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Abstract

Iron and nickel cosmic ray nuclei play a key role in the understanding of the acceleration and propagation mechanisms of charged
particles in our Galaxy. In fact, iron and nickel are the most abundant nuclei among the heavy elements and provide favorable conditions
for a low background measurement thanks to the negligible contamination from spallation of higher mass elements. CALET, operating
on the ISS since 2015, has excellent capabilities of charge discrimination up to nickel and can measure the energy of cosmic ray nuclei
thanks to a lead tungstate calorimeter providing a direct and precise measurement of heavy charged nuclei spectra. In this contribution, a
direct measurement of iron and nickel nuclei spectra in the energy range from 10 GeV/n to 2 TeV/n and from 8.8 GeV/n to 240 GeV/n,
respectively is presented. More than five years of data collected by CALET were used. A detailed study of systematic uncertainties is also
illustrated. The measured spectra are compared with the ones measured by other experiments and are compatible with a single power law
fit in the energy region from 50 GeV/n to 2 TeV/n and from 20 GeV/n to 240 GeV/n for iron and nickel respectively. Also, the ratio
between nickel and iron spectra is reported.
© 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/).
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1. Introduction

The acceleration and propagation mechanisms of
charged particles in our Galaxy can be theoretically under-
stood through key observables such as energy spectra and
relative abundances of cosmic rays (CR) (Blasi et al., 2012;
Tomassetti, 2012; Evoli et al., 2018; Vladimirov et al., 2012;
Ptuskin et al., 2013; Thoudam and Horandel, 2014; Drury,
2011; Bernard et al., 2013; Serpico, 2016; Ohira et al., 2016;
Caprioli et al., 2021; Lipari, 2021). Direct measurements
from space-based instruments and ballon-borne calorime-
ters together with indirect measurements from ground-
based arrays revealed a progressive hardening of proton
and He spectra at a few hundred GeV/n (Aguilar et al.,
2015a; Aguilar et al., 2015b; Adriani et al., 2011; Yoon

et al., 2011; Yoon et al., 2017; An et al., 2019; Adriani
et al., 2019; Adriani et al., 2023) which has also been
observed for heavier nuclei (Aguilar et al., 2017; Aguilar
et al., 2018; Aguilar et al., 2020; Ahn et al., 2010; Adriani
et al., 2020). Also, a spectral softening has been observed
for proton and helium spectra in the TeV region, as
reported by the DAMPE (An et al., 2019; Alemanno
et al., 2021), CALET (Adriani et al., 2022a, 2023) and
NUCLEON (Grebenyuk et al., 2019) experiments. The
accurate investigation of heavy cosmic ray nuclei spectra
and their ratios is of great interest in order to discriminate
among different interpretations of the propagation and the
acceleration phenomena in our Galaxy. In this context, the
iron and nickel nuclei provide favorable conditions for
observation because they are the most abundant among
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the heavy elements and they are scarcely affected by the
spallation contamination from higher mass elements.

The most recent measurement of the iron spectrum is
provided by the spectrometer AMS-02 (Aguilar et al.,
2021) preceded by other direct measurements from satel-
lites (Engelmann et al.,, 1990; Mueller et al., 1991;
Grebenyuk et al., 2019) and balloons (Ichimura et al.,
1993; Panov et al., 2009; Obermeier et al., 2011; Ave
et al., 2008; Ahn et al., 2009). For the nickel spectrum
few direct measurements (Engelmann et al., 1990;
Grebenyuk et al., 2018) are available and most of them
are limited to a few tens of GeV/n (Lave et al., 2013,
2016, 1974, 1981, 1978, 1981, 1992).

CALET in orbit on the International Space Station
(Marrocchesi and Torii, 2019; Marrocchesi, 2021) is a
space-based instrument optimized to detect the all-
electron spectrum (Adriani et al., 2017; Adriani et al.,
2018) but also able to distinguish between each nuclear spe-
cies up to nickel and above, providing spectra up to the
PeV scale. This can be achieved thanks to its large dynamic
range, adequate calorimeter depth, accurate tracking and
excellent charge identification capabilities. CALET was
launched in August 19, 2015 and it is now installed on
the Japanese Exposure Facility of the International Space
Station. During the first weeks after launch the on-orbit
commissioning phase was successfully completed. The
detector has been collecting scientific data since October
13, 2015.

