
ISSN 0027-1349, Moscow University Physics Bulletin, 2024, Vol. 79, Suppl. 1, pp. S384–S391. © Allerton Press, Inc., 2024.

SPHERE-3: Tackling the Problem of Primary Cosmic Ray Mass
Composition with a New Approach

V. I. Galkin1, 2*, C. G. Azra1, 2, E. A. Bonvech1, D. M. Chernov1, E. L. Entina1,
V. I. Ivanov1, 2, V. S. Latypova1, D. A. Podgrudkov1, 2, T. V. Roganova1, and M. A. Ziva3

1Faculty of Physics, Lomonosov Moscow State University, Moscow, 119991 Russia
2Skobeltsyn Institute for Nuclear Physics, Lomonosov Moscow State University, Moscow, 119991 Russia

3Faculty of Computational Mathematics and Cybernetics, Lomonosov Moscow State University,
Moscow, 119991 Russia

Received May 15, 2024; revised May 31, 2024; accepted June 1, 2024

Abstract—A new Cherenkov telescope of the SPHERE type is under development. Its main goal is to
promote the solution of the problem of the primary cosmic ray mass composition at ultra high energies
(1–100 PeV) using a newly developed technique of the primary mass assignment to EAS event on event-
by-event basis. The telescope will carry out measurements of both the Cherenkov light reflected from the
snow surface as well as the direct one. Sensitivity of the direct Cherenkov images’ shapes to the primary
mass is demonstrated.
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1. INTRODUCTION

The long-dreamed 3D detection of extensive air
shower (EAS) may come true with a new SPHERE
telescope designed for simultaneous direct and re-
flected Cherenkov light registration which will reduce
substantially the uncertainties of the primary param-
eter estimates.

3D detection of the super high energy cosmic ray
in dense media became possible decades ago. We
have a number of successful examples of detector
arrays working together at different ground or wa-
ter/ice levels: EAS-TOP & MACRO at Gran Sasso
Laboratory [1] of INFN, DUMAND [2], Baikal [3],
AMANDA [4], NESTOR [5], ANTARES [6], IceTop
& IceCube [7]. But we do not know any detector
working at different levels in the atmosphere.

Generally speaking, obtaining the 3D information
on EAS became available many years ago when it
was first realized that the delay of Cherenkov photons
can help to distinguish between the light coming from
different stages of shower development. Still, the
relation between the emission altitude and the delay
is approximate and sometimes even ambiguous, thus
the real 3D detection is preferable.

*E-mail: v_i_galkin@mail.ru

SPHERE-3 telescope is going to establish a new
era of 3D Cherenkov EAS detection with two syn-
chronized telescopes, each pursuing its specific goal.
A traditional mirror+PMT mosaic telescope will look
for Cherenkov light reflected from the snowed surface,
while a small lens+CCD one will register direct light
angular image. Primary energy, direction and mass
estimates will come from the well-known procedures
dealing with the reflected CL image. If a direct CL
image appears in coincidence with the reflected one,
its processing provides an independent estimate of the
direction. The shape of the direct image definitely
contains some information on the mass of the primary
particle.

SPHERE telescopes were conceived to contribute
to the study of the primary cosmic ray (PCR) nuclei in
the energy range 1015−1018 eV which is only possible
through the detection of the so called extensive air
showers (EAS), i.e., huge particle cascades initiated
by the primaries in the atmosphere. Of all primary
parameters of EAS (primary energy, direction and
particle type) the latter one turned out to be the most
difficult to measure. Still its very important from
the astrophysical viewpoint. The super high energy
PCR mass composition problem belongs to the par-
ticle astrophysics and first appeared at full strength
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Fig. 1. Implementations of Chudakov’s idea: (a) in the Alps [10], (b) in the Tien Shan [11], both ground-based; (c) in the Volga
region [12], (d) at Lake Baikal [13], both using tethered balloon as a carrier.

after the physicists had become aware of a knee-like
peculiarity in the PCR all-particle energy spectrum
at about 3–5 PeV [8]. Possible change of the mass
composition presented one of the probable explana-
tions for the fact. As of now many other features of
the PCR energy spectrum are known and are waiting
for the explanation.

