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Abstract—Our team is developing the CZT Small Animal PET
System, a 1-mm resolution imager for small animal studies. The
techniques are also applicable to breast imaging with PET, and
Compton imaging for gamma-ray surveillance and threat
assessment. CZT detectors are used to achieve 2 - 3 % FWHM
energy resolution at 511 keV, which strongly suppresses the
effects of Compton scattering on image quality and
quantification. The detectors are read out with a novel crossed-
strip electrode technique that localizes interaction sites in two
dimensions. In the third dimension, charge drift time and the
ratio of cathode to anode signals are used for localization. With
these capabilities and our electrode design, photon interaction
sites are resolved into voxels measuring 1 mm X 1 mm transverse
to the incoming direction of an annihilation photon and 5 mm
parallel to it, which should enable 1 mm tomographic
reconstructed spatial resolution in three dimensions. A steering
electrode between the anodes improves charge collection and
energy resolution. The detectors' size is 39 mm X 39 mm X 5 mm
and they are read out with RENA-3 ASICs. To study detector
and ASIC performance, we developed the Evaluation System that
contains four detectors and six RENA-3s. We describe the CZT
Small Animal PET System, the Evaluation System, and the
detector design. Then we report measurements of the detector's
spatial and energy resolution, the effect of the steering electrode
on charge collection, and plans for the future.

[. INTRODUCTION

High resolution PET imaging requires arrays of gamma-
ray detectors that provide fine spatial resolution, ~1 mm,
to reveal details in the subject. In addition, good energy
resolution is required to reject annihilation photons that scatter
in the subject and enter the detectors along trajectories that do
not pass through the points of their emission. Few percent
energy resolution is desired to discriminate between
unscattered and tissue-scattered 511 keV photons, and thus
enable rejection of scattered photons which otherwise would
reduce image contrast and mask subtle features. Since both
511 keV photons from a positron annihilation must be
detected, good imaging efficiency requires the probability of a
single photon interaction in the detector array to be large; e.g.,
with an 86% interaction probability for a single photon, the
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probability for interaction of both annihilation photons from a
pair would be 74%. Therefore, detectors should be closely
packed to form a thick array. In addition, the detector array
should fill a large solid angle to improve the system's
geometric sensitivity to capture photons that would otherwise
miss the detectors and uselessly radiate out of the subject.
Finally, good pair coincidence time resolution is necessary to
reject random coincidences that can mimic true coincident
photons and thereby degrade reconstructed image contrast.
Coincidence time resolution of 10 nsec or less is desired.
Levin [1] presents a review of these types of considerations as
they affect the design of high-resolution PET systems.

Scintillator-based high-resolution PET systems obtain
~] mm spatial resolution by employing individual crystal
elements with this scale in two dimensions, with lengths up to
~10 mm to obtain satisfactory photon interaction probability.
Their time resolution can be as good as a few nsec, or even
better, with PMT or APD readout. Drawbacks include limited
energy resolution, 15 - 75% FWHM at 511 keV, and a high
level of complexity due to fine-scale manufacturing and
integration of a large number of small crystals and parts.
Undesirable dead regions are present due to passive material
within the detector arrays, e.g., optical wrapping, structural
components, and readout devices such as APDs. These
regions cause scattering and gaps where photons can escape.

Our team is in Year 2 of a project to develop an advanced,
high-resolution small animal PET system based on a different
approach to achieving high resolution. We use large detectors
made of CZT (Cadmium-Zinc-Telluride), a room-temperature
semiconductor. They operate as follows. The detector's
electrical contacts, i.e., the anodes and cathodes, are biased to
produce a field of ~1000 V/cm within the CZT. A photon
interaction produces electron-hole pairs that separate and drift
toward the electrodes due the electric field. The drifting
electrons and holes induce charge on the electrodes that is read
out by electronics to determine the interaction's energy
deposition and location.

