors.
Due to the fact that there is always a trade-off between resolution and sensitivity in PET
system design, emphasis should be placed on an increase in spatial resolution than sensitivity.
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This is because of the smaller homotypic structure size within animals as compared to humans.
Multi-slice imaging capability is important for acquisition of SITuctural volume information.
The detector ganey and the positioning equipment for animals should be more flexible than
human scanners and should match the habits of the animals. For example, dogs are usually
positioned on their side, rabbits are positioned on their stomachs, and monkeys prefer a sitting
position on a chair with a suitable head-holder. Measurement with a primate being able to be
positioned and studied in a sitting position will mean a shortening of training times for studies
without anesthesia. The gantry should ti lt throughout a large angular range, and the bed
should move both horiwntally and vertically. Compact design of the system, especially that
of the ganiTy, is desired for its installation in the existing animal research laboratories or PET
research facilities. The design criteria for the animal PET is summarized as follows

(3):

• High resolution capability
• Moderate sensitivity
• Multi-slice imaging capability
• Capability to measure a variety of animals from rat to primate
• Compactness

4.2 System Construction
We have developed a high resolution PET system dedicated to animal studies (Hamarnatsu
SHR-2000), to which the block detectors using PS-PMTs (described in Section 3.3) were
applied (4). The block diagram of the system consiTUction is shown in Fig.4-1 .
Signal
Image
Processor Processor

Main
Computer

D

0

Power Unit

Detector/Ga ntry

Co untrate Monitor
Fig.4-l Block diagram of system construction; Animal PET SHR-2000
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The system consists of a detector/gantry unit, a signal processing unit, a data acquisition unit,
a host computer control system, a count rate monitor and a power supply unit. The system is
designed compact by virtue of the use of the PS-PMT detectors. The external view of the
gantry/detector unit is shown in Fig.4-2. The gantry is designed to provide positioning
capabilities allowing flexibility and ease of use in subject positioning. Primate srudies can be
carried out while the animal is positioned in a sitting position.

-

Fig.4-2 External view of gantry/detector unit
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4.2.1 Detector Ring Geometry
The arrangement of the detector blocks in the gantry is shown in Fig.4-3. Fifteen block
detectors, with a total of 1980 crystals (495 per ring), are positioned to form a 35 em diameter
ring. The four blocks of the BGO arrays form four detector rings, which provide the system
with a seven slice imaging capability; four direct imaging planes and three cross imaging
planes. Annular tungsten alloy slice collimators are mounted internal to the detector rings.
The slice collimators are tapered, providing an aperture width of 8 mm at the detector face.
The transaxial field of view (FOV) is 17 em in diameter and the axial FOV is 4.6 em.

'
'

:

:..

Aperture : 220 mm

•:
i

Detector Ring Diameter : 348 mm

Fig.4-3 Arrangement of block detectors in the gantry
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Small gaps between the individual block detectors produce diagonal blank patterns on
the projection data map (sino gram), thus small angle rotation scan motion, rotating forth and
back by 24° alternatively, has been adopted to fill these blank areas on the sinogram with
properly acquired data. The rotation scan of the detector ring improves the uniformity of the
detector sensitivity because of an averaging effect in the angular direction on the sinogram.
Although the rotation scan does not increase linear sampling density in projections as wobblemotion scan does, the pitch of effective sampling density is equal to a half crystal pitch of the
BGO segments. The sampling density of 1.0 mm is much smaller than the resolution distance
of the system (3 .0 - 3.5 mm as shown later), thereby providing sufficient data sampling
density.
The gantry has a detector ring tilt capability of +/-90°, as well as vertical ring movement
of 30 em, so that great flexibility in subject positioning is attained. The gantry entry diameter
is 22 em. The major aspects of the system construction are listed in Table 4-I.

4.2.2 Electronics and Data Acquisition
The block diagram of the signal processing circuit is shown in Fig.4-4. Analog signals from
each PMT are sent to a signal processing unit by coaxial cables through a preamplifier/driver
circuit mounted on each detector module. The width of the PMT output pulses are shortened
to 350 ns by the use of a delay-line pulse clipping method. The signal from the dynode is fed
into a timing discriminator. The signals of the Y-direction wire anodes, which are positioned
parallel to the direction of the four BGO arrays, are used for the energy discrimination and the
determination of a flashed BGO array (coded as ring address). The flashed BGO array is
detected by the use of fast comparators. The X-position calculation is carried out with a
charge division method using a resistor chain. For an improvement of position accuracy in the
peripheral region, four signal output taps are attached to the resistor chain, and the positions
are calculated in the peripheral regions separately from those in the central region (refer to
Section 3.3.2). The wire anode signals for X-position are integrated and digitized through 8bit flash analog to digital conveners (ADC), and a flashed BGO segment in the X-direction is
detected by a centroid calculation using a look-up-table in EPROM.
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Table 4-J Major aspects of the system construction

Detector
Crystal material

BGO

Crystal segment size

1.7 mm (w) x 10 mm (h) x 17 mm (d)

Crystal segment pitch

2.0mm

PMT

76 mm square position-sensitive PMT

Number of crystal segments

1980 ( 495 /ring )

(Hamamatsu R3941-02)

Ring Geometry
Number of rings

4

Ring diameter

348mm

Ring separation

13mm

Slice aperture

8mm

Slice collimator

47 mm long, 5-6 mm thick (tapered)

Opening diameter

220mm

Transaxial field of view

170mm

Axial field of view

47mm

Gantry
Tilt angle of detector ring

-90° to +90°

Vertical stroke of detector ring

300mm

Scanning motion

Small-angle rotation (24°)

Positioning of subject

by cross-hair laser markers

Normalization source

Orbiting 68Ge rod

PS-PMT

Y -Position Analyzer

Yl

Detector Ring
Address

Y2

Y3
Y4

Timing Signal

Lasl
Dynode

Xa
Xb

Data

Crystal
Segment
Address

SelccLCr
Xc

Xd

Fig.4-4 Block diagram of signal processing circuit

Each one of fifteen block detectors is in coincidence with the opposing six block
detectors. The width of the coincidence time window can he changed electronically from 8 ns
to 28 ns in steps of 4 ns and is normally set to 20 ns. The crystal pairs' addresses including
their slice address are led to an address conversion circuit through fast-in -fast-out (FIFO)
memories, where the detector pair address is converted to a projection data in each angle for
sinogram formation, being combined with a detector rotation encoder signal. The converted

data of 180 (bins, sampled every 1 mm) x 225 (angles) are stored in a histogram memory in
the data acquisition unit. The histogrdm memory consists of a pair of memory bank sets, each
of which bas a 4 MB memory. The acquired data are stored in one of the two histogram
memory banks, concurrent with the other bank being dumped to a 300MB hard disk.
Image reconstruction is performed by a dedicated array processor contained in the data
acquisition unit. Pseudo real-time images can be displayed in a 40 x 40 pixel image on a
screen during data acquisition. The real-time image monitor provides the investigator with
information such as subject positioning or tracer arrival, without the lengthy lag times
introduced by the necessity of post-study reconstruction.