The original idea of the SPHERE method belongs
to Chudakov [9], a prominent Soviet cosmic ray re-
searcher known also for many other important ideas
and developments in the field. Chudakov suggested
to collect the EAS Cherenkov light (CL) reflected by
snowed ground with the use of an elevated telescope
incorporating a mirror and a mosaic of PMTs. Such a
device put a few hundred meters above the snow can
observe a circle of ground of a similar radius and thus
perform the function of a ground-based detector array
of about the same size. The scheme presents some
advantages as compared to the traditional arrays, the
scalability of the experiment to be mentioned first.

The Chudakov’s idea was implemented a few
times (see Fig.1), first in 1980s as two ground-
based telescopes observing the Plateau Rosa glacier
in the Alps [10] then in 1990s as a single tele-
scope observing the snowed surface of the Big Al-
maty lake [11]. The following two implementations,
SPHERE-1 [12] and SPHERE-2 [13] used tethered
balloons as carriers and included rather detailed PMT
mosaics. The latter one was the most advanced

and succeeded in yielding some important results on
the PCR energy spectrum and mass composition at
about 10 PeV [14]. The processing technique was
a rather complicated one but the full simulation of
the experiment has not been carried out before the
measurements. Only now becomes it possible to sim-
ulate the registration of EAS CL by the SPHERE-2
telescope in proper detail and we have learned much
by its results [15]. Particularly, we realized that
the sensitivity of SPHERE method to the primary
mass, which is one of its main advantages, should
be the main idea of the SPHERE design. We have
developed an approach to the processing of a shape of
the reflected CL image on SPHERE-2 mosaic that
makes it possible to estimate the mean primary mass
dependence on the primary energy [16]. But the error
of the mass estimates for individual EAS is still rather
large and this should be taken into account while
designing a new SPHERE-3 experiment.

The data of SPHERE-2 experiment gave us a hint
at how to gather more information of a shower. Some
experimental data frames contain signals unusual for
the reflected EAS CL which are too short and precede
the target signal by a few microseconds. Dedicated
studies identify the features as the signals of the direct
CL photons reaching the mosaic PMTs through some
holes in the mirror. Figure 2 shows an example of
such a data frame: the delay between the unusual
signal and the usual one (about 4 μs) corresponds
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Fig. 2. During the SPHERE-2 data analysis an unusual
event was discovered with the usual reflected Cherenkov
image preceded by an unusual one identified as a direct
image.

to the approximately doubled flight altitude of the
SPHERE-2.

2. THE GOAL OF THE NEW PROJECT:
OPTIMIZATION OF THE DETECTOR

DESIGN TO REDUCE THE PRIMARY MASS
ESTIMATE UNCERTAINTY

Any EAS detector array has to estimate the pri-
mary parameters of a shower (primary particle energy,
direction and mass) as best as possible. Chudakov’s
flying telescope (let us call it SPHERE hereafter)
is expected to do that as well. It even has some
advantages over the ground-based detectors.

First, the very idea of such experiment suggests
its scalability: one and the same telescope can probe
different primary energy ranges depending on the ob-
servation altitude. With tethered balloon as a carrier
the telescope can be elevated to 1 km and even higher
so that it can observe an area of about 1 km2 which
rivals the areas of the ground-based EAS detector
array studying 1–1000 PeV energy range. The higher
it flies the higher are the primary energies considered.

Second, SPHERE telescopes are capable of ob-
serving the major part of the ground area within the
field of view unlike the ground-based installations
with detectors put far apart (tens to hundreds me-
ters). Here one can anticipate an invaluable new
property: the vicinity of the shower axis can be seen

and analyzed, which is an important region from the
viewpoint of the primary mass estimation.

As of now the SPHERE telescope history exceeds
40 years, still the results of its work could be more
impressive with the advantages mentioned. In our
viewpoint, there are two main obstacles to overcome
while studying the PCR mass composition.

