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observations of the low-energy CRs have been successfully performed by a Low-Energy Electron
(LEE) shower trigger mode that is active only at high geomagnetic latitude. Here we have analyzed
the low-energy electrons and protons to investigate the solar modulation during the descending
phase of the solar cycle 24. We have confirmed that the flux of the low-energy electrons measured
by CALET during the solar minimum has reached its maximum, which is comparable to or
exceeding the maximum flux observed with PAMELA in the previous solar minimum period. We
have also found count rates of electrons and protons at the same average rigidity showing a clear
charge sign dependence as expected from the drift model of the solar modulation.
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Figure 1: (Left panel) CALET instrument package showing the calorimeter, the CALET gamma-ray burst
monitor (CGBM), the mission data controller (MDC), the GPS receiver (GPSR), and the advanced stellar
compass (ASC). (Right panel) CALET calorimeter, which consists of a charge detector (CHD), an imaging
calorimeter (IMC), and a total absorption calorimeter (TASC). The resulting output of each detector is sent
to the front-end circuit (FEC).

1. Introduction

The CALorimetric Electron Telescope (CALET) is a Japanese-Italian-US international mission
for precise measurements of cosmic-ray (CR) electrons (electrons + positrons) from 1 GeV to 20
TeV, gamma rays from a few GeV to 10 TeV, and nuclei with 𝑍 = 1 to 40 from a few 10 GeV
up to ∼1 PeV. The instrument was installed on the Japanese Experiment Module-Exposed Facility
of the International Space Station (ISS) in August 2015, and since the beginning of operation
in October 2015, continuous observations have been accomplished without any serious problem
at present. Many of science goals of CALET including the investigation of possible nearby CR
sources and dark matter signatures by the high-precision measurement of electron spectrum have
been performed by a high-energy (HE) shower trigger mode for measuring high-energy electrons
with energies above 10 GeV and the other high-energy shower events [1–4]. In addition to the HE
shower trigger mode, CALET has a low-energy electron (LEE) shower trigger mode working at
high geomagnetic latitudes that can measure the low-energy CR electrons in the energy region from
1 GeV to 10 GeV [5, 6]. In this study, we analyze flight data obtained by the LEE shower trigger
mode from October 13, 2015 to September 30, 2020.

2. CALET Instrument

CALET has a field-of-view of ∼ 45◦ from the zenith and an effective geometrical factor of ∼
1040 cm2sr for high-energy electrons. The instrument of CALET consists of the main calorimeter
and the CALET gamma-ray burst monitor (CGBM) subsystems as shown in a left panel of Figure 1.
Details of the main calorimeter is shown in the right panel of Figure 1, which consists of a charge
detector (CHD) for identifying the charge of an incident particle, an imaging calorimeter (IMC)
for reconstructing the track of an incident particle and for imaging an early shower profile with
a fine resolution, and a total absorption colorimeter (TASC) for absorbing the entire energies of
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electromagnetic shower particles and for distinguishing electrons from hadrons using differences of
those shower developments. The CHD is composed of two crossed layers of 14 plastic scintillator
paddles with dimensions of 450 mm long × 32 mm wide × 10 mm thick. The IMC is composed of
eight x-y layers of 448 mm long × 1 mm square cross section scintillating fibers (SciFi) interleaved
with tungsten plates. The first five tungsten plates have 0.2 radiation length (𝑋0) in thickness and
the last two plates have 1.0 𝑋0. The total thickness of the IMC is equivalent to 3 𝑋0. The TASC
consists of twelve crossed layers of 16 lead tungstate (PWO) logs with 326 mm long × 19 mm wide
× 20 mm tall, and its total thickness corresponds to 27 𝑋0. The thick calorimeter with 30 𝑋0, which
is equivalent to ∼ 1.3 proton interaction lengths, allows it to completely absorbs the electron shower
energy even in the TeV energy range.

