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PROSPECTS OF THE AIR-SHOWER RADIO ARRAY
AT THE TIEN SHAN HIGH-ALTITUDE
SCIENTIFIC STATION

High energy astrophysics has been actively developed since the last decades. The photons and neu-
trinos produced at astrophysical sources were detected up to energies of PeV, while the measured spec-
trum of cosmic rays lasts from GeV to ZeV energies. The challenges of modern detectors are not only
pushing towards higher energies to reach the cosmic acceleration limit, but also increasing the resolution
of the reconstruction of the energy, arrival direction and the type of the cosmic particle. Due to low flux
of these particles, their detection is feasible only by measurement of air-showers, atmospheric cascades
of secondary particles induced by the primary one. One of the promising methods of the air-shower
detection is the sparse digital radio arrays, a young, but cost-effective technique aimed at the cosmic
particles with energies beyond PeV. The future detectors aimed at detection of cosmic rays, photons
and neutrinos of extreme energies are based on the antenna arrays located either in ice or on mountain
slopes. The latter are sensitive both to downward-directional air-showers induced by cosmic rays, and
upward-going ones produced by skimming neutrinos interacting with rock. The prototyping of such an
array requires appropriate location (high-altitude mountains) with corresponding infrastructure and ide-
ally additional cosmic-ray detector for the cross-calibration of antennas. The-Tien Shan High-altitude
Scientific Station (TSHSS) located near Almaty, Kazakhstan, and equipped with air-shower instruments,
is an ideal place for this prototype. In this work we discuss the prospects of the radio technique, its cur-
rent challenges and report the recent advances of the prototype radio installations at TSHSS.

Key words: astroparticle physics, cosmic rays, radio antennas, Tien-Shan High-altitude Scientific
Station.
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Tanb-LLIaHb 6MiK TayAbl FbIABIMM CTAHLIMSICbIHAQ
KeH, aTMocchepanblk HoCcepAi Tipkeyre apHaAfaH
AHTEHHA TOPAApPbIHbIH, 60AALLIAFDI

>Korapbl 3HepPrusiAbl acTPoU3MKa COHFbl OHXKbIAABIKTA GEACEHAT AaMbIM KeAAi. ACTPOU3MKAABIK,
KO3AEPAE TyblHAQFAH HEMTPUHOAAP MeH hoToHAap 3B aHeprusgcbiHa AeniH TipKeAreH, aA FapbILLTbIK,
CayAeAnepAiH eAlleHreH cnekTpi 3B sHeprusgcbiHaH 33B-ke aeriH co3binaabl. Kasipri 3amaHfbl
AETEKTOPAAPAbBIH,  MIHAETI — Fapblll KEHICTINHAE >KbIAAAMAQATBIAFAH >KOFapbl 3HEPrUsIAApAbIH,
GOALIEKTEPIH TIPKeYre yMTbIAY FaHa eMeC, COHbIMEH KaTap SHEPrusiHbl KAAMbIHA KEATIpYre apHaAfaH
KOHABIPFbIAAPADIH, KEAYy GarbITTapbl MEH FapbILLITbIK, GOALIEKTEPAIH TYPAEPIH wWwewyre KaGiAeTTiAiriH
apTTbipy. ByA 6eAwexkTepaiH a3 aFbiMblHA GANAAHBICTbI OAAPAbI KEH, aTMOCepaAbik, HecepaiH, (KAH),
GacTankpl GOALIEKTEH TyblHAAFAH KanMTarama GOALLEKTEPAIH aTMOC(EPAAbIK, KACKAATapbiH 6ALlley
apKbIAbl FaHa aHbIKTayFa 60AaAbI.