Our detectors use strip anodes and strip cathodes, with the
cathodes oriented orthogonally to the anodes, i.e., the crossed-
strip technique, which localizes interaction sites in two
dimensions. Additional information provided by the drifting
charges allows localization in the third dimension. This
intrinsic 3-D resolution makes high-resolution PET imaging
possible. Good energy resolution is obtained because electron
collection at the anodes is very uniform and low noise
electronics are used. There is an inevitable complexity in
readout electronics because each electrode requires a
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dedicated electronic channel. However, the complexity is
minimized with our crossed-strip electrode design, which
reduces by ten times the amount of electronics compared to
traditional pixel readout of CZT detectors.

These techniques may also be applied to breast imaging
with PET as well as high-performance, low-cost Compton
imaging for radiation monitoring and threat assessments, e.g.,
homeland security.

In this paper we provide a description of the CZT Small
Animal PET System (also called the System in this paper) and
Evaluation System, followed by a detailed description of the
CZT detectors and recent tests that demonstrate their
capabilities. Additional information on this work is provided
by Gu, et al., [2] elsewhere in this proceedings.

II. CZT SMALL ANIMAL PET SYSTEM'S KEY TECHNOLOGIES

The CZT Small Animal PET System employs four key
technologies that enable very high performance.

A. Large Detectors

Large CZT detectors from Orbotech Medical Solutions Ltd.
are used. They measure 39 mm X 39 mm X 5 mm. Their 8
cm’ volume is 2 to 4 times greater than that available from
other suppliers, which allows fewer parts and minimizes
gaps between detectors.

B.  Low-Leakage Electrical Contacts

Schottky barrier contacts are used on the detectors for low
leakage currents and, therefore, low noise and improved
energy resolution. Passivation techniques eliminate the need
for guard rings, which increases live detector volume.
Contacts and passivation are provided by Creative Electron,
Inc., formerly Aguila Technologies, Inc.

C. ASIC Readout Chips

ASIC readout of the detectors is done with the RENA-3
chip of Nova R&D [3], [4]. This has low noise, an efficient
trigger and readout architecture, and a fine time stamp for
event timing with few ns precision.

D. Crossed-Strip Readout

The crossed-strip electrode design allows the detector
signals to be routed to the ASICs with thin flex circuits, which
makes possible close packing of the detectors. It also reduces
the number of electronic channels by a factor of ten compared
to pixel readout, the traditional method to obtain high spatial
resolution with CZT. Pixel readout would require mounting
~1000 ASIC chips and their hybrid packages within the
envelope of the CZT detector array, which is not practical.

III. CZT SMALL ANIMAL PET SYSTEM DESCRIPTION

The System's parameters are given in Table I and it is
illustrated in Fig. 1, where blue indicates the volume filled
with CZT detectors. This measures 16 cm X 16 cm X 8 cm in
the axial direction, with an 8 ¢cm X 8 cm opening to
accommodate the gantry. The axial thickness corresponds to

the ultimate System, whereas the present project will develop
the first array of detectors with an axial thickness of 4 cm.

Fig. 2 illustrates how the complement of 96 detectors is
arranged within the detector array. Fig. 2 (left panel) shows
12 detectors butted together to form a "slice", i.e., a 16 cm X
16 cm square with an 8 cm opening and 4 cm CZT border.
This provides a large photon stopping power, e.g., a 511 keV
photon has an interaction probability of 86% in 4 cm of CZT.
A slice is 0.5 cm thick, i.e., the detector thickness. Eight
slices are stacked to create the array's 4 cm axial thickness, as
shown in Fig. 2 (right panel). Between detectors are ~0.15
mm spaces for the flex circuits. Thus, the detectors fill the
array envelope with a very high packing fraction, ~96%.

Anode strips have 1 mm pitch and are oriented towards the
central axis as shown in Fig. 2 (left panel), and cathode strips,
with 5 mm pitch, are oriented orthogonal to them. Thus, the
anodes provide 1 mm resolution in the azimuthal direction
around the central axis, i.e., perpendicular to an annihilation
photon's propagation direction away from the center of the
FOV. The cathodes give broader resolution, 5 mm, which is
in the radial direction from the central axis. Within a detector,
interactions are localized to the overlap of the anode and
cathode with the largest signals. Hence, the crossed-strip
electrodes provide localization of 1 mm X 5 mm in two
dimensions.