3. Data Analysis

We analyze flight data obtained by the LEE shower trigger mode during 1815 days from October
13, 2015 to September 30, 2020. In order to obtain the low-energy particle events efficiently, the
LEE shower trigger mode is active only at high geomagnetic-latitudes where the maximum cutoff
rigidity is about 5.0 GV. It means that the LEE shower trigger mode works ∼ 2 times for ∼ 90
sec in one orbit of ISS. We obtain a total observational live time of about 670 hours and about 79
million events of low-energy electron and proton candidates. By sorting these events and accurately
subtracting the background contamination, we obtain the flux of low-energy electrons and proton
count rates at the same average rigidity. The procedure to analyze the low-energy electrons and
protons obtained by LEE shower trigger mode is as follows.

3.1 Monte Carlo Data

A Monte Carlo (MC) data is used to simulate physical processes and detector signals for
the event selection and the energy reconstruction. The MC event samples consist of downgoing
electrons and protons produced isotropically on the surface of a sphere with a radius of 78 cm which
totally encloses the instrument. The interactions of secondary particle generated in the detector
are treated by the simulation package EPICS [7] (EPICS 9.20 and COSMOS 8.00) and the hadron
interaction is calculated by using the DPMJET-III model.

3.2 Event Selections and Energy Reconstruction

In order to minimize and accurately subtract proton contamination in the sample of electron
candidates, we apply the following event selection criteria for getting the electron flux: (1) an
off-line trigger condition on the energy threshold of lower two layers of IMC and TASC top layer,
(2) a track quality cut based on the tracking method using the Kalman filter to ensure reconstruction
accuracy, (3) a geometrical condition in which the reconstructed track traverse the instrument from
the CHD top layer to the TASC bottom layer, (4) a charge selection using the CHD, (5) an energy
deposit at the IMC bottom layer, (6) an energy concentration at the IMC bottom layer, and (7) a
lateral shower development at the TASC top layer. These criteria are almost identical to that for the
event selections of high-energy electrons obtained by the HE trigger mode [1], except that we just
use TASC top layer and IMC bottom layer to prevent proton contamination, since the low-energy
electrons cannot penetrate all layers of the TASC. The combined efficiency of these selections for
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Figure 2: Example of the rigidity region that is forbidden or allowed to be detected by CALET in the
geomagnetic field. An effective cutoff rigidity is defined as the lowest rigidity above which no penumbra
structure appears.

the low-energy electrons is over 70% in the energy region above 2 GeV. We also evaluate an energy
correction function using the electron MC data after the event selections to reconstruct the true
energy of the low-energy electrons. The observed energy of the low-energy electron is defined as
the sum of the energy deposit in the IMC and top three layers of the TASC to prevent adding the
noise at lower layers of the TASC where the low-energy electrons cannot penetrate. The correction
function is evaluated by the average ratio of the true energy to the observed energy.

In addition to the flux of low-energy electrons, we also analyze the count rates of electrons
and protons that have the same average rigidity to investigate the charge-sign dependence of the
solar modulation. In this analysis, due to the poor energy resolution for low-energy protons, we
estimate the average rigidity of MC events that passed event selections instead of the strict energy
reconstruction for each observed event. We thus obtained the average rigidity of ∼ 3.8 GV for
the electron count rate. In order to compare the count rate of protons that has the same average
rigidity as electrons, we adjusted the average rigidity of protons by applying the event selection
about an energy deposit at all layers of the TASC. For the analysis of protons, we use the same event
selections with that of electrons, except the energy deposit and energy concentration at the IMC
bottom layer. This is because that these event selection are to prevent the proton contamination in
the analysis of the electrons.

3.3 Geomagnetic Cutoff Rigidity

In order to get the flux that is not affected by the geomagnetic cutoff variation, we select events
that have rigidities much higher than the geomagnetic cutoff rigidity. In the calculation of the count
rates of electrons and protons, we select events that measured in the region where the cutoff rigidity
is below 1.2 GV. As a reference value of the cutoff rigidity, we use the effective cutoff rigidity
calculated by reconstructing particle trajectories in the magnetosphere [8], implementing a realistic
description of the geomagnetic field based on the IGRF-13 and TS05 empirical models [9]. Whether
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Figure 3: Time profile of the normalized flux of the low-energy electrons from October 2015 to September
2020. The fluxes in each energy are normalized with a flux during the first Carrington rotation.

or not a particle can reach CALET depends on not only the particle’s rigidity but also its incident
direction. In this calculation, we use the incident direction of each particle along a trajectory
reconstructed by the tracking method using the Kalman filter. We then define the effective cutoff
rigidity as the lowest rigidity of the allowed region above which no penumbra structure appear, as
shown in Figure 2.

