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The origin of UHECRs still requires an answer….
A significant increase in exposure is needed

Space offers the following opportunites:

a) Complementarity to ground-based observation

b) Potential 10x annual exposure vs ground-based observatory

c) Full sky coverage
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Snowmass 2021

Final arXiv version (v3): 
https://arxiv.org/pdf/2205.05845
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K-EUSO an intermediary step between pilot missions from space & balloons and POEMMA

K-EUSO

POEMMA

EUSO-Balloons
TUS
Mini-EUSO



This communication reports the latest 
hardware developments and performance 
studies of K-EUSO as published in:

P. Klimov et al., Universe 2022, 8, 88 
https://doi.org/10.3390/universe8020088
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Since February 24th 2022 the project is on hold



Scientific motivations

• Demonstrate that the JEM-EUSO program has reached the required TRL 
for a space mission.
• Measure first Ultra-High Energy Cosmic Rays (E > 5 x 1019 eV) from 

space.
• Provide an exposure curve at UHECR energies from space.
• Study the origin of the discrepancy between Auger and TA energy 

spectra above GZK.
• Perform anisotropy studies with a full-sky coverage.
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Telescope configuration
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JEM-EUSO missions, with a total amount of channels close to 105. The main parameters of
the detector are given in Table 1. Spatial and temporal resolutions are, respectively, given
by the ground-projected area observed by an individual channel (pixel) and the electronics
gate time unit (GTU). More details about the detector substructures are provided in the
following sections.

Table 1. Technical parameters of K-EUSO.

Altitude ⇡400 km
Field of view 0.3 sr (48,000 km2)

Pixel size 3 mm ⇥ 3 mm
Spatial/temporal resolution 0.6 km (pixel)/2.5 µs (GTU)

Entrance pupil area ⇠3 m2

Number of PDMs/channels 44/101,376
Dimensions (unfolded) ⇡125 ⇥ 250 ⇥ 400 cm3

Figure 1. (Left): a scheme of the K-EUSO detector with segmented refractive optics and rectangular
aperture as designed by GP Advanced Project company. (Right): a 3D model of the K-EUSO focal
surface built from 44 photo detector modules. It is to be placed inside the green “box” shown in the
left panel.

3.1. Optical System

Both optical elements of the telescope are made in the form of spherical Fresnel lenses
manufactured from a special near-UV-transparent version of poly methyl methacrylate
(PMMA) material. A significant optical power of such lenses is created by special annular
zones of the Fresnel surface1, while, even with large dimensions, the thickness of the
lenses turns out to be small, and the mass of the entire system is moderate. The PMMA-
000 (Mitsubishi Chemical Corporation product) was chosen for several reasons. Along
with a low density (approximately 1.2 g/cm3), which ensures a low weight of lens, this
material has a number of important optical properties, including a weak temperature
dependence of the refractive index. The transparency of PMMA-000 practically does not
change upon prolonged exposure to atomic oxygen (the main element of the residual
atmosphere at the ISS altitude) and protons with an energy of approximately 70 MeV. At
the same time, PMMA-000 is hard enough (in comparison, for example, to soft and plastic
CYTOP) and can be used for high precision milling. To date, a number of lenses with
similar characteristics of Fresnel concentric structures have already been manufactured:
lenses for balloon experiments EUSO-Balloon [48] and EUSO-SPB1 [49], as well as for the
space experiment Mini-EUSO [25].

The front lens is convex-concave, the rear one is concave-convex and all four radii of
curvature are equal in absolute value, which greatly simplifies their production.

The optical power of the lenses is created by radial Fresnel structures, which are
located on both surfaces of the front lens (S1 and S2) and on the front surface of the rear

Current configuration to 
fit launch & installation 
constraints on Russian 
module of ISS

Italy MSU



Optics Performance & Manufacturing
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Fresnel lenses based on PMMA-000 
(Mitsubishi Chemical Corporation product)

grid size
1 mm

λ = 337 nm
λ = 357 nm
λ = 391 nm

Zemax ray-tracing model
𝜸 = 5∘ 𝜸 = 10∘

𝜸 = 20∘𝜸 = 15∘ 𝜸 = zenith angle, 𝛷 = azimuth angle

Lens manufacturing @ RIKEN (Japan)



Focal Surface Electronics
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Photo Detector Modules (PDMs) developed for EUSO-SPB2 
(heritage of EUSO-Balloons and Mini-EUSO)
- 36 MAPMTs, 64 ch each, Hamamatsu R11265-103-M64
- SPACIROC3 ASICS (Omega & APC, France)
- Zynq Board containing Xilinx Zynq 7000 FPGA with an
embedded dual core ARM9 CPU processing system (MSU)
- Cockroft–Walton power supply (NCBJ, Poland)
- Gate Time Unit (GTU) = 1 - 2.5 µs

S-curve Single Photo-electron spectrum

Efficiency map of 
1 Elementary Cell (4 MAPMTs)
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JEM-EUSO missions, with a total amount of channels close to 105. The main parameters of
the detector are given in Table 1. Spatial and temporal resolutions are, respectively, given
by the ground-projected area observed by an individual channel (pixel) and the electronics
gate time unit (GTU). More details about the detector substructures are provided in the
following sections.

