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Abstract: JEM-EUSO is a next-generation fluorescence telescope which will detect Ultra High Energy Cosmic
Rays (UHECR, cosmic rays with energies above 5 · 1019 eV) from the International Space Station (ISS), by
using the whole Earth as a detector. Being in such a peculiar location, JEM-EUSO will orbit the Earth and it
will experience all possible weather conditions. The JEM-EUSO telescope will detect fluorescence UV emission
from Extensive Air Showers (EAS) produced by UHECR penetrating in the atmosphere. To achieve a correct
reconstruction of UHECR energy and of the type of the primary cosmic ray particle, information about absorption
and scattering properties of the atmosphere is required.
A LIght Detection And Ranging (LIDAR) device is foreseen as a part of the Atmospheric Monitoring system
for the JEM-EUSO mission. The goal of the LIDAR is to provide measurements of extinction and scattering
properties of the atmosphere along the EAS development path and between the EAS and JEM-EUSO. In order to
test the capabilities of the LIDAR a simulation of this device has been implemented inside the ESAF Simulation
Framework used for the JEM-EUSO mission.
In this contribution we will review the LIDAR simulation chain, focusing on the generation and propagation of
photons in the atmosphere. First results from simulations will be shown for a laser beam propagating in different
atmospheric conditions.
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1 Introduction
JEM-EUSO is a next-generation fluorescence telescope
which will observe UV emission from UHECR induced
Extensive Air Showers (EAS) from space, experiencing
all possible weather conditions. It has been estimated that
∼70% of EAS detected by JEM-EUSO will be affected by
scattering and absorption in the clouds and aerosol layers
[1, 2]. Proper interpretation of the EAS signal, including
the reconstruction of the energy, direction and identity of
the UHECR particle requires a detailed knowledge of the in-
fluence of the scattering of UV light in clouds and aerosols
on the detected fluorescence signal. Cloud- and aerosol-
induced variations of the scattering and absorption prop-
erties at the location of EAS events distort the UV signal
from EAS detected by JEM-EUSO. In the absence of de-
tailed information on the presence and physical properties
of the cloud and aerosol layers in the JEM-EUSO Field of
View (FoV), distortions of the UV signal from EAS lead to
systematic errors on the determination of the properties of
UHECR from the UV light profiles. The distortion of the
EAS profiles could be corrected if detailed information on
distribution and optical properties of the cloud/aerosol lay-
ers in the JEM-EUSO FoV is known. This information will
be provided by the Atmospheric Monitoring (AM) system
of JEM-EUSO.
The most relevant information about the absorption and
scattering properties of clouds and aerosols is at the loca-
tion around the EAS events and it will be provided by the
LIDAR. The laser beam will be shot several times in the
direction in which the EAS trigger occurred directly after
the trigger is generated. With this pointing capability, the
LIDAR device will be able to measure the backscattered

Figure 1: ESAF flux diagram from [4]

signal in several directions around the supposed EAS maxi-
mum.
In order to study the system capabilities and to ensure that it
fulfills all the requirements established for the JEM-EUSO
instrument [3] (energy resolution of 30% and Xmax reso-
lution of 120 g/cm2), a simulation of the LIDAR device
has been implemented as a part of the EUSO Simulation
and Analysis Framework (ESAF) [5] currently in use in the
collaboration.
In this contribution we describe the generation of the laser
track and the propagation of photons to the detector focal
surface. The LIDAR simulated signal is shown in the case
of clear sky and in the presence of clouds as an example.
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2 The ESAF Simulation Framework for
LIDAR

ESAF is a C++, Object Oriented, ROOT based, modular
software designed to simulate space based UHECR detec-
tors and currently used for the JEM-EUSO mission. It con-
sists of several independent modules (LightToEuso, Eu-
soDetector, Reco, Analysis) that take care of EAS simula-
tion and reconstruction. The simulation is carried out by the
first two modules: LightToEuso simulates the shower devel-
opment and the propagation of light through the atmosphere
to the telescope; while EusoDetector allows the simulation
of all the detector components up to telemetry. The recon-
struction of the shower properties (direction, energy and
primary particle) is performed inside the Reco framework.
A flux diagram of the ESAF structure is shown in Fig. 1.
In order to simulate the LIDAR backscattered signal the
simulation framework has to be adapted. In the following
sections we describe the changes needed to simulated the
geometry of the laser beam and the propagation of photons.

