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A wide field-of-view Cherenkov telescope has been working in the surroundings of the Yakutsk array
experiment since 2012. Its main function is to measure the waveform of the optical Cherenkov radiation
signal induced by extensive air showers of cosmic rays. Analysis of the dataset collected by the telescope in
the vicinity of 1017 eV is intended for the reconstruction of the parameters of the development of the
showers in addition to the main shower characteristics measured by the rest of the array detectors. In this
paper, the observed duration of the Cherenkov radiation signal as a function of the shower core distance is
used to estimate the depth of the shower maximum in a different way based on the results of model
simulations. The results are in general agreement with those of other works.
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I. INTRODUCTION

Optical Cherenkov radiation is induced in the atmos-
phere when a cascade of secondary particles propagate in
the air from an initial point where an ultrahigh energy
cosmic ray [(CR); in other words, astroparticle] enters the
atmosphere. The necessary condition for a charged particle
to produce this radiation is to move at a speed greater than
c=n, where c is the speed of light in vacuum and n is the
index of refraction in air [1]. There are plenty of particles
moving at such speeds in an extensive air shower (EAS) of
cosmic rays, so Cherenkov radiation can be easily mea-
sured on a moonless night with a set of light detectors
selecting coincident signals.
Cherenkov radiation is used to infer information about the

energy, composition, and direction of arrival of the primary
astroparticle that initiated the shower. Since the first obser-
vations by Cherenkov [2] in the laboratory and Galbraith and
Jelley [3] in the atmosphere, a systematic measurement of
the properties of air Cherenkov radiation was performed in
the Pamir experiment [4], and then an experiment with a
number of EAS arrays. Specifically, the Yakutsk array
experiment applies these detectors to estimate the energy
and mass composition of the primaries [5,6].
Generally, in previous measurements, analog signal

readout systems were used with a narrow bandwidth,
restricting the possibility of the reconstruction of the
waveform of the Cherenkov radiation signal detected in
an EAS. Alternatively, detectors were designed for the
measurement of the integral signal [5,7,8]. However, a
digital data acquisition system (DAQ) was recently

implemented in the Tunka-133 Cherenkov array, consisting
of a set of photomultiplier tubes (PMTs) [9]. In our papers
[10,11] a method was described for reconstructing the
temporal characteristics of the Cherenkov radiation from
the signal of a wide field-of-view Cherenkov telescope
(hereafter “telescope”) measured in EAS detected with the
Yakutsk array. These characteristics were used to estimate
the parameters of the development of the showers, spe-
cifically, to set an upper limit to the dimensions of the
region along the EAS axis where the Cherenkov radiation
intensity is above its half-peak amplitude.
As a development from these efforts, we have analyzed the

extended dataset of the telescopemeasurements including the
observational period 2012–2015, when coincident detection
of EAS events with the telescope was possible. In this paper,
reconstructed Cherenkov radiation signals are used to esti-
mate in a different way the position of the maximum of the
shower particle number in the atmosphere, XNe

max, employing
the results of Monte Carlo simulations of EAS development.
This article is structured as follows. In Sec. II, the

Yakutsk array experiment and data acquisition and selec-
tion for analysis are briefly described, including the tele-
scope. The details of the digital signal processing are given
in Sec. III. In Secs. IV and V the connection between the
Cherenkov radiation signal and the EAS parameters is
studied and applied to estimate XNe

max.

II. THE YAKUTSK ARRAY: DATA ACQUISITION
AND SELECTION FOR ANALYSIS

The Yakutsk array is located at a site with geographical
coordinates (61.7 °N, 129.4 °E), 100 m above sea level
[12,13]. A schematic view of the layout of the surface*ivanov@ikfia.ysn.ru
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stations of the array in the relevant observational period is
given in Fig. 1. Forty-nine stations are distributed within a
triangular grid of total area 8.2 km2. The shower events are
selected based on coincidence signals from n ≥ 3 stations,
which in turn are triggered by the two scintillation counters
at each station. Complementary triggers at lower energies
are produced by the central cluster consisting of 20
Cherenkov radiation detectors [14–16].
The main components of the EAS are detected using

scintillators, 4 muon detectors, 48 air Cherenkov light
detectors, and 6 radio detectors. In this paper, we focus
exclusively on the pulse shape of the Cherenkov radiation
signal from an EAS. Residual aspects concerning other
components of the phenomenon were covered in previous
papers of the Yakutsk array group [6,17–20].
All detectors/controllers and data processing units of the

array are connected by a fiber-optic network. An array
modernization program aims to achieve a LAN channel
capacity of 1 Gbits=s, synchronization accuracy of detec-
tors, and a time resolution accuracy of 10 ns. The planned
energy range for EAS detection is ð1015; 1019Þ eV [21,22].

