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Abstract—Some results of studies of cosmic rays obtained during the NUCLEON space experiment in
2015—2017 are presented. This experiment was intended for direct measurements of the energy spectra
and chemical composition of cosmic rays (Z = 1—30) in the energy range 2—500 TeV. Results presented
include energy spectra for various abundant nuclei measured using the new Kinematic Lightweight Energy
Meter (KLEM). The primary energies are established using the spatial densities of secondary particles
produced in inelastic interactions with a carbon target.
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1. INTRODUCTION

The energy range 10'*—10'6 eV preceding the
“knee” is very important for studies of the acceler-
ation and propagation of cosmic rays. More data
with per element resolution are needed. No direct
measurements of the spectra of cosmic-ray nuclei
in the vicinity of the “knee” are available. The
main information about cosmic-ray nuclei at energies
of 10'2—10' eV has been obtained from balloons
(ATIC[L, 2], CREAM[3, 4], TRACER [5]) and satel-
lites (AMSO02 [6, 7] for lower energies, SOKOL [8]).
The CALET experiment [9] is currently being carried
out on board the International Space Stateion. The
DAMPE experiment is also being conducted [10].
However, additional direct measurements at energies
up to 1000 TeV are needed. A large geometrical factor
is required for effective measurements of cosmic-ray
fluxes at high energies.

A new kinematic method for measuring the ener-
gies of protons and nuclei, the Kinematic Lightweight
Energy Meter, KLEM, was recently proposed [11].
This makes it possible to realize spectrometers with
large geometrical factors and low masses. The
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NUCLEON space experiment is intended for direct,
out-of-atmosphere studies of the energy spectra and
chemical composition of cosmic rays from 2 TeV to
more than 500 TeV (up to the “knee”). The highest
measured energy is 900 TeV.

2. CONSTRUCTION OF THE NUCLEON
INSTRUMENT

NUCLEON [11—-16] was developed through a
collaboration of the Skobel’tsyn Institute of Nuclear
Physics of Lomonosov Moscow State University, the
Joint Institute for Nuclear Research in Dubna, and
a number of other Russian scientific and industrial
centers. The instrument is currently on board the
RESURS-P No. 2 satellite. The spacecrait orbit
is sun-synchronous with an inclination of 97.276°
and a mean altitude of 475 km. The spacecraft was
launched on December 26, 2014. The scientific goals
of the experiment and the methods applied determined
the structure of the installation. An overview of the
NUCLEON instrument is presented in Fig. 1. The
new kinematic method realized through KLEM was
used for energy measurements for the first time [11].

NUCLEON includes various systems based on
silicon and scintillator detectors [11] designed for
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Zenith

~550 mm

~850 mm

Fig. 1. (Color online) Simplified schematic of the NUCLEON apparatus. (/) Two pairs of planes for the charge-measurement
system; (2) carbon target; (3) six planes of the KLEM energy-measurement system; (4) three layers of the trigger system; (5)

calorimeter.

measurements of charge and energy. The total mass
of the instrument is about 375 kg. The effective
geometrical coefficient is more than 0.2 m? sr for the
KLEM system and about 0.06 m? sr for the calorime-
ter. The operational area of the installation is 0.25 m?.

The charge-measurement system has a resolution of
0.15—0.20 charge units.

We present the results of measurements obtained
over about three years, during 2015—2017. Table 1
compares the total exposure factor for NUCLEON
with those for other experiments aimed at directly
measuring the spectra of high-energy cosmic rays.
The data obtained by all these detectors can be con-
sidered images of events. An example of an event
is presented in Fig. 2. The reconstructed trajectory
intersects the charge detector (1), the KLEM silicon
microstrip detector systems for measuring energy (3),
and the silicon microstrip detectors in the ionizational
calorimeter (5). The projections obtained can be used
to establish the direction and other characteristics of
a cascade in the installation.

