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Measurement of cosmic-ray proton and helium spectra
from the ISS-CREAM experiment
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The Cosmic Ray Energetics And Mass for the International Space Station (ISS-CREAM) exper-
iment successfully recorded data for 539 days from Aug. 2017 to Feb. 2019. The ISS-CREAM
instrument consists of a Silicon Charge Detector (SCD), carbon targets, a calorimeter (CAL),
a top counting detector (TCD), a bottom counting detector (BCD), and a boronated scintillator
detector (BSD). In this analysis, the SCD was used for the charge measurements. It comprises
four layers, and each SCD layer is finely segmented with 2,688 silicon pixels to minimize charge
misidentification due to the backscattered particles. The CAL was used for the energy measure-
ments. It comprises 20 layers of tungsten/scintillating fibers. Each tungsten/scintillating-fiber
layer consists of a 50 cm × 50 cm × 3.5 mm tungsten plate, followed by a layer of fifty 1 cm-wide
50 cm-long scintillating-fiber ribbons. The CAL also provides the incident cosmic-ray track and
the high-energy trigger. For the low-energy trigger, the TCD and BCD were used. In this paper,
we present the proton spectrum from the ISS-CREAM experiment in the energy range of 1.6 -
655 TeV and the preliminary helium spectrum in the energy range of 2.7 TeV - 1.1 PeV.
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1. Introduction

The ISS-CREAM payload was launched as part of the 12th Commercial Resupply (CRS-12)
mission on August 14, 2017, aboard a SpaceX Falcon 9 rocket from NASA’s Kennedy Space
Center. The ISS-CREAM payload arrived at the ISS, and it was installed on the ISS of the Japanese
Experiment Module Exposed Facility (JEM-EF) #2 on August 21, 2017 [1], as shown in Fig. 1(a).
The ISS-CREAM experiment was designed to measure cosmic rays from protons to iron nuclei
in the energy range from approximately 1 TeV to 1 PeV. The ISS-CREAM instrument comprises
a silicon charge detector (SCD), carbon targets (C-targets), a calorimeter (CAL), a top counting
detector (TCD), a bottom counting detector (BCD), and a boronated scintillator detector (BSD), as
illustrated in Fig. 1(b).

At the top of the payload, the four-layer SCD is located for charge measurements. Each
layer covers an active detection area of 78.2 × 73.6 cm, and it is finely segmented with 2688
silicon pixels. These finely segmented pixels reduce background contamination from backscattered
particles coming from detectors located below [2]. C-targets are placed just below the SCD and
consist of two high-density graphite blocks. They induce hadronic interactions to generate hadronic
showers in the calorimeter [3]. The CAL consists of 20 layers of tungsten/scintillating fibers, and
it provides particle energy measurements. The total energy deposited in the scintillating fibers
determines the incident cosmic-ray energy, and the CAL can determine the direction of cosmic
rays through shower axis reconstruction using the deposited signals in CAL [3]. The top counting
detector (TCD) and bottom counting detector (BCD) with segmented photodiodes are placed above
and below the CAL, respectively. TCD and BCD (TCD/BCD) provide additional layers to measure
the longitudinal and lateral shower profiles. Thus, the TCD/BCD can help distinguish electrons and
protons using different shower shapes [4]. Additionally, TCD/BCD provide a low-energy trigger.
At the bottom of the instrument is the boronated scintillator detector (BSD), which can provide
additional electron/hadron separation by measuring late signals from thermal neutrons [5].

Figure 1: The ISS-CREAM payload was installed on the JEM-EF #2 (a) and its overview (b).

2. Data analysis

The ISS-CREAM instrument has two physics triggers provided by the CAL and TCD/BCD.
The CAL provides a high-energy trigger (EHI) that requires each of any six consecutive layers in the
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CAL to have at least one ribbon with deposited energy above the threshold [6]. All selected events
were triggered by EHI or ELO. Noninteracting particles or particles with the first interaction below
the CAL’s first layer (late interactions) were removed. These events could result in underestimating
the deposited energy in the CAL or misidentifying the incident charge due to the large uncertainty
of the trajectory reconstruction [7].

