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The study of flux ratios of cosmic-ray primary elements is of particular interest not only to assess
the relative abundance of each element, but also to gain a deeper understanding of their propagation
in the galaxy. High energy cosmic ray data are the best candidate for this purpose as convection,
nuclear decay, and energy degradation can be neglected during their propagation. CALET on
the International Space Station has been measuring the flux of several primary elements from
proton to nickel for 7 years to date. In this contribution, the flux ratios of heavy primary elements
to lighter primaries will be shown, extending the energy range already investigated by previous
measurements.
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1. Introduction

Primary cosmic rays are thought to be mainly produced and accelerated in astrophysical
sources. The study of their flux ratios provides important information on the origin, acceleration,
and propagation processes of cosmic rays in the Galaxy. At the time of writing most of the
measurements of primary flux ratios are concentrated at energies below a few GeV/n. Beyond
this energy, the CREAM-II [1] confirms, up to 800 GeV/n, the nearly flat trend of HEAO3–C2 [2]
low-energy data for Ne/O andMg/O ratios while revealed that Si/O and Fe/O ratios seem to increase
with energy. The AMS results revealed differences in the rigidity dependence of the Ne, Mg and
Si fluxes compared to the He, C, O and Fe fluxes [3–6], while CALET [7] confirmed the same
energy dependence for C and O fluxes. Few measurements appear concerning nickel ratios also
at low energy [2, 8–10]. The Calorimetric Electron Telescope (CALET) [11–14] is a space-based
instrument optimized for the measurement of the all-electron spectrum [15, 16], which can also
measure individual chemical elements in CR and their ratio from proton to nickel in the energy
range up to ∼ 1 PeV [7, 17–21]. In this contribution, we report the Fe/He, Fe/O, Fe/C, Ni/He,
Ni/O, Ni/C, O/He, C/He, O/C and Ni/Fe flux ratios based on the data collected by CALET from
November 1, 2015 to December 31, 2022 aboard the International Space Station (ISS).

2. CALET Instrument

CALET consists of a charge detector (CHD), a finely segmented imaging calorimeter (IMC)
and a total absorption calorimeter (TASC). The CHD consists of two hodoscopes, each equipped
with 14 plastic scintillator paddles arranged in orthogonal layers (CHDX, CHDY). The CHD is
capable of resolving individual chemical elements from Z = 1 up to Z = 40 with excellent charge
resolution. The IMC also provides an independent measurement of the charge by multiple sampling
of the specific energy loss (3�/3G) in each fiber up to the onset of saturation, which occurs for
ions more highly charged than silicon. The IMC, which consists of 16 layers of thin scintillating
fibers that are readout individually, reconstructs the direction of the CR particles. The TASC is
a homogeneous calorimeter consisting of lead tungstate (PWO) bars arranged in 12 layers. The
crystal bars in the top layers are read by photomultiplier tubes. In the remaining layers, a dual
photodiode-avalanche-photodiode (PD-APD) system is used for each channel. Using front-end
electronics with dual gain ranges for each photosensor, a dynamic range of more than 6 orders of
magnitude is covered. The total thickness of the instrument is equivalent to 30 radiation lengths
and 1.3 proton interaction lengths. Monte Carlo (MC) simulations, based on the EPICS simulation
package [22], were used to reproduce the detailed detector configuration, physical processes, as
well as detector signals and to evaluate event reconstruction efficiencies, background contamination
and the energy response matrix. Independent simulations based on FLUKA [23, 24] and GEANT4
[25] are used to evaluate the systematic uncertainties. The instrument was launched on August 19,
2015 and it was placed on the Japanese Experiment Module Exposed Facility (JEM EF) on the ISS.
Scientific observations began on October 13, 2015 [26]. Since then, the instrument has been in
smooth and continuous operation.
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3. Data Analysis

