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Abstract—An Antarctic balloon experiment for measuring the energy spectrum and elemental
composition of cosmic rays in the ultrahigh-energy range (1018–1020) eV is proposed. Scientific
equipment will measure fluorescence caused by an extensive air shower formed in the atmosphere
by an ultrahigh energy particle and Cherenkov light of this shower reflected from a snow surface. It
is assumed that the balloon will fly in the circumpolar orbit in Antarctica at a height of ∼25 km for
(2–3) winter (in the Southern Hemisphere) months. For this time, ∼3000 events caused by particles
with energies above 1018 eV and (200–300) events caused by particles with energies above 1019 eV
will be detected.
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Currently, several large ground-based experimental setups operate in the energy range of primary

cosmic rays (PCR) 1–100 EeV, which record extensive air showers (EASs) [1–5]. However, the results
of their measurements are not in good agreement due to principal disadvantages of the technique used
in these experiments.

In the energy range of 1018–1020 eV, the EAS development maximum is near sea level; therefore, it
is difficult to study its development using ground-based setups. The geometry of the proposed balloon
experiment makes it possible to study EAS characteristics in this extreme energy range with much better
accuracy.

The best method for studying the energy spectrum in this energy range is the calorimetric method
for measuring the total flux of EAS Cherenkov light, proposed by A. E. Chudakov [6]. Currently, this
method is not used in any experimental setup in this energy range.

The second, also proposed by A. E. Chudakov, quasicalorimetric method for recording EAS fluores-
cent light [7] also cannot be adequately used in existing setups.

In this paper, we propose a new version of a balloon setup of small size and weight, which can be at a
height of ∼25 km over the Antarctica surface covered with ice and snow during polar night for one-three
months and record both EAS fluorescent light and the total flux of EAS Cherenkov light reflected from
the snow surface.

Recently, long-term (to 46 days) flights with scientific equipment were performed over Antarctica
during the Antarctic summer period. During the Antarctic winter (from May to September), a large ice
belt covered with snow is formed around Antarctica so that the mainland shoreline shape becomes close
to circular. It should promote the formation of more stable circular circumpolar air flows. This can make
it possible to perform even longer flights.

The search for the most appropriate flight trajectories will be performed at the first preparatory stage
of the experiment.

The proposed method makes it possible to obtain information on the shower development in the
atmosphere, to determine the depth of the EAS development maximum and the zenith tilt angle of the
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EAS axis. These data make it possible to analyze the mass composition and energy spectrum of primary
cosmic rays (PCRs).

1. Project objective. The SPHERE-Antarctica project objective is the study of the PCR energy
spectrum and elemental composition in the energy range of 1018–1020 eV. This energy range is of
particular interest from the viewpoint of the study of particle acceleration mechanisms in sources
in both our Galaxy and outside it. The energy spectrum shape irregularities and mass composition
measurements can yield information on the role of the extragalactic component of PCRs and answer
the question whether the Greisen–Zatsepin–Kuzmin effect takes place.

A main advantage of the SPHERE-Antarctica project is simultaneous recording of EAS fluorescent
light and the total flux of EAS Cherenkov light. This increases the methodical accuracy of energy and
particle type measurements and makes it possible to sufficiently accurate determine the arrival direction
of the PCR particle. The high angular resolution of the ultrahigh-energy particle arrival in the SPHERE-
Antarctica project allows detection of individual PCR sources in the energy region over 1019 eV.

The technique and measurement area sizes even for such modern ground-based experimental setups
as the Auger, TA, and Yakutsk appear insufficiently efficient for these purposes. The projected JEM-
EUSO orbital setup, although features a large effective measurement area, has some disadvantages. A
comparison of the proposed setup with the above-listed setups is given in Section 4.

