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Abstract We are conducting tests of optical and electronics components of JEM-
EUSO at the Telescope Array site in Utah with a ground-based “EUSO-TA” detector.
The tests will include an engineering validation of the detector, cross-calibration of
EUSO-TA with the TA fluorescence detector and observations of air shower events.
Also, the proximity of the TA’s Electron Light Source will allow for convenient use
of this calibration device. In this paper, we report initial results obtained with the
EUSO-TA telescope.

Keywords JEM-EUSO · EUSO-TA · Telescope array · Ultra high energy cosmic
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1 Introduction

EUSO-TA is a ground-based testing campaign for the Extreme Universe Space
Observatory on-board the Japanese Experiment Module (JEM-EUSO) [1].

The EUSO-TA aims to install a fully functional prototype of JEM-EUSO at Black
Rock Mesa, the site of one of the fluorescence light detectors of the Telescope
Array (TA) experiment [2]. From there it will observe artificial light from TA cali-
bration beams as well as events coming from cosmic rays, simultaneously with the
TA, allowing for calibration of the detector response and reduction of the systematic
uncertainties of the measurements. The studies of the transversal profile of the shower
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will be performed on a sector of a shower, with spatial resolution better than that of
the TA fluorescence detector (TA-FD).

The EUSO-TA telescope consists of a refractive optical system incorporating two
1 m2 square Fresnel lenses, focusing the light in a ± 6◦ field of view on one Photo-
Detector Module (PDM) of 2304 pixels. The detail of the telescope is described in
Section 2. When a 1018 eV cosmic ray shower comes to the field of view of EUSO-
TA, the measurements are performed after receiving a trigger from TA-FD. The detail
of the shower observation is discussed in Section 3.4.

2 EUSO-TA telescope

The EUSO-TA lenses are fabricated from UV transmitting polymethyl-methacrylate
(PMMA). The baseline design of the optics is shown in Fig. 1 along with simulated
spot diagrams for off-axis angles of 0◦, 2◦, 4◦ and 6◦.

The 17 cm × 17 cm PDM in the focus is composed of 36 Multi-Anode Photomul-
tiplier Tubes (MAPMTs) [3] containing 64 anodes, for a total of 2304 pixels (Fig. 2,
left). The PDMs also contain a front-end ASIC [4], a 1st-level trigger FPGA board,
High Voltage (HV) and HV switches. The PDM is controlled by the Data Processing
(DP) box. The DP box consists of a 2nd-level trigger board [5], CPU board, Clock
board, GPS board, house keeping board and low voltage power supply [6] (Fig. 2,
right).

The telescope is installed in a housing located in front of the Black Rock Mesa
Fluorescence Detector station of TA (Fig. 3). The location satisfies the following
conditions:

1. Signals from the calibration beams (Section 3.3) of TA are observable within our
field of view.

Fig. 1 The design of the EUSO-TA Optics. The left and right panels show the ray trace and spot diagrams
for different incident off-axis angles, 0◦, 2◦, 4◦ and 6◦, respectively
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Fig. 2 The PMT array and the front-end ASIC boards mounted on the PDM frame (left) and the DP box
(right). The 2nd-level trigger broad, CPU board, Clock board, GPS board, house keeping board and low
voltage power supply are in the DP box

2. The housing does not obscure the field of view and/or observation of TA-FD
operation.

3. Access to power, grounding, Ethernet and the TA-FD trigger signal is present.

3 Calibration and observation

3.1 Laboratory calibration

The EUSO-TA PDM consists of Hamamatsu R11265-03-M64 MAPMTs, each con-
sisting of 64 pixels. An absolute calibration [7] is needed for obtaining the number

Fig. 3 EUSO-TA (front) and TA-FD station (back)
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Fig. 4 A schematic dependency of signal measurement and S-curve. Right shows a schematic S-curve
– sum of photon counts for specific number of measurements over the threshold for single photoelec-
tron detection, left shows a signal change with time and the middle shows the counts – detection of
pulses exceeding the thresholds. Small fluctuations are due to electronic noise, while big peaks is a single
photoelectron signal, and the biggest peak is a small contribution of a double photoelectrons

of real photons hitting a pixel from the number of registered counts. This process
requires estimating the spatial sensitivity of each pixel of the detector. In general it
can be assumed that the sensitivity is constant in time. This, together with the com-
plexity of this part of calibration and its time requirements, makes it a preparatory
off-line task performed only once.