3. THE KLEM METHOD

The KLEM new kinematic method for measuring
energy was proposed in [17—21]. This method can be
applied over a wide range of energies (101 —106 eV)
and has an energy resolution of 70% or better, accord-
ing to the results of mathematical simulation [13, 15,
16, 22].
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The simple kinematic method proposed by Casta-
gnoli et al. [23] has large uncertainties (100—200%).
A combined method was proposed to enhance the
resolution [17—21], taking into account the charac-
teristics of high-energy inelastic hadronic interac-
tions. The method of [23] was based on the assump-
tion that the secondary pions in proton interactions
emerge symmetrically forward and backward in the
center of mass system of the colliding particles. In
this case, due to the Lorentz transformation, the
mean value of the pseudorapidity in the laboratory
frame, n = —Intan(f;/2), where 6; is the angle at
which the secondary particle leaves, is proportional
to the logarithm of the primary energy of the incident
particle. This method has been applied in experiments
where nuclear emulsions and spark chambers were
used as detectors; this did not enable the registration
of secondary gamma-rays formed from the decay of
neutral pions and led to violation of the condition
that the charged particles emerge symmetrically in
the center-of-mass system of the colliding protons
(since the gamma-rays carry an unknown fraction
of the momentum). In addition, in nucleon—nucleus
interactions, the left wing of the pseudorapidity den-
sity function dN/dn is distorted by the contribution
of particles formed in subsequent interactions be-
tween the incident nucleon and nucleons in the target,
which enhances fluctuations of dN/dn in indiviual
events, and thus increases the uncertainty in the
energy. These factors and the difficulties in experi-
mentally registering particles in the back cone were
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Table 1. Experiments on direct measurements of high-energy cosmic-ray spectra

Experiment Range Exposure factor m? sr year
NUCLEON >2 TeV 0.7 (2015—2017)
ATIC (balloon) >50 GeV 0.04
CREAM (balloon) >2.5 TeV 0.35 (3 flights)
TRACER (balloon) >0.5 GeV/n 0.25 (2 flights)
AMS02 <2TV 5 (expected)
DAMPE >100 GeV 1 (expected)
CALET >1 GeV 0.5 (expected)
ISS-CREAM >1 TeV 3 (expected)

the main reason for the very large uncertainties in
the energies yielded by the method of Castagnoli et
al. [23].

Given the difficulties in determining the energy
from the flight angles of secondary particles described
above, a combined method was proposed, based
on measurements of the flight angles of the fastest
charged and neutral particles, also using information
abut the energies of secondary particles. Figure 1
shows that the instrument used for these measure-
ments consists of a target and thin layers of dense
material that play the role of gamma-ray converters.
A layer of coordinate-sensitive detectors capable
of fixing the number and coordinates of charged
particles is placed beneath a converter.

The primary particle interacts in the target, where
secondary gamma-rays and charged particles are
produced. The particles after the converter include
electrons and positrons produced in an electromag-
netic cascade.

Mathematical simulation was used to identify the
optimal estimator relating the spatial distribution of
the charged particles after the converter and the pri-
mary energy of the incident particle. In practice, the
spatial density of the secondary particles is registered
by silicon microstrip detectors. The estimator S used
in the data analysis is defined as

S=)Y IIn’(2H/xy), (1)
k

where x}, is the distance between the shower axis and
strip k, Ij the signal in strip k, and H the distance
between the middle of the graphite target and the
plane of the microstrip detectors. The mathematical
modeling showed that the dependence S(FE) is close
to a power law, and has nearly the same slope for
different types of primary nuclei over a wide range of
energies.

4. MATHEMATICAL SIMULATION

4.1. Simulations of the Energy Measurement
System

Isotropic fluxes of protons and nuclei of he-
lium, carbon, sulfur, and iron were simulated. To
ensure statistical reliability over the entire energy
range (100 GeV—1000 TeV), a uniform distribution
in the logarithm of the primary energy was used,
dN/d(In E) = const. The signals in the scintillators
and silicon detectors were taken to be proportional
to the energy release in the corresponding volume.
Identical algorithms were used to process the simu-
lated and experimental data. The trigger conditions
and determination of the directions of the trajectories
of primary particles were reproduced. The KLEM
method was optimized for selected events, and the
calibration curves calculated.