Table 1. Technical parameters of K-EUSO.

Altitude ⇡400 km
Field of view 0.3 sr (48,000 km2)

Pixel size 3 mm ⇥ 3 mm
Spatial/temporal resolution 0.6 km (pixel)/2.5 µs (GTU)

Entrance pupil area ⇠3 m2

Number of PDMs/channels 44/101,376
Dimensions (unfolded) ⇡125 ⇥ 250 ⇥ 400 cm3

Figure 1. (Left): a scheme of the K-EUSO detector with segmented refractive optics and rectangular
aperture as designed by GP Advanced Project company. (Right): a 3D model of the K-EUSO focal
surface built from 44 photo detector modules. It is to be placed inside the green “box” shown in the
left panel.

3.1. Optical System

Both optical elements of the telescope are made in the form of spherical Fresnel lenses
manufactured from a special near-UV-transparent version of poly methyl methacrylate
(PMMA) material. A significant optical power of such lenses is created by special annular
zones of the Fresnel surface1, while, even with large dimensions, the thickness of the
lenses turns out to be small, and the mass of the entire system is moderate. The PMMA-
000 (Mitsubishi Chemical Corporation product) was chosen for several reasons. Along
with a low density (approximately 1.2 g/cm3), which ensures a low weight of lens, this
material has a number of important optical properties, including a weak temperature
dependence of the refractive index. The transparency of PMMA-000 practically does not
change upon prolonged exposure to atomic oxygen (the main element of the residual
atmosphere at the ISS altitude) and protons with an energy of approximately 70 MeV. At
the same time, PMMA-000 is hard enough (in comparison, for example, to soft and plastic
CYTOP) and can be used for high precision milling. To date, a number of lenses with
similar characteristics of Fresnel concentric structures have already been manufactured:
lenses for balloon experiments EUSO-Balloon [48] and EUSO-SPB1 [49], as well as for the
space experiment Mini-EUSO [25].

The front lens is convex-concave, the rear one is concave-convex and all four radii of
curvature are equal in absolute value, which greatly simplifies their production.

The optical power of the lenses is created by radial Fresnel structures, which are
located on both surfaces of the front lens (S1 and S2) and on the front surface of the rear

Layout: 44 PDMs

PDM

Measurements done @ APC (France)



Performance Studies using ESAF
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Proton E = 1020 eV, Θ= 60∘

- K-EUSO configuration implemented in ESAF 
(Euso Simulation and Analysis Framework)
like for other missions of the JEM-EUSO program

- Trigger logic and reconstruction algorithms 
heritage from JEM-EUSO mission



Annual Exposure estimation
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Annual exposure: 
~18000 km2 sr yr @ E > 1020 eV
Expected triggered events (assuming Auger spectrum): 
65 ev./yr @ E > 5·1019 eV,  4 ev./yr @ E > 1020 eV

Based on similar assumptions used for JEM-EUSO:
J.H. Adams et al, Astrop. Phys. v.44, pp.76-90 (2013)

𝜀 = exposure , E = energy
Ntrigg = triggered events, Nsimu = simulated events
Asimu = Area of injected events, Ω = solid angle
𝜂 = 0.2 (astronomical D.C.), 𝜂clouds = 0.72 (cloud eff.)
𝜂city = 0.9 (artificial lights eff.), t = 1 year

To be compared with:
~7000 km2 sr yr of Auger
~5000 km2 sr yr of TAx4 (expected)



Comparison of exposures

13



Angular resolution
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Energy resolution
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Proton E = 1020 eV, Θ= 60∘
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attenuation occurring in the detector is corrected following a look-up table relating an
incident direction and wavelength of photons to the detector efficiency. Several methods
to reconstruct the shower geometry have been implemented and are discussed in [59].
With a determination of the position of the shower in the atmosphere, it is possible to
calculate the amount of atmospheric extinction and the luminosity curve. Knowledge of
the fluorescence yield is then used to reconstruct the charged particle profile of an EAS.
Such a profile is then fit with a shower profile parameterization to obtain the energy and
the depth of the maximum5.

Estimations of the energy resolution of K-EUSO for UHECRs with different energies
arriving at various zenith angles are shown in Figure 14. The results were obtained with
2500 showers simulated at fixed energies and zenith angles, both for the center and for the
full field of view of the detector. The resolution was estimated as the standard deviation of
the dE = (Ereco � Ereal)/Ereal distribution which can be well approximated by a Gaussian6.
It can be seen that the energy resolution is around 25% at low zenith angles and improves up
to around 15% for nearly horizontal events, with a small improvement trend towards higher
energies. No significant decrease in the performance was observed for events simulated in
the full field of view. For comparison, Auger has an energy resolution above 1019 eV of the
order of 7%, whereas TA has 18% in the same energy range. The systematic uncertainties
on the energy scale are 14% and 21% for Auger and TA, respectively. Two examples of
reconstructed profiles of the signal from 100 EeV UHECRs arriving at the zenith angle of 60�

are shown in Figure 15 as black crosses. Fits of the shower parameterization are shown in
red. The two showers are different in the location of the signal in the focal surface. The one
shown in the left panel crosses fewer gaps between MAPMTs than that in the right panel,
and the maximum of the profile has enough data points for an accurate reconstruction. As
a result, we found dE = 0.01 for the shower in the left panel and dE = 0.1 for the one in the
right panel.