4.3 System Performance
4.3.1 Spatial Resolution
Transaxial resolution was measured with a 1 mm diameter 22Na point source placed along the
radial direction at 0, 2, 4, 6 and 8 em from the center of the transaxial FOV in each slice. The
images were reconstructed with the Shepp-Logan ftlter, and the FWHM and FWTM of the
profiles were determined in the radial and tangential directions using linear interpolation.
Figure 4-5 shows the obtained transaxial resolution with the small angle rotation mode. The
FWRM value is 3.0 mm at the center of the FOV, and is less than 3.5 mm in the central region
of about I 0 em in diameter.
Axial resolution was measured by scanning a 1 mm diameter 22Na point source in steps
of 1 mm increments, in the direction parallel

to

the ring axis at distance of 0, 2, 4, 6 and 8 em

from the ring axis. The count rate of each slice was recorded at each scanning point. The
results are shown in Fig. 4-6. The axial resolution at the center of the FOV is 4.8 mm FWHM
and 8.7 mm FWTM in the direct plane, and 4.1 mm FWHM, 7.5 mm FWTM in the cross
plane.
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Fig.4-5 Transaxial resolution of the system as a function of distance from
the center of the FOV
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Fig.4-5 Axial resolution of the system as a function of distance from the
center of the FOV
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4.3.2 Count Rate Performance
Count rate performance was measured with a 10 em diameter by 10 em height cylindrical
phantom uniformly filled with a 13NJ--IJ solution. The initial activity was 48.3 IJ.Ci/ml and
measurements were performed for II 0 minutes. Figure 4-7 shows the count rate performance
as a function of the activity concentration. The true event count rate loss is approximately 30
% at 5.0 iJ.CVml. The maximum total coincidence count rare is 100 kcps. The count rate loss
is corrected referring to the single event rate after the data acquisition in PET studies.

.,
~

Total
1.5 10'

c
:I

0

u

2

4

10

Activity Concentration

12

14

[microCi/ml]

Fig.4-7 Count rate performance as a function of activity concentration

4.3.3 Sensitivity
System sensitivity was calculated from the data acquired in the count rate performance
measurements with a 10 em diameter cylindrical phantom. By extrapolation of the count rate
data for low activity less than 0.5 iJ.CVcc, we calculated the sensitivity as the count rate at I

iJ.CVcc. The averaged direct slice sensitivity is 2.3 kcps/iJ.CVml, and the cross slice sensitivity
is 3.8 kcps/!J.Ci/ml. The total system sensitivity is 20.7 kcps/!J.Ci/ml including the scatter
component.
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4.3.4 Coincidence Time Window
The coincidence time window width (CTWW) was changed electronically from 8 ns to 28 ns
in steps of 4 ns, and then the system sensitivity at each CTWW setting was measured. Figure
4-8 shows the variation of the coincidence count rate by changing the CTWW. Although
normally CTWW is set to 20 ns, CTWW can be set down to 16 ns without significant
sensitivity losses.
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Fig.4-8 Dependence of coincidence event-rate on coincidence time window
width (Each coincidence rate is normalized at the coincidence
time window of 28 ns)

4.4 Animal Studies
Animal studies have been carried out with rats, dogs and monkeys. Figure 4-9 shows glucose
metabolism images with l8F-fluorodeoxyglucose in a rat brain. Data was collected over I 20
min (4 frames of 5 min measurements followed by 10 frames of 10 min measurements)
following injection of about 10 mCi. The images shown are integrated over 30 min after 30
min from the injection.
Figure 4-10 shows dopamine D2 receptor images with liC-N-methylspiperone in a
rhesus monkey brain. The images were reconstructed using the data collected for 10 min after
30 min from the tracer injection ( 5 mCi ).
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Anterior

Superior

Inferior
Fig.4-9 Glucose metabolism images with 18F-fluorodeoxyglucose in a rat brain
(Bottom images were reconstructed from the upper transaxial images)
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Fig.4-10 Dopamine D2 receptor images with llC-N-methylspiperone in a rhesus
monkey brain (Courtesy of The National Institute Radiological Sciences)
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4.5 Discussion
The radial spatial resolution of a PET system having a ring detector geometry degrades
towards the periphery of the transaxial FOV, while a system having a polygonal detector
arrangement such as a hexagonal Nai(Tl) bar camera (PENN PET) provides moderately
uniform resolution over the entire FOV, due to averaging of detector responses at different
angles of y-ray incidence

(5).

Figure 4· 11 shows an illustrative explanation of the averaging

effect on spatial resolution with a polygonal detector arrangement. The animal PET system
having a polygonal arrangement of 15 block detectors shows similar effect, and it provides
moderately uniform radial resolution over a large area of tbe FOV (refer to Fig.4-5 in Section
4.3.1).

Detector

Circular Arrangement

Polygonal A1Tangement

Fig.4-11 illustrative explanation of averaging effect on spatial resolution with
polygonal detector arrangement

Figure 4-12 shows a comparison between the measured system resolution and the
calculated coincidence response function (CRF) of detectors in a circular arrangement. The
positions of fllled-circle symbols are calculated from the relation between the detector ring
diameter and the angles of y-ray incidence on the block detector, assuming a circular
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arrangement The resolution of the animal PET in the center of FOV is largely affected by a
blurring effect due to the use of a polygonal detector arrangement, and also by a blur
associated with the image reconstruction The radial resolution in the peripheral FOV, instead,
is not blurred to large extent, which is contrary to a PET system with a ring detector
arrangement.

