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The NUCLEON space experiment was designed to measure energy spectra of cosmic ray nuclei
from protons to iron in the energy range approximately from 1 TeV per particle to 1 PeV per
particle with good individual charge resolution. The apparatus started the collection of data at the
beginning of 2015 and it is in operation up to now. The duration of the mission is expected to be
no less than five years. One of the main feature of the experiment is an implementation of two
different methods of energy measurement on board of the apparatus — the calorimetric method
and the new kinematic KLEM method (Kinematic Lightweight Energy Meter). The data obtained
after two years of operation are presented. A multiple signs of complex behavior of the nuclei
spectra and the ratios of spectra violating of a simple universal power-law behavior of the spectra
will be presented in the report.
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Two years of the NUCLEON experiment A. Panov

1. Introduction

The space experiment NUCLEON was implemented within a long-standing tradition of in-
vestigation the physics of cosmic rays in Skobeltsyn Institute of Nuclear Physics of Lomonosov
Moscow State University (SINP MSU). The prehistory of the NUCLEON experiment may be
started with the invention of ionization calorimeter by N.L. Grigorov, V.S. Murzin and I.D. Rapoport
in 1958 [1, 2]. The first direct measurements of the cosmic-ray energy spectrum in open space were
experiments on the Proton series satellites (Proton-1, Proton-2, Proton-3, Proton-4) in 1965-1968
[3, 4], which were developed in SINP MSU on the base of using an ionization calorimeter. These
experiments were not only the first direct experiments with using of ionization calorimeter in the
space, but, in a certain sense, they were paradigmatic examples for the extremely wide class of bal-
loon and space spectrometers that followed them, including those currently working in the space
and planned for the foreseeable future. Proton-4 mission measured all-particle spectrum up to the
knee energy region [4] which is the best result in the direct measurements of cosmic rays up to
now. In 1984-1986 two space spectrometers developed in SINP MSU Sokol-1 and Sokol-2 based
on deep ionization calorimeters measured spectra of cosmic ray nuclei group and the all-particle
spectrum to energies about 100 TeV per particle [5, 6, 7, 8, 9]. Finally, SINP MSU participated in
the international balloon experiment ATIC that had three successful Antarctic lights in 2000-2008
and provided many results both in measurement of spectra of cosmic ray nuclei [10, 11, 12] and
cosmic ray electrons [13, 14]. The NUCLEON experiment was developed on the basis of the expe-
rience gained in all these earlier works, and within the scientific school that was developed during
their implementation.

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 x 10!° 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 direct space of balloon 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. As an example of such signature we can point out the spectrum of cosmic-ray
protons in the energy region about 10-20 TeV. A compilation of the data before the NUCLEON
experiment and before very recent data of the CREAM-III experiment [15] is shown in figure 1.
A sign of a break is seen in the spectrum near the energy 10 TeV. However none of the previous
experiments showed statistically significant confirmation of existence of this feature. Obviously,
this region of the spectrum should be urgently inspected with higher statistics and reliability. An-
other example is observations of hardening (upturn) of the spectra of heavy nuclei near the energy
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Figure 1: A compilation of the data on proton spectrum before the NUCLEON experiment and a very
recend data of CREAM experiment [15]. The shown spectra are: AMSO02 [17], BESS-TeV [18, 19, 20],
CAPRICE [21], PAMELA [22], ATIC [11], CREAM-III (preliminary) [23], CREAM-I [24], MUBEE [25,
26], JACEE [27], RUNJOB [28].

~10TeV per particle, that corresponds to the energy of a few hundred GeV per nucleon, observed
in ATIC and CREAM experiments [10, 16]. The details of behavior of the heavy nuclei spectra at
energies higher than 100 TeV per particle are almost completely unknown and might contain inter-
esting features. In this paper we present the latest data of the direct NUCLEON space experiment
on spectra of both primary and secondary nuclei from protons to iron up to the energies of hundreds
TeVs per particle.

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 par-
ticle, 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 meth-
ods: the first uses an ionization calorimeter, and the second is a kinematic method, the Kinematic
Lightweight Energy Meter (KLEM) [29, 30, 31, 32, 33], 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 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 (see figure 2) are four planes of the charge measure-
ment 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 sys-
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~850

Figure 2: The NUCLEON detector simplified scheme. 1 — charge measurement system (ChMS), 2 — carbon
target, 3 — KLEM system tracker, 4 — scintillator trigger system, 5 — ionization calorimeter.

tem, and a small aperture calorimeter (IC). Details of the detector design are provided in the articles
[34, 35, 36, 37, 38]. 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 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 the methods of energy measurement with KLEM
and calorimetric methods in the NUCLEON experiment are given in the paper [39].

