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Abstract—Although a large number of experiments were carried out during the last few decades, the uncer-
tainty in the spectrum of all nuclei of primary cosmic rays (PCRs) with superhigh energies is still high, and the
results of many experiments on nuclear composition of PCRs are contradictory. An overview of the SPHERE
experiment on detecting Vavilov—Cherenkov radiation from extensive air shower (EAS) reflected from a ground
snow surface is given. A number of experimental studies implementing this method are presented and their
results are analyzed. Some other popular methods of studying PCRs with superhigh energies (£, > 103 eV) and
their main advantages and drawbacks are briefly considered. The detecting equipment of the SPHERE-2
experiment and the technique of its calibration are considered. The optical properties of snow, which are
important for experiments on reflected Cherenkov light (CL) from EAS, are discussed and the history of
observing reflected EAS CL is described. The algorithm of simulating the detector response and calculating
the fiducial acceptance of shower detection is described. The procedure of processing the experimental data
with a subsequent reconstruction of the spectrum of all PCR nuclei and analysis of the mass composition is
shown. The first results of reconstructing the spectrum and separating groups of cosmic-ray nuclei with high
energies in the SPHERE-2 experiment are presented. Main sources of systematic errors are considered. The
prospects of developing the technique of observation of reflected EAS CL in future experiments are discussed.
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INTRODUCTION

Cosmic rays (CRs)—particles accelerating in
active objects of various natures and filling the Galaxy
and extragalactic space—may be an important factor of
space-system dynamics [1]. Remote methods of study-
ing CRs in order to obtain information about CRs far
from the Earth are still important. For example, obser-
vations of molecular clouds by the FERMI-LAT v tele-
scope [2] can be used to reconstruct the shape of pri-
mary cosmic rays (PCRs) spectrum beyond the Solar
System [3, 4]. Nevertheless, the main source of infor-
mation about PCRs is their near-Earth detection.

The PCR energy spectrum extends in energy for no
less than 12 orders of magnitude (from 10° to 102! eV)
and sharply decays with the increase in energy. PCR
particles with energies up to 10! eV can be detected by
direct methods using detectors mounted on space-
crafts and high-altitude balloons [5, 6]. The intensity
of particles with superhigh energies (above 10" eV) is
so low that all investigations on PCRs with such ener-
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gies are currently carried out by indirect methods
according to the characteristics of extensive atmo-
spheric showers (EAS) (cascades of secondary parti-
cles generated by PCR particles in the Earth atmo-
sphere). There are strong fluctuations of the EAS
parameters, which are mainly determined by the
development of hadronic cascade generating all other
EAS components. Therefore, the results of analyzing
the experimental data depend on the properties of
nucleus—nucleus interactions at superhigh energies
remaining unknown so far.

Detectors of PCRs with superhigh energies detect
various EAS components: electron—photon, muon,
hadron, fluorescent radiation, Vavilov—Cherenkov
radiation, etc. In this paper, we present an overview of
a relatively new technique of studying PCRs: detec-
tion of optical Vavilov—Cherenkov radiation, which is
more often referred to as Cherenkov light from EAS
(EAS CL), reflected from a snow surface. This
approach has several advantages:

(i) A large EAS CL detection area can be provided
using a compact device.

(ii) Fields of view of individual sensing elements of
the device cover a significant part of the area of obser-
vation surface, which makes it possible to observe EAS
CL directly in the paraxial shower region, which is
generally inaccessible for ground-based detectors.

(iii) A possibility of changing the detector altitude
allows one to analyze the same fragments of the PCR
spectrum with different resolutions (distances
between the centers of fields of view of neighboring
sensing elements) to control the values of systematic
effects.

When implementing the method of detecting
reflected EAS CL, the properties of snow surface are
of great importance. The results of studying the optical
properties of snow were published repeatedly by sev-
eral research groups [7—9].

The simulation results reported in [8] show that the
relative reflection coefficient for pure snow is stable
(within 3%) for zenith angles of a light source from 0°
to 80° in the wavelength range of 300—600 nm. It can
be concluded based on the reported results and the
known CL spectral characteristic [10] that a snow sur-
face reflects CL with small spectral distortions at
zenith angles up to 80° and can be used as a screen
when detecting EAS CL.

In comparison with ground-based Cherenkov sys-
tems detecting direct CL from showers, a snow surface
makes it possible to exclude the influence of light
reflection from the glass of photomultipliers. To mea-
sure light flux, many modern devices are equipped
with the so-called “cosine head” [11] made of a semi-
transparent opaque material. This head scatters the
incident photon flux, thus making it possible to
exclude the influence of the dependence of the coeffi-
cient of reflection from the surface of device optical
elements on the angle of radiation incidence [11, 12].
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When detecting EAS CL reflected from the snow sur-
face, snow serves as a “cosine head”. Therefore, this
detection method allows one to measure the CL den-
sity with a high accuracy.

Peculiar features of detecting various EAS compo-
nents, ranges of application of the corresponding
experimental methods, and their typical advantages
and drawbacks are briefly considered in Section 1. The
history of development of the method of observing
reflected EAS CL is described in Sections 2 and 3.
Currently, the most reliable results obtained by the
method of detecting reflected EAS CL are provided by
the SPHERE-2 setup. The setup equipment, detector
calibration methods, and observation results obtained
by the SPHERE-2 setup are considered in Section 4.
Simulation of the detector response and algorithms of
data analysis are described in Section 5; the results
obtained are given in Section 6. Finally, possibilities of
further development of the method of observing
reflected EAS CL are discussed in Section 7.

1. METHOD OF STUDYING
SUPERHIGH ENERGY COSMIC RAYS

The EAS components can be divided into two large
groups: cascade particles (hadrons, muons, electrons,
and gamma quanta) and radiations accompanying the
cascade development (Cherenkov light, fluorescent
light (FL), radio emission, microwave radiation, and
acoustic effects). Large modern detectors as Pierre
Auger Observatory (Auger) [13], Telescope Array (TA)
[14], Yakutsk EAS Array (Yakutskaya Ustanovka)
[15, 16] are hybrid (i.e., they detect various EAS com-
ponents).

1. 1. Methods Based on Detecting EAS Particles

Observation of EAS charged components is one of
the oldest and most elaborated methods of studying
PCR spectra. A kink in the PCR spectrum at energy of
~3 x 10" eV (the so-called “knee”) was found in spe-
cifically the distribution over the number of charged
particles in a shower [17]. The vast majority of high
energy EAS charged particles are electrons and
positrons. EAS electrons can be detected using various
experimental methods. To this end, Geiger—Mueller
counters were initially applied (for example, in the
ShAL MGU system) [17]. Currently, scintillation
detectors (KASCADE-Grande [18], AGASA [19],
and TA [20]) are most popular. In the Auger experi-
ment, the EAS charged component is detected by
1600 water tanks (the area of each tank is 12 m?) [21].

Detection of the EAS charged component is inde-
pendent of the atmosphere transparency and the level
of background illumination and provides almost con-
tinuous system operation, which is a great advantage
for studying the shape of the spectrum and anisotropy
of PCRs [22]. The shape of spatial distribution func-
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tion (SDF) of shower electrons can, in principle, be
used for analyzing the PCR nuclear composition [23].

At the same time, EAS development depends on
the atmosphere density profile, and only the particles
that reached the Earth surface can be observed. The
shape of SDF of shower electrons can generally be
determined with only a large error, which reduces the
sensitivity of this value to the PCR nuclear composi-
tion. Therefore, to analyze the PCR nuclear composi-
tion, a combination of two parameters is generally
used: measured numbers of electrons (/N,) and muons
(N,) in shower (or the corresponding “reduced” val-
ues in a circle or ring centered at the shower axis) [24].
The number N, of muons in shower is small in com-
parison with ]\i and, therefore, difficult to measure
accurately. In addition, the calculated N, value
depends especially strongly on the model of nucleus—
nucleus interaction at superhigh energies [25], which
significantly hinders the analysis of the PCR nuclear
composition by the above method. In turn, the N,
value, which is often used as a measure of primary-
particle energy, also depends on the PCR composi-
tion, thus leading to an additional systematic error of
the measured spectrum for all nuclei.

1.2. Methods Based on Detecting EAS Radiations

Since each shower electron having a sufficiently
high energy (above 22 MeV at sea level) generates
many Cherenkov photons, the total EAS CL flux is
approximately proportional to the energy of primary
particle that formed EAS. However, the total CL flux
cannot be directly measured by ground-based systems:
only the Cherenkov photon flux density in setup
detectors, which are generally spaced by rather large
distances (tens or hundreds of meters), is measured.
Using the calculated SDFs, one can estimate the total
EAS CL flux and the primary-particle energy.

Nevertheless, the shape of the SDF of EAS CL can
be reconstructed with a smaller error as compared to
the shape of the SDF of shower electrons, which sim-
plifies the analysis of the PCR composition by Cher-
enkov methods. Thus, there is a fundamental possibil-
ity to weaken the dependence of the measured spec-
trum of all nuclei on the PCR composition, provided
that the information about the shape of the SDF of
EAS CL is taken into account. This possibility was
successively implemented for the first time in studies
of the SPHERE collaboration (see Section 5 for more
details).

EAS charged particles pass through the atmosphere
to excite nitrogen molecules. Removing this excita-
tion, nitrogen molecules isotropically emit FL
detected in modern setups (Auger [13], TA [14], and
HiRes [26]) using telescopes. Since electrons are the
main EAS charged component near the shower maxi-
mum and their spatial arrangement is so that a half of
all electrons are spaced by no more than 140 m from
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the shower axis, the shower image at the telescope
photomultiplier matrix appears as a line of variable
brightness (i.e., the shower cascade curve is recorded).
The primary-particle energy and type are recon-
structed (based on the data of fluorescent telescopes)
using the cascade-curve shape and the depth X,,,, of
cascade maximum.

The method of the depth of maximum is also most
popular for studying the PCR nuclear composition
using the Cherenkov technique (see [25]). The param-
eter X,,,, is not measured directly in Cherenkov exper-
iments; however, it can be estimated proceeding from
the statistical dependences of the SDF slope of EAS
CL (ratio of the integrals of the total number of Cher-
enkov photons in rings with different radii) or the EAS
CL pulse waveform at some distance from the shower
axis on the depth of cascade maximum.

Unfortunately, EAS CL and FL can be observed at
only clear moonless nights, which represent no more
than 5—10% of all time; this is the main drawback of
optical methods of detecting EAS. In contrast to CL,
EAS FL has no directionality, and its yield is lower as
compared with CL; therefore, the fluorescent-detec-
tor threshold is generally no less than 3 x 10'7 eV.

Currently, the method of observing and analyzing
EAS radio signal is very intensely developed [27]. At
the same time, the sensitivity of radio signal to the
PCR nuclear composition has been convincingly con-
firmed only recently [28]. In addition, it should be
noted that the threshold of reliable observation of EAS
radio signal is fairly high (for example, characteristics
of events with energies above 5 x 10'° eV were consid-
ered in [27]); therefore, the radio method, being rela-
tively inexpensive, is most promising for extremely
high energies. Studies on detecting microwave [29, 30]
and acoustic EAS radiations [31] are at even earlier
stage of development.

