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4 INFN, Istituto Nazionale di Fisica Nucleare - Sezione di Torino, Italy

mernik@astro.uni-tuebingen.de

Abstract: JEM-EUSO (Extreme Universe Space Observatory onboard the Japanese Experiment Module) is a
space borne UV-telescope which will be mounted on the ISS (International Space Station) in 2017. It is designed
for the observation of extensive air showers (EAS) induced by ultra-high-energy cosmic rays (UHECR) above an
energy of a few 1019 eV by using the earth’s atmosphere as a large detector. Due to the amount of monitored target
volume it gains an effective aperture of approximately 4 ·105 km2 sr (in nadir mode). Thus, during the time of the
mission JEM-EUSO will measure several hundred of events > 5 ·1019 eV and improve the statistics in this part of
the UHECR spectrum significantly.
The EUSO Simulation and Analysis Framework (ESAF) is a software for the simulation of space-based UHECR
detectors. Each of its modules is devoted to a specific aspect of EAS generation and detection: Interaction of the
primary in atmosphere, air shower development, light transport to the telescope, propagation of photons within the
instrument and detector response. From the recorded data the properties of the primary (energy, arrival direction
and species) can be reconstructed.
In this article we describe the simulation of the JEM-EUSO mission and illustrate reconstruction strategies used in
ESAF. Furthermore we present the expected instrument performance in terms of resolution of the atmospheric
depth of the shower maximum (Xmax), energy and angular resolution.
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1 Introduction
JEM-EUSO is a space based UV telescope for the detection
of ultra-high-energy cosmic rays [1, 2]. Mounted at the
Japanese Experiment Module on the ISS, JEM-EUSO will
monitor the earth’s atmosphere for extensive air showers
(EAS) that are created when UHECR interact with the
nitrogen molecules of the atmosphere. By measuring the
fluorescence and Cherenkov photons of the shower, analysis
allows to reconstruct the shower properties and therefore
energy, arrival direction and kind of the primary UHECR
particle. Using the well established UV detection technique
on a much larger volume of air than any of the earth
based experiments are capable of, JEM-EUSO will reach an
instantaneous aperture of about 4 ·105km2sr (nadir mode)
[3]. Hence, during the lifetime of the mission, JEM-EUSO
will observe several hundreds of UHECR events with
energies exceeding 5 ·1019 eV.

2 JEM-EUSO
The JEM-EUSO detector is a UV telescope using a refrac-
tive optics of Fresnel lenses to focus the incoming photons
in the wavelength range of 300 to 430 nm onto a photo de-
tector module (PDM) consisting of an array of multi an-
ode photomultiplier tubes (MAPMT). The trigger logic im-
plemented at the cluster control board continuously seeks
for pattern characteristics meeting those of signal tracks
we would expect from a moving EAS. When a trigger is
issued, the time frame of 128 GTU (gate time units, 2.5
µs) is saved to disc or transferred by the telemetry. Due to

the wide field of view (FOV) of 2 × 30◦ (circular shape
with cuts at the sides) and the altitude of approximately
400 km, a large target volume can be monitored from space.
Permanent surveillance of atmospheric conditions such as
clouds is done by the infrared camera and LIDAR system.
Calibration of the instrument will be possible by built in
LEDs and additional xenon flashers from ground.

3 Simulations
The EUSO Simulation and Analysis Framework is a
software package for the simulation of UHECR space
detectors[4]. It is an object-oriented C++ code, based on
ROOT [5]. Its development at the time of the EUSO mis-
sion ([6]) was stopped in 2004. During the JEM-EUSO
study, we have reactivated the code and improved parts of
the software when necessary. New algorithms have been im-
plemented for pattern recognition, angular, Xmax and energy
reconstruction. The framework can perform entire end-to-
end simulations, starting from primary particle/atmosphere
interaction, development of the EAS, creation of UV - fluo-
rescence and Cherenkov photons and their propagation to
the detector.

Second part of the simulation accounts for the processes
inside the detector. The photons trajectories through the
optics is simulated by a ray tracing module. Following that,
the MAPMT and electronics response are simulated.

Important facts for the simulation of the JEM-EUSO
mission are:

1. Altitude= 400 km
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2. Background: uniform, 500 photons m−2 sr−1 ns−1

3. Field of View: circular, 30◦ radius with side cut optics

The background is simulated only at the electronics level
in order to save computing time. The area in which the
impact points of the showers are distributed is greater than
the corresponding projection of the telescope’s FOV on the
earth surface. This is done for the purpose of checking for
triggers of stray light photons and analysis of the behavior
of signal tracks traversing the FOV only to some extent.