In this paper, we present a summary of the differential
energy spectrum of CR iron and nickel nuclei with CALET
from 10 GeV/n to 2.2 TeV/n and from 8.8 GeV/n and
240 GeV/n respectively, based on our previous publications
(Adriani et al., 2021; Adriani et al., 2022b).

2. The CALET instrument

The CALET instrument is composed of three sub-
detectors each one with a specific task: the CHarge Detec-
tor is a two-layered hodoscope of plastic scintillator pad-
dles designated to accurately measure the charge of
incident particles up to nickel and above (up Z = 40) with
excellent charge resolution ranging from 0.15 e (charge
units) for C to 0.39 e for Ni. The IMC (IMaging Calorime-
ter) is a pre-shower calorimeter (3 radiation lengths, 0.1
proton interaction lengths) equipped with 16 layers of thin
scintillating fiber arranged in belts along orthogonal direc-
tions and interleaved with tungsten absorbers able to
reconstruct the particle trajectory. It can also provide an
independent charge measurement via multiple samples of
specific energy loss (dE/dx) in each fiber up to the onset
of saturation which occurs for nuclei with Z >14. There-
fore, the iron and nickel nuclei identification relies on
CHD only. The energy of incident particles is measured
by the Total Absorption Calorimeter (TASC), a homoge-
neous calorimeter made of lead-tungstate bars arranged
in 12 layers, covering 27 radiation lengths (1.2 proton inter-
action lengths). The crystal bars in the top layer are read

Advances in Space Research xxx (Xxxx) xxx

out by photomultiplier tubes, while a dual photodiode-ava
lanche-photodiode (PD-APD) system is used for each
channel in the remaining layers. The field of view of
CALET is ~ 45°from zenith. More details on the instru-
ment can be found in the Supplemental Material of
Adriani et al. (2017).

3. Data analysis

The analyses here reported cover a period of 1613 days
for iron and 2038 days for nickel with a total observation
live time for high energy (HE) shower trigger (Asaoka
et al., 2017) T~3.3x10* h and T ~ 4.1 x 10* h respec-
tively, corresponding to 86% of total observation time.
The calibration of each channel of CHD, IMC and TASC
is performed using penetrating protons and He particles,
selected in-flight with a dedicated trigger mode (Asaoka
et al., 2017; Niita et al., 2015). Raw data are corrected
for gain differences among the channels, light output
nonuniformity, and any residual dependence on time and
temperature. After calibration, a “best track” is recon-
structed for each CR particle with an associated estimate
of its charge and energy. A combinatorial Kalman filter
algorithm fed with the coordinates provided by the IMC
fibers, is used for tracking and provides the particle trajec-
tory and the entrance point. The angular resolution and the
spatial resolution for the impact point on the CHD are
~0.08° and ~ 180um, respectively both for iron and
nickel.

Monte Carlo (MC) simulations, reproducing the
detailed detector configuration, physical processes, as well
as detector signals are based on the EPICS simulation
package (Kasahara, 1995). Independent simulations based
on FLUKA (Bohlen et al., 2014) and GEANT4 (Allison
et al., 2016) are used to assess the systematic uncertainties
for iron and nickel, respectively.

3.1. Charge reconstruction

The identification of the particle’s charge Z is based on
the measurement of the ionization deposits in the CHD
paddles traversed by the incident particle and properly cor-
rected for its path length. Each CHD layer provides an
independent dE/dx measurement. The quenching effect in
the scintillator’s light yield is corrected for by fitting the
dE/dx as a function of Z?> to a “halo” model
(Marrocchesi et al., 2011). The resulting curves are used
to reconstruct a charge value in either layer on an event-
by-event basis (Adriani et al., 2020). The charge identifica-
tion is affected by the presence of backscattering particles
from the TASC, more important at higher energies. The
observed effect is the generation of additional energy
deposits in the CHD, which enhance the primary particle
ionization signal. As a consequence, the charge peaks of
CHDx and CHDy exhibit a systematic shift towards higher
values, up to 0.8 charge units, when compared to their
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nominal position. Therefore, the peak positions of iron,
nickel and the neighbour elements are restored to their
nominal values by an energy dependent charge correction
applied separately to the FD and the MC data. The
CHD charge resolution is determined by the distribution
of the average charge between CHDx and CHDy and
amounts to 0.35 and 0.39 charge units for iron and nickel
respectively.