The third dimension is in the direction of charge drift within
a detector, i.e., perpendicular to the anode and cathode planes.
The position in this direction the "depth of interaction" or
DOI, where the cathode plane is at DOI equals zero. We point
out that the term "DOI" in PET is different and refers to the
radial interaction location, which in the System's design
(Fig. 2) would be defined by the cathode of interaction.

DOI is determined to <1 mm accuracy by two methods.
First, we describe the charge-drift-time method [5], where the
electron drift time is the parameter of interest. This time is the
elapsed time from the start of the cathode pulse, which begins
when the photon interacts, to the start of the anode signal,
which does not occur until the drifting electrons are within
~0.5 mm of the anode. These times are measured with the
RENA-3's fine time stamp. Their difference is determined as
part of data analysis and then DOI is calculated by taking into
account the electron drift velocity.

Next, we describe the cathode-to-anode-ratio method. Here
the cathode and anode pulse heights are used to calculate the
ratio and then DOI is calculated from the dependence of the
ratio on DOI [6]. The ratio varies from 1.0 for interactions at
the cathode plane to close to zero at the anode plane, and has a
close-to-linear dependence on the interaction position.

These positioning techniques localize interactions to a | mm
x 1 mm X 5 mm voxel, where the 5 mm direction is radially
away from the axis for most interaction sites. With this
capability an effective tomographic reconstructed spatial
resolution of 1 mm in each dimension across most of the § cm
X 8 cm opening can be achieved [7].

Flex circuits carry the anode and cathode signals to the
readout system, where two RENA-3 ASIC chips read out each
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detector to measure the signals' pulse heights and start times
for signals that exceed the trigger thresholds (expected to be
~15 keV for anodes and ~20 keV for cathodes). The signals
are integrated and amplified with 1 - 2 microsec peaking
times, digitized by 12-bit ADCs, and output to the data
processing system for coincidence detection and imaging
analysis.

Multiple interaction sites within a single CZT detector can
trigger multiple anodes and cathodes, which causes degenerate
solutions for interaction positions. From simulations, we
estimate this will occur for ~10 % of the 511 keV photons that
interact. In some cases degeneracy can be resolved by (a)
analysis of the anode and cathode pulse heights and start times
and/or (b) Compton kinematics. Unresolved degeneracy is
expected to affect ~5% of the events, and these cases will be
recognized and rejected from PET analysis.

TABLE I
CZT SMALL ANIMAL PET SYSTEM PARAMETERS

FOV  present system
(ultimate system)

Single CZT detector
CZT complement

8cmx 8 cmx4cm
(8cmx 8 cmx 8 cm)

39 mm X 39 mm X 5 mm
96 detectors

~96%

Single gamma: 86%
Two gammas: 74%

CZT array packing fraction

Interaction probability in 4
cm of CZT

Electrode geometry

Crossed-strip

Anodes, 39 per detector 1.0 mm pitch, 0.1 mm width

Steering electrodes 0.2 mm width
Cathodes, 8 per detector 5.0 mm pitch, 4.9 mm width
Total anodes + cathodes 4,512

Flex circuit

192 total. 4,512 channels
used.

Det.-to-ASIC connections

RENA-3 ASIC
complement

RENA-3 Fine time stamp

ADC:s for energy and time
digitization

~2 ns internal accuracy

One per ASIC. 4096
channels. >3 MHz sampling
rate.