KAH aHblkTayablH K06aAbl 9AiCTepiHiH 6ipi — TapaTbIAFaH CaHABIK, PAAMO MacCMBTEPI GOAbIM
TabblAaabl, BYA >kaHa, 6ipak, 3KOHOMMKAAbIK TYPFblad YHEMAI daic, MaB-TeH >KorFapbl 3HEPrusiAbl
FapbILLTbIK, OBALLEKTEPAI TipKeyre OGarFbiTTaAraH. FapbIlTbIK COyAeAep, (DOTOHAAP XKOHE IKCTPEMAAADI
SHEPrMSAbl HEMTPUHOAAPADBIH GOAaLLIaK, AETEKTOPAAPbl My3aa Hemece Tay GeKTepiHAe OpHaAacKaH
AQHTEHHAAbIK, TOpAapFa HerizaeAreH. CoHFblAapbl FAPbILLTbIK, COYAEAEPAEH TyblHAaFaH KAH-re ae, Tay
>KbIHbICTAPbIMEH 9PEKETTECETIH HEMTPUHOHBI TYAbIPATbIH XKOFapbl GaFblTTaAFaH HeCepre Ae Ce3iMTaA.
MyHAQim TOPABIH MPOTOTMMIH >Kacay YiiH TUICTi MHPPaKYPbIAbIMbI 6Gap KOAaMAbI OpPbIH (TayAbl >Kep)
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KQXKET >K8HE, eH AYPbICbl, aHTEHHAAAPAbI KOAAEHEH Kaanbpaey yuiH KAH Tipkeyre apHaaraH 6acka
KOHAbIPFbIAAp 6ap GoAFaHbl XKeH. AAmartbl (KasakcTaH) mMaHbiHAQ OpHaAackaH >keHe KAH Tipkeyre
apHAAFaH KeleHAl KOHABIPFbIAAPMeEH >KabablkTaaFaH TaHb-LUlaHb 6MiK TayAbl FbIAbIMM CTAHLMSCHI
(TLLBTFC) ocbl npoToTmn yiiH Tamalia opbiH 60AbIN TabbiAaabl. ByA symbicTa 6i3 paarOTEXHMKaHbIH
nepcrnekTMBaAapbiH, OHbIH Kasipri npobAemasapbid xaHe TLLUBTFC-teri paAMOKOHAbIPFbIAAPAbIH
NMPOTOTUMIHIH COHFbl FbIABIMU XETICTIKTEPI TYpaAbl TAAKbIAQNMBI3.

TyHiH ce3aep: FapbilUTbIK, GOALLEKTEP (PU3MKACHI, FAPbILTbIK, COYAEAEP, PaAMOaHTeHHaAap, TaHb-
LLlaHb 6GMiK TayAbl FbIAbIMM CTAHLMSIChI.
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lNepcnekTUBbI aHTEHHBIX peLleToK
AASl PErMCTPaLLMM LUMPOKUX aTMOChepPHbIX AMBHENH
Ha TaHb-LLIaHbCKOM BbICOKOrOpHOWM Hay4HOM CTaHLMU

AcTpohm3nka BbICOKMX 3HEPruii akTUBHO pa3BMBAETCS B nocAeaHee apecsTvaeTve. DOTOHbI
M HENTPUHO, POXKAEHHble B aCTPO(PM3NYECKMX MCTOUHMKAX, 3apermcTpMpoBaHbl A0 3Heprui [13B,
B TO BPeMS$l KaK M3MEPEHHbIN CMNeKTP KOCMUYECKNX Ayuel AAMTCS OT 3Hepruit 3B Ao 33B. 3apaua
COBPEMEHHbIX AETEKTOPOB 3aKAIOYAETCS HE TOABKO B PErMCTPaLLMM YacTuUL, BCe 6OAEe BbICOKMX 3HEPrii,
YCKOPEHHbIX B KOCMUYECKOM MPOCTPAHCTBE, HO U B MOBbILLEHWM Pa3peLLatoLLeit CnocobHOCTU YCTaHOBOK
AAS BOCCTAHOBAEHMWSI SHEPT UM, HAMPABAEHUI NPUObITHS U TUMOB KOCMUYECKMX YacTuu,. M3-3a MaAoro
MoTOKa 3TUX YacTuL, UX OBHapy>KeHUe BO3MOXKHO TOAbKO MyTeM M3MEPEHMUs LUIMPOKMX aTMOCKEPHbIX
AmBHen (LLUAA), atMocdepHbIX KaCKaAOB BTOPUYHbIX YaCTUL, MHAYLIMPOBAHHbLIX MEPBUYHOM YaCcTULLEN.
OAHVMM M3 MepCrnekTUBHbIX METOAOB O6HapyeHusi LLIAA gBASOTCS pacripeseAeHHble umdpoBble
PaAMOMACCUBbI, HOBbIA, HO 3KOHOMMYECKM 3MMEKTMBHBIA METOA, HALLEAEHHbI Ha Perncrpaumio
KOCMMYECKMX YacTuL, C 3Hepruen Bbilwe [M3B. B ocHoBe GyAyLUMX AETEKTOPOB KOCMWMYECKMX AyYen,
(POTOHOB M HEMTPMHO BKCTPEMAABHbBIX SHEPIUI AeXaT AHTEHHbIe PELLETKM, PACMOAOXKEHHbIE BO AbAY
MAM HA FOPHbIX CKAOHax. [TocAeAHWe YyBCTBUTEAbHbI KaK K HampaBAeHHbIM BHM3 LLIAA, BbI3BaHHbIX
KOCMMYECKMMM AyYamm, TaK M K HanpaBAE€HHbIM BBEPX CO3AABAEMbIM HEMTPUHO, B3aUMOAENCTBYIOLLIMM
C TFOPHbIMM MOPOAAMU. AAS CO3AAHMS MPOTOTMMA TaKoW pelleTKn TpebyeTcsl MOAXOASLEE MeCcTo
(BbICOKOrOpbe) C COOTBETCTBYIOLLEN MH(PPACTPYKTYPON M, B MAEAAe, PSA APYIMX YCTAHOBOK AAS
pervctpaunm LLIAA, AAs nepekpecTHOM KaanbpoBkM aHTeHH. TaHb-LLIaHbcKast BbICOKOropHas HayuHas
craHumg (TLLIBHC), pacnoaoxxeHHas Heaaaeko oT AAMaTbl, KazaxcTaH, 1 ocHalleHHas KOMMAEKCHbIMU
YCTaHOBKaMn AAS pernctpaumm LLAA, 9BAgeTCS mAeaAbHbIM MECTOM AAS 3TOro mpototuna. B aton
paboTe Mbl 06CyKAaeM NMEePCreKTUBbI PAAMOTEXHWKM, ee TeKyLLMe MPOOAEMbl U COOOLLAEM O MOCAEAHUX
HayU4HbIX AOCTVXKEHMAX MPOTOTMMNA PAAMOYCTaHOBOK Ha TLLIBHC.