3.2. Energy measurement

The TASC logs have two independent light readout, one
with a larger area avalanche photodiode and the other with
a smaller area photodiode. The total dynamic range (from
1 MiP to 10° MiP) is split into four sub-ranges using a
double-gain shaper amplifier. The shower energy Erysc 1S
calculated as the sum of the energy deposits in all TASC
logs after stitching the adjacent gain ranges of each PD-
APD (Asaoka et al., 2017).

The TASC response to nuclei was studied at CERN SPS
in 2015 using a beam of accelerated ion fragments with
A/Z =2 and kinetic energy of 13, 19 and 150 GeV/c/n.
The resulting energy distribution looks nearly gaussian,
the energy released in the TASC is ~20% of the particle
energy and the resolution is close to 30%. The energy
response of TASC is linear up to the maximum available
particle energy of 6 TeV. The energy response derived from
MC simulations was tuned using the beam test results.
Correction factors are 6.7% for Epsc < 45 GeV and 3.5%
for Erysc > 350 GeV, respectively, while a simple linear
interpolation is used to determine the correction factor
for intermediate energies.

3.3. Event selection

A fiducial volume based on events whose reconstructed
track crosses the detector from the top of the CHD to the
bottom of the TASC and clear from the edges of the top
and bottom TASC layers is applied for iron events. No
condition on TASC bottom layer is requested in the nickel
analysis. The resulting geometrical factors are
SQ ~ 416 c¢cm? sr for iron and SQ ~ 510 cm? sr for nickel
in order to increase the statistics.

The particles undergoing a charge-changing nuclear
interaction in the upper part of the instrument are removed
by requiring that the difference between the CHDX and
CHDY charge is less than 1.5 charge units. Since the HE
trigger, based on the coincidence of the summed signals
of the last four IMC layers and the top TASC layer, is fully
efficient for elements heavier than oxygen, an off-line trig-
ger confirmation, as required for the analysis of lower
charge elements (Adriani et al., 2020; Adriani et al.,
2022a; Adriani et al., 2022c¢) is not necessary for these anal-
yses. However, a shower event cut based on events whose
deposit in at least one of the first four layers of TASC is
larger by 2 sigmas than the minimum ionization (MI)
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Fig. 1. Crossplot of Zcypx Vs Zceypy reconstructed charges in the elemental
range between Mn (Z = 25) and Zn (Z = 30). The ellipses indicate the
maximum and minimum charge selection (depending on the energy) for
iron and nickel.

particle peak, is applied in order to select interacting parti-
cles. Iron (nickel) candidates are selected in the CHDX -
CHDY plane using an ellipse centered on the nominal
charge values Z = 26 (28) with 1.25 (1.4) ¢, and 1.25
(1.4) o, wide semi-axes for Zcupy and Zeypy, respectively,
and rotated clockwise by 45° as shown in Fig. 1. Following
the aforementioned cuts, 5.2 x 10> Ni and 4.1 x 10* Fe
candidate events are identified.

For the flux measurement, energy unfolding is applied
to correct Epysc distributions of selected Fe and Ni candi-
dates for significant bin-to-bin migration effects (due to
the limited energy resolution) and infer the primary particle
energy. In these analyses we used a Bayesian approach
implemented within the RooUnfold package of the ROOT
analysis framework. Each element of the response matrix
represents the probability that a primary nucleus in a given
energy interval of cosmic ray spectrum produces an energy
deposit into a given bin of Ezysc. The response matrices are
produced from the MC simulations after applying the same
selection criteria as for FD. More details can be found in
the supplemental material of Adriani et al. (2021, 2022b).

