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Abstract: Galactic cosmic-ray accelerators up to the knee energy are still unclear in spite of many discoveries of
TeV gamma-ray sources by the current imaging atmospheric Cherenkov telescope (IACT) arrays. Future IACT
arrays designed to achieve higher sensitivities in theE >10 TeV region are expected to solve the mystery, and
PeV Explorer (PeX) was proposed as a pathfinder of them. A 3m-diameter Davies-Cotton telescope has been
prepared at Akeno Observatory (Japan) as a testbench for newly developed detectors for PeX and others. We
present the status of our R&D studies.
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1 Introduction
The atmospheric Cherenkov technique for detecting very
high energy (VHE) cosmic gamma rays has been devel-
oped very quickly and steadily for the last 25 years. More
than 100 gamma-ray sources have been found to be effi-
cient particle accelerators at least up to the TeV energies
during this period [1]. Among these, about 10 sources as-
sociated with supernova remnants (SNRs) are expected to
provide important clues to solve the long-standing mystery
of the origin of Galactic cosmic rays up to the knee (∼

PeV) energy. Hadronic gamma-ray spectrum due toπ0 de-
cays up to sub-PeV energy region from these sources can
be the evidence of the existence of PeV accelerators in
our galaxy. In spite of those expectations and remarkable
observation results of the current Imaging Atmospheric
Cherenkov Telescopes (IACTs), the mystery of the origin
of Galactic cosmic rays up to the knee has not been fully
resolved. A typical TeV-bright SNR, RX J1713.7-3946 has
a cutoff in its energy spectrum at around 20 TeV [2] which
is too low for the primary cosmic ray particle spectrum ex-
tending up to PeV. There are other darker Galactic sources
which have hard TeV spectra with no clear cutoffs and
by observing them more deeply and measuring the spectra
more precisely at energies greater than 10 TeV, a clear so-
lution of the existence of PeV accelerator can be brought.

The TenTen concept has been proposed to explore the
above issue as well as various astrophysical phenomena
in the E >10 TeV energy gamma-ray regime [3]. It is
a future project for an array of 30 - 50 IACTs of a rel-
atively small aperture (3 - 5m diameter) which aims to
achieve a 10 km2 effective area for gamma rays with en-
ergies greater than 10 TeV. The concept of this IACT ar-
ray is based on the simulation study by Plyasheshnikov
et al. (2000) [4], which showed that the effective area of
the array can cost-effectively be expanded by placing tele-
scopes with larger spacing (∼ 300m) and equipping imag-

ing cameras of a larger field of view (FoV) such as∼ 8◦.
This design works as: Cherenkov photons emitted from a
gamma-ray shower make a light plateau with a radius of∼

100 m on the ground, and as for the existing IACT arrays
IACTs are designed to be placed within this plateau. How-
ever, Cherenkov photon density profile has a skirt structure
outside the plateau and photon density in this skirt area can
be sufficiently high to exceed trigger threshold of each tele-
scope for high energy gamma-ray showers. Thus by adopt-
ing a sparse array which consists of telescopes with large
FoV, effective area can be expanded in the high energy re-
gion without increasing number of telescopes.

The optimum array configuration must be determined
using simulations so that the effective area per cost is max-
imized as a function of telescope spacing, aperture, and
FoV (e.g. [5]). The SST (Small Size Telescope) array of
CTA (Cherenkov Telescope Array) [6] is also a similar con-
cept, and may realize the goal of a> 10 TeV array.

We have started our R & D studies on a small array con-
sisting of 4 or 5 IACTs, which we call “PeV Explorer” or
“PeX”, as a pathfinder of those future arrays forE > 10
TeV gamma-ray observation. One possible concern is that
detecting Cherenkov photons at large core distances may
possibly bring degradation of angular and energy resolu-
tions due to the rapid drop of the Cherenkov photon den-
sity there. An analysis method compensating this degra-
dation has been developed utilizing the time gradient of
Cherenkov photons [7]. The distance between the gamma-
ray source position and the centroid of the Cherenkov im-
age in the FoV and time gradient are in good correlation,
thus the time gradient can be a good distance estimator
and effectively used to improve angular resolution with the
so-called Algorithm 3 in [8] (Probability Density Function
method) in the reconstruction of the arrival direction and
shower core position.

