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The CALorimetric Electron Telescope, CALET, has been measuring high-energy cosmic rays on
the International Space Station since October 2015. One of the scientific objectives of the CALET
mission is the precise measurements of the energy spectra of individual cosmic-ray nuclei and the
energy dependence of secondary-to-primary abundance ratio to reveal the detail of the cosmic-ray
acceleration and propagation in the Galaxy. The instrument, consisting of two layers of segmented
plastic scintillators, a 3 radiation length thick tungsten-scintillating fiber imaging calorimeter,
and a 27 radiation length thick PWO calorimeter, has capabilities to identify individual nuclei
elements up to Z = 40 with excellent charge resolution and cover the wide energy range from
10 GeV to a PeV scale. Long-term observation with CALET for over five years of operation
allows to investigate the TeV region of the secondary components. In this paper, the details about
the analysis of boron spectrum and boron-to-carbon ratio and their preliminary results will be

presented.
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1. Introduction

It is commonly understood that the galactic cosmic rays are accelerated by diffusive shock
acceleration in astrophysical sources like supernovae remnants, and diffusively propagate in the
Galaxy. Since boron in the cosmic rays is produced in negligible quantities by nucleosynthesis
processes in the star [1] but produced by the spallation of heavier nuclei such as carbon during
the propagation in the interstellar medium, the boron-to-carbon (B/C) ratio is a direct probe to
measure the average amount of interstellar material traversed by cosmic rays. In the context of
the Leaky-Box approximation of particle transport in the Galaxy, the diffusion of cosmic rays is
parameterized by introducing the average propagation path length, which is inversely proportional
to the diffusion coefficient [2]. The energy dependence of the B/C ratio can therefore provide the
knowledge of the propagation in the Galaxy, and has been widely measured by balloon-borne and
space-based experiments [3-9]. In addition, recently detailed measurements revealed a spectral
hardening in proton, helium, and nucleus spectra at a few hundred GeV /n [10-18], and various
theoretical models are proposed to explain the hardening (ex. [19-21]). The precise measurement
of the B/C ratio allows us to discriminate such models and to constrain the model parameters.

The CALorimetric Electron Telescope (CALET) operating on the International Space Station
is measuring energy spectra of nuclei from proton to iron and above in the energy region above
10 GeV.The calorimeter is optimized for the measurement of electrons trans TeV region and has
suitable features to measure nuclei. The detector has capabilities of charge identification with single
element resolution and energy measurement to cover a wide energy range of 6 order of magnitude
from 1 GeV to 1 PeV. In this paper, we report the preliminary results of the energy spectrum of
boron and boron-to-carbon ratio based on the data of five years of CALET operation.

2. CALET Instrument

The CALET instrument consists of three detectors; CHarge Detector (CHD), IMaging Calorime-
ter (IMC), and Total AbSorption Calorimeter (TASC). CHD and IMC play an important role in
charge measurements and TASC for energy measurement. CHD located at the top part is composed
of two layers of 14 plastic scintillator paddles for measurement of the primary particle charge from
Z =1 —-40. Each scintillator has dimensions of 32 mm X 450 mm X 10 mm. IMC for the track
reconstruction and charge measurement is a sampling calorimeter composed of (X, Y) X 8 layers of
scintillating fiber (SciFi) belts and 7 tungsten plates. Each layer of SciFi belts is made of 448 SciFis
with a 1 mm square cross-section and 448 mm in length. The tungsten plates interleaved between
the SciFi layers have a thickness of 0.2 Xy x 5 layers and 1.0 X, X 2 layers from top to bottom. TASC
is a total absorption calorimeter made of 12 layers of PWO scintillator logs for energy measurement
and discrimination of electromagnetic shower and hadronic shower. Each layer has 16 PWO logs
and each log has dimensions of 19 mm X 326 mm x 20 mm. The total thickness of the calorimeter is
30 Xy for electromagnetic particles or 1.3 A; for protons. The detector performance is evaluated by
MC simulations and several beam tests at CERN-SPS using electrons, protons and nuclei [22-24].
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Figure 1: Examples of boron candidates from the flight data. Red numbers show the reconstructed charges
with each CHD and IMC layer.

