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The energy spectra of abundant heavy nuclei from carbon to iron collected by the NUCLEON
space experiment after two years of operation are presented. The spectra were measured with
use of both calorimeter and KLEM methods. The complex behavior of the spectra from carbon
to silicon in the energy range from a few TeV to hundreds of TeV per particle is presented and
discussed. The difference between the spectrum of iron and the spectra of other heavy nuclei from
carbon to silicon and a signature of a universal break in the spectra of all nuclei near the magnetic
rigidity 10 TV are emphasized. Some new features in the stectra of heavy nuclei are discussed.
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1. Introduction

2. The instrument and data taking
The NUCLEON space experiment was designed mainly to measure the spectra of cosmic ray
nuclei with an individual charge resolution in the energy range from a few TeV to 1 PeV per particle, while having a lower energy threshold of a few hundred GeV. The most important feature of
the NUCLEON detector is the implementation of two different particle energy measurement methods: the first uses an ionization calorimeter, and the second is a kinematic method, the Kinematic
Lightweight Energy Meter (KLEM) [3, 4, 5, 6, 7], which is based on the measurement of the multiplicity of secondary particles after the first nuclear interaction of a primary particle with a target of
the spectrometer. The advantage of the KLEM method compared to the conventional calorimetric
method is the ability to provide a high aperture of the device with a low weight of the equipment.
The presence of the two methods of energy measurement in the NUCLEON detector will allow
studying and calibrating the new KLEM method using a conventional calorimetric method.
The main systems of the spectrometer are four of planes of the charge measurement system
(ChMS), a carbon target, six planes of the energy measurement system using the KLEM method
(KLEM system tracker), three double-layer planes of the scintillator trigger system, and a small
aperture calorimeter (IC). Details of the detector design are provided in the articles [8, 9, 10, 11, 12].
The weight of the detector is approximately 360 kg; the power consumption does not exceed 160 W.
On December 28, 2014, the NUCLEON detector was launched into a sun-synchronous orbit with an
average altitude of 475 km and an inclination of 97 degrees as an additional payload of the Russian
2
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One of the most notable features in the energy spectrum of cosmic rays is the sharp increase in
the slope of the energy spectrum near 3 × 1015 eV (3 PeV) per particle – the so-called “knee.” The
nature of this “knee” is still unclear, and represents one of the major mysteries of cosmic ray physics
and space physics in general. The “knee” in the spectrum of cosmic rays has been found and is
still observed in the EAS (extensive air showers) experiments, which provide data on the energy
spectrum of cosmic rays at very high energies, but do not give reliable information about their
chemical composition. At the same time, for understanding the physics near the “knee,” it would
be very important to know the behavior of the individual components of the flux of cosmic rays near
this area. Much more detailed information on the chemical composition of cosmic rays is provided
by so-called direct experiments, in which the spectrometer is moved out of the atmosphere, where
cosmic-ray particles can be observed directly, using different types of spectrometers. One of the
main tasks for modern cosmic-ray direct experiments is the study of chemical composition near the
knee region.
Even in the energy region below 1 PeV per particle there are signatures of complex behavior
of cosmic-ray spectra. We can mention observation of hardening of the spectra of heavy nuclei
near the energy ∼10 TeV per particle that corresponds to the energy of a few hundred GeV per
nucleon observed in ATIC and CREAM experiments [1, 2]. The details of behavior of the heavy
nuclei spectra at energies higher than 100 TeV per particle are almost completely unknown and
might contain interesting features. In this paper we present the latest data of the direct NUCLEON
space experiment on spectra of abundant heavy nuclei up to the energies ∼200 TeV per particle.

A. Panov

Heavy nuclei in the NUCLEON experiment

3. Results and discussion
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Figure 1 shows the energy spectra of carbon and oxygen nuclei obtained by the NUCLEON
experiment both for the KLEM and calorimeter methods. There are no strong deviations from the
results of the other experiments (see the caption under the pictures). Some differences between the
calorimeter and the KLEM methods are seen for the carbon spectrum, but for oxygen spectrum the
data of KLEM and calorimeter are in good agreement. If the differences in carbon data would be
systematic, than one should expect similar differences in the oxygen spectrum, but actually it is
not the case. Therefore we can not confidently relate the differences of the results in the carbon
spectrum to a systematic origin; the origin of this discrepancy has been studied.
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Figure 1: Energy spectra of carbon and oxygen nuclei obtained by the NUCLEON experiment and in the
experiments ATIC [14], TRACER(LDB2) [15], and CREAM [2].

The spectra of carbon and oxygen are hard above energy 2 TeV per particle. From the KLEM
data γC = 2.381 ± 0.033, γO = 2.442 ± 0.039; from the calorimeter data γC = 2.269 ± 0.042, γO =
2.410 ± 0.035. It is seen that the spectrum of carbon may be harder than the spectrum of oxygen,
but the statistical significance of this conclusion is not high: 1.2σ and 2.6σ for the KLEM and
calorimeter spectra respectively.
Figure 2 shows the ratio of the carbon spectrum to the oxygen spectrum in the terms of energy
per nucleon. A sign of more hard spectrum of carbon also seen in this ratio, but the statistical
significance is not high again. A difference of the slopes of the carbon and oxygen spectra may be
3
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satellite Resource-P 2. On January 11, the NUCLEON detector was powered and started to collect
data. The planned lifetime of the NUCLEON detector is at least five years. Some details of the
implementation of methods of the energy measurement with KLEM and calorimetric methods in
the NUCLEON experiment are given in the paper [13].
In this report we present and discuss the data related to the abundant heavy nuclei from carbon
to iron for period of data taking of the NUCLEON experiment from July 2015 to the end of June
2017. There were 334 days of pure astronomical time of the data taking that correspond to 218
days of the apparatus live time. There was eight months delay in data acquisition in 2015–2016
due to the solution of the main task of the Resource-P 2 serial satellite was incompatible with the
operation of the NUCLEON observatory as an additional payload.
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Figure 2: Energy spectra of carbon and oxygen nuclei obtained by the NUCLEON experiment and in the
experiments ATIC [14], CREAM [2], and TRACER(LDB2) [15].