"fray incidence angle on a Block Detector [degree]

CRF (FWHM) of the block detector

t

'E

..§.
4

c

-~
0
"'"'
cz::

=

Radial resolution of
the animal PET
2

0

~--~--~----~--~---L--~----~--~--~

0

2

4

6

Distance from the Center [em]
Fig.4-12 Comparison between radial resolution of animal PET at different distance
from the center and CRF (FWHM) of block detector at different y-ray
incident angles

A drawback of block detectors is a limitation in count rate capability due to pulse pile-up
(6)-(8).

Since the block detector in this system has a dead time of 400 ns due to the period for

pulse integration, two or more events detected within this period can not be utilized. In the
measurements made with a 10 em diameter cylindrical uniform phantom, the count rate loss
for true events is approximately 30 % at 5.0 !!CVml. However, the count rate is much lower in
most animal experiments using PET. The pulse pile-up events is rejected by the upper energy
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discriminators to some extent, but this cannot reject all pile-up events because of the broad
pulse height distribution. Since the remaining pile-up events could cause mispositioning, it is
desired to introduce an additional fast pulse pile-up rejecter. The most promising scheme for
improving the count rate capability of the system will be to use PS-PMTs having independent
multi-anodes. An application of PS-PMTs having smaller dimensions than the present 76 mm
square PMTs will be another possible way to improve the count rate capability of the system.
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Chapter 5

New Detector Providing 3D Position
Information of y-ray Interaction
This chapter presents a new method which could provide PET systems with uniform spatial
resolution over the entire field of view (FOV).

In high resolution PET systems using thin

slender crystals, the radial resolution degrades toward the peripheral FOV. The proposed
detector scheme can detect the depth-of-interaction (DOl) of y-rays in the scintillation crystals,
and thus improves the resolution uniformity.
Section 5.1 describes the origin of spatially-variant resolution in circular ring PET
systems, and also reviews the work carried out by other researchers in order to solve this
prob lem. Section 5.2 presents a detector module providing three-dimensional position
information, which uses bundled pillar BGO crystals coupled to two PS-PMTs at their both
ends.
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5.1 Resolution Uniformity in the Field of View
5.1.1 Variations in Coincidence Response Function
In order to obtain high quality image and accurate quantitative data, it is important that the

spatial resolution be uniform throughout the transaxial field of view (FOV). Thus the
degradation of the radial resolution towards the periphery of the FOV is a serious problem to
be dealt with when designing PET to achieve resolution close to the physical limit. The

nonuniformiry of the spatial resolution is caused partly by the angle of the detector with
respect to the source and partly by the fact that y-rays can penetrate a crystal and be registered
in the adjacent detector. (These are similar to an effect known as a parallax error in a
scintillation camera. ) Figure 5-1 illustrates the schematic of the radial blurring in a PET
system. As the depth of crystals is increased to obtain a higher sensitivity and the width of
individual detectors is reduced to obtain a higher spatial resolution , the blurring of radial
spatial resolution increases. (The variation in shape and width of coincidence response
functions (CRF) at different angles of y-ray incidence can be calculated for a given geometry
of crystals using the equation 2-2-5 described in Section 2.2.3.) The CRF variation in the
radial direction is distinct, while that in the tangential direction is small. A larger ring PET
system has smaller variations of resolution uniformity compared

to

a smaller ring system, if

the same subject is measured.

0

Distance from the center

Fig.5-1 Schematic of radial blurring of spatial resolution with circular PET system
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5.1.2 TrjaJs Improving Resolution Uniformity in PET
In order to solve the problem of the resolution nonuniformity in the FOV, several attempts
have been made. They involve mathematical restoration of the tomogntph data or measuring
the depth of interaction (DOD of y-rays in the detectors.
Huesman et al. reported a compensation method for crystal penetration, which applied a
mathematical method of deconvolving the sinogram of the ring detector with a simulated
crystal penetration kernel <1>. Although the mathematical method does not require any special
design of detectors, it amplifies the statistical noise in the deconvolution process.
Karp et al. proposed the determination of the DOl using a temperature gradient in a
scintillator <2>. Since the decay time of scintillation from many scintillators is temperaturedependent, the DOl can be detected by discriminating the shape of pulses from a scintillator
having temperature gradient in depth. In this method, temperature controllers have to be
attached to all detectors used in a system. The temperature gradient causes variations of light
yield in depth, and consequently may degrade the energy resolution and also may cause
variations of detection efficiency in depth.
Roger et al. measured the width of the light distribution from a Nal scintillator to detect
the DOl; this technology had been used for a scintillation camera having a thick Nal
scintillator to detect cosmic y-rays

(3).

This scheme of detector may have relatively low

detection efficiency because of the use of the Nai(Tl) scintillator.
Mcintyre et al. built an experimental setup using a three dimensional array of many
small plastic scintillators coupled to PMTs with many long light pipes

(4).

Since it utilized

Compton scatterings in the plastic scintillators, the energy resolution would be lost The
detection efficiency would be rather low compared to BGO systems.
Wong proposed staggered layers of BGO, GSO and BaF2 coupled to PMTs
Bartzakos et al. proposed a detector composed of BGO having a band and two PMTs

(6).

(5).

The

former technique would determine the DOl information by 1/2 or 1/3 of the total depth, but
would require a more complicated coding scheme, particularly for a multi-ring system. The
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latter technique is simpler than the former one, but it is difficult to form a system having three
or more detector rings.
Carrier et a!. proposed the use of layers of tilted BGO and GSO scintillators coupled to
silicon avalanche photodiodes (APD)

(7).

Derenw et al. developed a position-sensitive silicon

photodiode and BGO (SPD/BGO) detector

(8) .

In this scheme the position-sensitivity is

achieved by dividing the rectangular area along the diagonal to form two triangular sej,'lllents.
The use of solid state detectors for PET is an attractive way because of their many potential
advantages over PMTs. The perfom1ance of the state of the art APD/BGO detectors, however,
is still marginal for practical use in PET. In particular, their timing resolution is poorer than
that of PMT/BGO detectors. In the use of the solid state detectors, temperature control is
necessary. APDs require temperarure stabilization in order to be operated at a constant gain,
and SPDs require cooling for the reduction of noise.

Implementation of temperature

controllers into PET would make the system design more complicated, and it is not desirable
from an engineering point of view.

