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In order to unveil the mystery of ultra-high energy cosmic rays (UHECRs), JEM-EUSO (Extreme
Universe Space Observatory on-board Japanese Experiment Module) will observe extensive air
showers induced by UHECRs from the International Space Station (ISS) orbit with a huge acceptance. To discuss the origin of UHECRs precisely with the observed results, it is essential to
calibrate the detector pre-flight with utmost precision.
The technical readiness level of JEM-EUSO is demonstrated with several pathfinder missions,
e. g. EUSO-Balloon, EUSO-TA, and Mini-EUSO. These pathfinder missions also provide the
perfect environment to investigate the capability of new state of the art photo sensors based on
Geiger mode avalanche photodiodes (G-APDs), so called silicon photomultipliers (SiPMs). A
first concept design for a JEM-EUSO elementary cell based on SiPMs is presented to be used
with one of the pathfinder experiments. For the case of EUSO-TA comparison studies have been
performed for MAPMT- and SiPM-response to fluorescence light.
To absolutely calibrate and characterize different types of photo sensors, an universal calibration
and test setup is built at the Karlsruhe Institute of Technology (KIT). It consists of a photon shielding dark box (1.5 m × 1 m × 1 m), a diffuse uniform light source with a calibrated optical output
and several readout electronics for MAPMTs and SiPMs. The light source can be used in singlephoton mode (pulsed light) and other modes, ranging from a few tens of photons to continuous
light. The spectral output is around (377 ± 6) nm. Further wavelengths will be implemented with
respect to the emission lines of the nitrogen fluorescence spectrum.
Former measurements with SiPMs have shown a temperature dependence of dark count and gain.
Therefore, a temperature control has been implemented into the setup. With this the photo detection efficiency of various photo sensors can be measured for different wavelengths and temperatures. The present status of the calibration and test setup as well as of the design and comparison
studies with SiPMs will be reported.
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1. Introduction

