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Abstract

For further investigation of the properties of the muon component in the core regions of
extensive air showers (EASs), a new underground hodoscopic set-up with a total sensitive
area of 22 m2 was built at the Tien Shan High Mountain Cosmic Ray Station. The hodoscope
is based on a set of large-sized scintillation charged particle detectors with an output signal
of analog type. The installation ensures a (5–8) GeV energy threshold of muon registration
and a ∼104 dynamic range for the measurement of the density of muon flux. A program
facility was designed that uses modern machine learning techniques for automated search
for the typical scintillation pulse pattern in an oscillogram of a noisy analog signal at the
output of the hodoscope detector. The program provides a ∼99% detection probability
of useful signals, with a relative share of false positives below 1%, and has a sufficient
operation speed for real-time analysis of incoming data. Complete verification of the
hardware and software tools was performed under realistic operation conditions, and the
results obtained demonstrate the correctness of the proposed method and its practical
applicability to the investigation of the muon flux in EASs. In the course of the installation
testing, a preliminary physical result was obtained concerning the rise of the multiplicity of
muon particles around an EAS core in dependence on the primary EAS energy.

Keywords: cosmic ray muons; extensive air showers; EAS; muon hodoscope; machine
learning

1. Introduction
By the investigation of the muon component of cosmic rays at the Tien Shan High

Mountain Cosmic Ray Station (Northern Tien Shan, 3340 m a.s.l.), a phenomenon of an
accelerated rise in the energy deposit left after the interaction of the muon particles moving
in the core region of extensive air showers (EASs) was discovered [1]. This effect, which
starts to be observable at a primary EAS energy of a few PeV and above, was revealed
by registration of the signal of evaporation neutrons originating from the interaction of
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cosmic ray muons with surrounding material. For this purpose, a special neutron detector
was applied, which is installed in an underground room of the Tien Shan station, under a
rock absorber with a thickness of 20 m of water equivalent. It was found that the rate of
multiplicity growth of evaporation neutrons produced in the interaction of the muons of
the EAS core suddenly starts to rise disproportionately fast with increasing EAS energy E0,
and this peculiarity reveals itself in the range of E0 ∼ (2–3) PeV, i.e., around the prominent
“knee” in the energy spectrum of primary cosmic rays. As is known, in recent decades, a
number of other anomalous effects were revealed in the “knee” region, while any attempts at
a detailed and mutually consistent explanation of these phenomena have faced significant
challenges. Among such poorly understood observations, the following could be mentioned:
anomalous effects found in the interaction of ultra-high-energy cosmic ray hadrons with
matter [2,3]; the signs of reduced absorption of such hadrons [4–6] and peculiarities in the
development of the cascades of secondary particles produced by them [7–9]; the violation
of normal scaling behavior with rising energy in the interaction of the hadronic component
of EASs [10]; and the difficulties with interpretation of the chemical composition of primary
cosmic rays based on the properties of EASs in the energy range of (1–1000) PeV [11–14].

The anomalies in the behavior of the muonic component of EASs, which have been
found up to the present time at the Tien Shan station and described in detail in [1], today
follow the same trend as the so-called “muon deficit” problem actively discussed in recent
years. The problem consists of a systematically lower multiplicity of muon production in
simulations based on modern models of high-energy hadronic interaction as compared with
the measurement data accumulated in cosmic ray experiments. Thus, the investigations
of both single cosmic ray muons [15–21] and the muonic component of EASs [22–26]
have steadily reported detection of an excessive muon flux in comparison with simulation
predictions. As concluded in a systematic study of this problem [27], a deficit of produced
muons was found in simulated EASs for each of the six post-LHC interaction models tested
there, and the value of this deficit increased with the shower energy. A similar result was
reported in a more contemporary study [28].

Since the high-energy muons in an EAS are immediate decay products of the pions
born at the leading development stages of an EAS cascade, any peculiarity in the flux
of such muons may be considered as a consequence of some unsuspected effect existing
among the most energetic processes that take place at the interaction of primary cosmic
ray particles and nuclei coming into the atmosphere from the Universe. This circumstance
necessitates further study of the effects related to the behavior of cosmic ray muons.