A. The wide field-of-view telescope detecting the
waveform of Cherenkov signals in an EAS observed by

the Yakutsk array detectors

The constituent parts of the telescope are (a) the spherical
mirror (∅260 mm, f ¼ 113 mm) mounted at the bottom of
a metal tube, (b) a position-sensitive PMT (Hamamatsu
R2486; ∅50 mm) at the focus for which the anode is
formed by 16 × 16 crossed wires, (c) a voltage-divider
circuit and mechanical support attached to the bearing
plate, and (d) 32 operational amplifiers mounted onto the
tube. The telescope is mounted vertically near an array
station (Fig. 2). A comprehensive description of the tele-
scope can be found in [10,21,23].
The data acquisition system of the telescope consists of

32 operational amplifiers that have 300-MHz bandwidth
AD8055 chips connected by long (12-m) coaxial cables to

8-bit LA-n4USB analog-to-digital converter (ADC) digi-
tizers with 4-ns time slicing. All of the ADC output signals
from the 32 channels are continuously stored in personal
computer memory. A trigger signal from the EAS array
terminates the process, and the signals in a 32-μs interval
preceding a trigger are dumped. In Fig. 3, an example is
given of the output signals of the DAQ recorded in
coincidence with the Yakutsk array detectors in a particular
CR shower. EAS parameters are estimated using the data
from all the appropriate array detectors. In this event, 19
wires of the telescope PMT exhibit significant Cherenkov
radiation signals; the other 13 wires show no signal above
the noise level.
In this paper, we use the data accumulated during the

period of October 2012 to March 2015 (the total number of
EAS events is 300173) for which EAS events were detected
simultaneously by the surface detectors and the telescope
(733 events). Data selection cuts are applied to exclude
showers with cores out of the array area and with zenith
angles θ > 60°. The number of EAS events surviving after
these cuts is 386.
In the present analysis, we do not use the angular

dependence of the telescope signals in an individual
EAS event: the angular and arrival time differences of
the signals are ignored. Saturated signals (out of 32 wires)
in events are ignored, too. The average zenith angle of
the showers in the sample is 18°� 11°, and the energy is
ð2� 0.3Þ × 1017 eV.

III. ANALYSIS OF CHERENKOV RADIATION
SIGNAL

A. EAS simulation results concerning temporal
characteristics of the Cherenkov signal

The physical description of the Cherenkov radiation of
relativistic charged particles in a medium originated in the
paper of Frank and Tamm [1]. The characteristics of
the radiation induced by a cascade of particles in the

FIG. 1. Arrangement of the detectors of the Yakutsk array.
Open circles, charged particle detectors; filled triangles, subset of
Cherenkov radiation detectors; cross, position of the telescope.

FIG. 2. Wide field-of-view Cherenkov telescope. A spherical
mirror and a multianode PMTwith a voltage divider and holders
are visible. Preamplifiers are mounted on the outside of the tube.
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atmosphere used to be exhaustively modeled by the
numerical solution of the cascade equations, or widespread
Monte Carlo codes such as CORSIKA [24]. The most
well-known applications of these model simulations are
an estimation of the energy of the primary astroparticle
using the total flux of the Cherenkov radiation in the EAS
[25–27] and a special “Hillas” parametrization of the
Cherenkov images of showers in imaging air Cherenkov
telescopes resulting in an unprecedented separation of the
very-high-energy photons, initiating the EAS, from the
nuclear background [28].
The main results of simulations concerning the temporal

structure of the Cherenkov signal in EAS are the finding of
a near-spherical shower front and that the duration of the
signal increases with the shower core distance. To elucidate
these features, it is convenient to apply a toy model using
a vertical EAS for simplicity. A detector is placed at a
distance of Ri far from the core such that the “shining
point” approximation [29] is applicable—namely, the light
emitter with normal angular distribution fCherðαÞ, where α
is the angle between the direction to the detector and the
shower axis, is moving along the shower axis at the speed
of light; the light intensity is proportional to the cascade
curve, i.e., the total number of electrons NeðhÞ.
The photon arrival time to the detector is defined by