Simulations were carried out in order to estimate
the practical suitability of the proposed energy-
measurement method using the GEANT 3.21 soft-
ware package [24] supplemented with the QGSJET
generator [25, 26] to describe high-energy hadron—
nucleus and nucleus—nucleus interactions.

4.2. Calibration Curves for Various Cosmic-Ray
Components

The following main assumptions were used when
analyzing the results of the mathematical modeling.
A power-law dependence was assumed for the depen-
dence of the recontructed energy on the estimator S:

Free = aSP. (2)
Further, it was assumed that the distribution func-

tion of the reconstructed energy does not depend on
the primary energy, only the ratio of the reconstructed

ASTRONOMY REPORTS Vol.63 No.1 2019
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Fig. 2. (Color online) Image of an event. A nucleus has initiated a cascade. (/) Two pairs of planes in the charge-measurement
system; (3) six planes of the KLEM energy-measurement system; (5) calorimeter.

and primary energies F'(Er./E). Here, we will intro-
duce the notation k = Fi./E. It is known that the
shape of cosmic-ray spectra are close to power laws:

dN
= AE~0HD), 3
JE (3)
For a given reconstructed energy,
E = Er k. (4)

We introduce the condition (k) = 1 for the power-
law energy spectrum. This leads to the equations

= A, (5)

>k

<k> = Zk"y =1 (6)

We obtain for a simulated event with energy FE;
aS?

ki =
E;

(7)

As a result, we obtain for the parameter a

S (SP/E)

" Sisy/E) @)

7

An ordinary least-squares method was used to
derive the values of b for various components based

ASTRONOMY REPORTS Vol.63 No.1 2019

on the simulated data. The values of a were cal-
culated using the formula obtained above. Use of
the resulting values of @ and b makes it possible to
obtain an unbiased estimate of the energy for a power-
law spectrum. In practice, one can use the more
convenient parameter as:

Eree = a2(S X 10_5)b' (9)

The values of ay and b are presented in Table 2. The
simulation results for protons and carbon nuclei (.S as
a function of F) are presented in Fig. 3.

As was indicated above, in the simulations, the
energy of the primary particles was assigned values
having a uniform energy distribution on a logarithmic
scale. The thin line in Fig. 3 corresponds to a simple
power-law fit to these data. However, we must take
into account the fact that the real energy spectra of

Table 2. Calibration parameters

Component as, GeV b
p 1651 1.36
He 2556 1.27
3514 1.18
S 4163 1.14
Fe 4362 1.12
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Fig. 3. (Color online) Simulation results: S versus E for protons and carbon nuclei. The fit shown by the thick line has been
shifted taking into account the power-law spectrum. The thin line corresponds to a simple fit.
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Fig. 4. Simulation results. Normalized reconstructed energy distributions for protons and carbon nuclei. The thin line
corresponds to a simple fit to the data. The dotted line corresponds to the same fit with event weights corresponding to the
real spectrum. The thick line corresponds to the distribution obtained by fitting with event weights corresponding to the real

spectra.

cosmic rays are close to power laws. Thus, it is nec-
essary to introduce weights for events in accordance
with the expected energy spectra. The thick line in
Fig. 3 corresponds to a power-law fit obtained with
weighting coefficients in accordance with (8).

The normalized distributions for the reconstructed
energy for the simulated events are presented in
Fig. 4. Various approximations were used. The thin
curve corresponds to a simple approximation, as in
Fig. 3. This fit yields overestinated energies in a
power-law spectrum. The dotted curve corresponds
to a fit taking into account the weights of events for
the real spectrum (the thick line in Figs. 3 and 4, fit
parameters from Table 1).

The distribution of the reconstructed energy is
a convolution of the distributions for fixed energies
and the spectral shape. The energy resolution and
registration efficiency depend on the spectral index.