The method based on detection of the evaporation neutrons originating from muon
interaction, which has been applied at the Tien Shan station so far, has some unique
advantages for investigation of the muonic component of EASs. As such, a high, of an
order of ∼1 TeV, energy threshold of effective muon registration, the possibility of energy
estimation of interacting muons, and the absence of any principal upper limit on the energy
of detected muons should be mentioned [1]. A principle drawback of the method is that it
cannot clearly distinguish between the following two possibilities: (1) either an accelerated
rise in the average number of muons ⟨Nµ⟩ occurs in the EASs, with the primary energy E0

exceeding the threshold of several PeV, or (2) an increase in the mean muon energy ⟨Eµ⟩
takes place in the above-the-threshold events. Indeed, the total multiplicity of evaporation
neutrons produced by penetrative particles of an EAS core, and directly registered by the
detector, depends on both factors, ⟨Nµ⟩ and ⟨Eµ⟩.

To resolve this confusion, it is necessary to try another type of registration device,
sensitive only to the number of muon particles traveling through. This was the reason for
constructing a hodoscopic set-up at the Tien Shan station, which should be applied for
direct measurement of the flux of cosmic ray muons, regardless of their energy. The in-
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stallation uses the modern scintillation detectors of charged particles, and an up-to-date
operation technique is realized for processing the raw measurement data acquired from
these scintillators. A description of the newly developed investigation method of the
muonic component of EAS is the subject of the present publication.

2. Hardware Description
The muon hodoscope is based on large-sized scintillation detectors with a built-in

high-voltage power converter designed for use in cosmic ray experiments. The detector
consists of a (1 × 1 × 0.01)m3 polystyrene scintillator plate connected to a photomultiplier
tube by wavelength-shifting fibers. The design ensures the 99% registration efficiency of a
single-charged relativistic particle, an inhomogeneity of scintillation light output no worse
than 8%, and a ∼10 ns or lower decay time of scintillation flash [29].

Since the detectors of scintillation type are sensitive only to the number of passing
relativistic particles and not to their energy, the use of such detectors in the muon ho-
doscope solves the abovementioned problem of differentiation between the growth of
muon multiplicity or average muon energy in EAS events.

The current arrangement scheme of the hodoscope detectors in the (11 × 9)m2 area of
the underground room is shown in Figure 1, top. Currently, there are 22 scintillators located
in the upper tier of the system, another four are placed below, and they form a coincidence
telescope for determining the direction of the charged particles passing through. Further
installation of an additional 10–15 detectors is planned as well, increasing the total sensitive
area of the hodoscope up to ∼(30–40) m2.

The underground room with the muon detectors is situated just under the central
carpet of the surface system of EAS particle detectors (Figure 1, bottom); so, the center of the
muon hodoscope is near the origin of the coordinate frame used for the analysis of the EAS
axes position (point C in the scheme). Such arrangement of the detector systems allows
for an effective study of the muon flux around the core region of the EASs belonging to
the energy range of (1–100) PeV [30]. The rocky ground above the room, of a ∼2000 g/cm2

thickness, ensures an energy threshold of muon detection about (5–8) GeV, depending on
the zenith angle of the muon trajectory. Thus, the hodoscope has a significantly lower
energy threshold in comparison with the technique based on the signal of evaporation
neutrons, which was applied earlier; so, both methods are complementary.

The hodoscope set-up is supposed to analyze the spatial distribution of the muon
density around the EAS core based on the number of the muons, which, at the moment of
an EAS, have passed through the scintillating radiator of each detector. In turn, the number
of muons should be estimated according to the peak amplitudes of scintillation pulses
registered in the detector. To measure these amplitudes, a special multichannel amplitude-
to-digital conversion (ADC) system is assembled, which consists of a VME crate equipped
with the fast V1730 type digitizer modules of CAEN production [31]. Each module allows
for the simultaneous digitization of 16 analog signals, with a 2 ns time resolution and a
digitization precision of 14-binary bits. The last parameter determines the dynamic range
for the measurement of the intensity of charged particles flux to be 214 ≈ 104, which is
quite appropriate for studying the flow of muons in the core region of an EAS.

To control the measurement process, a custom set of software tools was designed on
the basis of the CAENDigitizer library provided by the CAEN company [32].