2. Concept of a SiPM-based elementary cell
The new SiPMs have, compared to the classic PMTs, similar PDE and additional advantages
like a better time resolution, a more compact structure, and a low operation voltage [4]. These
features make SiPMs a possible photodetector for new space-based astroparticle observatories.
A promising candidate for a SiPM-based focal surface is the new 64-pixel TSV-MPPC (through
silicon via multi-pixel photon counter) array series from Hamamatsu [5]. The feature of this new
kind of SiPMs is that the anode and cathode are wired through the substrate. This technique allows
to reduce the dead space between two pixels from 3 mm to 0.2 mm so that there is no more need to
mount Winston cones to increase the active area.
A CAD design of a SiPM-based EC prototype was made and 3D-printed (Figure 1). The
TSV-MPPC candidate fits into the former design of the MAPMT-based EC. With this it is possible
to create a plane PDM focal surface with MAPMT-ECs and TSV-MPPC-ECs side by side. This
will be used to compare the performance of both, in experiments like Mini-EUSO, EUSO-TA
and EUSO-Balloon. Because of the reduced size and lower mass of TSV-MPPCs compared to
MAPMTs, the SiPM-EC could host an additional board for temperature measurement or amplifiers.
2.1 Temperature dependent measurements
The behavior of the TSV-MPPCs at low temperatures is not well known. For a future use
of these devices in space, this has to be studied. Several efforts are made at KIT to investigate
the performance of TSV-MPPCs at different temperatures. For data acquisition of the temperature measurement, we use a Raspberry Pi B+ and a combined temperature and humidity sensor
(AM2303), with communication via the I2 C protocol. Several sensors are attached to a testing
2
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The JEM-EUSO mission aims for the space-based UV-fluorescence detection of ultra-high
energy cosmic rays (UHECRs), using Earth’s atmosphere as a calorimeter, measuring fluorescence
light and Cherenkov light emitted by UHECR-induced extensive air showers (EASs). The main
goal of the mission is to deepen the understanding of the cosmic ray flux spectrum above energies
of 5 × 1019 eV, where the extragalactic component is supposed to be dominant. Further scientific
goals are the identification of sources and source regions for UHECRs. JEM-EUSO will make
use of the multi-messenger approach examining neutrinos, γ-rays, the galactic magnetic fields,
meteors, meteoroids, and Earth’s atmosphere [1, 2].
One of the pathfinder experiments for JEM-EUSO, namely EUSO-TA, provides a suitable
environment to investigate the capability of silicon photomultipliers (SiPMs). EUSO-TA consists
of one photo-detector module (PDM = 6 × 6 MAPMTs divided in 9 elementary cells) and two
Fresnel lenses [3]. It is placed in front of one of the fluorescence detectors of the Telescope Array
(Utah, USA). With its field-of-view of 11◦ , it is facing an electron light source and a LIDAR, for
relative on-site calibration. To test SiPMs there, a first concept of an elementary cell (EC) based
on SiPMs was designed (Section 2). Further, comparison studies were performed to evaluate the
response of current MAPMTs and SiPMs to fluorescence light (Section 4).
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device for single-pixel TSV-MPPCs and can measure the temperature with an accuracy of ±0.3 ◦C
and humidity with ±2 % respectively, both with a sampling period of two seconds.
To cool down the TSV-MPPCs, a cold chamber and a modified freezer with a special no-frost
technique is being prepared (Figure 2 left). The cold chamber is able to cool down to −60 ◦C and
to program different temperature schedules. For these measurements we use a 3D-printed testing
device that is coated with black flock paper as shown in Figure 2 right. The device is able to read
out all the Hamamatsu TSV-series versions (2 × 2 mm2 , 3 × 3 mm2 , and 6 × 6 mm2 ). Investigating
the 3 × 3 mm2 TSV-MPPCs is of special interest, as this type is equal to one pixel from the 64 pixel
array, our candidate for the SiPM-based EC. We started measuring the dark current and the dark
noise of TSV-MPPCs in the cold chamber to compare the results with the characteristics of the old
ceramic packed MPPCs. Their performance is suitable for our needs and was well examined in the
past. However, their packaging does not allow a focal surface without gaps.
Since the cold chamber is not light-tight, it is not a suitable environment for absolute measurements. Therefore we are converting a small freezer to put it into the calibration stand and run the
measurements mentioned in Section 3 at different low temperatures.
2.2 SiPM readout
Currently we are using a modified version of the Hamamatsu C12332 evaluation board for
readout and connect it to a DRS4 evaluation board1 . For data acquisition we are working on a
command-line program. The program is ready to receive and process all four channels of the
DRS4 board. Further features are: setting trigger-levels, having a free-running mode, changing the
sampling rate and shifting the voltage range. Data can be saved in compressed .csv-files and in
ROOT format.
Our next step is to integrate the modification of the bias voltage in order to stabilize TSVMPPCs with respect to small temperature fluctuations. To distinguish signal from noise when using
1 http://www.psi.ch/drs/evaluation-board
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Figure 1: Left: Layout of the 64 pixel TSV-MPPC array S12642-0808PB-50. The geometrical dimension
of four arrays fits with the former MAPMT-EC design [5]. Right: First prototype of a SiPM-based EC.
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SiPMs, there is also work ongoing to create a python-based peak-finding algorithm specialized for
the peculiarities regarding crosstalk and afterpulses of SiPMs.
A prototype of a readout board for single pixels is in production. It includes an adjustable
bias voltage, ports for three different types of single-pixel TSV-MPPCs, an amplifier, an integrated
readout for energy measurements, and a fast readout to study the time resolution. As power source
the MPPC power supply module C11204-01 is used. This module can output up to 90 V and
contains the possibility to regulate the bias voltage on-the-fly. This is used to compensate for
temperature fluctuations with a resolution of 1.8 mV steps via a serial interface.

