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Abstract. The Extreme Universe Space Observatory on theand neutrinos, the study of cosmic magnetic fields, and tests
Japanese Experiment Module (JEM-EUSO) of the Interna-of relativity and quantum gravity effects at extreme energies.
tional Space Station (ISS) is the first mission that will study In parallel JEM-EUSO will systematically perform observa-
from space Ultra High-Energy Cosmic Rays (UHECR). tion of the surface of the Earth in the infra-red and ultra-
JEM-EUSO will observe Extensive Air Showers (EAS) pro- violet ranges, studying also atmospheric phenomena (Tran-
duced by UHECRSs traversing the Earth’'s atmosphere fromsient Luminous Effects). The apparatus is a 2t detector us-
above. For each event, the detector will make accurate medng Fresnel-based optics to focus the UV-light from EAS on
surements of the energy, arrival direction and nature of thea focal surface composed of about 6 000 multianode photo-
primary particle using a target volume far greater than whatmultipliers for a total of~ 3-10° channels. A multi-layer

is achievable from ground. The corresponding increase irparallel architecture has been devised to handle the data flow
statistics will help to clarify the origin and sources of UHE- and select valid triggers, reducing it to a rate compatible with
CRs as well as the environment traversed during productiordownlink constraints. Each processing level filters the event
and propagation. Possibly this will bring new light onto par- with increasingly complex algorithms using ASICs, FPGAs
ticle physics mechanisms operating at energies well beyonénd DSPs in this order to reject spurious triggers and reduce
those achievable by man-made accelerators. The spectruthe data rate.

of scientific goals of the JEM-EUSO mission includes as ex-
ploratory objectives the detection of high-energy gamma rays
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— Measurement of the flux and energy spectra of different
sources; search for features (pile-up bump, recovery at
higher energies) in the spectral shape.

— ldentification of the astrophysical nature of the sources
emitting UHECR.

— Understanding and constraining the production, emis-
sion and acceleration mechanisms of ultra high energy
cosmic rays.

— Probe the galactic and local intergalactic structure of
magnetic fields.

— Probe multiple anisotropies that could result from large
scale nearby cosmic structure and/or subdominant com-
ponents in the ultra high energy particle flux (such as
decay of super-heavy relics in the Galactic halo or high-
energy neutrino annihilation on the relic neutrino back-

7;‘» Atmosphere y ' ground - the Z-burst mechanism).
Elionescencd. [ Chapason — Probe the GZK intensity profile of distant sources and
: ' the temporal evolution of cosmic ray activity in the near
Universe.

Other Exploratory objectives include:

— Separation of neutrinos and gamma rays from nucleons

Fig. 1. Artistic view of the JEM-EUSO principle of observa- and nuclei Santangelo et al2010).

tion. The telescope detects from the ISS both fluorescence and
Cherenkov light, produced by the EAS of UHECR through the at-  — Potential break-through in neutrino astronomy through
mosphere. the detection of cosmogenic neutrinos.

— Theoretically challenging acceleration mechanisms to

1
1 Introduction 10%teV.

— Test Super Heavy Dark matter models, Z-burst models
JEM-EUSO is a Fresnel-optics refractive telescope devoted ~ and other non-conventional mechanisms.

to the observation of Ultra High _I_Energy Cosmip Rays show-  _ gearch for new physics.

ers in the Earth’s atmospherkgjino, 2010. This remote-

sensing instrument will orbit the Earth every90 min on — Constraint of extra-dimension model via detection of ul-
board of the International Space Station (ISS) at an altitude ~ tra high energies neutrinos. Constraint of UHE neutrino
of ~330—400km. Its goal is the study of the sources of Ccross sections.

UHECR a_nd the_detgrminatiqn_ of the origin and_nature o_f — Test of relativity at ultra high energies.

these particles with high precision, thanks to the increase in

statistics due to the larger exposure. The observation princi- — Super-LHC physics: exploration of high energy physics

ple (see Figl) is the detection of fluorescence light emitted beyond the accelerator limit.

by particles showering in the atmosphere. In parallel to the high energy physics, a number of atmo-
spheric science issues will be addressed:

— Earth Observation in the infra-red and ultra-violet fre-
2 Scientific objectives guencies. Creation of ground maps.

— Understanding space-atmosphere interactions and pos-
The scientific goals of JEM-EUSO are described in de- sibly related climate changes.
tail by Takahashi and the JEM-EUSO Collaborat{@009;
Ebisuzaki et al(2008. Here we just mention the main ob-
jectives: — Understanding Transient Luminous Effects (Elves,
Sprites, Terrestrial Gamma Flashes...).

— Interaction of dust in the atmosphere.