1.3. Some General Remarks on Observations Results

To date, there are several tens of measurements of
the spectrum and investigations of the PCR nuclear
composition for different EAS components carried
out in the region of superhigh energies. The results of
relatively recent experiments on the spectrum of all
nuclei were given in [15, 16, 18, 32, 33]. Although the
spectra of all nuclei obtained for the last two years by
large setups are in good agreement with each other
[34], the difference in the results of some other exper-
iments has a large magnitude and often exceeds the
range of specified uncertainties. For example, the
spectrum obtained in the GAMMA experiment [35]
has a statistically significant (more than 4c) sharp
peak at energy of 8 x 10'¢ eV, which is absent in the
data obtained by other experiments (Akeno [36],
Tibet-111 [37], and KASCADE-Grande [18, 38]).
This peak is observed in the spectrum obtained in the
Tunka-133 experiment during the 2009—2010 season
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[39] but is absent in the spectrum obtained during the
2010—2011 season [40].

Concerning the PCR nuclear composition, most
experiments provide only estimates of the mean loga-
rithm of the mass number (InA4) without separation of
nuclei into groups [24, 26, 41—44]; the spread of the
measured (InA) values is rather large [25]. Recent
results obtained in the KASCADE-Grande experi-
ment [45], where the spectra of “light” (mainly p and
He) and “heavy” (CNO, Si, and Fe nuclear groups)
components were separately recorded, are unexpected
because the transition to extragalactic sources was
found to be smooth. Even at energy of 108 eV the frac-
tion of heavy nuclei is large, which is in poor agree-
ment with the results of HiRes [46], TA [14], and
Auger [13]. In any case, the presence of a significant
(more than 50%) light-component fraction in the
PCR composition at energy above 10'® eV (which does
not contradict results of the latest experiments) causes
serious difficulties in one of the most popular models
of the transition from galactic sources to an extraga-
lactic, “ankle” model [47], because PCR anisotropy is
too high in some galactic models [48] and contradicts
the results of Auger [22, 49].

These considerations demonstrate that the investi-
gations of the spectrum and composition of superhigh
energy cosmic rays by different methods should be
continued. Similar considerations were reported ear-
lier [S0—56]. It can be seen that the experimental situ-
ation has only slightly changed since 2008. In the last
three studies, a new technique of investigating the
PCR composition based on the spatial—angular distri-
bution (SAD) of EAS CL, which can radically
improve the separability of PCR nuclear groups, was
developed. Until this technique is implemented, the
shape of the SDF of EAS CL remains one of the best
indicators of the PCR mass composition.

2. HISTORY OF DEVELOPMENT
OF THE METHOD

The method of detecting CL (reflected form a snow
surface) from EAS generated by superhigh energy cos-
mic rays was first proposed by Chudakov [57]. It was
proposed to mount two photomultipliers and two
electro-optical converters (EOCs) with identical
opening angles of +45° on a plane board. All four
devices should observe the snow-covered ground sur-
face from an altitude of about 10 km. A simultaneous
response of amplitude discriminators of the two pho-
tomultipliers was assumed to be the condition for trig-
gering shutters of cameras mounted on EOCs. A sub-
sequent processing of images of EAS Vavilov—Cher-
enkov radiation spots in photographs should provide
the information about the energy and arrival direction
of a primary space particle.
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Fig. 1. Schematic view of the experiment carried out by Navarra in the Alps at an altitude of 3500 m. The figure is taken from the

original paper published in 1981 [58].

2. 1. The First Measurements

The first attempt to carry out measurements by this
technique was made by Navarra et al. [58] in the late
1970s—early 1980s in Italy. The measurements were
performed using four parabolic mirrors 0.6 m? in area
with either one or seven photomultipliers (connected in
parallel) in the focus of each mirror (Fig. 1). The exper-
iment was carried out in mountains at an altitude of
3500 m above sea level. Detectors with opening angles
of 3° were placed at a distance of 1000 m from the gla-
cier and observed a region 27.5 m in radius. Various
configurations of the setup were investigated. The result
of the study was the integral spectrum, in which the
intensity of events corresponded to the expected one.
Further studies using this technique did not follow.

2.2. Development of the Method

At the same time, Antonov et al. [59—61] proposed
the use of a Schmidt optical system composed of a
spherical mirror with a photomultiplier placed in the
focus and a correcting diaphragm. An advantage of
this system is a large (up to 1 sr) opening angle at a high
illuminance, which makes it possible to observe a large

EAS

160 m

K T

1000 m

Fig. 2. Geometry of the experiment with the prototype of
the SPHERE setup at the Big Almaty Lake.
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area. When the number of photomultipliers in the mir-
ror focus is sufficiently large, the images of light spots
can be analyzed without EOCs. In addition, it was
proposed in these works to use a balloon for lifting the
system above a snow-covered surface. This technique
is implemented in the SPHERE experiment.

It is planned to carry out the SPHERE experiment
in three stages. In the first stage, where the device is
lifted to an altitude up to 1000 m by a captive balloon,
the measurement technique is worked through; the
possibility of reducing the energy threshold, the nature
of background events, and the spatial and temporal
characteristics of detected showers are studied; and
the energy spectrum is measured at energies above
10 eV. In the second stage, the energy spectrum is
investigated at energies up to 10! eV and the device is
lifted to an altitude up to 3 km. In the third stage, it is
planned to study the energy spectrum at energies up to
10%° eV during a long-term balloon flight above Ant-
arctica in winter at an altitude of 30—40 km.

While we are writing this review, the first stage of
carrying out the experiment is at its end.

3. INITIAL STAGES
OF THE SPHERE EXPERIMENT

3.1. Prototype of the SPHERFE Setup

In the early 1990s, the first measurements of the
PCR energy spectrum using a prototype of the
SPHERE setup were carried out in the Tien Shan
Mountains. Being mounted on a mountain slope, the
setup observed the snow-covered ice on the surface of
the Big Almaty Lake (Fig. 2).

3.1.1. Prototype design. The optical equipment of
the system included a spherical mirror 1.2 m in diam-
eter with the radius of curvature of 0.75 m, a dia-
phragm with the window diameter of 0.8 m, and a
mosaic array of 19 photomultipliers (FEU-110) [62]
located in the mirror focus.

Electronics of the system included 20 independent

detection channels (one of them is reserve) digitizing
the anode current of photomultipliers. The detection
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Fig. 3. Differential energy spectrum based on data of the
prototype of the SPHERE setup (1996). (1) MGU [63],
(2) Akeno [36, 64], (3) Tien Shan [65], (4) Tien Shan [65],
(5) Samarkand [66], (6) Yakutsk85 [67], (7) Yakutsk91
[67], (8 Yakutsk [68], (9) Haverah Park [69], (10) Fly’s
Eye [70, 71], and (17) SPHERE [72].

process was triggered by a master board when one of
the following conditions is valid: amplitude of a pho-
tomultiplier anode pulse exceeds some threshold level
in any photomultiplier (Master M 1) or amplitudes in
two neighboring photomultipliers, one of which is in
the central horizontal row, exceed a specified level
(Master M2). This condition was due to the fact that
only photomultipliers in the central row were oriented
directly to the lake. After the end of digitization, the
information was transferred to a control computer
through a cable and stored.

Direct current of a FEU-110 photomultiplier is
proportional to the average illuminance of photocath-
odes by a stellar sky background. The constant com-
ponent of photomultiplier anode currents was period-
ically measured during the experiment, which made it
possible to monitor atmosphere transparency during
the measurements.

3.1.2. Results of the prototype operation. The result
of the measurements carried out using the prototype of
the SPHERE setup is the PCR energy spectrum
(Fig. 3) obtained for the first time by the method of
detecting CL reflected from a ground snow surface. A
complex geometry of the experiment shown in Fig. 4
led to an increase of the threshold region for the
recorded spectrum. Nevertheless, two spectral points
are in good agreement with the results of other exper-
iments [73] at energies of about 107 eV.

The experimental results confirmed that this
method can be used to measure the energy spectrum
and laid a foundation for its further development.

3.2. SPHERE- I Setup
In the late 1990s, the SPHERE-1 balloon setup
was designed. The electronic equipment was supple-
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Fig. 4. Contour of the lake with indicated areas observed by
several central photomultipliers in the array.

mented with an instrument for measuring the photo-
multiplier pulse widths and an on-board computer.
The power consumption was reduced to 30 W, which
made it possible to supply the equipment by accumu-
lators and lift it by a captive balloon to an altitude up
to 1000 m.

3.2.1. Design of the SPHERE-1 setup. Figure 5
shows the optical equipment of the system consisting
of a spherical mirror 1.2 m in diameter with an array of
19 photomultipliers (FEU-110) in the focal plane and
a correcting diaphragm 0.8 m in diameter. Being lifted
to an altitude of 1 km, each photomultiplier observed
an area about 200 m in diameter.

TisTi)”

Array of FEU-110

Diaphragm

Fig. 5. Schematic layout of the optical system of the
SPHERE-1 setup.
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Fig. 6. Differential spectra based on the experimental and
laboratory data with an equivalent background-light level.

The system worked in one of two measurement
modes. In the Master M2 mode, the trigger condition
was simultaneous exceeding of a discriminator thresh-
old by pulse height in any two photomultipliers of the
array; in the Master M1 mode, exceeding a threshold
in any photomultiplier was sufficient. When the trigger
condition is satisfied, the anode-pulse charge, as well
as the instants of pulse beginning and end, were
recorded in each photomultiplier for 2.0 us with a step
of 30 ns.

The operation of electronics was automatically
controlled by the on-board computer. A high voltage
power supply for photomultipliers and discriminator
thresholds were set by the computer software proceed-
ing from current and maximum allowable photomulti-
plier currents. Photomultiplier currents, supply volt-
age from accumulators, and temperature in the con-
tainer with electronics were constantly monitored.
The stability of photomultiplier amplification was
controlled as follows: light pulses with different inten-
sities from a LED were periodically fed to each photo-
multiplier through optical fibers. Data were recorded
on the on-board computer hard drive.

The system was lifted several times using an AZ-55
balloon at the Lyagoshi military ground spaced by
30 km from Vol’sk town (Saratov region) in 1997—
2000. The energy spectrum in the energy range of
10'*—10'7 eV was measured for the first time during the
observation sessions in 1997 and 1998 [74]. UFS-1 UV
filters 6 mm thick [75] were used in these measure-
ments to suppress the stellar light background. How-
ever, the experimental data were noisy because of
background events caused by detection of flashes from
particles passed through filters and photomultiplier
glass of the detector. The measurements in 2000 were
performed without filters, and the number of back-
ground events decreased, thus increasing the fraction
of events recorded from EAS.

