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1. Introduction

Direct measurement of cosmic-ray energy spectra and their flux ratiseatsl to understand
their origin, acceleration and propagation in the Galaxy. The accelerat®supgrnova remnants
and diffusive propagation in the galactic magnetic fields are commonly accapta plausible
scenario for the galactic cosmic-ray origins, however, the details arewrk In particular, recent
observations have indicated the presence of the hardening at a fewelsof GeV/n in the energy
spectra of proton [1-3] and helium [1, 4] as well as heavy nuclei] [fhd& are unexpected features
with respect to the general theoretical predictions. Due to the fact thaett@dary species are
produced during the propagation of primary cosmic rays, secondgirt@ry ratios such as B/C
ratio are the key to clarify the propagation mechanism of cosmic rays in thexGaRrecise
measurements of the cosmic-ray fluxes and the extension of the measuupnieniie TeV scale
provide important new data to test the theoretical models.

CALET is a cosmic-ray experiment on the International Space Station,[@n8] has been
collecting science data since mid-October 2015. The detector is optimized tanaéaes electron
spectrum in the trans TeV region and the results have been report®d. [GALET also measures
the energy spectra and elemental composition of cosmic-ray nuclei frotanpto iron in the
range from a few tens of GeV to the PeV scale. The features of the CAh&ifument include
a very good energy resolution provided by its thick calorimeter and extell@arge resolution
and robust track identification based on the segmented scintillator paddissiatillating fibers.
Also the dynamic range of CALET covers six order of magnitude which kates into a wide
energy range from 1 MIP to 1 PeV shower energy [11]. In this paperpresent heavy nuclei
components in the cosmic rays with the data obtained in the period from Oct8pb@015 to
December 31, 2018. Energy spectra of proton, carbon and oxygerorted in other papers of
this proceedings [12, 13].

2. Instrument

The CALET instrument consists of three detectors; CHarge Detector [AMBging Calorime-
ter (IMC) and Total AbSorption Calorimeter (TASC). CHD and IMC playsimportant role for
charge measurements and TASC for the energy measurement. CHD |ddétetop part is com-
posed of two layers of 14 plastic scintillator paddles for measurement ofithany particle charge
from Z = 1—40. Each scintillator has dimensions of 32 mu50 mmx 10 mm. IMC for the
track reconstruction and charge measurements is a sampling calorimeterseghgbd,Y) x 8
layers of scintillating fiber (SciFi) belts and 7 tungsten plates. Each layeciBf Belts is made of
448 SciFis with a 1 mm square cross section and 448 mm in length. The tunge=ipterleaved
between the SciFi layers have thickness ofXy 2 5 layers and 1.8 x 2 layers from top to bot-
tom. TASC is a total absorption calorimeter made of 12 layers of PWO scintillateiftmgenergy
measurement and discrimination of electromagnetic shower and hadrowmiersigach layer has
16 PWO logs and each log has dimensions of 19 mi326 mmx 20 mm. The total thickness
of the calorimeter is 3 for electromagnetic particles or 143 for protons. The detector per-
formance is evaluated by MC simulations and several beam tests at CERNs8R) electrons,
protons and nuclei [14-16].
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3. Data analysis

We have analyzed flight data for 1,176 days from October 13, 2015 ¢erbDieer 31, 2018.
The total observation live time is 23,698 hours. Figure 1 and 2 are cansliofateagnesium and
iron from flight data with 2.4 TeV and 13.1 TeV in observed energy rasmdz Monte Carlo
simulation data is produced by EPICS v9.22 and Cosmos 8.02 [21] with DPMUEP] as a
hadron interaction model. The MC data is smeared to reproduced flightigladédssoy considering
fluctuations due to the pedestal rms noise, photo-statistics, and also mgeathght yield and
saturation.
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Figure 1: An example of magnesium candi- Figure 2: An example of iron candidate with
date withAEqasc = 2.4 TeV. AEtasc = 13.1 TeV.

Event trigger Cosmic ray nuclei are detected by the high energy trigger [20] whichinesja
coincidence of two bottom layers of IMC and the top layer of TASC. Thegnthreshold is set
to detect electrons above 10 GeV. In case of the light nu2let (L0), only events creating the
particle shower in the detector are detected because the trigger threshigldesthan thel E/dx
of penetrating events. On the other hand, the trigger efficiency of heashei is almost 100%
because thdE/dx of heavy nuclei is high enough to exceed the threshold. Therefordtvees
event selection in offline analysis, which requires the signal in a layer guth@upper four TASC
layer to exceed the single MIP, is applied to measure their energy with thencader. Figure 3
shows an example of the efficiency of the shower event selection foresagn as a function of
observed energy compared with MC simulation. Data and MC are in goodragre.

