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Abstract

The Calorimetric Electron Telescope, CALET, is an astroparticle physics mission installed on the International Space Station, ISS.
The primary objective of the mission is studying the details of galactic cosmic-ray acceleration and propagation, and searching for the
possible nearby sources of high-energy electrons and dark matter signatures. The CALET experiment measure the flux of cosmic-ray
electrons (including positrons) to 20 TeV, gamma-rays to 10 TeV and nuclei to 1000 TeV. The detector is an all-calorimetric instrument
with a total vertical thickness of 30 radiation lengths and fine imaging capability, optimized for the measurement of the electron and
positron (all-electron) spectrum well into the TeV energy region. It consists of a charge detector (CHD) with two layers of segmented
plastic scintillators for the identification of cosmic-rays via a measurement of their charge over the range Z ¼ 1 � 40, a 3 radiation length
thick tungsten-scintillating fiber imaging calorimeter (IMC) and a 27 radiation length thick lead-tungstate calorimeter (TASC). The
instrument was launched on August 19, 2015 to the ISS and installed on the Japanese Experiment Module-Exposed Facility. Since
the start of operation in October, 2015, CALET has been collecting scientific data without any major interruption for more than eight
years. The number of triggered events over 10 GeV is nearly 1.97 billion events as of November 30, 2023. In this paper, we present the
results of the CALET mission so far, including the all-electron energy spectrum, the spectra of protons and other nuclei, gamma-ray
observations, as well as the characterization of on-orbit performance. Some results on the electromagnetic counterpart search for
LIGO/Virgo gravitational wave events and the observations of solar modulation and gamma-ray bursts are also included.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords: Galactic cosmic rays; Nearby cosmic-ray sources; Cosmic-ray acceleration; Propagation in Galaxy; International Space Station
1. Introduction

The CALorimetric Electron Telescope, CALET, is a
space mission on the International Space Station, ISS
(Torii and Marrocchesi, 2019). The instrument was
launched on August 19, 2015 with the Japanese carrier
H-IIB, delivered to the ISS by the HTV-5 Transfer Vehicle,
and installed on the Japanese Experiment Module Exposed
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Facility (JEM-EF). The mission is managed by an interna-
tional collaboration led by the Japanese Space Agency
(JAXA) with the participation of the Italian Space Agency
(ASI) and NASA.

The main purpose of the CALET mission is to search
for nearby cosmic-ray sources and signatures of dark mat-
ter by measuring the electron spectrum (including posi-
trons) up to 20 TeV. The detector is optimized to
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Fig. 2. Schematic view of the calorimeter with simulated 1 TeV electron
shower over written.
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precisely measure the electron flux with excellent energy
resolution and high proton-rejection power. CALET is also
capable of measuring the energy spectra and the relative
abundances of nuclei up to the highest energies ever
directly observed (approaching the PeV scale) with individ-
ual element charge resolution. In addition to the charged
cosmic-rays, the observation of high energy gamma-rays
from 1 GeV to 10 TeV is carried out in conjunction with
the CALET Gamma-ray Burst Monitor (CGBM) which
covers from the hard X -ray to the soft Gamma-ray region
(7 keV – 20 MeV). CALET contributes also observations
of the solar modulation of electrons and protons in the
1–10 GeV energy range, and to the detection of the MeV
electrons from the radiation belt (relativistic electron pre-
cipitation: REP) for space weather.

In this paper we report the latest results of CALET
including the spectra of electrons, protons and nuclei, after
eight years of operations on the ISS. We also summarize
the present status of other CALET measurements.

2. CALET instrument

CALET is composed of two detectors: a calorimeter and
a gamma-ray burst monitor. Fig. 1 shows the CALET pay-
load. The main detector, the calorimeter, is an all-
calorimetric instrument, with a total vertical thickness
equivalent to 30 radiation length (X 0) or 1.3 proton inter-
action lengths (kI ), preceded by a charge identification sys-
tem. Fig. 2 shows a schematic side view of the detector in
which a simulated 1 TeV electron shower is overwritten.
The calorimeter consists of a charge detector (CHD), a 3
radiation-length thick imaging calorimeter (IMC), and a
27 radiation-length thick total absorption calorimeter
(TASC). It has a field of view of approximately 45 degrees
from zenith and a geometrical factor of about 1040 cm2sr
for high-energy electrons.
Fig. 1. Overview of CALET payload.
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The CHD placed at the top of the detector is designed to
measure the charge of incident particles. It consists of a
double layered, segmented, plastic scintillator array. Each
layer comprises 14 plastic scintillator bars (SciBar), with
dimensions 450 � 32 � 10 mm3. The segmented configura-
tion and the two layers of paddles orthogonally arranged
are optimized to reduce multi-hits on each paddle caused
by backscattered particles produced in the detectors. The
scintillation light generated in each paddle is collected
and read out by one photomultiplier tube (PMT), and
the resulting output is sent to a front end circuit (FEC).
The CHD and related front-end electronics are designed
to provide particle identification over a large dynamic
range for charges from Z ¼ 1 to 40 or more. The charge
measurement performance was tested by the beam test at
GSI (Marrocchesi et al., 2011) and at CERN-SPS
(Akaike et al., 2015), and the charge resolution is 0.15 e

for carbon and 0.3 e for iron.
The IMC is a sampling calorimeter of 1 mm square cross

section scintillating fibers (SciFi) and tungsten plates to
measure the initial shower development and arrival direc-
tion. It contains a total of 16 detection layers, arranged
in 8 X � Y pairs, with each layer segmented into 448 paral-
lel SciFis, which are individually read out by 64-channel
multi-anode PMTs (MAPMTs). Each of the first 5 tung-
sten plates is 0.2 X 0 thick while the last 2 layers are 1.0
X 0. Above several tens of GeV, the angular resolution for
electrons is 0.16�, while for gamma-rays 0.24�. The dE=dx
measurements of IMC layers provide a charge resolution
of 0.20e for carbon.