Several next years were devoted to preparation for
launches of the SPHERE-1 setup by a balloon in Ant-
arctica during the polar night. It was assumed that the
exposure time of the system would be several hundreds
of hours. The system was brought to the Novolaza-
revskaya Russian Antarctic station to measure the stel-
lar background near the station. Unfortunately, in
2004, when the balloon was released, the rope holding
the system broke, and the SPHERE-1 setup was lost.

3.2.2. Results of the SPHERE-1 setup operation. In
2000, about 400 events caused by EAS CL were
detected during ten-hour flight of the SPHERE-1 setup
on a captive balloon at an altitude of 900 m. The pro-
cessing of the experimental data allowed one to obtain
for the first time images of EAS CL flashes on a snow
“screen”. The results obtained were used to construct
the PCR spectrum in the range of 10'°—10'7 eV [76].

The measurement time interval was 457 minutes
(164 minutes in the Master M1 mode and 293 minutes
in the Master M2 mode). The system detected 228 327
and 102239 trigger responses, respectively. The over-
whelming majority of events were due to fluctuations
of the stellar-sky light background; their value was
about 100 photoelectrons per detector for 2 ps. An
analysis of the obtained data showed that events
caused by both stellar sky and technogenic reasons
barely contain pulses wider than 30 ns, which makes it
possible to effectively filter out these events. Points in
Fig. 6 show the spectrum of pulses selected according
to the criterion of pulse duration. Squares indicate the
laboratory spectrum with the light background equal
to that in the experiment. The sums of photoelectrons
detected by three photomultipliers with the largest
amplitudes are plotted on the abscissa axis. When
passing from this spectrum to the energy spectrum of
cosmic particles, the simulation results were taken
into account [74, 77].

The obtained PCR energy spectrum is compared
with the data of the Tunka-25 experiment in Fig. 7
[78]. These results are consistent within statistical
errors. The spectrum exponent isy = —3.09 = 0.11.

The possibility of reconstructing shower parame-
ters, which include the coordinates and angle of incli-
nation of the axis, as well as the shape of the SDF of
CL, was analyzed based on the shape of light-spot
image on the photomultiplier array (Fig. 8).

Only 19 of 44 events with energy above 3 x 10'¢ eV,
the axes of which fell in the central part of the field of
view of the system, were selected. The position of the
shower axis in an event was found according to the
“centroid” of the image observed. The arrival direc-
tion and the shape of the SDF of CL were determined
by the method of %2> minimization. CL SDF was taken
in the form:

R —4.3
o) = (14 8], ()
R
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Fig. 7. PCR energy spectrum according to the data
obtained by the SPHERE-1 setup in 2001.

where R, is the shower parameter and R is the distance
from the shower axis. An accuracy of the recon-
structed parameters was estimated based on the pro-
cessing of a sample of simulated events. For events
with energy of about 3 x 10!¢ eV, sets (each containing
50 events) with zenith angles 6 = 8°, 25°, 40°, and 60°
were simulated. The R, value was assumed to be 200 m.
The results of the processing are shown in Table 1.

For events detected in the experiment, the mean
values of zenith angle and R, were 37° and 325 m,
respectively. The shape of average CL SDF measured
in Yakutsk for EAS with zenith angles ranging from 0°
to 30° [79] is described by expression (1) with the
parameter R, of about 200 m, which gradually
increases with an increase in the EAS zenith angle.

Thus, the experimental data on the PCR energy
spectrum and parameters of individual EASs obtained
by the SPHERE-1 setup are in agreement with the
known data in this field.

4. EXPERIMENTS ON THE SPHERE-2 SETUP

A further progress in developing this method is due
to an upgrade of the system and regular lifting of the
system in more favorable climatic regions.

4.1. Geometry of the Experiment

The SPHERE-2 setup was designed to be lifted to
an altitude up to 1 km by a captive balloon at nighttime
(Fig. 9). The system operates like a video camera and
records the dynamics of light spots formed by EAS CL
on a snow-covered ground surface.

The balloon was released from an equipped ground
on the Lake Baikal ice (Fig. 10). The optical properties
of snow were studied at the place where the measure-
ments were carried out. Figure 11 shows the depen-
dence of the relative reflection coefficient on the angle
between the optical axes of light source and luxmeter.
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Fig. 8. Example of two detected events. The charge ampli-
tude for 2 ps is in photoelectrons and times are in code
units for 30 ns. A typical diameter of the ground surface
area observed by one detector is 200 m.

Fig. 9. Schematic view of the experiment with the
SPHERE-2 setup.

A collimated LED beam formed (being vertically ori-
ented) a spot of ~30 or ~50 cm in diameter on the
snow surface. The luxmeter was fixed above the
observed surface at a height of 1 m. The luxmeter opti-
cal axis was oriented perpendicular to the snow sur-
face. The scheme of measuring reflected EAS CL for
the SPHERE-1 and SPHERE-2 setups was simulated
in this experiment. Multiple measurements of the
absolute reflection coefficient of solar light scattered
from snow yielded values from 0.82 to 0.85.

Table 1. Estimated accuracy of reconstructing EAS param-
eters

Inclination of axis [deg] 8 35 60
c(0) [deg] 7 7 6
o(Ry) [m] 10 30 40
S (xg, Yo) [m] 5 7 10
o(Ey) [%] 10 10 10
1 2015
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Fig. 10. Test release of the balloon with an equivalent load for controlling its angle of attack. The launch ground is equipped with
(1) power supply cable (1 km) and reserve generator; (2) hoist; (3) container with the SPHERE-2 setup; (4) 250-m~ BAPA bal-
loon; () Internet-access antenna; (6) control center; and (7) load unit.

4.2. Design of the SPHERE-2 Setup

Proceeding from the experience of the SPHERE-1
setup operation, it was decided to increase the aper-
ture ratio and the spatial and temporal resolutions of
the new SPHERE-2 setup in comparison with proto-
types. An increase in the number of photomultipliers
in the light-detector array and recording of the pulse
waveform in each channel makes it possible to reduce
the energy threshold, increase the accuracy of deter-
mining the shower arrival direction, and analyze
SDF of EAS CL in a wide range of distances from the
axis.

Relative reflection coefficient

Lir o 30-cm spot
1.0F %___ + 50-cm spot
'h%‘m. %M
0.9+ *%\ %
~.,

0.8 .
0.7

N
0.6 | 1 | I}

0 20 40 60 80 100

Deviation from the vertical line, deg

Fig. 11. Dependence of the relative reflection coefficient
of snow surface on the zenith angle of light arrival. Unity
on the vertical axis corresponds to the reflection coeffi-
cient when the light source (white LED, 440—700 nm) is
vertically arranged. Diamonds and circles correspond to
two independent measurements. Vertical lines at marks
indicate methodical errors of the measurements.
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4.2.1. Optical scheme. The SPHERE-2 balloon
setup [50] includes a seven-segment spherical mirror
1.5 m in diameter with a radius of curvature of 0.94 m;
an array of 108 FEU-84-3 photomultipliers and one
Hamamatsu R3886 photomultiplier is mounted in its
focus. A diaphragm 0.93 m in diameter is placed
before the mirror to improve the spatial resolution.
The opening angle of the optical system is 52°
(Fig. 12). Each photomultiplier observes (from an alti-
tude of 1 km) a region about 50 m in diameter on the
snow-covered surface.

4.2.2. Electronic equipment. A container with elec-
tronic equipment mounted above the mirror of the
system (Fig. 13) records a light-pulse profile in each
channel for 12.8 ps with a step of 12.5 ns. Each chan-
nel includes two 40-MHz analog-digital converters
with 3preampliﬁer gains of —30 and dynamic range
of 10°.

Each photomultiplier is supplied by a miniature
(62 x 25 x 25 mm) high-voltage power supply with
11 outputs for connecting to a photomultiplier dynode
system. Each source consists of a multiplier circuit and
a control board with an inductive storage unit for gen-
erating high-voltage pulses. The control is performed
via I?C interface, which makes it possible to set the high
voltage in the range from —800 to —1500 V and obtain
the information about the anode current (with an error
of 0.1 pA), high voltage (with an error of 1 V), +15V
supply voltage, and photomultiplier temperature.

To control all 109 power sources, a commutator
board was designed, which allows one to commute the
on-board computer and any source. The power con-
sumption of each source does not exceed 90 mW.
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Fig. 12. Schematical layout of the optical system of the SPHERE-2 setup.

The trigger system of the setup has 112 inputs
(109 primary and 3 reserve) for acquisition of the
requests for sending trigger confirmation signal from
the channel discriminators. The trigger board can
select the events where the discriminators of neighbor-
ing photomultipliers respond in the time interval of
1 ps. The logical model of the photomultiplier array is
stored in the chip of the programmable logic device on
the trigger board.

The SPHERE-2 setup is equipped with a LED cal-
ibration board. The board includes 7 independently
controlled FYL-5013-VC1C LEDs with the main
emission line wavelength of 405—410 nm. Each LED
can be switched on at an arbitrary instant to emit with
arbitrary brightness for a specified time interval. Light
pulses pass through 7 optical fibers 1 mm in diameter
to illuminate the photomultiplier array. The optical
fibers are rigidly fixed in holes in the mirror and have
diffusers at the ends for more uniform illumination of
all photomultipliers.

Beginning in 2012, the following operation mode
of the board was implemented. A signal from the trig-
ger board initiates a short (100 ns) pulse at all LEDs.
The signal is formed 5 ps after triggering and recorded
to the end of the event frame. This pulse is used for
accurate (up to 1.2—1.4 ns) synchronization of all
measuring channels. Then, 6 ps later, LEDs are
repeatedly switched on in various combinations (see
Table 2), and the results are recorded in a separate cal-
ibration frame. The duration of each combination is
375 ns. The calibration-frame data make it possible to
monitor the sensitivity of each photomultiplier and
linearity of their characteristics. The calibration pro-
cedure is described in detail in Sections 4.4.2 and
4.4.3.

PHYSICS OF PARTICLES AND NUCLEI
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The setup is equipped with the following:

(i) GPS navigation system for determining the setup
position with an error of 4—5 m with the PPS time sig-
nal for binding each event to the world time with an
error of 1 ps. The PPS signal arrives (with a frequency of
1 Hz) at the trigger board, which determines the time
shift between the PPS signal and the trigger signal from
EAS events within accuracy of 100 ns.

(ii) Electronic compass with a resolution of 0.5° for
determining the azimuthal angle of the setup position.
Since the setup position in the horizontal plane is not
fixed and depends on the wind direction, the informa-
tion from this sensor allows one to reconstruct the

Fig. 13. Installation of the SPHERE-2 setup on the Lake
Baikal ice.
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Fig. 14. (a) Initially planned measurements of the spec-
trum in different energy ranges at altitudes H; (b) Actually
carried out measurements.

setup position with respect to the Earth and analyze
anisotropy of the cosmic-ray arrival.

(iii) Inclinometer for determining the setup tilts
with respect to the horizontal plane within accuracy of
0.25°. The measurements are carried out in two verti-
cal (mutually perpendicular) planes. Deviations arise
when the wind load on the setup case changes.

