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Abstract

Compton collimated imaging may improve the detection of gamma rays emitted
by radioisotopes used in single photon emission computed tomography (SPECT).
We present a crude prototype consisting of a single 500 pm thick, 256 pad silicon
detector with pad size of 1.4 x 1.4 mm?, combined with a 15 x 15 x 1 cm?® Nal
scintillator crystal coupled to a set of 20 photo multipliers. Emphasis is placed
on the performance of the silicon detector and the associated read-out electronics,
which has so far proved to be the most challenging part of the set-up. Results were
obtained using the VATAGP3, 128 channel low-noise self-triggering ASIC as the
silicon detector’s front-end. The noise distribution (o) of the spectroscopic outputs
gave an equivalent noise charge (ENC) with a mean value of (0)=137 e with a
spread of 10 e, corresponding to an energy resolution of 1.15 keV FWHM for the
scattered electron energy. Threshold settings above 8.2 keV were required for stable
operation of the trigger. Coincident Compton scatter events in both modules were
observed for photons emitted by ®”Co source with principal gamma ray energies of
122 and 136 keV.
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1 Introduction: Compton camera principle

A Compton camera [1], as depicted in figure 1, uses two sets of detectors. In
the first detector, the scatterer, the initial photon with energy F. is Comp-
ton scattered and E., the energy of the scattered electron is recorded to-
gether with the interaction position. The scattered photon is photo-absorbed
in the second detector, the absorber. The interaction points in both detectors
yield the scattered photon’s direction. The scattering angle 6 determining
the direction of the initial photon is calculated from F. using the relation:
sin(0/2) = \/mGCQEe/QEV(E7 — E.) with m.c*= 511 keV. Hence the position
of the photon source can be fixed to a cone surface, with apex at the inter-
action point in the scatterer, opening angle # and axis along the secondary
photon track. The intersections of several such cones reconstruct the three-
dimensional distribution of the y-ray sources.

This paper describes a prototype for medical imaging with a silicon scatterer
and a scintillation camera. Silicon pad detectors with a pitch of 1.4 mm were
chosen as a scatterer. They provide the necessary sub-millimeter spatial res-
olution. The challenge is to obtain the energy resolution of 1 keV FWHM
that is needed for improved imaging. We rely on scintillation cameras as ab-
sorbers as they are well established, provide adequate position resolution and
high stopping power at a modest price and high reliability. A description of
both detector modules is presented, followed by the details of the coincidence
set-up. In conclusion the planned clinical application aimed at screening of
prostate cancer is described.

2 The silicon scatterer module

Figure 2 shows a hybrid with the silicon sensor attached to two read-out
chips. The sensor was chosen from a batch designed [2], [3], [4] and processed
by SINTEF [5]. It is a 500 um thick, 256 pad detector with a p*-n-n™ doping
profile and pad size of 1.4 x 1.4 mm?. The first metal layer completely covers
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Figure 1. Electronic collimation. The
schematic drawing represents the re-
construction of a point gamma source.
Cones are determined from the interac-
tion positions in both detectors and the
measured energy of the scattered elec-
tron.

Figure 2. Photograph of a silicon mod-
ule. A 500 pm thick, 256-pad silicon
sensor(top) is bonded to a set of two
VATAGP3 ASICs. The hybrid measures
5.9 x 4.8 cm? and the sensor 4.5 x 1.1

cm2 .

the pad and is DC coupled to the p*-doped implant, while the second metal
layer routes the signals to the detector edge. Reverse bias is used to operate the
sensor. A full depletion voltage of 110 V was inferred from C-V characteristics,
while the I-V characteristic showed a current at that voltage of not more than

100 pA/pad.
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Figure 3. Approximate schematic
of one of the 128 channels of a
VATAGP3 ASIC.
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Figure 4. Oscilloscope screen-shot of the
ASIC output. Charge injection simulating
a Compton event (line 1) is followed by
the monostable output of the discrimina-
tor(line 2). A ’hold’ signal fixes the analog
outputs, as shown in line 3. The output of
the slow shaper, with shaping time of 4
us, is shown in line 4. The output signal
is latched near its maximum by the hold
signal.