The TASC is designed to measure the total energy of the
incident particle and discriminate electromagnetic from
hadronic showers. It consists of 12 layers, with 16 lead
tungstate (PWO) logs, each 326 � 19 � 20 mm3. Layers
are arranged alternatively in X and Y to provide a 3D
reconstruction of the shower images. Each PWO log of
the top layer is read out by a PMT to generate a trigger sig-
nal, and the logs of the other layers are read out by hybrid
packages of silicon avalanche photodiode (APD) and sili-
con photodiode(PD). Two shaping amplifiers with different
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gains for each APD and PD (PMT) are used to achieve a
dynamic range of 106 (104), which allows each log to mea-
sure signals from 0.5 MIPs (Minimum Ionizing Particles)
to 106 MIPs corresponding to the energy deposit by a
proton-induced by 1000 TeV shower. Combining these
detectors, the CALET instrument achieves an energy reso-
lution of 2% for electrons above 20 GeV, and a proton

rejection power of 105. The instrument is described in more
detail elsewhere (Adriani et al., 2017).
Fig. 3. Energy distribution of all triggered events as a function of TASC
energy.
3. Performance and operation

Very stable observations have continued by cooperation
of JAXA Ground Support Equipment (JAXA-GSE) and
the Waseda CALET Operations Center (WCOC) (Asaoka
et al., 2018). The observation mode on orbit is controlled
bya regular scheduleof commandsequences.Acontinuously
active high-energy trigger (HE) mode ensures maximum
exposure to high-energy electrons and other high-energy
shower events with E > 10 GeV. The other modes include a
low-energy trigger at the highest geomagnetic latitude, a
low-energy gamma-ray trigger at low geomagnetic latitudes,
and an ultra-heavy trigger mode that is almost continuously
active (except for high latitude during the calibrationmode).
Inaddition, the calibrationmode todetectminimum ionizing
particles is active for three hours per day. The total observa-
tion time was 2971 days as of November 30, 2023. The live-
time fraction was 86% for this period.More than 1.97 billion
events were observed in HE trigger mode.

To achieve an excellent energy measurement, the cali-
bration errors must be carefully evaluated and considered
in the energy estimation. Our energy calibration includes
an evaluation of conversion factors between ADC units
and energy deposits, confirming linearity over each of the
gain ranges (TASC has four gain ranges for each channel),
as well as a seamless transition between adjacent gain
ranges. Temporal gain variations that occur during long-
term observations are also corrected in the calibration.
We have estimated the errors at each calibration step, such
as the correction of position and temperature dependence,
linear fit procedure of each gain range, gain ratio measure-
ments, and slope extrapolation, as well as the errors of MIP
calibration inferred from the degree of consistency between
energy deposit peaks of non-interacting protons and
helium. The errors are included in the estimation of the
energy resolution. This results in a very high resolution
of 2% or better above 20 GeV (Asaoka et al., 2017). The
TASC energy deposit spectrum based on all triggered
events through the end of November 2023 is shown in
Fig. 3. The first (�2 GeV) and second (�5 GeV) bumps
are due to low-and high-energy triggered events, respec-
tively, whereas the high-energy tail is due to the power-
law nature of the cosmic-ray spectrum. The spectrum spans
more than six orders of magnitude in energy, from below
1 GeV to above 1 PeV. This clearly demonstrates the reli-
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ability of CALET energy measurements over a very wide
dynamic range.

Monte Carlo (MC) simulations, reproducing the
detailed detector configuration, physics process, as well as
detector signals, are based on the EPICS simulation pack-
age (Kasahara, 1995) and employ the hadronic interaction
model DPMJET-III (Roesler et al., 2001); it was tuned and
tested with accelerator beam test data. An independent
analysis based on FLUKA (Ferrari et al., 2005; Böhlen
et al., 2014) and Geant4 (Agostinelli et al., 2003) is also
performed to assess the systematic uncertainties.
4. Results

4.1. Electron and positron spectrum

The CALET detector is optimized for the precise mea-
surement of the all-electron spectrum from 10 GeV to 20
TeV with a field of view of 45 degrees from the zenith
and a geometrical factor of 1040 cm2sr at high energies.
The 30 X 0 thick calorimeter allows for a full containment
of electron showers even at the TeV scale, with an excellent
energy resolution (< 2% above 20 GeV), while proton
showers with equivalent energy deposit undergo a larger
energy leakage from the bottom layers of the TASC. These
features are exploited to separate electrons from protons,
leveraging on the capability of the TASC and IMC to
image the longitudinal and lateral profiles of electromag-
netic and hadronic cascades. Two methods were applied
to identify electrons and to study systematic uncertainties
in the electron identification; a simple two-parameter cut
and a multivariate analysis based on boosted decision trees
(BDTs). In the final electron sample, the residual contam-
ination of protons is 5% up to 1 TeV, and less than 10%
in the 1–7.5 TeV region, while keeping a constant high effi-
ciency of 70% for electrons including the efficiency of the



Fig. 4. All-electron spectrum observed with CALET from 10.6 GeV to 7.5
TeV, where the gray band indicates the quadratic sum of statistical and
systematic errors (Adriani et al., 2023a). Also plotted are other direct
measurement in space (Abdollahi et al., 2017; Ambrosi et al., 2017; ?).