— ldentification of the sources of UHECR by high statis-

tics and analysis of the arrival direction. — Study of meteroids and associated phenomena.
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JEM-EUSO (see Fig2) will observe from space the Earth’s
night atmosphere. It will measure the UV (36@100 nm)
fluorescence tracks and the Cherenkov reflected signal of the
Extensive Air Shower induced by UHECR interaction in the
atmosphere. JEM-EUSO captures and reconstructs the tem-
poral and spatial evolution of the track through the fluores-
cent UV photon component of the EAS in the atmosphere. o ybtye Aoasa
The light is focused through a Fresnel lens diffractive op-

tics with a wide field-of-viem(#=30°). The light is detected /

. . 1E+2
by the focal plane electronics which records the track of the 1985 1990 1995 2000 2005 2010 2015 2020 2025

EAS with a time resolution of Bus and a spatial resolu-
tion of about 0.75 km (corresponding tal®). These time-

segmented images allow to determine the energies and dire@-lg_ 4. Expected cumulative exposure of JEM-EUSO £a8 x

tions of the primary particles. ' . 10?9 compared with other ground-based experiments. The base-
Figure3 shows a simulation of the time profile of photons |ine flight-plan is based on a launch in 2015, two years in nadir
(of fluorescence and Cherenkov origin) as observed frompointing and three years in tilted mode.

JEM-EUSO. The instrument can reconstruct the incoming

direction of the extreme energy particles with accuracy better

than several degrees. The instantaneous geometrical area isThe instrument is designed to reconstruct the incoming di-
(in nadir pointing mode) a circle of 500 km diameter, which rection of the ultra high-energy particles with an accuracy
converts to an instantaneous aperture af@ km?sr. The  better than a few degrees.

atmospheric mass monitored, assuming the 60-degree field- The size of the instantaneous geometrical area (shown in
of-view, is about 17- 10'2t. The target mass for upward Fig.4) depends on the tilt of the telescope, the angle between
neutrino detection is-5-10'2t. The JEM-EUSO observa- the telescope axis and nadir. The increase of geometrical area
tional method is shown in Fid.. A particle of E ~ 10?%eV from the nadir mode to the tilted mode is a factor ef2 and
particle penetrating the Earth’s atmosphere has an interacdepends on the energy of the events.

tion length of~40g/cn? and generates a shower of sec- The depth of maximum development of a showEgy,
ondary particles. The number of these secondary particlesxpressed in g/cf) increases with energy. For a given en-
(N ~ 10 is proportional to the shower maximum and is ergy, the value of{max provides information on the nature
largely dominated by electrons/positrons. The total energyof the primary particle. The JEM-EUSO obijective is to reach
carried by the charged secondary particles is converted inta X max resolution of~ 120 /cn?, which is comparable to the
fluorescence photons through the excitation of the air nitro-differences inXmax between showers initiated by protons and
gen molecules. The fluorescence light is isotropic and pro-by Fe nuclei, making a distinction between protons and Fe
portional to the number of charged particles in the EAS. nuclei with this kind of experiments possible.
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Fig. 6. Bottom Right: Mechanical structure of the focal surface.
Energy (eV) The 2.5m plane is divided in 137 PDM modules. Each PDM (Top

Left) contains 36 Multi-Anode Photomultipliers (Hamamatsu Ultra-
Fig. 5. On-board trigger efficiency for JEM-EUSO: the green and Bialkali R11265-64), each with 64 independent channels. The bot-

red curves refer to events contained in a 100 km and 200 km fiduciaiom left corner shows the prototype of the mechanical structure
core. with two rows of 12 PMT installed. In the Top Right corner a sub-

element of support beams containing three PDM is shown.

4 Instrument Performance
and its position relative to the instrument. The energy res-

4.1 Trigger efficiency olution is better than 30%, improving with energy and for
tracks more inclined with respect to the atmosphere. Beyond

In nadir mode, the geometry of the detection is optimal, since1(2°eV showers can be reconstructed with an accuracy of

the distance of the showers to the instrument is smaller and 59 in energy (excluding systematics).

the amount of atmosphere crossed is minimal. Furthermore

the field of view projected on the ground of a pixel of the

focal surface is smallest. For a given energy and angle ofim5  Focal surface electronics

pact the showers leave a larger track in the instrument (angle

and/ or time), and send more light to the focal surface. In ad-The JEM-EUSO focal surface (see Fi§) consists of

dition, the showers closest to the nadir of the instrument usanore than 300 kchannels, arranged in 137 modules

the lens system along its axis, where performance is greatesPDM modules) each consisting of 36 Hamamatsu Ultra-

The result is greater efficiency at low energy. It is important Bialkali R11265-64 Multi-Anode Photomultipliers, each

to note that the cosmic ray flux decreases rapidly with in-with 64 channels. The fluorescence light of the shower is

creasing energy, and the required acceptance at low energy gampled with a time resolution of 2.5s (defined as a Gate

less than that required for the highest energies. Thus, even ifime Unit, GTU) and spatial resolution of about 0.75km

more stringent geometrical observing conditions are neede¢corresponding to a granularity of13). These time-sliced

at low energies, the improved resolution coupled with theimages (see Fig3) allow determining the energy and direc-

higher flux will accumulate significant statistics at the lowest tion of the primary particles.

energies (4-5-10'%) where the flux is higher (see Fif).