In this report we present and discuss the data related for the 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.

3. Results and discussion

3.1 Protons and helium spectra

Figure 3 shows the energy spectra of protons and helium nuclei obtained by the NUCLEON
experiment both with the KLEM and with the calorimeter methods. There are no strong deviations
from the results of the other experiments (see the caption under the pictures). The results of the
KLEM method and the calorimetric method are in good agreement. The statistics of the KLEM
method are approximately two time greater the statistics of the calorimetric method due to larger
geometric factor of the KLEM tracker compared to the ionization calorimeter.

The ratio of the protons to helium spectra are shown in figure 4. The left panel of the figure 4
demonstrates the expected decreasing of p/He ratio with energy increasing. This effect was estab-
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Figure 3: Energy spectra of protons and helium nuclei obtained by the NUCLEON experiment by the
KLEM method (red circles) and by the calorimeter method (blue squares) and in the experiments SOKOL
[9], ATIC [11], CREAMIII [15], AMS-02 [17].
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Figure 4: The ratio of the protons to helium spectra. Left panel — in terms of energy per particle; right
panel — in terms of enery per nucleon. The data of NUCLEON are compared to the data of ATIC [11] and
CREAM-III [15].

lished for the first time with high statistical confidence in the ATIC experiment [40] in 2004 up to
energies about 10 TeV and was confirmed at these energies in a number of other experiments. The
NUCLEON experiment studies this ratio up to the energies higher than 100 TeV. The decreasing of
the ratio is generally confirmed, with the exception of the highest energies, in which there are signs
of violation of this law. The NUCLEON data is compared with the data of the ATIC experiment
[11] in the right panel of the figure 4 in terms of the energy per particle. There is a good agreement
between NUCLEON and ATIC data. The data of NUCLEON in the terms of energy per nucleon
are compared with the recent data of the CREAM-III experiment [15]. The data are related to the
highest end of the studied region. There is a good agreement between NUCLEON and CREAM-II
results, and both experiments point out that the spectra of protons and helium have approximately
same slopes at such energies.

The spectra of protons and helium in terms of magnetic rigidities of the present work and
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Figure 5: The spectra of protons and helium in terms of magnetic rigidities. Present work (KLEM method)
and CREAM-III [15] data are shown.

CREAM-III [15] are shown in figure 5. Only the spectra measured by the KLEM method are shown
for the NUCLEON experiment since the spectra of calorimeter are the same within the statistical
errors, but the statistics of the KLEM spectra is better. There is a sign of a break of the spectra
near the rigidity ~10 TV. This break is seen both in the spectra of protons and helium and confirms
by the data of NUCLEON and CREAM-III. This feature of the protons and helium spectra was
discussed in recent papers of NUCLEON [39] and CREAM-III [15]. The statistical significance of
the effect is not discussed here. Let us emphasis that the are some systematic difference between
the spectra measured by NUCLEON and by CREAM-III (especially for helium nuclei) but both
experiments point out to the existence of a break. In the case of the helium spectrum the energy
of the break looks somewhat lower than the energy of the break in the spectrum of protons, but
this may be illusion of the statistics. This question should be studied more carefully with higher
statistics.

3.2 Abundant heavy nuclei

Figure 6 shows the energy spectra of carbon and oxygen nuclei obtained by the NUCLEON
experiment both for the KLEM and the calorimeter methods. There are no strong deviations from
the data of 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.

The spectra of carbon and oxygen are hard above energy 2 TeV per particle. From the KLEM
data yc = 2.381+0.033, Yo = 2.442+0.039; from the calorimeter data yc = 2.269 +0.042, 1o =
2.41040.035. 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: 1.20 and 2.6 for the KLEM and
calorimeter spectra respectively.

Figure 7 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
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Figure 6: Energy spectra of carbon and oxygen nuclei obtained by the NUCLEON experiment and in the
experiments ATIC [11], TRACER(LDB?2) [41], and CREAM [16].
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Figure 7: Energy spectra of carbon and oxygen nuclei obtained by the NUCLEON experiment and in the
experiments ATIC [11], CREAM [16], and TRACER(LDB?2) [41].

significance is not high again. A difference of the slopes of the carbon and oxygen spectra may be
important for understanding the mechanism of cosmic ray acceleration since currently all models
predict essentially same slopes for carbon and oxygen up to very small propagation effects.