3. Data Analysis

We have analyzed flight data collected over 1,815 days from October 13, 2015 to September
30, 2020. The total observation livetime is 7 = 3.69 x 10* hours. The field-of-view, FOV, of
CALET within 45 degree is basically clear, while some structures of ISS and JEM-EF systems such
as solar panels and JEM-RMS robotic arms partially shields the FOV. To avoid the contaminant
for the measurement of the secondary cosmic rays, all events directed from such shielded region
are discarded by the communication with ISS operation notes and manual inspection from the
gamma-ray analysis [25]. Figure 1 shows the examples of boron events with 612 GeV and 2.1 TeV
of observed energy. Monte Carlo simulation data are produced by EPICS v9.22 and Cosmos
v8.02 [26] with DPMJET-III [27] as a hadron interaction model. The instrument configuration
and detector response are detailed in the simulation code which provides digitized signals from all
channels.

Nucleus events used in this analysis are detected by the high energy, HE, trigger [28] which
requires a coincidence of two bottom layers of IMC and the top layer of TASC. The HE trigger
mode always operates. The energy threshold is set to detect electrons above 10 GeV. Because the
trigger threshold is higher than the dE /dx of light nuclei such as boron and carbon, only events
creating the particle shower in the detector are detected. Consistency between MC and FD for
triggered events is obtained by an off-line trigger with higher threshold than the onbord trigger; 50
and 100 times a minimum ionizing particle (MIP) signals for IMC and TASC, respectively.

For the energy calibration of TASC, the laser irradiation test was carried out on the ground to
check the linearity of the wide dynamic range from 1 MIP to 10° MIP, which is corresponding to
1 PeV shower energy. In addition, the minimum ionizing particles of cosmic-ray protons and helium
detected in space are used for the calibration and monitoring of the detector performance including
position, temperature, and time dependence of the plastic scintillators and PWO logs [23, 29]. For
charge identification, the non-linearity of CHD and IMC between detector response and deposit
energy caused by the scintillation quenching is corrected from the flight data [16].

The shower axis is reconstructed by IMC signals. Although the incident nuclei create shower
particles in IMC as shown in Fig. 1, which could be a background for the track reconstruction,
primary particle’s signals are usually higher than the signals of the shower particles thanks to their

s
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large dE /dx. The shower axis is reconstructed by a least-square fit using the maximum energy
channels in each upper four IMC layer. In addition, the different tracking procedures based on a
combinational Kalman filter [30] are also used to study possible systematic uncertainties in tracking
efficiency. The efficiency and accuracy between the two tracking methods are well consistent, and
the systematic error by the tracking is negligibly small. Events with a fully reconstructed track are
selected for the nuclei analysis in this paper, i.e. the track passes through the top surface of CHD
and TASC and the bottom surface of TASC. The geometrical acceptance is 570.3 cm?sr which is
calculated using MC simulations.

Particle charge is identified based on the dE/dx measurements in CHD and IMC associated
with the reconstructed track. For the identification of the boron events, two selections are applied:
the charge consistency among each CHD and IMC layer and the shower width at the initial shower
stage in IMC. The charge consistency requires that the difference is less than 10% between CHD-X
and Y, and 15% between CHD and IMC. The charge consistency of 1st and 2nd IMC layers and 3rd
and 4th layers are also required. The charge correlation between Zpyic and Zcyp is shown in Fig. 2
after applying only charge consistency of CHDs. Events with carbon undergoing a charge-changing
nuclear interaction upstream the IMC are clearly visible in the tail of their drop-shaped distributions
extending to lower Zpyc value.

The major possible background is events interacting in CHD or upper surface materials. The
shower width of such events at the initial shower stage is commonly wider than that of penetrating
events due to the spread of the secondary particles, and the core signal of a nucleus passing
through without an interaction shows larger signals than that of shower events. To exploit these
characteristics, the difference of the sum signals in 7 SciFis and the sum in 3 SciFis normalized to
the charge is used as the shower width parameters. Figure 3 shows the shower width distribution
for boron candidates just applying the charge consistency cut with CHDs.

Figure 4 shows the charge distribution with CHD after applying charge consistency cuts and
shower width selections. Particle charge is identified within + 0.4 charge unit in this analysis. The
total efficiency is 20-25% above E > 20 GeV/n as shown in Fig. 5. The isotopic composition of
boron is assumed as ''B/('°B +!! B) = 0.7 for all energies [31, 32]. The assumptions with pure '°B
and ''B make 1% differences in the efficiency, as shown in Fig. 5. The difference of the efficiency
between the assumptions of pure '°B and ''B is 1% as shown in Fig. 5. The contamination from the
other particles is estimated by MC events of elements with a charge in Z = 1 — 28. The MC events
are reweighted with a factor to reproduce a single power-law spectrum with the index of —2.60 and
all events selections are identical to the ones used for the flight data. The absolute value of each
element in each observed energy bin is normalized to the charge distribution of CHD matching the
flight data. The number of contaminant events is calculated by the integration of all contamination
MC events. The total background is less than 4% for boron as shown in Fig. 6, and the main
background source is the carbon, which is increasing at higher energy because the abundance ratio
of carbon respect to the boron is increasing at higher energy.