The first one is the general problem of cascade
fluctuations which smear the beautiful mean charac-
teristics of the cascade showers commonly used to
deduce the primary nucleus mass. While the primary
energy and direction can be estimated with the rela-
tively straightforward methods, the primary mass re-
veals itself in the details of the differential distributions
of observable characteristics which are substantially
affected by the fluctuations. These details require spe-
cial attention as they differ for different detectors and
should be measured and processed carefully. The lat-
ter circumstance may be called an information greed
of the primary mass, which is usually ignored when
planning the experiment. More accurately, all the
primary parameters are thought to be about equally
greedy for information and no attempts are made to
favor the primary mass. Thus, the way to overcome
the first obstacle is to admit the information greed
of the primary mass and take it into account while
constructing the detector.

The second obstacle to overcome is the absence of
general approach to find the primary mass signature
for the concrete type of experiment on condition that
one doesn’t know the details of the hadron interaction
at super high energies. We think we have already
found such an approach which can lead to mass-
sensitive parameters with minimum dependence on
the interaction model: one must use the distribu-
tion shape parameters for the primary mass estima-
tion [16].

We are going to bypass both obstacles in a new
SPHERE-3 project. Hopefully, we will work out
some new principles of such a bypass which could be
useful for the other EAS Cherenkov detector arrays.

Thus, we can state the following main goal of the
new project: to optimize the telescope design so that
to ensure minimum uncertainty of the primary mass
estimates.

3. WHERE DO WE STAND IN THE PRIMARY
MASS ESTIMATION PROBLEM?

The data of the previous SPHERE-2 experiment
are being thoroughly reanalyzed at the moment using
a new vast database of artificial EAS events. The
new analysis allows drawing some conclusions on the
properties of the past telescope that must be improved
in the future one.
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We constructed quite a number of mass-sensitive
parameters describing the shape of reflected CL im-
ages in SPHERE-2 telescope, selected the best ones
(those showing minimum classification errors for two
pairs of primary nuclei, see Fig. 3) and assessed
the primary mass estimation errors in individual EAS
and on average for different mass compositions with
sample volumes of a few thousand events. Individual
errors are not at all satisfactory (they can amount
to hundreds percent) but the mean ones are good
enough: ∼ 2%.

Thus, one has to acknowledge that the shape of
the reflected CL image is sensitive to the primary
mass and it is worth while to extract the appropriate
information in the best possible way. To do so, we
are going to check the capabilities of a few candidate
designs of the telescope in this respect. At this point
one should recall the possibility to carry out a dual
detection of a shower using both the reflected and
the direct CL. Of course, this cannot happen with
the balloon-borne telescope but we are going to use
an unmanned aerial vehicle as a carrier in the future.
Fig. 4 shows the detection scheme for this case.

It is common knowledge that the angular distribu-
tion of EAS direct CL contains important information
on the primary mass. It is enough to mention the
success of the Cherenkov γ-ray astronomy is mostly
due to this fact [17]. Still we can add our own de-
velopments pertinent to the PCR mass composition
problem [18]. It turned out that the super high energy
showers from the primary nuclei can yield much richer
information that the usual γ-ray showers of TeV en-
ergy range. Thus, one can use much more advanced
CL angular distribution shape parameters instead of
the usual Hillas set [19]. With the direct CL it is also

Reflected
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Cherenkov 

light  

EAS
axis

Mirror

CL LDF
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Fig. 4. Dual detection scheme using reflected and direct
EAS CL.

possible to find the shape parameters sensitive to the
primary mass but almost independent of the hadron
interaction model.

We are going to combine the capabilities of the
reflected and the direct CL where possible in order
to reduce the uncertainties of the primary mass esti-
mates. It is important to understand the optimum de-
tection altitudes for both reflected and direct CL. For
the purpose vast simulations are underway of artificial
EAS events with CORSIKA [20] code resulting in
EAS CL characteristics at four levels: Lake Baikal
level, 0.5, 1.0, and 2.0 km above. Next simulation
stage will use this database to produce reflected and
direct CL images at three flying altitudes (0.5, 1.0,
and 2.0 km). Generally speaking, we have already
learned much about the reflected image processing
while looking for the mass-sensitive parameters for
SPHERE-2 but we are not decided yet on the direct
CL detector and therefore we present here only the
simplest evidence of the direct CL sensitivity to the
primary mass.

