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Abstract

Si and CdTe semiconductor imaging detectors have been developed for use in a Si/CdTe Compton camera. Based on a previous study

using the first prototype of a Si/CdTe Compton camera, new detector modules have been designed to upgrade the performance of the

Compton camera. As the scatter detector of the Compton camera, a stack of double-sided Si strip detector (DSSD) modules, which has

four layers with a stack pitch of 2mm, was constructed. By using the stack DSSDs, an energy resolution of 1.5 keV (FWHM) was

achieved. For the absorber detector, the CdTe pixel detector modules were built and a CdTe pixel detector stack using these modules was

also constructed. A high energy resolution (DE=E�1%) was achieved. The improvement of the detection efficiency by stacking the

modules has been confirmed by tests of the CdTe stack. Additionally, a large area CdTe imager is introduced as one application of the

CdTe pixel detector module.
1. Introduction

The Compton camera is the most promising approach
for gamma-ray imaging and spectroscopy in the range of
several tens keV to several MeV. For Compton cameras,
both good energy resolution and good position resolution
are very important to achieve a Compton reconstruction
that has high levels of accuracy. We propose a new concept
of the Si/CdTe semiconductor Compton cameras based on
our developments of Si and CdTe semiconductor imaging
detectors [1,2].

The basic concept of the Si/CdTe Compton camera is
shown in Fig. 1. Double-sided Si strip detectors (DSSDs)
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are used as scatterers and CdTe pixel detectors are used as
absorbers. In order to increase the efficiency of Compton
scattering, the DSSDs are tightly stacked in many layers.
The CdTe pixel detectors are arranged around the DSSD
stack to detect scattered gamma-rays with high efficiency.
When a gamma-ray photon is scattered in one DSSD

and absorbed in one CdTe pixel detector, the incident
energy of the gamma-ray and the scattering angle can be
determined as

Ein ¼ E1 þ E2 ð1Þ

cos y ¼ 1�
mec2

E2
þ

mec2

E1 þ E2
ð2Þ

where Ein is the incident energy, E1 is the energy of the
recoil electron detected in the DSSD, E2 is the energy of the
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scattered photon absorbed by the CdTe and y is the
scattering angle. If one measures the Compton scattering
point, recoil electron energy, and scattered gamma-ray
energy and position relative to the Compton scattering
point, then the energy of the incident gamma-ray is
determined, and the direction of the incident gamma-ray
lies somewhere on a cone defined by these measurements.

The combination of Si and CdTe is suitable for gamma-
rays that range from several tens of keV to a few MeV. The
photo-absorption cross-section of Si is small, and the
Compton cross-section becomes relatively large because of
the small atomic number of Si ðZ ¼ 14Þ. Additionally, Si
works better than other materials with larger atomic
numbers in terms of the ‘‘Doppler broadening’’ effect [3].
Ein

θ

E2

E1

Si:

Scatterer

CdTe:

Absorber

Scintillator: Shield

Fig. 1. Schematic picture of our Si/CdTe semiconductor Compton

camera.
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Fig. 2. Compton reconstructed images of 80 keV gamma-rays from 133Ba (left)

drawn together with the images.
On the other hand, CdTe has high photo-absorption
efficiency for gamma-rays in this energy region, due to their
high atomic numbers of 48 and 52.

2. The results from the first prototype of the Si/CdTe

Compton camera

We constructed a prototype of the Si/CdTe Compton
camera in order to demonstrate the concept described
above [4,5]. The prototype consisted of six layers of DSSDs
and three CdTe pixel detectors. The DSSD has an area of
2:56 cm� 2:56 cm and a thickness of 300mm. The strip
pitch of the DSSD is 400mm and each side has 64 strips.
The CdTe pixel detector is based on the Schottky CdTe
diode device, utilizing indium as the anode and platinum as
the cathode [6,7]. The CdTe crystal is manufactured by
ACRORAD in Japan using the Traveling Heater Method.
The detector has dimensions of 18:55mm� 18:55mm and
a thickness of 500mm. The indium side is used as a
common electrode. The platinum side is divided into 8� 8
pixel sections surrounded by a 1mm wide guard ring. The
pixel size is 2mm� 2mm, and the gap between the pixels is
50mm. Each pixel is connected to a fanout board by using
In/Au stud bump bonding technology [8]. The signals from
the DSSDs and CdTe pixel detectors are processed by low
noise analog ASICs, VA32TAs.
By irradiating the prototype with gamma-rays from

radio isotopes (133Ba, 57Co, 22Na and 137Cs), we have
successfully obtained Compton reconstructed images and
spectra from 80 to 662 keV. Fig. 2 shows Compton
reconstructed images of 133Ba and 22Na sources obtained
with the Compton camera. These images are drawn using
conventional Compton reconstruction. First, we select
‘‘two-hit events’’; that is, one hit to the DSSD and one
x [mm]
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and 511keV gamma-rays from 22Na (right). Circles with a radius of 5 1 are



