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Abstract In this paper we describe the observational principle aacitpected per-
formances of JEM-EUSO. Designed as the first mission to explee ultra-high
energy universe from space, JEM-EUSO monitors the Earth®sphere at night
to record the UV (300-430 nm) tracks generated by the Exterfsir Showers. We
present the expected geometrical aperture and annualeegosadir and tilt modes
for Ultra-High Energy Cosmic Rays as a function of the IS8wade.
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1 Introduction

JEM-EUSO (Extreme Universe Space Observatory on-boaranése Experiment
Module) [1,2] consists of a UV telescope and an atmospheneitoring system.
Orbiting the Earth everye 90 minutes at an altitude dig ~ 400 km, JEM-EUSO
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is designed to detect UV (300—430 nm) fluorescence photarduped along the
track of Extensive Air Shower (EAS) in the atmosphere. Thérneescope, which
contains a wide Field-of-View~0.85 sr; FoV) optics composed by Fresnel lenses,
records the EAS-induced tracks with a time resolution of ZBs5Gate Time Unit;
GTU). The Focal Surface (FS) detector is formed by 137 Phate®@or Modules
(PDMs) composed by 5000 Multi-Anode Photo Mutiplier Tubes (MAPMTS) in
total. The FS detector is highly pixelzed by3 x 10° channels serving a spatial reso-
lution of ~ 0.075, equivalent to~ 0.5 km at ground seen by an altitude-o#i00 km.
These time-segmented images allow an accurate measurefriatenergy and ar-
rival direction of the primary particles.

Since the ISS orbits the Earth in the latitude rang®l.6°, moving at a sub-
satellite speed of 7 km s, the variability of the FoV observed by JEM-EUSO
is much higher than that observed by ground-based expetsmienparticular, the
atmospheric conditions, which eventually determine thertappe, must be carefully
monitored via an atmosphere monitoring system consisfiag infrared camera and
a steerable laser [3].

In the following, we describe fundamental principles of HHUSO including the
peculiarity of the space-based observation of EASs. Wedifgniss key parameters
relevant to the performance of the JEM-EUSO mission. Inwlugk, we evalute the
geometrical aperture and expected exposure in various\atemal conditions.

2 Observational principle

The space-based observation of Ultra-High Energy Cosmys R4HECR) has some
peculiarities in comparison to ground-based measuremahts/e all, by observing
from ~ 400 km orbit, JEM-EUSO significantly enhances the apertorapared to
any existing and planned observatories. In addition to leefkically down to the
nadir (nadir mode), the JEM-EUSO telescope may be tiltedradtilt mode) in-
creasing the observation area to explore much rare evehitgregst energies. Thanks
to the ISS orbit, JEM-EUSO surveys both hemispheres in Gale3phere with a
rather uniform exposure, minimizing the systematic uraieties. This property is
distict from ground-based observatories that may only ofesdifferent parts of the
sky.

There are other interesting aspects in using space-bas&LCRHbbservatories.
First, the almost constant distance between the detectbetBAS considerably re-
duces problems associated with the determination of thHd solgle and with the
different attenuation suffered by the UV light in the atmlosge. Second, the nearly
constant fluorescence yield simplifies the reconstructiémneoEAS development pro-
file in atmosphere. Third, the observation from space eleis uncertainties due to
scattering by aerosols mostly concentrated near the plgnebundary layer. Finally,
as the EAS maximum occurs, for most zenith angles, at adtgtlgher than-3 km
from the Earth’s surface, space-based measurements angoslsible in cloudy con-
ditions. Compared to ground-based detectors, the obsmmahtiuty cycle is mainly
limited by the moon phases, while the cloud impact is lessvegit.
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The JEM-EUSO observational approach mainly relies on tleé tfeat a sub-
stantial fraction of the UV fluorescence light generated oy EAS can reach a
light-collecting device of several square meters locatezbaeral hundreds kilome-
ters away. Typically several thousands photons reach thve BBSO detector for a
shower produced by a #®eV particle. JEM-EUSO is designed to record not only
the number of photons but also their direction and arrivaétilt allows the measure-
ment of the specific space-time correlation of the signé ltledps identifying EAS
tracks very precisely in the night glow background.