Detector calibration Energy calibration of each channel has been carried out by usirg pen
trating cosmic-ray protons and helium nuclei [15, 17]. Using the MIP &sydine detector response
including position, temperature and time dependence of the plastic scintillatbB/#0 logs have
been well studied and equalized.

For charge identification, the non-linearity of CHD and IMC between deteegponse and
deposit energy which is caused by scintillation quenching is obtained freffight data. Figure 4
shows the Gaussian peaks in MIP unit of even charged particles astiofunf Z2 in the range
of 31.6 — 51.2 GeV of the deposit energy in TASC. It is fitted by a functiosedeon the halo
model [18, 19]. Since the signal is affected by iheay production in the upstream materials,
the parameters of CHD-X and CHD-Y are obtained independently. Thegeependence of
the charge is corrected and the non-linearity of each IMC layer is alseated with the same
procedure of CHD.
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Figure 3: Efficiency of shower event selec-Figure 4: Detector response of CHD-X and
tion for magnesium compared with MC. CHD-Y with a fitting function.

Track reconstruction The accurate track reconstruction and estimation of the impact point at the
CHD are essential for the charge identification. The shower axis is sgcoted by IMC signals.
Although the nuclei create many shower particles in the IMC as shown in Fagd12, which
could be a large background for the track reconstruction, primary [Estisignals are usually
larger than the signals of the shower particles thanks to their &Hegdx which is proportional to
Z2 disregarding the quenching effect. The shower axis is reconstrugtaddast square fit using
the maximum deposits per channel in the upper four IMC layers. The impattat the CHD is
estimated with an accuracy of 330n for CHD-X and 300um for CHD-Y with minor charge or
energy dependence. Events with a fully reconstructed track are skfectde nuclei analysis in
this paper, i.e., the track passes through the top surface of CHD and di#diie bottom surface of
TASC. The geometrical acceptance is 570.3smwhich is calculated by means of MC simulation.

Charge identification Particle charge is identified on the basis of tHe/dx measurements in
CHD and IMC associated with the reconstructed track. Figure 5 shows#rgedistribution of
CHD with AEtasc > 10 GeV. The charge resolution is Oeldr carbon and 0.3®for iron. The
multipledE/dxmeasurements of IMC is also useful for light nuclei, while the IMC signalrates
for heavier charges. The charge resolution with upper four IMC $aiged.1® for carbon.

To maintain good charge resolution and remove background events, Isatices are ap-
plied: the charge consistency among each CHD and IMC layer and thewrditkin IMC. These
requirements are effective to remove events with mis-reconstructed trelclas particles entering
from the detector side and it is essential to remove background eventciimgrin the CHD. The
requirement of charge consistency is that the difference of the chatgeen CHD-X and CHD-Y
has to be less than 10%. For light nuclei, charge consistency with IMC isiségband the require-
ment is a difference less than 15% of the truncated mean of the charge tatidiznd IMC layers
as well as that that with 3rd and 4th layers.

The track width of events interacting in the CHD is commonly wider than that cétpating
events due to the spread of the secondary particles, and the coreafigmaicleus passing through
without an interaction shows larger signals than that of shower evenesxploit these character-
istics, the difference of the sum of 7 SciFis and the sum of 3 SciFis normdbzi charge are
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used as track width parameter, which is effective not only for light nirzlealso for heavy nuclei.

Particle charge is identified by CHD withift 0.8 charge for iron and- 0.4 for the other
species as individual elements in the analysis. The contamination from threpattieles is esti-
mated by MC events of elements with chargeZia- 1 — 28. The MC event is reweighted with a
factor to reproduce a signal power law spectrum with the index260 and all event selections
are identical to the ones used for the flight data. The absolute value lofeézroent in each ob-
served energy bin is normalized to the charge distribution of CHD matchingigi dlata. The
number of contaminant events is calculated by the integration of all contaminé@avents. The
total background is 3% for boron and less than a few percent for pyic@nponents with effi-
ciencies of 25% for boron, 30 — 40% for carbon and oxygen and 5%%eon or heavier nuclei.
The contaminants are subtracted before the energy unfolding as @ekicrithe following.
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Figure 5: Charge distribution by combined Figure 6: Response matrix of magnesium
CHD layers. derived from MC simulations.