~6 microsec for 2 interaction
sites in one detector and
readout of 8 electrodes
35W

I mm X 1 mm x5 mm
(1 mm X 1 mm X ~3 mm with
sub-cathode strip resolution)

2-3%FWHM at 511 keV

Event conversion time

ASIC power

Localization voxels within
the detectors

Energy resolution

System noise (pulser <8 keV FWHM goal
resolution)
Pair coinc. time resolution |<10 ns FWHM goal

Triggering thresholds Anodes: 15 keV goal
Cathodes: 20 keV goal
Cathode bias Negative 500 - 1500 V

Steering electrode bias Negative ~100 V

IV. EVALUATION SYSTEM

The Evaluation System, shown in Fig. 3, was developed as
a test bed for the detectors, flex circuit, and electronics. It
contains four 39 mm X 39 X mm X 5 mm detectors that are
readout by six RENA-3s. Pairs of detectors are stacked and
mounted in detector assemblies, one of which is shown in Fig.
4. The two detector assemblies are visible in Fig. 3 and
between them is a gantry that carries a 0.25 mm Na-22 source
(white disc) used for studies of PET-type spatial resolution [2]
with opposed detectors in coincidence. Orange flex circuits
bring the detector signals to the teal colored bias boards,
which provide signal coupling and bias distribution networks.
From there, the signals are carried by shielded ribbon cables to
the RENA-3 readout system located beneath the bias boards
and on top of the base plate. The RENA-3 readout system is
UCSD's HEXIS Module [8], which contains the ASIC chips
and the FPGA control logic, and outputs data to a PC for
analysis. EMI shields cover the detectors and bias boards
during operation.

The Evaluation System's readout architecture was selected
to take advantage of the existing HEXIS Module with its
complement of up to eight RENA-3s. However, this caused
the ASICs to be remote from the detectors; ~30 cm long traces
were required to connect them. Thus, there was an increase in
capacitance and noise compared to a more compact layout, as
well as the chance of additional noise due to inadequate

Fig. 1. CZT Small Animal PET System. Ultimate system is shown
with its 8 cm axial thickness. System under development has an axial
thickness of 4 cm.

End view Side view
< 16 cm > <«4cm-»>
4x4 cm A—4x0.5 cm
Anode
strips —]

Fig. 2. Arrangement of CZT detectors within the system under
development Left panel: Single slice with 12 detectors. Right panel:
Stack of 8 slices to obtain 4 cm axial thickness.
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shielding and grounding. Therefore, the Evaluation System
could not achieve the planned low noise level of the CZT
Small Animal Pet System that is necessary for the best energy
and time resolution. However, it was adequate for our studies
of detector design, charge collection, energy resolution, spatial
resolution, the flex circuit, and the RENA-3 performance.

V. DETECTORS AND FLEX CIRCUITS

Detectors are enclosed in flex circuits and detector/flex
units are stacked against each other as shown in Fig. 4. Here
one unit is placed directly against the other one with the
detectors' anode sides adjacent. Views of a detector and flex
circuit are provided in Figs. 5 and 6, which show how the flex
circuit wraps around the detector to make contact with the
anodes and cathodes. In the Evaluation System, detector-to-
flex connections were made with a thin Zebra connector.
Bump bonding is planned for the CZT Small Animal PET
System.

The anode side of the detectors is shown in Figs. 7 and 8.
Individual anodes (1.0 mm pitch and 0.1 mm width) and
steering electrodes (SE) (1.0 mm pitch and 0.2 mm width) are
visible in Fig. 8. The very narrow anode provides a strong
small pixel effect [9], which significantly suppresses the
reduction of anode signals by trapped holes in the vicinity of
the anode. (In fact, holes are not truly trapped, but due to their
low mobility they are virtually trapped during the few
microsec peaking time of the readout electronics, when they
move only ~0.1 - 0.2 mm. I this paper, we simply say they are
trapped.)

k
—

Fig. 4. Detector assembly with stack of two detector/flex units.

The SE are biased at about -100 V with respect to the
anodes to produce a transverse electric field component near
the anode plane. This improves charge collection by repelling
drifting electrons away from the inter-electrode gaps and to
the anodes. Without the SE, some electrons would drift to the
gaps with a resulting loss of anode signal and degraded energy
resolution.