ct ¼ n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ R2

i

q
− h; ð1Þ

where h is the emission height, n is the mean refraction
index of air, and t ¼ 0 when the shining point arrives at the
array plane. For simplicity, we assume here that n ¼ 1 with
inaccuracy ∼3 × 10−4 [23]. Integrating NeðhÞfCherðαÞ=
ðh2 þ R2

i Þ, one can estimate the total signal of the detector.
The spherical shower front of the photons is evidence

that most of the Cherenkov radiation is bounded within a

small volume around some height hChermax . A deviation from
sphericity is connected to the width of the cascade curve.
The duration of the signal as a function of the core

distance is produced by a plain geometrical effect which
can be demonstrated using Eq. (1)—specifically, with a
cascade curve of rectangular form that is equal to a constant
≠ 0 between h1 and h2 (Fig. 4).
Chitnis and Bhat found [30] that the waveform of the

Cherenkov signal in the detector is represented by a
log-normal distribution function fairly accurately at core
distances of up to 280 m, employing Monte Carlo simu-
lation studies of showers with CORSIKA version 560 and
EGS4 codes. Battistoni et al. fitted log-normal and gamma
distributions to the delay distributions of secondary
photons and electrons for different EAS primaries [31].
They concluded that the log-normal distribution fits
the data better mainly because of the long tails at large
delays (∼200 ns). We demonstrated recently [11] that the
Cherenkov radiation signal from EAS can be approximated
by the gamma distribution using digital signal processing of
the output data from the detector.

FIG. 3. Cherenkov signal from EAS detected with crossed wires of the PMT anode of the telescope. Left panel: 16 X wires. Right
panel: 16 Y wires.

FIG. 4. Signal duration as a function of the shower core
distance Ri in a toy model with a rectangular cascade curve.
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To prove these results we have chosen a method of
calculation that follows Nerling et al. [32], from a multitude
of Monte Carlo simulations of EAS development, because
of the analytical description of the results concerning
Cherenkov radiation in the shower. The investigation uses
an approximation for the energy of the electron and its
angular distribution in the high-energy domain based on the
universality of both distributions. A similar approach was
employed in [33,34]. The universality of the calculated
electron distributions indicates their independence from
different primary energies, particle types, and zenith angles
of EAS to a good approximation for the range of electron
energy from 1 MeV to a few GeV, thereby covering the
range most important for Cherenkov light emission.
The number of Cherenkov photons arriving at a detector

of area Sd at the shower core distance Ri ≫ the core radius
is given by [6,29]

QSd ∝
Z

∞

0

dhτðhÞ fCherðαÞSdL cos θ
L3
d

×
Z

E0

Eth

dE
dNðh; E; E0Þ

dE
ς

�
1 −

E2
th

E2

�
; ð2Þ

where τðhÞ is the light transmission coefficient, L is the
distance along the shower axis from the shining point to the
array plane, Ld is the distance from the shining point to
the detector, fCherðαÞ is the angular distribution of the
photons, dN=dE is the electron differential spectrum;

ςð1 − E2
th

E2 Þ is the number of photons emitted by an electron
along 1 g=cm2, and the threshold energy for an electron to
emit Cherenkov radiation is Eth ¼ nmc2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn−1Þðnþ1Þ
p . In this

approximation, the photons are assumed to be produced
at the shower axis. Solid angle of the detector is defined by
the height L cos θ and Ld.
The parametrization of the electron energy spectrum

derived by Nerling et al., a0E=ðEþ a1Þ=ðEþ a2Þ with
constants for fixed shower age s ¼ 3=ð1þ 2Xmax=xÞ
(in the Appendix of [32]), is used in our calculations.

The angular distribution of the Cherenkov photons is
approximated by

fCherðα; h; sÞ ¼ asðsÞ
expð−α=αcðhÞÞ

αcðhÞ

þ bsðsÞ
expð−α=αccðhÞÞ

αccðhÞ
;

and the parameters are given in the Appendix of [32]. The
angular distribution of the photons is a direct consequence
of the universal electron angular distribution. The total
number of particles as a function of depth is approximated
by a gamma distribution (the “Gaisser-Hillas curve”
used by the PAO Collaboration [35]) with a depth of the
maximum Xmax ¼ 650 g=cm2.
The resultant waveform of the Cherenkov signal in a