5.2 Construction of 3D Detector Having Pillar BGO
Bundle
Figure 5-2 shows the schematic drawing of a detector designed to provide three-dimensional
(3D) position information of y-ray interactions in the detector (9). Pillar shaped BGO elements
are bundled up and coupled to two position-sensitive PMTs at their both ends. The schematic
diagram of the detector read-out is shown in Fig.5-3. The positions ofy-ray interactions in the
crystals in the tangential direction (X) and the radial or depth direction (Y) are independently
calculated from the crossed-wire anode outputs of the both PMTs. The positions in the axial
direction (Z) are calculated by comparing one PMT dynode output to the other. The dynode
signals of both PMTs are summed up in an adder, and Jed to timing and energy discriminators.
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Position-Sensitive PMT

Fig. 5-2 Construcrion of 3D detector having pillar BOO crystals and PS-PMTs

X- andY -position

Timing & Energy

Z-posilion

Fig. 5-3 Schematic diagram of detector readout
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5.3 Simulation Studies on Spatial Resolution
5.3.1 Resolution in the X and Y Directions
A simulation study was performed to estimate the spatial resolution with the BGO bundle
detector.

A Monte Carlo code written for this application tracks the Compton and the

photoelectric interactions of y-rays in the BGO crystals. Coincidence response functions
(CRF) with both a conventional detector without DOl and the proposed 3D detector with DOI
were calculated for different incident angles of y-rays, where the conventional detector uses 20
mm deep crystals, and the 3D detector uses four layers (row) of 5 mm deep crystals. Figure 54 shows the FWHM values of CRFs of the conventional detector as a function of the y-ray
incident angle, where the calculation was performed with detectors using different widths of
EGO crystals.

0 = '20:nm

W Cam)

ra

5
J

0

a·

r a·

Incident Angle

2

a.

J

a.

9 (degree)

Fig .5-4 FWHM values of CRFs as a function of y-ray incident angles calcu lated
with detectors (no DOl) having various depths of BGO crystals
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The FWHM values of CRFs calculated with different widths of BOO crystals at different
rows in the 3D detector are shown in Fig. 5-5. The spatial resolution for deep-interaction of yrays is slightly poorer than that for shallow-interaction of y-rays, because a fraction of y-rays
are scattered in the upper segments and spread towards the lower segments.
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Fig.5-5 FWHM values of CRFs as a function of y-ny incident angles calculated
with 3D detectOr (DOl) having different widths of BOO piles (each layer
is 5 mm in depth)

Figure 5-6 shows a comparison of CRF profiles between the conventional detector and
the 3D detector, both of which have 3 mm wide BOO crystals. It was found that the 3D
detector offers better spatial resolu tion for y-rays at oblique incident angles than the
conventional detector because of the use of DO! information.
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Fig. 5-6 Comparison of CRF profiles between detector having no DOI capability and
3D detector provicling DOl inform arion
(The width of the BGO segmems is 3.0 mm for both detectors)
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5.3.2 Resolution in the Axial (Z) Direction
To obtain a good spatial resolution in the axial (Z) direction, the light response function (LRF)
of a pillar BGO was studied; LRF is defined as the light output response at each end of an
element as a function of incident y-ray positions along the pillar (Z direction).
When a maxim um likelihood position estimation is applied, a minimum resolution ( 1\.m,)
for given LRFs is derived as follows:

(IO)

(5-2-1)

where /J(z) andfz(z) are the output from each end of a BGO pillar. LRFs are optimized when
the following criteria are simultaneously satisfied: both the energy signal and the minimum
resolution should be independent of incident y-ray positions. Both criteria for optimization are
satisfied, if!J(z) andh(z) are given by
2

J..(z)=k sin az

f 2 (z) = k cos 2 az ,
where a=

11: I

(5-2-2)

(2L) (L: pillar length), z is scintillation position, and k is a constant (11).

5.4 Experimental Studies
State-of-the-an BGO crystals have excellent transpare nc y so that the scin till atio n ligh t
propagates in the BGO pillar i n the similar manner as in an optical fiber. The LRF of a BOO
pi llar having mirror polished surfaces is rather flat as shown in Fig.5-7 (case a), and thus
providing little information for the positions of y-ray incidence. We found that the slope of the
LRF could be changed by coarsely grinding the side surfaces of a pillar. We examined the
LRF ofBGO pill ars with different patterns of ground surfaces as shown in Fig.5-7. Although
the optimum LRF was hardly realized with a BGO pillar, parabolic shape of LRFs could be
obtained with some BGO pillars having particular patterns of ground surfaces; parabolic LRFs
also satisfy the criterion for constant resolution but not for constant energy.
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Fig.S-7 Light responses for EGO pillars having different surface conditions

As an interesting result, a EGO pillar with striped ground surfaces provides a stairshaped LRF as shown in Fig. 5-8. It is applicable to a conventional multi-ring configuration, in
which slice collimators be set on the ground portion of EGO pillars.
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Fig.S-8 Stair-shaped light respon se obtained with a pillar having zebra-pattern of
ground surfaces

We made a bundle of BGO pil1ars having four rows in the Y direction and eight columns
in X direction; forming an 8 (X) x 4 (Y) pillar matrix. Each BGO pillar had a dimension of 3
mm width (X) x 5 mm depth (Y) x 50 mm length (Z). The 32 BOO pillars were coupled to
two 76 mm square PS-PMTs (Hamamatsu R2487), where the BGO pillars were held in an
aluminum case having a grid cross section. The crystal pitches in this arrangement are 3.75
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mm in X and 7 mm in Y. The whole area of the side surfaces of each crystal was coarsely
ground, of which the LRF is shown in Fig. 5-7 (case c).
The detector response function (DRF) with each BGO pillar was measured by scanning a
collimated source in the directions inclined to X by 0°, !5° and 30°. The CRF with each BGO
row was calculated for the measured DRF. Typical CRF profiles and their FWHM values
with each BGO row at different incident angles are summarized in Fig.5-9. (The DRF and
CRF profiles of all segments at y-ray incident angles of 0°, !5° and 30° are shown in Figures
5-lO to 5-12.)
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Fig.5-9 Typical CRF profiles with each BGO row measured at differenr-y-ray incident angles
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We measured the detector response in Z direction for collimated y-rays. The position in

z direction was obtained by adopting a maximum likelihood position estimation to each PMT
output signal through ND converters. Figure 5-13 shows the line spread functions measured
for different positions of y-ray irradiation, where the distance between the irradiation positions
was 10 mm. A resolution of approximately 9.5 mm FWHM was obtained at each position.
The time resolution of the detector in coincidence with a BaF2 detector was measured to
be 5.3 ns FWHM, where two 50 mm diameter PS-PMTs (Harnamatsu R2486) were used
coupled

to

the BGO bundle.