Figs. 10 and 11 show the detectors' cathode surfaces. The
detectors use seven cathode strips with 5.6 mm pitch and
0.1 mm gaps. Eight strips are planned for the CZT Small
Animal PET System. The strips are relatively wide and have
narrow gaps to assure maximum signal induction from trapped
holes. This is necessary since most holes do not drift to the
cathodes during the peaking time and therefore they induce
signal on the cathodes, which decreases with distance from the
cathodes. Hence, we maximize the cathode signal by using
the largest possible cathode strips consistent with the spatial
resolution required for PET.

VI. COLLIMATED GAMMA-RAY BEAMS

At UCSD's CZT detector test facility finely collimated
gamma-ray beams were used to evaluate charge collection and
spatial resolution.  For these tests the collimator was
configured to provide 150 mm thick tungsten with a tapered
hole that varied from 3.6 mm at the source to 0.2 mm at the
aperture. This collimated a 5 mCi Cs-137 source to a 0.3 mm
diameter beam. Fig. 11 shows results of a Monte Carlo
calculation of its profile, which has a width of 0.3 mm FWHM
and drops to effectively zero beyond 0.2 mm off axis. A few

CIREXX

Fig. 5. Detector mounted on flex circuit. Cathodes up.

Fig. 6. Flex circuit folded around detector.
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mCi Co-57 source was used with a shorter collimator to
produce a 122 keV profile similar to that at 662 keV. The
beam was positioned with 0.01 mm resolution.

VIL

This was measured with the Evaluation System by scanning
across 5 anodes as follows. The detector bias was set to
-500 V and the SE bias to -136 V. (These settings were used
for all the results reported in this paper except the study of the
SE effect on charge collection.) The gamma-ray beam was
projected onto the cathode surface with normal incidence and
placed at a series of 44 positions along a line perpendicular to
the anode strips. At each position, data were taken at 662 keV
and 122 keV and the counts in the full energy peaks were
tallied and normalized to the same live seconds.

Results are shown in Fig. 12. In the upper two panels
counts versus position are plotted for 662 keV and 122 keV.
The positions are indicated by the x-value, where they are
separated by 0.167 mm for x greater than, i.e., to the right of,
-45 mm. At x <-4.5 mm the separation is 0.100 mm to
improve resolution near the edge of the detector. The lower
panel of the figure is a photograph of the anodes of the region
of the detector that was scanned. This was scaled and aligned
to match the data plotted in the upper panels. Red dots
indicate every other the beam position and the beam size.

The plots show very sharp anode-to-anode selectivity that is
readily apparent. One sees that the wings of an individual
anode's response are consistent with the beam profile, and that
the response at 122 keV closely matches that at 662 keV.
Clearly, the left hand anode, i.e., Anode 38, has a broader
response than the other anodes. However, this is consistent

ANODE SPATIAL RESOLUTION

SR el

Fig. 7. Detector anode side.

Fig. 8. Close up of anodes and steering electrodes..

with this anode's position at the edge of the detector where the
electrode pattern is offset from the edge such that this anode
collects charge from a wider region than the others. (This may
be discerned by studying the lower panel of Fig. 12.) It is
notable that Anode 38 is sensitive to within </~0.2 mm of the
edge of the detector, as is indicated by the positions of the
cutoff in the counts in the upper panels of Fig. 12.

Overall, the spatial response and resolution appear to be
essentially perfect on scales >0.1 mm. On finer scales,
however, there is a peculiarity. The effective widths of the
inner 3 anodes are defined by the distances between the
crossings of their response curves, which indicate an effective
width of 1.07 mm versus the pitch of 1.00 mm. This
difference may be due to electric field non-uniformities near
the edge of the crystal or irregularities intrinsic to this region
of the detector itself.