2. Equipment. A flat lens with spherical aberration correction ∼0.5 m in diameter and ∼0.2 m2 in
area focuses EAS light to a photodetector ∼30–50 cm in diameter. As a detector, it is planned to use
∼1000 planar semiconductor diodes with quantum efficiency ηmax = 0.4 at the maximum. The average
effective quantum efficiency for a wavelength range of 300–600 nm is η = 0.27. The total viewing angle
of the entire setup is ∼1 sr. The total viewing angle of one pixel is Q = 10−3 sr.

Each detector pixel sees an EAS track area of length L ∼ 1 km which corresponds to the detection
time t ≈ 3 μs.

The setup dimensions are ∼0.5×0.5×0.5 m3. The approximate setup weight is 20–50 kg.
3. Recording of EAS fluorescent and Cherenkov light. Starry sky background. The average

number of photoelectrons from starry sky photons for the time t = 3 · 10−6 s will be

ns = Is · S · Q · t · η · Ct,

where Is ≈ 1012 photon·m−2·sr−1·s−1 [8–10], Ct ≈ 0.7 is the total light reflectance from the snow
surface, protective glass surface, and lens surface,

ns = 1012 · 0.2 · 10−3 · 3 · 10−6 · 0.26 · 0.7 ≈ 1.1 · 102.

Then the number of photoelectrons nb corresponding to the root-mean-square fluctuations of the starry
sky background in one pixel is

nb = (110)0.5 ≈ 10.5 photoelectrons.

Fluorescent light recording. The desired signal nfl of EAS fluorescent light 3.0 μs in duration in one
of 784 detection channels for an EAS with an energy of 1020 eV is given by

nfl = Nmax · 5 · L · S · (4πH2)−1 · η · CL,

where Nmax = E/(1.3 · 109 eV) ≈ 8 · 1010 is the number of particles at the EAS maximum, 5 is the
number of fluorescent light photons per 1 m of particle trajectory, L ≈ 103 m is the particle trajectory
length seen by one pixel, S ≈ 0.2 m2 is the lens area, H ≈ 25 km is the setup height, η = 0.27 is the
detector quantum efficiency, СL ≈ 0.8 is the reflectance from the protective glass and lens surfaces.
Then

nfl = 8 · 1010 · 5 · 103 · 0.2 · (4π)−1 · (25 · 103)−2 · 0.27 · 0.8 ≈ 2.2 · 103 photoelectrons.

The signal-to-background ratio for EAS fluorescent light measurements is (nfl/nb) = 2.2 · 103/10.5 =
2.1 · 102 for EAS with an energy of 1020 eV and (nfl/nb) = 2.1 for EAS with an energy of 1018 eV.

The threshold energy of EAS fluorescent light detection is ∼2 · 1018 eV.
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Each pixel sees a part of a fluorescent track 1 km long; however, pulse temporal structure measure-
ments will make it possible to obtain additional information for the fluorescent track for showers with
energies above the threshold.

Cherenkov light recording. The signal of the Cherenkov light reflected from snow for EAS with an
energy of 1020 eV is

nch = (2.5 · 107 · E · S · η · C)/[2π · (2.5 · 104)2],

where C ≈ 0.7 is the total reflectance from the snow surface, protective glass surface, and lens surface;
E is given in TeV. Then we obtain

nch = (2.5 · 107 · 108 · 0.2 · 0.27 · 0.7)/[2π · (2.5 · 104)2] ≈ 2.4 · 104 photoelectrons.

Due to the fact that reflection from snow is diffusive according to the Lambert law to EAS axis tilt
angles of ∼80◦, the signal-to-background ratio for recording EAS Cherenkov light is (nch/nb) =
2.4 · 104/10.5 ≈ 2.3 · 103 for EAS with an energy of 1020 eV and (nch/nb) ≈ 23 for EAS with an energy
of 1018 eV.

At a viewing angle of ∼1 sr and a device flight time of 90 days of polar night at a height of 25 km,
∼105 EASs with energies above 1018 eV and several hundreds of events with energies above 1019 eV
can be detected.

The threshold energy of recording EAS Cherenkov light is 2 · 1017 eV. Cherenkov light reflected from
snow twice passes through the atmospheric boundary layer before it will be recorded by the setup. This
causes additional light scattering whose consideration causes a certain increase in the threshold energy
of Cherenkov light recording by the setup.