Distance (em)

Fig.5-13 Line spread functions for collimated y-rays in the axial (Z) direction
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5.5 Discussion
The CRFs obtained on the basis of the experiment were broader than those expected from the
simulation study. Since we used aluminum spacers between BGO pillars

to

hold them at their

exact positions in the experimental setup, an effect of scattered y-rays on the detector
resolution was more dominant in the experiment, particularly with deeper BGO rows. It will
be improved by packing the BGO pillars closely. The crystal separation capability of the PS-

PMTs is another factor affecting the detector spatial resolution in the X and Y directions. The
resolution in the axial (Z) direction is inversely proportional to the square root of the number
of photoelectrons per event in the PMTs. Better timing and spatial resolution of the detector
can be expected with an improvement of PMT performance characteristics such as
photocathode sensitivity and photoelectron collection efficiency.
If BGO pillars are piled up with a spatial shift of a half pitch in the X-direction
alternatively and the depth of each BOO row is designed to provide equal detection efficiency,
which was proposed by Wong (5), they will be applicab.le to a stationary PET system because
of increasing sampling density and uniform detection efficiency among the segments.

References

(1)

R.H. Huesman, E.M. Salmeron and J.R. Baker, "Compensation for crystal penetration
in high resolution positron tomography," IEEE Trans. Nucl. Sci., vo1.36, pp.ll001107

(2)

J.S. Karp and M. Daube-Witherspoon, "Depth-of-interaction determination in Nal(TI)
and BOO scintillation crystals using a temperature gradient," Nucl. lnsrr. Meth. ,
vol.260, pp.509-517, 1987

(3)

J.G. Rogers, D.P.Saylor, R. Harrop et al., "Design of an efficient position sensitive
gamma ray detector for nuclear medicine," Phys. Med. Bioi. , vol.31 , pp. l061-1090,
1986

(4)

J.A. Mcintyre, R.L. Spross and K.H. Wang, "Construction of a positron emission
tomograph with 2.4 mm detectors," IEEE Trans. Nucl. Sci., vo1.33, pp.425-427

(5)

W.H. Wong, "Designing a stratified detection system for PET cameras," IEEE Trans.
Nucl. Sci., vol.33, pp.591 -596, 1986

(6)

P. Bartzakos and C.J. Thompson, "A depth-encoded PET detector," IEEE Trans . Nucl.
Sci., vol.38, pp.732-738, 1991

(7)

C.Carrier, C. Martel, D. Schumitt et al., "Design of a high resolution positron emission
tomograph using solid state scintillation detectors," IEEE Trans. Nucl. Sci., vol.35,
pp.685-690, 1998

(8)

S.E. Derenzo, W.W. Moses, H. G. Jackson et al., "Initial characterization of a positionsensitive photodiode/BGO detector for PET," IEEE Trans. Nucl. Sci., vol.36, pp.l0841089, 1989

(9)

K. Shimizu, T. Ohmura, M. Watanabe et al., "Development of 3-D detector system for
positron CT," IEEE Trans. Nucl. Sci., vol.35, pp.717-720, 1988

(10)

H.L. Van Trees, "Detection, estimation and modulation theory," John Wiley and Sons
Inc., New York

(ll)

T.D. Milster, L.A. Selberg, H.H . Barrett et al., "A modular scintillation camera for use
in nuclear medicine," IEEE Trans . Nucl. Sci., vol.31, pp.578-580, 1984

-115-

Chapter 6

Comb-Slit BGO Detector Providing Single
Bit of Depth Information
In this chapter, a block detector with a single bit of depth of interaction information is

demonstrated, which consists of a PS-PMT and a block BGO crystal having comb-shaped slits
in it.

The proposed detector efficiently utilizes the high spatial resolution capability of the

PS-PMT. The experimental results have proven their usefulness in PET applications. Since
the detector has a relatively simple structure and does not require particular read-out
electronics, it can be applied to the existing animal PET system.
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6.1 Structure and Principle of Comb-Slit BGO Block
Detector
A block detector composed of a PS-PMT and BGO blocks having comb-shape slits is
proposed to improve the resolution uniformity of a PET system

(1).

Figure 6-1 shows the

structure of the detector. The BGO block has slits both in the upper and lower half portions,
where the positions of the upper slits shift by a half of each slit pitch from those of the lower
slits.

Slits filled with reflector

BGOBlock

PS-PMT

Fig.6-1 Schematic drawing of comb-slit BGO block detector

Figure 6-2 shows the principle of position and depth detection in the comb-slit BGO
block detector. When an incident y-ray is absorbed in the upper portion of the block, the
scintillation photons propagate towards the lower portion and are divided into two lower
segments. Thus the centroid of the output light distribution is located in the middle of tbe two
lower segments, which corresponds to tbe position of the upper segment in which the y-ray is
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absorbed. On the other hand, if a y-ray interacts with a segment in the lower portion, the
scintillation light output is mostly from the one lower segment. Consequently, the centroid of
the output light distribution corresponding to the y-ray interactions in the upper and lower
portions should shift by a half of the slit pitch (d). Thus, if the position discriminator windows
are properly set on a position map obtained by a centroid calculation, a single bit of depth
information of they-ray interaction can be derived as well as the position information used for
the segment identification.

y-rays
d

BGO
.-;")'

r;

PS-PMT

~

Centroid of Distribution

'j

L

Position Discriminator Windows

d/2

Fig.6-2 Principle of depth-of-interaction detection with comb-sli t BGO detector
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6.2 Effect of Slit Depth
If there is a large space between the bottom of the upper slits and the top of the lower slits,
scintillation photons spread over multiple segments, where the gap space works as a light
guide. A test sample of a 20 mm deep BGO block having different depths of slits in it was
made

to

investigate the effect of the space between the upper and lower segments on the

crystal separation capability. The gap distances between the upper and the lower slits in the
BGO block were 1 mm, 2 mm and 3 mm.

