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Abstract: 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. Calibration of the JEM-EUSO
instrument, which consists of Fresnel optics and a focal surface detector with 5,000 multi-anode photomultiplier
tubes (MAPMTs), 300,000 channels in total, is very important to discuss the origin of UHECRs precisely with
the observed results. The performance of the detector should always be monitored on orbit. Since the on-board
resource is very limited, on-board calibration is in principle a relative one. For that purpose, a few uniform light
sources with UV-LEDs and integrating spheres will be settled along the edge of the lens facing the focal surface
(FS). Very uniform light is available thanks to the integrating sphere and the light intensity will be monitored in
real-time by a photo diode attached to each sphere. The same light sources will be put along the edge of the FS and
will illuminate the entrance pupil to monitor the transmission of the optics. The performance of the detector itself
and the optics will be measured in the ISS days as required. The present development status of the calibration
device will be reported together with the expected performance.
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reference light source

1 Introduction
The Extreme Space Observatory on-board the Japanese Ex-
periment Module (JEM-EUSO) is an UV-fluorescence tele-
scope that will be installed at the International Space Sta-
tion (ISS) in 2017 [1]. The JEM-EUSO telescope consists
of three Fresnel lenses and a focal surface (FS) and has a
field of view of 60◦. From the ISS-orbit (≈ 400km altitude)
the JEM-EUSO telescope will be able to observe a surface
area of around 1.4×105 km2. The FS consists of roughly
5,000 Multi-anode photomultiplier tubes (MAPMTs) of
which each has 8×8 pixels and is glued with an UV-filter
that transmits UV-light from 330−400nm. Four MAPMTs
form one elementary cell (EC) and nine ECs form one pho-
todetector module (PDM). 137 of these PDMs form the
whole FS of the telescope.

The main function of the JEM-EUSO telescope is the ob-
servation of extensive air showers (EASs) induced by ultra-
high energy cosmic rays (UHECRs) with energies above
5×1019 eV [2]. The main component of EASs are electrons
which excite Nitrogen molecules of the atmosphere and
thus produce isotropic fluorescence light. The particles in
EASs also travel faster than the speed of light in air and thus
produce Cherenkov light directed towards the Earth. The
ultraviolet fluorescence light as well as reflected and scat-
tered Cherenkov light will be detected by the JEM-EUSO
telescope.

To estimate the energy of the primary particle the flu-
orescence yield from electrons which has been measured
formerly [3] will be used. Furthermore there are also sev-
eral quantities related to the detector itself [4]: quantum effi-
ciency and collection efficiency of the detector, probability

for a photon to be contained in a pixel, transmission of the
Fresnel lens system and of the optical filter, trigger efficien-
cies of the electronics, atmospheric transmission and the
aperture of the telescope.

These quantities have to be measured very precisely be-
fore the mission start and have to be monitored throughout
the whole mission to have a good understanding of the de-
tector performance at all times. Therefore several systems
will be used: pre-flight calibration [4], on-board calibration,
in-flight calibration with external light sources [5] and an
on-board atmospheric monitoring system (AMS) [6]. The
AMS will be attached to the telescope and will consist of an
IR-camera [7] to measure the cloud coverage in the field of
view and an UV-laser to measure the height of these clouds.
The other three subsystems are included in the calibration
system of JEM-EUSO.

2 Calibration system
The calibration system consists of three subsystems that are
prepared by collaborators from Japan, Germany, France,
United States of America, Italy and Mexico. Since an abso-
lute calibration is very difficult to maintain for the whole
mission time of JEM-EUSO, it is imperative to monitor
changes in the detector. Therefore the on-board calibration
system will be used to do a relative calibration of the detec-
tor with respect to the absolute pre-flight calibration [4]. It
is also planned to use external light sources like the Moon
for further in-flight calibration [8]. There will also be on-
ground lasers to check the trigger efficiency and the error in
the reconstruction of the arrival direction. Xe-flashers will
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be used in combination with the AMS devices to measure
local atmospheric conditions, e. g. absorption of photons in
the atmosphere.