Above these energies the amount of light emitted is larger

and the detection of showers easier. The instrument can bé Electronics

therefore used in an off-axis (tilted mode) configuration to o ) ) )
increase the maximum total acceptance. In tilted mode, thd he data acquisition and handling system is designed to max-

surface on ground observed by the instrument increases |Hn|ze detector observation Capabilities to meet the various

the direction of the inclination relative to nadir. scientific goals, monitor system status, autonomously taking
all actions to maintain optimal acquisition capabilities and
4.2 Energy resolution handle off-nominal situations. CPU and electronics are based

on hardware successfully employed in space experiments
The quality of the reconstruction of showers (energy, incom-such as PAMELA, Altea, Sileye-3, etc., taking into account
ing direction...) depends on the orientation of the showerrecent developments in microprocessors and FPGA technol-
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>10 GB/s (FS) 4*10° compression 193 compression

dle the data and send them to the higher level of processing
e if they satisfy the trigger conditions.

e i An ASIC chip performs photo-electron signal readout and
Fard G conversion for the 64 channels of the MAPMT. An FPGA

handles first level trigger data on a PDM level (reading 36
MAPMTSs). The data are stored in a 100 GTU buffer (each
GTU corrsponds to a 2/5s frame, for a total sampling of
S 250us) upon which the triggering and noise reduction al-
Track Trigger |~ | Fine Trigger f gorithms are implemented. Background events are rejected
ﬁ PlotDasca E by a factor 16. Second level triggering algorithms are im-
SO —— —— ep— plemented by the 18 CCB (Cluster Control Boards), DSPs
1476 EC with about 1Gflop computing capability which further pro-
cess triggers coming from 8 PDMs. At this level background
Fig. 7. Data Reduction scheme. Each of th&000 Multi-Anode IS rejected by another factor 10The CPU has a relatively
Photo Multiplier (MAPMT) of the focal surface is read by an ASIC low processing power (100 MHz) since it is charged of the
digitizing the photoelectron signal. A 6*6 array of MAPMT is general handling of the experiment. The CPU is part of the
present and read by each of the 137 PDM modules, where an FPG'Storage and Control Unit System (SCU), the evolution of a
perfor_ms first level triggering and rejects noise by three orders _Ofsimilar system used for PAMELAQasolino et a].2006 and
maghnitude. 8 PDMs are read by a Cluster Control Board, each W'“bomposed of a number of boards devoted to different tasks:
an high .performance DSP Which r.e.jeCtS noise by other .three Orderg. CPU mainboard 2. Mass Memory (8 Ghyte) 3. Internal and
of magnltu_de. The general acquisition and data storage is pen‘ormeexternal kousekeeping interfaces (CAN bus) 4. Interfaces to
by the main CPU (right). ISS (1553 and Ethernet) 5. Fast bus interface for event acqui-
sition. The CPU is devoted to the control of the apparatus and
qthe general optimization of the performance of the instrument

ogy. Acquisition techniques and algorithms are also derive :
from the technological development performed in these misn terms of data budget and detector status. It is expected to

sions. Rad-hard technology will be employed, with groundfunctlon autonomously and to reconfigure the working pa-

beam tests at accelerator facilities such as GSI, Dubna, HI_[ameters with little or no intervention from the ground. It

MAC to qualify and test resistance of new devices. Space's capable of handling alarms and contingencies in real time

qualified devices will be employed for mission-critical items. minimizing pos_5|ble damage to _the mstru_ment._ Long term
. . mission operation and observation planning will be imple-
The general approach is to use off-the-shelf technologie

in the development of the laboratory models and breadboar(i’)verrule the specific operation parameters of the instrument.