During the measurements, the digitization of scintillation pulses from the hodoscope
detectors is synchronized by a trigger signal elaborated at the moment of EAS passage by
the surface shower installation of the Tien Shan station and transmitted to the underground
room via a coaxial cable. Since the trigger pulse reaches the hodoscope with a noticeable
time delay of about (20–23)µs, the output oscillograms of hodoscope detectors are stored for
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36µs immediately preceding the trigger moment. Thus, the volume of the numerical data
on an EAS event transmitted from the ADC equals 1.8 · 104 values per detector. Of these,
5000 amplitude values in each detector signal waveform, corresponding to the period of
(−27 . . .−10)µs before the trigger, are selected to be permanently kept in the database for
further off-line analysis. The time borders ensure hitting the signal of the particles of the
shower front at approximately the middle of that period.

Figure 1. (Top): schematic of the muon hodoscope detectors installed in the underground room at
the Tien Shan station. (Bottom): mutual disposition of the underground room (undg), detectors of the
muon hodoscope (dotted squares U), and the surface carpet of scintillation detectors of EAS particles
(crossed squares) in the central area of the Tien Shan shower installation. The C marker indicates the
origin of the coordinate frame used for representation of the EAS axis position.

A sample of scintillation signal oscillograms synchronously obtained from the detec-
tors of the hodoscope in an event of an EAS passage is shown in Figure 2. The two pictures
in the figure are window screenshots of a program facility especially designed to control
both the collection of the hodoscope data, processing them in real time, and storing the
results in database tables. The program simultaneously supports two visualization modes:
Scope and Operation; switching to each is possible on a corresponding tab.
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Figure 2. The window of the program designed to control the measurements at the underground
hodoscope (see text). (Top)—working in the Scope mode: a set of the oscillograms of scintillation pulse
signal from different detectors fixed by registration of the muon flux near an EAS core. The numbers
at horizontal axis mean the time, in microseconds, preceding the arrival of the trigger from the surface
installation of shower particles detectors; the units along the vertical axis are arbitrary. (Bottom)—the
Operation mode: a normalized 1µs long fragment of the oscillogram of one of the data channels
(corresponding to the detector #2), automatically cut and pre-processed for application of the machine
learning procedure searching for scintillation pulses. The vertical red line is a marker of the global
minimum found in the waveform curve, and the inscription indicates the numerical parameters of
the considered oscillogram to be used as features in the searching procedure.

The top frame of Figure 2 illustrates the outlook of the program window with the Scope
mode activated, in which case the oscillograms of all registered signals are indicated in its
graphic area. Nearly simultaneous deep dips in all oscillograms correspond to the short
pulses (of negative polarity) generated by the hodoscope scintillators at the moment of
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passage of the EAS core muons through the detector system. As follows from this picture,
there is a significant difference between the oscillograms of various channels, both in the
amplitude of the negative pulse and in the fine details of the waveform shape (e.g., relative
value of the positive bump preceding the pulse). Such variability can be caused by both
the features specific for a concrete EAS event (e.g., a unique distribution of the muon flux
density over the hodoscope detectors) and constant peculiarities of the characteristics of
each detector (such as the properties of the scintillator, parameters of the electronic signal
transmission circuit, matching quality of the signal cable line, the intensity of crosstalk
and power main interference on the cable, etc.). In order to automatically extract useful
information from the data obtained from the detectors with such scattering of randomly
changed or badly controlled individual parameters, it would be appropriate to resort to the
help of modern methods of machine learning. An alternative might be an attempt to strictly
tune the operation and signal transfer conditions individually for each detector, which
is much more complicated, time consuming, and does not guarantee proper functioning
stability over the long period of the hodoscope set-up exploitation; so, the second decision
should be preferably rejected.

Another argument in favor of the application of a machine learning technique is the
rather intensive flux of the raw original data in the measurements on the underground
hodoscope: with a typical rate of EAS triggers from the shower installation of (250–300) h−1,
the hourly amount of registered oscillograms for a ∼20 detectors installation is 4000–6000.
At the same time, the oscillograms with the presence of a scintillation pulse signal make
up only (5–7)% of the statistics. Automated selection of such rare useful signals against an
overwhelming flux of background cases is a relevant problem, again, for the algorithms of
machine learning.