In order to investigate the shower properties and the dateesponse we em-
ployed the software package ESAF (Euso Simulation and Aiafkramework) [4].
Details of the shower simulation as well as the detector aednstruction perfor-
mances are described in [5-7].

Fig. 1 [5], top panel shows the projected tracks on the Emghiface for EASs
with E = 10°° eV and zenith angle® of a) 3¢, b) 60° and c¢) 75 along with the
map for the entire FoV in the sub-panel. Bottom panel showsrttage on the FS
detector for the case b) in which the integrated counts foh guxel are indicated.
The regions enclosed by thick dashed lines in both paneds tethe same PDM.

Fig. 2 shows the arrival time distribution of photons at teke$cope entrance
aperture from the EASs shown in Fig. 1. The shaded histogsdor © = 60° and
those with solid and dashed lines are ®= 75° and 30, respectively.

Up to zenith angles-60°, the EAS is fully contained within an FoV equivalent
to one PDM. It reaches two PDMs arou@d~75°. This is the reason that the trigger
architecture is based on the PDM scale. The typical FoV of BIFP&® Hy = 400 km
is about 30 km on a side( 1000 knf). This means that the entire FS detector can
be considered as the sum of 137 quasi-independent sultatsteorresponding to
PDMs. This is important for evaluating the effects of cloadsl city light. It should
be mentioned here that when a trigger is issued on a PDM, thefithe neighboring
PDMs are also retrieved. Another important considerasdhat more inclined EASs
give brighter signals at EAS maximum and total integratghtliThis can be used to
extend the energy range of measurement to lower energiesrpjesgeometrical
cuts. Moreover, inclined showers allow almost fully cateetric measurement of the
EAS because the entire profile is visible. This is generatiy/the case of ground-
based detectors, which typically select events up toifzenith angles, and for
which the EAS is truncated at ground in many cases.

3 Observational duty cycle, local light effects and therole of clouds

The estimation of the exposure of a space-based experimehtas JEM-EUSO
requires accounting for: a) the characteristics of the EA&bpment in the atmo-
sphere as observed from space, b) the properties of thedekesincluding its orbit
and FoV, c) the various sources of steady background liketfgitpw and moonlight,
d) the overall optical transmission properties of the ajphese, in particular the pos-
sible presence of clouds, and e) the effect of anthropodigihic atmospheric flashes
such as transient luminous events and meteors. Items a))amnd the principal fac-
tors determining the threshold in energy and maximum aped the telescope.
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Fig. 1 Top panel shows the projected tracks on the Earth’s surtadeASs withE = 10?° eV and zenith
angles@ of a) 30, b) 60° and c¢) 75. The dashed lines indicate the corresponding areas fordke F
of individual PDMs. In the sub-panel, the correspondingaaséthe plot is represented by solid lines
within the entire FoV. Bottom panel shows the image on the R&atier for the case b). The large squares
denotes MAPMTs. The matrix of pixels are indicated with theegnate counts in discrete scale. The
regions enclosed by thick dashed lines in both panels refére same PDM. Panels herein are quoted
from Ref. [5]
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Fig. 2 Arrival time distribution of photons at the telescope enteaperture from the same EASs shown
in Fig. 1 [5]. Shaded histogram denotes the cas® ef 60° and those with solid and dashed lines are for
the cases 0® = 75° and@© = 30°, respectively.

Item c) limits the observational duty cycle of the missidenis d) and e) affect the
instantaneous aperture of the telescope.

All these above points have been extensively studied in [BgfWe report here
the main conclusions. The estimation indicates that theatipmal duty cycle of
JEM-EUSO, or the fraction of time in which the EAS measuretrismot ham-
pered by the brightness of the atmosphere, is of the ordeg 6f20%. This value is
conservative at energies £ 10°° eV where it is possible to operate also in higher
background levels. The local light such as city light, atpiesic flashes and auro-
ras reduce the effective instantaneous observationaltaréa- fioc ~ 90% of the
geometrical area. The role of clouds has been thoroughgstigated and the cloud
efficiency, defined as the ratio of the effective averagetapeto the geometrical
aperture, is found to bg; ~72%. All the above factors give an overall conversion
factor from geometrical aperture to exposure of aboli8%.

