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1. Introduction

Direct measurements of charged cosmic rays (CR) have revealed unexpected spectral features
such as a hardening in the proton, helium [1–7] and heavy nuclei spectra around a few hundred
GeV/n [8–12]. In order to discriminate among several classes of theoretical models proposed
to explain these spectral structures [13–19] a precision measurement of the iron spectrum is of
particular interest, as iron provides favorable conditions for observations due to its largest relative
abundance among the heavy elements and also for a negligible contamination from spallation of
higher mass elements.
The CALorimetric Electron Telescope (CALET) [20–22], a space-based instrument optimized for
the measurement of the all-electron spectrum [23, 24], reported results of the proton spectrum up
to 10 TeV [7] and, recently, of carbon and oxygen nuclei to 2.2 TeV/n [12]. Thanks to its large
dynamic range, adequate calorimetric depth, accurate tracking, and excellent charge identification
capabilities, CALET is carrying out extensive measurements of individual chemical elements in
CR up to iron and above in the energy range from few GeV up to 1 PeV. In this paper, we describe
the analysis procedure for iron flux measurement and present the energy spectra from 10 GeV/n to
2.0 TeV/n, based on the data collected by CALET from January 1, 2016 to May 31, 2020 aboard
the International Space Station (ISS).

2. CALET instrument

CALET is an all-calorimetric instrument consisting of a pair of plastic scintillator hodoscopes
acting as CHarge Detector (CHD), a finely segmented pre-shower IMaging Calorimeter (IMC), and
a Total AbSorption Calorimeter (TASC). CALET measures the particle energy with the TASC, a
lead-tungstate homogeneous calorimeter with 27 radiation lengths (r.l.) and 1.2 proton interaction
lengths. The CR particle direction is reconstructed by IMC, made of 16 layers of thin scintillating
fibers read out individually. The charge is identified by the CHD from Z = 1 to Z = 40 with excellent
charge resolution. An independent charge measurement, via multiple samples of specific energy
loss (dE/dx) in each fiber is also provided by IMC up to the onset of saturation which occurs for
ions more highly charged than silicon.
CALET was launched on August 19, 2015 by the Japanese rocket H-II Transfer Vehicle (HTV-
5) and installed on the Japanese Experiment Module Exposure Facility of the ISS. The on-orbit
commissioning phase was successfully completed in the first days of October 2015. Calibration
and test of the instrument took place at the CERN-SPS during five campaigns between 2010 and
2015 with beams of electrons, protons, and relativistic ions [25–27].

3. Data analysis

A period of 1613 days of flight data (FD) were analyzed for the present analysis. The total
observation live time for the high-energy (HE) shower trigger is T ∼ 3.3 × 104h, corresponding to
85.8% of total observation time. Energy calibration of each channel of CHD, IMC and TASC is
performed by using penetrating proton and He particles, selected in-flight by a dedicated trigger
mode. Raw signals are corrected for non-uniformity in light output, gain differences among
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the channels, position and temperature dependence as well as temporal gain variations. After
calibration, a track is reconstructed for each CR particle and each event is provided with an
associated estimate of its charge and an energy. Detailed Monte Carlo (MC) simulations were
developed, based on the EPICS package [28, 29] which implements the hadronic interaction model
DPMJET-III [30]. The simulations are used to validate and tune the reconstruction method and
evaluate event reconstruction efficiencies, background contaminations and the energy response
matrix. An independent analysis based on FLUKA [31] is also performed to assess the systematic
uncertainties. The incident CR track is found and fitted by a tracking algorithm based on a
combinatorial Kalman filter fed with the coordinates provided by the scintillating fibers in the IMC.
An angular resolution of∼ 0.08° is found for iron nuclei. The resolution of the impact point on CHD
is ∼ 180 µm. Events with a well-fitted primary track crossing the detector from CHD top to TASC
bottom (and clear from the edges of TASCX1 and of the bottom TASC layer by at least 2 cm) are
used in this analysis. The fiducial geometrical factor for this category of events is SΩ ∼ 416 cm2sr ,
corresponding to about 40% of CALET total acceptance. In this analysis the onboard HE shower
trigger, based on the coincidence of the summed dynode signals of the last four IMC layers and
the top TASC layer (TASCX1) is used. Since the HE trigger is fully efficient (close to 100%) for
elements heavier than oxygen an off-line trigger confirmation, as required for the analysis of lower
charge elements [7, 12], is not necessary for iron. However, in order to select interacting particles,
a deposit larger (2 sigmas) than the minimum ionization particle (MIP) peak is required in at least
one of the first four layers of the TASC.