3.4. Differential energy spectra

The energy spectrum is obtained from the unfolded
energy distribution as follows:

__ N(E)
®(E) = AE¢(E)SQT ()
N(E) = U[Noss(Erasc) — Nog(Easc)] (2)

where SQ and T are the geometrical factor and the live time
respectively, AE denotes the energy bin width, E is the geo-

Please cite this article as: O. Adriani, Y. Akaike, K. Asano et al., Direct measurements of cosmic — Ray iron and nickel with CALET on the
International Space Station, Advances in Space Research, https://doi.org/10.1016/j.as1.2024.03.052



https://doi.org/10.1016/j.asr.2024.03.052

O. Adriani et al.

metric mean of the lower and upper bounds of the bin,
N(E) is the bin content in the unfolded distribution, &(E)
is the total selection efficiency (Adriani et al., 2021;
Adriani et al., 2022b), U() is the unfolding procedure oper-
ator, Ny (Er4sc) is the bin content of observed energy dis-
tribution (including background), and N, (E7ysc) is the bin
content of background events in the observed energy distri-
bution. The most important source of background contam-
ination is given by different nuclear species misidentified as
Fe or Ni. It was estimated to be < 1% in the energy range
between 10 and 10° GeV of Eyysc increasing up to ~ 2% at
Erisc ~ 10* GeV for iron. Background contamination for
Ni is similar to that of Fe up to 10° GeV and it increases
up to 10% at ~ 10* GeV.

4. Systematic errors

An accurate study of systematic uncertainties was car-
ried out for these analyses. The most important systematic
errors are given by the charge identification and the MC
model. In order to assess the systematics due to the charge
identification, the charge selection was varied changing the
semi-major and minor axes of the ellipses by 15%. The
resulting difference in the flux depends on the energy and
it is lower than 4% for nickel below 100 GeV/n and lower
than a few percent for iron below 600 GeV/n. At the high-
est energy, where test beam data are not available to vali-
date the simulations, the systematic errors are estimated
by using different MC models (i.e. EPICS and FLUKA
for iron and EPICS and GEANT4 for nickel) and calculat-
ing the differences in the flux arising from the use of the dif-
ferent transport models. The total selection efficiencies for

Advances in Space Research xxx (Xxxx) xxx

Fe and Ni determined with the two pairs of models are in
agreement within few percent over the whole energy range
(Adriani et al., 2021; Adriani et al., 2022b). However, the
response matrices obtained with the different simulation
packages differ by more than 5% in the low and high energy
regions giving origin to a flux with a maximum discrepancy
of 10% below 40 GeV/n (for Fe) and 10% between
100 GeV/n and 200 GeV/n (for Ni). The uncertainty on
the energy scale (+2%) causes a rigid shift of the measured
energy, converting in a different flux normalization by
+33% 3,4 for Fe and +4% for Ni without affecting the
spectral shape. Different response matrices computed by
varying the spectral index (between —2.9 and —2.2) were
used to assess the systematics due to the unfolding proce-
dure. Also, the differences in the beam test model with
respect to the instrument now in flight causes a difference
in the final spectra that was modeled and included in the
systematic uncertainty. The resulting difference in the flux
is less than 5% at 140 GeV/n for Ni and less than 6% in
the TeV region for Fe. The contribution due to a shower
event cut, rejecting noninteracting particles, was evaluated
and considered in the systematic uncertainties. The system-
atic uncertainty due to off-acceptance events, tracking effi-
ciency, background contamination and HE trigger
efficiency are negligible both for iron and nickel. The frac-
tion of interactions in the upper part of the detector is
checked by comparing the MC and the FD as explained
in the Supplemental Material of Adriani et al. (2021) and
Adriani et al. (2022b). In the nickel analysis only *Ni iso-
tope was considered since its mass difference with respect to
other isotopes is less than 3%. However, a systematic error
related to the atomic mass of the isotope composition was
considered and reduces the normalization of the flux by

4.5
E @ CALET-Fe
© 41 & CALET-Ni
—~ 35 - |:| Total (stat. + syst.) uncertainties
E - D Total Systematic , i :
> 3 . i :
[} E ) | i //
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»n = et 3 d 2
r i
L 15 . : : 1
» FaYe + ; —
o 11— ; ‘
|§| 0.18 — Iron Experiments
X b TRACER
= 0.14 = 4 Sanriku
™ Sd=n # ATIC 02 (2003)
L 0.12 = t Nickel Experiments & NUCLEON (KLEM - 2019)
x 01 ¥HEA03-C2 A CRN-spacelab2
© = ;i
: 008 ¥ #Balloon (1975) ¥ HESS (2004-2006)
U oos3 + R & CREAMI
0.04 — CRISIS (1977 ¥ HEAO3-C2
002E- Nickel Flux 4T bamsa2
0 =N L 1l ‘ 1 L L 1 L1 ‘ L 1 | 1 I | ] Il 1 1
10 10° 10°