The optimum spacing of TenTen/PeV Explorer depends
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Figure 1: Two major configurations of the Mobile Telescope Array considered as an extension plan of TenTen. The sparse
IACT array (left) has a larger effective area and hence givesa better sensitivity especially at high energies. In contrast,
the dense IACT array (right) gives better angular and energyresolutions as well as a lower energy threshold. The Mobile
Telescope Array gives us more flexibility by changing array configuration.

on the physics target of interest, which may demand a wide
range of telescope spacings. An array with movable tele-
scopes like ALMA [9] can be a solution for this target-
specific array optimization. An example of demonstrating
flexibility of this “Mobile Telescope Array” is shown in
Figure 1. We can get better sensitivity with a sparse IACT
array especially at high energies, while a dense IACT ar-
ray gives better angular and energy resolutions as well as
a lower energy threshold. To realize mobile IACTs for the
future project described above, telescopes moving on their
own local power supply independent of cumbersome ca-
bles are preferable. Development of high capacity batteries
and low power consumption system may bring this mobile
telescopes into reality. As for the batteries, recent develop-
ment by private companies has been very active for various
commercial uses and we can expect some batteries fulfill-
ing our requirements will be available in near future. Our
earlier R & D work for a low power consumption IACT
system is also described in [10]. In this paper, we present
the status of our R & D studies of hardware for PeX, also
focusing on the Mobile Telescope Array considered as an
extension plan in the future.

2 R & D System Plan and Status
We have been developing a prototype system for a low
power consumption IACT, which will be installed to a
testbench atmospheric Cherenkov telescope placed in the
Akeno Observatory (35◦47’N, 138◦30’E, 900 m a.s.l., Ya-
manashi, Japan) of the Institute for Cosmic Ray Research
(ICRR). The system is based on an application-specific in-
tegrated circuit (ASIC) implementing analog memory cell
(AMC) which records voltages of a Cherenkov signal pulse
with a speed of∼ 1 GHz. The block diagram of the system
is schematically shown in Figure 2. The R & D status of
each part is described below.

2.1 Analog Memory Cell ASIC
A ∼ 1 GHz sampling AMC ASIC has been developed in
cooperation with the Open Source Consortium of Instru-
mentation (Open-It) lead by the High Energy Accelerator
Research Organization (KEK). The AMC circuit is a par-

Figure 3: Analog Memory Cell ASIC board, developed in
cooperation with Open-It, KEK.

allel circuit of capacitors and sampling switches, and each
capacitor holds a signal voltage when its paired sampling
switch is turned off. The sampling switches are sequen-
tially turned off controlled by a delay line and an input
pulse time profile is recorded and read out by an ADC.
Since 2011, we have improved the AMC ASIC to incorpo-
rate Wilkinson ADCs and its power consumption has fur-
ther been reduced from 180mW (for 64 cells). The sam-
pling depth of 512 cells (corresponding to∼ 512 ns) is
shared by 8 channels and so the sampling depth per pixel
is ∼ 64 ns, which is regarded to be sufficient considering
the time dispersion of Cherenkov photons at large core dis-
tances [7]. The dynamic range and the voltage resolution
of the ASIC are∼ 2.2 V and 10 bits, respectively. A pic-
ture of the AMC board is shown in Figure 3.

2.2 Imaging camera and optical delay system
The imaging camera for the testbench system consists
of 32 photomultiplier tube (PMT) pixels (Figure 4).
Hamamatsu R11265-100 with the super-bialkali photo-
cathode was selected and the sensitive area of this 1 inch
square tube corresponds to about 0◦.4 for the focal length
of 3 m, and the overall FoV of the camera is about 3◦
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Figure 2: Schematic diagram of the prototype system developed for the low power consumption IACT.
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Figure 4: Test installation of the imaging camera which
consists of 32 PMT modules (surfaces of the PMTs are
covered for protection in this photo). A super-bialkali PMT
R11265-100 and pre-amplifier, E/O converter and discrim-
inator are packaged in a compact box as a PMT module.

in diameter. PMT signals are fed into the assembly mod-
ules, each of which consists of preamplifier, discrimina-
tor, and E/O converter. The converted optical signals are
transferred to the compact optical delay modules in which
gradual time delays of 0 to 448 ns in 64 ns step are set for
8 pixels, and then signals of these 8 pixels are fed into the
AMC board after the re-conversion to electronic signals
by O/E converters. Discriminator outputs are sent to the
pattern trigger module described below.

2.3 DAQ trigger system with pattern recognition
The discriminator output signals are combined in a specific
scheme to make a trigger signal to invoke data recording.
The discriminator threshold level and the trigger scheme
should be selected carefully so that accidental triggers in-
duced by night sky background (NSB) photons are well
suppressed while a high efficiency for air shower trigger
is achieved. Since the Akeno telescope will be operated
in single mode, implementation of an intelligent trigger
system becomes much more important compared with the
stereo system where we can reject NSB events by requiring
coincidence between telescopes. A simple solution is to
introduce pattern recognition trigger. This is based on the
fact that spatial distribution of NSB photons are nearly uni-
form with in the FoV while Cherenkov photons from the
air showers are concentrated in clusters, therefore applying

cluster cut (often used in the off-line analysis) in on-line
trigger system can drastically reduce NSB-induced trig-
gers. We adopt the field programmable gate array (FPGA)
to realize the pattern trigger system for our 32-pixel cam-
era. We selected Xilinx XC3S50AN FPGA chip, which
has 108 user I/O channel and 1584 logic cells. The FPGA
chip is implemented on a circuit board developed by KEK,
and we testedN-adjacent pixel trigger (N = 2,3) logic on
this FPGA board and the planned pattern recognition abil-
ity was confirmed by using pulse signals from a common
waveform generator.