VIII. STEERING ELECTRODE EFFECT ON CHARGE
COLLECTION

For this study the 662 keV beam was normal to the cathodes
and positioned along a line perpendicular to the anode strips,
in the same manner as in the anode spatial resolution tests.
Seven positions were used to evenly sample the 1.00 mm span
between two anodes, with the middle position placed exactly
on the SE positions. At each position, data were taken at five
SE bias settings, and in post-processing the two anodes' pulse
heights were summed for each event to produce the spectrum
of energy signals from both anodes. This spectrum represents
electrons that were not captured by the SE or lost to the gaps.
The counts in a window at 662 keV for each beam position
and SE bias were tallied and plotted, and the results are shown

Fig. 9. Detector cathode side.

Fig. 10. Close up of cathodes.
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in Fig. 13. With the beam centered on the SE and at low SE
bias, -12.85 V, which is within a few volts of the anode's
operating voltage of -6 V, there is a 70% deficit of counts
relative to the on-anode positions. Clearly, the SE captured
charge from most of the events. The deficit is reduced as the
SE bias increases, and it becomes indistinguishable from zero
at SE bias = -96 V. Thus, at this bias and greater, effectively
all the drifting electrons are repelled away from the SE and to
one or both anodes, producing full charge collection on the
summed anodes. At beam positions toward either anode the
SE effect is weaker, which is to be expected since the anodes
are more effective at collecting charge in these regions.

Modeled beam profile
100 o= . .

80

60

20

0

0 30 100 150 200 250
radius (microns)

Fig. 11. Profile of the 662 keV collimated gamma-ray beam.

=@ Anode 38 =@= Anode 37 =@=Anode36 =@= Anode 35 =@= Anode 34 ‘
7n

662 keV

70 counts

60
ol 50
v| 40
4/ 30
20
o 10

PRBEDS 0
-2 -1 0mm

2000 counts

Fig. 12. Upper two panels: Anode spatial resolution. Counts versus
position for 662 and 122 keV gamma-rays show the response of individual
anodes (plotted with different colors). Lower panel: Photograph of the
region of the detector scanned by the beams. Narrow strips are anodes,
wide ones are SE. Red dots indicate the beam's positions and its 0.3 mm
diameter (to scale). For clarity, every other position is shown.

IX. SCATTER PLOTS AND ENERGY RESOLUTION

Scatter plots of anode versus cathode signals provide
important insight into how a detector's energy signal, i.e.,
anode signal, depends on DOI and how this dependence may
be corrected in data analysis to improve energy resolution.
Fig. 14 shows such a scatter plot for our detector. Here the
662 keV beam was normal to the cathode plane and centered
on the intersection of the anode and cathode. The tight
ensemble of points is due to 662 keV interactions across the
full 5 mm range of DOIL.

At the ensemble's right hand end the cathode signal is a
maximum, which occurs when the interactions are near
enough to the cathode, within ~0.2 mm, that the holes drift to
the cathode within the amplifier's peaking time. For points
further to the left, the anode signal remains constant and
cathode signal decreases because the holes are farther from the
cathode and induce less charge on it. Thus, these parts of the
ensemble correspond to increasing DOI. At its left end, the
ensemble curves downward due to interaction sites being close
enough to the anode that trapped holes produce a significant
reverse polarity charge induction on the anode. This reduces
the anode signal. Electron trapping also affects the ensemble.
It produces a negative slope, which is a slight effect in these
data and implies an electron lifetime with the exceptionally
large value of ~20 microsec.

The anode spectrum is obtained by projecting the scatter
plot onto the y-axis. The upper panel of Fig. 15 shows the
spectrum of all the events; the 662 keV photopeak energy
resolution is 2.8% FWHM and the peak-to-valley ratio is 10:1.
Selection of events in a limited range of DOI can improve
resolution since the events have similar signal deficits, for
example, due to trapped holes. The lower panel of Fig. 15
shows the spectrum for events with DOI from 0.25 to
1.50 mm, which corresponds to cathode-to-anode ratios
between 0.70 and 0.95 (indicated by white lines in Fig. 14).
Here the 662 keV photopeak energy resolution is 2.1%
FWHM and the peak-to-valley ratio is 50:1, an extraordinary
high value due to (a) intrinsically uniform charge collection
across the DOI range, and (b) rejection of signals from regions
outside the DOI range, some of which have reduced anode
signals cause a reduction of the peak-to-valley ratio. Energy
resolution broadens slowly with increasing DOI, and when the
data are corrected for the anode signal's DOI dependence, the
resolution is 2.4% FWHM for C/A > 0.1, which includes
~96% of the 662 keV events.