4.3. Deconvolution of the Primary Spectra

The spectrum of the reconstructed energies ob-
tained using the algorithm described above can be
taken to be a first approximation for the true spectrum
of the primary energies. We must reconstruct the
energy spectrum of the primary particles from the
spectrum for Er. computed using the fits presented
above.

ASTRONOMY REPORTS Vol.63 No.l 2019
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Methods for deconvolving spectra were developed
earlier for the analysis of data from the ATIC ex-
periment [27, 28], and adapted for the NUCLEON
experiment. Deconvolution with the regularization
of Tikhonov [28] was applied in the processing of
the NUCLEON data. The relationship between the
spectrum of the reconstructed energies f(Ee.) and
the primary energy spectrum ®(FE) is described by an
integral Fredholm equation of the first kind,

F(Erec) :/A(EreC,E)cb(E)dE. (10)
Here, A(Fc, F) is an instrumental function describ-

ing the distribution of the energy Ei. reconstructed
using the estimator S for each primary energy E.

The experimental spectra are registered in terms
of the number of counts in corresponding bins. The
entire studied energy range is divided into n intervals,
with the bin width being constant on a logarithmic
scale. The integral equation can be rewritten in terms
of a system of linear equations

n
MZ':Z(IZ']'NJ',]':LQ,...,TL (11)

j=1
Here, M; is the number of events in bin ¢ for the
reconstructed energy, a;; an element of the response
matrix, and N; the desired number of events of the
primary spectrum in bin j. This system of linear equa-
tions can be solved via minimization of the function

n 2
n Z aiij _Mz‘

1
F(Ny, .y Np) =Y |7 o

=1

(12)

—I—TZ<

Here, o; is the standard deviation of M; and 7 is
the regularization parameter [28]. The response
matrix was calculated from the simulation results
(Fig. 3), taking into account the power-law depen-
dence Erc(S). The energy-dependent registration
efficiency for various nuclei and the exposure time
were also taken into account.

—2N; + N;
g+t +Ni- 1) — min.
gj

The deconvolution of the energy spectra of the
protons and helium nuclei leads to stable results.
However, the statistics for nuclei with Z > 6 are in-
sufficient to enable deconvolution of the spectra for
each component. The differential-shift method was
applied for these components, likewise developed for
the ATIC experiment [27]. The primary energy for

ASTRONOMY REPORTS Vol.63 No.1 2019

each bin was reconstructed in accordance with the
expression

By = (13)

Zl aij E; K (Ej)
Z K(Ej)

Here, K (Ej;) is the initial power-law fit for the primary
energy spectrum. We applied a direct deconvolution
for the reconstruction of the proton and helium spec-
tra. The spectra of other nuclei were reconstructed
using the differential-shift method.

Accelerator tests of prototypes of the NUCLEON
apparatus were carried out at the SPS accelerator
at CERN [11, 13—15]. The results of ground ex-
periments confirmed the applicability of the KLEM
method.

5. RESULTS OF THE SPACE EXPERIMENT
5.1. Charge Measurements

The reduction of the data obtained from the space-
craft experiment includes several steps. In the first
step, the particle trajectory is analyzed. For each layer
of silidon microstrip detectors, the spatial position of
the ionization maximum is located. It is assumed
that these maxima correspond to the coordinates of
the track at the level of the microstrip detector. An
ordinary least-squares fit is used to reconstruct the
axis from these points. Events outside the operational
aperture of the installation were rejected.

The point where a particle passed through was
determined from the charge measurements for each
layer of silicon pad detectors. The coordinates of the
pads around this point through which the primary
particle could have passed were identified (taking into
account the possible uncertainties). The signals from
these pads were compared, and the pad with the
highest amplitude was identified for each layer.

Calibration relations are needed to translate from
registration of a signal amplitude in a measurement
channel to determination of a charge. Results of tests
of the apparatus using an ion beam were used in the
first stage [14]. Possible drifts in the characteristics
during flight were traced using on-board calibrations
for each channel.

The initial calibrations were applied to construct
first-level charge distributions with uncertainties of
about 0.3—0.5 charge units. Further analysis showed
that the main reason for these high uncertainties was
the scatter of the characteristics of the various detec-
tors in the charge-measurement system.

