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Abstract

We have evaluated the possibility of the Electron-TrackingCompton Camera (ETCC) to simultaneously operate as a pair-creation
camera. The ETCC consists of a gaseous micro time projectionchamber (micro-TPC) and a scintillation camera. Several prototypes
of the camera were developed and their performance was studied. Because the micro-TPC can detect a large number of hit points
along one charged particle track, has a good position resolution of about 0.2 mm, and uses the filling gas as the scatteringmaterial,
the influence of multiple scattering is small. This makes themicro-TPC well-suited to detecting pair-creation events.We have
examined the performance of a camera of size 10×10×15 cm3, using the pair-creation mode in the energy range of 10 - 100 MeV.
Using this camera, we performed a proof-of-principle experiment with laser inverse Compton gamma rays at the National Institute
of Advanced Industrial Science and Technology (AIST), and we succeeded in tracking electron-positron pairs and in reconstructing
10 and 20 MeVgamma rays. In this paper, we report the fundamental performance of the gamma-ray camera with pair-creation
mode.
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1. Introduction

In the MeV gamma-ray astronomy, some observations with
telescopes using Compton scattering or pair-creation, such as
COMPTEL and EGRET onboard the Compton Gamma Ray
Observatory (CGRO), have been successful [1, 2]. However,
the detection sensitivity and the angular resolution in theenergy
range from sub-MeV to hundred MeV are worse than those of
detectors in the X-ray, GeV, and TeV gamma-ray regions. In the
low-energy region (sub-MeV – 10 MeV) where Compton scat-
tering becomes dominant, the sensitivity is low since the tele-
scope suffers from a large background. In the medium-energy
region (10 – 100 MeV) where pair-creation becomes dominant,
the angular resolution is much worse due to multiple scatter-
ing. Currently, there are no plans for an all sky survey with a
satellite for the low and medium-energy regions. Although the
Fermi satellite covers the medium-energy region, the angular
resolution in the energy region below 100 MeV is still compa-
rable to that of EGRET [3]. Thus, a gamma-ray camera with
both improved detection sensitivity and angular resolution is
desired.

We therefore have developed an Electron-Tracking Compton
gamma-ray camera for the energy range of 0.1 – 10 MeV using
a gaseous time projection chamber (micro-TPC) and a scintil-
lation camera with the aim of conducting an all sky survey with
a sensitivity 10 times better than that of COMPTEL, and with
an angular resolution of∼1 degree. Several prototypes with a

Figure 1: A schematic view of the micro-TPC.

detection volume of 10×10×10 cm3 were developed, and their
performances, with Compton mode only, were studied in the
low-energy region [4, 5]. As a preliminary step toward an all
sky survey, we are proceeding with balloon experiments. The
first experiment in which we observed events of cosmic-diffuse
and atmospheric gamma rays with Compton mode was done in
2006, and its results were reported in [6].

Because the gaseous micro-TPC can detect a large num-
ber of hit points from one charged particle, has a good posi-
tion resolution of about 0.2 mm, and uses the filling gas as
the scattering material, the influence of multiple scattering is
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Figure 2: A schematic view of the gamma-ray camera for pair-creation mode.

small. This makes the micro-TPC well-suited for the detection
of pair-creation events [7]. Thus, we have developed a cam-
era of the same type as our Compton camera, with a size of
10×10×15 cm3 for the pair-creation mode. Then, using this
camera, we performed a proof-of-principle experiment with
laser inverse Compton gamma rays at the National Institute
of Advanced Industrial Science and Technology (AIST), and
we succeeded in tracking electron-positron pairs and in recon-
structing 10 and 20 MeV gamma rays. In this paper, we present
the results of the first experimental evaluation of the gamma-ray
camera with pair-creation mode.

2. MeV gamma-ray camera for pair-creation mode

2.1. Instruments

For a proof-of-principle experiment in pair-creation mode,
we constructed the same type of MeV gamma-ray camera
as the one for Compton mode. The camera consists of two
components. One is a gaseous micro-TPC with a volume of
10×10×15 cm3 (fiducial volume: 9×9×13 cm3) filled with an
Ar and C2H6 (90:10) gas mixture at 1 atm. A schematic view of
the micro-TPC is shown in Fig. 1. The micro-TPC detects the
tracks of the electron-positron pairs created from the incoming
gamma rays. Electrons released through ionization are mul-
tiplied by a micro pixel chamber (µ-PIC) [8] with an effective
area of 10×10 cm2 and a gas electron multiplier (GEM) [9]. The
µ-PIC is our original gaseous two-dimensional imaging detec-
tor with a pixel pitch of 400µm. The maximum stable gas gain
of theµ-PIC is about 6000. However, a gas gain of 3×104 is
required to obtain clear tracks of electron-positron pairs. Thus,
a GEM, manufactured by Scienergy Co. Ltd. in Japan, was in-
stalled 4 mm above theµ-PIC as a pre-multiplication device for
the micro-TPC. The thickness, hole diameter, and the hole pitch
of the GEM are 50µm, 70µm, and 140µm, respectively. A drift
voltage of−5.53 kV was supplied to the drift plane (Vdrift =