The peak to valley ratio (P/V) of the segment

profile on the position map was measured with the upper and the lower segments separately.
The mean P/V values were 4.4, 3.7 and 2. 1 for 1 mm , 2 mm and 3 mm gap distances,
respectively. As the gap becomes larger, the spatial resolution degrades because of increasing
light distribution spread. Although a narrower gap between the upper and lower slits provides
better performance, a gap distance of at least 1 mm is necessary to keep a reasonable
mechanical strength with a comb-slit BGO block.
It is desirable that the upper and the lower portions have an equal detection efficiency for
511 keY y-rays (2J. Thus, the depth of the upper and the lower slits should be designed to
provide an equal detection efficiency.
In consideration of conditions above, we fabricated a comb-slit BGO as a trialmanufacturing as shown in Fig.6-3. The block is 60 mm x 10 mm x 20 mm in size and has
comb-shape slits in it, where the depth of the upper slits is 6.6 mm and that of the lower slits is
12.4 mm. The block has 33 segments, 17 upper segments and 16 lower segments, each which
is 3.25 mm in width and 3.75 mm in pitch except two upper segments at the both ends. We
also made a block composed of 3.75 mm pitch of 10 discrete BGO segments to compare its
performance with that of the comb-slit BGO. The segment size of the discrete BGO array is
3.25 x 10 mm2 cross section by 20 mm depth. Both BGO blocks were measured coupled to a
PS-PMT, Hamamatsu R3941 -02.
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60mm
!Omm

TOP VIEW

Segment width= 3.25 mm

~~

Slil width = O.S mm

~~

Pitch= 3.75 mm

~~

Deptl1: 6.6 mm

ill~~ ~~~~~~~~~~~~

]If]
II ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~JiJ=

Gap: 1.0 mm

Deptl1 : 12.4 mm

SIDE VIEW

Fig.6-3 Dimensions of comb-slit BGO used for the experiment

6.3 Detector Resolution for Different Angles of y-ray
Incidence
To determine the position discriminator windows , the detector was irradiated by y-rays with
full BGO block illumination. Peaks corresponding to each BGO segment were clearly seen in
the position map with the discrete BGO block, but not with the comb-slit BGO block. ln order
to find the positions of peaks and valleys for the comb-slit BGO, either upper or lower
segments of the BGO block were irradiated at their sides with slit collimated y-rays. Their
profiles on the position map are shown in Fig.6-4. With properly setting the position
discriminator windows , i.e. sening them as each window includes only one peak
corresponding to either an upper segment or a lower segment, we measured the detector
response functions (DRFs) using a scanning collimated source at different incidence angles of
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Q0 , 7.5°, !5°, 22.5° and 30°. To eliminate the edge effect on this study, we used the dura with

25 segments in the central part of the BGO block, 13 upper segments and 12lower segments,
for the performance evaluation.

Lower segments
Upper segments

~

c::

:::l

0

u

Calculated Position (Relative)
Fig.6-4 Image profiles for y-ray irradiation on upper and lower segments
(The profiles with the upper segments and those with the lower segments
were measured separately.)

The DRF profiles with the central segments at an incident angle of 0° are shown in
Fig.6-5. Since the width and shape of the DRFs are different with the upper and lower
segments, there are three kinds of combinations to calculate the CRFs, upper segment versus
upper segment (U-U), upper segment versus lower segment (U-L) and lower segment versus
lower segment (L-L). The CRF profiles for the U-L combination at y-ray incident angles of 0°,
14.5° and 30° are shown in Fig.6-6.
The FWHM and FWTM values of CRFs were calculated with those three combinations
for the comb-slit BGO detector. Table 6-I shows the FWHM and FWTM values of CRFs with
the discrete BGO array detector and the comb-slit BGO block detector.
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--------- Lower segments
-

Upper segments

Distance (Smm/div)

Fig.6-5 DRF proflles measured for comb-slit BGO detector
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Fig.6-6 CRF proflles for different incidence angles of y-rays calculated from
DRFs of comb-slit BGO detector
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Table 6-1 FWHM and FWTM values of CRFs at different angles of y-ray incidence
with discrete BGO detector and comb-slit BGO detector

Incident
Angle

8=0

°

8= 7.2

°

9=14.5 °

8=22

8=30

Comb-slit BGO
(3.25 mm wide)

Discrete BGO
(3.25 mm wide)

°

°

FWHM

FWTM

2. 1 mm

5.3mm

2.4mm

3.1 mm

4.3mm

5.6mm

5.6mm

6.6mm

8.3 rnm

10.2mm

FWHM

FWTM

UvsU

2.4mm

5.4mm

LvsL

2.3mm

5.6mm

U vsL

2.4mm

5.5 mrn

UvsU

2.5mm

5.8mm

LvsL

2.6mm

6.0mm

U vsL

2.5 mrn

6.0mm

UvsU

2.7 mm

6.4 mm

LvsL

3.2mm

7.1 mm

UvsL

2.8mm

7.0mm

UvsU

3.1 mm

7.6mm

LvsL

4.0mm

8.5mm

U vsL

3.5mm

8.4 mm

U vsU

3.7mm

8.9mm

LvsL

5.2mm

10.5 mm

U vs L

4.5mm

10.2mm

UvsU:

CRF calculated with DRFs for upper segments

LvsL:

CRF calculated with DRFs for lower segments

U vsL:

CRF calculated with DRFs for upper segments versus lower segments

Their FWHM values are plotted as a function of y-ray incident angles as shown in Fig.67. The discrete BGO array detector provides better resolution at normal incidence, and on the
contrary the comb-slit BGO detector provides better resolution for large angles of y-ray
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incidence. Thus an improvement in resolution uniformity is expected with a PET using the
comb-slit BGO detector.

Incident Angle
7.0
- o - Discrete BGO
• Comb-slit BGO : U-U
.. Comb-slit BGO : L-L
···•··- Comb-slit BGO : U-L

6.0

8
5
....a:
u....
0

~
....~

5.0

.