After accumulation of fairly good statistics (a half
year of data), the charge distributions were con-
structed separately for each of the 256 detectors in the
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Interval, GeV p He C

1x10°—1.6 x 10> 5632 10653 4317
1.6 x 10°—2.5 x 10> 3186 6106 2499
2.5 x 103—4.0 x 103 1647 3455 1337
4.0 x 103-6.3 x 103 904 1879 718
6.3 x 10°—1 x 10* 471 1057 383

1 x 10*—1.6 x 10* 219 505 180
1.6 x 10*—2.5 x 104 115 259 95
2.5 x 10*—4.0 x 10* 42 139 42
4.0 x 10*—6.3 x 10* 22 48 25
6.3 x 10*—1 x 105 9 32 10

1 x 10°—1.6 x 10° 3 10 6
1.6 x 10°—2.5 x 10° 0 3 1
2.5 x 10°—4.0 x 10° 1 0 0
4.0 x 10°—6.3 x 10° 0 0 0
6.3 x 10°—1 x 106 0 | 0

charge-measurement system. Reference peaks from
the most abundant nuclei, such as protons, helium,
carbon, oxygen, and iron (Z =1,2,6,8,26) were
distinguished for each such distribution. Additional
calibrations for each of the detectors were based on
these peak values. Charge distributions with high
resolution (0.15—0.20 for various nuclei, see Fig. 5)
were obtained in this way. The modest shift of the

N2

40000

30000

20000

10000 |-

0 5 10 15 20 25 30
Z

Fig. 5. Charge distribution in the NUCLEON experi-
ment.

O Ne Mg Si Fe All nuclei
8180 1958 3183 3017 4112 49009
4781 1118 1981 2303 3490 30953
2354 518 934 1158 2578 17 324
1139 271 448 518 1452 8867

655 155 226 262 881 4739

337 67 101 142 299 2196

156 41 60 61 177 1115

66 23 18 39 61 515
37 3 16 17 40 247
12 5 | 8 18 111
9 3 2 3 4 46
2 | | 0 | 11
0 | 0 0 0 3
0 0 0 0 0 |
0 0 0 0 0 |

charge peaks for Z > 14 is due to non-linearity of the
electronics. This effect was also taken into account.

5.2. Reconstruction of the Energy Spectra

Both the energy dependence of the estimator S and
the dependence of the registration efficiencies of the
various components were taken into account when

(dN/dE)E*®
104 ¢

Artificial spectra

m Protons
¢ lron

102

i i
E, GeV

“ii

Fig. 6. Modeled (lines) and reconstructed (points) energy
spectra.
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Fig. 7. (Color online) Proton spectrum.
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Fig. 8. (Color online) Spectrum of helium nuclei.

reconstructing the spectra. The differential spectrum
of a particular cosmic-ray component is calculated as

dN 1 AN (14)
dinE  TwW Aln(E)AT’

In this formula, T' is the geometrical factor of
the instrument, w the fraction of live time, W the
registration efficiency, AN the number of registered
events in a bin, A(In E) the bin width on a loga-
rithmic scale, and AT the total exposure time. The
parameters I and W were determined using Monte

ASTRONOMY REPORTS Vol.63 No.1 2019

Carlo simulations. The function E(S) is non-linear.
In the differential-shift method, the energy is first
calculated using formula (9), then corrected using
(13). Examples of artificial spectra run through the
simulations and reconstructed using the method de-
scribed above are presented in Fig. 6. Both a simple
power-law spectrum and a spectrum with a break
could be reconstructed.

In all, about 115000 events with energies above
1 TeV were registered during the NUCLEON experi-
iment in 2015—2017. The number of events in each
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Fig. 10. (Color online) Spectrum of oxygen nuclei.

bin (AN) for the main abundant nuclei and the total
flux of all nuclei are presented in Table 3. Note that,
since different energy thresholds exist for different
components, some of the bins were not used when
constructing the spectra presented below.