4. Comparison with other experiments. When comparing the SPHERE-Antarctica project with
other experiments, it should be taken into account that the possible number of detected events, presented
in Section 3, can be obtained with a single setup during one long-term (two-three months) flight
over Antarctica. This is caused by unique wind conditions in Antarctica in the winter period, i.e., the
circumpolar circular motion of air in the central Antarctica region and the practical absence of wind in
the circumpolar region.

Table 1 compares the main parameters of the SPHERE-Antarctica, Auger [1, 2], TA [3, 4], and
Yakutsk [5] setups. First of all, a comparison should be performed with the Auger setup operated as long
as 9 years, whose effective area is significantly larger than the areas of all other setups.

In the Auger and TA experiments, the main method for determining the primary cosmic particle
energy and PCR mass composition is recording the shape of the EAS cascade curve development in the
atmosphere using four (in the case of the Auger) or three (for the TA) detectors of EAS fluorescent light.
In this case, scattered Cherenkov light and light absorption in the dense atmospheric boundary layer
between the detector and shower, reaching several tens of kilometers, have an appreciable effect. The
area used for this purpose is only 2% of the area on which EAS charged particle detectors are arranged.
For the Auger setup, these areas are 60 and 3000 km2 for the energy region above 3 · 1018 eV and 120
and 3000 km2 in the energy region above 1019 eV, respectively. The corresponding energy dependences
of the total exposure are given in [1].

Difficulties in the use of ground-based detectors of Cherenkov light for determining the PCR energy
and mass composition in the Auger and TA setups are illustrated by the fact that the PCR mass
composition in the energy region above (1018–1019) eV appears significantly different. According to the
results of the TA setup, the cosmic ray composition is purely proton, whereas, according to the Auger
setup data, it consists of heavy nuclei.

The events for which charged particle detectors can be used, as noted in [3], cannot be individually
analyzed for the purpose of the somewhat accurate determination of the EAS axis position and incidence
angle. According to the incidence angle, showers are classified into two groups: from 0◦ to 60◦ and from
60◦ to 90◦. A bank of simulated EASs is constructed, whose data are compared with the set of detected
EASs. Based on the comparison, experimental points are plotted.

Taking into account the width of the spatial distribution of EAS particles near sea level, the distances
between detectors (1.5 km), and the fact that the number of particles and their spatial distribution depend
strongly on the nucleus type and the EAS development model, the systematic error of points in the
particle energy spectrum can be significant.
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Table 1. Comparison of main parameters of the SPHERE-Antarctica, Auger [1, 2], TA [3, 4], and Yakutsk [5]
setups

Setup SPHERE- Auger ARRAY (TA) Yakutsk

Antarctica Telescope

Operating time 9 years 4 years 40 years

Measurement 1000 3000 for Dp, 700 10

area, km2 60 for Dfl

Number 1600 507 58

of detectors Dp

Number 4 3 no

of detectors Dfl at the periphery at the periphery

Number no no 58

of detectors Dch

Positioning 1.5 km 1.2 km 0.5 km

discreteness of Dp and Dch

EAS Cherenkov Ech ∼ 2 · 1017 eV Ech ∼ 3 · 1018 eV

light threshold

EAS fluorescent Efl ∼ 2 · 1018 eV Efl ∼ 5 · 1017 eV

light threshold

Number of events with ∼3000 for 1 year ∼82300 for Dp,

E > 3 · 1018 eV (2–3 months 1470 for Dfl

of flight) (2%) for 9 years

Number of the events with 200–300 for 1 year ∼8000 for Dp,

E > 1019 eV ∼145 for Dfl

for 9 years

Dp are ground-based charged particle detectors, Dch are ground-based detectors of EAS Cherenkov light, Dfl are
ground-based detectors of EAS fluorescent light; the setup operating time in the main mode is given.