3. Calibration
To reliably estimate the energy of the primary particle from the EAS’s UV-light signal, the
detectors have to be calibrated in an absolute way in single-photon mode, with the highest precision
possible. This is even more important for the space-based observation of EAS, where access to
the detector is not given during the mission time. In the case of JEM-EUSO the focal surface
will consist of MAPMTs or SiPMs, which have to be sorted pre-flight, according to their photo
detection efficiency (PDE).
3.1 Calibration stand
For the calibration and sorting of the detectors, a calibration stand for single-photon generation
and detection was built at the Institute for Nuclear Physics (IKP) at Karlsruhe Institute of Technology (KIT). It is based on a calibration stand built at APC (Paris) [6, 7]. It consists of a reference
light source, the detector, photon shielding and readout electronics.
A schematic view of the set-up can be seen in Figure 3 left. Inside the photon shielding the reference light source is located. The UV-light (≈ 377 nm) from the LED-array is diffusely reflected
inside the integrating sphere. The sphere’s inside is made of PTFE (Polytetrafluoroethylene) which
reflects 98 % of UV-light in the region of 300 – 430 nm.
The integrating sphere works as a beam splitter and a diffuser. Both exit-ports emit the same
number of photons NSphere . This is measured at one exit-port with a NIST-calibrated photodiode
4
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Figure 2: Left: Cold chamber from KIT-IPE for non-lightcalibrated measurements and modified freezer
under construction. Right: Testing device to analyze single-pixel TSV-MPPCs of different sizes includes
temperature and humidity sensor and one part of the modified Hamamatsu evaluation board. The photon
shielding is surrounding the TSV-MPPC socket, overlapping the corners, to be light-tight.
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(Photodiode 1 ). The collimator at the second exit-port reduces the photon flux from the exit-port.
This is necessary because the light source will illuminate photo sensors with a gain around 106
bigger than the gain of the photodiode.
The optical output of the light source is measured by a second NIST-calibrated photodiode
(Photodiode 2 ) as the number of photons N that are emitted by the light source. The ratio of
both photon numbers gives the collimator factor R of about 10−6 . Because of the low gain of
the photodiode and the strong collimator reduction, the whole LED-array is set to continuously
emit light. The collimator factor R only depends on the collimator geometry and is measured very
precisely with both photodiodes. The number of photons N can be calculated via the measurements
of the number of photons inside the sphere. As a result the number of emitted photons N is known.
3.2 Calibration process
For high-gain detectors in front of the reference light source, only one LED of the LED-array
is used while being pulsed by an LED-driver. A very low number of photons is emitted by the LED
per pulse. The light source itself is aligned with the photo sensor and every single pixel (MAPMT:
2.88 × 2.88 mm2 ; MPPC: 3 × 3 mm2 ) will be scanned one by one. The exit hole of the collimator
has a diameter of 0.5 mm. With a distance of roughly under 2 mm we are sure that all photons that
exit the collimator actually hit the sensitive detector area.
MAPMTs: The signal chain for MAPMTs is shown in Figure 3 right. The pulsing signal is duplicated and used to generate a gate signal for the data acquisition system. With the right timing
via some delays, the charge-integrating analog-digital-converter (QADC) is only sensitive to inputs from an MAPMT when the gate signal is given, i. e. measurements are only taken when the
MAPMT is illuminated by a light pulse. The QADC is controlled by a PC via a VME-controller
which reads out the data. The computer also controls the multiplexer and the translation stages for
positioning of the light source. The number of detected photons by an MAPMT pixel is NPMT .
The ratio of NPMT with the total number of photons sent to this pixel gives the photon detection
efficiency of the MAPMT pixel. It is a product of the probability of the photo-cathode to emit an
electron and the probability of that electron to reach the first dynode and to be multiplied. This
5
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Figure 3: Schematic view of the calibration process. Left: The experimental set-up of the photon shielding
(2 × 1 × 0.9 m3 ), the light source and the examined detector is shown. All ports on the integrating sphere are
perpendicular to each other in the real set-up. Right: Schematic view of the signal chain of the on-ground
calibration stand at KIT for MAPMTs.
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whole process is described by Poisson statistics. This can be seen when recording a single photoelectron spectrum for single pixels. A schematic histogram of the measured QADC values is
shown in Figure 4 left. Around the zero photoelectron peak (0 pe peak) there are dark counts of
the MAPMT. This value is called the pedestal. At higher QADC values a one photoelectron peak
(1 pe peak) is present. The values there correspond to one measured photoelectron. The resulting
spectrum is a superposition of 0 pe, 1 pe, 2 pe, ... peaks.