4. DIRECT CL CAN HELP TO ESTIMATE
THE PRIMARY MASS

Here we assume the area of the direct CL detector
(probably, CCD sensor + lens) to be 1 dm2, its field of
view will be 50◦ × 50◦ with the axis aimed at zenith.
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First, one must understand the size of the shower
axis vicinity where such a detector can see the shower
image. Lateral distribution of CL with photons within
the field of view solves the problem (Fig. 5). One can
conclude that even a proton shower of energy 1 PeV
can fill the detector with ∼100 photoelectrons at core
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distances up to 150 at 500 m altitude, up to 140 at
1000 m altitude and up to 110 m at 2000 m altitude.

Second, one must see the angular distribution and
choose the shape parameter to be used for the mass
estimation. Figure 6 presents CL angular distri-
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butions for the three altitudes. One can see sharp
peaks pointing approximately in the shower arrival
direction (θ = 15◦), the higher is the observation level
the sharper is the peak. It is not at all easy to decide
on the mass sensitive parameter so we try the first
one we can think of which is one of the Hillas set:
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the angular peak long dimension a. Later a thorough
analysis is to be made to choose the most sensitive
parameter. Now we just demonstrate that such an
analysis is worth while.

Obviously, one should not use the shape of the
whole distribution because its periphery will be af-
fected by the fluctuations and the background. We
now set the threshold to 1% of the maximum pixel
content, to be tuned later on. Figure 7 shows the tops
of the direct CL angular distributions for three 10 PeV
nuclei (proton, 14N, 56Fe), core distance 100 m, ob-
servation altitude 500 m. Their look very similar, still
their long axes differ in size and this can be used to
distinguish between the nuclei. Angular distributions
for 1000 m altitude behave similarly while at 2000
m the scale of the long axes is much smaller which
makes the images of different nuclei more difficult
to distinguish, higher angular resolution is required.
Figure 8 presents the histograms of the long axis
sizes of the angular distributions shown in Fig. 7. It
is clear that the distributions are really different but
the classification errors for pairs p–N and N–Fe are
rather high (Table 1). It should be noted that the mass
sensitive parameter a was chosen almost at random
and still demonstrates a sensitivity to the primary
mass comparable to that obtained with the optimized
parameter selected for SPHERE-2 data (Fig. 3).

Certainly, a more sensitive parameter will be found
while analyzing the bulk of the SPHERE-3 artificial
image database. One may learn an interesting ten-
dency from Table 1: higher observation levels favor
the separation of massive nuclei while the light ones
are separated better at 500 or 1000 m. It is because
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Table 1. Missclassification probabilities using parameter
a. Sample volume 60 for each nucleus

E0, Hobs, Pair of nuclei

PeV m p–N N–Fe

10 500 0.35/0.40 0.30/0.35

10 1000 0.35/0.32 0.37/0.27

10 2000 0.35/0.40 0.30/0.35

30 500 0.33/0.35 0.30/0.27

30 1000 0.33/0.30 0.32/0.25

30 2000 0.35/0.40 0.35/0.23

the differences of the cascade curves for the heavier
primaries appear higher than for the light ones.

5. CONCLUSIONS

The main goal of the current stage of our work is
to find the optimal design of the new telescope with
respect to the primary mass resolution.

We have already developed a procedure for such
optimization of the traditional part of the SPHERE
telescope acquiring the reflected CL. Now that we
have perceived the possibility to detect also the direct
CL, i.e., to ensure the EAS detection at two levels, we
are going to extend the optimization to the upper part
of the telescope.

Direct CL of EAS definitely shows sensitivity
toward the primary mass. Hopefully, combined with
the sensitivity provided by the reflected CL (e.g.,
the reflected CL image steepness parameter) it can
substantially reduce the uncertainty of the individual
shower primary mass estimate.

In case we succeed in developing this promising
technique, one may call it the first realization of the
EAS three-dimensional detection.
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