detector placed at the core distance Ri is approximated by
normal, gamma, and log-normal distributions that apply the
code AMOEBA, which implements the downhill simplex
method [36] to find the least squares deviation from the
input signal, fin (Fig. 5, left panel). For completeness,
the experimentally measured (deconvolved) waveform is
approximated, too (Fig. 5, right panel). In this case, the
input signal to the telescope is reconstructed by applying
the Wiener deconvolution algorithm [11].
It seems that the log-normal and gamma distributions fit

the waveform almost equally well, particularly in compari-
son with the variance of the real signal in the experiment,
over the entire range of distances far from the shower core.
The sums of the squared residuals are listed in Table I. Of
the three, the log-normal distribution has the smallest
deviation, so we have chosen it as the best approximation
to the waveform of the Cherenkov signal.

B. Deconvolution of the signal measured
with the telescope

The method of deconvolution of the signal observed
by the telescope was described in detail in our previous
papers [11,37]. In short, an input Cherenkov signal can be
reconstructed by the Fourier transform applied to

FIG. 5. Fitting the waveform of the Cherenkov signal in the detector with an appropriate probability density function. Left panel: finðtÞ
calculated using Eq. (2). Right panel: deconvolution of the telescope signal in EAS detected 23h48m00s UTC on October 21, 2012.
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foutðtÞ ¼
Z

∞

−∞
finðτÞgðt − τÞdτ ¼ ðfin � gÞ; ð3Þ

where fin; fout are the input and output signals of the DAQ
and gðtÞ is a system transfer function [38]. The latter is
estimated using the dark current impulse of the PMT; an
example is given in Fig. 6.
It is convenient to reconstruct the input Cherenkov

radiation signal induced by EAS by applying the approxi-
mation by the log-normal distribution function flog-normin
(discussed above). In this case the deconvolution procedure
can be simplified due to fin being restricted within the
given kind of function.
Namely, the method now consists of adjustment of the

time window to fout and fitting the free parameters of the
trial function flog-normin such that the forward convolution
result is congruent to the measured output signal. The
convolution theorem ensures that the derived log-normal
distribution is the only solution.
To evaluate the free parameters of flog-normin , the nonlinear

least squares approach is used. The aim is to minimize the
sum of the squared differences between the observed signal
and the convolution result in the time window. The optimal
values of the parameters are found here by applying a
downhill simplex method [36].
To decrease the influence of noise on the analyzed signals,

we selected DAQ output signals with amplitudes above the
threshold 0.075 V. They were found to be sufficient in the
selection of appropriate signals using the real experimental

data of the telescope and Yakutsk array detectors with a
signal-to-noise ratio above 45 dB [11].
For instance, in event number 906, which is shown in

Fig. 3, only eight channels have amplitudes of the signal
above this threshold. The optimized convolution result
ðflog-normin � gÞ compared to the observed output signal fout
is illustrated in Fig. 7.
Optimization of the log-normal distribution means in our

case fitting two parameters av and σ in order to minimize
the sum of the squared residuals of the output distributions:

flog-normin ðtÞ ¼ 1

tσ
ffiffiffiffiffiffi
2π

p exp

�
−
ðlnðtÞ − avÞ2

2σ2

�
; ð4Þ

where av is the mean of lnðtÞ and σ is the rms deviation.
If one has the measured moments of the t-distribution

t̄; Dt, then σ2 ¼ lnð1þDt=t̄2Þ; av ¼ lnðt̄Þ − 0.5σ2.

IV. CONNECTION OF THE DURATION OF THE
CHERENKOV RADIATION SIGNAL WITH THE

EAS PARAMETERS

As the main parameter of the Cherenkov radiation
observed by the telescope, we treat the duration of the
signal, i.e., the full width at half maximum (FWHM) of the
log-normal distribution recovered from fout. It is shown to
have a clear dependence on the shower core distance, which
can be used to connect it with the development of the EAS
in the atmosphere [9,10,16,39].
Coincident EAS events detected simultaneously with

surface detectors of the Yakutsk array and the telescope
were selected for analysis. The shower parameters were
estimated based on the data of the surface detectors; signals
with amplitudes above the threshold were used from the
telescope DAQ channels to infer the average duration of
the Cherenkov signals. A beeline from the telescope to the
shower axis is used as the core distance of the detector,

Ri ¼ RAP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 ψ þ cos2 ψ cos2 θ

q
; ð5Þ

TABLE I. Sum of squared residuals of fitted distributions and
the waveform functions. The number of bins are different, so the
sums should be compared within columns only.