The flux ratios reported here use the C, O, Fe and Ni fluxes updated with respect to our
previous publication [7, 19–21], extending the collected statistics to 2618 days, and the helium
flux as published in [18] for a total of 2392 days of data collection. The total observation live
time for the high-energy (HE) shower trigger is ) ∼ 5.3 × 104 h, corresponding to ∼ 86.% of total
observation time (4.8× 104 h for helium flux). The raw data are corrected for the non-uniformity of
the light output, for the time and temperature dependence and for the gain differences between the
channels. The latter are individually calibrated on orbit using penetrating proton and He particles.
These are selected by a special trigger mode [27]. After calibration, we reconstructed a track
for each CR particle, and each event is associated with an estimate of its charge and energy. A
tracking algorithm, based on a combinatorial Kalman filter, uses the information provided by the
coordinates of the scintillating fibers in the IMC to find and fit the track of the incident particle.
All reconstructed events with one well-fitted track passing through the top surface of the CHD
and the bottom surface of the TASC (excluding a border region of 2 cm) are then selected. The
geometrical acceptance for this category of events is (Ω ∼ 510 2<2BA. Light nuclei candidates
are searched for among events selected by the onboard high-energy (HE) shower trigger, which
requires the coincidence of the summed signals of the last two IMC double layers and the top TASC
layer. Consistency between MC and FD for triggered events is obtained by an off-line trigger with
higher threshold than the onboard trigger. Since the HE trigger is fully efficient (close to 100%)
for elements heavier than oxygen, the selection of interacting particles requires a deposit larger (by
2 sigmas) than the minimum ionization particle (MIP) peak in at least one of the first four TASC
layers (shower event cut). The identification of the particle charge Z is based on the measurements
of the ionization deposits in CHD and IMC. Three independent dE/dx measurements are obtained,
one for each CHD layer and the third by averaging the samples along the track in the IMC. These
measurements are corrected for the quenching effect in the scintillator’s light yield. For nuclei
with Z greater than silicon, only the CHD is used due to the saturation of signals occurring in
the upstream IMC layers. The identification of each candidate nucleus differs between light and
heavy nuclei and is explained in detail in the following references [7, 18–21]. The background
contamination in the final nucleus sample is estimated from MC distributions in different intervals
of �) �(� , after applying the complete charge selection procedure.

The shower energy �) �(� of each event is calculated as the sum of the energy deposits of all
TASC logs after stitching the adjacent gain ranges of each PD-APD [28]. The TASC response was
studied at CERN SPS in 2015 using a beam of accelerated ion fragments with A/Z = 2, obtained
with a primary beam of 40�A nuclei, and kinetic energy of 13, 19 and 150 GeV/c/n [29]. The energy
response was found to be linear up to the maximum particle energy of 6 TeV. The 2015 beam test
results were used to tune the energy response derived from MC simulations. Correction factors are
6.7% for �) �(� < 45 GeV and 3.5% for �) �(� > 350 GeV; the correction factor for intermediate
energies was obtained using a linear interpolation [7]. The correction factor for helium nuclei can
be found in Ref. [18]. The TASC crystals are subject to a phenomenon of light quenching for
nuclei with a Z > 10, that is not reproduced by the MC simulations. This requires an a posteriori
correction, obtained from the flight data, to the MC energy deposits generated in the TASC logs by
noninteracting primary particles [21].
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In order to obtain the flux measurement, energy unfolding is applied to correct �) �(� distri-
butions for bin-to-bin migration effects, due to the limited energy resolution, and infer the primary
particle energy. The response matrix is derived using MC simulation after applying the same se-
lection procedure as for flight data. In all nuclei analyses, the Bayesian approach [30] implemented
within the RooUnfold package [31] was used. The energy spectrum of each species is obtained
from the unfolded energy distribution as follows:

Φ(�) = # (�)
Δ(�)n (�)(Ω)

# (�) = * [#>1B (�) �(�) − #16 (�) �(�))]

where (Ω denotes the geometrical factor,) is the live time, � is the geometric mean of the lower and
upper bounds of the bin,Δ(�) is the energy binwidth, # (�) identifies the bin content in the unfolded
distribution, n (�) is the total selection efficiency, * () identifies the unfolding procedure operator,
#>1B (�) �(�) denotes the bin content of observed energy distribution (including background), and
#16 (�) �(�) is the bin content of background events in the observed energy distribution.

For each flux used to compute the primary ratios a detailed assessment of the systematic
contribution has been performed as explained in [7, 18–21]. The assessment of systematic errors
on flux ratios is still under evaluation thus it is not reported here.

4. Results

The primary ratios between the iron (nickel) flux and the light element fluxes (carbon, oxygen

(a) (b)

