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The aim of the NUCLEON space was to measure spectra of high-energy cosmic rays. The cosmic ray
acceleration and propagation processes are determined by the magnetic rigidities of the particles.
Thus the magnetic rigidity spectra of cosmic ray carbon and oxygen nuclei obtained by the NUCLEON
experiment are analyzed and compared to some other experimental results. The spectral indices
calculated for different thresholds with regard to magnetic rigidity are presented. The carbon and oxygen
nuclei spectra are steeper than helium nuclei spectra in the 400-10000 GV area. The spectra of carbon
and oxygen nuclei are similar to the proton spectrum before the “knee”.
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1. Introduction

Measurements of cosmic rays spectra are necessary to under-
stand the processes of their acceleration and propagation. Differ-
ences from power-law form can be caused by nearby sources. Car-
bon and oxygen nuclei spectra are measured using a number of
different experiments (ATIC [1], TRACER [2], CREAM [3], PAMELA
[4], CALET [5]). The spectra hardening was discovered at magnetic
rigidities of more than 200-300 GV, but numbers of events were
insufficient.

The large statistics was obtained in the AMS-02 experiment [6]
but these measurements were performed only at magnetic rigidi-
ties less than 3000 GV.

The aim of the NUCLEON space was to measure spectra of cos-
mic rays in the energy range 2-500 TeV per particle.

The study of the spectra of cosmic ray carbon and oxygen nu-
clei is part of the research into the energy region preceding the
main “knee” in the spectrum [7,8]. This study is based on data ob-
tained by the NUCLEON apparatus [9]. The energy spectra of these
components are presented in [8].

Energy measurements were performed by the new KLEM
method (Kinematic Lightweight Energy Meter) [9]. This method
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is based on the registration of the spatial distribution of secondary
particles after the first nuclear interaction of a primary particle
with a target in the spectrometer. The spatial distribution of sec-
ondary particles is registered by silicon microstrip detectors.

The acceptance, calibration dependencies and detection efficien-
cies were determined by means of Monte-Carlo simulation for
different nuclei. The GEANT software package was applied. High
energy nuclear interactions were described by the QGSJET genera-
tor [8].

The NUCLEON apparatus was installed onboard the Russian
satellite “Resurs-P”. This satellite was launched on 26 December,
2014, and operated for three years. The obtained databank includes
protons and nuclei up to nickel in energy range 2-500 GeV per par-
ticle.

2. Data analysis

A universal deconvolution method suitable for all components
[8] has been developed. The method allows us to take into account
bin to bin migration, essentially due to insufficient energy resolu-
tion in individual cases. The measurement region can be divided
into bins in terms of both energy and magnetic rigidity. The cor-
rected number of events in a bin i is calculated by the formula
M; = 2?21 a;iN; [10,11]. The matrix elements a;; are determined
with the use of a Monte-Carlo simulation.

0370-2693/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by

SCOAP3.


https://doi.org/10.1016/j.physletb.2020.135851
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2020.135851&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:turun1966@yandex.ru
https://doi.org/10.1016/j.physletb.2020.135851
http://creativecommons.org/licenses/by/4.0/

D. Karmanov, I. Kovalev, I. Kudryashov et al.

The value of the matrix element a;; corresponds to the proba-
bility that, according to the Bayes theorem, the particle detected in
a magnetic rigidity bin j will have rigidity falling into bin i for an
a priori power spectrum

) . dN _
aj=P(REi|Rrec € j, =0 ~R™HD)

Initially the spectrum with an integral exponent of 1.6 was simu-
lated. The additional simulation showed that the exponent varia-
tion from 1.5 to 1.7 does not significantly change the results. Sta-
tistical errors with regard to the deconvoluted spectrum are equal
to

o(Mj) = Zaszvj
Vi

The statistical errors are less than without the deconvolution,
but these errors are correlated because of the summation of dif-
ferent values Nj.