350

200 B -
g#f__ - —— E/)k\!
250
5 200 TS,
<3 o /
(8]
150
\s\ \ / / —o— -12.85V
—e— 2553V
100 < —— 49V
—o— 98V
—e— 136V
% 40 30 =20 -0 0 10 20 30 40 50

Beam position relative to steering elecrtode (x10 um)

Fig. 13. Steering electrode effect.
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These results were obtained with a system noise (pulser
resolution) of 12 keV FWHM or 1.8% at 662 keV. With the
planned compact, lower-noise layout of the CZT Small
Animal PET System, we expect the system noise will be
reduced to ~8 keV, which should result in an improvement of
the 662 keV resolution to ~2.0%. With this noise level, the
energy resolution at 511 keV would be 2.2% FWHM.

We point out that that lower noise and finer energy
resolution could be obtained with pixel readout, e.g., ~1%
FWHM at 662 keV, or perhaps even better. Indeed, we have
achieved 0.86% resolution with CZT pixel detectors and
RENA-3 readout [10]. The ~2 - 3 times broader resolution
with our large detectors and crossed-strip readout is mostly
due to the increased electronic noise cause by the relatively
large capacitance. This is an inevitable tradeoff that results
from this design for a large volume CZT detector array.

Anode vs Cathode
scatter plot

CI/A (percent)
70 95

Anode signal

Cathode signal
Fig. 14. Anode vs cathode scatter plot for 662 keV gamma-rays.

Anode spectra

280<220.08=811>228 6864 All events

70<C/IA<95%

208<221.8=238>228 1511

|
662 keV

Anode signal

Fig. 15. Spectra for 662 keV gamma-rays. Top: all events.
Bottom: events with cathode-to-anode ratio between 0.70 and 0.95. Spectra
are auto-scaled to the region of interest, shown in white. Red indicates
channels with counts greater than the plot range, and teal and green represent
in-range channels.
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X. CATHODE SPATIAL RESOLUTION

Scans perpendicular to the cathode strips were performed
with collimated beams at 122 and 662 keV and the expected
5Smm resolution was observed. Many interactions were
observed to produce significant signals on neighboring
cathodes, i.e., share their signal between two or even three
cathodes, which opens up the possibility of sub-cathode-strip
resolution by interpolating among the signals. This has not yet
been studied in detail. Signal sharing occurs because holes

Anode signal
662 keV
|

0 keV

|
0 keV 662 keV
Cathode signal

662 keV
|

Anode signal

0 keV

| |
0 keV 662 keV
Cathode signal

662 keV
|

Anode signal

0 keV

|
0 keV 662 keV
Cathode signal

Fig. 16. Anode-cathode scatter plots for 662 keV beam incident at
three DOI values, 0.1 mm (top), 2.0 mm (middle), and 4.0 mm

C/A ratio as a function of DOI (Depth of Interaction)

4 mmifrom 3 mm from
cathode cathode

2 mm from
cathode

1 mm fram 0 mm from
cathode cathode

N
AR
| |
| \ /o

Vo
VAN S SN

0 0.2 04 0.6 0.8 1 1.2
C/A ratio

i

Normalized counts
o
o

o
IS

Lz

Fig. 17. Gaussian fits to C/A ratio for beam at 5 DOI values.
L-to-R: DOI =4.0, 3.0, 2.0, 1.0, and 0.0 mm.



drift toward the cathodes so slowly that most do not reach the
cathodes during the ~2 microsec peaking time of the
electronics. Since they are some distance from the cathode
plane, they induce charge on multiple cathodes, and signal
sharing is the result.