The shower energy for each event is determined by the sum of energy deposits in the TASC.
Since the energy leakage from the calorimeter is unavoidable for nuclei due to the characteristics of
hadron induced showers and finite detector resolution, an unfolding procedure is applied to derive
the primary energy spectrum and to correct bin-to-bin migration. The iterative procedure based
on Bayes’s theorem [33] with the RooUnfold package [34] is applied with the response matrix of
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Figure 2: Crossplot of IMC versus CHD recon- Figure 3: The track width distribution compared with MC
structed charges in the elemental range between reconstructed charges with Etasc > 100 GeV
Be and O with E1asc > 31.6 GeV
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Figure 4: Charge distribution with CHD in 100 <
Etasc/(GeV) < 215 compared with MC simulations Figure 5: The total efficiency of boron

primary energy versus deposit energy, which is obtained from detailed MC simulation as shown
in Fig. 7. The same event selections for MC data are applied as for flight data. Initial spectra
are assumed as a single power-law function with the index of —2.60 and two cycles of unfolding
iteration are applied.

4. Results
Energy flux, ®(E), is calculated as follows,

_ N(E)
®(E) = eSQTAE’

N(E) = U[Nobs(ETasc) — Nog(ETasc)], 2

where AE denotes energy bin width, E the particle kinetic energy, N(E) is the bin content in the
unfolded distribution, £(E) the total efficiency, SQ the geometrical acceptance, T the livetime, U()
the unfolding procedure, Nobs(ETasc) the bin content of observed energy distribution, Npg (ETasc)

)]
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5:
45K
I 3
= 4§@@F@F§ T*@
> 3.5 Gy
‘:_w E 4 %@@
% 2.5 I b
v °F SN STTIEN
Z 15 4 CALET Preliminary +++ ?
:l._u 1; [ Uncertainty band (stat. + syst.) +++4*—%
E . PAMELA
0 5? o AMS-02
OT\\\‘ ! | |
10 102 10°

Energy [GeV/n]

Figure 8: Preliminary energy spectrum of boron as a function of kinetic energy per nucleon
with CALET compared with previous observations [7, 8].

the bin content of background events in the observed energy distribution. We have studied various
systematic uncertainties such as trigger efficiency, charge identification, background estimation,
energy unfolding, energy scale with beam test, MC model (EPICS/DPMIJET-III and Geant4/FTFP-
BERT), live time, and long-term stability. Figure 8 shows the preliminary energy spectrum of
boron as a function of kinetic energy per nucleon from 16 GeV/n to 2.2 TeV /n, compared with
PAMELA [7] and AMS-02 [8]. The isotope composition is assumed as B /(1B +!1 B) = 0.7.
The different assumptions of the isotope composition with ''B/(1°B +!'! B) = 0.6 and 0.8 make
2% differences in the boron spectrum. Our result is well consistent with PAMELA, but lower than
AMS-02 like the cases of carbon, oxygen and iron spectra [16, 35]. Figure 9 shows the preliminary
result of B/C ratio as a function of kinetic energy per nucleon from 16 GeV /n to 2.2 TeV /n compared
with the previous observations [3-9]. Our present result of B/C ratio can be fit with a power law
function (B/C) = AE~%, where A is a constant normalization factor. The spectral indices are
§ = 0.406 + 0.039 in 25 GeV/n - 100 GeV/n with y?/ndf = 0.30/3, and § = 0.366 + 0.064 in
100 GeV/n - 2.2 TeV/n with y?/ndf = 1.2/7.
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Figure 9: Preliminary result of the boron-to-carbon ratio as a function of kinetic energy
with CALET compared with previous observations [3-9].

5. Summary

CALET on the ISS has measured the energy spectrum of boron and boron-to-carbon ratio

from 16 GeV/n to 2.2 TeV/n after five years of operation. The preliminary spectrum of boron is
in good agreement with PAMELA but lower than AMS-02. On the other hand, the B/C ratio is
consistent with AMS-02 and the others, and the spectral indices below and above 100 GeV /n are
in agreement with AMS-02 within the errors[8]. CALET has capabilities to measure not only the

B/C ratio but also sub-Fe/Fe ratio, and the analysis is ongoing. Further studies on an increased data

set and detailed systematic study will increase the sensitivity to detailed spectral features.
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