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ASD chip of a time constant of 80 ns [5]. An ASD chip has
four channel inputs, and it makes the digital output in
LVDS and the analog signal of a preamp output for each
channel. We get the analog sum of 32 channel as an analog
signal of the p-PIC, and take the digital output into the
position encoder one by one. The position encoder consists
of eight FPGAs, which calculate a hit position by a pipeline
encoding with 100 MHz clock, and it outputs a 32-bit
encoded information to the VME memory board.

We started the test operation of the new p-PIC with the
above system at the beginning of 2005. With the flow of the
gas of argon 90% and ethane 10%, we took the first signal
by the B-rays from *°Sr/Y (Fig. 5), and we confirm the new
pu-PIC works as a radiation detector. Fig. 6 shows the
dependence of the effective gas gain on the anode voltage.
The effective gas gain of the new p-PIC is nearly equal to
the gain of the previous one. This pu-PIC worked with a
stable gas gain of ~3500 and a maximum gain of ~7000 at
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Fig. 8. A energy spectrum of the X-rays from 199Cd. The gas gain is about
4000, and the energy resolution (FWHM) is ~50% at 8.05keV.
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the center. Fig. 7 is a map of the effective gas gain at each
area. The ratio of the gain is 2.2 between the minimum gain
area and the maximum gain area, and the gas gain
uniformity is 16.7% at the RMS. In this figure, it is also
shown that the gas gain of the edge is higher than that of
the center. Especially, the bad pixel area, whose cathode
number is from 0 to 100, is the high gain area including the
maximum gain area. The energy spectrum of the X-ray
from '%°Cd (22.2keV) is shown in Fig. 8. We can also see
the peak of Cu (8.05keV) of the p-PIC electrode clearly.
The energy resolution (FWHM) for 8.05keV is ~50% with
a gas gain of 4000 at the center region. Because the gas gain
is not enough and the signal-to-noise ratio is low, the
energy resolution is worse than the previous one.

With the gas depth of ~1cm and the anode voltage of
500V, an X-ray image of ~30 x 30cm? was also taken by
the irradiation of the X-rays from '®Cd, and the image is
shown in Fig. 9. The distance between the X-ray source
and p-PIC is about 30 cm, and we placed a glass universal
substrate, a copper gasket, a adaptor, a wrench and pen on
the window of the p-PIC. In this image, the white stripes
are the region of which the anode voltage was turned off by
the discharge. Although the setup is not optimized for the
X-ray imaging, we can see the shapes of the universal
substrate, the wrench and the gasket very clearly.

4. Conclusion

We have developed a very large p-PIC with a detection
area of ~30 x 30cm?, and successfully obtained the analog
signal and the X-ray image. The new p-PIC is operated
with a stable gas gain of ~3500, a maximum gas gain of
~7000 and a good gas gain uniformity (RMS 16.7%).
Although the present performance of the new p-PIC is
enough as an X-ray imaging detector, that is still not well
than the previous p-PIC. In future, we will improve the
yield of the production and the quality of the pixels.

Fig. 9. The X-ray image take by the new p-PIC. The gas is argon 90% and ethane 10% with a depth of ~1cm, and the anode voltage is 500 V.
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Performance of a time-projection chamber with a large-area
micro-pixel-chamber readout
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Shunsuke Kurosawa, Hironobu Nishimura, Atsushi Takada, Ken’ichi Tsuchiya,
Yoko Okada, Toru Tanimori, Kazuki Ueno

Kyoto University, Kitashirakawaoiwakecho, Sakyoku Kyoto 606-8502, Japan

Abstract

A micro-time-projection chamber (micro-TPC) with a detection volume of 23 x 28 x 31 cm® was developed, and its fundamental
performance was examined. The micro-TPC consists of a micro-pixel chamber with a detection area of 31 x 31 cm?® as a two-dimensional
imaging device and a gas electron multiplier (GEM) with an effective area of 23 x 28 cm? as a pre-gas-multiplier. The micro-TPC was
operated at a gas gain of 50,000, and energy resolutions and spatial resolutions were measured.

© 2007 Elsevier B.V. All rights reserved.
PACS: 25.40.Cs; 29.40.Gx

Keywords: Micro patterned gaseous detector; TPC

1. Introduction

Large-volume time-projection chambers (TPCs) have
been developed for various applications [1-3]. Micro
patterned gaseous detectors, such as a gas electron multi-
plier (GEM) [4], a micromegas [5] and a micro-pixel
chamber [6], are thought to improve the spatial resolutions
of TPCs. Previously, we have developed a micro-time-
projection-chamber (micro-TPC) with a detection volume
of 10x 10 x 8cm® [7] based on a micro-pixel chamber
(u-PIC) with a detection area of 10 x 10 cm?. This micro-
TPC proved several conceptual ideas for such applications
as an electron-tracking Compton camera [8], a dark matter
detector [9], and a neutron-imaging detector [10]. In order
to achieve the physical goals of these applications, we now
have developed a larger volume micro-TPC based on a
large-size p-PIC with a detection area of 31 x 31 cm? [11]
and a large-size (GEM) with an effective area of
23 x 28cm?. In this paper, the fundamental performance

*Corresponding author. Tel.: +810757533867; fax: +810757533799.
E-mail address: miuchi@cr.scphys.kyoto-u.acjp (K. Miuchi).
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of the large-volume micro-TPC with a detection volume of
23 x 28 x 31cm’ is described.