Figure 1: Measurement of the flux ratios (a) Fe/O, Fe/C and Fe/He and (b) Ni/O, Ni/C and Ni/He. CALET
results are represented by the full colored circles and the error bars are representative of statistical uncertainty.
In plot (a) the constant fit to the CALET results above 100 GeV/n is reported (see the main text for the results).
Also plotted themeasurement fromHEAO3-C2 (cyan full squares), CREAM-II (gray open crosses), TRACER
(mustard full squares), CRN (lilac open diamonds), HEN (green open squares).
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and helium) are shown in fig. 1 where 5 bins per decades were used in all fluxes involved. The Fe/O,
Fe/C and Fe/He flux ratios measured in the energy range between 12.5 GeV/n and 800 GeV/n are
reported on the left panel of the figure together with a compilation of available measurements [1,
4, 32, 33]. CALET results are represented by the full colored dots and the errors bands are
representative of statistical uncertainty. The Fe/O and Fe/C flux ratios agree well with the HEAO3-
C2 [2] measurement at low energy and with CREAM-II [1] results in the high energy region. The
Fe/O flux ratio is also compared with AMS02 [4], showing a good accordance both in shape and
in normalization. No data are available in kinetic energy per nucleon for the comparison of the
Fe/He flux ratio. These three ratios present a flat behavior above 100 GeV/n where a fit with a
constant function gives Fe/O = 0.154 ± 0.002 with j2/3> 5 = 4.1/4, Fe/C = 0.176 ± 0.003 with
a j2/3> 5 = 5.7/4 and Fe/He = (4.64 ± 0.06) × 10−3 with j2/3> 5 = 3.9/4, confirming that C,
O He and Fe have the same energy dependence above 100 GeV/n and thus suggesting a similar
propagation mechanisms.

Figure 2: Nickel to iron flux ratio measured with CALET (green points). The errors bars are representative
of statistical errors only. Data are fitted with a constant function giving Ni/Fe = 0.063± 0.001. Also plotted
is the result from HEAO3-C2 [2].

The Ni/O, Ni/C and Ni/He flux ratios are reported in the right panel of Fig. 1 together with
the few available measurements in the same energy interval [2, 9] extending the results up to
∼ 200 GeV/n and improving the precision. The Ni/He ratio measured by CALET cannot be
compared with other experimental results because there are not available measurements in the same
energy range. The Ni/Fe flux ratio is reported in Fig. 2 and updates our previous result published
in [20]. A 5 bins per decade binning has been used for these measurements. The Ni/Fe flux ratio
is flat in all the energy region between 10 GeV/n and 200 GeV/n with a value of 0.063 ± 0.001
and a j2/3> 5 = 5.4/6 confirming that the spectral shape of Fe and Ni are the same within the
experimental accuracy.

The ratio of light elements C/He, O/He (O/C)measured by CALET in the energy range between
12.5 GeV/n and 800 GeV/n (12.5 GeV/n and 1.9 TeV/n) is reported in fig. 3. The flat trend above
100 GeV/n is visible also in these cases and the fit with a constant function gives the following
results: C/He = (25.6 ± 0.2) × 10−3 with a j2/3> 5 = 4.2/4, O/He = (29.2 ± 0.2) × 10−3 with a
j2/3> 5 = 9.6/4, O/C = 1.14 ± 0.01 with a j2/3> 5 = 5.04/5. O/C can also be compared with
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results from other experiments as reported in [7] showing a good accordance with HEAO3-C2 and
AMS.

(a) (b)

Figure 3: The flux ratios of light elements measured with CALET: (a) C/He (cyan fill circles) and O/He
(yellow filled circles), (b) O/C (violet fill circles). The constant fit above 100 GeV/n is also reported (see the
main text for the results).

Except for the Ni/Fe ratio, the behavior of all the other flux ratios below 100 GeV/n increases
with the energy. For better comparison they have been normalized to the first point of the Ni/Fe
ratio (the choice was arbitrary) and plotted together as can be seen in fig. 4. It is quite clear that in
the region below 100 GeV/n Ni/O, Ni/C, Ni/He, Fe/O, Fe/C and Fe/He show a more pronounced
increase compared to the behavior of Ni/Fe, O/He, C/He and O/C.

5. Conclusion

CALET on the International Space Station has measured the flux of several primary cosmic
rays with a large sample of 7 years data to date. With the available data it was possible to compute
the flux ratio of heavy elements (Fe and Ni) and light ones (He, C, O) and compare them with the
ratio of light elements (O/He, C/He and O/C). It emerges that all the ratio are compatible with a

Figure 4: Comparison of CALET flux ratios: Ni/O (red points), Ni/C (blue points), Ni/He (magenta points),
Fe/O (red squares), Fe/C (blue squares), Fe/He (magenta squares), O/C (violet points), C/He (cyan points)
and O/He (yellow points) are normalized to the first point of Ni/Fe (green points).
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constant above 100 GeV/n (Ni/Fe is constant starting from 10 GeV/n) whereas at low energy the
ratio increases in a similar way for Ni/O, Ni/C, Ni/He, Fe/O, Fe/C, Fe/He. The increment at low
energy is less pronounced for O/C, O/He and C/He.
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