(iv) Sensors for measuring the environmental
temperature and the temperature in the electronics
container. Using data of the temperature sensors, the
on-board computer can maintain the optimal elec-
tronics-container temperature by controlling the
cooling system.

(v) Sensors for measuring the setup pressure and

the snow-surface level pressure (with an error of
100 Pa in the range of 750—1100 hPa).

ANTONOV et al.

Data of the temperature and pressure sensors
mounted on the system and observation surface make
it possible to monitor a change in the atmospheric
density near the Earth (400—700 m above the surface).
For example, during the expedition of 2013, the atmo-
spheric density was found to change by 3%
(~30 g/cm?) over 2 days. At the same time, the mea-
surements carried out at the ground revealed no signif-
icant changes. If the atmosphere is not monitored near
ground-based systems, such density fluctuations may
lead to a systematic error in determining the depth of
cascade-development maximum in atmosphere.

4.3. Series of Measurements on the SPHERFE-2 Setup

Initially, it was planned to carry out series of mea-
surements on the SPHERE-2 setup in a wide energy
range at different altitudes (Fig. 14a). However,
expected Hamamatsu R3886 photomultipliers were
replaced with less expensive FEU-83-3 due to under-
funding of the experiment. Since FEU-83-3 photo-
multipliers are characterized by lower sensitivity (by a
factor of 3) and smaller sensitive photocathode area
(by a factor of 2) as compared with Hamamatsu
R3886, the signal-to-noise ratio was lower than the
expected value by a factor of 2.5. This increased the
energy threshold to 10'® eV. In addition, the under-
funding made purchasing helium impossible, and thus
it was decided to do without a 750-m3 AZ-55 balloon,
which can lift the setup to an altitude up to 3 km.
These factors deteriorated the quality and quantity of
the experimental data. Figure 14b shows the imple-
mented part of the initial plan.

The chosen place for releasing a balloon with the
SPHERE-2 setup was near the 107th km of the
Krugobaikalskaya railway at the Baikal Neutrino Sta-
tion of the Institute for Nuclear Research, Russian
Academy of Sciences, at a distance of 1 km from the
coast line. The SPHERE-2 setup was launched for the
first time from the Lake Baikal ice in March of 2008.
The purpose of the expedition was to try out balloon
releases under real climatic conditions and interaction
with the Aeronautical Service of Irkutsk Region, and
to check operating capacities of the setup and ground-

Table 2. Sequence of LED switching (clock-period duration 375 ns; x indicates switching on LED and an empty cell indi-

cates switching off LED)

Clock period
LED

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
7 X X X
6 X X X X
5 X X X X X
4 X X X X X
3 X X X X X X
2 X X X X X X X
1 X X X X X X X

PHYSICS OF PARTICLES AND NUCLEI Vol. 46 No. 1 2015
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Table 3. Overall result of the expeditions with the SPHERE-2 setup

. . Trigger signal Found even Number of photomultiplier:

Yar | Toulme iy | Tt [ Found s T Number of photomulipir
2008 1:30 - 1 20
2009 11:00 — 0 64
2010 29:10 1343 36 95
2011 33:03 20542 220 95
2012 31:12 7716 364 109
2013 33:17 3813 459 109
2008—2013 139:12 33414 1080 —

based equipment. The SPHERE-2 setup was lifted
using a specially designed and fabricated 250-m?
Baikal captive balloon (BAPA) to an altitude of about
710 m above the Lake Baikal level. The system stayed
at this altitude for about three hours and 1.5 h in the
EAS detection mode. Afterwards, the altitude of
detector position above the snow surface (400—900 m)
was set according to the wind conditions.

The compilation of data obtained in the measure-
ments is given in Table 3. A small number (in compar-
ison to the ground-based experiments) of events in this
experiment is due to a high energy threshold for
observing reflected EAS CL. To increase the detection
efficiency, the setup was modified for the next five
years. In 2009, no events from EAS were detected
because of a malfunction in the high-voltage power
supply for photomultipliers. In 2010, the SPHERE-2
setup was lifted seven times. EAS CL was measured
during six launches. The parameters were recon-
structed for 36 EAS events. In 2011, the introduction
of integrating discriminators made it possible to
reduce the detection threshold and increase the effi-
ciency by a factor of about 6. By 2012, the step of dig-
itizing photomultiplier anode signals was reduced to
12.5 ns and the sensitivity of preamplifiers at the inputs
of measuring channels was increased by a factor of 3.
Thus, the detection efficiency was further increased by
a factor of ~1.5. The maximum efficiency (exceeding
the initial one by a factor of 11) was achieved in 2013
after mounting a new seven-segment mirror with a
better reflectance.

4.4. Estimation of the Detection Accuracy
and Detector Calibration

It was shown in the Introduction that the technique
for detecting reflected EAS CL provides high mea-
surement accuracy. In turn, the electronics and photo-
multipliers of the detector should ensure a comparable
or better accuracy of detecting and digitizing light
pulses arriving at photomultiplier photocathodes. A
series of laboratory test measurements was carried out
in order to determine the accuracy of the measuring
equipment.

PHYSICS OF PARTICLES AND NUCLEI
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4.4.1. Consideration of distortions in signal digitiza-
tion. To check the accuracy of signal digitization and
reveal distortions introduced by photomultiplier dis-
tributed capacitances and operational amplifiers, the
pulses digitized by the measuring board of the system
with a step of 12.5 ns were compared with the corre-
sponding oscillograms recorded by a LeCroy Wavelet
322 oscilloscope [80] with a step of 0.5 ns. The mea-
surements were carried out as follows. Two photomul-
tipliers, FEU-84-3 and Hamamatsu R3886 (served as
a reference photomultiplier), observe a horizontally
oriented screened scintillator unit from opposite sides.
The particles passing through the scintillator yield
short (pulse duration ~5 ns) intense flashes recorded
by both photomultipliers. The signal from each photo-
multiplier is split and fed to two channels of the mea-
suring board of the system and two oscilloscope chan-
nels. The produced charges are estimated based on two
oscillograms and compared.

Figure 15 shows the relationship between the
charge values reconstructed based on the data of the
measuring channel of the SPHERE-2 setup and

gapcs PC
45

40
351
30
25
20
151

_5 | 3 | | | 1 | 1 1
10 15 20 25 30 35 40
Gosc> PC

Fig. 15. Comparison of the results of measuring the anode
signal charge of FEU-84-3 photomultiplier reconstructed
based on data of the measuring channel of the SPHERE-2
setup and data from a LeCroy Wavelet 322 oscilloscope.
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Fig. 16. Histogram of the relative error in determining the
charge and its approximation by a Gaussian distribution
with ¢ = 0.06.

the oscilloscope data. Figure 16 shows the histogram
of the relative error in determining the produced
charge on the assumption of exact reconstruction of
the charge based on the oscilloscope readings. It can
be seen that even at low digitization frequency the
error in reconstructing charge by the setup equipment
is ~6% for the shortest pulses. Such a small error is due
to a low time resolution of FEU-84-3 and integration
of the signal by operational amplifiers at the inputs of
the measuring channels. In this case, the pulse wave-
form is distorted but the charge value is retained. l.e.,

ANTONOV et al.

even short signals can be effectively integrated. An
analysis of Figs. 15 and 16 suggests that pulses with the
smallest amplitude are reconstructed with the lowest
accuracy. For large amplitude pulses, the error in
reconstructing the produced charge is 3—4%. When
measuring EAS CL, a typical pulse has a width of
100—150 ns due to the geometry of the field of view of
an individual photomultiplier, which reduces the error
in digitizing such pulses to 1—2%.

4.4.2. Consideration of photomultiplier nonlinear-
ity. To reduce the influence of a high background-illu-
mination level when carrying out the measurements,
the photomultiplier gains were reduced by connecting
the last dynodes to the anode. This led to nonlinear
sensitivity characteristics. The photomultiplier non-
linearity is controlled based on data of the LED cali-
bration system, which was described in Section 4.2.2.
Since the calibration frame contains both single LED
flashes and various combinations of simultaneous
switching (see Table 2), the sum of single-signal inten-
sities can be compared with the intensity of simulta-
neous switching. In the case of linear photomultiplier
response, the measured intensity of simultaneous
diode switching and the sum of individual-diode
intensities are expected to be equal. Figure 17a shows
the results of measuring linearity for 108 FEU-84-3
photomultipliers and one Hamamatsu R3886 photo-
multiplier. In comparison with FEU-84-3,
Hamamatsu R3886 has a worse characteristic because
of the design of dynode system and necessity of con-
necting more dynodes to reduce the gain to the level of
FEU-84-3. The mechanisms of occurrence of photo-
multiplier nonlinearity and the procedures of its cor-
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Fig. 17. Measured characteristics of linearity for 109 photomultipliers in the photodetector array (a) before introducing correc-
tions and (b) after it: (dots) all FEU-84-3 photomultipliers and (crosses) Hamamatsu R3886 photomultipliers.
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Fig. 18. Pulse amplitudes recorded by (gray line) FEU-84-3 and (black line) Hamamatsu R3886 photomultipliers: (a) in darkness

and (b) under illumination (signals almost coincide).

rection were described well in [81]. After introducing
the necessary corrections (Fig. 17b), the dependence
of the number of photons at the photocathode on the
amplitude at the anode becomes close to linear. The
above-described procedure is carried out indepen-
dently for each measurement session based on data of
the calibration frames.

4.4.3. Relative calibration. The initial selection of
FEU-84-3 implied verification (for all photomultipli-
ers) of the sensitivity and operation stability in dark-
ness and under illumination equivalent to the stellar-
sky background, which provides the anode current of
5—10 pA. Hamamatsu R3886, the characteristics of
which weakly depend on the illumination, was chosen
as a reference photomultiplier. Responses of each
photomultiplier to a rectangular light pulse were stud-
ied and compared with responses of the reference pho-
tomultiplier. Figure 18 shows examples of pulses for
one FEU-84-3 photomultiplier in the absence and
presence of illumination. It can be seen that the sensi-
tivity of Hamamatsu R3886 barely changes, whereas
the sensitivity of FEU-84-3 under illumination
increases by a factor of ~1.3.

The light-background value fluctuates during the
experiment because of a change in weather condi-
tions; therefore, the sensitivity of all detector photo-
multipliers has to be monitored systematically. To
perform flight calibrations, the reference Hamamatsu
R3886 photomultiplier was placed at the center of the
photomultiplier array. Photomultipliers are calibrated
with respect to the reference one based on data of the
LED calibration systems described in Section 4.2.2.
Each photomultiplier records a flash from calibration
LEDs with a known intensity distribution 6 us after
detecting an event from the trigger. The intensity of
this pulse is normalized to the pulse intensity in the
stable reference Hamamatsu photomultiplier; the
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normalized pulse amplitude depends on only the vari-
ation in the photomultiplier sensitivity.