Approximation Modeled fin Measured fin

Normal 11.68 � � �
Log-normal 0.12 24.79
Gamma 0.78 26.68

FIG. 6. Impulse response of the data acquisition system to a
short input signal.

FIG. 7. Convolution of the impulse response with a trial log-
normal distribution versus the output signal of the DAQ.
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where RAP is the distance to the core in the array plane and
ψ is the angle between RAP and the projection of the
shower axis.
In spite of the additivity of the variance of the signal, we

preferred the FWHM because of its ease of use with
experiment. Furthermore, it inherits additivity within cer-
tain limits. The 32 crossed wires of the anode with private
DAQ channels provide at least several independent mea-
surements of a Cherenkov signal above the threshold in an
individual EAS event. At another step, showers are selected
in the intervals of core distances where the durations of the
reconstructed signals are averaged.
The resulting FWHM of the telescope signal measured in

coincidence with the surface detectors of the Yakutsk array
as a function of Ri is shown in Fig. 8 in a comparison to
previous measurements. Our own previous efforts to
measure signal durations yielded the results given in
[10,11]. Since then, the number of measured EAS events
has increased and the reconstruction algorithm has been
improved, so the results have become somewhat more
enhanced.
The signal duration is almost constant at core distances

below 100 m due to the radius of the shining area in the
EAS core, and it rises with the radius at Ri ≫ 100 m
because of the greater length of the shining area along the
axis and the position of the shower maximum in the
atmosphere, as was explained in Sec. III A.
Sampling EAS arrival angles, we have found the

function FWHMðRiÞ to be independent of the azimuth
and zenith angles within instrumental errors. While the
independence from the azimuth is not surprising, the zenith
angle dependence may be revealed through the distance to
XNe
max rising with θ. A possible reason is the insufficiently

large aperture of the telescope to reveal a faint zenith angle
effect [23].
We looked for an energy dependence of the duration of the

Cherenkov signal applying Pearson’s correlation coefficient

ρx;y ¼
covðx; yÞ
σxσy

;

where the signal duration is substituted for x and lgðEÞ is
substituted for y. Observational data are sampled in Ri
intervals where the linear correlation coefficient is
calculated. The results are given in Fig. 9. It seems that a
systematic rise of the signal duration with energy
is manifested at large distances from the shower core.

The mean uncertainty of ρx;y is estimated as δρ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ρ2x;yÞ=ðn − 2Þ

q
for a small sample size n.

V. APPLICATIONOF EAS SIMULATION RESULTS
TO THE ANALYSIS OF CHERENKOV RADIATION

SIGNAL

The parameters of the Cherenkov signal, such as the
duration of the signal rising with EAS core distance, τðRiÞ,
have been used as objects of investigation in a number of
experiments. Namely, the SINP MSU group noted that
τðRiÞ at great distances from the shower core is connected
with XNe

max calculated in Cocconi-Koester-Perkins model
and high multiplicity model simulations [39]. Another
method of estimating XNe

max making use of the lateral
distribution slope of Cherenkov radiation measured with
the Yakutsk array detectors has also been proposed [12].
The CASA-BLANCA array studied CRs in the energy

range 0.3–30 PeV. To find the transformation from the
characteristics of the Cherenkov radiation as measured with
BLANCA to thedepthof showermaximum, the samemethod

FIG. 8. Full width of half maximum of the input Cherenkov
signal from EAS as a function of the shower core distance.
Previous data come from Haverah Park [7], Tunka [9], and
Yakutsk, [39]. The vertical bars are statistical errors, while the
horizontal bars are intervals of the radial distance. The solid curve
in the interval Ri ∈ ð200; 1000Þ m is the result of the model
simulation that is described in Sec. V.

FIG. 9. Linear correlation coefficient of the signal duration with
lgðEÞ in different shower core distance intervals shown as
horizontal bars. The vertical bars indicate statistical errors.
EAS event numbers within intervals are placed over data points.
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as in the Yakutsk array group was used, validated using
CORSIKA simulations with different hadronic interaction
models (QGSJET, VENUS, SIBYLL, and HDPM) [8].
In the Tunka experiment, researchers used two methods

of estimating XNe
max: the first was based on the shape of the

lateral distribution of the intensity of the Cherenkov
radiation, just as was the method used in the previous
cases; the second used the sensitivity of the pulse width at a
fixed core distance (400 m) to the position of the EAS
maximum [40].
Using the measured correlation of the duration of the