The VATAGP3, an ASIC produced by IDEAS [6], is used for recording the
detector signals. Figure 3 shows a schematic of one of the 128 channels, while



figure 4 shows the output as seen on an oscilloscope. Each channel hosts a pre-
amplifier and two shapers. The fast shaped signal (TA), with fixed shaping
time of 150 ns, is discriminated to provide a monostable trigger signal (figure
4, line 2). The slow shaper (VA) has an adjustable shaping time of 0.5 - 5 us
to provide a low-noise analog output (figure 4, line 4). A delayed "hold’ signal
fixes the value of a channel during read-out (figure 4, line 3).
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Figure 5. Left: Distribution of the noise of the slow shaper over the detector pads,

with and without subtraction of the common mode (CM) noise. Right top: The
noise mapped to the detector. Right bottom: Design of the detector.

The noise properties of the slow and fast shaper amplifiers were studied. First,
the slow shaper was calibrated using v-rays of 2! Am and 5"Co sources. The
variance of the analog output of a given pad when no charge is present is
an estimate of the read-out channel’s noise. The distribution of the noise
with/without correction for the common mode component is shown in figure
5. The noise of individual pads was mapped to the position on the detector.
A comparison with the detector design shows that the read-out channels with
higher noise correspond to pads with higher capacitance due to the routing
on the second metal layer. The average variance of the equivalent noise charge
(ENC) of a single pad is 137 e, which corresponds to energy resolution of 1.15
keV FWHM.

The fast shaped pulse can be observed at the input of the discriminator using
a special probe pad. 60 keV photons from 24! Am gave the pulse shape shown
in figure 6 (shaping time is 7 = 150 ns). Based on the baseline fluctuation, a
noise of oy =620 e ENC was estimated. Time-walk and jitter were tested with
fixed charge injection into the preamplifier of the ASIC. The time walk for
thresholds varying from 20% to 90% of the input pulse height was estimated
at 130 ns. The jitter F; (FWHM) due to the base line fluctuations can be
estimated as F; = 2.35 X 7 oy /A, with A the signal amplitude. A charge
injection of 6.8 fC gives F; = 5.2 ns which is much smaller than the measured
value of 12 ns. This could be attributed to the residual electronics jitter and
the pulser instability.
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Figure 6. Left: The fast shaper output at the input of the discriminator. From the
top: Averaged output of the fast shaper on a ten-fold magnified time scale (line B),
and a single output of the fast shaper (line 2) compared to the slow shaped output
(line 1). Right: Delay of the monostable trigger output, with fixed charge injection,
for discriminator thresholds corresponding to 20 %, 55 % and 90 % of the input
pulse height.

3 The scintillator module

The scintillator module, shown in figure 7, was taken from the SPRINT set-up
[7]. A single head of the ring is composed of 44 Nal bars, which are 4 mm wide,
13 mm deep and 15 cm long, hence giving sensitive volume of 15x17.6x1.3
cm?®. The crystals are viewed by 20 Hamamatsu R980 photomultiplier tubes
(PMT) with 3.8 cm diameter. Each PMT anode is biased to +1 kV with
respect to the photo-cathode at ground potential and read out through a ca-
pacitor. The signals are amplified and shaped with a shaping time of 500 ns
which matches the light collection time in the crystal. The sum of signals (en-
ergy sum) from all 20 PMT is obtained at the output of a summing amplifier.
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Figure 8. Timing difference between triggers of the
SPRINT module and a plastic scintillator. Coinci-
dences of two back-to-back 511 keV photons emit-
ted by ??Na positron source.

Figure 7. Photo of a SPRINT
head.

The energy sum signal, fed into a constant fraction discriminator (CFD), was
used for a trigger. The timing properties were tested with a ??Na positron



source emitting two back-to-back 511 keV annihilation photons. One of the
photons was captured by a fast plastic scintillator with anode output coupled
directly to the CFD, giving a good timing reference. The timing difference of
interactions in both scintillators, shown in figure 8, corresponds to a timing
resolution of 25 ns FWHM.

4 Coincident setup
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Figure 9. Schematic drawing of the coin- 4pq triggers from the silicon module for
cidence set-up. Compton scattered ®’Co photons and

random background.