The goal of the “on-line calibration”, which will be repeated in-situ between the
measurements, is to obtain a similar overall performance for the single photon detec-
tion for all apparatus’ pixels. In general we want to reject the noise from PMT and
EC-ASIC electronics and accept more intense signal coming from a single photon.
This requires analysis of so called S-curves – explained below – obtained in the pro-
cess. This is the main computational task for data analysis of CPU – an iterative
process of sending commands and acquiring data from lower level subsystems.

An S-curve contains Digital to Analogue Converter (DAC) signal over threshold
for single photoelectron detection. To obtain it CPU requests measurement of a high
number of frames for each threshold setting, to minimize statistical fluctuations1

(Fig. 4). The pedestal peak shows the baseline of the noise, which is non-zero due to
dark current and offset in readout electronics. The rising slope of the pedestal is due
to triggering on a rising slope of the signal.2 Increasing threshold above the pedestal
quickly cuts off the noise. If the threshold value is above the noise but far from the
typical single photoelectron signal value, the slope of the S-curve is very gentle.
It steepens when the threshold crosses the typical single photoelectron signal and

1The actual number of frames requested for each threshold level has yet to be determined, but initial
measurements show that the single photoelectron signal should be lower then 1 % of the maximal signal,
requiring more then 10000 GTUs
2To trigger on a rising slope, the initial signal must be below the threshold value. Therefore, for thresholds
below the pedestal value the detection is performed when the signal fluctuates below the threshold value
and then comes back to the baseline. Therefore lowering the threshold value in this range cuts the negative
fluctuations causing a drop in number of detections
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Fig. 5 A sample S-curve – sum of photon counts for specific number of measurements over the threshold
for single photoelectron detection (in Digital to Analogue Converter (DAC) units)

approaches zero for high threshold values, above which there is nearly no signal. A
sample S-curve can be seen on Fig. 5. “single photoelectron spectrum” is a derivative
of an S-curve. It reveals separated peaks for the electronics noise – pedestal – and
single photoelectron [8] (Fig. 6).

However, in our ASIC, a single threshold must be set for all pixels of a single
PMT. Therefore the calibration procedure must determine an optimal amplifier gain
for all pixels to have the same total gain, which roughly corresponds to obtaining a
similar “single photoelectron spectrum” shape.3 For this task the algorithm calculates
the median position of the single photoelectron peak for all pixels and adjusts the
gain of all pixels to move the peak to the median position. After the adjustment the
measurement and median calculation is repeated to determine if the similarity of
efficiency is satisfactory. If not, adjustment values are calculated and utilized again,
until satisfactory performance is obtained.

3.2 Field calibration

The absolute calibration of the EUSO-TA can be also verified on-site by measur-
ing bright reference stars, which provide a photon flux that is stable with a known
UV spectrum at different elevation angles, which allows correcting for atmospheric
attenuation.

In this configuration it is feasible to compare the night sky background measure-
ments performed with EUSO-TA to the corresponding flux values obtained from

3The total gain of a pixel corresponds to the distance between the pedestal peak and the single
photoelectron peak.
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Fig. 6 A sample single pixel “single photoelectron spectrum” measured in laboratory, for threshold levels
represented in DAC units. The noise peak on the left and single photoelectron peak on the right are clearly
visible. The distance between peaks is determined by the total pixel gain. The minimum between the peaks
is the single photoelectron valley – the optimal position of threshold for single photoelectron detection.
Colored lines denote the threshold values, the rising slopes of the signal causing a detection and detections

the analysis of TA-FD data. Using a technique similar to that successfully used at
the Pierre Auger Observatory [9], we superimpose views of the same sky region
as observed by the EUSO-TA PDM and the TA-FD telescope. Precise alignment of
EUSO-TA with TA-FD is possible by comparison of bright star trajectories crossing
the field of views of both EUSO-TA and TA-FD.

The absolute night sky background flux observed by the two instruments looking
toward the same sky direction (normalized to equal solid angle) provides a valuable
tool for cross-calibration. In fact, an overlap of light curves from the diffuse com-
ponent measured by two independent telescopes demonstrates the accuracy of the
pixel-to-pixel variation correction.