2.1 On-ground reference light source
In order to measure changes in the detection efficiency
of the JEM-EUSO detector a reference light source with
known optical output is needed. Therefore a prototype on-
ground reference light source was built. It consists of a 3-
port 13.5cm (5.3inch) diameter integrating sphere, with
two 2.54cm (one inch) exit-ports and a 6.35cm (2.5inch)
entrance-port. An UV-LED-array is mounted light-tight to
the entrance-port and a NIST-calibrated photo diode and a
collimator are mounted light-tight to the exit-ports (Fig. 1).

The UV-light (≈ 375nm) from the LED-array is dif-
fusely reflected inside the integrating sphere and distributed
uniformly over the inner surface of the sphere. The sphere’s
inside is made of Spectralon [9] which reflects 98% of UV-
light in the region of 300−430nm. The integrating sphere
behaves as a beam splitter and a diffuser. The fraction of
photons leaving the sphere from one port is proportional
to the area of the port itself [10]. Therefore both exit-ports
emit the same number of photons NSphere. This is measured
at one exit-port with a NIST-calibrated photo diode (Photo
Diode 1). The collimator at the second exit-port is there to
reduce the photon flux from the exit-port. This is necessary
because the light source will illuminate MAPMTs and their
gain is around a factor of 106 bigger than the gain of the
photo diode.

The optical output of the light source is measured by a
second NIST-calibrated photo diode (Photo Diode 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
photo diode and the strong collimator reduction the whole
LED-array is set to continuously emit light. Because the
collimator factor R only depends on the collimator geometry
and was measured very precisely with the second NIST-
calibrated photo diode, the number of photons N emitted
by the reference light source can be calculated via the
measurements of the number of photons NSphere inside the
sphere. With this the number of emitted photons N is known
and the light source can be used to illuminate one or more
MAPMTs. For high-gain sensors in front of the reference
light source, only one LED of the LED-array will be used
while being pulsed by a LED-driver. Then the number of
detected photons by this sensor is NPMT.

With this set-up the number of photons emitted by the
reference light source can be calculated via the collimator
factor and the signal from the first NIST-calibrated photo
diode. The ratio of the number of photons detected by the
pixels of the MAPMTs and the total number of photons
leaving the reference light source at the collimator gives the
detection efficiency of every pixel of the MAPMTs. The
gain can be obtained by measuring the single photo-electron
spectra of every MAPMT [4].

2.2 On-board calibration system
The on-board calibration system will be installed into the
JEM-EUSO telescope to monitor changes in the detection
efficiency of the detector and in the transmission of the op-
tics. This calibration will be relative to the absolute calibra-
tion that was done pre-flight. The on-board system will con-
sist of several small identical diffuse light sources that will
be placed at different locations inside the telescope (Fig. 3).
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Figure 1: Sketch of the on-ground reference light source.
The number of photons before and after the collimator
is measured via two NIST-calibrated photo diodes. The
emitted number of photons by the reference light source
is calculated via the signal from the first NIST-calibrated
photo diode.
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Figure 2: Schematic view of the on-board light source. The
light source consists of one ore more UV-LEDs, a monitor
photo diode, LED driver electronics, readout electronics
and an interface circuit to a cluster control board (CCB).

The on-board light sources will be built with an inte-
grating sphere with a diameter of 2.54cm (one inch), one
or more UV-LEDs with 300−430nm, a LED driver and a
NIST-calibrated photo diode to monitor variations of the
light intensity (Fig. 2). The coating on the inside of the inte-
grating sphere will be Spectralon. The optical output from
one source will be a Lambertian distribution with a max-
imum emitting angle from the optical axis of the source.
This maximum angle is dependent on the shape and size of
the pinhole that will be put on the exit-port of the sphere.
The on-board light sources will be characterised pre-flight
with the on-ground calibration system shown above.

To measure the detector calibration change, several
identical diffuse light sources will be placed at the edge
of the third Fresnel lens to achieve a direct illumination
of the FS (Fig. 3 (a)). The intensity will be set to single
photo-electron mode and the relative change of the detection
efficiency will be measured while the gain of the MAPMTs
will be measured absolutely. The threshold level for the
counting will be adjusted if a large variation in gain is
found.
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Figure 3: On-board calibration system. Diffuse UV-light sources made of integrating spheres will be set at the position
shown in the panels (a) and (b), and the time variation of the efficiency of the optics and the detector will be monitored. (a)
Several light sources will be set along the edge of the rear lens to illuminate the focal surface (FS) directly. The relative
change of the detector efficiency will be taken. (b) Four light sources are placed along the edge of the FS to illuminate the
rear lens. The light is reflected back at the diffusing surface on the lid and is detected by the focal surface detector. Here,
convolution of the efficiency of the optics and that of the detector will be obtained.