3.1 Charge identification

The identification of the charge Z is based on specific ionization dE/dx in CHDpaddles traversed
by the incident particle. Either CHD layer provides an independent dE/dx measurement. Correc-
tions for the quenching effect in scintillator, due to high ionization density around the particle track,
are applied based on fits of halo model to CALET data as a function of Z2. The resulting curves
are then used to reconstruct a charge value in either layer (ZCHDX, ZCHDY ) on an event-by-event
basis [12]. The systematic displacement of the CHDX and CHDY charge peaks to higher values
with respect to the nominal charge position, due to an increasing amount of backscatters from the
TASC at higher energy, is corrected by an energy dependent charge correction applied separately to
the FD and the MC data. A charge distribution obtained by averaging ZCHDX and ZCHDY is shown
in Fig.1. The CHD charge resolution σZ for iron is ∼ 0.35 (charge units). Residual background due
to charge-changing nuclear interactions occurring in the upper part of the instrument are removed
by requiring that the difference between the charges from either layer of the CHD is less than 1.5
charge units. Iron candidates are identified by an ellipse centered at Z = 26, with 1.25σx and 1.25σy

wide semiaxes for ZCHDX and ZCHDY , respectively, and rotated clockwise by 45° as shown in the
cross plot of the CHDY vs CHDX charge in Fig. 2.

3.2 Energy measurement

The shower energy ET ASC of each event is calculated as the sum of the calibrated energy
deposits of all the TASC logs [32]. The simulated energy response was validated and tuned with
beam test data, taken at CERN SPS in 2015 [25] using a beam of accelerated ion fragments with
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Figure 1: Charge distributions from the combined
charge measurement of the two CHD layers. Flight
data, represented by black dots, are compared with
Monte Carlo samples including chromium, man-
ganese, iron, cobalt and nickel.
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Figure 2: Crossplot of Z CHDY vs. Z CHDX reconstructed
charges.The maximum and the minimum elliptical selection for
the iron candidates are indicated by the cyan ellipses in the figure.

kinetic energy of 13,19 and 150 GeV/c/n. [12]. The energy response of the TASC is linear up to
the maximum available particle energy of ∼ 6TeV (obtained with a primary beam of 40 Ar nuclei);
the fraction of particle energy released in the TASC is ∼ 20%. The energy resolution is ∼ 30%.
Correction factors are 6.7% for ET ASC < 45GeV and 3.5% for ET ASC > 350GeV , respectively. A
linear interpolation is applied to determine the correction factor for intermediate energies. For nuclei
with Z > 10, the TASC crystals undergo a light quenching phenomenon which is not reproduced
by the MC simulations. Therefore, it is necessary to extract from the data a quenching correction
to be applied a posteriori to the MC energy deposits generated in the TASC logs by noninteracting
primary particles [33]. Distributions of ET ASC for iron candidate events selected in this analysis
are shown in Fig. 3, together with the background expected from other nuclei mis-identified as
iron. It can be noticed that the total background in the selected Fe event samples is negligible:
< 1% in the energy range between 102 GeV and 103 GeV of ET ASC increasing up to ∼ 2% at
ET ASC ∼ 104 GeV .
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Figure 3: Top panel: Distribution of the total energy deposited
in TASC by the selected iron nuclei in FD (black dots) before
the unfolding procedure and with background events from nuclei
close to iron in atomic number. Bottom panel: Contamination
from each nuclear species between Z = 24 and Z = 28 from the
MC.
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The energy released in TASC by hadrons is only a fraction of the primary particle energy.
For flux measurement, energy unfolding is applied to correct ET ASC distributions for bin-to-bin
migration effects (due to the limited energy resolution) and infer the primary particle energy. In this
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analysis, we used the Bayesian approach [34] implemented within the RooUnfold package [35]. The
response matrix, each element of which represents the probability that primary nuclei in a certain
energy interval of the CR spectrum produce an energy deposit in a given ET ASC bin, is derived
using MC simulation after applying the same selection procedure as for FD as shown in Fig.4.

