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The CALorimetric Electron Telescope (CALET) is an experiment installed on the International
Space Station designed to carry out precision measurements of high energy cosmic-rays (CR) with
the aim of investigating their origin, the mechanisms of acceleration and galactic propagation,
and the presence of possible nearby astrophysical CR sources. The instrument combines a
scintillator hodoscope for charge identification, thin imaging scintillating fiber calorimeter for
particle tracking and complementary charge measurement, and total absorption PWO calorimeter
for energy measurement. CALET is able to obtain precise measurements of the fluxes of CR
electrons and γ rays up to TeV region, the energy spectra of CR nuclei from proton to nickel
from few tens of GeV to hundreds of TeV and secondary-to-primary ratios of elements up to
Z = 40. Here we present the highlights of CALET observation of light elements carried out
during the first seven years of operation, including a direct measurement of the electron+positron
spectrum from 11 GeV to 4.8 TeV and proton spectrum from 50 GeV to 60 TeV. Results on
the electromagnetic counterpart search for LIGO/Virgo gravitational wave events and gamma-ray
bursts are also summarized.
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1. Introduction

The CALorimetric Electron Telescope (CALET) is a space-based experiment on the ISS,
optimized for themeasurement of the all-electron spectrum. The instrumentwas launched onAugust
19, 2015, and installed on the JEM EF (Japanese Experiment Module Exposed Facility) on the ISS.
Scientific observations [1] started on October 13, 2015, and smooth and continuous operations
have taken place since then. The objectives of the CALET mission include the investigation of
CR origin and the mechanisms of acceleration and galactic propagation, the possible presence
of nearby astrophysical CR sources and the nature of dark matter. Thanks to its capability of
identifying cosmic rays with individual element resolution, CALET is not only able to obtain
precise measurements of the electron + positron flux, but also carrying out direct measurements
of the spectra and relative abundances of light and heavy cosmic nuclei, from proton to nickel, up
to TeV region. The abundances of trans-iron elements up to Z ∼ 44 are studied with a dedicated
program. Monitoring the gamma ray sky from 1 GeV up to 10 TeV, CALET can obtain information
including properties of the Galactic diffuse gamma rays and spectra of bright Galactic point sources.
CALET also has the possibility to detect a prompt emission and high energy gamma-ray emission of
short GRBs associated with binary neutron star merger searching for electromagnetic counterparts
of the gravitational waves.

2. The CALET instrument

CALET is made of a main detector, the CALorimeter and a second detector the Gamma-
ray Burst Monitor (CGBM). The CAL is based on a thick calorimetric instrument (30 radiation
lengths), designed to achieve electromagnetic shower containment and a large proton rejection
capability (> 105). It is longitudinally segmented into a fine grained imaging calorimeter (IMC)
followed by a total absorption calorimeter (TASC). The IMC is a sampling calorimeter segmented
longitudinally into 16 layers of scintillating fibers, readout individually, and interspaced with thin
tungsten absorbers. It can reconstruct the incident direction of cosmic rays. The particle’s energy
is measured with the TASC, a 27 X0 thick homogeneous calorimeter with 12 alternate X-Y layers
of lead-tungstate (PWO) logs. The charge identification of individual nuclear species is performed
by the Charge Detector (CHD), a two-layered hodoscope of plastic scintillators at the top of the
apparatus. It identifies the charge from Z = 1 to Z = 40with excellent resolution, from 0.1 for protons
to ∼ 0.3 for iron (in charge unit). An independent charge measurement, via multiple samples of
specific energy loss (dE/dx) in each fiber is also provided by IMC up to the onset of saturation
which occurs for ions more highly charged than silicon. The CGBM, which consists of two kinds
of scintillation detectors, Hard X-ray Monitor (HXM) and Soft Gamma ray Monitor (SGM), is able
to observe GRBs and other X-ray, gamma-ray transients. CGBM has been monitoring the sky with
X-rays and gamma rays in the energy range from 7 keV to 20 MeV.

