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Abstract

High resolution imaging gamma-ray detectors were
developed using Hamamatsu's 5" diameter R3292 position
sensitive PMT (PSPMT) [1] and a variety of crystal
scintillator arrays. Special readout techniques were used to
maximize the active imaging area while reducing the number
of readout channels. Spatial resolutions approaching 1 mm
were obtained in a broad energy range from 20 to 511 keV.
Results are also presented of coupling the scintillator arrays to
the PMT via imaging light guides consisting of acrylic optical
fibers.

I. INTRODUCTION

The need for high resolution gamma cameras in many
fields continues to grow. In nuclear medicine current
commercial systems-using multiple PMTs and a slab of
scintillator can only resolve cancers on the order of a cm
whereas, in the new fields of scintimammography and positron
emission mammography, doctors need to see cancers as small
as a few mm. In the case of studying gene expression in small
animals a resolution of about 1 mm is needed [2]. One
commercial solid state imaging system using Cadmium Zinc
Telluride [3] is trying to fill the need for higher resolutions,
however, the stopping power is limited to energies less than
200 keV and the price is significantly higher than a PMT-
crystal system. Several recent efforts have described the use of
small gamma cameras based on PSPMTs [4-10]. Our goal is
to develop a cost effective high resolution imaging system for
a broad energy range (20 to 511 keV).

1I. EXPERIMENTAL SETUP

A. PMT and Electronics

Hamamatsu's R3292 has a proximity focused parallel
dynode mesh structure with crossed wire anodes. The x and y
coordinates consist of 28 wires apiece and the active area of the
PMT is 11 cm in diameter. To reduce the number of
individual analogue readout channels while still retaining the
advantages of a local readout (as opposed to integral readout
methods such as current division or delay lines), we grouped
the anode wires into sectors with two to four wires per sector
(fig. 1). The advantages of local readout include high rate
operation, less edge distortion, and the ability to apply a
special truncated center of gravity (COG) technique, mentioned
below. to maximize the active imaging area.. FEach anode
sector was amplified before being sent over a coaxial ribbon
cable to the data acquisition system. The data acquisition
system was based on LeCroy's FERA ADC's and a Macintosh
Power PC running Kmax data acquisition software [11]. The

last dynode was used to trigger the discriminator and provide a
gate to the ADCs.
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Figure 1: PMT readout electronics.

B. Crystal arrays and Energies

Through previous work we found that, from a selection of
the most popular crystal scintillators (YAP, CsI(Na), BGO,
Nal(T1), GSO, and 1.SO), only CsI(Na), Nal(Tl), and GSO ate
prime candidates for nuclear medicine gamma cameras [12].
YAP and BGO are ruled out due to relatively low light output
and LSO is naturally radioactive and, at this time, not readily
commercially available. All of the arrays are made up of small
square scintillator pixels arranged in an approximately 11 cm
diameter circle. We also tested a Nal(Tl) slab for comparison.
Crystal arrays are preferable over slabs of scintillators because
of the spatial non-uniformities found in most PSPMTs (fig.
2). There is, however, a small loss in energy resolution. By
being able to identify the particular pixel light came from,
image distortion correction is easily implemented. The size of
the pixel is important in optimizing the trade-off between
spatial resolution and having enough light delivered to the
PMT for crystal identification and energy determination. The
thickness of the array was selected to optimize the tradeoff
between stopping power and efficient light transfer to the
PMT, again effecting energy resolution. In general, energy
resolution is important for rejecting scattered radiation which
blurs the image.

All of the arrays except for the GSO array were
manufactured by various companies [13-16] by taking a slab of
the material and sectioning it with a fine diamond saw. The
crystals are separated by approximately .25 mm with the
region between the crystals filled with an opaque white
reflective material. The GSO array is hand assembled from
pixels which only have their output face polished. The other 5
sides are left rough cut and no optical separation is used. The
Nal(T1) arrays and slab are enclosed in .5 mm thick Al with a
1 mm quartz window.
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Figure 2: Image of a uniformly ¥Co irradiated 11 cm diameter
array of 2x2x6 mm® CsI(Na) pixels. Spatial non-uniformities
caused by the PSPMT structure are clearly seen.

