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Extreme Energy Particle 
Astronomy �

EECR* Source Identification can be achieved over 
the next 2 decades from Space.�
�

This would solve longstanding Astrophysical Mystery and allow 
fundamental studies of particle interactions beyond the reach of 
terrestrial accelerators. �
�

UHE Neutrinos can be studied with same technique.�
�

"*EECR= cosmic rays with E>50 EeV (1 EeV = 1018 eV) 



Particle Astronomy Begins�
This Decade marks the beginning of Particle Astronomy �
(ie, the identification of cosmic particle accelerators): �

Anisotropies observed in Cosmic Ray distribution: �
-  Large Scale at Intermediate Energies (Milagro, Tibet, IceCube)�
-  Hints at Ultrahigh Energies (Pierre Auger, Telescope Array)�
First π0 decay signal identified (Fermi W44 & IC443, Feb’13)�
PeV neutrinos first observed (IceCube, Apr’13)�
�

�
Cosmic Magnetic Fields allow direct pointing above ~10 EeV 
(protons) and Z x 10 EeV (nuclei w/ charge Z). �
�
UHECRS are now known to be extragalactic above 1 EeV 
(protons) & 20 EeV (iron) �
�
�



knee 

ankle 

Kotera, AO 2011 

Extreme�
Energy�
CRs�

Cosmic Ray Flux x E2 

GZK 

Extragalactic �
Cosmic Rays �

Particle �
Astronomy �



Extreme Energy Cosmic Rays�
EECRs are observed up to ~ 300 EeV = 3 1020 eV       
(> 107 ELHC  equivalent to ~ PeV C.M.)�
�

Their origin is unknown and observed energies challenge 
ALL acceleration models�
Among known cosmic photon accelerators only neutron stars, 
gamma-ray bursts, active galactic nuclei, and intergalactic 
medium shocks can contain these particles, requiring close to 
100% efficient acceleration.�
Need to observe many more EECRs to determine source. �
�

Main Challenge: low flux ~ 1 particle/km2/century�
Space Observatories provide needed significant 
increase in statistics �
�
�
�



�
Ultrahigh Energy Cosmic Rays�

Leading Observatories�

Pierre Auger  
Observatory 
Mendoza, Argentina 

3,000 km2 array	


4 fluorescence sites	


 	



Telescope Array 
Utah, USA 

760 km2 array	


3 fluorescence sites	





Ground UHECR Observations show: �

Spectral feature > 40 EeV  
due to CMB interactions? 
(Greisen-Zatsepin-Kuzmin (GZK) effect?) 
or due to Emax of sources? 
 
E > 60 EeV – hints of anisotropy –  
The start of Particle Astronomy? 
 
Composition: suprising change  
toward heavier nuclei > 40 EeV?  
or new Hadronic Interactions?  
 
Only ~ 1 event  > 100 EeV/year  
and ~ 30 events > 60 EeV/year 
 
 

 
 
 
 

E>60 EeV 



use atmosphere as particle detector 

to increase statistics by many orders of magnitude - 
Observe Atmosphere FROM SPACE! 

Ground Observatories�

• Measurement of near UV fluorescence 
of atmosphere excited by EECR 
shower is a true calorimetric technique 
(as at particle accelerators). 

• Energy, direction, and species from 
details of shower development. 



How many EECRs /yr?�
Pierre Auger Obs. w/ 3,000 km2 �

    ~20 events > 60 EeV/ yr�
Telescope Array w/ 760 km2 �

" " " "~5 events > 60 EeV/ yr�
TOTAL ~30 events/yr �
�
Earth Atmosphere receives�
 > 3 106 events/yr! �



Near UV telescope looking down on Earth’s Atmosphere  
from low Earth orbit can increase exposure to EECRs 
by a factor of ≥10 with current technologies 
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Huge Exposure Area�
�
60 FOV from ISS	
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Figure 3: Point spread functions simulated with the RIKEN
ray-trace code interfaced with ESAF for several inclination
angles (0, 5, 15, 25 deg). On the axes the position in mm
on the FS can be read.
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Figure 4: Composition of the photons at the detector pupil.
Standard shower (1020eV 60 deg) as simulated by ESAF
with the GIL parameterization.

tion of the photomultiplier is included in the electronics
part. All the effects like quantum efficiency (and its depen-
dence from the photon inclination), collection efficiency
and cross talk are also taken into account pixel by pixel
within one Photomultiplier (PMT). The implemented Pho-
tomultiplier is the M64 Photomultiplier of Hamamatsu. In
table 1 we give a resume of the most relevant parameters of
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Figure 5: The event as seen through the detector. The Blue
curve gives the number of photons as function of GTU # at
the pupil. The red one tells how many photons reach the
FS. The green one represents the counts. Standard shower
(1020eV 60 deg) as simulated by ESAF with the GIL pa-
rameterization.

the detector. More details can be found in [13]. The signal

Quantum Efficiency ∼ 39.6%
Collection Efficiency ∼ 80%

Cross talk Negligible
Pixel Area 9mm2

Number of Pixels 64

Table 1: The most relevant parameters for the implemented
M64 Photomultiplier

is then amplified by a parameterized gain and the result-
ing output current is collected and treated by the Front End
Electronics. A threshold is set on the PMT output current
in order to accept or reject the signal count.