Figure 8 shows the spectra of Ne, Mg, Si. The spectral indices of the spectra obtained for
the calorimeter method are respectively: e = 2.391 £0.046, Yme = 2.544 +0.041, % = 2.536 &
0.038. The spectrum of Ne is harder than the spectra of Mg and Si with statistical significance
2.50 and 2.40 respectively. The linear approximation of the charge — spectral index relation shows
(Figure 8, the bottom right plot) that the trend of the slope of spectra in the group Ne-Mg-Si exists
with the statistical significance 2.36. 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 9 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 ¥re = 2.523 £0.023. Generally, the
spectrum of iron is steeper than the spectra of more light abundant heavy nuclei. The spectrum of
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Figure 8: Energy spectra of Ne, Mg, Si obtained by the NUCLEON experiment and in the experiments
ATIC [11], TRACER(LDB2) [41], and CREAM [16]. Right bottom panel: spectral index versus charge plot
for Ne, Mg, Si spectra.
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Figure 9: Left: energy spectra of iron obtained by the NUCLEON experiment and in the experiments ATIC
[11], TRACER(LDB2) [41], and CREAM [16]. 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
[42].
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iron is steeper than the spectra of carbon and oxygen with the statistical significance 5.00 and 2.7c
respectively. The ratio of the spectrum of all nuclei 6 < Z < 14 to the spectrum of iron (figure 9,
right panel) shows qualitatively more steeper character of the iron spectrum than the spectra of
other abundant heavy nuclei. Note, already the ATIC experiment [42] gave and indication of the
same effect (see figure 9) but with low statistical reliability.
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Figure 10: Energy spectra of S and Ca obtained by the NUCLEON experiment and in the experiment
TRACER(LDB1) [43].

An interesting question is what is the character of 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 10. However the statistics is
too low yet to draw some definite conclusions.
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Figure 11: 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 [44].

3.3 Is there an universal break in the spectra of cosmic ray nuclei near R =10 TV?

The spectrum of all nuclei from carbon to iron in the terms of energy per nucleon measured
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in the NUCLEON experiment and in the ATIC experiment [44] is shown in figure 11. 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 10TV and it is very close to the
rigidity of similar breaks in the spectra of protons and helium measured (see figure 5). 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 [45]. The break
is an indication of existence of a special type of cosmic ray sources with the maximal acceleration
energy of order 10 TV (the exact value in [45] is 50 TV, which produce visually a break in spectra
near 10 TV). This type of sources was associated in [45] 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).

3.4 All-particle spectrum

All-particle spectrum measured by the NUCLEON experiment with the KLEM and the calorime-

ter methods and by the experiments PROTON-4 [4], SOKOL [8], ATIC [11] is shown in figure 12.
The NUCLEON data are in good agreement with the data of other experiments except somewhat
lower intensity of the data of old PROTON-4 experiment. One can note a deficit of high-energy
events (above 100 TeV) in the NUCLEON data, both in the KLEM and calorimetric methods. The
statistics in this region are not very high yet so it would be too early to say about real break in the
all particle spectrum above energy 100 TeV. The situation expected to be clarified with growing up
of the statistics.
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Figure 12: All-particle spectrum measured by NUCLEON with the KLEM and the calorimeter methods
and data of PROTON-4 [4], SOKOL [8], ATIC [11].

3.5 Secondary nuclei

It is supposed that some nuclei of cosmic rays, like Be or B, have presumably secondary nature.

10
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They are products of spallation of the primary nuclei of cosmic rays, such as carbon, oxygen or
iron with interstellar gas consisting in its main part of hydrogen and helium. Secondary nuclei are
useful instrument to study propagation of cosmic rays in the Galaxy. The abundance of a secondary
nucleus at some given energy expected to be approximately proportional to the lifetime of the parent
primary nuclei in the Galaxy which itself depend on the nuclear cross section of the primary nuclei
against the spallation process and on the diffusion coefficient describing the propagation of cosmic
rays in the Galaxy at the same energy [46, Chapter 9]. The most useful quantities in this respect
are various ratios of fluxes of secondary nuclei to primary nuclei.
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Figure 13: B/C and N/O ratios measured by the NUCLEON spectrometer and in the experiments AMS-02
[47], ATIC [48], CREAM-I [49], PAMELA [50], HEAO-3-C2 [51], TRACER [41, 52].