3. Processing the Hodoscope Data
An initial stage in processing a digitized oscillogram of an analog signal registered

at the output of hodoscope detector is the identification of short pulses exhibiting a typ-
ical exponential shape. Generally, such pulses correspond to scintillation flashes from
muon transits, but they may be obscured by noise oscillations originating from various
electromagnetic interferences. To address this problem, a specialized software procedure
employing a machine learning-based approach is proposed, which enables automated
identification of useful pulse-like signatures in oscillograms and facilitates automatic tun-
ing of the program’s internal parameters according to the individual characteristics of
each particular signal. During program development, several automatic classification
algorithms were evaluated: Stochastic Gradient Descent (SGD), Support Vector Machines
(SVM), and Random Forest (RF) [33].

Internally, the SGD classification model minimizes a cost function (defined as the
mean squared error between known values in a labeled dataset and model predictions
based on element features) recurrently during training. The tuned model parameters are
subsequently used to classify new data presented to the model.

The SVM model establishes a boundary hypersurface in the multi-dimensional feature
space that maximally separates the classes of input data. The position and shape of this
boundary are defined by training the model on a labeled dataset, such that the boundary
tries to maximize its distance from the closest elements of the training dataset (named
support vectors).

Finally, Random Forest is an ensemble model utilizing a collection of Decision Tree
(DT) type classifiers. In turn, each DT model seeks to split its input data into a few groups
based on the feature values of every element in the dataset. The numerical thresholds used
for splitting constitute a set of the model’s internal parameters, tuned in the process of its
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training. The training aims to minimize the inhomogeneity (impurity) of the content of each
resulting group.

The practical implementation of all considered classifiers utilized the corresponding
tools from the Scikit-Learn program library [34]. All classifiers operated using their default
hyperparameter sets defined in the library.

When analyzing muon content in registered EAS events, the developed program treats
the signals, which have come from different hodoscope detectors, fully independently of
each other. Processing of a registered signal waveform I(t) begins with normalizing the
time series of signal data: i(t) = (I(t)− Imin)/(Imax − Imin), where I(t) is the measured
signal amplitude at time t, and Imin and Imax are its minimum and maximum values over
the entire oscillogram. The normalized distribution i(t) thus varies in the limits [0, 1],
inclusively.

Next, the time tmin is identified, at which i(t) reaches its global minimum (be-
cause of normalization, i(tmin) = 0), and a segment of the oscillogram within the limits
[tmin − tg, tmin + tg] is selected, where tg, the time gate, is a fixed parameter of the pulse
searching algorithm.

The correctness of data pre-processing can be verified in real time using the above-
mentioned control facility switched to Operation mode. The bottom frame of Figure 2
illustrates this verification on a ±0.5µs fragment automatically cut from the normalized
signal oscillogram of the detector #2. All other signals registered in that event were similarly
pre-processed before application of the classification algorithms.

The selected group of i(t) values, centered around the tmin point and bounded by the
tmin ± tg limits, forms the input feature set for the machine learning classifiers implemented
by the program. Evidently, the length of the feature set depends on the accepted duration
of the time gate. Additionally, this set is augmented with a few general parameters: the
time position of the absolute amplitude minimum tmin, as expressed in microseconds,
the width ∆t of the oscillogram dip around the moment tmin measured at a half of its depth,
in microseconds also, and the overall skew and kurtosis coefficients of the oscillogram
as a whole. The latter two parameters characterize, correspondingly, the symmetry of
the general shape of the original signal curve and the degree of its sharpness. To prevent
losing useful information, they are calculated over the initial I(t) distribution, before the
application of any transformations.

The newly developed program for the automatic identification of the narrow scintilla-
tion pulses from muon passage was tested over a set of ∼2.8 · 105 real EAS events registered
at the Tien Shan installation.

The initial training of the machine learning models used by the classifiers was per-
formed over a limited dataset of about 3.8 · 104 manually labeled oscillograms, which makes
up about 0.8% of the total statistics of signal waveforms. The labels assigned to the training
oscillograms were the simple logical values: Yes or No, i.e., whether a scintillation pulse
signal exists in an oscillogram at the moment tmin or not. Accordingly, the scintillation
pulse searching program implements the binary version of all mentioned classifiers, also
returning the Yes/No answer.

A sample of the signal waveforms manually labeled for use in training the classifier
models is shown in Figure 3. The rather obvious difference of the Yes-class signals (left
column) is seen both in the presence of a characteristically narrow asymmetric scintillation
pulse on the oscillogram and in the relative depth of the global minimum in the normalized
time distribution.