The efficiency of the optics will be measured with iden-
tical light sources placed at the edge of the FS facing the
rear side of the third lens (Fig. 3 (b)). The UV-light from the
light sources will pass the optics, be reflected at the diffuse
lid (sand-blasted Aluminium) and pass the optics a second
time. The MAPMTs at the FS will detect a fraction of the
emitted photons. The time variation of the performance of
the optics and the detector will be obtained at the same time
in this measurement. Changes in the optical system can be
obtained after subtracting the degradation of the detector.

2.3 Expected performance
In order to gain a better understanding of the requirements
for the on-board calibration system, raytracing simulations
where made for the direct illumination and the illumination
through the optics. The goal was to achieve a very uniform
illumination pattern on the FS. For both cases different
set-ups were used. The required intensities for the sources
were estimated to operate the on-board system in the single
photo-electron regime.

Direct illumination: Four light sources were placed
at the centres of the four edges of the rear lens. Each
light source faced the FS and had a Lambertian optical
output. The maximum emitting angle from the optical
axis of the source was set to 60◦. The inclination of the
optical axis of the source from the optical axis of the
telescope was set to 50◦. The resulting illumination pattern
is very uniform (Fig. 4). Additional simulations where done
with a single source failing, resulting in a non-uniform
illumination pattern on the FS. However the resulting ratio
of the intensity was about a factor of two and is still
acceptable for the on-board calibration. With four light
sources, the on-board calibration with direct illumination
will be redundant.

Illumination through optics: For this simulation one
light source was placed at the centre of the bottom edge
of the FS facing the rear lens. The optical output of this
source was again a Lambertian distribution. The maximum
emission angle was narrowed to 10◦. Therefore a suitable
pinhole will be designed. The inclination of both optical
axes was set to be 10◦. The material of the lenses is PMMA
with the respective optical properties. The reflectivity of
the diffusive lid was set to 50%. The resulting illumination
pattern on the FS is composed of three bunches at different
arrival times (Fig. 5). The first two bunches result from

reflections at the rear and middle lenses. The last bunch
is a superposition of reflections at the front lens and the
lid. Raytracing showed that photons which were reflected
only from the lid create a diffuse image on the FS. A
discrimination of these photons is not possible, however
one can choose photons that arrive near the center of the FS.
These have a higher probability to have been reflected only
by the lid.

Light source intensity: First the light intensity estima-
tion for the direct measurement will follow. A typical UV-
LED with light emission at 380nm and an optical output
power of 1mW is attached to an integrating sphere with a
diameter of 25mm and Spectralon coating. The exit-port
of the sphere is a pinhole of 1mm diameter. The resulting
light intensity follows from [10]:

Φ = Φi ·
Aport

Asphere
· ρ

1−ρ

(
1− ΣAport

Asphere

) · sin2
θ ,

with the input flux Φi, the exit-port area Aport, the internal
sphere area Asphere, the reflective index ρ and the emission
angle θ of the port. With the reflective index ρ = 0.98 for
Spectralon and an emission angle of 60◦ (Lambertian dis-
tribution), one source will emit about 1013 photons/s. The
raytracing simulation results (Fig. 4) gave approximately
3×10−4 photons/PMT for the detection probability on the
FS. Combining these two results gives for the number of
photons per pixel (px) and gate time unit (GTU= 2.5 µs):

1013 ×3 ·10−4 ph
64px

×2.5 ·10−6 1
GTU

= 120
ph

GTU ·px
.

A conservative assumption of 20% for the detector detection
efficiency results in 24 p.e./GTU/px. In order to avoid
overlapping of single photo-electron pulses we require
≈ 1 p.e./GTU/px. This can be achieved by reducing the
intensity of the LED via the LED-voltage or the reduction
of the duty cycle via the LED driver. For higher intensities
(> 300 p.e./GUT/px) one LED with 1 mW is not enough.
Here a more powerful LED (15 mW) or several LEDs are
necessary.