2.1 Trajectory reconstruction

The trajectory of an incident cosmic ray is determined by reconstructing its shower axis within
CAL. To reconstruct the shower axis, the largest signal in each layer in the XZ and YZ planes of
the CAL is selected. In both XZ and YZ planes, the layer with the highest signal and its nearest
two layers are selected for a linear fit. The shower axis of an incident cosmic ray is reconstructed
by a chi-squared fit of a straight line through these selected layers [7]. Four combinations of
three selected layers are used as an initial fit: layers 1 and 2, 2 and 3, 3 and 1, and all three
layers. Extending this fit to the top and bottom layers of the CAL results in the initial shower axis
reconstruction. The first selection threshold requires the largest signal within each layer within ± 3
cm of the X (X–Z plane) and Y (Y–Z plane) from the initial shower axis. If the largest signal in the
layer within this ± 3 cm range, the layer is selected for the second fit. The final fit is determined by
selecting the second fit with the largest number of layers. The slope of this final fit is then compared
with the slopes from the four initial fits. It is required for the sign of the slope between the final fit
and at least one of the four initial fits to be consistent [7].

Figure 2 is an example of a shower axis reconstruction in the XZ plane of an event, where the
red line is the final fit using the selected layers marked with red circles. The largest signal ribbons
in each layer are indicated by × symbols.

Figure 2: An illustration of the shower axis reconstruction in CAL. The deposited energy in each ribbon is
color coded. The largest signal in each layer is indicated with an × symbol, and the circled crosses represent
included in the final fit (red line) [7].

2.2 Charge measurement

The reconstructed shower axis of CAL is extrapolated to SCD to determine an incident particle.
Within an 11 × 11 pixel area centered on the extrapolated CAL shower axis, the SCD pixels are
scanned to find an incident particle. Among these scanned pixels, the one with the highest signal
is chosen to identify the incident particle. The signal from the selected pixel is corrected for the
particle’s path length, calculated from the reconstructed incidence angle of the sensor [7].
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Figure 3(a) shows the measured charge histogram with proton and helium nuclei in the top,
second, and third layers of the SCD. The statistics of the third layer are lower due to the deactivation
of one quadrant after August 2018 [8]. For this analysis, the top layer of the SCD was used to
maximize statistics. The measured proton and helium histograms are fitted using a double Landau
distribution, and the results of these fits are presented in Fig. 3(b) [7]. The peaks corresponding
to proton and helium nuclei are at Z = 0.95 and Z = 2.03, respectively. The corresponding charge
resolutions for proton and helium nuclei are 0.14 e and 0.15 e, respectively. The charge-selection
ranges for protons and helium are 0.7 < Z < 1.7 and 1.7 < Z < 2.7, respectively. For the helium
selection, the background subtraction and its corrections are not applied yet.

2.3 Spectral deconvolution

The total deposited energy is determined by summing the deposited energy in all scintillating-
fiber ribbons of CAL. Details of the energy calibration of CAL can be found in Zhang et al.
2021 [9] and references therein. The selected protons and helium are counted in each energy bin.
The energy bin size was determined by the statistical root-mean-square (rms) resolution of the
energy distributions in the CAL. Due to the finite energy resolutions, event counts in energy bins
must be corrected for overflows from neighboring bins. This unfolding procedure requires to solve
a linear equation. This linear equation converts the measured counts, N𝑑𝑒𝑝, 𝑗 , in deposited energy
bin j to the counts, N𝑖𝑛𝑖,𝑖 , in incident energy bin i. The conversion matrix [6] used is given in
Equation 1:

𝑁𝑖𝑛𝑐,𝑖 =
∑︁
𝑗

𝑃𝑖, 𝑗𝑁𝑑𝑒𝑝, 𝑗 , (1)

where the matrix element P𝑖, 𝑗 is the probability that events in the incident energy bin i are from
deposited energy bin j. The matrix element P𝑖, 𝑗 for protons and helium is generated from the
protons and helium MC simulation data. The corresponding deconvolution matrix for the protons
is described in G. H. Choi and E. S. Seo et al. [7]. The preliminary deconvolution matrix for helium
is shown in Fig. 4.