Both detectors were combined in a set-up as sketched in figure 9. The scatterer
was fixed 12 cm below the absorber along its symmetry axis to allow for
detection of photons with scattering angles between 45 and 135 degrees. Lead
shielding was used to decrease the rate of direct hits in the absorber and to
provide source collimation. To simulate the ™ Tc source used in SPECT, a
"Co source with activity of 150 was used which has two principal 7 lines at
122 and 136 keV and almost negligible contribution from other lines. Figure
10 shows the timing difference between the silicon trigger (TA) and the trigger
from the CFD on the energy sum for the 57Co source. The distribution shows
a clear peak for the Compton scattered photons and is asymmetric with a tail
toward smaller delays, where the lower signals in the scatterer were recorded.
This is a direct consequence of the time-walk of the silicon module, giving
poor resolution of 99 ns FWHM. A coincidence window capturing 95 % of
coincidences (£2¢) is 200 ns long. No random coincidences can be seen in
figure 10 so they represent a negligible contribution to the total coincidence
rate of 50 Hz.

Events in the scatterer were recorded either in self-triggering mode or with
coincidences. The spectra recorded in both cases are given in figure 11. The
discriminator trigger level was at 8.2 keV, which enabled us to see Compton
scattered events below the Compton edges at 39.4 and 47.2 keV. The coin-
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Figure 11. Scatterer results. Left: Energy spectra of photo-electrons recorded with
coincidences or in self-triggering mode. Right: Angular distribution derived from the
energy spectrum. Cross-sections were calculated using the Klein-Nishina formula
and scaled to match the data.

cidence energy spectrum shows only Compton scattered events, which agrees
well with the negligible random coincidence rate obtained with the timing
measurements. The measured data are consistent with the Klein-Nishina spec-
trum. Figure 11 also shows the scattering angle distribution, calculated from
the scattered electron energy, conforming nicely to the Klein-Nishina predic-
tion. Events fall in the range constrained by the setup geometry (figure 9). The
scattering angle corresponding to the threshold energy is 45°, which imposes
no further constraints.
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Figure 12. "Toy’ reconstruction of the source position on the reconstruction plane.
Left: after N=10 events. Right: after N=100000 events.

Coincident data were used to perform a simple, 'toy’ reconstruction. The inter-
sections of a plane with the Compton-scatter reconstructed cones were drawn
for a fixed reconstruction plane (figure 9) containing the point source, paral-
lel to the silicon detector and orthogonal to the scintillator crystal. The first
ten ellipses/hyperbolas are shown on the left histogram of figure 12. After
overlaying 100000 events, the histogram on the right is obtained, showing the
approximate position of the source. The result confirms that the correct events
are matched and Compton collimation is possible.

For a clinical imaging prototype several layers of silicon will be stacked to
increase efficiency of the scatterer. Also a full scintillator ring will be employed
to detect all scattered photons with a suitable scattering angle. This prototype



will be constructed in the middle of 2004.

5 Practical applications

A prostate probe is aimed at non-invasive screening of prostate cancer in men.
Radio-tracers that accumulate in the malign tissue are available, but due to
the low resolution of the existing SPECT detection methods no positive can-
cer identification is possible. The envisaged probe consists of a densely packed
silicon array as the scatterer, inserted intra-rectally, and a scintillator-PM ab-
sorber surrounding the patient’s body, as sketched in figure 13. Simulations
[8] show a possible simultaneous 20-fold increase in efficiency and 5-fold im-
provement in spatial resolution compared to currently used gamma cameras
based on mechanical collimation.
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Figure 13. Drawing of the envisaged prostate probe. Left: External detector (scin-
tillator-PM module) and a patient table. Right: Internal probe — densely packed
scatterer array of silicon with lead shielding.

6 Summary

A crude Compton camera prototype was constructed using a pad silicon de-
tector module coupled to a scintillation camera. The energy resolution of the
silicon detector was measured at be 1.15 keV FWHM, close to the design
value. Compton events from a 5"Co 7-ray source were observed. A 'toy’ re-
construction successfully located the position of a point source, proving the
principle of Compton scatter based collimation. Further studies will include
several layers of silicon detectors and a full scintillator ring to increase effi-
ciency of the set-up. The timing resolution will be improved using time-walk
compensation for the scatterer trigger and a separate dynode output for the
PMT module. More precise three-dimensional reconstruction algorithms will
be employed for proper source distribution imaging.
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