Zysttt_ams lto r(_atfrl]ne gnd tesltl tlhte \r/]an((j)us trlggerland datta r:;By sending immediate or time-delayed telecommands it will
uction a'goriinms in paraflel to hardware development ang, . possible to define the various operation parameters of the

construction. The same approach V.V'” be followed in theinstrument in terms of specific physics objectives or specific
use of communication protocols and interfaces (e.g. VHDL,

! : 0 ituations.
spacewire, 1553, 1355 protocols) and in the realization ofSI vt ) _
the ground support equipment. This will allow for a fast de- 1€ main CPU tasks are: 1) Power on/off of all subsys-
velopment of the software in parallel to the engineering andtems. 2) Perform periodic calibrations. 3) Start acquisition /

production of flight boards, reducing costs and integrationRun', 4) Define Trigger mode ac.quisition.. 5) Read Hogse-
time. keeping. 6) Take care of real time contingency planning.

7) Perform periodic Download / Downlink. 8) Handle (slow
I,control) 1553 commands.

PDM Contrel Cluster Contrel
Board Board

FS Control Board

(

FPGA DSP

Hot/Cold redundancy will be implemented in all systems
and in all stages of data processing with the exception o

intrinsically redundant devices such as the focal surface )
detectors. 6.2 Housekeeping module

6.1 Data Acquisition and Reduction The housekeeping module is connected to the CPU with the
task to distribute commands to the various detectors and to
The Data acquisition system (F@) is based on an archi- collect telemetry for them in order to monitor in real-time
tecture capable of reducing at each level the amount of datthe status of the experiment and optimize its observational
through a series of triggers controlling an increasingly grow-parameters.
ing area of the focal surfac&soling 2010. It is neces- There are two modules, one internal to the CPU (I-HK),
sary to reduce the 10 Gbyte/s output on the focal surface (FSjlevoted to monitor critical systems, power on/off of sec-
to the 3 Gbyte/day which can be downlinked on the ground.ondary power supply etc. I-HK is turned on together with
Each board and data exchange protocol is compliant to hanthe CPU and enables power on to all subsystems. The ex-
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ternal housekeeping board (E-HK) is devoted to the generavia TDRSS satellite link or stored on hard disks. Data trans-
slow control and monitoring of the status of the apparatus. mitted to the ground consists of: 1. Cosmic ray data from the
I-HK functional module capable of handling both single focal surface 2. Atmospheric Luminous Phenomena, light-
(upon request) or cyclic (periodic) acquisition/commanding ning etc. 3. Housekeeping information 4. Alarm 5. Calibra-
operating both is possible according to the acquisition pro-tion data 6. Ancillary information.
gram and status. Different acquisitions and controls are Data are sent to the ground with highest priority given to
foreseen. For instance all relays to switch on/off secondarjhousekeeping and alarm information. Experimental data are
power supplies and subsystems are controlled by High Levesent to ground with main priority to high energy particle data
signals. This approach has the advantage of a great degree ahd special trigger (e.g. Transient Luminous Phenomena,
flexibility keeping at the same time a strong robustness andneteoroids, lightning, etc.). The amount of data downlinked
reliability. to the Earth is~ 3 Gbyte/day, amounting to about 20% of the
Some of the main electrical interfaces monitored by thedata budget. The rest of the data is stored on board ISS on
module are: 1. Voltage monitor (Primaryl20V 28V, Sec-  a dedicated disk server. Disks are then periodically returned
ondary:+—5V +12V, +3.3V —700V 2. Current monitor  to the ground with Soyuz capsules. In the current config-
3. Temperature monitor 4. Contact closure (Lid status, re-uration, it is expected to have 5 TByte/6 months sent on

lays) 5. Digital communication protocol. the ground. Even though the UHECR event rate is very low,
the background occupies a large part of the data. This is es-
6.3 Communication protocol pecially true at low energies, where shower development is

o ) ~shorter and more difficult to sort with on board algorithms.
Communication between different layers of the data acqui-p higher memory capability allows to increase the trigger ef-
sition chain operate with LVDS (differential signal) to min- ficiency at low energies (around)-34-10'°eV and improve

imize interference and reduce power consumption. All linesthe data bandwidth devoted to atmospheric physics (IR and
are redundant, with each line employing double connectorgy channels).

at each end to increase reliability of the system and resistance
to vibrations and thermal stresses. High level communicatiorAcknowledgementsThis paper is dedicated to the memory of
protocol between CCB and CPU is based on a simplified ver-Y. Takahashi.

sion of the SpaceWire. This work has been partially supported by the Italian Ministry of
Foreign Affairs, General Direction for the Cultural Promotion and
6.4 Commands from the ground Cooperation.

Slow control communication from/to ground is based on theEdited by: K-.'H- Kampert

MIL-STD-1553B standard. 1553 is a slow speed (1 Mbit/s) Reviewed by: two anonymous referees

bus used in space and aeronautics for transmission / recep-

tion of critical information. In JEM-EUSO the 1553 bus is References
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