The systematic uncertainties were evaluated. The effect caused
by low energy resolution was investigated with the use of an addi-
tional Monte-Carlo simulation. This simulation was performed for
all the obtained spectra of registered energies N;. The primary en-
ergy distribution was simulated according to the matrix a;;.

The probability that the particle detected in magnetic rigidity
bin j will have rigidity falling into bin i, is equal to

P(Rei)=

Zk akj

Thus, we evaluated these errors statistically. Systematic uncer-
tainties caused by low energy resolution include the effect of nu-
clear interactions inside the detector. These interactions were taken
into account by the Monte-Carlo simulation [8].

Systematic errors caused by other effects were also investigated

(8].
3. Experimental results

The preliminary results of the NUCLEON space experiment in-
cluding carbon and oxygen nuclei energy spectra were presented
in ICRC2017 [12].

Since the cosmic ray acceleration and propagation processes are
determined by the magnetic rigidities of the particles, it is advis-
able to consider and compare the measured rigidity spectra.

The carbon and oxygen nuclei magnetic rigidity spectra ob-
tained from the NUCLEON experiment are presented in Fig. 1 (a,
b) and compared to other experimental results.

Spectra at rigidities more than 300-500 GV are harder than
spectra at lower rigidities as measured by different experiments.
The sum of the magnetic rigidity spectra of both carbon and oxy-
gen nuclei is also presented in Fig. 1c. The summation of the fluxes
of the two components reduces statistical errors.

To calculate the spectral exponent, we applied the formula
based on the maximum likelihood method and the power fit of
the spectra:

Y(R>Ry) =1/ <In(R/Ry) >

The parameter R; is the magnetic rigidity threshold. If the error
of the rigidity measurements is negligible, the error in the spec-
trum exponent calculation depends only on the statistics.

s
VN
The experimental uncertainty of the KLEM method (~60%) [9]

is not negligible. We applied the Monte-Carlo simulation to evalu-
ate the error of the reconstructed spectral exponent.

Ay =
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Fig. 1. Carbon (a) and oxygen (b) nuclei magnetic rigidity spectra and the sum of
both carbon and oxygen nuclei spectra (c).

For each registered event with a reconstructed magnetic rigidity
value of Ry, the probabilities of getting into each true rigidity bin
were calculated.

P(Rei)=
Zk Aij

The deconvolution matrix element a;; is calculated by means of
a Monte-Carlo simulation of the device’s response function, and its
a priori magnetic rigidity spectra [8]. Thus the true magnetic rigid-
ity spectra were simulated for the reconstructed magnetic rigidity
spectra by means of calculated probability distributions.

The spectral exponent value was calculated for every simulated
true rigidity spectrum according to above-mentioned formula:

Y(R>R) =1/ <In(R/R;) >
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Fig. 2. Spectral index dependences on magnetic rigidity threshold for carbon (a) and
oxygen (b) nuclei and the sum of both carbon and oxygen nuclei spectra (c).

Ten thousand true rigidity spectra were simulated. The mean
value and root-mean-square deviation were calculated for every
spectral bin. This RMS deviation is the systematical error caused
by rigidity measurement uncertainty. This error was taken into
account by calculation of the boundaries of the errors area for
Fig. 1.

The uncertainties of the spectral exponents were calculated. The
spectral indices dependencies on magnetic rigidity thresholds are
presented in Fig. 2.

At low thresholds (up to 1000 GV) spectra are very hard (with
a spectral index near 1.4-1.5). For a pure power-law spectrum, the
index does not depend on the selected threshold. However, the
experiment showed the presence of such a dependence. As the
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threshold increases, the spectrum becomes softer. This is due to
the presence of a “knee” at high magnetic rigidities. The statistical
significance of the existence of a break in the spectra was also es-
timated by means of a Monte-Carlo simulation. The values of the
spectral index were determined by Maximum Likelihood Estima-
tion for every simulated spectrum for two rigidity regions, 400-
4000 GV (y1) and >4000 GV (y). The probability that y,;-y; >0
is equal to 99.83%. This confirms the results of the new “knee” in-
vestigation for different components [7].

