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HIGH RESOLUTION POSITRON EMISSION TOMOGRAPHY USING SMALL
BISMUTH GERMANATE CRYSTALS AND INDIVIDUAL PHOTOSENSORS®

S.E. Derenzo, T.F. Budinger, and T. Vuletich
Lawrence Berkeley Laboratory and Donner Laboratory
University of California, Berkeley CA 94720

Summary

We describe and compare six detector . approaches
for coupling small bismuth germanate crystals to
individual photosensors. ' :

1) Partial coupling of individual crystals to small
cylindrical phototubes.

2) Full coupling of individual crystals
cylindrical phototubes via shaped lightpipes.
3) Coupling of cylindrical phototubes to individual
crystals using three sides of the crystals.

4) Full coupling of individual crystals to small rec-
tangular photomultiplier tubes.

5) Full coupling of groups of crystals to multiple-
anode phototubes.

6) Full coupling of groups of crystals to larger rec-
tangular phototubes with either sense wires, solid
state photosensors, or UV sensitive wire chambers for
crystal identification.

to small

From experimental measurements and Monte Carlo
computer simulations we conclude that approaches 5 and
6 are superior in pulse height and timing resolution
and are also the best way to read out crystals nar-
rower than 3 mm. -

*Supported by D.O.E. Contract DE-AC03-76SF00098 andi

N.I.H. grant POl HL25840-03.

‘diameter phototubes

1. Introduction

Due to its high density and atomic number, bis-
muth germanate (Bi,Ge30j3) can be used in the form of
small crystals for high resolution positron emission
tomography.1 However, the 1low scintillation light
yield and the need for good timing and pulse height
resolutions make efficient optical coupling to the
phototube very important.?2

This paper presents an analysis of the feasibil-
ity and performance of several crystal-phototube
coupling schemes suitable for BGO crystals 7 mm or
finer. (Figure 1).

2. Coupling of Small BGO Crystals to
Individual Phototubes -

2.1 Partial Coupling to Cylindrical Phototubes

Figure 1A shows the partial coupling of 5 mm (or
7.mm) crystals to 10 mm (or 14 mm) cylindrical photo-
tubes. Monte-Carlo calculations (using the measured
self absorption length of 200 mm) indicate that only
20% of the scintillation light enters the phototube.
Using 6 mm x 20 mm x 30 mm deep BGO crystals and 14 mm
(Figure 2), we have measured a
pulse height resolution for 511 keV photons of 22%
FWHM (full width at half maximum) and a time resolu-
tion of 7 nsec FWHM (see Table 1).

A) Partial Coupling
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Figure 1: Six schemes for coupling narrow scintillation crystals to individual photodetectors.



2.2 Full Coupling to Cylindrical Phototubes via

Lightpipes

Special lightpipes that provide full contact with
both the rectangular crystal and the cylindrical pho-
totube were designed and fabricated (Figures 1B and
2). Two close-packed crystals can be coupled to two
close—packed phototubes using this lightpipe. This
lightpipe has a 14 mm x 14 mm cross section at the
phototube end (Figure 3a) and a 6 mm x 20 mm cross
section at the end coupled to the BGO crystal (Figure
3e). The pulse height was reduced by a factor of 2.0
relative to scheme 1A and the pulse height resolution
was 30% FWHM.

2.3 Coupling to three sides of the Crystal

It is possible to couple 14 mm diameter cylin-
drical phototubes to crystals as small as 3 mm x 10 mm
by using three sides of the crystal. Such a coupling
scheme is shown in Figure 4. We have measured a reso-
lution of 18% FWHM for the end coupled detectors and
23% FWHM for the side coupled detectors. The primary
disadvantage of this scheme is that it provides only
single layer tomography.

Figure 2: Coupling of BGO crystals with 6 mm x 20 mm
faces to 14 mm diameter phototubes. Above- partial
contact without 1lightpipe (Figure 1A). Below— full
contact with special lightpipe (Figure 1B).

2.4 Full Coupling to a Small Rectangular Phototube

Recently the development of a 6 mm x 24 mm pho-
totube was announced by Hamamatsu Corp (Figures 1C and
5). The design specifications for quantum efficiency
and electron gain are similar to that of their 14 mm
cylindrical phototube. The photoelectron yield will
then be more than 50% greater than that of scheme 1A
with corresponding improvements in timing and pulse
height resolution.

3. Multiple—Anode Phototubes

Figure 1D shows direct coupling of a group of
crystals to a multiple-anode phototube (Figure 1D).
Several such phototubes have been fabricated, in-
cluding a 24 mm x 24 mm dual tube3 and a 75 mm x 75 mm
quadrant tube." This scheme could, in principle, be
used for crystals as fine as 2 mm.