5.53 kV), creating a drift electric field of 0.32 kV/cm. The
voltages of the top and bottom planes of the GEM were set to
−830 V and−530 V (VGEMT = 830 V, VGEMB = 530 V), respec-
tively. Theµ-PIC voltage of 430 V was supplied to the anode
electrodes (Vµ−PIC = 430 V). We achieved the stable gas gain of

Figure 3: The experimental set up in the beam line.

3.6×104 using these two devices, thus fulfilling the gas gain re-
quirement. The position resolution of the micro-TPC was about
200µm. The micro-TPC was installed in a vessel which con-
sists of aluminum, Glass Fiber Reinforced Plastics (G10), and
Carbon Fiber Reinforced Plastics (CFRP). In addition, a scintil-
lation camera based on a 64 channel multi-anode position sensi-
tive photomultiplier (PSPMT) coupled to GSO(Ce) scintillator
arrays was positioned behind the micro-TPC. The effective area
of this camera is 200 cm2 corresponding to 8 PSPMTs. The po-
sition in the center of the scintillation camera was left free for
the escaping gamma-ray beams. The details of the scintillation
camera are described in [10]. We used the scintillation camera
as the trigger detector in this setup. Fig. 2 shows the schematic
view of the MeV gamma-ray camera for pair-creation mode.

2.2. Data acquisition system for tracking

A dedicated readout system for the micro-TPC was devel-
oped [11]. We have improved this system for tracking in or-
der to increase the number of hit points. The output signals
read by 256 anode-strips and 256 cathode-strips were digitized
in amplifier-shaper-discriminator (ASD) chips [12], and then
synchronized in a position encoder system with a 100 MHz
clock. The resulting hit information was recorded by a VME
memory board module. Each signal is given by a data set of
(Xmax, Xmin, T ) or (Ymax, Ymin, T ), whereXmax andXmin are the
maximum and minimum positions of the anode strips,Ymax

and Ymin are those of the cathode strips, andT is the clock
counter. When the trigger signal from the scintillation camera
is fed to the position encoder system, the clock counter starts
and the data sets ofX andY are independently recorded during
an 8µsec time window.

3. First beam experiment

3.1. Experimental setup

We performed a proof-of-principle experiment with a laser
inverse Compton gamma-ray beam at the National Institute of
Advanced Industrial Science and Technology (AIST) [13]. A
quasi-monochromatic gamma-ray beam was produced by the
collision of laser photons with a 760 MeV electron beam ac-
celerated in the storage ring TERAS. A Nd:YVO4 laser with
wavelengths of 1064 and 532 nm and a power of 1 W was used.
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This system produced 10 and 20 MeV gamma rays, respec-
tively. The experimental set up in the beam line is shown in
Fig. 3. We aligned the gamma-ray camera on the beam axis.
The distance between the gamma-ray camera and the point of
origin of the beam was 13 m. In order to make the gamma-
ray beam monochromatic and to focus it, lead collimators with
a thickness of 20 cm and of 15 cm, and with a hole size of
1.8 mm diameter were put between the entrance of the beam
and the gamma-ray camera. The diameter and the divergence
of the beam at the micro-TPC were estimated to be 1.8 mm and
80µrad, respectively.

3.2. Analysis

The tracks of the electron-positron pair were measured for
the reconstruction of the pair-creation event. The direction of
the incident gamma ray is given by

~eInc =
Ee~ee + Ep~ep

Ee + Ep
, (1)

where,~eInc,~ee, and~ep are the unit vectors of the incident gamma
ray, of the electron, and of the positron, respectively. In this ex-
periment, we could not measure the energy of the electron and
of the positron, because the energy loss in the vessel wall was
significant. Therefore, a simplification for Eq. (1) was needed,
and the following simplified method was used:

~eInc ≃ ~ee + ~ep. (2)