Cherenkov signal with the distance to the shower core, we
estimated an upper limit to the dimensions of the region
along the EAS axis where the Cherenkov radiation inten-
sity is above the half-peak amplitude [11]. The length of the
shining volume is found to be less than 1500 m, and the
diameter is less than 200 m in EAS with a primary energy
E0 ¼ 2.5 × 1017 eV and a zenith angle θ ¼ 200.
Because of the monotonic relation of the shining point

height to the photon arrival time to the detector [Eq. (1)],
it is straightforward to estimate hChermax using the time of
the signal maximum in the detector, tmax, in a model-
independent way [10]:

hChermax sec θ ¼ R2
i − ðctmaxÞ2
2ctmax

þ RAP sin θ cosψ ; ð6Þ

where hChermax is the height where the Cherenkov radiation is
emitted, which forms the maximum of the signal in the
detector at Ri from the shower core.
Unfortunately, the Yakutsk array in its present configu-

ration is not able to measure the reference arrival time of the
shining point to the array plane with sufficient accuracy
[10]. Therefore, an implementation of this promising
method should be postponed until the completion of the
array modernization program.
One of the features of the Cherenkov signal in the EAS is

that its maximum differs from that of the total number of
particles; i.e., the position in the atmosphere of the
maximum intensity of the Cherenkov radiation, hChermax , is
higher than hNe

max. Figure 10 illustrates this property caused
by the angular distribution of relativistic electrons emitting
Cherenkov photons. Indeed, evaluation with a toy model
indicates that the flat fCherðαÞ has a weak effect on the
position of the maximum, while narrowing the beam leads
the visible radiation maximum to drift higher in the
atmosphere.
For the purpose of applying the EAS simulation results

to the analysis of the Cherenkov radiation signal, namely, to
estimate XNe

max based on the temporal characteristics of the
Cherenkov signal measured at large shower core distances,
it is convenient to employ an analytical description
of Cherenkov light emission in EAS—i.e., the results
of [32]—as was discussed in Sec. III A. Nerling et al.
parametrized the results of the CORSIKA simulations with

the QGSJET01 model [41], which describes showers
independently of the primary energy, particle type, and
zenith angle, with a high accuracy of a few percent (within
shower-to-shower fluctuations).
Actually, this approach allows one to make use of a toy

model with the implemented parametrizations of the
CORSIKA simulations. Adjusting the main unmeasurable
parameters of EAS, e.g., XNe

max and the width of the angular
distribution of the photons, σα, inherent in showers initiated
by different nuclei, to measure Cherenkov radiation char-
acteristics, one can find the best fitting values satisfying the
conditions of the model.
In general, owing to the universality of the electron

distributions in the EAS, the angular and lateral distributions
of the Cherenkov photons emitted by a shower path element
depend only on the age of the shower and its height in
the atmosphere [42,43]. Consequently, the distributions of
photons measured with Cherenkov radiation detectors can be
equivalently described using different models having the
same XNe

max and σα. We do not mention the energy spectrum
of electrons, bearing in mind that it determines the total
number of electrons emitting Cherenkov radiation and is
parametrized by XNe

max.
The difference between this algorithm and that of SINP

MSU and Tunka’s second approach is in the fixed core
distance of τðRiÞ in their case and, on the contrary, a variety
of distances (within the interval 200–1000 m) in our case,
to determine XNe

max. In the latter, the amount of empirical
information is definitely greater.
Figure 11 presents a fit to our measurements of calcu-

lations with different maximum depths incorporated into
the approximations of Nerling et al. by CORSIKA simu-
lations in Ri ∈ ð200; 1000Þ m. Namely, the sum of the
squared differences between the observed and simulated
durations of Cherenkov signals in the Ri interval is
minimized. The width of the angular distribution of
Cherenkov photons in the EAS is a function of the age
of the shower and the height of the shining point; we have