Figure 6 shows a design sketch for an 8-anode
phototube for 3 mm x 10 mm crystals based on the
electron multiplier geometry used in the rectangular
phototube shown in figure 5.

(a) (b) (c) (d) (e)
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Figure 3: Cross section of the lightpipe pair shown in
the lower portion of Figure 2. The lightpipes have a
14 mm x 14 mm cross section (a) at the end coupled to
the phototubes and a 7 mm x 28 mm cross section (e) at
the end coupled to the crystals. In the intermediate
cross sections (b-d) the boundary between the two
lightpipes is a straight line that rotates through
900,

Figure 1A 1B
Minimum crystal width 5 mm 5 mm
photoelectron yield?® 300 150
pulse height resolution 22% 30%
(FWHM)

timing resolution 7 ns 10 us
(FWHM)

bEstimated values

TABLE 1. COMPARISON OF CRYSTAL-PHOTOTUBE COUPLING ARRANGEMENTS

4Estimated for a 5 mm wide crystal and 511 keV energy loss

CA timing resolution of 2.9 nsec FWHM has been reported for the Hamamatsu R1548, a dual
phototube with two 12 mm x 24 mm segments (see Reference 3).

1C 1D 1E 1F 4

6 mm 2 mm 3 mm? 1 mm ~3 mm
450 500 600 600 ~350
16%b 15%b 14% 14% ~20%
6 nsb 6 nsC 5 ns 5 ns 7 ns




The multi-anode microchannel phototube would be
ideal for reading out arrays of small scintillation
crystals. The primary requirements for such a device
for positron tomography are (i) a long useful life-
time, preferably more than five years of continuous
use, and (ii) a very narrow dead zone at the edge of
the phototube to permit efficient coupling to a close-
packed 2-dimensional array of small crystals. Since
the microchannel phototube has excellent timing
properties,5'7 its most important future apglication
may be for time-of-flight positron tomography —11 with
high spatial resolution.

PMT's (4 on top, 2on
front, 4 on bottom)

BGO crystals {10)

Annihiiation photon
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Figure 4: Scheme for coupling 3 mm x 10 mm BGO crys-
tals to individual 14 mm phototubes. Only the cross-
hatched area of each crystal is coupled to the corre-
sponding phototube. This design can be used only for a
single ring.

12mm
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4, Crystal Identifiers

In this approach a group of crystals is directly
coupled to a larger phototube which provides timing
and pulse height information. The identity of the
crystal producing the scintillation light is deter-
mined by special crystal identification schemes dis-
cussed below. The major disadvantage is the inability
to handle two detections in a crystal group within a
short period of time and this limits the maximum event
rate.

4.1 Sense Wires

In this scheme sense wires are used to control
the photocathode emission and identify the crystal
producing the scintillation light (Figure 1E). This
idea was developed by Charpakm’13 and also investi-
gated by Boutot.l% A series of very brief pulses is
applied sequentially to wires under each crystal. When
the wires under a scintillating crystal are energized,
the photoelectron current is briefly interrupted and
this can be detected by its effect on the shape of the
anode pulse.

Figure 5: BGO crystal with 6 mm x 20 mm face coupled
to a small rectangular phototube being developed by
Hamamatsu Corp. of Japan. Unit in this photograph is a
non—-operating mechanical sample.
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SIDE VIEW

Figure 6: Sketch of eight-anode phototube for reading out a group of eight 3 mm x 10 mm crystals.



HgIly Coupling Fractiom 0.0
Phototube Coupling Fraction 1.0

CASE 1: Hgls Crystal Glued to BGO Crystal -
‘(assumed index of refraction eof glue 1.52)

Collected by Hgl, 0%
Collected by Phototube 37%
Absorbed by External Reflectors 15%
Absorbed in Crystal 487

(assumed index of refraction of HgIy 3.00)

Collected by HgIop 0%
Collected by Phototube 36%
Absorbed by External Reflectors 14%
Absorbed in Crystal 50%

TABLE 2. Monte Carlo Calculation of Light Collected by a Photomultiplier
and a Hgl) Photosensor Coupled to the Same BGO Crystald,

CASE I1: Hgl,s Crystal Grown Directly on BGO Crystal

8Abgorption length 40 cm, Bubble interaction length 40 cm.
Diffuse external reflectivity 98%, 10,000 scintillation photons per rum.