2.4 Trigger

The trigger algorithm’s duty is to filter the background in
order to increase the signal to noise ratio. Being the teleme-
try limited, the instrument cannot afford the transmission of
the entire Focal Surface data to Earth. The entire triggering
scheme is therefore organized in a multiple step filtering.
After the Front End Electronics identified a photon count
a first search for persistency is done at the level of PDM
3. This is called the first level trigger (L1). After at this
level a trigger signal is issued data are sent at the next level:
the so called Cluster Control Board 4 trigger. This is also
called second level trigger (L2). Here the Fake Trigger Rate
must be further reduced to fit with the telemetry constraints
(from ∼ 1kHz to 0.1Hz on the entire Focal Surface). Sev-
eral algorithms have been implemented and tested: the so
called Linear Tracking Trigger (LTT) scheme and the Pro-
gressive Tracking Trigger (PTT) as well as the so called

3. Part of the Focal Surface consisting of 36 Photomultipliers.
4. Electronics board which operates on 324 Photomultipliers.

a) N2 Fluorescence 

b) Scattered Cherenkov 
c) Direct (diffusively reflected Cherenkov) 

FAST Light SIGNAL�
Duration 20 -150 µs (3 µs/km) 

p, 1020eV, 60 deg 

Background: ~500 photons /m2 sr ns 

JEM$EUSO: Extreme Universe Space Observatory onboard Japanese Experiment Module  
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Figure 1-2. Artistic illustration of the JEM-EUSO telescope attached to the Japanese Experiment Module of the 
International Space Station, under nadir (left) and tilt (right) mode of observation. 

The JEM-EUSO telescope can reconstruct the incoming direction of the EECRs with accuracy 
better than few degrees. Its observational aperture of the ground area is a circle with 250 km 
radius, and its atmospheric volume above it, with a 60° FoV, is ~1 Tera-ton or more. The target 
volume for upward neutrino events exceeds 10 Tera-tons. The instantaneous aperture of JEM-
EUSO is larger than the Pierre Auger Southern Observatory by a factor ranging from 65 to 280, 
depending on its observation mode (nadir or tilted, Fig.1-3). 

JEM-EUSO, planned to be attached to JEM/EF of ISS, will be launched  in the JFY 2016 by 
H2B rocket and conveyed to ISS by HTV (H-II transfer Vehicle). 

 

 
Figure 1-3. Area observed by the JEM-EUSO telescope in one shot under 
�����
�������������	���

���	� mode.  

  



60o FOV monocular refractor from the ISS�

annual exposure = �
10 x Auger �

6 104 km2 sr yr (nadir) �

• Light collector: ~2.4 m aperture, FOV 60o half angle, 
optical angular resolution 0.07°. 
Focal plane: existing MAPMTs or new UV solid-state 
PMs, ~3 105 pixels, 2.5  µs timing resolution. 

• Angular resolution for incident particle: few degrees 
(depends on inclination) 

• Number of pixels, sensitivity, and trigger selectivity 
small by standards of current particle collider 
detectors. Optical system ~104 times diffraction limit. 
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Full Sky Coverage �
 �

with nearly uniform exposure�

http://www.nlsa.com/ 

Inclination:  51.6° 
Altitude:    ~400km	


The ISS ORBIT	




Next generation after ISS: �
 Co-orbiting Pair of Free Flyers�

• Two satellites give Stereo View – improved particle 
angular resolution and energy resolution (atmospheric 
correction). 

• 3 phase mission profile: 10° inclination orbit 
1)  1000 km, 20 km separation, 3 months – upward Ck light from ντ 
2)  1000 km, 600 km separation, ~2.5 yrs – highest energy EECR,  

2 1019 threshold 
3)  600 km, 500 km separation, remaining mission – 1019 threshold 

with reduced exposure 
• Optional monocular mode – fault tolerance, increased 
aperture 

• Light collector: Schmidt telescope (similar to asteroid 
finder), 7 m dia. mirror, ~3 m aperture, FOV 45° half 
angle, optical angular resolution 0.03°. 
Focal plane: solid-state PMs, 5.5 105 pixels, 100 ns 
timing resolution (improved shower max resolution and 
monocular reconstruction). 

• Angular resolution for incident particle: ~1° 
• Energy resolution <20% 

!
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Same Technique can observe�
 Cosmogenic (GZK) Neutrinos & Photons�

 p+γcmb→ Δ+ → p + π0 → γγ 
             → n + π +   

n →  p + e- + νe  
     π+ →  µ+  + νµ 
        µ + → e+ + νe +νµ 
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In a decade we can discover �
the first sources of EECRs�

 �
from Space!!! �


