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The Calorimetric Electron Telescope (CALET), launched to the International Space Station in
August 2015 and continuously operating since, measures cosmic-ray (CR) electrons, nuclei, and
gamma rays. CALET, with its 30 radiation length deep calorimeter, measures particle energy,
allowing for the determination of primary and secondary nuclei spectra and secondary to primary
ratios of the more abundant CR nuclei through 28Ni, while the main charge detector (CHD) can
measure Ultra-Heavy (UH) CR nuclei up to and beyond 40Zr, with our recently accepted results
to ApJ showing consistency with ACE-CRIS, SuperTIGER, and HEAO-3 through 44Ru. By
using the special high-duty cycle (∼90%) UH trigger in conjunction with a data selection cut that
requires events to pass into the Total Absorption Calorimeter (TASC), we have leveraged energy
information in our charge assignment routine. Simulations using Geant4 and EPICS are then
used to evaluate data cuts in the analysis and corrections. In this ICRC, we will show how these
flight simulations align with data, how analysis selection cuts have been made, and how a set of
corrections for instrument systematics was produced.
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1. Introduction

The CALorimetric Electron Telescope (CALET) on the International Space Station (ISS) is
a Japanese led astroparticle observatory that was launched on August 19, 2015 and has been
continously collecting scientific data since October 13, 2015. The main science objective of
CALET is to directly measure the total cosmic-ray electron flux (e−+e+) to the highest energies (1
GeV to 20 TeV) with the main calorimeter (CAL), shown in the CALET instrument package in Fig.
1a. CALET is also capable of measuring gamma rays (10 GeV to 10 TeV) and cosmic-ray nuclei
(up to 1,000 TeV). In addition, there is the CALET Gamma-ray Burst (GRB) Monitor (CGBM),
which can make simultaneous observations with the calorimeter. As an instrument CALET has
recorded over 4 billion events in total and over 2 billion above 10 GeV during operations.

The main instrument comprises three detector systems: the charge detector (CHD), imaging
calorimeter (IMC), and the total absorption calorimeter (TASC), shown in more detail in Figs. 1a
and 1b. The CHD on top of CALET is comprised of two layers of 14 scintillator paddles (oriented
in x and y layers). Each scintillator paddle is 32 mm wide by 10 mm thick by 450 mm long. The
IMC is underneath the CHD, and is 156.5 mm tall and made of 8 layers of both x and y scintillating
fibers that are 1 mm wide squares and 448 mm long. In between each x-y pair of fiber layers in the
IMC is a combined 3.0 radiation lengths (X0) of tungsten arranged such that the first 5 layers are
0.2X0 thick and the bottom two are 1.0X0 thick. At the bottom of the instrument stack is the TASC.
The TASC is made of 6 x and y layers of 16 lead tungstate (PWO) scintillator logs. Each of these
logs are 19 mm wide, 20 mm tall, and 326 mm long. Combined these logs give the TASC a total
depth of 27X0.

For this analysis, the CHD provides the primary particle charge identification. All three
detectors are utilized for track reconstruction, but this is primarily based on the IMC, while the
particle energy is determined from the calorimeters, with determination based primarily on TASC
measurements.

CALET utilizes a number of trigger schemes based on minimum signal at different points of the
detector. There are three simultaneously active hardware triggers: single particle, low-energy, and

Figure 1(a): CALET instrument package detailing loca-
tions of the various CALET subsystems.

Figure 1(b): CALET side-view showing CHD, IMC, and
TASC detector placement with the maximum acceptance
angles for detection. The maximum acceptance angle (75° )
for the UH trigger analysis is shown in black and in red for
the TASC analysis (45°).
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Figure 2: Solar System (SS) [1] and Galactic cosmic-ray (GCR) relative abundances at 2 GeV/nuc. The red
line depicts average GCR data, sourced for 1≤Z≤2 from [2], Z=3 from [3], 4≤Z≤15 from [4], and 16≤Z≤45
from [5] normalized to 14Si.

high-energy. Run modes are configured for these hardware triggers (except the high-energy shower
mode, which is always active for CALET primary science) via flight-configurable discriminator
thresholds. The Ultra-Heavy (UH) trigger mode used in this analysis requires a high threshold in
the CHD and does not require passage through the lower half of the IMC or the top of the TASC.

2. Ultra-Heavy Cosmic Rays

The measurement of ultra-heavy Galactic cosmic rays (UHGCR), 30Zn and higher charge
elements, provides insight into the origins of cosmic rays. In Fig. 2, the relative abundances of
cosmic rays elements (1 ≤ Z ≤ 45) with energies of 2 GeV/nucleon are compared to the Solar
System (SS) abundances normalized to 14Si [1, 2, 3, 4, 5]. These two samples of Galactic matter are
nominally consistent, with most of the differences accounted for by cosmic ray spallation between
source and detection and by acceleration efficiencies. In the cosmic rays we see that 26Fe is ∼5×103

times less abundant than 1H, and that the UHGCR with charges 30 ≤ Z ≤ 40 are ∼105 times
less abundant than 26Fe. Single-element resolution UHGCR measurements have so far only been
made by a small number of instruments. Balloon-borne measurements go up to 40Zr by TIGER [6]
and up to 56Ba by SuperTIGER [7] at ∼GeV/nuc energies, while the single element space-based
measurements go up to 38Zr by the ACE-CRIS [8] instrument at hundreds of MeV/nuc and our
recently accepted results in [9] go up to 44Ru.
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Figure 3: CHDX-CHDY charge consistency plots. Left figure shows real data taken by the UH trigger on
CALET. Right figure shows the simulated data scaled to match abundances.

3. Analysis Methods

The results to be published in ApJ[9] reflect data from October 2015 to end of November
2023, approximately 8 years of operations. For data quality purposes, all events must meet signal
thresholds for the UH-trigger and must not occur on the edges of CHDX and CHDY as those regions
of the detector suffer from lower statistics and prevents spatial corrections from being applied with
high fidelity. Data that correspond to times when the ISS is reoriented is also removed from the
final dataset. The analysis process will then perform additional selection cuts based on minimum
deposited energy, charge consistency, location of events, and interactions within the field of view.

Several secondary UH calibrations for optimizing the UH region of charge are also performed.
These are multiplicative correction factors that rely on average signal from 10Ne, 12Mg, 14Si, and
26Fe to generate a 4 peak average correction factor for event location in CHD and in time (bins of
one week over the lifetime of CALET). Charge assignment is then done by binning over bins of
deposited energy using a Tarle model fit in each deposited energy bin that uses the peak positions for
6 ≤ Z ≤ 28 and the expected charge number for CHDX and CHDY. To give constraints on the model
fits and prevent misassigned charge numbers in the UH regime, the Tarle routine has strict rules on
the maxima and minima of parameters to keep resulting equations and expected peak positions for
Z > 30 consistent with the fits used in the CALET 26Fe and 28Ni analyses [10, 11].

4. Use of Simulations

To correct for species- and energy-dependent losses caused by data selection cuts, Monte Carlo
simulations have been done with the EPICS [12] package, using DPMJET-III [13] for hadronic
interactions and a detailed instrument mass model. Events were generated for species 10Ne to
39Y over 1 GeV-550 GeV, and the data selections are applied as in the flight data analysis. From
this, one can calculate the survival fraction for each species in the analysis. These events are then
scaled to match the abundance and noise profile of observed events by CALET. (Figure 3) As the
measurement of abundances is done without determination of event energy, it is required that we use
the spectral shape of each species to propagate the energy-dependent efficiencies for a scaling factor
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appropriate for our result. These elemental fluxes are taken from a combination of ACE-CRIS[14]
and HEAO-3-C2[4] for 10Ne through 26Fe, and we assume the spectral shape of 26Fe for heavier
elements.

This correction factor is derived for each species as the ratio of the flux multiplied by the
efficiency integrated over the energy range of interest to the flux multiplied by the efficiency
integrated over the entire energy range.

The interaction rate in EPICS simulations is based on the cross-sections of interacting nuclei.
However, the cross sections for the majority of UH nuclei in CALET’s energy range are not
measured, so cross sections must be modeled based on nuclear processes, A, Z, nuclear radii,
and energy. To determine the systematic impact of relying on EPICS and DPMJET simulations,
additional simulations and analytical methods were used.