Energy measurement and unfolding The shower energy for each event is determined by the
sum of energy deposits in the TASC. Since the energy leakage fromltdrereeter is unavoidable
for nuclei due to the characteristics of hadron induced showers arfahiteedetector resolution,

an unfolding procedure for the derivation of the primary energy specand to correct bin-to-bin
migration is necessary. The iterative procedure based on Bayes'sth§3] with the RooUnfold
package [24] is applied with the response matrix of primary energy veeqssit energy, which is
obtained from detailed MC simulations as shown in Fig. 6. For MC data the sanesmlection is
applied as for flight data. Initial spectra are assumed as a single powgrration with the index

of —2.60 and two cycles of unfolding iteration are applied.

4. Preliminary results

Energy spectra of primary components Energy flux,®(E), is calculated as follows,

N(E)

®)= cxomae @
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whereN(E) is the number of events in the unfolded energy Bi,is the geometrical acceptance,
T is the live time,AE is the width of energy bin and is the total efficiency. Figure 7 shows
preliminary results of energy spectra of neon, magnesium, silicon, saHlgium and iron as a
function of kinetic energy per particle with 1,176 days of operations. @bpectra are comparable
with previous observations [5, 6,25-29, 31].

10F
| 1
1F wNe leg,o «  CALET Preliminary
[ ooy v
102 ,Mg x 10* T
- v%vq W%
10 E Ty e
—— . -3 > e
- 14Six 10 ory | ﬁ'm@ %“@*
| Yy e LY
10 6 . 'ﬂ.% ..*‘1»& Sre-
g .
%) -8 B 168 g 10_5""0 *0*»9 W%%V wﬁ‘*
Q 107 IO Yon, %*1 i t’%
1 — *»w ~ - 1
—10| -7 e iy I
J,f 10710 xCax10 ey s, i, oy
(}l(n = ' V»'«. **o« %ﬁ“ “!{f‘+
€ 1012 Fe x 10™ *. ht
— — 26 iy *’”w *,*i %?“@
x = vy v r.l'*».« ey 1
2 10 T, e h T
el e ex, M
10710 ~ *4,
B me i‘%«
~ ¢ ATIC ¢ CREAM °, t
10—18 | W«t’
-~ 4 TRACER # RUNJOB
10720 [ CRN Y HEAO 3-C2 "
[ & AMS-02 4 JACEE
10—22_I IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | LI L]
2 3 4 5
10 10 10 10 10

Kinetic Energy per Particle [GeV]

Figure 7: Preliminary results of energy spectra of heavy primary conmgsié Ne, Mg,
Si, S, Ca and Fe as a function of energy par particle compared with pseiservations
[5,6,25-29, 31]. Error bars of CALET data represent the statigficegrtainty only.

Secondary-to-primary flux ratio Figure 8 shows a preliminary result of boron-to-carbon flux
ratio with 1,176 days of operations. The isotopic composition is assumé@a ds B = 3 : 7 based
on the previous observation [32]. We have studied a number of systematctainties including
trigger efficiency, charge consistency cuts, charge selection wirgtwergy correction with beam
test, initial prior spectra of energy unfolding, response matrix of MC simurladiod long-term
stability. The sum in quadrature of statistical and systematic errors arenshdirve gray band of
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the Fig. 8. The preliminary result of B/C ratio with CALET in the energy ramgenf50 GeV/n to
200 GeV/nis in good agreement with previous observations [29, 30532—-3
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Figure 8: Preliminary result of boron-to-carbon flux ratio with
CALET compared with previous observations [29, 30, 32—35].

5. Conclusions

The ability of CALET to measure heavy cosmic-ray nuclei has been ssfatlgsdemon-
strated and preliminary energy spectra have been derived for the pramsmic ray elements up
to 100 TeV and boron-to-carbon ratio up to 200 GeV/n after 38 months @fatipn. The de-
rived spectra illustrate the excellent capability of CALET to measure nudtkihigh statistics in
a wide energy range. We note that the event selection we have apples fersed on a prelim-
inary analysis as compared to what can eventually be achieved with CAtlEther studies on
an increased data set and detailed systematic study will increase the ggrsitietailed spectral
features, which may provide a key to solve questions about galactic coaynacceleration and
propagation.
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