3. Flight operations and calibrations

The CALET observation campaign started on October 13th, 2015. Since then the instrument
has been taking science data continuously with remarkable performance and stability. As of May
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2023, CALET collected more than 3.9 billion events above 1 GeV with a total observation time
of more than 2770 days and a live time fraction ∼ 85% of the total time. The high-energy (HE)
trigger mode, designed to maximize the collection power for electrons above 10 GeV and other
high-energy shower events, allows to reach an exposure of 250 m2 sr day. Calibration and test of
the instrument took place at the CERN-SPS during five campaigns between 2010 and 2015 with
beams of electrons, protons, and relativistic ions. The TASC response was studied at CERN SPS
in 2015 using a beam of accelerated ion fragments with A/Z = 2, obtained with a primary beam of
40 Ar nuclei, and kinetic energy of 13, 19 and 150 GeV/c/n [2]. Each channel of CHD, IMC, and
TASC was calibrated using penetrating proton and He particles selected in-flight by a dedicated
trigger mode. Raw signals are corrected for light output non-uniformity, gain differences among
the channels, position and temperature dependence, as well as temporal gain variations. The four
gain ranges of each TASC channel are calibrated with flight data and stitched together to provide a
seamless response spanning more than six orders of magnitude, from 1 GeV to 1 PeV.

4. Results

4.1 Precision Measurement of the Electron Spectrum

CALET is optimized for the measurement of the all-electron spectrum. Thanks to the 30
X0-thick calorimeter it can fully contain the electron showers up to the TeV scale with an excellent
energy resolution (<2% above 20 GeV). Proton showers of equivalent energy deposit undergo a
larger energy leakage from the bottom layers of the TASC. This feature is used to separate electrons
from protons exploiting the TASC and IMC capability to image the longitudinal and lateral profiles
of electromagnetic and hadronic cascades. Electrons are identified using a simple two-parameter
cut and a multivariate analysis based on boosted decision trees (BDTs). The residual contamination
of protons is ∼ 5% up to 1 TeV, and 10% - 20% in the 1 - 4.8 TeV region, keeping a constant
high efficiency of 80% for electrons. The electron + positrons flux presented at this workshop and
shown in Fig.1 is based on 1815 days of flight data collected with the high-energy shower trigger.
It corresponds to an increase by a factor of 2.3 of the available statistics with respect to the latest
CALET all-electron spectrum publication [3]. The flux cover an energy range from 11 GeV to
4.8 TeV. The vertical error bars represent the statistical errors, while the gray band represents the
quadrature sum of statistical and systematic errors. The systematic uncertainties are described in
detail in [3, 4] and include energy dependent errors stemming from BDT stability, trigger efficiency
in the low-energy region, tracking performance, dependence on charge and electron identification
methods, and MC model dependence. The absolute energy scale was calibrated and shifted by
+3.5% as a result of studies of the geomagnetic cutoff energy. From the Fig.1 it is possible to notice
that the measurements of the electron flux are divided into two groups: AMS-02 + CALET and
Fermi-LAT + DAMPE, with good consistency within each group, but with only marginal overlap
between the two, possibly indicating the presence of unknown systematic errors. Although CALET
and AMS-02 use different detection techniques their spectra are consistent below ∼1 TeV where
both experiments have a good electron identification capability. CALET observation of a flux
suppression above ∼1 TeV has now reached a significance > 6.5σ and, in this region, it is found to
be consistent with DAMPE within errors.
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Figure 1: CALET all-electron flux (multiplied by E3.0 ). The error bars of the CALET data (red) represent the statistical uncertainty
only, the gray band indicates the the quadrature sum of statistical and systematic errors. Also plotted are other direct measurements. [5–7]

4.2 Precision Measurement of the Proton Spectrum

The measurement of the proton spectrum from 50 GeV to 60 TeV with CALET presented here
is the published CALET proton spectrum [8], based on flight data collected for 2272 days from
October 13, 2015, to December 31, 2021. The total observation live time with the HE shower trigger
is 1925 days. A low-energy (LE) shower trigger, operated at high geomagnetic latitudes, was also
used for the analysis of the low-energy region. In Fig.2 the CALET proton flux is compared with
AMS-02 [9], CREAM-III[11], and DAMPE[10]. Below 200 GeV, the result is fully consistent. In
the higher energy region, a systematic difference is observed, but the difference is within the errors.
We confirm the presence of a spectral hardening around 500 GeV with a higher significance of
more than 20 σ (statistical error). We also observe a spectral softening around 10 TeV. In order to
quantify the spectral hardening and softening, we fit the proton spectrum from 80 GeV to 60 TeV
using a Double Broken Power Law (DBPL) function defined as follows:

Φ
′(E) = C ×

(
E

1GeV

)γ
× φ(E) (1)

where

φ(E) =
[
1 +

(
E
E0

)s] ∆γs
×

[
1 +

(
E
E1

)s1 ] ∆γ1
s1

(2)

whereΦ′(E) is the proton flux,C is a normalization factor, γ the spectral index, E0 is a characteristic
energy of the region where a gradual spectral hardening is observed, ∆γ the spectral variation due
to the spectral hardening, E1 a characteristic energy of the transition to the region of spectral
softening, and ∆γ1 is the spectral index variation observed above E1. Two independent smoothness

4



P
o
S
(
M
U
L
T
I
F
2
0
2
3
)
0
1
2

Cosmic rays light elements with CALET Francesco Stolzi

parameters s and s1 are introduced in the energy intervals where spectral hardening and softening
occur, respectively. In Fig.3, the black filled circles show the data with statistical errors and
the red line shows the best fitted function with parameters γ = −2.83+0.01

−0.02, s = 2.4+0.8
−0.6, ∆γ =

0.28+0.04
−0.02, E0 = 584+61

−58 GeV, ∆γ1 = −0.34+0.06
−0.06, E1 = 9.3+1.4

−1.1 TeV and s1 ∼ 30 with a large error.
The χ2 is 4.4 with 20 degrees of freedom.

Figure 2: CALET proton flux (multiplied by E2.7 ). The error bars of the CALET data (red) represent the statistical uncertainty only,
the gray band indicates the the quadrature sum of statistical and systematic errors. Also plotted are other direct measurements. [9–11]

Figure 3: A fit of the CALET proton spectrum (solid red line) with a double broken power law (Eq.1). The horizontal error bars are
representative of the bin width.

4.3 Precision Measurement of the Helium Spectrum

The measurement of the helium spectrum with CALET presented at this conference is the just
published CALET helium spectrum [12] in an interval of kinetic energy per particle from 40 GeV to
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250 TeV, based on flight data collected for 2392 days from October 13, 2015, to April 30, 2022. The
energy spectrumofCRhelium is shown in Fig.4where the statistical and systematic uncertainties are
bounded within a gray band. It is compared with previous observations from space-based [13, 14]
and balloon-borne [11] experiments. CALET spectrum is in good agreement with AMS-02 in the
lower energy region below a few TeV, as well as with the measurements from DAMPE in the higher
energy region. In Fig.5, a fit of CALET data with a DBPL is shown in the energy range from 60
GeV to 250 TeV. The fit result gives γ = −2.70+0.03

−0.01, s = 2.7+3.0
−1.0, ∆γ = 0.25+0.03

−0.03, E0 = 1319+290
−155

GeV, ∆γ1 = −0.22+0.08
−0.11, E1 = 33.3+10.0

−6.6 TeV. The second smoothness parameter is kept fixed at a
value of s1 = 30. The fit parameters are generally consistent, within the errors, with the recent
results of DAMPE [13], although ∆γ1 seems to indicate a less pronounced softening in CALET
data. The index change ∆γ is proven to be different from zero by more than 8σ, taking into account
both statistical and systematic error.

Figure 4: CALET helium flux (red markers), multiplied by E2.6 and compared with previous direct observations [11, 13–16]. The
error bars represent only the statistical error; the gray band represents the quadratic sum of statistical and systematic error.

Figure 5: A fit of the CALET helium spectrum (dashed blue line) with a double broken power law. The vertical dashed lines
represent the characteristic transition energy E0 and E1 to the region of spectral hardening and softening, respectively.
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4.4 Proton to Helium ratio

Using the CALET proton flux [8], we also measured the proton over helium ratio in the interval
from 60 GeV/n to 60 TeV/n. Owing to the partial cancellation of systematic errors in the ratio,
this measurement can provide important information on the respective acceleration and propagation
mechanisms. In Fig.6 (a) the p/He ratio is shown in kinetic energy per nucleon, together with the
measurements from other experiments [11, 17]. The result is found to be in agreement with previous
measurements from magnetic spectrometers [14, 18] up to their maximum detectable rigidity (∼ 2
TV), as shown in Fig.6 (b).