2. Large-volume micro-TPC
2.1. Large-area u-PIC and large-area GEM

A second generation large-area u-PIC with a detection
area of 31 x 31 cm? was used for this micro-TPC (TOSHI-
BA, S/N 20060222-3). The production yield was increased
to 90% as the result of an improvement of the plating
technology. The fractions of dead and bad anode electro-
des were decreased to less than 0.1%. The operation gas
gain of the p-PIC was about 5000. The production yield,
the fraction of the dead and bad electrodes, and the
operation gas gain of the first production p-PICs were
50%, 5%, and 3500, respectively [11].

A GEM with an effective area of 23 x 28cm’® was
developed as a pre-multiplication device of the micro-TPC.
The GEM was made by a Japanese company, Scienergy
Co. Ltd. The size was currently restricted by the working
size for the fabrication. Copper electrodes were formed on

Please cite this article as: K. Miuchi, et al., Nucl. Instr: and Meth. A (2007),.doi:'10.1016/j.nima.2007.01.117




both sides of the polyimide insulator. The holes were 50 um
in diameter and were placed with a pitch of 140 um. We
supplied a voltage of 470 V between the top electrode and
the bottom electrode of the GEM in a dry nitrogen gas
atmosphere for 30min before use. This aging process
prevented the GEM from serious discharges.

A dedicated readout system for the micro-TPC was
developed [12]. TPC signals read by 768 anode-strips and
768 cathode-strips were digitized in amplifier shaper
discriminator (ASD) chips [13], synchronized in a position
encoding system at 100 MHz clock, and recorded by a
VME-bus memory board. Each digital signal or “hit” was
a set of (Xmim Xnaxs Ymina Ymaxs -T)’ where Xmin and Xmax
were the minimum and maximum positions of the anode
strips, which detected the TPC signals, Ymin, Ymax Were
those of the cathode strips, and T was the clock counter.
The position and a size of an electron cloud (400 pm/digit),
and the elapsed time from the trigger of each hit (10 ns/
digit) were recorded, so that a track of a charged particle
was recorded as successive hits. TPC signals read by 768
cathode strips were amplified in the ASD chips and were
summed into eight channels (each channel had 96 strips),
and their waveforms were recorded by a 100 MHz flash-
ADC. The energy deposition of a charged particle was thus
known from the detected waveforms.

2.2. Large-volume micro-TPC

A schematic drawing of the micro-TPC is shown in
Fig. 1. The micro-TPC had a drift length of 31 cm, which
made a detection volume of 23 x 28 x 31cm®. The gas
volume was set in an aluminum vessel filled with a normal-
pressure argon-ethane gas mixture (9:1). A drift voltage of
—7.5kV was supplied to the drift plane (Vprirr = 7.5k V),
which made a drift electric field of 0.23kV/em. The voltage
of the top plane of the GEM was set at —660V

(VaemT = 660V), which was reconciled with the voltage
“Vorier 8.25MQ
drift plane (1=310mm) (x 31)
” icm i » s
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Fig. 1. Schematic drawing of the micro-TPC system. The sizes of the drift
plane, field shaping pattern, GEM, and the pu-PIC are 35 x 35, 33 x 33,
28 x 23and 31 x 31 cm? respectively. [ denotes the drift length.
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of the shaping pattern at the corresponding drift length.
The voltage of the bottom plane of the GEM was
determined by the GEM voltage (Vgems = Voemr—
AVsem)- The distance between the GEM and the p-PIC
was Smm.

3. Performance
3.1. Gas gains

The gas gains were measured by irradiating the micro-
TPC with X-rays from a radioactive source of '”Cd. We
calculated the collected charge from the flash-ADC data,
while the corresponding event position was known from
the digital hit data. In order to evaluate any inhomogeneity
of the gas gains of the whole detection area, we divided the
detection area into 6 x 8 parts, and calculated the gas gain
for each part. The ratio of the maximum gas gain to the
minimum one was 2.2. The gas gains at the gain-maximum
area, measured with several voltages supplied to the anode
electrodes of the p-PIC (V,pic) and several voltages
supplied to the GEM (AVgem = Voemr—VaeMms), are
shown in Fig. 2. The internal gas gain of the p-PIC
operated without the GEM is shown for a comparison [11].
The internal gain without the GEM was about 5000. When
we increased AVgpm, higher total gas gains were observed.
A gas gain of 50,000 was achieved with a p-PIC voltage of
520V and a GEM voltage of 260 V. This was the required
gas gain for tracking the minimum ionizing particles
(MIPs) with a 400um pitch detector. We therefore
operated the micro-TPC with these voltages in the
following measurements.
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Fig. 2. Gas gains as a function of the voltage supplied to the anode
electrodes of the p-PIC. The gas gains measured with GEM voltages of
220, 240, and 260V are shown. The gas gains measured without the GEM
are also shown for a comparison. Best fit exponential functions are also
shown fro eye-guiding.
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3.2. Energy resolutions