2.4 Absolute flux

The absolute flux, F, is obtained by correcting the measured cosmic rays for the geometrical
acceptance, live-time, efficiencies, and backgrounds using Equation 2:

𝐹 =
𝑑𝑁

𝑑𝐸
× (1 − 𝛿)
𝐺𝐹 × Y × 𝑇

, (2)

where dN is the number of events in the energy bin size of dE. GF is the geometrical acceptance,
T is the live-time, Y is the overall efficiency, and 𝛿 is the charge-misidentified fraction caused
by backscattered particles. The GF (0.27 ± 0.01 m2 sr) is obtained by considering the incident
particle’s traversal through the active regions of both the top layer of the SCD and the BCD.
The T is estimated to be 19,753,632 seconds, excluding the routine periodic calibration time and
instrument dead-time [7]. Y includes all of the efficiencies, i.e., trigger efficiency, late-interaction
efficiency, trajectory-reconstruction efficiency, accuracy of trajectories, charge-selection efficiency,
and SCD-active-area efficiency.
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Figure 3: The measured charge distributions of proton and helium nuclei (a) for each layer (black solid line,
top layer; blue dashed line, second layer; green dotted line, third layer) and (b) for the top layer with a double
Landau-distribution fit (red dashed line). The red dotted lines represent distributions of each component of
the proton and helium nuclei for this fit [7].

Figure 4: The deconvolution matrix for helium.

3. Results

3.1 Proton and helium spectra

The ISS-CREAM protons are measured in the energy range of 1.6 to 655 TeV. Figure 5 shows the
ISS-CREAM proton spectrum as a function of incident energy. The ISS-CREAM proton spectrum
is compared with recent experiments [7]: AMS-02 [10–12], CREAM-I+III [6], DAMPE [13],
CALET [14], and NUCLEON [16]. The absolute fluxes are multiplied by E2.6.

A Smoothly Broken Power law (SBPL) function is used to fit the ISS-CREAM proton spectrum,
as given in Equation 3:
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Φ(𝐸) = Φ0

(
𝐸

𝐸0

)−𝛾 ©«1 +
(
𝐸

𝐸𝑏

) Δ𝛾

𝛽 ª®¬
−𝛽

(𝑚2 𝑠𝑟 𝑠 𝐺𝑒𝑉)−1 (3)

where Φ0 and 𝐸0 are the initial parameters of flux and energy, respectively. A smooth-fitting
parameter, 𝛽, is the transition of the power-law indices, 𝛾, below the break energy of 𝐸𝑏 to 𝛾 + Δ𝛾

above 𝐸𝑏. We investigated several SBPL fittings [7] by changing the upper limit of the fit energy
range, and these fit results are compared with the single power-law fit with significance. Our SBPL
fitting result for the energy range of 1.6 TeV - 164 TeV shows that the ISS-CREAM proton spectrum
softens at the break energy of 9.0 ± 1.3 TeV. The power-law indices below and above the break
energy are 2.57 ± 0.03 and 2.82 ± 0.02, respectively. As the upper limit of the fitted energy range
increases, the significance decreases. It indicates the spectral softening does not continue above
164 TeV [7]. More details of the SBPL fittings are described in G. H. Choi and E. S. Seo et al.
2022 [7].

Figure 5: The proton spectrum of the ISS-CREAM experiment is compared with recent data from other
experiments. The error bars represent statistical uncertainties, and brackets are obtained by summing the
statistical and systematic uncertainties in quadrature for the ISS-CREAM proton spectrum. The black line is
the SBPL fit result from the energy range of 1.6 – 164 TeV [7].

Figure 6 shows the preliminary helium spectrum of the ISS-CREAM experiment as a function
of incident energy in the energy range of 2.7 TeV - 1.1 PeV. The helium spectrum is dN/dE divided
by GF and live-time. The values of GF and live-time were used to 0.27 ± 0.01 m2 sr and 19,753,632
seconds, respectively. This spectrum will be corrected for efficiency and background to get the
absolute flux.
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Figure 6: The Preliminary helium spectrum of the ISS-CREAM experiment.
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