Fig. 5. All-electron spectrum measured by CALET from 10.6 GeV to 7.5
TeV, and the fitted results in the energy range from 30 GeV to 4.8 TeV,
with a broken power law, an exponentially cutoff power law and a single
power law(Adriani et al., 2023a). The error bars represent statistical and
systematic uncertainties except normalization.

Fig. 6. Possible spectral fit over the whole region of CALET observations,
including pulsars and nearby SNR sources as individual sources, with the
Vela SNR dominating in the TeV region(Adriani et al., 2023a).
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pre-selection such as an off-line trigger confirmation, a
track quality cut and a charge selection.

The latest results of the electron + positron (all-
electron) spectrum with CALET are shown in Fig. 4, based
on 2637 days of flight data collected with the HE trigger
(Adriani et al., 2023a). The spectrum integrates 7.02 mil-
lion electron (+positron) events above 10.6 GeV to 7.5
TeV. The error bars along the horizontal and vertical axes
are representative of the bin width and statistical errors,
respectively. The gray band bounds the quadrature sum
of statistical and systematic errors.

Systematic uncertainties include the absolute normaliza-
tion error as well as 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 depen-
dence. Conservatively, all of them are included in the total
error estimated in Fig. 4. The absolute energy scale was cal-
ibrated and shifted by + 3.5% as a result of studies of the
geomagnetic cutoff energy (Adriani et al., 2017). The sys-
tematic uncertainties are described in more detail in
(Adriani et al., 2023a).

Comparing with the other space experiments (Fermi-
LAT (Abdollahi et al., 2017), AMS-02 (Aguilar et al.,
2021a) and DAMPE (Ambrosi et al., 2017)), the CALET
spectrum shows a good agreement with AMS-02 data up
to 2 TeV, where both experiments have a good electron
identification capability, albeit using different detection
techniques. In the energy region from 30 to 300 GeV, the
fitted power-law spectrum index, �3:14� 0:02, is roughly
consistent with the values quoted by other experiments
within the errors. The CALET spectrum, however, appears
to be softer compared to Fermi-LAT and DAMPE, and
the flux observed by CALET is lower than these two exper-
iments, starting near 60 GeV and extending to near 1 TeV,
possibly indicating the presence of unknown systematic
errors.

The electron energy spectrum above 1 TeV is expected
to show a break due to the radiative cooling process with
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an energy loss rate proportional to E2. As a result, only

nearby (<1 kpc) and young (< 105 years) sources can con-
tribute to the flux above 1 TeV if the sources are supernova
remnants (SNRs) as it is commonly believed as mentioned
in Nishimura et al. (1980); Kobayashi et al. (2004).

The expected flux suppression above 1 TeV is clearly
seen by CALET, which is consistent with DAMPE within
the errors. As presented in Fig. 5, the spectrum is fitted
in the energy range from 30 GeV to 4.8 TeV with a broken
power law and an exponentially cutoff power law. The sig-
nificance of the both fits is more than 6.5r compared to a
single-power law fit with an index of �3:18� 0:01.

Combining the CALET all-electron spectrum and the
positron measurements up to 1 TeV by AMS-02, we
attempt a consistent interpretation of both spectra based
on the contributions from pulsars and nearby SNR
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sources. We have incorporated the measured AMS-02 posi-
tron flux (Aguilar et al., 2021a), source and propagation
parameters suggested in Motz et al. (2021), and the results
from the numerical propagation code DRAGON (Evoli
et al., 2017; Fornieri et al., 2020) to construct a possible
model that fits the CALET all-electron measurements.
Fig. 6 shows an example of prediction by the model fitted
consistently with the CALET results and the AMS-02 posi-
tron results. The positron flux of AMS-02 is fitted with
contributions from secondaries (red dashed line) + several
pulsars (red dotted line), while the all-electron flux is fitted
with the sum of electron and positron flux from the pulsars
(black dotted line), in addition to secondaries + distant
SNRs (black dashed line) with a cutoff at 1 TeV. Above
1 TeV, we include the nearby SNRs, Vela (orange solid
line), Cygnus Loop (gray solid line), and Monogem (ma-
genta solid line) as the dominant sources (Kobayashi
et al., 2004), with their combined contribution (green line).

The best fit yields an energy output of 0:8� 1048 erg in elec-
tron cosmic rays above 1 GeV for each nearby SNR.