The “knee” structure in the proton and helium spectra near
10 TV was found by different experiments such as NUCLEON [7],
CREAM [11], CALET [13], DAMPE [14]. The agreement of these re-
sults is discussed in [15].

The question arises as to whether or not the spectra of carbon
and oxygen nuclei are the same. The ratio of C and O rigidity spec-
tra is presented in Fig. 3a in comparison with the ratio obtained
as a result of the AMS-02 experiment [6,16] for lower rigidities.
The ratio is constant at the 400-4000 GV area, but its value is
slightly (at the statistical error level) higher than in the AMS-02
experiment. There are signs of a small increase at higher magnetic
rigidities within the measurement errors.

The carbon and oxygen nuclei spectra can be compared with
helium nuclei spectra. The ratio of helium and oxygen nuclei rigid-
ity spectra is presented in Fig. 3b in comparison with data from the
AMS-02 experiment [16] for lower rigidities. The significant mag-
netic rigidity dependence shows that helium spectra are harder
than the heavier primary nuclei spectra.

The He/O ratio slope is different for the NUCLEON and AMS-
02 experiments. The oxygen nuclei rigidity spectrum is softer than
the He spectrum for the NUCLEON results. The NUCLEON data
were obtained at higher rigidity than the AMS-02 measurements
area.

In order to reduce the influence of measurement errors, the
ratio of helium nuclei spectra to total carbon and oxygen nuclei
spectra was calculated, taking into account small differences in C
and O. This ratio is shown in Fig. 3c.

If this ratio is fitted with a power function, taking into account
statistical and systematic errors, its exponent is equal to 0.142 £+
0.40. Thus the carbon and oxygen nuclei spectra are softer than
the helium spectra in the area preceding the “knee”.

The ratio of proton spectrum to total C and O nuclei rigidity
spectrum is presented in Fig. 3d. This ratio is almost constant, the
exponent of the power fit is equal to 0.012 + 0.058. The spectra
of carbon and oxygen nuclei are similar to the proton spectrum
before the “knee”.

The “knee” was found in rigidity spectra of different compo-
nents [7]. The proton spectrum is softer than helium one before
the “knee’ [17]. However the ratio of the fluxes of protons and he-
lium nuclei is nearly constant in the “knee” region [17]. The ratio
of protons and carbon and oxygen fluxes is nearly constant in this
region too (Fig. 3d). These effects can be caused by the universal
astrophysical mechanism.

4. Conclusions

The application of the KLEM method to measure cosmic ray
spectra has shown that, with high statistics, it is possible to de-
termine significant spectrum parameters despite the low accuracy
of energy measurements. However, at high energies, the error of
spectra measurements is large due to low statistics

The study of carbon and oxygen nuclei spectra measured by the
NUCLEON experiment allows us to identify some important char-
acteristics.

It can be seen that the nuclei spectrum is very hard at a rigidity
area between 400 and 10000 GV. The spectral exponent is near 1.4-
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Fig. 3. C/O (a), He/O (b), He/(C+O) (c) and p/(C+0) (d) ratios.

1.5. The NUCLEON statistics are significantly larger than those from
previous experiments.

The total carbon and oxygen nuclei spectra are significantly
softer than helium spectra. The ratio of helium spectra to total car-
bon and oxygen nuclei spectra is fitted by a power function with
exponent 0.142 + 0.40. The spectra of carbon and oxygen nuclei
are similar to the proton spectrum before the “knee”.

Spectral characteristics depend on cosmic ray acceleration and
propagation processes. There are different astrophysical models of
these processes [18-24]. The hardening can be caused by the tran-
sition from one type of source to another, with different chem-
ical composition or spectral indices. This corresponds to results
obtained from the analysis of protons and helium nuclei spectra
[17].
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