The relative sensitivity coefficients are determined
on the basis of data of the calibration frame by select-

ing the mean signal amplitude ij at each LED switch-

ing (i is the photomultiplier number and j is the LED
number). According to Table 2, the last seven diode
switches concern single diodes. For each of these

pulses, the intensity S/l in the first reference photo-
multiplier is determined.

Taking into account the relative arrangement of
photomultipliers and diodes, angular distribution of
diode radiation, coefficient of reflection from a photo-
multiplier glass, and the dependence of the latter on

the angle of incidence of photons, the responses Aj of

each photomultiplier in the array with a number i to a
pulse from a LED with a numberj were calculated. On

the assumption that the measured pulse intensities S}

from each diode in the first photomultiplier are true
flash intensities, the theoretical signal in each photo-
multiplier is calculated (taking into account responses

i i i ol .
A;) as T; = A;S;. Then the signal from a flash of sev-

eral diodes is calculated for each photomultiplier and
the total expected signal from a sum of all flashes of the
same diodes is calculated. Afterwards, the calibration
coefficients K’ are calculated as a ratio of the total
expected signal to the measured one.

Thus, the sensitivities of all photomultipliers are
reduced to that of the Hamamatsu R3886 photomul-
tiplier, the characteristics of which weakly depend on
time and illumination (in contrast to less stable
FEU-84-3) (see Fig. 18). This procedure is carried
out for each event.
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Fig. 19. Fragment of the oscillogram of charge pulses from
the anode of a Hamamatsu R1924A-100 photomultiplier
illuminated by a Hamamatsu 111494-430 calibration
source.

4.4.4. Absolute calibration. It was shown in Sec-
tion 4.4.3 that the relative calibration of all photo-
multipliers in the array is reduced to the sensitivity of
the Hamamatsu R3886 photomultiplier. Therefore,
the absolute photomultiplier calibration can be
found by determining under laboratory conditions
the parameters and absolute sensitivity of the latter
photomultiplier.

A Hamamatsu L.11494-430 device with a light-flux
power of 1.002 pW (~2.12 x 10° photons per second)
was used as a reference light source. This source has a
diffuse-radiation region 7 mm in diameter and is char-
acterized by a peak emission wavelength of 430 nm,
emission band FWHM of 65 nm, and radiation stabil-
ity of £2%.

The absolute calibration cannot be performed
using an existing light source in the current version of
Hamamatsu R3886 arrangement in the array due to
intrinsic sensitivity and gain. An interim Hamamatsu
R1924A-100 photomultiplier, which is characterized
by the photocathode quantum efficiency of 35% and
the dynode-system gain up to 2 x 10°, was calibrated.
This photomultiplier was brought into contact with
the light source and taken off into the mode with a
maximum gain (i.e., photoelectron counting mode).

Figure 19 shows a fragment of the oscillogram of
the signal obtained. The pulses from single photo-
electrons can be clearly seen against the low noise
background. The distribution of charges in pulses
from photoelectrons is shown in Fig. 20. The peak
from single photoelectrons is pronounced. One pho-
toelectron yields a charge of ~0.5 pC on average. This
distribution also indicates that the total number of
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Fig. 20. Distribution of the charge from one photoelectron
collected at the anode. The solid curve indicates the
approximation by the Gaussian function.

photoelectrons recorded for 4 ms is 3197 = 67 photo-
electrons. Hence, taking into account that the
expected number of photons from the light source for
this time interval is 8480 *+ 150, the quantum effi-
ciency of the Hamamtsu R1924A-100 photomulti-
plieris 37.7 £ 1.1%.

To relate the R3886 sensitivity to the measured
R1924A-100 sensitivity, the following procedure was
performed. Both photomultipliers were placed close
to each other at a distance of 40 cm from a FYL-5013
VCI1C light source (see Section 4.2.2). An opaque
scatterer equalized illuminance at both photomultipli-
ers. Diaphragms 6 mm in diameter were mounted on
the photocathodes of both photomultipliers to equal-
ize light fluxes. R1924A-100 photomultiplier operated
in the same mode as in the measurement with the
Hamamatsu 1.11494-430 light source. R3886 photo-
multiplier was put into the maximum-amplification
mode. The signals from both photomultipliers from the
same light pulses of the light source were measured. It
was found that the charges of 87.43 and 6.10 nC drained
from the R1924A-100 and R3886 anodes, respectively,
for 30 us. Three series of these measurements were car-
ried out. One photoelectron yields a charge of 0.499 pC
on the R1924A-100 anode on average; therefore, with
allowance for the quantum efficiency, the light flux in
R1924A-100 was (465 = 14) x 10° photons. On the
assumption of equal light fluxes at both photomultipli-
ers, it was found that the mean sensitivity of the R3886
photomultiplier is 75.9 * 2.3 photon/pC in the maxi-
mum-amplification mode.

When measuring EAS CL, the R3886 gain was sev-
eral times smaller than that found in the calibration
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measurement. Therefore, the sensitivity was deter-
mined for real expedition conditions by considering
the background illumination. For example, the mea-
surement conditions of 2013 gave the mean estimate
of the R3886 photomultiplier sensitivity to be 6.5 pho-
tons per code unit.

The error in absolute calibration is no more than
3% for the R3886 photomultiplier and about 5% for
any photomultiplier in the array if the relative calibra-
tion uncertainty is taken into account.

5. SIMULATION AND DATA ANALYSIS

As was noted above (see Section 3), the main pur-
poses of processing data of the SPHERE experiment
are as follows:

(i) Reconstruction of the spectrum of all PCR
nuclei with a detailed investigation of its systematic
and methodical errors:

(1) calculation of the fiducial acceptance of detect-
ing showers;

(2) estimation of the energy of primary particles of
showers detected in the experiment.

(ii) Separation of PCR elemental groups:

(1) estimation of the SDF slope for the detected
EASs;

(2) consideration of the dependence of the fiducial
acceptance on the nuclear mass.

In this study, EAS CL SDF slope index 1 (equal to
the ratio of the number of Cherenkov photonsin a circle
centered at the shower axis to that in some ring) served
as a parameter sensitive to the PCR composition.

5.1. Model of Detector Response

The algorithm of simulating detector response
consists of three successive procedures:

(i) Calculation of the spatial and temporal struc-
ture of EAS CL for a sample of showers.

(ii) Simulation of the optical-system and photo-
multiplier responses.

(iii) Consideration of the electronics response.

5.1.1. Model of the spatial and temporal structure
of EAS CL. The spatial and temporal structure of EAS
CL was calculated using the CORSIKA 6.500 package
[82] with two versions of the model of nucleus—
nucleus interaction at high energies: QGSJET-I-01c
[83—85] and QGSJET-11-03 [86, 87] (referred to as,
respectively, QGSJET-1 and QGSJET-II below); the
model Gheisha-2002d was used for low energies [88].
The observation surface (on the Lake Baikal ice) is at
an altitude H = 455 m above the sea level. The sim-
ulation was carried out taking into account the spectral
dependence of the quantum efficiency of FEU-84-3
photomultipliers used in the SPHERE experiment.
The primary-particle energies E, were 1, 3, 5, 10, 30,
and 100 PeV; the calculation was performed for pri-
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mary nuclei of four types (protons and helium, nitro-
gen, and iron nuclei) in three ranges of zenith angles:
0°—20°, 20°—40°, and 40°—60°. The shower arrival
directions are isotropically distributed in each range.
The distribution over the azimuthal angle is uniform in
all cases.

The simulation result for one shower was a three-
dimensional array of the number of Cherenkov pho-
tons arriving at the observation surface consisting of
480 x 480 spatial bins (each 2.5 x 2.5 m in size) and
102 time bins (each of 5 ns). Time at each surface
point is counted from the instant of arrival of the plane
front related to the leading particle.

A complete statistical simulation yielded a sample
of the spatial and temporal distributions of EAS CL for
about 2000 showers with different parameters. This
provided the most comprehensive consideration of the
fluctuations in EAS development, which is extremely
important for the problem of studying the nuclear
composition of PCRs with superhigh energies.

5.1.2. Simulation of the optical-system and photo-
multiplier responses. The next stage of calculating the
detector response is consideration of the geometric
and optical effects introduced by the SPHERE-2
setup, which distort the signal observed. The calcula-
tion input data are EAS CL histograms formed at the
previous step.

To analyze the experimental data of 2010—2011, a
somewhat simplified version of the response model
was developed [52, 89]. The partial photon reflection
from the photomultiplier glass and the polarization
effects were disregarded in this version. The optical-
system response was simulated using the method
based on tracing a large number of rays with different
initial parameters [90]. Some details of this procedure
were reported in [89]. An improved version of the
detector response model developed for analyzing
the data of 2012—2013 [55, 91] was implemented in
the standard Geant4 environment [92]. The spectra of
all PCR nuclei obtained for 2010—2011 and 2012—
2013 and reconstructed using different model versions
are in good agreement.

The calculation result for one shower is an array of
photoelectrons, each of which is characterized by the
photocathode number of the photomultiplier where
this photoelectron is formed and its formation time.
The photon-arrival delay t caused by an additional
distance, which photons pass from the snow surface to
the detector, is taken into account:

T = (xcos(¢y)sin(0,) + ysin(,)sin(6,)

+ A/H2+x2+y2)/c,

where (x, y) are the coordinates of the point on the
observation surface, of which the photon is emitted;
H is the altitude of detector position above the obser-
vation surface; and (0,, ¢,) are the primary-nucleus
direction angles. Each of 109 photomultipliers of the
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Fig. 21. (circles) Example of the “combined model SDF”
for a proton with the energy of 10 PeV and the observation
altitude of 400 m and (curve) the initial SDFE.

SPHERE-2 detector observes a certain area, which
leads to an additional (in comparison with the previ-
ous calculation step) pulse broadening.

About 500000 detector responses were calculated
for the analysis carried out in this study using
~10° model showers with the primary-nucleus energy
of 10", 3 x 10'°, and 10'7 eV within the QGSJET-I
model. The simulation was performed for several alti-
tudes of detector position above the observation sur-
face in the range of 400—900 m, and each model
shower was used 100 times with different random axis
positions uniformly distributed in a square with the
length of the side of 1.5H. Since the diameter of the
field of view is proportional to the altitude A, this
choice of the axis distribution field made it possible to
simulate not only showers with axes in the field of view
of the system but also “external” showers.

5.1.3. Simulation of the electronics response. The
influence of the photomultiplier time characteristic
and digitization effects on the recorded signal was
taken into account in the last stage of calculating the
detector response. As was noted above (see Section 4),
the number of photoelectrons per code unit for obser-
vation season 2010—2011 was larger than that for
2012—2013 by a factor of 3; digitization was performed
with astep of 25nsin2010—2011 and 12.5nsin 2012—
2013. However, the technique of calculating the
detector response allowed one to use the same photo-
electron arrays formed at the previous calculation step
in both cases.