When using the deconvolution, the deconvolution
matrix [see (11)] was determined from the results
of the mathematical modeling. The reconstructed
particle energy was determined as a simple power-law

function of the estimator S (9), and the parameters
were adopted in accordance with Table 2.

A direct deconvolution was applied when recon-
structing the spectra of protons and helium based on
the modeling results. The spectra of other nuclei were
reconstructed using the differential-shift method (see
above).

Possible systematic errors could have various ori-
gins. Electron noise in the silicon detectors could lead

ASTRONOMY REPORTS Vol.63 No.1 2019
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Fig. 11. (Color online) Spectrum of neon nuclei.
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Fig. 12. (Color online) Spectrum of magnesium nuclei.

to systematic uncertainty in the energy resolution. To
reduce this effect, channels with low signals (ampli-
tudes lower than 0.5 mip) were rejected. The results
of the mathematical modeling and the accelerator
experiments were compared. The model and exper-
imental reconstructed energy distributions were very
close. The difference in the mean reconstructed en-
ergies was about 4.6% [15]. This is appreciably lower
than physical fluctuations. Additional verification of

ASTRONOMY REPORTS Vol.63 No.1 2019

the KLEM method can be carried out by comparing
the reconstructed spectra with spectra obtained using
traditional ionization calorimeters [2, 9, 29, 30].

The reduction of the data obtained during the in-
orbit experiment were used to reconstruct the en-
ergy spectra of various cosmic-ray components. The
energy spectrum for all the particles was also re-
constructed [29, 30]. Figures 7—14 present spectra
for abundant components (protons, helium, carbon,
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Fig. 13. (Color online) Spectrum of silicon nuclei.
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Fig. 14. (Color online) Spectrum of iron nuclei.

oxygen, neon, magnesium, silicon, iron). Spectra were lower for the KLEM method than for the IC.
obtained using the KLEM method and an ionization =~ The spectra measured in the NUCLEON experiment
calorimeter (IC) are shown [29, 30]. The geometri- have been compared with the results of other exper-
cal factor for the calorimeter is substantially smaller ~iments (ATIC [1, 2], CREAM [3, 4], TRACER [5],
than the geometrical factor for the KLEM detec- AMSO02 [6, 7], SOKOL [8]). The spectrum of all the
tor. Only about one-fourth of the events detected particles is presented in Fig. 15 and compared with
by the KLEM detector were also registered by the various direct measurements and the high-altitude
calorimeter. Therefore, the statistical uncertainties ARGO-YBJ experiment [33].

ASTRONOMY REPORTS Vol.63 No.1 2019



ENERGY SPECTRA OF COSMIC-RAY PROTONS AND NUCLEI 77

Flux E2 (m? s st GeV!) (GeV)2©
10°

All nuclei

4l
10 C ® NUCLEON (KLEM)
® NUCLEON (IC)

a ATIC

o SOKOL

® ARGO

4+ TAIGA

¢ HAWC

4 PROTON

10°

010

E, GeV

S

Fig. 15. (Color online) Spectrum of all particles.

6. CONCLUSION

The new KLEM method for energy measurements
was tested during the NUCLEON experiment. The
energy spectra obtained using different methods are
in good agreement with each other. This confirms the
good performance of the new KLEM method over a
wide range of energies. A comparison of the energy
spectra obtained using NUCLEON with the results
of other experiments shows good agreement in energy
ranges studied earlier. At the same time, the data
for abundant nuclei from the NUCLEON experiment
extend to energies above 100 TeV per particle, where
no other experiments have been conducted or only
poor statistics are available.

Some features are observed in some spectra of
abundant nuclei (C, O, Ne, Mg) at energies of 10—
100 TeV per particle (Figs. 9—13). The spectra of
protons and helium nuclei have a break at a hardness
of about 10 TV. These features of the spectra may be
due to the presence of multiple local sources of cosmic
rays [32] or of different types of sources [33].

The spectra of all particles obtained using broad
atmospheric showers and direct measurements have
been compared for the first time.
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