A typical spectrum obtained by the irradiation of X-rays
from a radioactive source of '**Ba is shown in Fig. 3. The
whole volume of the micro-TPC was irradiated. The flash-
ADC data were summed with an energy correction
corresponding to the event position to compensate the
inhomogeneity of the gas gains. We can see the peak of
direct X-rays at 31 keV and the peak of copper fluorescent
X-rays from the GEM and the p-PIC at 8.0 keV.The energy
resolutions were measured for the energy range between 8§
and 60keV with radioactive sources of '®°Cd, !'**Ba,
and **'Am. The measured energy resolutions are shown
in Fig. 4. The energy resolution was 60% FWHM for
60 keV y-rays. An improvement of the plating technology is
expected to bring the energy resolution at worst to 30%,
which we achieved with a 10cm micro-TPC.
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Fig. 3. Energy spectrum taken by the irradiation y-rays form a 133Ba
radioactive source.
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Fig. 4. Energy resolution dependence on the energy.
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3.3. Position resolution

We measured the three-dimensional position resolution
of the micro-TPC by cosmic-ray muons. We placed two
plastic scintillators (30 x 30 x 1 cm®) above and below the
micro-TPC. The micro-TPC was triggered by a coincidence
signal of these two scintillators.

First, we measured the drift velocity. The maximum time
was 7.3 us, which indicates a drift velocity of 4.2cm/us,
taking account of the corresponding drift length of 31 cm.
Typical three-dimensional muon tracks reconstructed with
the measured drift velocity are shown in Fig. 5. We then fit
the muon tracks with straight lines, and the residual was
calculated for each hit point. Here, the residual was defined
as the distance between a hit point and the fitted straight
line. The hit points were divided into 31 groups by their
drift length and we plotted the residual distribution for
each group. The residual distribution for the hits of
[=5.54+0.5cm is plotted in Fig. 6. Each residual distribu-
tion was then fitted with a two-dimensional Gaussian,
given by (1),

fr) = Agr exp <——2—€;~> dr (1)

where A is the normalizing factor, r is the residual and o7 is
the variance of the Gaussian. We obtained ¢ = 1.0 mm for
[ =5.540.5cm. ¢ was expected to be the root sum square
of the detector intrinsic term, Ggetectors and the diffusion
term, Ggiffusion, 45 Shown in

2 2 2
o ([) = Odetector + o%iffusion = O%etector + (Dﬁ) . (2)

Therefore ¢ was plotted as a function of / (Fig. 7), and
fitted with Eq. (2). As a result of the fitting, Gyetector =
0.51mm and D =0.37mmcm~"? were obtained. The
detector intrinsic term was worse than the value of
0.37mm that we measured with a 10-cm micro-TPC [11].
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Fig. 5. Muon tracks taken by the micro-TPC. Each mark shows one
“digital hit”.
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70 E angular resolutions and the detection efficiency of the
F Compton camera are expected to be improved. For a dark
60 matter search experiment, stable operation with a lower
- pressure gas of a few tens of Torr should be confirmed.
5 A better spatial resolution is expected with CF,4 gas, which
£ 40 = will help to improve the sensitivity to dark matters.
3 E Operation with *He gas will show potential for the time-
© 30 F resolved neutron imaging detector.
20 E-
u 5. Conclusions
10 F H
0—.,..1....|....:....u...m...‘ A micro-TPC with a detection volume of 23 x 28 x
0 05 1 15 D 25 3 31 cm® was developed. The micro-TPC was operated at a
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Fig. 6. Residual distribution of the muon tracks for /= 5.5+0.5cm.
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Fig. 7. ¢ dependence on the drift length,

The distortion of the spatial resolution could be due to the
inhomogeneity of the anode electrodes. The diffusion term
is reasonable when we consider that the transverse
diffusion is 0.5mmem™ "2 and the center position of the
digital hit positions was calculated.

4. Prospects

Development issues for applications were found from the
above measurements. For the electron-tracking Compton
camera, we need to widen the energy range up to about
200keV. High-energy peaks will be observed by an
improvement of the energy resolution. The plating
technology, which is still being improved, is expected to
produce more homogeneous anode electrodes in the next
production. This will improve the homogeneity of the gas
gain, and thus the energy resolution will improve. The

gas gain of 50,000 and an energy resolution of 60%
FWHM at 60keV was measured. We detected tracks of
MIPs with the micro-TPC and a three-dimensional
position resolution of 0.51 mm was measured.
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