One of the appealing features of this project is that EUSO-TA acquires data while
running simultaneously with TA but without causing any interference with TA-FD
operations. This offers the possibility to monitor the gain of individual camera pixels
in realistic working condition, in which background flux can induce gain shifts. This
monitoring can take place during the whole acquisition period, thus allowing detec-
tion of any eventual gain drift as well as verification of the linearity of pixel response
in the range of variation of the night sky background.

Another advantage of the proposed method is that it allows eliminating completely
any possible systematic error in relative calibration, particularly those induced by
vignetting effects of the telescope optics at large off-axis angles. In fact, the whole
telescope field of view can be compared in turn to the same reference instrument with
a scan from the center to the periphery (if required). So, independent measurements
of the night sky background flux can effectively be used as a general non-invasive



Exp Astron

tool to verify the calibration of telescopes with large field of view and multi-pixel
cameras.

Once the PDM is fully calibrated, the optics response can be characterized. In
particular, the alignment, point spread function and lens transmitting efficiency can
be measured and assessed with usual methods.

3.3 Cross-calibration using TA calibration facilities

The EUSO-TA telescope was installed at Black Rock Mesa (BRM) Station, about
100 m from the Electron Light Source (ELS). The ELS is a compact electron linear
accelerator with a typical output of 109 electrons per pulse at 40 MeV, fired vertically
in front of the detectors. It excites the atmosphere in a similar way to EAS, causing
emission with the same spectrum, thus serving calibration purposes [10]. The second
tool which will be used for cross-calibration of the detectors is the Central Laser
Facility (CLF), distant from EUSO-TA by about 21 km. The CLF shoots vertically a
laser of 355 nm wavelength in front of the detectors [11]. Both facilities are within
the field of view of EUSO-TA.

3.4 Shower observation in coincidence

Figure 7 shows the location of the surface detectors (SDs) along the field of view
of EUSO-TA. In the region contained within the dashed line, data obtained by TA-
SD are also available and, therefore, extensive air showers landing in this region are
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Fig. 7 Surface detector map near the BRM (Black Rock Mesa) station.The green area shows the EUSO-
TA field of view. The red area shows the TA-FD field of view. EUSO-TA observes a part of the TA-FD
field of view. On that direction, there are also the ELS station and CLF station of TA
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the most useful events. For these events we expect the trigger to be issued by the
TA-FD.

Figure 8 shows, from a detailed Monte Carlo simulation, the number of photo-
electrons per 2.5 μs from 1018 eV showers with θ = 45◦ as a function of horizontal
and vertical distances from BRM. The horizontal axis at the top represents the num-
ber of events per year within a threshold distance. The field of view of EUSO-TA is
depicted as a sector viewing at a 25◦ elevation. The signal intensity Npe, is evaluated
using the following approximate formula:

Npe ≈ Ne · FY · Tatm · Aopt εdet

4πr2
· c · tgate (1)

where Ne is the number of electrons on the shower axis at a distance r from the
EUSO-TA telescope, FY is fluorescence yield, Tatm is the atmospheric transmittance
along the line of site and tgate is gate time. Aopt and εdet are the effective aperture of
the optics and overall detection efficiency of the MAPMTs, respectively.

The rate of events landing ∼ 3 − 4 km from EUSO-TA (depending on the incli-
nation angle), yielding more than 400 photoelectrons, is about 5 per year, while
those landing around 9 km from the detector yielding about 100 photoelectrons are
more frequent, about 50 per year. In the present estimation, we assume the UHECR
spectrum reported by TA group at ICRC2011 [12] and a duty cycle of TA of ∼ 10 %.

Figure 9 is a simulated example of an event distant from the detector by ∼ 3 km
(showing the images obtained by EUSO-TA and TA-FD). As the overall field of view
of TA-FDs covers 3◦ − 31◦ in elevation, setting EUSO-TA elevation angle to ∼ 25◦
allows a direct cross-calibration using events with well-reconstructed geometries.