4.0
3.0

1.0
0.0
0

0.1

0.2

0.3

0.4

0.5

0.6

Distance from the Ring Center
(normalized by the ring radius)

Fig.6-7 Comparison of FWHM of CRFs between discrete BGO detector and combslit BGO detector at different distance from the center corresponding toy-ray
incident angles

A ratio of the detection efficiency between the upper and the lower segments were
calculated by integrating the counts in their DRFs at different incident angles of y-rays. The
ratio (upper I lower) was 1.02, 1.05 and 1.07 for the angles ofy-ray incidence at 0°, 14.5° and
30°, respectively. It was found that almost equal detection efficiency was obtained with the
upper and the lower segments, as expected in the design of the slit depth; 6.6 mrn for the upper
slits and 12.4 mm for the lower slits.
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6.4 Discussion
The block detector having comb-slit BGOs has a potential capability to provide a PET system
with uniform resolution in the field of view because of itS ability to provide high resolution
and a single bit of depth information. Our experiments with prototype detectors confirmed the
efficacy and applicability of the comb-slit block BGO detector for PET. The ability to provide
the depth information strongly depends on the resolution capability of the detector. If the
peak-to-valley ratio on the position map slightly degrades, the depth information is lost to a
large extent This is because the width of the position discriminator windows with the combslit BGO detector is a half of that with a discrete BGO array detector having the same segment
width, and it causes the crosstalk from the adjacent channels corresponding to the opposite
portion (upper or lower). Thus the PS-PMT used for this application is specifically required to
have a high spatial resolution capability. The gap space between the upper and the lower
segments is desired to he as small as possible. If we find good reflector materials having a
thermal expansion coefficient similar to that of BGO to fill the slits with, the comb-slit BGO
having small gaps will be fabricated. The surfaces in the slits are not smooth because of no
post-process after cutting the slits. The light output can be improved by maldng slits having
smooth wall surfaces, which may be possible through application of a chemical etching
process after cutting the slits in the block.
If the refractive index of the scintillator is close to that of an optical coupling compound,
we can use two or three layers of stacked scintillators in the same manner as the comb-slit
BGO scheme. This is the case for BaF2 scintillators, while the refractive index of BGO is
2.15. (Most optical coupling compounds have a refractive index of 1.47.).
The other interesting trial is detecting the spatial spread of light output

(3).

In the comb-

slit BGO, the light spread due toy-ray interaction in the upper portion should be broader than
that in the lower portion. Thus the detection of light spread from the comb-slit BGO will
provide a single bit depth information of y-ray interaction. We have not yet evaluated this
method and a further investigation is necessary.

- 126 -

l.

------

References

(1)

(2)

T. Yamashita, M. Watanabe, K. Shimizu et al., "High resolution block detectors for
PET," IEEE Trans. Nucl. Sci., vol.37, pp.589-593, 1990
W.H. Wong, "Designing a stratified detection system for PET cameras," IEEE Trans.
Nucl. Sci., vol.33, pp.591-596, 1986

(3)

J.G. Rogers, D.P.Saylor, R. Harrop et al., "Design of an efficient position sensitive
gamma ray detector for nuclear medicine," Phys. Med. Bioi., vol.31, pp.1061-1090,
1986

-127-

.
_l

-

----

Chapter 7

Summary and Future Work
In this chapter, we summarize the results of this research and what this work has contributed

to the field of PET system development and the research using it, and discuss a future prospect
with PET and detectors. There exist many interesting subjects that require future work.
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7.1 Summary
Positron Emission Tomography (PET) has been used as a research tool to obtain functional
images of the human body, and today, there is a demand to use it as a diagnostic tool in
various clinical fields and also as a research tool for basic studies using experimental animals.
Improvement of PET performance has been a consistent requirement for better imaging and
quantification capability.
In this thesis, we have proposed new detectors for PET, which use position-sensitive
photomultiplier tubes (PS-PMTs) and fine segments BGO arrays. Further development of the
detector has resulted in the proposal of two types of PET detectors providing depth
information of y-ray interaction in the crystals. The goal of this study is the development of
PET detectors for a practical use in PET systems. We have demonstrated the usefulness of the
new detector by applying it to an animal PET system. It was proven that a high resolution
PET could be constructed by applying the new detector scheme.
The main results of this research are summarized as follows:
New detector schemes using PS-PMT have been proposed and investigated.
The optimum design of BGO detector for PET has been investigated on the basis of
an analysis on scintillation photons with BGO crystals.
Various apparatus to accurately measure the performance characteristics of PET
detectors have been developed.
• Characteristics of BGO detectors have been studied, which include the time resolution
and the spatial resolution.
• An intrinsic detector resolution in coincidence of less than 2 mm was achieved with
fine BGO crystals coupled to the PS-PMT, which is close to the physical limit of PET
resolution.
• A high resolution PET dedicated to animal studies has been developed by applying
the new detector, and a spatial resolution of 3.0 mm was obtained with this system.

• Two types of new detectors utilizing depth information of y-rays have been proposed,
and the usefulness of their applications to PET has been proven by preliminary
experiments.
The research contained in this thesis, in particular, has contributed to basic research
using experimental animals by offering researchers an in-vivo imaging tool; a high resolution
PET dedicated to animal studies. Up to the present, five animal PET systems have been
installed in research facilities in Japan, and advanced research using them is now being
performed.

7.2 Areas of Future Investigation
7.2.1. Detectors for 3D PET
Currently, there is an increasing interest in PET systems providing data suitable for three
dimensional (3D) volumetric imaging. Most of the present PET designs use interplane septa
between the detector rings, and eliminate coincidence lines-of-response between pairs of
detectors more than one ring apart. The circular interplane septa reduce the scattered and
accidental coincidence noise at the cost of sensitivity for true coincidence events. The PET
system s using the interplane septa utilize only about 0.5 % - 1 % of the total events emitted
isotropically from the source of activity. The sensitivity (S) of PET using interplane septa is
geometrically given by the following equation:

S=k R 2 /D,

(7-2-1)

where R is the axial resolution (determined by the slice thickness) , D is the detector ring
diameter, and k is a geometrical factor including detector packing fraction and the detection
efficiency of the scintillators. If we plot measured sensitivity reported with the existing PET
systems versus the geometrical sensitivity calculated by eq.7-2-l, a close correlation between
them can be seen as shown in Fig.7-1. This result shows that the slice sensitivity of PET is
uniquely determined by the geometrical design of detector rings.
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A dramatic improvement of the sensitivity is obtained by increasing the axial acceptance

angle of detection with the removal of the interplane septa as shown in Fig.7-2. Some
pioneering work for 3D PET has been performed by Townsend et al

(1).

They retracted the

interplane septa in a commercial PET system, and evaluated the performance compared to that
of the original design with interplane septa. They reported an improvement in sensitivity due
to the removal of the septa of a factor of 5.1 , while the the scatter fraction (scatter/true)
increased from 12% to 35% for the energy threshold at 350 keV, and from 15 %to 48% at
250 keY.
True three dimensional image reconstruction has been studied by many researchers

(2)-

<8> Since the mathematical solution of 3D image reconstruction has already been established,

the emphasis of the research is now placed on the development of a practical algorithm
applicable to a 3D PET system

(7)(8).