The light intensity estimation for the optics transmittance
is similar to the estimation above with a 1mW LED. Here
the emission angle was reduced to 10◦ and the detection
probability was reduced to about 10−7 ph/GTU/px. This
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Figure 4: Light intensity distribution on the focal sur-
face (FS) with four light sources at (0mm,±945mm) and
(±1320mm,0mm). The upper left panel shows the 2-
dimensional distribution. The colour scale shows the photon
detection probability in a 1cm2 area, when the light sources
emit one photon. The upper right panel shows the projected
histogram of a vertical 5cm wide stripe at x=0. The vertical
axis shows the probability of a photon reaching a 5×1cm2

area. The lower left panel shows the same histogram for a
horizontal 5cm wide stripe at y=0.

leads to 0.025 p.e./GTU/px that are detected. For this cal-
culation, the photons which hit the wall were assumed to
be absorbed completely. In the real case with a finite reflec-
tivity of the walls, the discrimination of reflected photons
from the lid becomes very difficult.

3 Summary
The calibration system of JEM-EUSO with the focus on the
on-board calibration was presented. The on-board calibra-
tion is very important to monitor changes in the detector
throughout the whole mission time. It consists of several
UV-light sources that are placed at different positions in-
side the telescope. Raytracing simulations have pointed out
that the direct illumination of the focal surface produces
a very uniform illumination with four light sources. The
calibration can still be continued if one light source fails.
The indirect illumination through the optics needs further
investigation. Furthermore other configurations like a light
source on the lid will be studied in detail. Intensity calcu-
lations showed that the desired photo-electron/GTU levels
can be achieved with 15mW LEDs. After completion of the
light source prototype it will be tested with the on-ground
calibration device.
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Figure 5: Light pattern on the focal surface (FS) for the
optics transmittance measurement configuration. The upper
left panel shows the 2-dimensional illumination pattern on
the FS, the upper right projection along y-axis and the lower
left projection along x-axis, as described before. The lower
right panel shows the arrival time distribution of photons at
the FS.

for Astroparticle Physics HAP’ funded by the Initiative and
Networking Fund of the Helmholtz Association, Germany, and
by Slovak Academy of Sciences MVTS JEM-EUSO as well as
VEGA grant agency project 2/0081/10. The Spanish Consortium
involved in the JEM-EUSO Space Mission is funded by MICINN
under projects AYA2009-06037-E/ESP, AYA-ESP 2010-19082,
AYA2011-29489-C03- 01, AYA2012-39115-C03-01, CSD2009-
00064 (Consolider MULTIDARK) and by Comunidad de Madrid
(CAM) under project S2009/ESP-1496.

References
[1] The JEM-EUSO Collaboration, Report on the Phase A Study

2010 (Purple book) (2010)
[2] J.H. Adams Jr. et al. - JEM-EUSO Collaboration,

Astroparticle Physics 44 (2013) 76-90
http://dx.doi.org/10.1016/j.astropartphys.2013.01.008

[3] M. Ave et al. - Airfly Collaboration, Astroparticle Physics 42
(2013) 90-102
http://dx.doi.org/10.1016/j.astropartphys.2012.12.006

[4] P. Gorodetzky et al. - JEM-EUSO Collaboration, This
conference proceedings (2013), Absolute calibrations of
JEM-EUSO ID0858

[5] L. Wiencke et al. - JEM-EUSO Collaboration, This
conference proceedings (2013), Global Light System for
JEM-EUSO ID0818

[6] A. Nerenov et al. - JEM-EUSO Collaboration, This
conference proceedings (2013), Atmospheric Monitoring
system of JEM-EUSO telescope ID1072

[7] M.D. Rodriguez-Frias - JEM-EUSO Collaboration, This
conference proceedings (2013), Towards the Preliminary
Design Review of the Infrared Camera of the JEM-EUSO
Space Mission ID0900

[8] N. Sakaki et al. - JEM-EUSO Collaboration, This conference
proceedings (2013), Absolute in-flight calibration of the
JEM-EUSO telescope with the Moon light ID0546

[9] Labsphere Inc. - Technical Guide: A Guide to Reflectance
Coatings and Materials (2012) http://www.labsphere.com

[10] Labsphere Inc. - Technical Guide: Integrating Sphere
Theory and Applications (2012) http://www.labsphere.com


	Introduction
	Calibration system
	On-ground reference light source
	On-board calibration system
	Expected performance

	Summary