Depending on the energy range of interest, different crystal
arrays were tested. For lower energies (22 keV to 140 keV),
comparisons were made between CsI(Na) and Nal(Tl) arrays.
For higher energies (511 keV annihilation gammas), the GSO
array was used. Table 1 shows the relevant parameters of each
crystal array while table 2 shows the radioactive sources and
the main energy component used in these tests. The lower
energy sources (22-35 keV) are used in small animal gene
research while the middle energy (122 keV) is very close to
that used in scintimammography (*"Tc at 140 keV). The
highest energy sources are used to simulate positron emission
tomography.

Table 1
Scintillator arrays used in tests.
Array type Pixel size | Thickness | Light output | Density
(mm?) (mm) | Rel. to NaD | (g/cc)
Nal(Tl). slab N/A 6 - 100% 3.67
Nal(T1) 2x2 6
Nal(Tl) 3x3 10
CsI(Na) 2x2 3 65-83% 4.51
CsI(Na) 2x2 6
CsI(Na) 1x1 . 3
GSO(Ce) 3x3 10 20-25% 6.71
Table 2
Radioactive sources used in tests.
Radioactive Relevant
source energy (keV)
%cd 22
=T 27-35
*'Co 122
mpe 140
*Na 511
'Cs 624

C. Software calculations and Image Reconstruction

Once the signals have been converted by the ADC and had
their pedestals subtracted, a truncated COG calculation is
performed to obtain the x and y coordinates of the event. The
methodology of the truncation is that the values of all the
signals on one axis are summed together and only those
signals above a predefined fraction (f-factor) of the sum are
used to calculate the COG. This approach compensates for the
physical truncation caused by the edge of the PMT (fig. 3).

By an optimized implementation of this technique we have
been able to greatly increase the active imaging area of the
PMT.
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Figure 3. Performing a COG calculation using all the Measured
ADC data gives a value of 7.2 for the position of the event while
using only those values above 10% (f-factor = 0:.1) of the sum
gives a value of 7.6; much closer to the actual location.

During a flood source calibration run where the whole
crystal is irradiated by a radioactive point source placed ~10 cm
above the array, each crystal pixel appears as a well defined and
separated spot on the image. One then identifies a region
belonging to each pixel so that any x-y coordinate can thus be
associated with a particular crystal pixel. Once this is
completed, the energy spectrum for each pixel is measured and
used to set an energy acceptance window on the ADC data
from each pixel. This adjusts for any gain variations across
the face of the PMT while also rejecting the lower energy
events which have been scattered within the object before
reaching the scintillator and thus do not correspond to the
primary radiation one is trying to image. The final image is
obtained by remapping the electronically measured coordinates
of the crystals to the physical locations and smoothing the
image.

IIT. RESULTS

A. Truncated COG

The result of the truncated COG algorithm is readily
apparent in figure 4. Using a Pb mask of 1 mm diameter
holes spaced 1 c¢cm apart on the Nal(Tl) slab we obtained an
image using *™Tc. The image on the left was acquired using
the standard COG routine while the one on the right was
acquired using the truncated COG routine with an f-factor of
0.1. Using the standard COG the last two holes at the edges
overlap and can not be distinguished.

Figure 4: Application of truncated COG on Nal(Tl) slab with lead
mask irradiated with **Tc. Both images are in the same scale.



B. Optical coupling and Energy Resolution

In general, we found one should not use optical coupling
grease with scintillator arrays due to the enhanced acceptance of
wide angle photons (fig. 5). With optical coupling grease the
wide angle photons from a crystal pixel which would have
been totally internally reflected are now transferred to the PMT
causing a large increase in the measured pixel spot size. With
air coupling, most of the angled photons are at least partially
reflected at the interface thus greatly narrowing the acceptance
angle at the photocathode producing a well defined pixel spot.
This is dramatically illustrated in figure 6 where the 2x2x3
mm® crystals of CsI(Na) in the image became totally
indistinguishable when grease was used.

Using the Nal(T1) slab to test the effect of optical coupling
on the energy resolution we found only a minor improvement
(going from 14.2% without optical coupling to 12.5% with
coupling at 140 keV) even though the amplitude of the signal
increased by a factor of 1.7 (fig. 7). There was a noticeable
degradation to the energy resolution by going to a pixel array,
however, it is still quite easy to reject scattered gamimas.
There is only a minor difference in the energy resolution
between the Nal(T1) (22.8%) and CsI(Na) (23.8%) arrays (fig.
8).