FIG. 10. Ratio of maximum heights of the Cherenkov radiation
intensity and of the number of shower particles calculated in a toy
model as a function of the core distance of the detector.
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approximated it as the value at s ¼ 1; h ¼ hChermax in order to
demonstrate a fit. Variation of the width, σαðs; hÞ, within
the interval ð4.30; 8.10Þ is carried out by a scaling
factor applied to the angle between the direction to the
detector and the shower axis. In other words, we have
adapted the toy model parameters in order to get the best
description of the observed FWHMðRiÞ in the inter-
val Ri ∈ ð200; 1000Þ m.
It turns out that XNe

max ¼ 670� 20� 5 g=cm2 provides
the best fit to the experimental values of the durations
of the Cherenkov signals in EAS with energy 0.2 EeV and
zenith angle 18°. Specifically, the optimized model result
is in agreement with an overview formed by 386 EAS
events allocated to Ri intervals. Here, we considered the
two sources of XNe

max uncertainties that originated in
reconstruction errors of the shower core position and arrival
direction, and in uncertainties of the Cherenkov signal
measurement (details of the estimation of instrumental
uncertainties are given in Appendix A). A comparison of
the results of measurements of the Cherenkov radiation to
the simulations in a toy model employing the fitted
parameters is given in Fig. 8.
We have chosen here the depth of the shower maximum,

XNe
max, as a conventional parameter useful for comparisons to

other experiments. At the site of the Yakutsk array, for the
Cherenkov radiation measurements on winter nights, when
the atmosphere temperature profile is close to isothermal, a
plain exponential equationX ¼ ρ0hatm expð−h=hatmÞ, where
hatm ¼ 7100 m; ρ0 is the air density at h ¼ 0; can be applied
to estimations with inaccuracy ∼1% (Appendix B).
The resulting average depth of the shower maximum in a

number of EAS particles is compared to previous mea-
surements in Fig. 12 borrowed from [44]. It is in reasonable
accord with a set of experiments, HiRes [45], PAO [46],
TALE [47], Tunka [40], Yakutsk 2019 [48], and LOFAR
[44], within the interval ð1.7–2.3Þ × 1017 eV where the
depth dispersion is confined to ∼ð640; 680Þ g=cm2.

The estimated mean value of XNe
max at Ē ¼ 0.2 EeV can

be used to infer the proton component fraction in the
primary beam within the two-component (H and Fe
nuclei) mass composition assumption. Taking into account
the shower maximum depths derived in the QGSJetII-04
[49], EPOS-LHC [50], and Sibyll-2.3d [51,52] models, one
concludes that the proton fraction is 79� 21%, 62� 19%,
and 56� 18%, while the mean mass lnA is 0.85, 1.53, and
1.76 at E ¼ 0.2 EeV, in the corresponding model. These
values are close to the results of PAO [46].
The divergence between the estimated values of XNe

max in
experiments can be considered to be caused by the model
uncertainties and instrumental errors due to the variety of
detectors used, from fluorescent and Cherenkov light
detectors to radio wave receivers. A straightforward way
to reduce the uncertainties would be an application of
model-independent methods of measurement. Regarding
the planned Cherenkov radiation measurement in the EAS
investigation, the triangulation method employing shower
front curvature, e.g., Eq. (6), seems to be the best choice.

VI. CONCLUSIONS

The addition of a wide field-of-view telescope to the
multitude of the Yakutsk array detectors has expanded its
possibilities for EAS investigation to the measurement of
the temporal characteristics of the Cherenkov radiation
emitted by shower particles. In this paper, the results of an
enhanced analysis of the temporal features of this radiation
detected in coincidence of signals by the telescope and
surface detectors are given.
The input signal of the telescope’s DAQ is reconstructed

applying a log-normal approximation of the Cherenkov
radiation signal from EAS: both measured and simulated
by a model. The experimental data are deconvolved from
the telescope output signal using an independent method.
The resulting Cherenkov signal reconstruction algorithm is

FIG. 11. Fitting the maximum depth of electrons, XNe
max, and the

angular distribution width of the Cherenkov photons, σα, in a
simulated shower to our observed signal duration as a function of
the core distance within (200,1000) m (illustrated in Fig. 8).

FIG. 12. World data on XNe
max estimations in EAS collected in

[44] with the present result added. The lines indicate the
simulation results with QGSJetII-04 (solid), EPOS-LHC
(dashed), and Sibyll-2.3d (dotted) models for iron and proton
primaries.
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simple and fast, allowing on-the-fly analysis of measured
signals.
The main measurable temporal characteristic of