KatoueBble caoBa: (hm3mka KOCMMYECKMX YacCTWL, KOCMMYECKME AyUM, PAAMOAHTEHHbI, TSHb-
LLIaHbCKas BbICOKOrOpHas Hay4yHas CTaHLmMs.

Introduction

When the measurements of cosmic rays have
reached energies of the GZK [1,2], the main
challenge for the physics of ultra-high cosmic rays
is to increase the statistics and the measurement
quality close to the breakdown of the cosmic ray
flux at approximate 60 EeV. To obtain sufficient
statistics one needs to build economically reasonable
large-area detectors with high duty-cycles. The radio
detection could be one of the prospective techniques
for future investigations of ultra-high energy cosmic
rays.

Radio detection of ultra-high energy (>PeV)
particle cascades in media was proposed [3,4] and

detected [5] more than half a century ago. Due to
limitations of the data acquisition and data analysis
with the technologies available at that time, the
radio technique has been disregarded until the first
decade of the 21st century. Development and mass
production of fast digital-analog converters, boards
and computers enabled the installation of large
wide-angle digital radio arrays for radio astronomy
as well as for air-shower detection. In the last years
digital radio arrays operating in the MHz frequency
band have proven their feasibility, hardware and
software for them were developed and successfully
applied.

To acquire sufficient data in the EeV energy
domain, it is necessary to cover areas from tens to
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thousands of square kilometers, which implies the
deployment of sparse arrays with distances between
antenna stations from tens to thousands of meters.
The hardware and methods for the sparse antenna
arrays were developed and successfully tested in
AERA and Tunka-Rex [6-12], which has shown
that radio arrays for air-shower detection are ready
for the installation on the large areas. This success
has brought a motivation to build large-scale radio
arrays with areas of thousands square kilometers.
The first step will be done with the AERA setup
which will be extended to the full area of the Pierre
Auger Observatory, namely by attaching an antenna
station to each water-Cherenkov tank. The first
successful stand-alone array ARIANNA aimed
mainly for neutrino detection is being deployed in
Antarctica and has already shown that a self-trigger
can be implemented and successfully used in very
radio-quiet locations [13].

The achievements listed above are planned to
be used in the proposed extremely-large scale setup
GRAND, adistributed radio array tuned for the detection
of very inclined air-showers for neutrinos, cosmic rays
and gamma [14]. This ambitious project has many
challenges starting from industrial production and
maintenance of hundreds of thousands of antennas and
corresponding electronics and finishing with precision
methods for the reconstruction of upward-going and
highly inclined air-showers. Achieving these challenges
requires building prototypes in the environments close
to the real ones, i.e. high-altitude mountains. One of
the best locations for such a prototype is the Tien-Shan
High-altitude Scientific Station (TSHSS). At TSHSS
there are several installations for the study of EAS:
Horizon-T installation, HADRON-55, burst detector
etc.