We have simulated proton showers with discrete energies:
5 · 1019 eV, 7 · 1019 eV, 1020 eV, 3 · 1020 eV and 1021 eV.
The zenith angles are 30◦, 45◦, 60◦ and 75◦.

For any event reconstruction, a pattern recognition mod-
ule is applied first of all, to separate the signal tracks from
background. Then, the pixel counts are forwarded to the
track direction reconstruction module. There is a choice of
different angular reconstruction algorithms implemented in
ESAF. For details see [7]. For a successful event reconstruc-
tion, we need to have enough information on the shower
track in terms of photons. I.e., when the pattern recognition
module is not able to find a sufficient number of photon
counts belonging to the signal, the reconstruction is not pos-
sible.

4 Reconstruction
The traversing air shower appears on the focal surface as a
faint spot moving very quickly. The signal is embedded in
background coming from the atmospheric night glow, but
also weather phenomena and bypassing cities contribute.
Moreover, the scattered EAS photons contribute signifi-
cantly to the background around the signal track.

For a successful event reconstruction, the signal has to
be disentangled from background, first of all. Afterwards,
direction and energy reconstruction algorithms can be
applied.

4.1 PWISE
The Peak and WIndow SEarching Technique (PWISE)
selects photon-counts coming from the EAS, and at the
same time it filters out multiple-scattered photons which
results in a “fuzzy” image of the track. This effect appears
as a consequence of their shifted arrival time due to the
multiple scattering. PWISE is an algorithm that analyses
each pixel individually for possible signal traces (See Fig.
1)

Step 1 For each pixel, PWISE only considers pixels whose
highest photon-count (peak) is above a certain thresh-
old (peak-threshold).

Step 2 Next PWISE searches for the time window with the
highest signal-to-noise ratio (SNR).

Step 3 We check if the maximum SNR is above a given
SNR-threshold. Only if the SNR is above the thresh-
old we select the photon-counts within the time
window that maximizes SNR. The selected photon-
counts are then passed on to the next reconstruction
module.

4.2 Angular Reconstruction
From the geometrical properties of the signal track on the
focal surface the arrival direction of the primary can be

Figure 1: PWISE algorithm: For each pixel the count distri-
bution in time is analyzed. Here background counts up to 5
can be seen intermixed with signal counts which are signifi-
cantly higher and happen during a certain time interval.

computed by a variety of methods implemented in ESAF
as described in more detail in [7, 8, 4]. Fig. 2 shows
the coordinate systems of the EAS and the detector. In

Figure 2: Sketch of the system: Air shower - detector, to
reconstruct the arrival direction of the UHECR: Within the
track-detector-plane (TDP) defined by the unit vector V̂ ,
photons emitted at different times t j > ti reach the detector
from certain directions n̂i, n̂ j after traversing Ri, R j in
atmosphere. From the timing information and arrival angle
of the shower photons, the direction of the primary Ω̂(Θ,Φ)
can be determined.

the current configuration there are 5 different algorithms
implemented in ESAF. Their performances depend on
conditions such as energy and inclination of the primary
UHECR but also on atmospheric conditions:

• Analytical Approximate 1: The angular velocities of
the signal track in the x-t and y-t planes are linearly
fitted. The arrival angle of the primary is derived by
geometrical estimations.

• Analytical Approximate 2: The angular velocity of
the signal track on the z-t plane is linearly fitted. The
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arrival angle of the primary is derived by geometrical
estimations.

• Numerical Exact 1: a χ2 minimization is performed
between the activation times of pixel induced by
the actual signal to those induced by a signal track
theoretically computed.

• Numerical Exact 2: a χ2 minimization is performed
between arrival angles of photons coming from the
actual signal to those induced by a signal track theo-
retically computed.

• Analytically Exact 1: a χ2 without prior knowledge
of the TDP, this method reconstructs the direction
of the primary by using using the exact relations
between pixel directions in the FOV and photon’s
arrival times.

4.3 Energy and Xmax Reconstruction
The PmtToShowerReco is the energy and Xmax reconstruc-
tion algorithm developed in the framework of the JEM-
EUSO mission. It is structured in several subsequent steps
each of which performs a sub-task. Such an algorithm can
however be seen just as a initial guess on the shower pa-
rameters. After the trigger signal has been issued, the time
profile of detected counts must be reconstructed also taking
into account the losses occurring due to gaps between the
single PDMs. The background contamination must be es-
timated and subtracted. Following that, the light curves at
the focal surface and at the pupil must be estimated after
a detailed modeling of the detector response. The shower
geometry in atmosphere must be reconstructed according
to the timing of the shower track on the focal surface.