For evaluation of the automated pulse searching program, the labeled dataset was
split into two parts, one of which, containing about 80% of labeled data, was used to train
the classifiers, and the rest was used to test the results they returned. Before splitting,
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the timestamps of labeled events were randomly shuffled over the whole period of data
accumulation in order to avoid the influence on the training process of any slowly changing
time-dependent bias, which could be present in the input data. For shuffling and splitting
the dataset, as well as training the classifier models and verification of the results of their
operation, the standard utilities of the Scikit-Learn program library were used.
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Figure 3. An example of labeled elements from the training dataset. The waveforms shown in the
left column were manually marked as having a scintillation pulse signal and those in the right as
not. Each graph presents a 1000-point long fragment of the normalized i(t) distribution centered
between the tmin ± tg time limits (tg = 1µs); the red straight lines in the middle of every plot indicate
the position of the global minimum in the complete distribution I(t) at the moment tmin (see text).

The evaluation procedure was applied to all three classifiers mentioned above: SGM,
SVM, and RF. Additionally, a Voting Classifier (VTG) based on the successive application
of SVM and RF to the measured waveforms was also examined. In each case, four variants
of input data preparation were tested, with the time gate duration parameter tg set to 0.1,
0.5, 1.0, and 2µs. The preliminary choice of the latter values was made experimentally, as a
tradeoff between the rising amount of useful information at larger tg (since the number of
i(t) counts accessible to classifier multiplies with the expansion of the time gate), which
is good, and the simultaneous increase in the influence of random noise and parasitic
oscillations on stability of classifier operation, which is bad.

The result of these calculations is illustrated by a set of receiver operating characteris-
tics (ROC) plotted in Figure 4. Each ROC curve shows the percentage of true positive vs.
false positive predictions made by a binary classifier, and ideally it should have a rectangu-
lar shape with the upper left corner coinciding with the point (0, 1). In reality, the classifier
performs the better, the closer its ROC approaches to this point. Judging from the plot in
Figure 4, for the task of finding narrow pulse patterns among realistic scintillation detector
signal waveforms, the VTG and SVM classifiers appear to be superior to the other two.

Detailed verification metrics for the binary classifiers are listed in Table 1. For each
combination of “classifier type/time gate”, the cells of this table present the values of
precision (the percentage of correct estimates among all positive answers given by the
classifier), recall (the percentage of true positive answers relative to the known amount
of scintillation pulses present in the labeled test dataset), and the area under the ROC
curve (the closer to one unit, the better). Accordingly to Table 1, the optimal option that
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maximizes the performance appears to be the VTG classifier with the time gate tg equal to
0.1 or 1µs (the corresponding cells in the table are in bold). Further investigation showed
that with tg = 1µs, the pulse search procedure better generalizes most real signals obtained
from different scintillators, that were not a part of the training set for the machine learning
algorithms. Apparently, this is due to the larger volume of useful information available
to the classifier in the case with tg = 1µs; so, this option was chosen for further practical
use. According to the corresponding cell in Table 1, in the case of the finally selected
combination, VTG with tg = 1µs, the identification probability of a useful signal slightly
exceeds 99%, and the admixture of falsely recognized pulses is about 0.6%.
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Figure 4. Classification quality score functions (ROC curves) for the program of automated narrow
scintillation pulse searching trained on a set of 1µs-long oscillograms using various algorithms of
machine learning: stochastic gradient descent (SGD), support vector machines (SVM), and random
forest (RF); as well as an ensemble of the latter two combined by voting classifier (VTG).

The program implementation of Random Forest Classifier in the Scikit-Learn library
provides a useful ability to compose, during training, an importance score distribution of
the features attributed to the items of input data from the viewpoint of the classification
task. Figure 5 shows two such distributions calculated during testing the algorithms
of the pulse search program. Here, the relative importance of each feature assigned to
the oscillogram (the coefficient characterizing how much taking this feature into account
reduces the impurity of the two classes into which the input dataset should be divided)
is presented as a function of the feature’s ordinal number in the full list of features: the
position of the absolute minimum tmin (feature #0), the width of the negative depression
of the oscillogram ∆t (#1), the skew and kurtosis of the recorded oscillogram curve (#2
and #3), and the array y(t) of normalized amplitude values centered around the point tmin.
(Remember, that since the number of y(t) samples depends on the length of the time gate
tg, the larger the time gate tg is in a given data processing option, the more features are
taken into account by the machine learning algorithm).