In this work we discuss the prospects of the ra-
dio technique, its current challenges and report the
recent advances of the prototype radio installations
at TSHSS.

Radio detection technique and analysis
methods

The interest in radio detection of air-showers
was rekindled due to the following features of this
technique:

— Cost-efficiency. The cost of a single detection
element (antenna) of a radio array is an order of
magnitude lower than for particle detectors (scintil-
lators) and optical detectors (PMTs). At the same
time, deployment and maintenance of radio arrays
require less human, time and financial resources
than for optical arrays or telescopes.

12

— Duty-cycle. Since the air is transparent for
MHz radio, the detection is almost unaffected by
the atmospheric conditions (temperature, density
and humidity, see Ref. [15] for details) and can be
performed around-the-clock except during thunder-
storms.

— Precision for energy and shower maximum. In
the last years it was proven that the resolution of
radio detectors can achieve 10-15% for the energy
and 20-40 g/cm? for the depth of shower maximum
[16,17] depending on energy and on the configura-
tion of the detector. These numbers are comparable
with the precision achievable using optical methods
of air-shower detection.

— Sensitivity for inclined events. Since the se-
condary particles as well as Cherenkov and fluo-
rescent light are absorbed during the propagation
through the atmosphere, optical and particle setups
have difficulties detecting very inclined air show-
ers (with inclination v>60°) with full efficiency.
Contrary to it, radio waves can propagate tens of
kilometers in the atmosphere and be seen by an an-
tenna array from a very far distance. Although the
power of the emission falls with distance squared,
the air-shower footprint increases as 1/cosv, which
allows one to detect these air-showers with very
sparse arrays.

The combination of these features makes the
detection of ultra-high energy messengers (>EeV)
the perfect science case for the radio technique. For
the time being most of the digital radio arrays serve
as extensions for the existing cosmic-ray setups, and
only few operate in stand-alone mode. The main
obstacle for large-scale stand-alone arrays is the
high radio background. To achieve high efficiency
under this background one needs to select the
optimal frequency band and develop sophisticated
self-trigger [18] as well as develop optimal methods
for the signal processing and EAS parameters
reconstruction.

Common approach to the measurements of
air-showers in radio bands is using sparse time-
synchronized antenna arrays. Single station detects
the integrated radio emission of an air-shower at
the point of the surface of the array. Air-shower
radio pulse is short peak with tens of nanoseconds
characteristic length. With known timestamps of the
detection of these pulses at different stations one can
reconstruct the arrival direction of the air-shower.
Position of shower core is reconstructed by the lateral
distribution of amplitudes of measured pulses. With
reconstructed arrival direction and shower core one
performs reconstruction of the main parameters
of the shower: electromagnetic energy, related to
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energy of the primary particle, and depth of shower
maximum (depth in atmosphere associated with
maximal number of particles in shower lifecycle),
related to the mass of the primary particle.

These parameters are usually reconstructed
using analysis of lateral distribution of measured
amplitudes in the plane perpendicular to the shower
axis. Measured amplitudes are fitted with some
type of exponential function (lateral distribution
function, LDF) depending on experimental
conditions and used approach. For example, in the
first-years analysis of data collected by Tunka-Rex
the following parameterization is used:

E(r)=E  sin a, exp[/;(r —r)l,

where E | is amplitude of radio pulse at the distan-
ce r, from the shower axis, o is angle between the
geomagnetic field vector and the shower axis, r is
distance to the shower axis. With this approach the
shower energy and depth of maximum are defined
as amplitude and slope of the LDF at specific points
[19].

For increasing the precision of the reconstruc-
tion one can take into account the shape of the
shower pulse, as shown in the latest analysis of
Tunka-Rex [20]. With this approach the energy is
pre-reconstructed using the LDF method. After that
a set of simulations for each event with the fixed

energy, but various masses of the primary particle
is produced, and is fitted to the shapes of measured
pulses to the simulated ones. Comparsion is perfor-
med using reducing chi-square fit. Using this appro-
ach the better precision is reached in comparison
with the LDF method.