The ratio of the total number of 0 pe counts to 1 pe counts should be higher than 50. This
assures that less than 1 % of counts from a 2 pe peak are wrongly counted as 1 pe counts. That is
an acceptable level for calibration. The gain can be calculated via the separation of the 0 pe and
1 pe peaks. The efficiency is given by the total number of events corresponding to 1 pe. The lower
threshold for events counting as a 1 pe event is usually set in the valley between the first two peaks
or at the 1/3 pe level.
SiPMs: In the case of testing SiPMs, the QADC conversion rate is not able to keep up with the
high signal rate. Therefore, the DAQ is substituted with a DRS4 evaluation board, manufactured
by PSI (Paul Scherrer Institut). This board is essentially a fast and compact oscilloscope (0.7 GSPS
to 5 GSPS) connected to a PC via USB. Since the intrinsic dark count rate of SiPMs is in the range
of a few MHz at room temperature, and there is also a lot of optical crosstalk and thermal noise
polluting the spectrum, a determination of the efficiency via the single photoelectron spectrum
alone does not work [9]. For SiPMs the detection of photons follows Poisson statistics. From
that the possibility to detect a photon can be expressed via the possibility to not detect any photon
(pedestal) and the possibility to detect noise. A dark spectrum and a light spectrum (up to 4 pe
to 10 pe level) have to be measured. Integrating the pedestals of both spectra gives the number of
dark and N ). The number of traces (dark spectrum) and respectively
events in the pedestals (Nped
ped
dark and
the trigger counter (light spectrum) provide the number of all events in each spectrum
tot
 (N



dark
Nped
Nped
Ntot ). The number of detected photons can be calculated [9]: npe = −ln Ntot + ln N dark . The
tot
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Figure 4: Left: Schematic sketch of a single photoelectron spectrum with two Poisson-distributions for the
zero and one photoelectron peak. The separation of both peaks gives the gain of the detector. The area
under the 1 pe peak gives the efficiency of the detector (adopted from [7]). Right: Fluorescence spectrum of
nitrogen at 800 hPa and 293 K with an overlay of UV-LED optical outputs (N-spectrum adopted from [8]).
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efficiency of the SiPM is given by the ratio of the detected photons npe versus the number of single
photons sent on the device.
Spectral light source For the purpose of a more versatile calibration set-up a new LED-array was
designed, to have the possibility of quantum efficiency measurements with different wavelengths.
The resulting light source is a spectral light source covering the spectral range of 310 nm to 425 nm
with several LEDs (Figure 4 right).

As already seen, the fluorescence spectrum has the main peaks in the range 310 nm to 430 nm.
MAPMTs and SiPMs have different wavelength sensitivity ranges. Indeed the sensitive range for
MAPMTs is 280 nm to 650 nm, while for SiPMs it is 320 nm to 900 nm. In Figure 5 the overlay of
the sensor efficiencies with the fluorescence spectrum2 versus wavelength are shown.

Figure 5: Left: Overlay of the MAPMT efficiency (Hamamatsu R11265-00-M64 prototype (2009)) with the
nitrogen fluorescence spectrum versus wavelength. The blue area denotes the convolution of the N-spectrum
with the MAPMT efficiency. It gives an estimation for the amount of signal that can be seen by the detector.
Right: Same overlay for the SiPM efficiency (Hamamatsu MPPC s12642 (2014)). The first peak of the
fluorescence spectrum can not be measured.

To test what the detector’s response in front of an EAS would be, some simulations have been
done considering SiPMs instead of MAPMTs. They are made using the analysis and simulation
framework Offline, created for the Pierre Auger Observatory [10] and then adapted to the needs of
the JEM-EUSO experiment [11].
In Figure 6 some preliminary results of the comparison between MAPMTs and SiPMs are
shown. A vertical shower with energy 1020 eV is simulated at about 20 km distance in front of
EUSO-TA. The histogram on the left shows the number of photons arriving at the focal surface,
to which the PDE of a MAPMT is applied, overlaid with the total number of photons at the focal
surface (ratio of 28.88 %). The histogram on the right shows the same, but for the PDE of a SiPM
(ratio of 24.67 %). In the case of the SiPM it is evident that the photons from the first peak of the
2 http://www.auger.org/technical_info/design_report.html
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4. Comparison of MAPMT versus SiPM for EUSO-TA
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fluorescence spectrum are not detected. MAPMTs seem to be slightly better than SiPMs. However,
if the sensitivity range of SiPMs is improved, they would be probably better than MAPMTs.
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Figure 6: Left: Photons arriving at the focal surface as a function of their wavelength overlayed to the same
photons to which the PDE (quantum efficiency multiplied by the collection efficiency, evaluated as 80%) of
a MAPMT (Hamamatsu R11265-00-M64) is applied. Right: The same, but applying the PDE of a SiPM
(Hamamatsu S1036211100).