ARTICLE IN PRESS
hit to the CdTe. The scatter angle is obtained for each two-
hit event. From the scatter angle and the two-hit positions,
a Compton cone is drawn on the sky event by event. We
then project the cone onto the plane, and obtain the final
image.

Due to the good energy resolution of both the DSSDs
and the CdTe pixel detectors, good angular resolution was
obtained. The achieved angular resolution almost reaches
the theoretical limit due to Doppler broadening. Addition-
ally, an important point to note is that the Compton
reconstruction for low energy gamma-rays such as 80 keV
is achieved. When 80 keV gamma-rays are scattered, the
energy of the Compton recoiled electron is only about
10 keV. The achieved energy threshold level is 6 keV for our
DSSDs. This is what enabled us to obtain the Compton
image for such low energy gamma-rays.

We have established a working model of the Si/CdTe
semiconductor Compton camera concept with this proto-
type. The prototype experiment demonstrates that it is
possible to build a Si/CdTe Compton camera that reaches
the theoretical limit of angular resolution as a result of
Doppler broadening. In response to the prototype results,
we have set our goal: Si/CdTe semiconductor Compton
cameras with a 1% energy resolution (DEðFWHMÞ=E), the
Doppler-limited angular resolution and a 10% detection
efficiency. In the following sections, we report our
developments of DSSDs and CdTe pixel detectors for the
next version of the Compton camera.
Fig. 3. The new DSSD module and the new DSSD stack. The size of the

DSSD is 2:56 cm� 2:56 cm. The 0.3mm thick DSSDs are stacked in four

layers. The pitch between the layers is 2mm.
3. Development of a new DSSD stack

First of all, in order to improve the efficiency of
Compton scattering, a tight stack of DSSDs is necessary.
We therefore designed and constructed new DSSD
modules to create a compact DSSD stack. Fig. 3 shows
pictures of the DSSD module. The size of the DSSD is
2:56 cm� 2:56 cm with a thickness of 300mm. The strip
pitch is 400mm. Each side has 64 strips and the signals from
the strips are processed by new analog ASICs, VA64TAs,
which were developed by this research team in conjunction
with IDEAS. The VA64TA features low noise performance
and low power consumption [5].

The stack pitch of 2mm is available by using the DSSD
modules. For 10% Compton efficiency, 40 layers of 300mm
thick DSSDs or 24 layers of 500mm thick DSSDs are
required [9,10]. It is essential to reduce the gap between the
DSSD layers and to stack them tightly. If DSSDs are
stacked loosely, the DSSD stack becomes too tall. In this
case, too many CdTe detectors are needed to prevent the
gamma-ray photons scattered in the DSSDs from escaping.

It is also important to reduce material around the
DSSDs for effective detections of low energy (�100 keV)
gamma-ray in the Compton camera. The gamma-ray
photons scattered in DSSDs must reach an absorber
detector directly without being scattered or absorbed.
Therefore, we have used kapton plastic as the DSSD jig
material instead of the Al2O3 ceramic used in previous
modules.
For the first step, we have stacked the DSSD modules in

four layers and have tested the DSSD stack in photo-
absorption mode by applying a bias voltage of 100V
between the P-side and the N-side. Fig. 4 shows gamma-ray
spectra obtained with P-side strips. The average energy
resolution from all P-side strips was 1.5 keV (FWHM) at
59.54 keV with an operating temperature of �10 �C. More
details about the DSSD modules’ properties are described
in Takeda et al. [11].

4. CdTe Pixel detector module

In the Si/CdTe Compton camera, CdTe pixel detectors
have to cover the DSSD stack with a large solid angle in
order to absorb as many gamma-rays scattered in the
DSSDs as possible. We designed a CdTe pixel detector
module and constructed a number of these modules.
Fig. 5 shows the newly developed CdTe pixel module.