The effort includes shortening of the calculation time

and improvement of image quality by suppression of the statistical noise effect.
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Improvements in detector performance are required for 3D PET : The good time resolution of
the detector allows the use of narrow coincidence time windows, which results in a reduction
of the accidental coincidence rate : The good energy resolution allows accurate setting of
energy thresholds for scatter reduction : The reduction of dead time in signal processing
extends the maximum count rate capability of the system because the single event rate in 3D
PET increases dramatically. Thus the scintillator should have a fast decay time and the
detector unit should have a smaller area.

2D PET

Slice Collimator

~

Detector Rings

3DP~ET~~/

Fig.7-2 Line of responses with 2D PET and 3D PET
(Cross-sectional view in the axial direction)

7.2.2 Detectors for Clinical PET
Since PET bas the power to provide unique diagnostic information that is not available with
any other imaging modality, clinicians are anticipating the use of PET in clinical fields such as
brain and cardiac diagnosis

(9) .

Each application requires PET to provide different

performance capabilities. The complexity of the brain requires significantly high resolution of
PET, because a small lesion in a critical location can cause serious problems in the brain. A

PET system designed to produce high quality heart images should have high count rate
capability. In cardiac studies, gated imaging capability is required, in which the motion of the
heart is minimized and/or measured by synchronizing image collection with the cardiac cycle.
In dynamic PET studies, rapid PET imaging of 1 sec to 10 sec per frame may be required.
PET is then required specifically to have high sensitivity and high count rate capability. As
the use of PET becomes more popular in the clinical fields, systems having special
performance characteristics may be designed in accordance with the specific requirements
from each clinical field.
In the present diagnostic procedures using PET, it takes several minutes to hours before
obtaining the final data for diagnosis. To obtain higher throughput in PET measurement,
improvements in system sensitivity and image/data processing time are of major importance,
as well as the establishment of protocols for PET measurement.

Once PET diagnostic

techniques and procedures are established for some diseases, other instrumentation such as
simple positron probe systems may be applicable instead of PET (10)(11).
Because the isotope production capability of a cyclotron is large enough for several PET
systems and probe systems, it is possible to place several satellite PET imaging sites around a
cyclotron facility. The other possible way to expand the PET utility is to establish a delivery
system of compounds labeled with a relatively long half-life radionuclide ( 18 F) from a
cyclotron center, which may be managed by commercial companies.
The cost-effectiveness of the detectors including both scintilla tors and PMTs is of major
concern in clinical applications of PET, especially for a 3D-PET using a large number of the
detectors. Better stability and liability will be required to detectors for clinical PET.

7.2.3 Possible Detectors for Future PET
Scintillators having faster decay time and higher light yields than BGO have been investigated
by many researchers (12)·(17). Rare-earth oxyorthosilicates (LSO, GSO, YSO), CeF3, PbCDJ
and other new materials have recently been introduced. Table 7-1 shows the performance
characteristics of these scintillators reported by investigators (12)(13)(15X16l.
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Table 7-I Characteristics of new scintilla tors compared to BGO characteristics

BGO

CeFJ

PbCOJ

PbS04

LSO

Density (z/cc)

7.13

6.16

6.6

6.4

7.4

Linear attenuation coefficient
for 511 keY y (1/cm)

0.903

0.42

1.1

1.2

0.88

Relative light yield(%)
relative to Nai(TI)

15

8

1.4

12

75

Scintillation decay time (ns)

300

2 (fast)
31 (slow)

5.6 (fast)
27 (slow)

1.8, 19
95,425

40

Emission peak wavelength

480

310 (fast)
340 (slow)

475

335

420

Refnctive index

2.15

1.68

1.8
2.08

1.88, 1.82
1.89

1.82

Hygroscopic?

no

no

no

no

no

(nm)

Among them, LSO has superior characteristics to BGO; high stopping power for 511
ke V y-rays (as high as that of BGO), 3.5 times better light yield than BGO, and fast decay time
of 47 ns (16), We have measured the time resolution ofLSO for a 2.8 x 10 mm2 cross section
by 10 mm depth LSO crystal coupled

to

a 19 mm diameter fast PMT (Hamamatsu Rl668),

where a BaF2 detector was used as a reference probe. Figure 7-3 shows the comparison of the
time resolution between an LSO-BaFz coincidence pair and a BGO-BaFz coincidence pair.
We coupled the small LSO crystal to a PS-PMT (Hamamatsu R3941), and measured the
image proftle of the crystal for I37Cs y-rays (662 keY). As shown in Fig.7-4, the uncertainty
of the crystal position is 1.0 mm FWHM for LSO, while that of BGO having the same
dimension is 2.4 mm FWHM. In spite of these excellent characteristics, LSO will be rarely
used as a PET detector because of its extremely high manufacturing cost due to the material
cost of Lutetium. These experimental results, however, encourage us to develop new detectors
using a PS-PMT which would be coupled to a new possible scintillator in the future.
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The PS-PMT has the capability of hi gh spatial resolution in two dimensions. Desirable
improvements of the PS-PMT for a future PET include implementation of a multi-anode,
reduction of the unit area, and development of an electron multiplier having better electron
collection efficiency and faster timing properties.
Application of a neural network to position calculation of the PS-PMT would be a
challenging work in the future. Recently, a fast analog neural network chip (Intel 80170NX)
has become available, and has begun to be applied to various fields

(18).

A neural network for

the PS-PMT readout would offer position estimation near an optimal condition and a
capability utilizing multiple events without rejecting them.

Since there are still many

problems to be solved, further investigations are necessary to develop a detector system using
the PS-PMT with a neural network.
An avalanche photodiode (APD) would be another possible detector for a future PET
system Cl9l. The APD array has the advantage of compactness and possible cost reduction
through mass production, although it requires a stable temperature controller and low noise
amplifiers. Use of solid state detectors for intrinsic detection of 511 keY y-rays will be a
challenging work in the future. High Z materials such as CdTe are possible candidates for
PET detectors

(20).

The drawback is their poor time resolution due to slow carrier mobility in

the bulky detector and high manufacturing cost. Some technology breakthroughs in the future
may realize the application of intrinsic y-ray detectors

to

PET.
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