Fig. 4 shows typical tracks of an electron-positron pair mea-
sured in the micro-TPC. If the observed track pair had a large
opening angle, it was fitted with two straight lines. Using the
fitting lines, we calculated the vertex point and the unit vectors
of the electron and of the positron. On the other hand, if the
track pair had a small opening angle, it was fitted with one sin-
gle straight line. For the current analysis, we selected events
with the vertex point in the fiducial volume. In addition, for
small angle events, we required that both the electron and the
positron track were consistent with a ”V” shape. To find ”V”
events, we used the selection parameter,R, defined by:

R =
σd

σu
, (3)

whereσd andσu were the root mean squares of the residual
distributions from the single-line fit for hit points on the down-
stream side and on the upstream side of the center of grav-
ity for the electron-positron track, respectively. IfR > 1, the
event was considered to be ”V”-like. For the selected events,
we calculated the unit vector of the incident gamma ray using
Eq. (2), and we obtained images of gamma rays with 10 and
with 20 MeV, respectively. Fig. 5 is the reconstructed imagefor
20 MeV gamma rays.

3.3. Results

Fig. 6 shows theθ-square distribution for 20 MeV gamma
rays, whereθ is the angular deviation between the measured
and the real direction of the incident gamma rays. The angu-
lar resolution, given as the half-angle cone containing 68 %of

Figure 4: Typical tracks of an electron-positron pair.

Figure 5: The obtained image for 20 MeV gamma rays.

all reconstructed events, was 7.7 degrees for the 20 MeV beam.
In Fig. 7 the angular resolution is shown as a function of the
energy of the incoming photons. For comparison, the angular
resolutions of EGRET and MEGA [14] are also shown. We
also simulated the ideal angular resolutions using Eq. (1) and
Eq. (2), and these are shown in Fig. 7 as well. We can see that
the measured angular resolutions are better by a factor of 1.5
compared to the results obtained with the silicon strip detector
of MEGA. When we further develop the pixel readout system
and improve the analysis method, the angular resolutions are
expected to be close to the ideal ones using Eq. (2). Further-
more, we expect that by mounting the scintillation camera in-
side the vessel, we can make the resolution close to the ideal
one using Eq. (1).

The detection efficiency was estimated as shown in Fig. 8.
The gamma-ray flux was examined in a past experiment un-
der similar conditions [15]. Using this result, we calculated
the detection efficiency for 10 and 20 MeV gamma rays. The
estimated detection efficiency for 20 MeV gamma rays was
1.4×10−5. Compared with the probability of pair-creation in
the micro-TPC, the obtained efficiency was smaller by an order
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of magnitude. This is because the area covered by the scin-
tillation camera was not large enough and the influence of the
multiple scattering in the vessel was large. With the develop-
ment of a larger scintillation camera and of an improved vessel,
we expect to achieve a detection efficiency close to the pair-
creation probability. Furthermore, we expect that the detection
efficiency will be higher using a larger micro-TPC and selecting
a gas with high Z, such as Xe.

Now, to obtain better angular resolutions and higher effi-
ciency, we are improving the gamma-ray camera and the anal-
ysis method. If we make the gamma-ray camera with a volume
of 1 m3 filled with Xe gas, and if we mount the scintillation
camera inside the vessel, the camera should achieve an effec-
tive area of about 100 cm2 and an angular resolution of less
than 1 degree. Those performances are similar to EGRET and
Fermi at energies below 100 MeV.

Figure 6: The distribution of the angular deviation betweenthe measured and
the real origin for 20 MeV gamma rays.

Figure 7: The angular resolution of the gamma-ray camera (68% containment)
as a function of the photon energy. The filled circles represent the measured
values. For comparison, the resolutions of EGRET, of MEGA[14], and the
resolutions simulated with Eq. (1) and Eq. (2) are also shown.

Figure 8: The estimated detection efficiency of the gamma-ray camera (filled
circles). The solid line and the dashed line are the probabilities of pair-creation
in the micro-TPC with an Ar and C2H6 gas mixture (90:10) and with Xe, re-
spectively.

4. Summary

We have evaluated the possibility of our Electron-Tracking
Compton Camera (ETCC) to simultaneously operate as a pair-
creation camera. We performed a proof-of-principle experi-
ment with a laser inverse Compton gamma-ray beam, using the
gamma-ray camera with a volume of 10×10×15 cm3 (fiducial
volume: 9×9×13 cm3) in pair-creation mode. The tracks of the
electron-positron pairs were detected, and the incident gamma
rays of 10 and 20 MeV were reconstructed. We obtained an
angular resolution of 7.7 degrees for 20 MeV incident photons,
and we estimated a detection efficiency of 1.4×10−5.
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