4 Geometrical aperturein nadir mode

A detailed study of the geomerical aperture as a functiomefgy for the standard
assumption of 400 km ISS altitude and nadir view with protgedted primaries is
extensively described in Ref. [5]. Here we report only themmasults and we refer
to that analysis for the details of the technique.

To estimate the geometrical aperture, a large number of EBA&simulated by
uniformly injecting them over an extended arGgect > Sobs in @ clear atmosphere
condition for nominal background level tfg = 500 photons m? sr-! ns 1.

For Nyig, triggering samples amongnject, Simulated EAS events with an energy
E, the corresponding geometrical apertd(&) is defined by the following relation:

A(E) = ~—— * Snject L0, Q)
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Fig. 3 Geometrical aperture as a function of energy. The filled e¥rend squares indicate geometrical
apertures for the entire observation area BRnd 150 km respectively, wherR indicates the distance of
the impact location of the EAS from the center of FoV. The operies and squares include a zenith angle
cut of @ > 60°.

whereQq = mrsris the solid angle acceptance férQ© < 90°. As explained before,
by applying simple cuts on the distanBefrom the center of FoV to the impact
location of the EAS, and on the lower limB.,;, the geometrical apertumks,y is
derived as follows:

mn
Asub(E):er/ / £(E,0,r)-cosO -sin® do ds, )
Ss.ub Ocut

wheredSis the area element in the selected subsection of the oliserameaS; p,
ande(E, ©,r) is the probability of trigger at the impact locationwvith respect to the
center of FoV.

Fig. 3 shows the geometrical aperture as a function of eniergy = 400 km
along with the apertures for different geometrical cut®iandR.

The geometrical aperture without geometrical cut reachesptateati above
~ (6—7) x 10'° eV. At the highest energies, the geometrical aperture isecto
saturation. The value is mainly determined &y for a givenHg and, therefore,
higher altitudes result in larger saturating aperturese @ua minor contribution of
EAS crossing the FoV, the geometrical aperture grows $ligtith energy.

By applying the cu® > 60°, which reduces the solid angle acceptancefé sr,

a constant aperture is achieved abevé4 — 5) x 10'° eV. In addition, a more strin-
gent cut withR < 150 km extends the constant aperture range down3s 10'° eV.
The possibility to extend the plateau region at lower emsrdpr a subset of events
allows a cross-check of the flux measured by the full samplevehts in the spe-
cific range of energies where the aperture of the instrunsemtt at the plateau level.
Consequently, the overlapping energy range between JEBIEE&hd ground-based
observatories is enlarged.

1 Itis defined by the condition in which the geometrical aperisr> 0.8- S- Q for the ares&Sand solid
angle acceptanc® defined by specific geometrical cuts.
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Fig. 4 Aperture as a function of energy at ISS altitddg = 400 km without geometrical cuts: solid line
for proton and dashed one for iron simulated events.

Fig. 4 shows the comparison between the aperture betwewmpnd iron simu-
lated showers without geometrical cuts. The EAS obsemditam space has a better
visibility of the early stages of the shower development parad to ground-based
observation. Iron showers tend to cascade higher in atneosgiompared to proton
ones and the apparent length of the EAS before impactingeiénth’s surface or
on a cloud top is a bit longer. Simulation results indicatease of iron showers that
a slightly higher number of photons reaches JEM-EUSO in @igpn to proton
showers with same energy and geometry. This results in htlslignproved trigger
efficiency and increased overall exposure in case of irowsh® In the following
we will refer always to the results obtained with proton siated showers.

5 Geometrical aperturein tilt mode: preliminary results

An interesting option for JEM-EUSO is the possibility oftitilg the telescope. In
the tilt mode, the observation area is scaledbgcosé)~2 as a function of titling
angleé of the optical axis from the nadir. This increases the sampevents at the
highest energies and helps to compensate the reductiore afltbervation area in
case of periods of lower orbiting altitudes. However, thrgéa distance under which
showers appear make them to be dimmer. For this reason tlaatades of the tilt
mode are not obvious by themselves and the improvement iosexe depends on
the energy in a non trivial way. Therefore, a devoted studgtrbe performed to find
a reasonable trade-off between increasing the exposurkesping the threshold in
energy at an acceptable level.