(a) p/He as a function of kinetic energy (b) p/He as a function of rigidity

Figure 6: (a) The p/He ratio asmeasured byCALETas a function of kinetic energy; the red bars represent statistical error
only; the gray band represents the quadratic sum of statistical and systematic errors. Results of previous measurements
from CREAM [11] and PAMELA (calorimeter analysis) [17] are shown . (b) The p/He ratio as measured by CALET
as a function of rigidity; the red vertical bars represent statistical error only, while the gray band represents the quadratic
sum of statistical and systematic errors. Previous measurements from AMS-02 [14] and PAMELA [18] are shown.

4.5 Further CALET Observations

In addition to the results on CR nuclei spectra, CALET has also reported results on other
aspects of cosmic rays, including the solar modulation [19] , search for counterparts of gravitational
waves [20, 21], Galactic and extra-galactic point sources [22], Galactic diffuse emission and dark
matter line searches [23] and Solar and space weather phenomena [22].

4.5.1 Gamma-ray Transients, Search for counterparts of gravitational wave candidates

The CALET gamma-ray burst monitor (CGBM), designed to observe prompt emissions of
gamma-ray bursts (GRBs) in the hard X-ray and soft gamma-ray band, has been providing all-sky
monitoring, with ∼ 60% duty cycle and without any problems, since October 2015. As of the
end of January 2022, the CGBM has detected 314 GRBs, including 33 short GRBs. CALET has
actively participated in the follow-up campaign for the search of electromagnetic counterparts of
the gravitational wave events observed by LIGO/Virgo [20, 21]. Although no candidates have
been found, upper limits on the high-energy gamma-ray flux were derived for 26 events from the
LIGO/Virgo third observation run.
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4.5.2 Gamma-rays observations

CALET is sensitive to gamma rays from 1 GeV up to 10 TeV, limited by statistics. Access
to energies below 10 GeV is enabled by a dedicated low-energy gamma (LE-γ) trigger which
is active only at low geomagnetic latitudes. Analyzing the CALET/CAL data acquired between
November 2015 to December 2022 we identified 23 point sources in the skymaps Fig.8. The Fig.7
(a) shows the spectra of Crab, Geminga and Vela, compared with the parametrized spectra given
by the Fermi-LAT collaboration [24, 25]. The spectra are consistent each other within statistical
errors. The Fig.7 (b) shows comparison of the Galactic plane (diffuse plus discrete sources) spectra
(|b| < 8◦)and the off-Galactic plane spectra (|b| > 10◦) taken with CALET/CAL and Fermi-LAT.
The left panel shows a plot for LE-γ data and the right panel for HE data.

(a) Spectra of Crab, Geminga and Vela

(b) Galactic plane and the off-Galactic plane spectra

Figure 7: (a) Compasion of energy spectra of some point sources (Crab, Geminga and Vela) observed by CALET and
parametrized spectra given by the Fermi-LAT collaboration [24, 25]. (b) The Galactic plane (diffuse plus point-sources)
spectra (|b| < 8◦) and the off-Galactic plane spectra (|b| > 10◦) taken with CALET and Fermi-LAT. The left panel shows
a plot for LE-γ data and the right panel for HE data.

5. Summary

CALET was successfully launched on August 19, 2015. The observation campaign started
on October 13, 2015. Excellent performance and remarkable stability of the instrument were
confirmed. The results presented in this paper are based on about 2700 days of observation and
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Figure 8: Skymaps showing gamma-ray intensities observed by CALET/CAL in galactic coordinates. The upper panel shows the
skymap for LE-γ triggers (> 1 GeV) and the lower panel shows that for HE triggers (> 10 GeV). Superimposed contours show relative
exposures.

∼3.8 billion triggers (for energies > 1 GeV). They include an updated measurement of the electron
and positron spectrum up to 4.8 TeV, the proton spectrum up to 60 TeV [8] , the helium spectrum
up to 250 TeV just published in 2023 [12] together with the cosmic-ray proton over helium ratio.
CALET is also able to obtain precise measurements of the fluxes of CR nuclei from boron to
nickel up to the TeV region [26–28] and secondary-to-primary ratios of individual elements [29].
Improved analyses of gamma-ray measurements [22, 23], GRB observations and searches of GW
events counterparts [20, 21], DM searches [23], and SpaceWeather observations [22] are the subject
of study for CALET. Extended CALET operations were approved by JAXA/NASA/ASI in March
2021 through the end of 2024 (at least). Improved statistics and refinement of the analysis with
additional data collected during the livetime of the mission will allow to extend the measurements
at higher energies and improve the spectral analysis, contributing to a better understanding of CR
phenomena.
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