Model SDFs were used in this study to estimate the
primary-nucleus energy (see Section 5.5). The first
simulation results showed that fluctuations in the
detector response for the distances from the shower
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axis of more than 100 m are rather large at energies on
the order of 10'° eV. It was decided to use in the
energy-estimation procedure average SDFs rather
than individual ones; each average SDF was obtained
using 100 model responses calculated for the same
model shower. During averaging SDEF, the geometric
and optical effects, distorting the signal values in com-
parison with the densities of EAS CL in the detector
fields of view, were compensated for.

Figure 21 shows (circles) an example of the average
model SDF obtained (values in photoelectrons, aver-
aging over distance segments of 5 m) and (solid curve)
the initial model shower summed over time. To make
the representation on semilogarithmic scale more
convenient, a value of 0.01 photoelectrons is added to
the average SDF. The initial SDF curve obtained with
the geometric and optical effects neglected is normal-
ized to coincide with the average model SDF at dis-
tances from the shower axis of about 50 m. Fluctua-
tions in the average SDF are small even at distances of
more than 100 m. As one would expect, the initial and
average SDFs are in good agreement in the distance
range of 30—130 m. At 30 m, the intensity of the aver-
age SDF is lower than that of the initial one as a result
of different geometric and optical effects: averaging
over extended fields of view and action of the mirror
spherical aberration. At relatively large distances
(above 130 m), a decrease in the values of the average
SDF can be explained by the effect of signal digitiza-
tion by the detector electronics: the values that are
smaller than 0.5 code unit in each time bin are mea-
sured as zero code unit.

5.2. Calculation of the Fiducial Acceptance

The simulation of the fiducial acceptance of detect-
ing showers has been realized by considering the obser-
vation conditions varying during the flight. The result of
this calculation is especially sensitive to a large change
in the altitude of detector position above the snow sur-
face and variations in the response thresholds of the
detector measuring channels. The algorithm of calcu-
lating the acceptance consists of three steps:

(i) Simulation of the trigger response of the
SPHERE-2 setup.

(ii) Calculation of the dependence of the accep-
tance S(E,, Z, H) on the primary-nucleus energy £
for different nucleus charge numbers Z and detector-
position altitudes H.

(iii) Interpolation of the acceptance to some other
altitudes in the range of 400—900 m.

5.2.1. Simulation of the trigger response. To date,
no experiment found a significant deviation from isot-
ropy in the energy range of 10—500 PeV [22, 49, 93],
in which the overwhelming majority of showers
recorded by the SPHERE-2 detector occur. Since the
number of events from EAS CL detected in the
SPHERE experiment is small as compared to large
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experiments, the acceptance was calculated on the
assumption of isotropic arrival directions of PCR
nuclei.

Let us introduce the parameter A4 (a sum of four
successive values in one measuring channel, which are
separated in time by 25 ns). This condition is the same
for observation seasons 2010—2011 and 2012—2013.
The trigger condition for the SPHERE-2 detector was
a combination of two conditions: the parameter
A4 should exceed the trigger response threshold in a
time window of 1 ps in three adjacent channels form-
ing a small equilateral triangle in the photomultiplier
array (“local” trigger L3), or the parameter 44 should
satisfy the same condition in five arbitrary channels
(“global” trigger G5). In this study, the trigger response
was simulated for a “hybrid” condition L3/G5 using
the base of detector responses precalculated separately
for each flight and each of the angle ranges 0°—20° and
20°—40° [55, 91].

The channel response thresholds were recorded
and monitored during the whole observation time. A
threshold value in each channel (as well as intensities
in the model responses) is expressed in code units;
however, it includes the instrumental pedestal level.
The pedestal level was determined in the preliminary
processing of the experimental data and subtracted
from the threshold value. In addition, it was taken into
account during the simulation that the sensitivities of
real-detector channels differ and are characterized by
the relative calibration coefficients (see Section 4.4.3).
The entire simulation procedure was performed for an
“average” (typical) measuring channel. Before the
procedure of simulating the trigger response, the mea-
sured thresholds are multiplied by the values of the
corresponding calibration coefficients.

Finally, we should note that the energies of model
showers are discrete and equal to 10'°, 3 x 10', and
10'7 eV. To estimate the acceptance at intermediate
energies E of the model-event intensity, the corre-
sponding energies E;, were multiplied by the coeffi-
cient E/E, (the minimum and maximum “effective
energies” E were about 2 x 10" and 10'® eV, respec-
tively). This can be done because (as will be shown
below) the acceptance barely changes at energies
above 10!7 eV. A systematic error caused by this calcu-
lation procedure will also be considered below.

5.2.2. Calculation of the acceptance for discrete
values of the altitude. To reconstruct the spectrum of
all PCR nuclei, a reference area was chosen in the
form of a circle with a radius equal to the radius of the
detector field of view plus 100 m. The zenith-angle
range was chosen to be 0°—-40°. This choice is caused
by the necessity of including the maximum possible
number of events into the analysis (together with some
“external” events with axes beyond the detector field
of view). At the same time, the error in estimating the
energy of showers with axes spaced by more than
100 m from the edge of the field of view sharply
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Fig. 22. Result of calculating the acceptance for the zenith-
angle range of 0°—20°, observation altitude of 500 m, thresh-
olds of the third flight of observation season 2013, and pri-
mary nuclei of different types: protons and helium, nitro-
gen, and iron nuclei (Z =1, 2, 7, and 26, respectively, in
ascending order with respect to the threshold) [55].

increases (see Section 5.5); in this context, it was
decided to exclude these events from the procedure of
reconstructing the spectrum.

Some examples of the dependences of the fiducial
acceptance S on energy are shown in Fig. 22 for differ-
ent nuclei. It can be seen that below some energy
(in this case, below (1.5—2.0) x 10'¢ eV) the parameter
S sharply decreases with a decrease in energy and
begins to depend strongly on the primary-nucleus
charge. This circumstance is one of the main difficul-
ties hindering the reconstruction of the spectrum of all
PCR nuclei in the SPHERE experiment.

The calculation results similar to those shown in
Fig. 21 were obtained for only several altitudes H (400,
500, 580, 700, and 900 m), at which the SPHERE-2
setup stayed for the major observation time. The alti-
tudes of detector position for events caused by EAS
CL are plotted in Fig. 23 for observation season 2013.
The acceptance values at intermediate altitudes were
determined by interpolation. An example of the inter-
polated dependence S(H, log(E)) is shown in Fig. 24
for the case of primary protons and the zenith-angle
range of 0°—20°.

5.3. Estimation of the Accuracy
of Calculating the Acceptance

The accuracy of estimating the acceptance is
affected by several factors. The error in measuring the
altitude of the detector is small; its influence is mainly
reduced to a small change in the normalization of the
acceptance curve corresponding to a specified alti-
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Fig. 23. Altitudes for EAS CL events detected during
observation season 2013.

tude. Uncertainties in estimating the thresholds,
which are determined by the accuracy of reconstruct-
ing the instrumental pedestals of no more than
0.5 code units and the relative calibration coefficients
(below 3%), also weakly affect the calculation results.
The error due to these factorsis about 1%. Under these
conditions, the acceptance is mainly affected by the
mean discriminator threshold, whereas the shape of
distribution around this value is much less important.

Some systematic uncertainty in estimating the
acceptance arises as a result of the use of discrete ener-
gies of model events and interpolation of the accep-
tance to intermediate altitudes of the observation.
However, the results of comparing the acceptances,
calculated using the model responses with different
primary-nucleus energies and observation altitudes,
showed that this error is about 1—2% at energies above
10'° eV. A small value of the above-described effect
can primarily be explained by a slow change in the
shower development behavior with a change in the
primary-nucleus energy.

At relatively low energies (E, < 10'¢ eV), this error
may increase (especially for heavy nuclei (nitrogen or
iron) and large observation altitudes (above 700 m))
because the signal-digitization effects differ for differ-
ent primary-nucleus energies and cannot be reduced
to a simple multiplication by a constant. As demon-
strated above (Fig. 21), the digitization effects are
important in the range of distances from the axis where
the SDF values are below 3 photoelectrons. However,
most threshold values (in photoelectrons) exceed
3 photoelectrons. In addition, the energies, at which
the digitization effect begins to affect the fulfillment of
the trigger condition for SDFs similar to that shown in
Fig. 21, are below 3 x 103 eV. Thus, the influence of
the above-described effect on the results of calculating
the acceptance is small.
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Fig. 24. Acceptance as a function of the altitude and pri-
mary energy (p, 0°—20°).

A statistical uncertainty in calculating the accep-
tance due to a finite number of the used events is rel-
atively small (no higher than 2%) at energies above
10 eV.

5.4. Reconstruction of SDF of Experimental Events

The primary-nucleus energy is estimated based on
SDF of experimental events. SDF was reconstructed
by integrating the detected signal over time. An exam-
ple of the initial event after subtracting backgrounds is
shown in Fig. 25a. One can see oscillograms for
109 measuring channels. The channel numbers and
relative time are plotted on the horizontal and vertical
axes, respectively. Each bin corresponds to one ADC
measurement. The color strength in the rectangle is
proportional to the pulse amplitude (black color indi-
cates the maximum amplitude in the event).

It can be seen in the figure that, within this repre-
sentation of oscillograms, time intervals with maxi-
mum pulse amplitudes in the measuring channels
form a curve with a complex sinusoidal shape. This
pattern is due to a mutual position of the channels in
the photodetector array shown in Fig. 25b. Photocath-
odes of the photomultipliers in the array are arranged
so as to make a hexagonal structure and circularly enu-
merated from the center so that the central photomul-
tiplier number is 1, the first ring consists of photomul-
tiplier with numbers 2—7, and so on. Each subsequent
period of the curve in Fig. 25a corresponds to the mea-
suring channels of photomultipliers forming a larger
ring on the array surface.

The first step of the procedure of reconstructing
SDF is a search for the shower front. The time bins in
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Fig. 25. (a) Example of the representation of an experimental event. The measuring channel numbers are plotted on the horizon-
tal axis and the relative times with the ADC measurement step of 1 bin = 12.5 ns are plotted on the vertical axis. The color strength
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Fig. 26. (a) Example of an experimental event recorded during observation season 2013. (b) Fragment of the same event after
reconstructing the shower front (here, the event is rotated by 90° and the pulse maximum in all channels is shifted to the region

of the 20th time bin).

some channels with a relatively strong signal corre-
sponding to the front are indicated by triangles in
Fig. 25a. Another example of the pronounced experi-
mental event with subtracted pedestals is shown in
Fig. 26. In this case, bins with a content of more than
10 code units are shown with the same color to dem-
onstrate the shower front more clearly. The front can
be searched for by various methods: one of them is
described below.
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Expression (2) for delay within the plane-front
approximation depends on the primary-nucleus direc-
tion (0, ¢,). If the (0,, ¢,) values coincide with true
ones, the line of the estimated front position passes
near the intensity maxima shown in Fig. 26a. After
subtracting the delay, the pulse maxima in each chan-
nel coincide (Fig. 26b). Having summed the pulses
aligned in time (Fig. 26), one can obtain a narrow and
high peak. Maximization of the height of this peak
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Fig. 27. Example of the SDF reconstructed based on data
of observation season 2013 for (a) an event with the axis in
the field of view of the SPHERE-2 detector and (b) an
external event. The signals in channels with zero value are
equated to 0.1 code unit.

over the parameters (6,, ¢) yields the pattern shown in
Fig. 26b. The integration of pulses over time backward
and forward from the maximum, which is in the region
of the time bin with number 20 in all channels in
Fig. 26b, makes it possible to estimate SDF of the
experimental shower.