2.1 Track geometry definition and generation of
light

The original ESAF code takes into account both Fluores-
cence and Cherenkov production from the shower but there
is no treatment of the laser beam. For the implementation
of the LIDAR device a new class of photons (Lidar) has
been introduced together with the existing ones (Fluo and
Cherenkov). The Lidar photons are monochromatic and di-
rected along the beam track; no lateral or wavelength distri-
bution is needed as in the case of the photons from showers.
In order to describe the laser beam a new class has been cre-
ated inside the LightToEuso module. The number of initial
photons in the beam is calculated from energy and wave-
length, set when configuring ESAF, using the following
formula:

Nγ = Elaser/(c ·h/λ ) (1)

where Elaser is the energy per pulse in Joule, λ is the laser
wavelength in nm, c the speed of light in m/s and h the
Planck constant in J·s.
At this step the geometry of the track is defined. In the
simplest case in which photons are propagated in bunches
(see next section), position and time of new bunches of
photons are generated along the track of the laser beam.
Unlike for the case of the shower, in the case of laser there
is no creation of new photons along the track. Photons
are generated only at the initial step and then propagated
through the atmosphere along the laser beam track. For
this reason only the first bunch is filled with the initial
number of photons Nγ , while the others are created but
empty. An illustrative picture representing the scheme of the
laser beam track simulation is reported in Fig. 2: photons
from the laser beam interact at different altitudes in the
atmosphere and they are backscattered toward the detector.

2.2 Light propagation in the atmosphere
Once the photons are generated at first they need to be trans-
ported through the atmosphere down to the ground and then
back to the detector pupil entrance. In ESAF there are two
modes of propagating photons currently working in the sim-
ulation framework: 1) propagation of bunches and 2) Monte-
Carlo code. In the first case, the shower simulation module
provides for each “Shower Step” the number of electrons,
the electron energy distribution and the lateral distribution

Figure 2: Illustrative picture of the LIDAR simulation
scheme. The LIDAR beam interacts with the Earth atmo-
sphere and the backscattered signal calculated in several
steps along the beam track is transferred to the detector fo-
cal surface.

for both Fluorescence and Cherenkov emission. The light
generation module uses them to compute bunches of pho-
tons characterized by a mean position value, a mean direc-
tion according to the computed angular distribution, and a
creation time. This new concept allows for fast simulations
with no need to follow the fate of each individual photon1.
The second is a ray-tracing algorithm in which a reducing
factor is applied in oder to limit the number of photons to be
simulated. Detailed explanations together with advantages
and drawbacks of the two algorithms can be found in [5].
The bunch algorithm represents the fastest approach to the
problem and it is currently the default choice for all the sim-
ulations carried out in JEM-EUSO. For this reason the light
transport for LIDAR has been implemented at the moment
only inside the bunch propagation. A dedicated propagator
is present in ESAF in order to simulate different conditions,
from clear sky to clouds. In case of clear sky the propa-
gation of photons is done calling the ClearSkyPropagator
module while the TestCloudsPropagator is used to simulate
the propagation in presence of clouds. In this context new
methods have been introduced specifically for LIDAR in-
side the two propagators. In both case the LidarPropagate
method has been created. The method propagates bunches
of photons in clear sky and cloudy conditions, creating sin-
gle photons all along the path to be transferred to the detec-
tor pupil. In presence of clouds, the bunch algorithm takes
into account the effects on the transmission values (depend-

1. The typical number of photons produced by a shower of the
energy of 1020 eV and θ = 60◦is of the order of 1016
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Figure 3: Distribution of the backscattered photons on pupil
as a function of GTU in case of clear sky.

ing on the cloud optical depth τ ), considering the photons
scattered on this medium as lost. Once photons arrive at the
focal surface the rest of the simulation is performed in the
same way as for the shower case [4].