4.2. Proton and helium spectra

The latest proton spectrum with CALET is shown in
Fig. 7, based on 2757 days of operation with the HE trigger
and 365.4 h of live time with the LE trigger, respectively. It
is an update of the published CALET proton spectrum
(Adriani et al., 2022a) with an increase of the statistics by
21%, using the same analysis method, and the energy range
is from 50 GeV to 60 TeV (Kobayashi et al., 2023). In the
same figure the CALET flux is compared with AMS-02
(Aguilar et al., 2015a; Aguilar et al., 2021a), CREAM-III
(Yoon et al., 2017), and DAMPE (An et al., 2019). In
the energy range below 1 TeV, the CALET proton spec-
Fig. 7. Proton spectrum measured by CALET from 50 GeV to 60 TeV
(Kobayashi et al., 2023) compared with other experiments (AMS-02
(Aguilar et al., 2015a; Aguilar et al., 2021a), CREAM-III (Yoon et al.,
2017), DAMPE (An et al., 2019)). The hatched band shows the total
uncertainty for CALET as the quadratic sum of the various uncertainties.
The dark blue colored band shows the total uncertainty for DAMPE. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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trum is well consistent with AMS-02 and DAMPE. On
the contrary, the spectrum from 1 TeV to 60 TeV is system-
atically lower than that of DAMPE by �10%, though the
difference is within the uncertainties. We confirm the pres-
ence of a spectral hardening around 500 GeV as reported in
Adriani et al. (2022a). We also observe a spectral softening
around 10 TeV. In order to quantify the spectral hardening
and softening, we fit the proton spectrum using a double
broken power law (DBPL) function defined as follows,

UðEÞ ¼ C
E

1GeV

� �c

1þ E
E0

� �S
" #Dc

S

1þ E
E1

� �S1
" #Dc1

S1

; ð1Þ

where C is a normalization factor, c is the spectral index, E0

is a characteristic energy of the region where a gradual
spectral hardening is observed, Dc the spectral variation
due to the spectral hardening, E1 a characteristic energy
of the transition to the region of spectral softening, Dc1
the spectral index variation observed above E1. Two inde-
pendent smoothness parameters S and S1 are introduced in
the energy intervals where spectral hardening and softening
occur, respectively. In Fig. 8, the black filled circles show
the data with statistical errors and the red line shows the

best fitted function for U0ðEÞ ¼ E2:7 � UðEÞ. The chi-
square is 6.0 with 20 degrees of freedom.

The energy spectrum of helium measured with CALET
in 2392 days of operation is shown in Fig. 9 covering an
interval of kinetic energy per particle from 40 GeV to 250
TeV(Adriani et al., 2023b), compared with previous obser-
vations from space-based(Aguilar et al., 2015b; Aguilar
et al., 2021a; Alemanno et al., 2021) and balloon-borne
(Yoon et al., 2011) experiments. The spectrum is in good
agreement with the very accurate measurements by AMS-
02 in the lower energy region below a few TeV, as well as
with the measurements from calorimetric instruments in
the higher energy region, in particular with the recent mea-
surement of DAMPE. In Fig. 10, a fit of the helium spec-
trum is performed using a DBPL function in the energy
range from 60 GeV to 250 TeV. A progressive hardening
Fig. 8. CALET proton spectrum fitted by a DBPL function (Eq. 1), and
the fit parameters are shown in Table 1. The horizontal error bars are
representative of the bin width.



Fig. 9. Helium spectrum measured by CALET from 40 GeV to 250 TeV
(Adriani et al., 2023b), compared with previous direct measurements
(Yoon et al., 2011; Aguilar et al., 2015b; Aguilar et al., 2021a; Alemanno
et al., 2021). The error bars represent only the statistical error; the gray
band represents the quadratic sum of statistical and systematic errors.

Fig. 10. CALET helium spectrum with a DBPL function (Eq. 1), and the
fit parameters are shown in Table 1. The result is consistent with the recent
measurement by Alemanno et al. (2021) within the errors. Both statistical
and systematic uncertainties are taken into account.

Table 1
Best fit parameters with DBPL function for proton and helium spectra.

Proton Helium

c �2:843� 0:005 �2:703þ0:005
�0:006

E0 (GeV) 553þ44
�38 1319þ113

�93

Dc 0:29� 0:01 0:25�0:02
�0:01

S 2:1� 0:4 2:7þ0:6
�0:5

E1 (TeV) 9:8þ3:2
�2:1 33:2þ9:8

�6:2

Dc1 �0:39þ15
�0:18 �0:22þ0:07

�0:10

S1 � 90 30

Fig. 11. Proton and helium spectra with CALET as a function of rigidity
(Adriani et al., 2022a; Adriani et al., 2023b), together with previous
observations(Adriani et al., 2011; Aguilar et al., 2021a). Only the
statistical errors are shown.

Fig. 12. p/He ratio as measured by CALET as a function of rigidity
(Adriani et al., 2023b). The red vertical bars represent statistical error only
while the gray band represents the quadratic sum of statistical and
systematic errors. Previous measurements (Adriani et al., 2011; Aguilar
et al., 2015b; Aguilar et al., 2021a) are also shown.
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from a few hundred GeV to a few tens TeV and the onset
of a flux softening above a few tens of TeV are observed as
indicated by the yellow bands. The best fit parameters (with
statistical errors only) are summarized in Table 1 to be
compared with the proton results.

Differences between the proton and helium spectra can
contribute important constraints on acceleration models.
Fig. 11 shows the CALET proton spectrum (Adriani
et al., 2022a) and the helium spectrum (Adriani et al.,
2023b) as a function of rigidity. The 3He contribution to
the flux is taken into account assuming the same 3He/4He
ratio as measured by AMS-02 (Aguilar et al., 2019) and
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extrapolating the ratio to higher energies with use of a sin-
gle power-law fit. Measurements from other experiments
(Adriani et al., 2011; Aguilar et al., 2021a) are included
in these plots. The CALET results are found to be in agree-
ment with measurements from the magnetic spectrometers
up to their maximum detectable rigidity (�2 TV). The p/He
flux ratio measured by CALET is presented in Fig. 12 as a
function of rigidity(Adriani et al., 2023b) with other exper-
imental data(Adriani et al., 2011; Aguilar et al., 2021a).