Several methods have been developed for this purpose.
Essentially, the first method uses the time separation be-
tween the fluorescence maximum and the Cherenkov peak
to give an estimate of the maximum altitude. The second,
assumes a parametrization of the maximum slant depth
and the reconstructed shower direction to give an assess-
ment of the altitude of the maximum. This parameter al-
lows on its own the reconstruction of the shower geometry
for each time of its development. Therefore, at this point a
parametrization of the energy distribution of the secondary
particles is possible given the standard cosmic ray theory.
Eventually, the light spectrum is computed together with
the fluorescence and Cherenkov yield. See Fig. 3

Figure 3: Scheme of energy and Xmax reconstruction

Figure 4: The estimated angular resolution performance
in terms ofγ68 plotted against the true inclination for three
different energies. [7]

Given the reconstructed spectrum and the geometry
of the shower it is possible to calculate the number of
photons at the shower position. Knowing fluorescence and
Cherenkov yield allows the calculation of the number of
electrons in the shower. Such a curve can then be fitted
with any standard shower parametrization to obtain the
energy and Xmax parameters. Nevertheless, such a method
is affected by the statistical quality of the counts curve
and therefore the backward iteration of the entire chain is
needed in order to find the best fitting parameters and a
confidence interval.

5 Expected Reconstruction Performance
5.1 Angular Resolution
We have simulated a large number of showers to make a
statistical study of the expected angular resolution capabili-
ties of the instrument. For each combination of energy and
inclination we have used a statistics of about 700 events
to minimize statistical fluctuations. As a measure for the
expected angular resolution we use γ68. The separation an-
gle γ is the angle between the true and the reconstructed
direction in three-dimensional vector space. It is positive by
definition. γ68 means that 68 % of the events reconstructed
have a separation angle less than this value. It depends on
the true inclination of the shower and on its energy. Both
affect the brightness of the track and therefore the amount
of information we have to reconstruct it. See Fig. 4.

However, considering the γ68 value does not reveal infor-
mation about the contributions of the different components
(Θ and Φ). Thus, we also look at the determination error in
Θ expressed by ∆Θ = Θreconstructed −Θsimulated as shown
in Fig. 5.

5.2 Energy and Xmax Resolution Estimates
For the energy and Xmax resolution study we have used
another set of events. Here 8000 events have been simulated
with an energy of 1020 eV and several inclination angles.
The impact point of these events on ground have been
selected to be in an area of ± 20km both in X and Y (the
projection onto the earth’s surface).

Due to the very peculiar condition under which the events
have been simulated, this small study cannot be regarded
as an estimate of JEM-EUSO’s energy resolution. In fact,
these examples must be seen as a proof that the algorithms
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Figure 5: Expected Θ resolution expressed by mean value
of ∆Θ = Θreconstructed −Θsimulated and standard deviation
as function of the true zenith angle.

are operational. For illustrations for energy reconstruction
see Fig. 6.

Figure 6: A preliminary estimate of the expected energy
resolution of JEM-EUSO with Cherenkov method for 45◦

inclined events. Data points show the median, the error bars
show 68% confidence limit. solid line: all FOV, dashed line:
core position of events inside 100 km radius from centre.

The Xmax study uses the same statistics of events as in
the energy study described above, since the Xmax algorithm
is part of the same reconstruction module. Fig. 7 shows a
preliminary estimate of the expected Xmax resolution in the
central region of the FOV.

Figure 7: A preliminary estimate of the expected Xmax
resolution of JEM-EUSO with Cherenkov method for 45◦

inclined events. Data points show the median, the error bars
show 68% confidence limit. solid line: all FOV, dashed line:
core position of events inside 100 km radius from centre.

6 Conclusions
We have updated and improved the ESAF software pack-
age in order to investigate the JEM-EUSO technical specifi-
cations and scientific requirements. Now, ESAF provides
an independent and parallel assessment of the JEM-EUSO
performance. We have made a complete end-to-end simula-
tion and analysis of a large statistics of events for the JEM-
EUSO detector. Hence, we have demonstrated the robust-
ness and precision of the code.

Such methods are now under assessment to provide their
performances for a much wider class of events, such as
neutrinos, iron nuclei or γ rays. The results presented in
this paper are compliant with the scientific requirements
of the mission. However, the reconstruction performance
estimates given in this study must be understood as rather
conservative. Once, real data will be available, it will be
investigated on an event by event basis. Finetuning of
the parameters of the algorithms will allow for a more
precise estimation of direction, energy and Xmax of the
UHECR. Moreover, at the moment further effort is made to
implement more refined pattern recognition modules and
angular reconstruction algorithms. Thus, we believe that
our result will even improve for certain conditions.
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