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Abstract

Applications in nuclear medicine and bio-medical engineering may profit using a
Compton camera for imaging distributions of radio-isotope labelled tracers in organs
and tissues. These applications require detection of photons using thick position-
sensitive silicon sensors with the highest possible energy and good spatial resolution.
In this paper, research and development on silicon pad sensors and associated read-
out electronics for a Compton camera are presented. First results with low-noise,
self-triggering VATAGP ASIC’s are reported. The measured energy resolution was
1.1 keV FWHM at room temperature for the 2! Am photo-peak at 59.5 keV.
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1 Introduction

A Compton camera collimates gamma(y)-rays using a first detector where -
rays Compton scatter and a second detector where ~-rays are measured by
photo-absorption [1]. Both detectors measure in coincidence and each coinci-
dence event allows one to reconstruct a cone [Fig. 1]. The tip of the cone is
measured from the position of the Compton interaction in the first detector.
Together with the position measured in the second detector one derives the
axis of the cone. The opening angle of the cone with respect to its axis, 0, is
derived from the energy, F, in the first detector, and £/ = E, — E. in the

second detector, using the relation sin(#/2) = \/mGCQEe/2E7(E7 — FE.), where
mec®> = 511 keV.
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Figure 1. Left: schematic drawing of the first and the second detector in
a Compton camera [2]. The coincident measurements in both detectors
allow one to derive cones which intersect at the gamma source in the image
plane. Right: cross-sections for photo-absorption and Compton scattering
in silicon as a function of energy from 0 to 550 keV.

The first detector is produced from silicon (atomic number Z = 14, atomic
mass A = 28), which is a good Compton scatterer- and an ideal detector
material. Fig. 1 shows the cross-sections for photo-absorption and Compton
scattering in silicon as a function of energy, E,, from 0 to 550 keV. One can
see that the cross-section, o., for Compton interaction is much larger than
for photo-absorption and that the ratio of the Compton to total interaction
is 94 % at 140 keV and 99.7 % at 511 keV. The probability for Compton
interaction is given by p. = 1 — exp[—odo.(E.,)], where p ~ 4.2 x 10*? atoms
per cm?. For silicon thickness of d = 1 mm one derives p.(511 keV) =~ 2.0 %.
The probability for Compton scattering dominates over photo-absorption in
the range of energies used in medical imaging (140 keV for *™Tc to 511 keV
for positron emitters.). The total amount of silicon for the scatter detector
has to be optimized for single Compton interactions. For 511 keV photons
the optimal thickness is near 16 mm. The second detector can be a “high Z”
scintillator like Nal, as used in C-SPRINT, a Compton camera prototype [3].



2 The Scatter Detector

2.1 Silicon Pad Sensors

Various geometries of silicon pad sensors were designed [4,5] and processed by
SINTEF [6] and CSEM [7]. Fig. 2 illustrates the design of the silicon pads used.
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Figure 2. Left: Cross-sectional view of an AC coupled silicon sensor showing
silicon bulk, implants and metal layers. The bulk thicknesses in the range
from 0.3 mm to 1 mm were processed. Right: top view of a corner showing
metal 1 layer of pads and guard rings. The pad size is 1.4 x 1.4 mm?.

The sensors are p-in-n doped with a double metal layer. Metal-1 fully covers
the pads, metal-2 routes lines from the pads to the sensor side. The two metal
layers are separated by SiOs (CSEM) or polyimide (SINTEF). Sensors from
CSEM are AC coupled and punch-through biased, sensors from SINTEF are
DC coupled. The pad size is 1.4 x 1.4 mm? which allows one to measure the
tip of the cone with a precision of 1.4 mm FWHM. The main contributions to
electronic noise in a readout channel are the current into the pre-amplifier and
the capacitive load at the pre-amplifier input. Fig. 3 (left) shows the leakage
current and backplane capacitance in a single pad of a 1 mm thick sensor as
a function of its backplane voltage from 0 to 500 V. From the capacitance
measurement, we infer a full depletion voltage of Upp = 320 V. The leakage
current at 320 V is 200 pA per pad. Fig. 3 (right) shows the square of the
count rate of the photo-absorbed photons from 2*'Am in 25 silicon pads as
a function of the backplane voltage. The count rate increases as the square
root of the backplane voltage and saturates for voltages above full depletion of
320 V, which agrees with the result obtained in the capacitance measurement.
Silicon sensors are mainly sensitive in the depleted region where the electric
field separates electron-hole pairs. For the count rate measurement all 25 pads
were read out by the VATAGP [8], and the counting threshold was just below
the photo-absorption peak. Ugpp = 320 V for a 1 mm thick silicon sensor
indicates a bulk resistivity, p = d?/2uneeoUrp & 10 kQ2em, where 1/2u,ce0 =
31.5 kQcm x 100 V/mm?.
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Figure 3. Measurements in a 1 mm thick silicon detector, processed by SIN-
TEF. Left: leakage current and pad-to-backplane capacitance vs. backplane
voltage. Right: count rate of photo-absorbed photons from 24! Am in silicon
vs. backplane voltage.