When using fluorescence detectors, without which the analysis of the mass composition would be
simply impossible, the detail of the analysis of the PCR energy spectrum shape and nuclear composition
is limited by the effective measurement area smallness (∼60 km2).

For a two-three-month flight of the SPHERE-Antarctica setup, a two times larger number of events
with energies above 3 · 1018 eV can be detected, than by the Auger setup for 9 years of its operation. The
estimate of ∼3000 events per year was obtained under the assumption that the total spectrum has the
form N(> E) ∼ E−2 in the energy region > 1018 eV. Let us estimate the number of events which will be
recorded by the SPHERE-Antarctica setup. We proceed from the fact that ∼150 events with energies
≥ 1019 eV were recorded in the Auger experiment for 9 years. Taking into account the difference in
areas, ∼1000 and ∼120 km2, for the SPHERE-Antarctica and Auger, respectively, and the difference
in measurement times over the year, ∼20% and 13% [1], we obtain ∼220 events per year.

At the Yakutsk setup, the EAS energy is determined by the shower Cherenkov light flux at a fixed
distance from the shower axis (200–300 m). Taking into account the long distance between Cherenkov
light detectors (∼0.5 km), the error in the determination of the EAS zenith tilt angle, and the dependence

BULLETIN OF THE LEBEDEV PHYSICS INSTITUTE Vol. 43 No. 2 2016



84 ANTONOV et al.

of the calculated value on the EAS development model, the energy determination accuracy cannot be
high. In [5], it is indicated that the spectral data obtained at the Yakutsk setup were renormalized to
the Auger and TA data, and it is planned to upgrade the setup to improve the EAS energy determination
accuracy. The area of this setup will be hundred times smaller than the SPHERE-Antarctica setup area.

Currently, the shapes of the energy spectrum measured in the Auger, TA, and Yakutsk experiments
in the energy range of (1018–1019) eV are in poor agreement with each other. The data on mass
composition are also contradictory.

The technique for measuring the PCR energy spectrum and mass composition in the energy range
of (1018–1020) eV by recording the EAS cascade curve shape with simultaneous energy measurements
using the calorimetric method by the total flux of EAS Cherenkov light, which is planned to be used in
the SPHERE-Antarctica experiment, seems to be most adequate. The total Cherenkov light flux very
weakly depends on the primary nucleus type. The determination accuracy of the EAS zenith arrival angle
in the SPHERE-Antarctica experiment will be improved by recording not only the amplitude, but also
the temporal structure of pulses and time intervals between pulses of EAS Cherenkov and fluorescent
light.

The HiRes setup consisted of two ground-based optical detectors, spaced from each other by a
distance of ∼12 km, and did not incorporate ground-based EAS charged particle detectors. Both optical
detectors independently recorded EAS fluorescent light, some events were recorded simultaneously by
both detectors. By the results of processing of such events, an EAS spectrum to energies of ∼6 · 1017 eV
was constructed. By results of processing of all events detected by at least one of detectors, the spectrum
to energies of ∼3 · 1019 eV was constructed. The determination accuracy of the depth of the EAS
maximum in the atmosphere was ∼50 g·cm−2 [13].

In the energy region above 1019 eV, the data of all four setups (Auger, TA, Yakutsk, and HiRes) are
in poor agreement.

The advantages of the SPHERE-Antarctica setup over the HiRes setup are as follows.
(i) The thinner atmospheric layer from the EAS trajectory to the detector.
(ii) Purer air from the EAS trajectory to the detector.
(iii) Simultaneous recording of EAS fluorescence and total Cherenkov light flux, which improves

the determination accuracy of the shower energy and records the intersection point of the fluorescent
trajectory and the Earth’s surface, which improves the determination accuracy of the depth of the EAS
maximum.

In 2016–2017, it is planned to launch the JEM-EUSO orbital station intended for measuring the
PCR energy spectrum and mass composition in the energy range of (1018–1020) eV. The orbit altitude
is 350–400 km, the optical system diameter is 2.1 m, the viewing angle is ±30◦, the number of pixels
on the focal surface is 3.2 · 105, the length of the EAS fluorescent light region seen by one pixel near sea
level is ∼550 m. The angular resolution of each pixel is 0.07◦.