0.1 0.2 0.5 1.0
1.0 1.0 1.0 1.0
2.1% 4.0% - 10% 20%
34% 33% 28% 20%
14% 14% ©14% 13%
49% 487% 48% 47%
11% 19% 37% 55%
33% 30% 23% 167
14% 13% 12% 10%
437% 38% 29% 19%

4.2 Solid State Photodetectors

A second method for crystal identification uses
solid state photosensors for the identification of the
scintillating crystal, as shown in Figure 1F and dis-
cussed in the following sub-sections. It 1is desired
that the solid state photosensor have sufficient pulse
height resolution to reject events where a significant
amount of energy (e.g. >100 keV) has been lost in more
than one crystal. It is also important that a large
fraction of one crystal face be coupled to the photo-
sensor. Table 2 shows results of a Monte Carlo analy-

sis of the dependence of pulse height on coupling’

fraction. One disadvantage of solid state photosensors
is that their quantum efficiency falls off sharply for
wavelengths shorter than 400 nm. They are very effi-
cient for BGO (480 nm) but very inefficient for BaF,
(225 and 310 nm).

4.2,1 Silicon "Photodiodes: The scintillation
light from a 511 keV annihilation photon in a BGO
crystal makes 1800 electron-hole pairs (0,28 fC) in
the photodiode. This small signal requires amplifica-
tion by a state—of-the-art charge amplifier with a
low-noise FET input stdge. Small, inexpensive
amplifiers of this type have been developed by several
groups. 15,16

Conventional silicon photodiodes have a capaci-

tance of approximately 10 pF per mm?2 and this leads to
a typical noise broadening of 0.4 fC FWHM (see Appen-
dix). This capacitance can be reduced by a factor of
2-3 by the application of a back-bias of several
volts, but the resulting current produces a shot noise
that results in an overall increase in noise.

Recently Cavallil? using specially fabricated
silicon photodiodes (Hamamatsu Corp.) with low bias
current (1-10 nA) and low capacitance (70 pF for 100
mm2) has reported an rms noise level of 200 keV when
observing pulses from 662 keV gamma rays. This is a

substantial advance, but insufficient for the reliable

detection of 511 keV photons.

4.2.2 Silicon Avalanche Photodiodes: For several
years it has been known that a back-biased silicon
photodiode can exhibit an electron avalanche gain of
100. In principle, since this amplification occurs
before the preamplifier, the signal-to-noise ratio

should be improved. However, such devices have been
plagued by non-uniformity, were very small (only a few
mm2) and very expensive. In spite of these limita-
tions, several years ago G. Huth was able to detect a
photopeak from 511 keV photons on BGO.

Recently, Entine et al of Radiation Monitoring
Devices Inc. have developed a new fabrication techni-
que that produces very uniform (gain variations <77%)
avalanche photodiodes as large as 1 cm?2.18 They report
a pulse height resolution of 9.5% FWHM for 662 keV
gamma rays on NaI(Tl). Since the quantum efficiency of
silicon is higher for BGO than for the bluer light of
NaI(Tl), we expect that this result is equivalent to
20% FWHM for annihilation photons on BGO. Unfortu-
nately, these devices are still in the experimental
stage and are very expensive ($10,000 per device).
RCA, Inc. also is developing avalanche photodiodes for
the same purpose.l? It is expected that large scale
fabrication could bring about a significant reduction
in cost. .

4.2.3 Hgl, Photodetectors: Recent work by
Iwanczyk et al demonstrates that Hglyo can detect the
480 nm scintillation light from BGO with a quantum
efficiency of about 70%,240 Hgl; has a large band gap
(2.2 eV) and low leakage current (<1 nA) even when
used with a high bias voltage. Moreover, the capacity
is approximately 1 pF per mm2, 10 times less than that
of conventional silicon photodiodes. These workers
have measured a pulse height resolution of 19% for 511
keV annihilation photons on BGO using low noise charge
amplifiers developed by them for ultralow-energy X-ray
detection. 16521 The electronic noise of their charge
amplifier was 0.04 fC (pulse peaking time 8 usec) and
the 511 keV photon signal was 0.28 fC (1750 electron-
hole pairs). Thus we expect a resolution broadening of
13% from electronic noise and 6% from electron-hole
statistics. Other sources of resolution degradation
are discussed in their paper.Z20

The application of this approach to high resolu-
tion Positron Tomography is also being investigated by
Barton et al.?2? ’

A Monte Carlo computer code developed for simu-
lating the fate of photons in scintillators? was used
to calculate the percentage of light entering the
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photomultipiier and the solid state photosensor (Fig-
ure 1F). The results (Table 2) show that a large cou-
pling fraction 1is necessary for efficient light col-

. lection and that if the Hgl, crystal could be grown

directly on the BGO crystal, then the 1light trans-
ferred to the Hgl, would increase by more than a fac-
tor of three with only a slight reduction in the light
entering the phototube.