4. Systematics errors

Fig. 5 shows a breakdown of energy dependent systematic errors stemming from several
sources and including charge identification (1), MC model (2), energy scale correction (3), energy
unfolding (4), beam test configuration (5) and shower event shape (6).
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Figure 5: Energy dependence (in GeV/nucleon) of systematic uncertainties (relative errors) for iron. The band bounded by the red
lines represents the statistical error. The shaded band within the green lines shows the sum in quadrature of all the sources of systematics
including energy independent ones. The blue lines represent the sum in quadrature of statistical and total systematic uncertainties.

The systematic error related to charge identification (1) was studied by varying the semiaxes of
the elliptical selection resulting a flux variation lower than a few percent below 600 GeV/n. Using
FLUKA instead of EPICS simulation (2) the resulting in fluxes show a maximum discrepancy
around 10% below 40 GeV/n. The uncertainty on the energy scale correction (3) is ±2% and causes
a rigid shift of the measured energies, affecting the absolute flux normalization by +3.3%

−3.2%, but not the
spectral shape. The uncertainties due to the unfolding procedure (4) were evaluated with different
response matrices computed by varying the spectral index (between −2.9 and −2.2) of the MC
generation spectrum, or by using the Singular Value Deconvolution method, instead of the Bayesian
approach. The contributions due to the beam test model (not identical to the instrument now in
orbit) (5) and shower event cut (6) were evaluated and included in the systematic uncertainties. The
systematic uncertainty due to off-acceptance events, tracking efficiency, background contamination
and HE trigger efficiency are negligible. Energy-independent systematic uncertainties affecting
the flux normalization include live time (3.4%), long-term stability (< 2%), and geometrical factor
(∼ 1.6%). The total systematic error is computed as the quadrature sum of all the sources of
systematics in each energy bin.

5. Flux measurement

Fig. 6 shows the iron spectrum obtained with CALET. In comparison with other recent
experiments, CALET iron spectrum is consistent with ATIC 02 [36] and TRACER [37] at low
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Figure 6: CALET iron flux (multiplied by E2.6 ) as a function of kinetic energy per nucleon. Error bars of the CALET data
(red) represent the statistical uncertainty only, the yellow band indicates the quadrature sum of systematic errors, while the green band
indicates the quadrature sum of statistical and systematic errors. Also plotted are other direct measurements [36–44].

energy and with CRN [43] and HESS [41] at high energy, but differs in the absolute normalization
with NUCLEON (lower) and Sanriku [40] (higher). CALET and AMS-02 [44] iron spectra have
a very similar shape and comparable errors, but differ in the absolute normalization of the flux by
∼ 20% as shown in Fig. 7.

10 210
3

10

Kinetic Energy per nucleon [GeV/n]

1

2

3

4

5

6

7

8

9

10]
1
.7

 (
G

e
V

/n
)

­1
 s

r
­1

 s
­2

 x
 F

lu
x
 [
m

2
.7

E

Iron

CALET (normalized to AMS­02)

AMS­02

Figure 7: Iron flux (with multiplicative factor E2.7) measured by CALET (red points) with 4 bins/decade, multiplied by 1.20
for comparison with the AMS-02 results [44]. The error bars of CALET data are the quadrature sum of statistical and systematic
uncertainties.

Fig. 8 shows a fit to the CALET iron fluxwith a single power law (SPL) function from 50GeV/n
to 2.0 TeV/n. The fit gives a spectral index γ = −2.60 ± 0.02(stat) ± 0.02(sys) with χ2/DOF =
4.2/14. The result is stable when the binning is changed from 10 to 4 bins/decade (γ = −2.59 ±
0.02(stat) ± 0.04(sys)). The spectral index γ is also calculated by a fit of d[log(Φ)]/d[log(E)]
inside a sliding window centered in each energy bin and including the neighboring ±3 bins, in the
region between 50 GeV/n and 2 TeV/n. The result in Fig. 9 shows that the iron flux, in the fit region,
is compatible within the errors with a single power law.
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Figure 9: Energy dependence of the spectral index cal-
culated within a sliding energy window for the CALET iron
data.The fit with a constant function gives a mean spectral
index value 〈γ〉 = −2.61 ± 0.01.

6. Conclusion

We report a measurement of the energy spectrum of iron from 10 GeV/n to 2.0 TeV/n with a
significantly better precision thanmost of the existingmeasurements. Between 50GeV/n and 2TeV/n
our spectrum is consistent with the hypothesis of a SPL with a spectral index γ = −2.60 ± 0.03.
Beyond this energy limit, the uncertainties given by our present statistics and large systematics do
not allow us to draw a significant conclusion on a possible deviation from a single power law.
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