Cherenkov radiation induced by the EAS is the signal
duration. We enhance previous measurements of the signal
duration and confirm explicitly that it rises with the shower
core distance at Ri > 200 m. This rise is related to the
development of the shower in the atmosphere. Further, we
demonstrate that the behavior of the signal duration in the
interval Ri ∈ ð200; 1000Þ m can be used to estimate XNe

max.
An essential requirement for this is the application

of EAS modeling under certain assumptions concerning
interactions of the particles. We implement Monte
Carlo simulation results after Nerling et al. [32] in our
toy model calculations. The resulting estimation of the
shower maximum depth XNe

max ¼ 670� 20� 5 g=cm2 at
E ¼ ð2� 0.3Þ × 1017 eV, θ ¼ 18°� 11° is in reasonable
agreement with previous results obtained using different
experimental techniques. The connected estimation of the
proton fraction and of the mean mass of the primary
astroparticles under the two-component hypothesis is close
to the results of the PAO Collaboration.
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APPENDIX A: ESTIMATION OF
EXPERIMENTAL UNCERTAINTY IN XNe

max

RECONSTRUCTION

In our experiment, EAS events detected with the tele-
scope and surface detectors of the array in signal coinci-
dence provide the mean Cherenkov signal duration in a set
of shower core distance intervals. The toy model employing
results of Monte Carlo simulations of EAS development
[32] can be adjusted to experimental data with a selection of
model parameters, e.g., XNe

max.
Systematic uncertainties and statistical errors of

observed values can be visualized by the dataset divided
into two θ bins of congruous shower samples comparing
the signal durations obtained (Fig. 13). A conclusion to be
drawn is that statistical uncertainties in this particular case
are greater then expected divergence due to the differing
zenith angles in the data samples.
Experimental uncertainties in the shower core and arrival

direction reconstruction lead to uncertainties of the detector
distance to the shower axis, Ri, and Cherenkov signal
duration, τðRiÞ, which in turn result in the uncertainty of
fitted XNe

max. To estimate an upper limit to the shower
maximum depth uncertainty, we have used the toy model
with a set of XNe

max within the interval, δXm, resulting in the

dispersion of τðRiÞ below that value which is distinctive to
the sum of shower core and arrival direction uncertainties.
For the latter we assumed the shower core (�50 m)
and arrival direction (�50) uncertainties [53,54]. The
resulting upper limit to the experimental uncertainty
is δXm ¼ 5 g=cm2.
A confidence interval of fitted XNe

max due to experimental
and statistical errors (including instrumental uncertainty
due to DAQ electronics) is found to be �20 g=cm2 at the
95% level assuming a small sample of equiprobable depths.

APPENDIX B: INTERNATIONAL STANDARD
ATMOSPHERE

The International Standard Atmosphere [55] was estab-
lished to provide a common reference for parameters of
Earth’s atmosphere. It consists of tabulated values of
temperature T at 7 altitudes h that should be linearly
interpolated between. Air in the model is assumed to be dry
and clean and of constant composition, and the model does
not account for humidity effects.
Assuming hydrostatic balance dP

dh ¼ −gρ, where g is
the gravitational acceleration, and an ideal gas with
the equation P ∝ ρT, the barometric pressure can be
calculated as

P ¼ P0 exp

�
−
IðhÞ
hatm

�

and the density of air can be calculated as

ρ ¼ ρ0
T0

TðhÞ exp
�
−
IðhÞ
hatm

�
;

where IðhÞ ¼ R
h
0

T0dz
TðzÞ; values with the subscript 0 are at

h ¼ 0.

FIG. 13. Measured Cherenkov signal duration (FWHM) as a
function of Ri in two zenith angle intervals separated by θ ¼ 150.
The vertical bars are statistical errors. The two curves are model
results calculated for the mean angles in the intervals.
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The depth of the atmosphere above h is

x ¼ ρ0hatm

Z
∞

h

T0

TðhÞ exp
�
−
IðhÞ
hatm

�
dh
hatm

:

This is defined by the temperature profile of the atmosphere
at the site, mainly by a temperature lapse rate in the
troposphere. In our case, the polar temperature profile is
appropriate, with the mean winter night temperature being
T0 ¼ 2430 � 100 K and the pressure being P0 ¼ 1006�
6 hPa [53,56].
There is a simplified formula in a model of isothermal

atmosphere

x ¼ ρ0hatm expð−h=hatmÞ;

assuming a uniform temperature TðhÞ ¼ T0. A difference
in x values calculated in the two models at h > 3 km is less
than 1% for the same temperature T0. On the contrary,
considerable divergency of the air density and the depth of
the atmosphere arises in both models due to seasonal and
diurnal variations of the temperature and pressure. To
account for these changes, T0 and P0 are measured and
recorded in each shower event when the Yakutsk array
detector signals are triggered [53].
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