A totally different approach to the recognition of patterns produced by UV emission of
EASs on the focal surface and to the reconstruction of parameters of primary UHECRs can
be based on machine learning methods. A high efficiency of neural networks for identifying
certain types of signals in the TUS data was demonstrated recently [61,62]. The first appli-
cations of neural networks to CR parameter reconstruction are also potentially interesting;
see, e.g., [63–65]. A promising method of identifying EAS candidates in the data with the
help of neural networks in real time has been developed for the EUSO-SPB2 mission [66].
The method will allow one to effectively suppress a big number of false positives, which is
important in conditions of a limited telemetry budget. The procedure will be thoroughly
tested during the flight that is planned to be performed in 2023 [67]. This approach will be
examined during the future stages of development of the K-EUSO mission.
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Figure 14. Estimates of energy reconstruction for different energies and zenith angles. (Left): center
of the field of view. (Right): full field of view of the detector.

Full FoV

Energy resolution is better (15%) or comparable (25%) to TAx4



Xmax resolution
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Figure 15. Examples of reconstructed shower profiles as a function of slant depth. Both showers
were generated by simulated 100 EeV UHECRs arriving at 60� zenith angle. The red curves indicate
shower profile fits. Red circles mark data points used for the reconstruction. Vertical black lines
show boundaries of the interval selected for the reconstruction by the algorithm. Horizontal black
segments correspond to gaps between PDMs and/or PMTs.

4.4. Depth of Maximum Reconstruction

A reconstruction of the depth of the maximum of an EAS Xmax is also performed
according to [60] and is obtained from the fit of the reconstructed shower profile. A shower
maximum can clearly be identified from the profiles shown in Figure 15. In this work, we
only present a few examples of the reconstruction performance obtained in some specific
condition. The method we use here considers only events where a Cherenkov reflection
peak is visible. In this way, the impact point of the shower can be identified in the profile,
and therefore a clear constraint can be put onto the shower geometry. For all of the other
events, a more complex iterative study is needed and further work will be published in
the future.

The Xmax resolution expressed as X
reco
max � X

real
max in units of g/cm2 is shown in Figure 16

for 200 EeV and for 30� and 45� in the left and right panels, respectively. The width of
the distributions is around ±60 g/cm2, whereas the mode of the distribution varies from
approximately �20 g/cm2 to �40 g/cm2. The reason for this systematic bias is being
investigated and will be corrected once the detector configuration is defined completely.
The long tails on the right side of the distributions are due to events impacting on the
ground before the maximum is reached. The left tails are, on the other hand, due to events
where the maximum is lost because of inter-PMT gaps. The former case is indeed more
pronounced for vertical events, for which, the shower reaches the ground earlier in the
shower development. A residual bias of the distribution is still visible and will be addressed
in future publications. An overview of the performance in certain conditions is given in
Table 3. The resolution is always around 50–90 g/cm2 for the center, and similar values are
obtained for the whole field of view.
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Figure 16. Estimates of Xmax reconstruction for 200 EeV. (Left): 30� zenith angle. (Right): 45�

zenith angle.

Xmax Resolution
Center FoV

Proton E=2·1020eV 

σ(Xmax) ~ 66 g/cm2

Modest Xmax resolution on individual events
Improved sensitivity on average values:
x10 @ 5x1019 eV and x3 @ 1020 eV with 3 years data taking



CONCLUSIONS
• A huge effort has been done in the past years to re-shape the K-EUSO mission in order to fit launch & installation constraints 

on the Russian module of the ISS.

• K-EUSO possesses the sufficient technical parameters to study the origin and nature of UHECRs.

• With an annual exposure at plateau of ~18000 km2 sr y and an expected rate of ~65 ev./year @ E > 5x1019 V with energy 
resolution σ(E) ~ 15 – 25%, K-EUSO will allow us to shed light on the discrepancy between Auger and TA at the highest 
energies and will provide an opportunity to test the dependence of the energy spectrum on the declination reported by TA. 

• With its full-sky exposure, it will provide the first complete map of the sky in UHECRs obtained in a consistent way by one 
single instrument. 

• The angular resolution of the telescope will be good enough to explore anisotropies at medium and large scales. Combined 
with high statistics of events, it will provide a chance to verify the existence of the hot spot observed by TA and the warm spot 
found by Auger.

• Despite the large uncertainty on the depth of the shower maximum on individual events, the uncertainty on the average 
composition will be reduced by the statistics collected in each energy bin and will allow to extend the Xmax measurements 
employing fluorescence technique at energies above those reached by Auger so far. 

• Since February 24th 2022 the K-EUSO mission is on hold and its future is unpredictable right now.
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THANK YOU
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