3 Results
In this section we present the results obtained from the
simulation code developed in ESAF to describe the LIDAR
system for the clear sky case and in presence of clouds.
Following the specification from the LIDAR design for the
AM system [9], LIDAR simulations have been carried out
for a laser with Elaser =20 mJ and λ =355 nm shooting in
nadir position (vertical in the centre of the telescope FoV).
In the case of clear sky condition the atmosphere has been
considered purely molecular (no aerosol layers), where
only Rayleigh scattering is considered. Fig 3 shows the
distribution of photons at the pupil entrance of the JEM-
EUSO telescope as a function of the time unit of the focal
surface detector (GTU = 2.5 µs). The correspondence
between time of the signal and altitude is also shown. The
blue histogram is the air scattered component, while the
red histogram represents the “ground mark”, generated by
photons reaching ground and reflected back to the detector.
The presence of the ground mark is a valuable information.
In the case of an EAS the timing of the ground mark is used
to reconstruct the geometry and the energy of the shower
[6]. For LIDAR it represents a reference time that allows to
correctly retrieve the properties of the atmosphere from the
analysis of the received signal.
Simulations show that the ground mark is attenuated when
a cloud is present in the FoV of the JEM-EUSO telescope.
Eventually it may even disappear if the cloud is optically
thick. In this extreme case a reference time can be obtained
from the mark generated by the photons reflected from the
cloud top layers (“cloud mark”). Fig. 4 shows the received
signal as a function of time and altitude in presence of
an optically thin and optically thick cloud. The optically
thin (τ = 0.2) cloud has been simulated at an altitude of
10 km (top panel). The signal here is characterised by two
features: the reflected component from the ground (in red)
and the reflected component from cloud (in cyan). Because
of the presence of the cloud, part of the laser photons are
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Figure 4: Distribution of the backscattered photons on pupil
as a function of GTU in presence of an optically thin (top)
and optically thick (bottom) cloud.

reflected from the cloud while part of them is transmitted.
As a result, the entire signal is reduced by a factor of e−τ ,
and the ground mark is attenuated but still clearly visible.
A simulation has been performed also locating an optically
thick (τ = 1) cloud at an altitude of 5 km (bottom panel).
The strong mark generated by photons reflected from the
cloud is the main characteristic of the time profile of the
received signal. Unlike the first case, the ground mark is
strongly suppressed because of the high optical depth of this
cloud. Photons here are mostly reflected from the cloud top
layers or trapped inside the cloud (due to multiple scattering
processes). The faint ground mark visible in the distribution
of photons at the pupil entrance may not be detectable and
thus not suitable for the analysis of data.

4 General discussion and conclusions
In this contribution we described the implementation done
to the ESAF simulation framework to simulate the LIDAR
device of the Atmospheric Monitoring system of the JEM-
EUSO telescope. After a brief introduction on the general
structure of the framework, we discussed the changes
needed to simulate the geometry of the laser beam and
the propagation of laser photons through the atmosphere.
Examples of a simulated laser beam with Elaser = 20 mJ
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and λ = 355 nm have been shown in clear sky conditions
and in the presence of clouds with different characteristics
(optical depth and altitude). The signal received at the pupil
entrance of the telescope is characterised by a couple of
interesting features (ground and cloud mark). In a case in
which a cloud is crossing the telescope FoV the information
obtained from the LIDAR backscattered signal can be used
to retrieve the cloud parameters. From the time of the cloud
mark it is possible to estimate the cloud top altitude, an
information complementary to the measurement done with
the Infrared Camera [7, 8]. By fitting the scattering ratio
(the ratio between the backscattered signal detected in the
real condition and a reference profile which represents the
backscattered signal in clear sky) below the cloud region it
is possible to retrieve the cloud optical depth. A first analysis
of LIDAR data has been performed using this simulation
chain and it shows the capability of the system to measure
the cloud parameters. A discussion on LIDAR data analysis
and the possibility of correcting the shower profiles affected
by the presence of clouds can be found in [9].
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