4.3 Imaging Proportional Chamber

Recent work by Charpak,23 Anderson, 245 25 Ku, 26

~and by Sauli?7 has resulted in the development of a -
multiwire

proportional chamber with a filling gas
having a low enough ionization potential to detect UV
emissions from a xenon gas scintillator. This approach
works quite well for imaging X-rays because the xenon
gas has high detection efficiency and produces UV
photons of 8 eV, which the imaging proportional cham-
ber can easily detect. The primary disadvantage for
the detection of 511 keV annihilation photons is that
it can only be used with scintillators that produce
photons of energy 5.3 eV or greater.

One application ‘of the imaging proportional
chamber is in the identification of scintillating BaFj
crystals which are viewed by a large, high speed pho-
totube with a UV transmitting window. This would im-—
prove the spatial resolution of BaFj "time-of-flight
systems.

It would be desirable to find a scintillator with
a detection efficiency comparable to BGO that produces
UV 1light suitable for detection by these multiwire
proportional chambers.

5. Conclusions

The use of conventional cylindrical phototubes
with special packing schemes and lightpipes does not
provide efficient optical coupling, especially for
small crystals.

The use of groups of crystals coupled to larger
phototubes and solid-state photosensors to identify
the scintillating crystal provides more efficient
coupling and better timing and pulse height resolu-
tions. However, maximum rates will be limited by the
inability of this approach to handle two detections in
a crystal group within a short period of time. Both
the silicon avalanche photodiode and the Hgl; photo-
sensor have sufficient signal-to-noise ratio to
reliably identify scintillating crystals and even re-
ject multiple-crystal interactions. The light
collection by Hgl, can be tripled by growing the Hgl,
crystal directly onto the BGO crystal rather than
using conventional coupling media.

The best approach considered here requires the
development of a multi-anode phototube for small
crystals. This provides efficient coupling, can handle
small crystals in parallel at high rates, and does not
require auxiliary photosensors and associated
electronics. .

APPENDIX

Noise in Charge Amplifiers as a Function of
Photosensor Capacitance

The noise in charge amplifiers is a function of
the parameters of the FET, the capacitance and bias
current of the photodetector, the Johnson noise of the
feedback resistor, and the pulse shaping time con-
stants. From equation 24 of Reference 28, the primary
noise component is the delta noise from the FET input
stage. For RC pulse shaping with equal RC integration
and differentiation times to> the resolution

broadening is given by:

2.2
o2(rms electrons) = —91%~EIE—E—— (@)
q“8mto
where k 1is the Boltzmann factor (1.374 x 10~23
Joule/9K), T 1is the temperature, C is the total

capacitance, e is the base of the natural logarithms,
q is the charge of the electron (1.6022 x 10719 Coul),

and q is the transconductance of the FET. At 300°K
this reduces to:
2.90 x 10710 ¢
I'(FWHM Coul) =
Y8mto (2)

For the 2N4391 FET with a gy of 20mA/V and t, = 5
pysec, eqn (2) reduces to I' = 0.92 uveC. The internal
capacitance is about 15 pF.

We have measured the noise levels
charge amplifier for load capacitances

in a typical
from O pF to

270 pF and find that for t, = 5 psec, the noise is
accurately described by:
I(FWHM Coul) = 1.4 uve(45 pF + Cp) (3)

This is somewhat larger than the expected value
from equation {2) due to other noilse sources.

Using t, = 1 psec we find:
T'(FWHM Coul) = 2.1 uve(35 pF + Cp) (4)

Since the capacitance of an unbiased 30 m? sil-
icon photodiode 1is typically 300 pF, the noise level
is approximately 0.4 fC FWHM, 1.5 times larger than
the signal. The application of a back-bias will reduce
the capacitance, but the resulting bias current I
introduces a noise term given by:

T(FWHM Coul)= VT t,q (5)

For ty,=Spusec, a current of only 100 nA results in
a FWHM of 0.28 fC, which 1is equal to the 511 keV
signal.

On the other hand, a biased 30 mm? HgI, detector
has <1 nA current, only 30 pF capacitance and can be
used with a low capacity FET. The resulting noise
level is ~0.03 fC, ten times smaller than the 511 keV
signal.
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