For the testing of new methods of the air-sho-
wers radio data processing the Tunka-Rex Virtual
Observatory (TRVO) is developed [21]. It is a fra-
mework which provides an open access to the data
of experiments measuring cosmic rays with radio
technique. At the current moment it contains data
collected by Tunka-Rex and Almarac experiments.
Framework includes low-level information (time-
stamps and signal traces) and specific modules for
processing the data, for example, denoising the tra-
ces with deep neural networks, modules for calcu-
lating the signal parameters and for testing the self-
trigger techniques.

Preliminary results of deployment of antenna
setups on TSHSS and discussion

Radio detection at the TSHSS began more that
five years ago. The first installation has been done
with the three low-frequency dipole antennas opera-
ting in the 1-8 MHz range (Fig. 1, left). [22]. Fig.2
shows day-night variation of background at low-fre-
quency antenna caused by ionosphere features.

Figure 1 — Various antenna types at TSHSS.
Left: Low-frequency dipole antennas operating in 1-8 MHz range.
Middle: Short aperiodic loaded loop antenna (SALLA) from Almarac array.
Right: newly developed Uda-Yagi antenna to be installed with the Horizon-T array

Later, in cooperation with Tunka-Rex, the
Almaty Radio Cluster (Almarac) was deployed
in 2018. Almarac antenna cluster consists of 4
short aperiodic loaded loop antennas (SALLA)

with arcs oriented at an angle of 45 degrees to
the Earth’s magnetic field (Fig. 1, middle). This
orientation of the antennas ensures the highest
efficiency of air-shower radio emission detection.
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A similar arrangement of antennas has already been
successfully used in the Tunka-Rex experiment.
The signal track completely repeats the Tunka-Rex
signal path, with one exception of a slightly longer
cable length in the Almarac antenna cluster. To
digitize the signal, a CAEN ADC with a sampling
rate of 250 MHz is used, which makes it possible
to detect radio emission up to 125 MHz and with
a margin that overlaps the bandwidth of the signal
path (30-80 MHz). A feature of the Almarac antenna
cluster is its high-altitude location. This arrangement

of the cluster makes it possible to reduce the energy
threshold for cosmic-ray detection, due to the lower
attenuation of radio emission from air-showers
at threshold energies. The close proximity of the
antenna cluster to other installations of the Tien
Shan Station makes it possible to carry out cross-
calibration. Closely located high mountains allow
the installation to be naturally protected from
man-made interference. For the moment, the data
acquired by Almarac are converted to the TRVO
format to be analyzed with Tunka-Rex software.

Figure 2 — Day-night variation of background at low-frequency antenna at TSHSS

One of the most important tasks of radio detection
is to solve the problem of autonomous registration
without using an external trigger. At the moment,
there are no universally established methods for the
implementation of autonomous radio installations
with internal trigger systems. Although the solution
of this problem is the most important stage in the
development of new generation radio installations.
Previous studies have shown the potential efficiency
of compact antenna clusters for the tasks of
autonomous cosmic-ray detection without reference
to other types of detectors [18]. The Almarac cluster
can be used to develop and implement in hardware
the techniques for detecting radio emission from air-
showers without using external triggers.
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Recently a new Yagi-Uda antenna was created
to detect radio emission from inclined air-showers
in the frequency range of 55-65 MHz (as a potential
extension to the Horizon-T setup [23]). First, a
computer model of the antenna was designed and an
experimental model (a real prototype) was created
based on the simulations. The active vibrator half-
wave length (0.5 &) is 2.38 m, the reflector length,
slightly larger than 0.5 A, is 2.45 m, the directors
are 2.26 m and 2.24 m, respectively (Fig. 1, right).
All active and passive vibrators are made of
aluminum pipe with an outer diameter of 10 mm.
The length of the wooden boom (traverse) is 2.5
m. The deployment of these new antennas are in
progress.
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Conclusion

Tien-Shan High-altitude Scientific Station is
a unique facility that provides a variety of setups
measuring different components of air-showers as
well as very inclined cascades induced by the ultra-
high energy cosmic rays. Its high-altitude location
allows for lowering the threshold of detection and
studying hadronic components of air-showers
as well as provide opportunity for the location of
the detectors on the slope of the mountain. The
combination of these features allows us to develop

and test modern perspective techniques, such as
radio detection of air-showers. The first results
obtained with prototype radio setups installed there
are very promising and bring an inspiration for the
deployment of more complicated hardware for the
solution of the actual problems of radio detection, like
lowering the threshold, autonomous trigger system,
very-large zenith angle observations. Achievement
of these challenges will help community to make a
step forward towards the next-generation ultra-large
scale antenna arrays for the detection of particles of
extreme energies.
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