Figure 13 shows the ratios B/C and N/O measured in the present work and in other exper-
iments: AMS-02 [47], ATIC [48], CREAM-I [49], PAMELA [50], HEAO-3-C2 [51], TRACER
[41, 52]. For B/C ratio only KLEM data are shown since the statistics of the calorimeter are too
low yet. Boron to carbon and nitrogen to oxygen ratios of the NUCLEON spectrometer are in
reasonable agreement with the data of other experiments in the energy regions where they can be
compared, but the NUCLEON experiment provides the data points at hight energies, unavailable
in previous experiments.

It is expected that boron to carbon ratio is a decreasing function of energy. It was confirmed
generally in all previous experiments except one point at the highest energy (2 TeV/nucleon) of the
TRACER experiment [41, 52] which gives a sign of increasing of the ratio, but the statistical error
is high. The last three points of the NUCLEON spectrometer also give an indication of increasing
the ratio, but the statistical reliability is not high yet. The data taking of NUCLEON is continued
and the statistics increases.

Similar indications is seen in the N/O ratio (figure 13, right panel). It is expected for a part
of nitrogen nuclei flux to be primary nature but an essential fraction of the flux expected to be
secondary nuclei. Therefore it is expected for N/O ratio to be decreasind function of energy. The
statistics of N/O ratio is not high in the NUCLEON data but there is no clear indication of decreas-
ing of the ratio with energy.

Note that there are models predicting an increasing in the ratios of secondary nuclei to the
primary ones at sufficiently high energies [53]. It is assumed in these models that a significant
part of the secondary nuclei is formed already at the stage of cosmic ray acceleration, inside the
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termination shock of the supernova remnant. Such secondary nuclei can be accelerated in the
process of expansion of the supernova shell, and this acceleration can produce an excess in the
ratio for such nuclei at high energies. Perhaps the signs of the existence of such a mechanism for
the acceleration of secondary nuclei are already observed in the data of the NUCLEON experiment.
An increasing of the statistics should clarify this issue.

Among the cosmic ray nuclei between silicon and iron there is a rather large fraction of sec-
ondary nuclei produced by spallation of the primary iron nuclei in inelastic collisions with interstel-
lar gas. Therefore one might expect that a ratio of flux of some nucleus from this region of nuclei
to the flux of the iron was a decreasing function. Ar/Fe and Ca/Fe ratios were measured in the
HEAO-3-C3 heavy nuclei experiment up to energies about 600-700 GeV/nucleon in 19985-1987
[54, 55, 56]. Unexpected increasing of the ratios was observed above the energy 100 GeV/nucleon,
but the authors questioned the reality of the phenomenon and tied it to a possible systematic error
in the energy measurement procedure. Later the ratio of the flux of all nuclei with charges from 16
to 24 to the flux of iron was measured in the ATIC experiment [42] and the effect was qualitatively
confirmed for this combined ratio.

SubFe to Fe ratio

Ratio

45 o ATIC

* NUCLEON KLEM

‘HHTHH‘HH
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15
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Figure 14: Ratios of the spectra of nuclei with charges Z = 16 <24 in terms of energy per nucleon to the
spectrum of iron nuclei for the NUCLEON experiment and the ATIC experiment [42].

Ratios of the spectra of nuclei with charges Z = 16 <24 in terms of energy per nucleon to the
spectrum of iron nuclei for the NUCLEON experiment and the ATIC experiment [42] are shown in
figure 14. The calorimeter method data qualitatively confirm the results from the ATIC experiment,
but the statistical errors of the calorimeter method are large, as well as the statistical errors of the
ATIC experiment. The KLEM method, although not explicitly showing the theoretically expected
decrease of the Z = 16 <+ 24/Fe ratio with energy, which is already important, does not show the
growth of this ratio similar to the results and outcomes of the ATIC experiment and the calorimeter
method of the NUCLEON experiment. It is difficult to talk about systematic differences between
the results of the calorimeter and the KLEM methods of the NUCLEON experiment, because all
the differences occur within the statistical uncertainty. The situation expected to become clearer
with a larger set of data in the NUCLEON experiment.
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4. Conclusion

A preliminary analysis of two years data of the NUCLEON space experiment gives multiple
indications of the existence of a number of interesting features in the energy spectra of cosmic ray
nuclei at energies from a few TeV to ~100TeV (per particle). A number of questions are posed
by the data which may be clarified with growing up of the statistics of the NUCLEON experiment.
The NUCLEON space experiment is continuing and is in fact in its initial phase since no more
than 1/3 expected statistics have been collected yet. Increasing of the statistics and improving the
quality of the data is expected.
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