2.2  Charge Sensitive Readout and Triggering

The energy of Compton electrons deposited in a silicon sensor ranges from
0 keV to the “Compton edge” at Emax = 2E7/(mec® + 2E,) ~ 340 keV for
E, = 511 keV and generates 0 to ~ 95000 eh-pairs which are measured by
charge sensitive amplifiers (CSA). The readout chip used here, the VATAGP,
contains 128 CSAs and “slow” shapers (VA-part) with sample-and-hold and
a multiplexer for sequential readout [Fig. 4]. The VATAGP also contains 128
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Figure 6. Measurements from the VA part in the VATAGP. Left: dynamic
range measured by charge injection into one channel. Right: noise vs. ca-

pacitive load measured at a shaping time of 2 ys and 5 us.

old can be adjusted for all channels in common, the threshold offsets can be
adjusted individually for each channel using 3 bit DACs. The “fast” shaper
has a signal peaking time of 200 ns and is used to trigger the sampling of the
”slow” shaped signal at its peak, where the peaking time of the “slow” shaper
can be adjusted between 2 us and 6 us. Fig. 5 illustrates charge injection into
one pre-amplifier, the triggering, generation of the hold and sampling of the
“slow” shaped signal. Fig. 6 (left) shows the dynamic range in the VA-part of
the VATAGP measured by charge injection into one channel. The response is
linear in the range from -200000 e to +100000 e corresponding to -720 keV
to 4360 keV which allows one to measure signals up to the Compton edge.
Fig. 6 (right) shows the electronic noise in a single CSA versus the capacitive
load measured at 2 us and 5 us peaking time. The linear fit to the data gives
respectively 83 e + 22e/pF and 68 e + 12e/pF rms noise. If several channels
are read out one usually removes common-mode in each event which may re-
duce the noise. The VATAGP allows one to adjust the control currents and
voltages individually or to apply one main control (MBIAS) from which all
other controls are derived internally. The noise measurements were performed
with VA controls adjusted for low noise.

2.8 Energy Spectra Measured in Silicon Pads with VATAGP

The silicon pads (of a single metal layer sensor) were directly wire-bonded to
inputs of the VATAGP in order to measure the energy spectra from ~y-sources.
Fig. 7 (left) shows two energy spectra from *!Am and 5"Co measured in a
single channel of a 500 pm thick sensor acquired by an oscilloscope. One can see
the photo-peaks for 2! Am at 59.5 keV and for 57Co at 122 keV and 136 keV.
The peaks were fit by Gaussian functions giving energy resolution of 1.1 and
1.2 keV FWHM. These spectra were measured with VA controls adjusted for
low noise. Fig. 7 (right) shows the energy spectrum of 24! Am measured in all
25 channels of a 1 mm thick sensor, acquired by the VA-DAQ, where readout
was triggered by the TA-part of the VATAGP. For this measurement MBIAS
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was set at its nominal value and all controls were derived internally on the
VATAGP. The spectrum shows the photo-peak of ?*!Am in all pads aligned
at 59.5 keV with an energy resolution 1.5 keV FWHM. One can also see a
photo-peak at 26.3 keV from ?!Am, the Ag X-ray lines at 22.16 keV and
24.94 keV and entries near the Compton edge at 11.24 keV. The silicon sensor
aims for an energy resolution of about 1 keV FWHM, corresponding to an
angular resolution of ~ 2.5° FWHM for ®™Tc at 40° scattering angle, which
is comparable to contributions from Doppler broadening (~ 4° FWHM for
9mTe at 40° scattering angle).

3 Applications: High Resolution PET and Compton Probe

Fig. 8 (left) shows a schematic drawing of a positron emission tomograph
(PET) for imaging small animals (i.e. mice ) [10]. The bio-medical research
(neurology, oncology, genetics) on small animals demands sub-millimeter spa-
tial resolution. Position sensitive silicon sensors “S” inside a conventional
scintillator “P” measure the position of the Compton scatters near the ob-
ject. The main three types of events, charaterized by interactions of the two
511 keV photons, are: “S&S”, “S&P” and “P&P”. With (500 pm)? segmen-
tation in “S” one may achieve at the center of the tomograph a precision of
500 pm/v/2 ~ 350 pm for “S&S” events. The (inherent) limits for spatial
resolution are of course the positron range (cusp-shaped distribution with 200
pm FWHM for ¥F positrons) and the acollinearity of the annihilaton pho-
tons (=~ 0.25° FWHM). Fig. 8 (right) shows a drawing of a Compton probe
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Figure 8. Applications using Compton scattering in silicon. Left: Schematic
drawing of a very high resolution PET for imaging small animals with
segmented silicon sensor inside and scintillators with photo-multiplier (not
shown) outside [10]. Right: drawing of a Compton probe for imaging the
prostate [11]. A stack of segmented silicon sensors is mounted inside a cylin-
drical housing.

for imaging the prostate [11]. The probe is aimed at screening of prostate can-
cer, the second most common cancer diagnosed in males. The probe could be
inserted intra-rectal, close to the prostate, improving position resolution and
reducing background from more distant organs. The probe will work in coin-
cidence with a secondary scintillation detector positioned outside the patient.

4 Summary

Research and development on silicon pad sensors and associated readout elec-
tronics for a Compton camera was presented. Silicon is a good scatter and an
ideal detector material in the energy range used in nuclear medicine. Silicon
pad sensored processed by SINTEF show very low leakage currents of 200 pA
per pad. Using the 128 channel VATAGP readout chip we measure an en-
ergy resolution of 1.1 keV FWHM at 59.5 keV 24! Am photo-peak and 1.2 keV
FWHM at 122 keV 5"Co photo-peak. The dynamic range and the noise of
the VATAGP were characterized with the goal of using this chip or one of its
succesors in applications like small animal PET or Compton probe.
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