The CdTe crystal is manufactured by ACRORAD in Japan
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Fig. 4. 241Am spectra obtained with the DSSD stack. The grays show

spectra from the first layer, the second layer, the third layer and the fourth

layer, respectively. The black spectrum shows the sum of all layers.

The achieved energy resolution is 1.5 keV (FWHM) at 59.54 keV. The

operating temperature is �10 �C.

Fig. 5. The newly developed CdTe pixel detector module.
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Fig. 6. The setup of the leakage current measurement.
using the Traveling Heater Method. The size of the CdTe
device is 13:35mm� 13:35mm and the thickness is 0.5mm.
This is a Schottky CdTe diode device, utilizing indium as
the anode and platinum as the cathode [6,7,12,13]. The
indium side is used as a common electrode, and the
platinum side is divided into 8� 8 ¼ 64 pixels. The pixel
size is 1:35mm� 1:35mm, and the gap between the pixel
electrodes is 50mm. Around the pixels, a guard ring
electrode with a width of 1mm is attached. This is attached
so as to reduce leakage current, as most of the leakage
current occurs through the device perimeter [14]. Addi-
tionally, a thin layer of gold is evaporated on the Pt side for
the purpose of the ensuring good bump bonding con-
nectivity.

In order to connect the pixels to the one-dimensional
ASIC, a fanout board was designed. The substrate of the
fanout board is made from a 96% Al2O3 ceramic with a
thickness of 300mm. The fanout board consists of bump
pads, through-holes and patterns that route the signal from
bump pads on both surfaces of the ceramic substrate.
Each pixel is connected to the bump pads on the fanout
board by In/Au stud bump bonding technology, developed
specifically for CdTe detectors [8]. A needle-shaped stud
consisting of two stages of gold studs is fixed to the bump
pad of the fanout board. The studs are made with a gold
wire, and a thin layer of indium is printed on the top of the
stud. There are 92 studs, including 64 for the pixels and 28
for the guard ring. The CdTe device and the fanout board
are then pressed under controlled temperature conditions.
In the previous design of the CdTe pixel detector, epoxy
resin was used to fill in the space between the CdTe device
and the fanout board. However, we found that epoxy resin
degraded electrical resistance properties. Therefore, in this
version, no epoxy resin was used. The mechanical strength
of the module is still maintained, even without the use of
epoxy resin.
Before wire bonding from the fanout board to the ASIC,

we measured the leakage current. In our previous study, we
found that the leakage current measurements of the
detectors assist in the selection of good detectors [15].
The setup of the leakage current measurement is shown in
Fig. 6. The sum leakage current of all 64 pixels and that of
the guard ring were simultaneously measured separately.
By bringing a probe into contact with the through hole on
the ceramic fanout board, the pixel electrode side can be
accessed without damaging the electrodes. We took the I-V
curve up to 700V and the time variation of the leakage
current under a bias voltage of 700V at a temperature of
20 �C. We then performed the selections to build up the
pixel modules. The selection criterion is that the leakage
current under the bias voltage of 700V must be stable. This
is, any variance must remain within a 10% variation range
for a period of two hours.
We measured the leakage currents of 106 bump bonded

CdTe devices and selected 74 devices from these. The
distribution of the leakage currents for the pixels under a
bias voltage of 700V in a temperature of 20 �C approxi-
mated the Landau distribution. The most probable value
was 1.2 nA and the sigma was 0.19 nA. Each selected device
was wire bonded to a VA64TA. CdTe pixel modules were
then created from the selected devices.
We tested the pixel modules by irradiating them with

gamma-rays from radio isotopes. Fig. 7 shows 241Am and
57Co spectra obtained from one of the CdTe pixel detector
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Fig. 7. The 241Am and 57Co spectra obtained from one of the CdTe pixel detector modules. These are summed spectra from all 64 pixels. The applied bias

voltage is 600V, and, the operating temperature is 5 �C. The energy resolutions are 1.2 and 1.5 keV (FWHM) at 59.5 and 122keV, respectively.
modules. For 64 spectra from all pixels, gain corrections
were performed and then all corrected spectra were
summed. The applied bias voltage was 600V and the
operating temperature was 5 �C. The energy resolutions
were 1.2 and 1.5 keV (FWHM) at 59.5 and 122 keV,
respectively. The remarkably close resolution results were
achieved for all the pixel modules, using the 74 CdTe
devices selected from the leakage current measurement
tests mentioned above.
Fig. 8. The CdTe stack detector. Four layers are stacked. The stack pitch

is 2mm. A layer consists of 2� 2 ¼ 4 CdTe pixel modules.
5. CdTe stack detector as the absorber detector for the