4.3. Boron, Carbon and oxygen spectra and their ratios

The boron, carbon, and oxygen spectra from 8.4 GeV/n
to 3.8 TeV/n are shown in Fig. 13 based on 2554 days of
CALET operation (Maestro et al., 2023), with higher
statistics than published in Adriani et al. (2020); Adriani
et al. (2022d). The analysis method is the same as described
in Adriani et al. (2022d), and the latest results are in com-
plete agreement with our published data. The total back-
ground contamination in the boron sample is 1% for

ETASC < 102 GeV and grows logarithmically with ETASC

above 102 GeV, approaching 7% at 1.5 TeV. The back-
ground contamination is less than 1% for carbon and oxy-
gen. The isotopic composition of boron is assumed to be



Fig. 13. CALET (a) boron, (b) carbon and (c) oxygen fluxes multiplied by E2:7, and ratio of (d) boron to carbon, (e) boron to oxygen, and (f) carbon to
oxygen from 10 GeV/n to 3.8 TeV/n as a function of kinetic energy per nucleon(Maestro et al., 2023). Error bars of CALET data (red) represent the
statistical uncertainty only, while the yellow band indicates the quadratic sum of statistical and systematic errors. Also plotted are other direct
measurements (Engelmann et al., 1990; Swordy et al., 1990; Ahn et al., 2008; Obermeier et al., 2012; Adriani et al., 2014; Aguilar et al., 2021a; Alemanno
et al., 2022; Panov et al., 2009; Ahn et al., 2009).
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11B=ð10Bþ11BÞ ¼ 0:7 for all energies. Different values of the
isotope ratio (0.6 and 0.8) make only a 2% difference in the
boron spectrum. The main contribution of the systematic
errors comes from the different MC simulations (EPICS
vs. Geant4) used in the analysis, which produce similar
selection efficiencies but energy response differing signifi-
cantly in the low- and high-energy regions. The resulting
fluxes for B (C, O) show discrepancies not exceeding 6%
(10%, 4.5%) below 20 GeV/n and 12% (10%, 12%) above
300 GeV/n, respectively, and they are included in the sys-
tematic uncertainties. In Fig. 13, the energy spectra of B,
C and O with CALET are shown and compared with ear-
lier results from space-borne (Adriani et al., 2014;
Engelmann et al., 1990; Swordy et al., 1990; Aguilar
et al., 2021a) and balloon-borne (Ahn et al., 2008;
Obermeier et al., 2012; Panov et al., 2009) experiments.
These spectra of CALET are consistent with PAMELA
(Adriani et al., 2014) and most of the earlier experiments
but the absolute normalization is in tension with AMS-
02. We notice that CALET and AMS-02(Aguilar et al.,
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2017) spectra have very similar shapes but they differ in
the absolute normalization, which is lower for CALET
by about 27%. The B/C, B/O, and C/O ratios are, however,
consistent with the ones measured by AMS-02 as shown in
Fig. 13.

Fig. 14 shows the fits to CALET carbon and oxygen
data with a double power-law (DPL) function:

UðEÞ ¼
C E

GeV

� �c
E5E0

C E
GeV

� �c E
E0

� �Dc
E > E0

8<
: ð2Þ

where C is a normalization factor, c is the spectral index,
and Dc is the spectral index change above the transition
energy E0. A single power-law (SPL) function, fitted to
the data in the energy range from 25 GeV/n to 200 GeV/
n and extrapolated above 200 GeV/n, is also shown for
comparison.

The simultaneous DPL fit to the C and O spectra in the
energy range from 25 to 3800 GeV/n yields
cCO ¼ �2:66� 0:02;DcCO ¼ 0:19� 0:04 and E0 ¼ 260� 50



Fig. 14. CALET B (red dots), C (black dots) and O (blue open squares)
energy spectra are fitted with DPL functions (magenta line for the fit to the
combined C and O data, blue line for B)(Maestro et al., 2023). The B
spectrum is multiplied by a factor 5 to overlap the low-energy region of the
C and O spectra. Error bars represent the statistical uncertainty only,
while the yellow (green for O) bands indicate the quadratic sum of
statistical and systematic errors. The dashed lines represent the extrapo-
lation of a SPL function fitted to data in the energy range from 25 to
200 GeV/n. The magenta (blue) cross-shaded area shows the �1r error
interval of dc from the fit to C and O (B) data. The value of the transition
energy E0 is represented by the vertical cyan dashed line, while the cyan
band shows its �1r error interval. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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GeV/n confirming our first results reported in Adriani et al.
(2020). Fitting the B flux with fixed E0 yields
cB ¼ �3:03� 0:03;DcB ¼ 0:32� 0:14 with v2/d.o.
f.¼ 5:2=11. The energy spectra are clearly different as
expected for primary and secondary CR, and the fit results
seem to indicate, albeit with low statistical significance, that
the flux hardens more for B than for C and O above
200 GeV/n. A similar indication also comes from the simul-
taneous fit to the B/C and B/O flux ratios as shown in
Fig.15. Fitting the SPL functions to B/C and B/O ratios
in the energy range from 25 GeV/n to 3800 GeV/n yields
a mean spectral index C ¼ 0:376� 0:014 (v2/d.o.
Fig. 15. Simultaneous fit of the CALET B/C and B/O flux ratios with a
leaky-box model leaving the k0 parameter free to vary (solid line) or fixing
it at zero (dashed line), respectively(Maestro et al., 2023). The error bars
are the quadratic sum of the statistical and systematic uncertainties.
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f.¼ 19=27). However, a DPL function provides a better
fit suggesting a trend of the data towards a flattening of
the B/C and B/O ratios at high energy, with a spectral
index change DC ¼ �0:22� 0:10 (v2/d.o.f.¼ 15=26) above
E0, which is left as a fixed parameter in the fit. This result
is consistent with that of AMS-02 (Aguilar et al., 2021a),
and supports the hypothesis that secondary B exhibits a
stronger hardening than primaries C and O, although no
definitive conclusion can be drawn due to the large uncer-
tainty in DC given by our present statistics. For the Leaky
Box Model fit (Obermeier et al., 2012), the fit with a resid-
ual material around SNR of � 1 g/cm2 gives a better fit
than zero material as shown in Fig. 15 (Maestro et al.,
2023).
4.4. Iron and Nickel spectra