XI. DEPTH OF INTERACTION (DOI) RESOLUTION

DOI resolution (along the direction orthogonal to the
cathode and anode planes) was measured with the 662 keV
beam projected into the detector at various DOIs, with the
beam parallel to the cathode plane and perpendicular to the
anode strips. DOI values of 0.1, 1.0, 2.0, 3.0, 4.0, 4.3, 4.7, and
5.0 mm were used. For each DOI, events were acquired from
5 anodes and 3 cathodes that overlapped the regions of
gamma-ray interactions. Anode-cathode scatter plots were
prepared and analyzed to visualize the localizations of
interactions. A concentration of interactions at fixed anode
and cathode signals were expected since the DOIs should
deviate from the nominal value only slightly due to the narrow
spreading of the beam. Indeed, this was observed as is shown
in Fig. 16 where results from 3 DOIs, 0.1, 2.0 and 4.0 mm, are
shown. By inspection of Fig. 16, it is clear that the DOI
resolution is <1 mm. (The scatter plots use superposed data
from 5 anodes which were not properly gain matched. Hence
there is ~10% spreading in the anode signals. This does not
affect conclusions regarding DOI resolution.)

Further analysis was done by fitting Gaussians to the data
and the results are shown in Fig. 17. This shows a nearly
linear dependence of C/A on DOI, and a DOI resolution of
0.5 mm FWHM. Since this analysis did not account for the
width of the beam, the true resolution is better than 0.5 mm.

Cathode signals were obtained for DOI up to 4.7 mm,
which is only 0.3 mm from the anode plane. Here C/A is
~5%, and the beam width corresponds to ~6% in C/A. Thus,
it is premature to draw strong conclusions about the cathode
sensitivity for interactions within 0.5 mm of the anodes.
Nevertheless, it is encouraging that cathode signals were
observed from this region.

XII. THE FUTURE

Upcoming work with the Evaluation System will emphasize
studies of time resolution, the effects of varying the steering
electrode width, and bump bonding the detectors to the flex
circuits as an alternative to Zebra connectors. The CZT Small
Animal PET System is proceeding toward the first prototype
Module with its complement of 2 detectors and 4 RENA-3s.

XIII. CONCLUSION

Tests with Evaluation System confirmed the validity of the
CZT Small Animal PET System's detector and readout
designs.

e High spatial resolution was observed: 1.0 mm transverse
to the anodes, 5 mm transverse to the cathodes, both due
to the electrode design, and 0.5 mm in DOI (depth of
interaction orthogonal to the cathode and anode planes).

[10]
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The steering electrode was shown to have a significant
effect on anode charge collection. At a bias of ~-100 V
it caused effectively complete charge collection.

Energy resolution of 2.1% at 662 keV was obtained for a
selected range of DOI, and the data indicate the
resolution will be 2.4% for 96% of the events interacting
across the full 5 mm range of DOI.

With the expected reduction in noise with the compact
layout of the CZT Small Animal PET System, we expect
the energy resolution over full detector will be ~2.0% at
662 keV and ~2.2% at 511 keV.

A very high peak-to-valley ratio, 50:1, was obtained for
the spectrum of 662 keV gamma-rays for DOI from 0.25
to 1.25 mm.

The anode vs cathode scatter plot, Fig. 14, has a tight
ensemble of 662 keV points across the entire range of
cathode signal or DOI. This testifies to the efficacy of
the crossed strip electrode design, in particular, to the
effectiveness of the narrow, 0.1 mm.

The flex circuits did not cause observable crosstalk or
signal loss when detectors were stacked together. Thus,
the utility of this technique was established.

The RENA-3 ASIC readout chips provided the desired
multi-channel readout of the detectors' energy signals.
Noise levels and triggering thresholds were limited by
the relatively high capacitance of the EM design. Lower
noise and thresholds are expected with the CZT Small
Animal PET System.
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