Compton camera

Stacking a number of thin CdTe detectors is a good way
to obtain a high detection efficiency for higher energy
gamma-rays. Since the carriers in CdTe have low mobility
and a short life time, it is difficult for thick CdTe devices to
accomplish full charge collections and high energy resolu-
tion. In our previous studies, we demonstrated that both
good energy resolution and good detection efficiency can
be achieved with the CdTe stack detector. These were
achieved using planar CdTe diode detectors with a
thickness of 0.5mm [16–18]. As the absorber detector of
the Compton camera, three-dimensional position detection
capabilities are necessary in addition to good energy
resolution and good detection efficiency. Therefore, in
order to build a good absorber detector, we have
constructed a CdTe pixel stack detector by stacking the
CdTe pixel detector modules.
Fig. 8 shows the stack detector. It has four layers with
each layer consisting of the 2� 2 ¼ 4 pixel modules. A
stack pitch between layers of 2mm was attained in this
detector.
In order to test performance as an absorber detector, we

performed experiments using gamma-rays from radio
isotopes. Fig. 9 shows obtained spectra of gamma-rays
from 133Ba. Photo-electric absorption peaks are clearly
seen in the spectra. The gray lines show the spectra from
the first, the second, the third and the fourth layer,
respectively. On the low energy side, only the first layer
detects gamma-rays. On the other hand, the peak areas
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Fig. 10. A 511keV gamma-ray spectrum obtained with the CdTe stack

detector. A 22Na radioisotope is used. The FWHM for 511keV gamma-

ray peak is 4.8 keV (DE=E�0:9%).

Fig. 11. The large area CdTe imager. The 4� 4 ¼ 16 CdTe pixel modules

are arranged in plates.
Fig. 9. 133Ba spectra obtained with the CdTe stack detector. The spectrum

from each layer is shown in gray, and the summed spectrum of all layers is

shown in black. The energy resolutions (FWHM) achieved are 1.9 and

2.4 keV at 81 and 356 keV, respectively.
detected in all layers are almost identical. This shows that
the detection efficiency for higher energy gamma-rays was
improved by stacking detectors. A 511 keV gamma-ray
spectrum obtained with the CdTe stack detector is shown
in Fig. 10. The achieved energy resolution is
DEðFWHMÞ=E�0:9% at an operating temperature of
�20 �C and under the bias voltage of 600V.
6. Other applications of the CdTe pixel modules

Once CdTe pixel detector modules have been estab-
lished, they have a variety of applications. One example is a
CdTe stack, as discussed in Section 5. This works as a
gamma-ray probe with a high energy resolution.
Another application is as a large area CdTe imager. By

arranging the modules, a CdTe imager with a large area
and a high energy resolution can be created. Fig. 11 shows
our constructed CdTe imager. The 4� 4 ¼ 16 CdTe pixel
detector modules are arranged on a plate. The total size of
the imager is 5:4 cm� 5:4 cm. By attaching a collimator
above the image, it works as a conventional gamma
camera. Because the imager has a high energy resolution
(�1%), various gamma-ray lines can be easily separated in
the obtained spectra. Therefore, the imager is capable of
simultaneous multi tracer imaging in which different
gamma-ray lines are used.

7. Conclusion

We have developed Si and CdTe imaging detectors for
the Compton camera. The new four layer DSSD stack and
the four layer CdTe pixel detector stack were, respectively,
constructed as a scatterer detector and an absorber
detector for the Compton camera. The noise performances
of the stack detectors was found to be good. With the
DSSD stack, we obtained an energy resolution of 1.5 keV
(FWHM) for 60 keV gamma-ray photons. For the CdTe
pixel detector stack, a DE=E�1% energy resolution
(FWHM) was achieved. As a next step, we will construct
a new Si/CdTe Compton camera using the DSSD stack and
the CdTe pixel detector stack.
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