important for understanding of mechanism of cosmic ray acceleration since currently all models
predict essentially same slopes for carbon and oxygen up to very small propagation effects.
Figure 3 shows the spectra of Ne, Mg, Si. The spectral indices of the spectra obtained for
the calorimeter method are respectively: γNe = 2.391 ± 0.046, γMg = 2.544 ± 0.041, γSi = 2.536 ±
0.038. The spectrum of Ne is harder than the spectra of Mg and Si with statistical significance
2.5σ and 2.4σ respectively. The linear fit of the nuclei charge – spectral index relation shows
(Figure 3, the bottom right plot) the trend of the slope of spectra in the group Ne-Mg-Si exist with
the statistical significance 2.3σ . The KLEM method produces lower significance of Ne-Mg-Si data
because of higher energy threshold of the KLEM method for very heavy nuclei in the comparison
with the calorimeter method, so the KLEM data do not considered here.
Figure 4 shows the spectrum of iron in the terms of energy per particle and the ratio of the
spectrum of all nuclei 6 ≤ Z ≤ 14 to the spectrum of iron in the terms of energy per nucleon. The
spectral index of the iron spectrum from the calorimeter data is γFe = 2.523 ± 0.023. Generally,
the spectrum of iron is steeper than the spectra of more light abundant heavy nuclei. The spectrum
of iron is steeper than the spectra of carbon and oxygen with the statistical significance 5.0σ and
2.7σ respectively. The ratio of the spectrum of all nuclei 6 ≤ Z ≤ 14 to the spectrum of iron shows
qualitatively more steeper character of the iron spectrum than tithe spectra of other abundant heavy
nuclei. Note, already the ATIC experiment [16] gave and indication of the same effect (see figure 4)
but with low statistical reliability.
An interesting question is what is the transition from the flat spectra of carbon-silicon group to
the steeper spectrum of iron. The answer may be found from the spectra of nuclei with intermediate
charges, S and Ca. This spectra are shown in figure 5. The statistics is too low yet to draw some
definite conclusions.
The spectrum of all nuclei from carbon to iron in the terms of energy per nucleon measured
in the NUCLEON experiment and in the ATIC experiment [19] is shown in figure 6. It is seen
that after the hard part of the spectrum below the energy 5 TeV/nucleon there is a break of the
spectrum. The magnetic rigidity of the break is approximately 10 TV and it is very close to the
rigidity of similar breaks in the spectra of protons and helium measured by NUCLEON experiment
(see companion paper PoS(ICRC2017)212 in this proceedings, see also previos NUCLEON paper
4
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Figure 3: Energy spectra of Ne, Mg, Si obtained by the NUCLEON experiment and in the experiments
ATIC [14], TRACER(LDB2) [15], and CREAM [2]. Right bottom panel: spectral index versus charge plot
for Ne, Mg, Si spectra.

Nucleon, Fe (KLEM)
Nucleon, Fe (IC)
ATIC, Fe

60
Nucleon (KLEM), 6-14/Fe
Nucleon (IC), 6-14/Fe

50

TRACER(LDB2), Fe

ATIC

CREAM, Fe

40
3

10

30

20

10

3

10

104

5

10

0

6

10

E, GeV

102

3

10

E, GeV/n

Figure 4: Left: energy spectra of iron obtained by the NUCLEON experiment and in the experiments ATIC
[14], TRACER(LDB2) [15], and CREAM [2]. Right: ratio of the spectrum of all nuclei 6 ≤ Z ≤ 14 to the
spectrum of iron in the terms of energy per nucleon obtained by the NUCLEON experiment and by ATIC
[16].
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Figure 5: Energy spectra of S and Ca obtained by the NUCLEON experiment and in the experiment
TRACER(LDB1) [17].
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Figure 6: Spectra of heavy nuclei (Z = 6 ÷ 27) in terms of energy per nucleon from the NUCLEON
experiment along with similar data from the ATIC experiment [19].

[13] and similar CREAM results [18]). This may be an indication of existence of a universal break
in the spectra of all cosmic ray nuclei near the magnetic rigidity of 10 TV. In fact, the universal
break near 10 TV in all cosmic ray spectra and particularly in the spectra of heavy nuclei observed
by the NUCLEON experiment was predicted by the three-component model of cosmic ray spectra
of Zatsepin and Sokolskaya [20]. The break is an indication of existence of a specific type of
cosmic ray sources with the maximal acceleration energy of order 10 TV (the exact value in [20] is
50 TV, which produce visually a break in spectra near 10 TV). This type of sources was associated
in [20] with supernova explosions into regular interstellar media (other two kinds of sources in the
model were explosions of SN into super-bubble media and novae stars).
The NUCLEON experiment is in fact in its initial phase since no more than 1/3 expected statistics were collected. However, the preliminary analysis of the data gives a number of indications of
the existence of interesting features in the energy spectra of cosmic ray nuclei at energies from few
TeV to ∼100 TeV per particle. The statistical significance of them generally is not high yet, but the
data taking is continued and the statistics increases.
We are grateful to ROSCOSMOS State Space Corporation and Russian Academy of Sciences
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