Kinetic Energy per Nucleon [GeV/n]

Fig. 2. CALET Fe and Ni fluxes (multiplied by E*®) as a function of kinetic energy per nucleon. The error bars of the CALET data (red) represent the
statistical uncertainty only, the red band indicates the quadrature sum of systematic errors, while the blue band indicates the quadrature sum of statistical
and systematic errors. Also plotted are other direct measurements. (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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2%. Additional energy independent contributions affecting
the normalization of the flux but not the spectral shape are
given by the live time (3.4%), long term stability (<2%),
geometrical factor (~ 1.6%). Finally, the total systematic
uncertainty is computed as the quadrature sum of each
contribution.

5. Results

The energy spectra of iron and nickel cosmic ray nuclei
measured with CALET in the energy interval between
10 GeV/n and 2.2 TeV/n (iron) and between 8.8 GeV/n
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and 240 GeV/n (nickel) are reported in Fig. 2 where previ-
ous measurements are also depicted. The total systematic
error band is represented by the red shaded area whereas
the blue one indicates the total error calculated as the
quadrature sum of systematic and statistical error (the lat-
ter shown by red bars). CALET iron result turns out to be
consistent with ATIC 02 (Panov et al., 2009) and TRA-
CER (Ave et al., 2008) at low energy and with CNR
(Mueller et al., 1991) and HESS (Aharonian et al., 2007)
at high energy. A discrepancy in the spectrum normaliza-
tion is observed with respect to AMS-02 (Aguilar et al.,
2021) (~20%) and with respect to NUCLEON

5.0
4.5
4.0
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Fig. 3. Single power law fit on iron (top) and nickel (bottom) spectra. The fit (black lines) was performed from 50 GeV/n to 2 TeV/n on iron spectrum and
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(Grebenyuk et al., 2019) (~14%). The nickel spectrum is in
agreement with HEAO-C3 in the common interval of ener-
gies covered by both experiments. CALET and
NUCLEON differ in shape although the two measure-
ments show a similar flux normalization.

Both spectra were fitted by a single power law (SPL) to
assess the spectral index. Fig. 3 reports the results for iron
and nickel. The fits were performed from 50 GeV/n to 2.2
TeV/n and from 20 GeV/n to 240 GeV/n giving a spectral
index Y = —2.60 £ 0.02 (stat) £ 0.02 (sys), with
y2/dof =4.2/14 and yy, = —2.51 4 0.04 (stat) 4 0.06 (sys)
with y?/dof = 0.3/3 for iron and nickel respectively. In
the energy region below 20 GeV/n the flux softening is sim-
ilar for iron and nickel spectra and compatible with the one
observed for lighter nuclei.

The nickel to iron ratio is reported in Fig. 4 extending
the previous measurement obtained by HEAO3-C2
(Engelmann et al., 1990) up to 240 GeV/n. The trend is
compatible with a constant of value 0.061 £ 0.001(stat.)
with a y*/dof =2.6/6. This indicates that the energy
dependence of iron and nickel spectra is similar and sug-
gests that their acceleration and propagation behaviour
might be the same.

6. Conclusions

A measurement of the energy spectra of iron and nickel
from 10 GeV/n to 2.0 TeV/n and from 8.8 to 240 GeV/n,
respectively was reported enhancing the precision of most
of the existing measurements. Between 50 (20) GeV/n
and 2000 (240) GeV/n the Fe (Ni) spectrum is consistent
with the hypothesis of a SPL with a spectral index
Y = —2.60£0.03 (py; =—2.51+£0.07). The present
statistics and the large systematic errors at high energy
do not allow us to draw a significant conclusion on a pos-
sible deviation from a single power law. We expect that the
enhancement in the statistics beyond the current period of
53 months (for iron) and 67 months (for nickel), will
improve our measurements reducing the statistical and sys-
tematic uncertainties. For iron in particular, the reduction
of the uncertainties will give us the possibility to test
hypotheses different from a single power law.

The flat behavior of the nickel to iron ratio suggests that
both elements have very similar fluxes in shape and energy
dependence, suggesting that their origin, acceleration, and
propagation might be explained by invoking an identical
mechanism in the explored energy range.
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