Fig. 8 Expected signal intensity (pe/2.5μs) from 1018eV showers from θ = 45◦ as a function of hor-
izontal distance and vertical distances. For the shower at the 6 km distance, we can observe about 200
pe/2.5μs
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Fig. 9 A simulated example of an event close to the detector, yielding around 400 photoelectrons. The
left windows show the pixel view of TA-FD and EUSO-TA

Moreover, EUSO-TA is capable of resolving the lateral distribution with tens-of-
meter resolution when observing the EAS part close to its core. This will enable us
to determine the lateral distribution near the core, complementing the SD measure-
ments at several hundred meters to a few kilometers from the core. As the shower size
which longitudinal development is measured by TA-FD is dominated by the parti-
cles near the core, such additional information will help to investigate the systematic
uncertainties in energy scales of the SD relative to the FD measurements. We will
also compare the data of EUSO-TA and TA-FD as well as signals from ELS and CLF.

4 Initial test at RIKEN

We have carried out initial tests of the integrated EUSO-TA at RIKEN institute,
Wako-shi, Japan. The test setup included a focal surface consisting of two PMTs,
the readout electronics, data acquisition and analysis software. First, we checked the
apparatus response to an LED. All the components behaved as expected, properly
sending and receiving internal commands and data allowed for storing and analysing
the results. The apparatus demonstrated the expected reduction in the number of reg-
istered photoelectrons with increasing acceptance threshold. Also, the signal of the
proper working range of the LED light, below the saturation level of the counting
mode, has been obtained.

The second stage was a test of the apparatus behaviour in real conditions. The
focal surface was integrated with the EUSO-TA lenses and pictures of the night sky
were taken. Additionally, we tested the telescope response to a variable source. A
moving UV laser spot was displayed on the wall in front of the detector and the
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standard acquisition lasting a few seconds was performed. Analysis of the results
show an increase followed by a decrease of the photon counts as the spot of the laser
was moving in and out of the field of view (Fig. 10).

5 Initial test at TA site

We have installed the lenses of the telescope at TA site. To check the optics, we placed
a simple detector in the focus. The detector consists of one EUSO-TA MAPMT and
one Front-End ASIC. These are the same components as in the EUSO-TA electron-
ics, and we were able to measure the luminosity using the photon counting method.
We observed the night sky background with half moon, which was out of the field of
view. We recorded 10 - 20 counts/2.5 μs (Fig. 11). This uncalibrated value is consis-
tent with expectations for the night sky background in presence of moon [13] being
10-30 photons per EUSO-TA pixel depending on the exact pointing and the time of
data taking.

6 Next steps

In near future we will start the final procedure of cross-calibration with the TA-
FD telescope. This requires assembly of the whole focal surface consisting of 36
MAPMTs, initial tests of the detector response, and final tests under working condi-
tions. Before the cross-calibration, we will need to perform an auto-calibration and
fine-tuning of the detector to ensure the consistency in photoelectron counts between
different parts of the focal surface. The next step will be to perform measurements
of the night sky background and star light in different parts of the field of view and

Fig. 10 The light curve (number of photoelectron counts vs time) of a ∼ 1 minute observation of a spot
from a moving laser projected on a wall for a single pixel. The spot was periodically entering and exiting
the field of view. The detector was not calibrated, therefore the photoelectron counts values presented are
arbitrary
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Fig. 11 Result of the measurement of the night sky background for various elevation angle

check consistency with models and calculation. After completion of these tasks we
shall be able to acquire data simultaneously with the TA experiment and perform a
meaningful comparison.
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P. Bobikja , M. Bogomilovaa , M. Bonamentemd , M.S. Briggsmd , S. Brizkd , A. Brunoda , F. Cafagnada ,
D. Campanadf , J-N. Capdeviellebc , R. Carusodc,dn, M. Casolinoew,di , C. Cassardodk,dl , G. Castellinidd ,
C. Catalanobd , O. Catalanodh,dn, A. Cellinodk,dm, M. Chikawaed , M.J. Christlmg , D. Clineme ,
V. Connaughtonmd , L. Contido, G. Corderoga , H.J. Crawfordma , R. Cremoninidl , S. Csornamh,
S. Dagoret-Campagneba , A.J. de Castrokd , C. De Donatodi , C. de la Taillebb , C. De Santisdi,dj ,
L. del Peralkc , A. Dell’Orodk,dm N. De Simonedi , M. Di Martinodk,dm, G. Distratiscd , F. Dulucqbb ,
M. Dupieuxbd , A. Ebersoldtcb , T. Ebisuzakiew , R. Engelcb , S. Falkcb , K. Fangmb , F. Fenucd , I. Fernández-
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