In the present study a set of different tilting angles betw2@ and 40 has been
simulated and compared to the nadir mode and first resulgsngat. It is important
to underline at this stage that the analyses in which thecalpéixis is tilted by~
0° — 25°, can be easily assimilated to the nadir one (defined in theviolg ‘quasi-
nadir mode’). In case of even larger tilting anglésx 25°, tilt mode), a dedicated
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Fig. 5 The JEM-EUSO observation area are shown as a function oifiting eingle for ISS altitude 400
km and 350 km. The tilting angl€ (~ 40°) at which the edge of the FoV reaches the horizon is indicated
as well.

study is necessary to evaluate the performance in termsadifgjaf the reconstructed
events. This will be addressed in future, in particular fog § = 40° case where
the FoV increases significantly and reaches the horizon.edewy we report in the
following first studies based on the trigger events for batbes: quasi-nadir and tilt
modes. They are based on the assumption of a standard IS8 be#0 km, and a
more pessimistic case, in which the ISS flies at much lowgudés Ho = 350 km).
This second case is meant to indicate that lower altitudesw &wering the threshold
in energy with a wider range of superposition with grounddzhdetectors, and that
the loss in aperture in nadir mode compared to the stand&cdh&sght would be
recovered at the highest energies by operating in quasi-meadie.

Fig. 5 shows the dependence of the observation area as @funttthe tilting
angle forHy = 400 km and 300 km. The area increases \ithnd reach~ 6 times
of that of the nadir mode &t = 40° where a part of FoV sees the local horizon.

In order to estimate the aperture, a specific night glow baxktd has to be as-
sumed. In the present work the nominal background level 8f@tons m2 sr-1 ns!
is assumed constant over the entire FoV. Most likely thistmoesimplistic assump-
tion since the background radiance depends on the tiltigteaimder which the at-
mosphere is observed. However, at a very first approximatichespecially for low
tilting angles we can consider the shower to detector distam be the leading fac-
tor affecting the threshold in energy. In fact, the showgnal can be expected to
decrease proportionally to the inverse square of the distamich is much stronger
than any reasonable increase of the background rate astéofuntthe tilting angle.
Moreover, the increase of the background ldgel corresponds to an increase of the
threshold in energy proportional tglgg. On the other hand the signal variations af-
fect linearly the threshold. Efforts are going on for a moaeetul estimation of the
background dependence as a function of the tilting angle.

Fig. 6 shows the aperture as a function of energy for diffetitimg angles. The
ISS altitudeHy = 400 km and no geometrical cuts are assumed. As expected by
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Fig. 6 The JEM-EUSO aperture as a function of energy for differétimg angles.Hp = 400 km and no
geometrical cuts are assumed. On the right, the correspogdauty growth in exposure is shown (see
Section 6). In case of = 40° case, the dashed line shows the upper limit (u.l.) on the eddelaperture
and exposure.

tilting the telescope the threshold in energy increasesellsas the aperture at the
highest energies. The quasi-nadir configuratiorg of 20° allows to keep almost
constant aperture at the lowest energies, while increasmgderately (10%—20%)
at E > 10°° eV. The tilt mode is suitable to increase the aperture at treegies
E > 2x 10?0 eV where the flux is particularly low, reaching a factorof1.8 higher
aperture aE > 5x 10?0 eV for the & = 30° case. On the right, the corresponding
annual exposure is shown (see Section 6 for discussion).

The tilt mode shows a more slowly growing aperture compaoeitheé nadir or
guasi-nadir mode. This is due to the fact that with increasghe energy the more
distant PDMs start being more efficient in detecting EAS. iDyithe data taking
in the mission, the proper understanding of the growth ofagherture as a function
of energy will be verified experimentally by comparing theasared flux in nadir
or quasi-nadir mode in the energy range where both tilt arir maodes provide
comparable statistics (610'° eV < E < 3x 10?%eV).