3 Akeno Atmospheric Cherenkov Telescope
Considering performance assessment of the newly devel-

oped instruments in our R&D studies, observation of real
Cherenkov photons by these instruments is favorable. For
this purpose, we obtained a used 3m-diameter Cherenkov
telescope which was built in 1998 and had been in op-
eration since 2003. As for the test operation site, we se-
lected the Akeno Observatory, where the central facility of
AGASA (Akeno Giant Air Shower Array) experiment [11]
had been built and thus the infrastructures to run the ex-
periment is well prepared. We relocated the telescope to
Akeno in 2010 October, and minor repairs for the old parts
of the telescope has been done.

3.1 Recovery of light collecting efficiency of the
reflector

The Akeno telescope has af = 3.0 m (thus f/D = 1.0)
Davies-Cotton reflector, which consists of 18 hexagonal
mirror segments (Fig. 5). Each segment is 70cm in diame-
ter and made of glass with a thickness of 8.5mm, and the
reflection surface was aluminized and anodized at the pro-
duction to achieve high resistance to corrosion. These seg-
ments had been also protected by metal lids except for the
observation time at the previous site. In spite of those ef-
forts to keep the mirror surface healthy, we found the re-
flection surface was heavily damaged and the reflectivity
became∼ 50% after 8-year exposure. Thus we needed to
recoat those glass mirrors by aluminum to recover the light-
collecting efficiency. For this purpose we could have a very
cost-effective process by utilizing the facility of National
Astronomical Observatory of Japan (NAOJ) at Okayama,
where they have a 74-inch vacuum evaporation tank for the
primary reflector of their optical telescope. We cannot ap-
ply additional surface protection coat process in this facil-
ity, because most large-size reflectors of NAOJ telescopes
are recoated on a regular basis instead of applying durable
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Figure 5: Davies-Cotton reflector of the Akeno 3m-
diameter Cherenkov telescope inside the openable shed, af-
ter the recoating of the glass-made segments. Optical axis
alignment of each segment has not been finished.

protection coat. Since our segment mirrors are placed in an
openable shed and also protected by metal lids, which is
rather different situation from the existing Cherenkov tele-
scopes, we chose recoating in this facility along with care-
ful monitoring of the mirror surface condition.

Aluminum recoating of all the segment mirrors was fin-
ished in 2012, and the reflectivity of∼ 90% at 400 nm was
achieved.

3.2 Telescope drive control system
The Akeno telescope has an alt-azimuth mount and
each axis is driven by an AC servomotor (Sanyo Denki
P60B13150HXS). The both servo amplifiers are controlled
via a positioner (Keyence HC-50/55), and the relative an-
gular position of each axis is measured by an encoder (Hei-
denhain ROD456) with the resolution of 0◦.001. This sys-
tem has become somewhat old but still works fine. The
only hardware to add was a digital I/O board to control
the positioner (CONTEC PIO-16/16RY(PCI)), which is in-
stalled in a control PC and sent commands via the PCI bus.
Figure 6 shows the result of an operation test, in which dif-
ferences of real (encoder) angles from a commanded angle
are plotted as a function of time. Our primary target of the
tracking accuracy is 0◦.01, and the measured fluctuation is
well below this value. There still remains some vibration
and we plan to improve the accuracy further with a better
algorithm in our tracking program.

4 Summary
We are developing instruments for the future projects of
VHE gamma-ray astrophysics at energies> 10 TeV. A
prototype system which consists of the low power con-
sumption AMC ASIC, the imaging camera with 32 super-
bialkali PMT modules, and the on-line pattern trigger sys-
tem with a FPGA, is being constructed and tested. As a
testbench of these instruments, we are preparing a used
Cherenkov telescope with 3 m aperture which were relo-
cated to the Akeno Observatory of the ICRR in 2010. Re-
flectivity of the mirror was recovered to∼90% at 400nm
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Figure 6: Result of a telescope operation test, in which
differences of real (encoder) angles from a command angle
are plotted as a function of time. The pointing accuracy is
well below our primary target of 0◦.01.

by aluminum recoating, and the tracking system with an
accuracy of 0◦.01 is being configured. After all the ren-
ovations and installation of these newly developed instru-
ments, we are planning to do some test observations of air
shower Cherenkov photons in 2013 to assess the total per-
formance of the instruments.
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