4. Flux of the Low-Energy Electrons

The differential flux Φ (𝐸) between 𝐸 and 𝐸 + Δ𝐸 (GeV) is given by the following formula,

Φ (𝐸) = 𝑁 (𝐸)
Δ𝐸 · 𝜀 (𝐸) · 𝑆Ω · 𝑇𝐿

, (1)

where Φ (𝐸) is expressed in m−2sr−1sec−1GeV−1, 𝑁 (𝐸) is the number of low-energy candidates in
each energy bin, 𝜀 (𝐸) is the electron efficiency in each energy bin, 𝑆Ω

(
m2sr

)
is the geometrical

acceptance, and 𝑇𝐿 (sec) is the observation time. Figure 3 shows the time profile of the average
electron flux in every two Carrington rotations at three different energies since the beginning of
the observation. Each flux in this plot is normalized to the flux in the first Carrington rotation.
Black and gray curves show the count rate of a neutron monitor at Oulu Station (in Sodankyla
Geophysical Observatory of the University of Oulu), while the orange curve displays the monthly
mean sunspot number. It is seen that the solar cycle 24 is terminated in Dec. 2019 according to the
Solar Cycle 25 Prediction Panel, but the electron flux in 1-10 GeV has continuously increased until
about half a year after beginning the new solar cycle. The maximum flux during the current solar
minimum period is comparable to or exceeding the maximum flux observed with PAMELA[10] in
the previous solar minimum period.
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Figure 4: (Left panel) Time profiles of normalized count rates of electrons and protons from October 2015
to September 2020 for each Carrington rotation. Count rates of electrons and protons are normalized with
each first count rate. (Right panel) Correlation with normalized count rates of electrons and protons and a
tilt angle of the heliospheric current sheet.

5. Charge Sign Dependence of the Solar Modulation

In order to investigate the charge sign dependence of the solar modulation, we have also
evaluated the count rate of electrons and protons that have an average rigidity of ∼ 3.8 GV. Left
panel of Figure 4 shows the time profile of count rates of the electrons (blue markers) and protons
(red markers) observed by CALET. In this figure, the average count rate over a period between
October 13, 2015 and September 30, 2020 is normalized to 100. A count rate of a neutron monitor
at Oulu Station (a Black line with a gray line) is also shown for a comparison with a normalized
proton count rate. We can find that the proton count rate also increases with decreasing the solar
activity in a manner very similar to that of the neutron monitor count rate. We actually obtained a
strong correlation between proton and neutron monitor count rates with a correlation coefficient of
0.97. This verifies the validity of our derivation of proton count rate. What is interesting here is that
the observed variation amplitude of electron count rate is clearly larger than that of proton count
rate. This charge-sign dependence of the modulation is expected from the so-called drift model
predicting that CRs propagate along the different paths depending on the heliospheric magnetic
polarity A and the CR’s charge q. Particles propagate from the polar region of the heliosphere toward
the Earth due to the drift motion in case of qA>0, whereas they propagate along the heliospheric
current sheet (HCS) from the outer heliosphere in case of qA<0. Because the current solar cycle is
the A > 0 epoch, the charge sign qA for the electron is Negative. Therefore the flux of electrons is
expected to change larger than that of protons according to the solar-cycle variation of the HCS tilt
angle. Our results of electron and proton count rates in the right panel of Figure 4 show the charge
sign dependence that is consistent at least qualitatively with the drift model prediction of the solar
modulation.
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6. Conclusion

We have analyzed the flux of low-energy electrons and protons measured by CALET from
October 2015 to September 2020, and have successfully obtained count rates of electrons and
protons that have the same average rigidity. We have confirmed that the flux of the low-energy
electrons measured by CALET during the solar minimum has reached its maximum, which is
comparable to or exceeding the maximum flux observed with PAMELA in previous solar minimum
period. We have also found the modulation amplitude of electron count rate is clearly larger than
that of proton count rate. There is consistent with the charge sign dependence expected from the
drift model of the solar modulation.
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