C. GSO crystal array

Unfortunately, GSO can not be grown in large sizes and
thus the inexpensive technique of slicing up a slab of the
material is not possible. Thus, in order to keep costs down,
we tested manufacturing an array by using individual pixels
which only had one face polished. The remaining faces were
left rough cut. Our hand assembly job did not produce the
most uniform array, however, all the 3x3x10 mm® pixels are
clearly separated even though the crystals were not optical
isolated (fig. 9). The energy resolution at 511 keV was found
to be 19.2%.
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Figure 5: With optical coupling grease wide angle photons cause a
blurring of the image while with air coupling these photons are
rejected by total internal reflection.
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Figure 6: The effect of using optical coupling grease (top) vs. no
grease (bottom) on the 2x2x3 mm® array of CsI(Na) irradiated with
140 keV *"Tc.
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Figure 7: Effect of optical coupling grease (top) vs. no grease
(bottom) on light output and energy resolution with the Nal(TI)
slab irradiated by 140 keV *"Tc.
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Figure 8: There are only minor differences in the energy
resolution between the 2x2x6 mm® array of Nal(TI) (top) and the
2x2x3 mm’ array of CsI(Na) (bottom) irradiated by 140 keV *™Tc,
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Figure 9: Image of 3x3x10 mm’ GSO array irradiated by 511 keV
®Na (left) and the energy spectrum from the four central pixels
(right).

D. Very High Resolution Gamma Camera

For small animal gene research, needing the highest spatial
resolutions, a CsI(Na) array with 1x1x3mm? pixels was tested.
We were unable to resolve the individual crystal elements
using 'I.  However, they were clearly seen when we used

7Cs (figs. 10, 11). This allows us to map out the spatial and -

gain variations of the crystals using the higher energy source
and apply these corrections to imaging '*’I.  Preliminary
results using phantoms have been quite promising and live
animal studies will begin in the near future [17].

Figure 10: Image of the full 1x1x3 mm® Csi(Na) array irradiated by
624 keV "'Cs (left). Enlargement of a 3x3 cm” area (right).
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Figure 11: Projection across one of the rows of the CsI(Na) array
in figure 10.

IV. LIGHT GUIDE COUPLING

An 11.5 cm diameter imaging light guide was constructed
by gluing together 15 cm long 3 mm diameter acrylic-clad
polystyrene fibers. The Nal(TI) array of 3x3x10 mm® pixels
was then coupled to the light guide using optical grease [18].
It can be seen that separation of individual crystals at 122 keV
is very good (fig. 12). Unfortunately the energy resolution
was rather poor (85% at 122 keV), however, we plan to
implement double-clad 2 mm diameter fibers to improve both
the spatial and energy resolution. Such light guide couplers
can be used whenever available space does not allow for a
PMT to be placed next to the scintillator or when there is a
need to eliminate the dead region around the perimeter of the
sensor head. They can also be used to build high resolution
large area detectors with no dead area by adapting a square
scintillator. array to the round PMT and butting these units
together.
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Figure 12: Nal(Tl) array coupled to PSPMT via imaging light
guide irradiated with ’Co. Raw 2D image is shown at left with a
projection of one of the columns shown in the histogram.

V. CONCLUSIONS

It seen that the 5" diameter R3292 PSPMT can form the
basis for a high spatial resolution gamma imager with an 11
cm diameter active field of view. A spatial resolution
approaching 1 mm can be obtained in a broad energy range
from 20 to 511 keV when properly sized arrays of bright
crystal scintillators are used. The crystal array of choice for
lower energy applications is CsI(Na). Since CsI(Na) is only
slightly hydroscopic it is not required to be enclosed. Thus
CsI(Na) does not have the added window between the crystals
and PMT to worsen the resolution like NaI(T1). For higher
energies, GSO is currently the best choice due to its stopping
power and availability. For an economical and high spatial
resolution readout, one should employ readout sections made
of 2-4 anode wires with a truncated center of gravity algorithm.
Potential applications of such a detector include small animal
imaging, scintimammography, and positron emission
mammography, as well as gamma imaging in astrophysics and
other fields.
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