To represent SDF in a more symmetric form simi-
lar to that shown in Fig. 21 for the case of model
events, the EAS axis position (x,, y,) must be recon-
structed. In model events (in contrast to experimental
ones) the axis position is known. The axis coordinates
were also estimated using a variational technique
through minimization of the functional of quadratic
deviation of experimental SDFs from model ones.
Two examples of reconstructed SDFs are shown in
Fig. 27.
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Fig. 28. Relative error in estimating the energy as a func-
tion of the ratio of the distance between the shower axis
and the center of the field of view to the radius of the field
of view for the energy of 30 PeV [89].

5.5. Estimation of the Primary-Nucleus Energy

Since the fiducial acceptance is calculated without
using the information concerning the direction of pri-
mary particles of showers detected in the experiment
or the coordinates of their axes, the primary-nucleus
energy is, strictly speaking, the only EAS parameter
necessary for reconstructing the spectrum of all PCR
nuclei (if the dependence of the fiducial acceptance on
the nuclear composition is neglected). The errors in
reconstructing the direction and position of the
shower axis induce an additional uncertainty in SDF
and affect the result of estimating the energy and,
accordingly, the result of reconstructing the spectrum
of all nuclei.

To estimate the energy, we used the method where
this parameter is measured simultaneously with the
reconstruction of the shower axis position by normal-
izing SDFs of the experimental events to the model
SDFs with known energy [94]. The dependence of the
relative error in estimating the energy on the ratio of
the distance between the shower axis and the center of
the field of view to the radius of the field of view esti-
mated from the simulation for the energy of 30 PeV is
shown in Fig. 28.

5.6. Procedure of Reconstructing the Spectrum
of All Nuclei

Based on the model of the acceptance and the esti-
mated energies of the detected events, one can recon-
struct the spectrum of all PCR nuclei. To this end, a
sample of events detected in 2011—2013 was taken: all
“internal” events with the reconstructed coordinates
of the shower axis within the field of view and some
“external” events, for which the estimated distance
from the shower axis to the edge of the field of view did
not exceed 100 m. To reconstruct the PCR spectrum,
the energy distribution of showers was simulated and

Vol. 46  No. 1 2015



DETECTION OF REFLECTED CHERENKOV LIGHT

the spectrum shape was chosen so that the model and
experimental energy distributions were consistent.

As the first approximation, it is interesting to qual-
itatively compare the shapes of the experimental-dis-
tribution histogram and the model histograms plotted
for primary nuclei of different types and the differen-
tial PCR energy spectrum with the exponent y = —3.0
for the observation conditions of season 2013
(Fig. 29). The experimental distribution is indicated
by circles with statistical errors (circle positions corre-
spond to bin centers). The model distributions have a
narrower (with respect to energy) bin and are indi-
cated by curves for primary nuclei of four types: pro-
tons and helium, nitrogen, and iron nuclei (in the
ascending order in the threshold). At energies below
30 PeV, the model-histogram value depends strongly
on the primary-nucleus type (this facts reflects the
dependence of the fiducial acceptance on the same
parameter (Fig. 21)).

At energies E, > 50 PeV, the error in histogram of
the experimental energy distribution exceeds the dif-
ference in the acceptances between two extreme cases
for primary protons and iron nuclei. At these energies,
the spectrum of all PCR nuclei for observation season
2013 is adequately described by a power law with the
exponent y = —3.0. At lower energies, additional
experimental information (which makes it possible to
develop the model of the acceptance for the case of
mixed composition not contradictory to the charac-
teristics of recorded events) should be used to recon-
struct the spectrum shape.

The dependence of the acceptance on the PCR
composition is almost completely determined by the
difference in shapes of the SDF for different nuclei at
distances from the shower axis of less than 100 m; spe-
cifically, intensities in the central part of SDF deter-
mine if CL from this shower causes the trigger
response (see Section 5.2). In this study, the shape of
the SDF central part is described by only the slope
index m defined as a ratio of the signal in a circle with
a radius of 60 m to the signal in a ring with radii of 60
and 130 m. It was shown that this parameter is fairly
sensitive to the PCR mass composition [52]. How-
ever, the problem of reconstructing the spectrum of all
nuclei does not imply the analysis of the nuclear com-
position; instead, it would be more correct to speak
about an adequate description of the m distribution
using a sample of model events. Indeed, the results of
reconstructing the PCR mass composition by the
aforementioned method depend on the nucleus—
nucleus interaction model and some other factors.
However, if the model n distribution coincides with
the real one, the above systematic uncertainties do not
affect the result of measuring the spectrum of all
nuclei.

The model acceptance determined using the infor-
mation about the n distribution is shown by a bold line
in Fig. 29. The sample of 1 values was calculated based
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Fig. 29. (circles with error bars) Energy distribution of
experimental events and (curves) model distributions for
primary nuclei of different types: protons, and helium,
nitrogen, and iron nuclei (in ascending order with respect
to the threshold) for the observation conditions of season
2013. The model distribution for the mixed composition is
shown by a bold curve.

on “internal” events and a small number of “external”
ones, in which the distance from the reconstructed
position of shower axis to the edge of the field of view
did not exceed 30 m. The weights for including the
acceptances from nuclei of different types into the
acceptance for the mixed composition were chosen so
that the experimental n distribution is described well
by the model one. The next approximation to the spec-
trum of all nuclei, which takes into account
the deviation of the spectrum from a power law with the
exponent of —3.0, was obtained after integrating the lat-
ter model distribution over bins of the experimental
histogram and dividing the experimental histogram by
the model one. The result of reconstructing the spec-
trum of all PCR nuclei is given in Section 6.1.

5.7. Separation of PCR Nuclear Groups

In this study, the technique for studying the PCR
nuclear composition is based on the use of the SDF
slope index n of EAS CL, which makes it possible to
single out some relatively light nuclei against the back-
ground of the PCR heavy component [52]. Indeed,
the total cross section of interaction between light
nuclei and nitrogen or oxygen in air is smaller than
that for the case of heavier nuclei; therefore, some
showers initiated by light nuclei develop deeper and
have larger n values. The slope index allows one to
develop criteria of individual separation of the PCR
nuclear groups. In addition, in contrast to the param-
eter X,,,,, the n value can be directly measured. In this
study, model protons were the “light” component,
whereas iron nuclei were the “heavy” component.
The classification p/Fe was performed for events of
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Fig. 30. Differential energy spectrum based on data
obtained in 2011—2013: (asterisks) SPHERE-2, (trian-
gles) KASCADE-Grande, (dots) Akeno, (diamonds)
Tunka-133, and (circles) Yakutsk. Dashed lines indicate
systematic errors.

exposure 2012 with reconstructed zenith angles in the
range from 0° to 40°.

6. RESULTS OF THE SPHERE-2 EXPERIMENT

The main results of measuring the energy spectrum
and estimating the PCR composition are based on the
data obtained in the expeditions of 2011—2013. The
laboratory investigations of the characteristics of sen-
sitivity of the SPHERE-2 setup detector and the elec-
tronic measuring system were also carried out during
this time interval. Based on the data of laboratory
investigations, the refinement and improvement of the
procedure of reconstructing the PCR characteristics
are under way. The results reported below are not
final.

6. 1. Energy Spectrum

The spectrum of all PCR nuclei reconstructed
based on the data obtained during exposure 2011—
2013 of the SPHERE-2 experiment is indicated by
asterisks in Fig. 30. The statistical and systematic
errors of the measurements of the spectrum are shown
in the figure. Several main sources of the systematic
errors in determining the spectrum were taken into
account:

(i) Migration of events between energy bins (dom-
inates at energies above 20 PeV).

(ii) Statistical and systematic errors in calculating
the acceptance.
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Fig. 31. (circles) Dependence of the fraction f of light
nuclei on log(£) based on data obtained during exposure
2012 of the SPHERE-2 experiment and statistical errors of
this parameter. Broken lines show a typical size of the sys-
tematic error in estimating f. Arrows indicate additional
uncertainties due to the threshold effects.

(iii) Dependence of the shape of the spectrum on
the PCR composition (dominates at energies below
20 PeV).

(iv) Discreteness of the energy of model events.

(v) Uncertainty in estimating the shower zenith
angle.

The two latter error sources can be neglected.

The results of the Akeno, KASCADE-Grande,
Tunka-133, and Yakutsk experiments are also shown
in Fig. 30 for comparison. The statistical errors of the
Akeno spectrum are comparable with the marker
diameter; dotted lines indicate the systematic errors of
the KASCADE-Grande spectrum.

6.2. Estimation of the PCR Composition

The dependence of the fraction f of light nuclei in
the total PCR composition on the decimal logarithm
of energy according to the data of the SPHERE-2
experiment is shown by circles with statistical errors in
Fig. 31. The estimated systematic uncertainties are
indicated by solid lines. The f value in the first two
energy bins is distorted by threshold effects. A typical
value of the additional uncertainty arising in this case
is indicated by arrows. Based on the data shown in
Fig. 31, the energy-averaged fraction of light nuclei in
the PCR composition with the energy of 30—150 PeV
was estimated to be (21 £ 11)%. On the assumption
that the heavy component contains only iron nuclei,
the mean logarithm of the PCR atomic weight is
(Ind) = 3.20 = 0.45; in the case of silicon nuclei,
(InA4) = 2.65 %+ 0.37; and in the case of nitrogen nuclei,
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(Ind4) = 2.10 % 0.30. The InA values from 2 to 3 in the
energy range under study do not contradict the con-
clusions of [25] (Fig. 17).

The systematic errors, which can affect the results
shown in Figs. 30 and 31, are currently analyzed in
more details.

7. PROSPECTS OF DEVELOPING
THE SPHERE EXPERIMENT

The experimental results obtained are an important
stage in development of the technique of detecting
reflected EAS CL. Despite low statistical accuracy, the
result is in good agreement with the data of other sys-
tems. A high methodical accuracy of the performed
measurements provides good prospects of developing
new experimental projects. Proceeding from the expe-
rience of using the SPHERE-1 and SPHERE-2 set-
ups, the systems with better possibilities (as compared
with not only these balloon detectors but also many
ground-based ones) can be developed. Advantages of
the used technique and progress in microelectronics
already provide possibilities for designing a compact
detector of reflected EAS CL with a large fiducial
detection area, wide solid angle of view, and high spa-
tial resolution. Indeed, having compared a ground-
based system with the fiducial area of about 10 km?
including 2500 detectors, service infrastructure, etc.,
and a compact balloon detector with a mass below
150 kg having similar characteristics, one can clearly
see the differences in material and labor expenditures
to obtain comparable scientific results. Expenses for
systems with a large detection area are several tens
(or even hundreds) of times higher.