The calculations and the results of measurements of the Tatiana satellite [11] showed that the time
fraction efficient for measurements, determined by alternation of day and night, moonlight, and clouds,
is 0.12 of day. In this regard, it was believed that the presence of clouds in the layer below 3 km will not
affect the possibility of measuring the depth of the EAS development maximum. It was believed that
the depth of the maximum is above 3 km in the entire energy range. According to the calculations
[11], the determination accuracy of the EAS energy is 30%, and the measurement accuracy of the
depth of the EAS development maximum is 120 g/cm2. The light detector sensitivity range is (330–
400) nm. It was accepted that measurements can be performed if the moonlight brightness does not
exceed 500 photon·m−2·ns−1.

Let us compare characteristics of the SPHERE-Antarctica and JEM-EUSO setups. The energy
threshold range for measuring EAS fluorescent light for the JEM-EUSO is (1 − 3) · 1019 eV which
is several times higher than the threshold of the SPHERE-Antarctica setup for measuring EAS
fluorescent light and several tens of times higher than the threshold of the SPHERE-Antarctica setup
for measuring EAS Cherenkov light. The JEM-EUSO setup cannot record Cherenkov light somewhat
accurately.

The possibility of studying the mass PCR composition using the JEM-EUSO setup is questionable
in connection with the low determination accuracy of the depth of the EAS maximum (∼120 g/cm2).
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The SPHERE-Antarctica setup will determine the depth of the maximum with much better accuracy
due to Cherenkov light recording simultaneously with fluorescent light in each shower. Simultaneous
recording of the EAS fluorescent track and Cherenkov light reflected from the surface makes it possible
to study the PCR flux anisotropy in the energy range of (1018–1020) eV.

An advantage of the JEM-EUSO setup is that the effective EAS measurement area is hundred times
higher, than that of the SPHERE-Antarctica setup. In the case of launching two-three setups per year,
this difference can be decreased to one and a half orders of magnitude. It is not improbable that it will
become possible to obtain data in the energy range of (1018–1021) eV as well.

In any case, the SPHERE-Antarctica project implementation will become a good connecting link
between the Auger, TA, Yakutsk, and JEM-EUSO setups.

5. Light absorption in the atmosphere. The fraction of light reaching the Earth’s surface after
vertical passing through the entire atmospheric layer is e−K , where K is the extinction coefficient
including light absorption and scattering. The quantity K depends on the light wavelength λ (see Table
2 [14]).

The fluorescent light spectrum consists of several lines in the range from 300 to 450 μm. The average
fluorescent light absorption and scattering loss in the atmosphere is ∼0.3.

Table 2. Dependence of light absorption parameters on the wavelength [14]

λ, nm K e−K 1 − e−K

300 0.058 0.05 0.95

360 0.57 0.57 0.43

400 0.36 0.70 0.30

500 0.15 0.86 0.14

550 0.098 0.91 0.09

The Cherenkov light spectrum extends to the deep infrared as ∼E−3. The average effective loss for
Cherenkov light reflection from the snow surface is ∼0.14. Taking into account that Cherenkov light
passes through the atmosphere, the loss will be also ∼0.30. As a result, the correction to the calculated
thresholds for both Cherenkov and fluorescent light is ∼30%. This correction is insignificant, since the
main objective of the experiment is the study of the PCR energy spectrum and mass composition in the
energy region ≥ 1018 eV.

Conclusions. The proposed miniature balloon setup will make it possible to obtain more accurate
data on the energy spectrum in the energy range of (1018–1020) eV and mass composition of PCR in
this energy range. A similar experiment with much bulky and heavy equipment was planned previously
[12], but was not implemented because of objective factors. In the case of sufficient financing, two or
three units of the SPHERE-Antarctica setup can be launched.
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