Fig. 16a shows the preliminary iron spectrum in kinetic
energy per nucleon in the energy range from 10 GeV/n to
1000 GeV/n based on 2618 days of operation (Stolzi
Fig. 16. CALET (a) iron and (b) nickel) flux multiplied by E2:6 as a
function of kinetic energy per nucleon(Stolzi et al., 2023). Error bars of the
CALET data (red) represent the statistical uncertainty only, the yellow
band indicates the quadrature sum of systematic errors, while the green
band indicates the quadrature sum of statistical and systematic errors.
Also plotted are other direct measurements (Grebenyuk et al., 2018;
Engelmann et al., 1990; Minagawa, 1981; Young et al., 1981; Panov et al.,
2009; Ave et al., 2008; Mueller et al., 1991; Aguilar et al., 2021bs). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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et al., 2023). The statistics is increased by a factor of 2 com-
pared to the previous publication (Adriani et al., 2021). We
have found that the iron spectrum obtained by EPICS is
consistent with the spectrum by Geant4 above 100 GeV/
n, while differing in normalization in the low energy region
by about 10%. This can be attributed to the response matri-
ces, which differ significantly in the low-energy region.
Fig. 16b shows the nickel spectrum in kinetic energy per
nucleon in the energy range from 8.8 GeV/n to 240 GeV/
n based on the same period as the case of iron (Stolzi
et al., 2023). Here, The latest data is consistent with our
previous publication (Adriani et al., 2022b), whilethe statis-
tics are increased by a factor of 1.3.

Fig. 17a shows the fit to the Fe flux with a DPL function
(Eq. 2). A SPL function is also shown for comparison. The
DPL fit, performed from 50 GeV/n to 1 TeV/n, gives a
c ¼ �2:60� 0:01 (stat) �0:08 (sys), Dc ¼ 0:29� 0:27 and
E0 ¼ ð428� 314Þ GeV/n with v2=d:o:f : ¼ 2:7=5. The sig-
nificance of the fit with the DPL in the studied energy range
is not sufficient to exclude the possibility of a single power
law. Fig. 17b shows the fit to the Ni flux with a SPL func-
tion performed from 20 GeV/n to 240 GeV/n. The fit result
gives c ¼ �2:49� 0:03 (stat) �0:07 (sys) with
v2=d:o:f : ¼ 0:1=3. This result shows that the Ni flux, in
the fit energy range, is compatible within the errors with
a single power law.

4.5. Ultra heavy cosmic rays

The measurement of ultra heavy galactic cosmic rays
(UHGCR), 30Zn and higher charge elements, provides
insight into the origins of cosmic rays. CALET’s measure-
ments of cosmic-ray abundances up to Z � 44 charge range
provide complementary measurements and a check of the
cross calibrations of other instruments. As described in
Asaoka et al. (2018), CALET has a trigger mode to mea-
sure ultra heavy (UH) nuclei called UH trigger, which
requires a coincidence of signals of CHD and upper 4
IMC layers. This corresponds to an acceptance angle of
75�, which gives an enhanced geometry factor of 4400 cm2-
sr. In this trigger, one needs to use the minimum geomag-
netic cutoff as a proxy for energy. Here we explore usage of
Fig. 17. (a) Fit of the CALET iron energy spectrum to an SPL function (blue l
TeV/n. (b) Fit of the CALET nickel energy spectrum to an SPL function (blue
The fluxes are multiplied by E2:6 where E is the kinetic energy per nucleon. The e
the references to colour in this figure legend, the reader is referred to the web
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a subset of UH trigger data that requires particles to pass
through part of the TASC (�65 million events) (Zober
et al., 2023). In addition to the standard calibration using
the minimum ionizing particles of protons and helium
nuclei (Asaoka et al., 2017), heavy nuclei such as iron
and silicon, which have large dE=dx, are utilized to achieve
a �0.5% signal resolution for UH analysis. The UH event
candidates are identified by requireing the deposit energy
to be above 1.53 MIP and ensuring charge consistency
between CHD-X and CHD-Y within 0.4%. Fig. 18 shows
the charge distribution for the data set obtained during
7.5 years of operation with gaussian fits.