7.1. Problems for New Experiments

What possible applications of this technique appear
to be most promising to date? Three regions can arbi-
trarily be selected in the spectrum of PCRs with ultra-
high energies:

(i) Region of relatively low (101°>—10'7 eV) energies.

(ii) Region of “intermediate” (10'7—10' eV) ener-
gies.

(iii) Region of extremely high energies (above
109 eV).

Sources of superhigh energy cosmic rays are still
unknown; however, most researchers suggest that the
overwhelming majority of observed nuclei with the
energy below 10'7 eV have a galactic nature, nuclei
with the energy above 10'° eV are almost entirely gen-
erated by extragalactic sources, and the energy range
of 10'7—10'" eV is a transition region from galactic to
extragalactic sources. The experimental studies of
2005—2013 on the composition of superhigh energy
PCRs can be arbitrarily divided into three periods:
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2005—2007. The results of the KASKADE experi-
mental on the PCR composition in the energy range of
1015—10'7 eV are most interesting.

2008—2010. Researchers are focused on the range
of extremely high energies (HiRes and Auger experi-
ments).

2011-2013. Many studies are devoted to interme-
diate energies and their results are most widely dis-
cussed (in particular, KASCADE-Grande results and
some results of the HiRes, Auger, and Telescope Array
experiments).

Note that there is no detailed information on the
PCR nuclear composition in all above-mentioned
energy ranges. The International Cosmic Ray Confer-
ence ICRC2013 in Rio de Janeiro gave rise to a new
tendency: again there are studies performed at relatively
low (10°—10" V) and ultrahigh (above 10'° eV) ener-
gies. Among all presentations for ICRC2013, a great
attention was paid to the report of the KASCADE-
Grande collaboration devoted to separation of nuclear
groups in the energy range of 3 x 10'°—10'8 eV [95].

According to the KASCADE-Grande results, the
spectrum of the “heavy” component has a “knee” kink
at the energy of 8 x 10'¢ eV, whereas the spectrum of the
“light” component has an “ankle” kink at the energy of
1.2 x 107 eV. A feature in the “heavy” component spec-
trum was expected in many popular versions of the
galactic cosmic ray model. At the same time, the result
of measuring the shape of the “light” component spec-
trum was rather unexpected. All above results should be
verified by independent methods.

The method described in this review can be effec-
tively applied in the aforementioned energy ranges. To
use all advantages of the technique, it is proposed to
design two independent systems for studying cosmic
rays in different energy ranges: 10'°—10'8 eV and 10—
10 eV. To investigate the range of 10°—10'% eV, a
system (similar to the SPHERE-2 setup) with a higher
sensitivity and a higher spatial resolution is currently
being developed. The working title of the promising
system is SPHERE-HD (abbreviated high definition).
To analyze the range of 10'7—10%° eV, a very light (less
than 50 kg) and compact (~50 x 50 x 80 cm) detector
is designed to be lifted to an altitude of 25—40 km by a
free balloon in Antarctica.

7.2. Design of the High- Definition
SPHERE-HD Setup

The energy range of 101°—10!8 eV is a transition
from galactic cosmic rays to extragalactic. A change in
the PCR spectrum slope at about 3 x 10" eV was found
in this range more than 50 years ago. However, new
peculiarities in the spectrum continue to be revealed
(see Section 7.1). In this context, it is interesting to
find the origin of these nonuniformities. The main rea-
son is very likely to be a change in the PCR composition.
The modern methods make it possible to either estimate
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the average PCR composition (see Section 6.2) or select
“light” and “heavy” groups. The estimations are
mainly performed on the basis of the data of recon-
structing the depth of the EAS development maximum
using the methods of simulating the processes of cas-
cade occurrence and development. The groups can
be selected only after processing a large amount of
experimental data because of large methodical errors
of ground-based systems. The technique considered
in this review makes it possible to achieve higher
measurement accuracy in comparison with tech-
niques of ground-based systems. The new high-defi-
nition SPHERE-HD setup is designed to fully
implement all possibilities of the method. It is
believed that the SPHERE-HD setup will have the
following parameters:

(i) Sensitive area of the diaphragm input window of
the optical system is 1—1.5 m>.

(ii) Number of photodetectors in the array is 2—
2.5 thousands.

(iii) Altitude is up to 4 km.

(iv) Monitoring of the atmosphere density and
transparency.

(v) Laser monitoring of the snow reflectance.

These characteristics of the SPHERE-HD setup
will make it possible to reduce the detection energy
threshold to 3—5 PeV. As a result, the amount of
experimental data will increase several tens of times.
The spatial resolution of recording SDF of EAS CL
will vary from 15 to 60 m depending on the setup alti-
tude above the snow surface.

At energies of 10'7—10'8 eV, the maximum of EAS
cascade development is at an altitude of several kilo-
meters above the Earth surface. A unique position of
the system will allow one to directly monitor parame-
ters (density and transparency) of atmosphere where
EAS develops. The laser monitoring of the snow
reflectance will increase the accuracy of measuring the
EAS CL density.

7.3. Project of Technique Application in Antarctica

Investigation of cosmic rays with extremely high
energies (E, > 10 eV) is one of the most interesting
problems in modern astrophysics. Currently, several
large ground-based experimental setups operate in the
range of 10'8%—10%° eV [13—135, 20, 21]; however, their
measurement results are in poor agreement because of
the inherent systematic errors in the experiments. In
this energy range, the EAS development maximum is
near the sea level, and its depth is difficult to study
using ground-based systems. A geometric assessment
of the balloon experiment will allow one to determine
its position with a higher accuracy.

It is suggested that the SPHERE-Antarctica setup
will consist of a system of flat lenses about 0.5 m in
diameter with a correction of spherical aberration
focusing EAS light on a spherical photodetector 30—
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50 cm in diameter. The detector is proposed to consist
of 1000 semiconductor detectors with the quantum
yield at the maximum 1,,,, = 0.4. The average effective
quantum yield for the wavelength range of 300—600 nm
is 1 = 0.27. The total opening angle of the entire sys-
tem is ~1 sr. From an altitude of 25—30 km each detec-
tor cell will observe a surface area of 1 x 1 km. The
threshold energies of detecting EAS fluorescent light
and EAS CLwillbe 2 x 10'®eVand 2 x 10'7 eV, respec-
tively. The system weight is estimated to be 50 kg.

During a 90-day flight during the polar night at an
altitude of 25 km above Antarctica, one setup can
detect ~1.2 x 103 EASs with the energy above 10'8 eV
and about thousand events with the energy >10'9 eV.
Such a long-term flight is due to unique wind condi-
tions in Antarctica in winter: circumpolar air circula-
tion in the middle of Antarctica and only slight pres-
ence of wind in the polar region. If a group of several
tens or hundreds of these devices is launched, the accu-
mulated statistics may increase by a factor of 10—100.

The technique of measuring the PCR energy spec-
trum and mass composition in the energy range of
108—10%° eV, which is planned to implement in the
SPHERE-Antarctica experiment, appears to be most
adequate for the stated problem because the total CL
flux reflected from the snow surface depends weakly
on the primary-nucleus type, and the fraction of EAS
CL is extremely small when recording the EAS cas-
cade curve shape based on fluorescent light. Thus, the
problem of separating Cherenkov and fluorescent
lights, typical of ground-based systems, is solved due
to the difference in arrival times of these components
of the EAS at the detector.

A high accuracy of determining the zenith angle of
EAS arrival in the SPHERE-Antarctica experiment
will be provided by measuring not only amplitude but
also time structure of pulses, as well as time intervals
between pulses of EAS CL and FL. Recording of sev-
eral points in the cascade curve makes it possible to
determine the depth of EAS development maximum
and the zenith angle of inclination of the EAS axis.
Using these data, one can analyze the PCR mass com-
position and increase the accuracy of reconstructing
the PCR energy spectrum.

CONCLUSIONS

In this paper, we presented the most complete
review of experimental and calculation studies on
development of the technique of observing reflected
EAS CL. The methods of reconstructing the PCR
spectrum and nuclear composition using different
EAS components were considered. Although many
studies were devoted to superhigh energy PCRs during
the last few decades, the results of measuring the spec-
trum and, especially, mass composition are contradic-
tory. This leads to the need for developing new meth-
ods of detection and analysis.
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The technique under consideration has a number
of important advantages. In particular, it allows one to
detect EAS CL directly from the paraxial shower
region, which is especially sensitive to the PCR
nuclear composition. In addition, investigations of the
same spectral regions from different altitudes make it
possible to estimate the systematic errors in a more
correct way. The optical properties of the snow surface
served as a screen are rather stable and have been stud-
ied fairly well.

The first observations of reflected EAS CL carried
out in the 1980s—early 1990s did not make it possible
to reconstruct the energy spectrum in detail and, all
the more, study the PCR mass composition. Cur-
rently, the most advanced detector employing this
method is the SPHERE-2 telescope. In this paper, the
experimental equipment was described in detail for the
first time and the technique of its relative and absolute
calibration was considered. Since the detector of the
SPHERE experiment is a compact device, the direct
calibration of the measuring channel sensitivity is per-
formed on-line, which is very important for the prob-
lem of studying the PCR mass composition (however,
it has been implemented in none ground-based exper-
iment on EAS CL).

In this study, a particular attention was paid to the
modern technique of simulating the detector response
and analyzing data in the SPHERE experiment. The
use of a sample of model showers calculated by the
complete direct statistical simulation made it possible
to correctly describe fluctuations in EAS develop-
ment. Specific features of model responses of the
SPHERE-2 detector were described. The technique of
calculating the fiducial acceptance of detecting show-
ers was considered. It was shown that the main diffi-
culty in reconstructing the spectrum of all nuclei (the
dependence of the fiducial acceptance on the nuclear
composition) can successfully be overcome using
information about the shape of the SDF of showers
detected in the experiment.

The results of analyzing the experimental data were
obtained during the observations of 2008—2013 at
Lake Baikal (the spectrum of all nuclei and estimated
fraction of light nuclei as a function of energy). Cur-
rently, systematic errors of these results are analyzed
in more detail.

Lines of development of the technique of detecting
reflected EAS CL were proposed. A large contribution
to investigation of the PCR composition in the energy
range of 10°—10'¢ eV will be made by the high-defini-
tion SPHERE-HD setup. For studies in the range of
10'8—10% ¢V, it is proposed to construct (using up-to-
date equipment) a new balloon system with a small size
and weight, which can stay at an altitude of 25—30 km
above the Antarctica surface covered with ice and
snow for 1—3 months during the polar night and detect
both EAS FL in atmosphere and the total EAS CL flux
reflected from the snow surface. This system would be
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a unique instrument for studying a celestial sphere of
the southern hemisphere, which cannot be observed
from the territory of the Russian Federation.
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