Fig. 7 shows JEM-EUSO aperture as a function of energy inrmadde Ho =
400 km and 350 km) as well as the aperture in quasi-nadir mbee25’) for Hp =
350 km. At the lowest energies the highest trigger efficieotyhe Hy = 350 km
allows to guarantee the same aperture of the standard cratfigu Above 160 eV
the aperture can be recovered by the quasi-nadir configarddnly a moderate loss
of aperture (below 20%) in the range<3.0*° eV < E < 10°° eV remains. However,
this is the region where the acquired statistics is relptikigh.

6 Exposure

From the above results, the exposure per year of operatioavients that trigger
JEM-EUSO, defined as the ‘annual exposure’ is evaluated asctién of energy:

(Annual exposurex A(E) - Kc - No- (1— fioe) - (1 [yr]). (3)
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Fig. 7 The JEM-EUSO aperture as a function of energy for nadir modte at 400 km and 350 km as
well as that for quasi-nadir modé € 25°) atHpy = 350 km. All plots refer to the one without geometrical
cuts.

In this estimation, we usec = 72% o = 20% and fjoc = 10%, respectively and
independently of the tilting angle. In reality, it is expedtthat the cloud inefficiency
will be lower for the tilting mode. This is due to the fact thlaé PDMs looking at far-
ther distances are more efficient in detecting inclined ghrewhat develop in higher
atmospheric levels and deliver more light to the telescepe Fig. 2). Therefore, the
cloud inefficiency is less important. On the other hand tfecebf local light sources
will be more pronounced because the FoV of such PDMs is laffperse two factors
compensate each other at a first approximation, howeverdigate study will be
conducted in future to estimate the second order effects.operational inefficien-
cies related to ISS (rockets docking on ISS, lid operati@tector maintenance or
aging, etc.) are not taken into account yet. The fractiorhefttiggered events that
are succesfully reconstructed and the quality of such everdescribed in detail in
[6,7]. The present results constitute an upper limit on ftifecéve exposure of the
instrument for the assumed conditions.

On the right axis of Fig. 6, the scale for the annual expossirghbwn for the
geomerical apertures indicated in the figure. For the nadidenthe JEM-EUSO
annual exposure without geometrical cuts is expected te I8etimes larger than
that of the Pierre Auger Observatory. In tilt mode, the expedurther increases at
extreme energies by another facto? allowing to explore the energy range where
much fewer events are expected.

Unlike ground-based observatories, the global ISS orhitatter sensitivities for
EAS with large zenith angles allows observation of the enfielestial Sphere. The
exposure distribution has only limited anisotropies inltetion and right ascension
which are due to the different resident time of the ISS as atfon of the latitude, to
the different twilight time for different latitudes and todal and seasonal dependence
of the cloud distribution and local man-made light.
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Fig. 8 Expected distribution of observed exposure as a functiaeofination and right ascension. Clear
and cloudy atmosphere are considered.

Fig. 8 summarizes the results when all the above effectsatemtinto account.
The cloud distribution is taken from Ref. [8]. The exposuistribution over Celestial
Sphere is rather uniform withiit10% level.

7 Conclusions

Simulations show that JEM-EUSO reaches almost full effigyein nadir mode al-
ready at energies arounc30'° eV for a restricted subset of events, and provides
full aperture at energiel > (6 — 7) x 10'° eV. The expected exposure is essentially
independent of the incident primary particle. The obséowal duty cycle and the
role of clouds have been summarized. The expected annuaseasgof JEM-EUSO
in nadir mode around eV is equivalent to about 9 years exposure of Auger.
The quasi-nadir modef(< 25°) allows to slightly increase the exposureEat-
10?0 eV. This is an interesting option to recover the exposurenftmexpected op-
erational inefficiencies or low ISS altitudes. A first studytdt mode has been pre-
sented. The aperture is expected to increase by a fa@dor a tilting angleé ~ 30°
compared to the nadir mode at the highest energies. Howtngmesult has to be
confirmed by further analyses.
Thanks to the ISS orbit JEM-EUSO surveys the entire CeleSidere with
a very limited non-uniformity of the exposure on declinatiand right ascension
(+£10%) taking into account coverage distribution and seds@miation of the clouds.
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