These additional simulations were performed with two different packages in Geant4 [15]. The
default Geant4 simulation uses the shielding physics list but the default radius function is a piecewise
function that results in a large break in particle radii that is not consistent with the other simulation
packages or analytical models.

𝑅(𝐴) ≈
{
𝑟0𝐴

1/3(1 − 𝐴−2/3) if 𝐴 ≤ 50,

𝑟0𝐴
0.27 if 𝐴 ≥ 50.

(1)

This break can be seen in Figure 4, where the piecewise discontinuity in the radii occurs
at around Z=22. To resolve this break, the default Geant4 radii was was swapped out with two
alternative functions. The first is the RMS charge radii within Geant4,

𝑅(𝐴) = 1.24 ∗ 𝐴0.28 (2)

The other function is based on the radii function that is used in the DPMJET code. While not
explicitly shown in Figure 4, it is similar to Nilsen’s model [16] which expects

𝑅(𝐴) = 𝑟0 ∗ 𝐴1/3 (3)

In DPMJET, 𝑟0 is 1.12 and in Nilsen et al values for 𝑟0 vary between 1.2 and 1.3. The differences
between these simulations do vary in more ways than just this, as the calculations of the cross
sections and interactions vary based on the nuclear physics processes deemed to be relevant to that
simulation code base for that particular and energy.

These simulations are then used to determine an example survival fraction through a sample of
material. For this work the first layer of the CHD is used, which is 1 cm of EJ-204, polyvinyltoluene.
Additionally, these survival fraction simulations are compared to an analytical method that uses the
average path length traversed within the material and the interaction mean free paths for each Z.
The total charge-changing sections used for mean-free path calculations come from [16].

The resultant survival fractions are shown in Fig. 5a. By taking the inverse of the survival
fractions and normalizing to 26Fe, differences in scaling factors can be neglected and distinct
trendlines between individual models can be seen in Fig. 5b. These inverse survival fractions can
then be used as a source of systematic error on the analysis.
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Figure 4: Radii of different cross-section models used in simulations. Top figure shows raw values as a
function of Z. Y-axis is in arb. units. Bottom figure shows these radii relative to 26Fe.

5. Results

This work allows CALET to produce results that are in good agreement with the results from
other experiments. (Data to be found in [9]) In Fig. 6, the CALET UH abundances for 14 ≤ Z ≤
44 are compared to HEAO, SuperTIGER, and ACE-CRIS abundances. While CALET’s elemental
abundances are not unique in this range, they do provide a check on other UH measurements.
The significant overlap with the SuperTIGER energy range with different systematics makes this
comparison particularly significant through Z = 44.
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Figure 5(a): Survival fractions as determined by simu-
lations in EPICS and Geant4, and the analytical model
from Nilsen (Figure published in ApJ [9] under a Creative
Commons Attribution (CC BY) license.)

Figure 5(b): The derived correction factors from the sur-
vival fractions relative to 26Fe. (Figure published in ApJ
under a Creative Commons Attribution (CC BY) license.)

Figure 6: (Data published in ApJ [9] under a Creative Commons Attribution (CC BY) license.) Abundances
of the elements relative to 26Fe for CALET with comparison to ACE-CRIS, HEAO-3-C2, and SuperTIGER.

However, the statistics for Z > 28 events do not yet allow reliable fits. With CALET expected
to continue through the end of the ISS, greater statistics from the extended operations will provide
the opportunity to revisit this analysis with a significantly improved UH data set and allow for
better statistical resolution on the fitting routine and higher accuracy in the energy binning. There
are additional ideas on how to modify the binning for the Tarle charge assignment model to better
constrain low energy events. Additionally, future work will attempt an HE-trigger analysis which
could determine the abundances of all Z in CALET’s range. This secondary analysis with an
alternative trigger would also allow exploration into potential Z-dependencies in trigger efficiencies
and sampling biases as a function of Z based on rigidity-selections and interaction fraction.
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