After performing a careful fitting, we are able to plot the
relative abundances in Fig. 19, in which the results of pre-
vious experiments (Binns et al., 2022; Walsh et al., 2022;
Zober, 2023) are compared. The older analysis method
shown in Zober et al. (2021) that uses the UH trigger in
conjunction with a geomagnetic cutoff is also shown for
the comparison. In these plots, we can see good consistency
between ACE measurements and CALET. We note that
there are some minor differences from SuperTIGER, but
these may be caused by problems with the atmospheric
corrections.
4.6. Gamma-rays

High-energy gamma-rays. The performance of CALET
gamma-ray sensitivity, analysis methods, and initial results
for steady sources are descrived in Cannady et al. (2018).
CALET has a sensitivity for gamma-rays above 1 GeV
with the energy resolution of 3% and the angular resolution
of 0.4� at 10 GeV. Access to energies below 10 GeV is
allowed by a dedicated low-energy gamma trigger (LE-c)
which is active only at low geomagnetic latitude. The high-
est gamma-ray efficiency is achieved around 10 GeV with
an efficiency of 50% relative to a geometrical factor of
about 400 cm2sr, by applying event selections. In previous
analysis, we simply rejected events coming from the field-
of-view affected by moving structures such as solar panels
and robotic arms (Cannady et al., 2018). We have devel-
oped moving filter algorithms to reject time-varying por-
tions of our field-of-view by taking account of moving
ine) and to an DPL function (black line) in the energy range 50 GeV/n to 1
line) in the energy range from 20 GeV/n to 240 GeV/n(Stolzi et al., 2023).
rror bars are representative of statistical errors only. (For interpretation of
version of this article.)



Fig. 18. The multigaussian fit for the TASC UH abundances. The number
of events within the full fit is roughly identical to the number in the
histogram (<1% difference between fit and histogram in the UH region).

Fig. 19. CALET UH abundances for Z > 26(Zober et al., 2023) compared
to the abundances from ACE-CRIS (Binns et al., 2022) and both
SuperTIGER top of instrument (Walsh et al., 2022) and top of
atmosphere (Zober, 2023).
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structures, whose operational data are supplied by JAXA,
operating the ’Kibo’ module, in order to maximize our
exposure for cosmic gamma-rays. As a result of the
improved structure cut, the exposure which can be used
for gamma-ray analysis is significantly increased. In the
LE-c trigger mode, the fraction of survival after the cut
Fig. 20. Sky map by LE-c triggers (E > 1 GeV) showing gamma-ray
intensities observed in galactic coordinates(Mori et al., 2023). Superim-
posed contours show relative exposures. Only the very bright sources are
indicated.
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increased from �60% to >90% around the peak region
of the exposure map. Fig. 20 shows the skymap of
gamma-ray intensities for LE-c triggers (> 1 GeV) using
data between November 2015 to December 2022 (Mori
et al., 2023). Note that the exposures, superimposed as con-
tours, are not uniform over the celestial coordinates
because of inclination angle (51.6�) of the ISS orbit and
our triggering schemes. One can see that the skymap
matches nicely with that shown by Fermi-LAT, consider-
ing the non-uniform exposures. We can easily identify 23
bright point sources in the skymap, but the significance
of the detection of each source is still under evaluation.

Without removing point sources, the Galactic plane (dif-
fuse plus discrete sources) spectra (jlj < 80� & jbj < 8�) are
obtained in 1–100 GeV by LE-c trigger as shown in Fig. 21.
A good match is seen with the Fermi-LAT results for the
Galactic plane spectrum, but with some overestimates
below �10 GeV in the off-plane spectrum (jbj > 10�).

CALET Gamma-ray burst monitor. The CALET
gamma-ray burst monitor (CGBM), designed to observe
prompt emissions of gamma-ray bursts (GRBs) in the hard
X-ray (7–1000 keV) and soft gamma-ray (40 keV–20 MeV)
band, has been providing all-sky monitoring, with 60%
duty cycle and without any problems, since October
2015. The gamma-ray bursts are monitored also by the
calorimeter, whose threshold is decreased to 1 GeV when-
ever a trigger signal is produced by the CGBM. CALET
covers the energies from 7 keV to 10 TeV. The performance
and analsyis procedure of CGBM are described in Adriani
et al. (2022c). Fig. 22 presents the time duration distribu-
tion of GRBs observed by CGBM/SGM. As of the end
of June 2023, the CGBM has detected 327 GRBs, including
31 short GRBs by classifying GRBs with the intersection of
two logarithmic normal distributions (Kawakubo et al.,
2021).

CALET has actively participated in the follow-up cam-
paign for the search of electromagnetic counterparts of the
gravitational wave events observed by LIGO/Virgo.
Although no candidates have been detected, upper limits
Fig. 21. The galactic plane (diffuse plus point-sources) spectra (jlj < 80� &
jbj < 8�) and the off-galactic plane spectra (jbj > 10� taken with CALET
for LE-c data(Mori et al., 2023) and Fermi-LAT.



Fig. 22. Gamma-ray burst duration distribution measured by SGM (40–
1000 keV).

Fig. 23. 90% confidence level upper limits(Adriani et al., 2022c) observed
by CAL in the energy range 1 – 10 GeV during the interval �60 s around
the time of GW 190408an reported by LIGO/Virgo. Intensity scale is
given in units of erg cm�2 s�1. Green Contour is the LIGO/Virgo high
probability region. Magenta cross marks the pointing direction of CAL at
T 0, and the track of the pointing direction is marked cyan broad line in the
interval �60 s. Red and blue circles are the HXM and SGM fields of view
ignoring effects of the ISS structures, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 24. Time profiles of the normalized count rates of electrons (blue
open circles) and protons (red open circles) for each Carrington rotation,
compared with the count rate of a neutron monitor at the Oulu station
(black curve) on the right vertical axis and the electron (blue curve) and
proton (red curve) count rates reproduced by the numerical drift model
(Miyake et al., 2023). (For interpretation of the references to colour in this
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on the high-energy gamma-ray flux were derived for 20 out
of 57 events from the LIGO/Virgo third observation (O3)
run (Adriani et al., 2022c). Fig. 23 shows the 90% confi-
dence level upper limit map during the interval T 0 ¼ 60s
for S190408an. Upper limits were calculated for any direc-
tions in each pixel and shown as a color map.

CALET has been searching for electromagnetic counter-
parts in O4 as well as O3. As of the end of June 2023, the
LIGO/Virgo/KAGRA collaboration reported 169 events
via the GCN/LVC NOTICE, and 15 of 169 events were
reported to GCN Circulars as significant events.Although
CGBM and Calorimeter searched for signals associated
with the significant events, no candidates were found
around the event time of the significant events. We
obtained the upper limits for eight significant events of
which localization high probability region overlapped with
the Calorimeter field of view Kawakubo et al. (2023).
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4.7. Solar modulation

CALET observations of low-energy cosmic rays have
been successfully performed with a Low-Energy Electron
(LEE) shower trigger mode activated only at high geomag-
netic latitudes (Asaoka et al., 2018). An analysis of elec-
trons and protons to investigate the solar modulation
during the descending phase of the solar cycle 24 was pub-
lished in Adriani et al. (2023c), and the extended analysis to
the ascending phase of the solar cycle 25, utilizing the same
analysis procedure, was reported in Miyake et al. (2023).

In Fig. 24, the observed variations of electron and pro-
ton count rates at an identical average rigidity of 3.8 GV
are presented. These variations show a clear charge-sign
dependence of the solar modulation of galactic cosmic rays
(GCR), which is consistent with the prediction of a numer-
ical drift model of the GCR transport in the heliosphere
described in Adriani et al. (2023c). It is also found that
the ratio of 3.8 GV proton count rate to the neutron mon-
itor count rate (Usoskin et al., 2001) in the ascending phase
of solar cycle 25 is clearly different from that in the
descending phase of cycle 24. Correlations between the
electron (proton) count rate and the heliospheric environ-
mental parameters, such as the current sheet tilt angle,
are a useful tool in further developing a numerical model
of solar modulation.
4.8. Space weather

In addition to the cosmic-ray observations, the upper
layers of CALET (CHD) are sensitive to much lower
energy (> 1 MeV) radiation events, namely relativistic elec-
tron precipitation (REP) events (Kataoka et al., 2016;
Kataoka et al., 2020; Bruno et al., 2022). These REP events
occur when trapped or quasi-trapped electrons in the outer
radiation belt are scattered into the loss cone and are sub-
figure legend, the reader is referred to the web version of this article.)
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sequently lost to the upper atmosphere (Shprits et al., 2006;
Millan and Thorne, 2007), leading to the depletion of the
outer radiation belt and increased bursts of radiation at
low earth orbit and into the upper atmosphere.

Using the data set obtained in a period from October
2015 to October 2021, a method for the detection and cat-
egorization of MeV REP events have been studied (Ficklin
et al., 2023). From this catalog, we identify a subset of a
few hundred REP events observed at times where CALET
is in magnetic conjunction with the Van Allen probes.
These conjugate measurements enable studies of associated
plasma wave data from RBSPA/B and potential drivers for
MeV electron precipitation. We found that around 10 per-
cent of REP events are coincident with enhanced electron
magnetic ion cyclotron (EMIC) wave activity, suggesting
that waves can play a significant role in driving MeV elec-
tron precipitation.
5. Summary and future prospects

CALET instrument performance on the ISS has been
very stable during the whole scientific observation period
since October 2015. During the first eight years of opera-
tion, CALET obtained new data of cosmic-ray spectra.
They include a measurement of the all-electron spectrum
to 7.5 TeV for searches of nearby sources and dark matter
signatures, the proton spectrum to 60 TeV, and helium
spectrum to 250 TeV. Cosmic-ray boron, carbon and oxy-
gen spectra and their ratios are also updated to 3.8 TeV/n.
The spectrum of iron to 1 TeV/n is updated with increased
statistics by a factor of two since the last publication. The
nickel spectrum is also updated. In addition, CALET has
provided the data of abundance ratios of ultra heavy
cosmic-ray nuclei, as well as gamma-ray measurements,
GRB observations and searches of GW event counterparts.
The charge-dependent solar modulation was clearly
observed during the descending phase of the solar cycle
24, and the observation is extended to cycle 25. The REP
observations related to space weather lead to the identifica-
tion of the origin of REP.

Extended CALET operations were approved by JAXA/
NASA/ASI in March 2021 through the end of 2024, and a
further extension to 2030 is expected. Improved statistics
and refinement of the analyses with additional data col-
lected during the livetime of the mission will make it possi-
ble extend the measurements to higher energies and
improve the spectral analyses, contributing to a better
understanding of CR phenomena.
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