As expected, for the given classification problem, the most useful information is con-
tained in the amplitude data describing the middle of the considered part of the oscillogram,
where the front of a narrow scintillation pulse, if any, should be located. In addition, several
leading characteristics describing the general shape of the curve are of great importance, i.e.,
tmin, ∆t, etc., and in the case of the time gate extended up to 1µs—also the tail of selected
i(t) distribution fragment, which allows excluding the influence of interfering fluctuations
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that are more likely to affect the dataset perceived by the classifier when using a wider
time gate.

Table 1. Performance metrics (precision, recall, and the area under ROC curve) for various binary
classifiers trained on the labeled oscillograms of the hodoscope detector signals.

aaaaaaaaa
Method

Time Gate
tg = 0.1µs tg = 0.5µs tg = 1.0µs tg = 2.0µs

Stochastic
Gradient
Descent

prec.: 0.989
rec.: 0.988

area: 0.991

prec.: 0.988
rec.: 0.992

area: 0.993

prec.: 0.948
rec.: 0.988

area: 0.982

prec.: 0.976
rec.: 0.991

area: 0.990

Support
Vector

Machine

prec.: 0.991
rec.: 0.996

area: 0.996

prec.: 0.989
rec.: 0.995

area: 0.995

prec.: 0.987
rec.: 0.995

area: 0.994

pre.: 0.993
rec.: 0.992

area: 0.994

Random
Forest

prec.: 0.993
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Figure 5. The score of relative features’ importance as defined when training the random forest
classifier over the 0.1µs- and 1µs-long oscillogram fragments.

Lastly, it should be noted that an analysis of the entire set of hodoscope data using a
trained classifier of the considered type takes only a few tens of milliseconds on a fairly
typical modern computer configuration (an Intel Core i7–12700 processor with a 1400 MHz
clock frequency, Intel, Santa Clara, CA, USA). Since, in practice, the EASs registered by
the Tien Shan installation follow to each other with a typical rate of 3–5 events per minute,
the said operation speed allows us to implement processing of the EAS events in real time,
with immediate visualization of the measurement results. This may be beneficial in some
situations, especially when fine-tuning the installation’s hardware.

4. Verification of the Muon Hodoscope Data Processing Procedure
4.1. Calibration of Hodoscope Detectors

The capabilities of the proposed method for studying the muon component of cosmic
rays with the help of the underground hodoscope were tested by applying the procedure
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described above to the experimental data obtained during the joint operation of the ho-
doscope and the Tien Shan shower installation, when 2.8 · 105 EAS events were registered.
Since only the first 16 scintillators were operating in the underground hodoscope at that
time, the amount of EASs corresponds to 4.6 · 106 analog signal oscillograms recorded at
the output of hodoscope detectors. Using the considered procedure, 3.2 · 105 scintillation
pulses were identified among these waveforms.

The estimate of the intensity of muon flux in each specific scintillator of the under-
ground hodoscope is based on the depth of the negative pulse in the time distribution
function I(t) describing its waveform. The pulse amplitude should be determined at the
global minimum point tmin and within the limits tmin ± tg. Indeed, if the pulse search pro-
gram has recognized the presence of a fast scintillation pattern on the oscillogram, the front
of the negative polarity pulse corresponding to the scintillation flash must be located at
the point tmin, and the relative amplitude A, defined as the difference between the mean
background level of the time series and the minimal amplitude at the scintillation peak,

A = ⟨I(t)⟩ − I(tmin), t ∈ [tmin − tg, tmin + tg], (1)

may be used as a measure of scintillation intensity. Here, the mean background level
⟨I(t)⟩ is calculated as the average value of the time series I(t) within the limits tmin ± tg,
and constraining the considered fragment to a double duration of the time gate allows
avoiding the influence of random interferences on the pulse amplitude estimated in this
way. Since the values I(t) are initially expressed as arbitrary units (momentary codes of
ADC conversion), the use of the dimensionless parameter A is quite adequate for the task.

The algorithm of the signal amplitude calculation is illustrated by the left graph
in Figure 6. In this fairly typical case, the standard deviation of random fluctuations σ

equals 10.5, while the useful pulse has an amplitude of A = 147; so, the signal-to-noise
ratio is about 14.
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Figure 6. Calibration of the hodoscope scintillation detectors. (Left): definition of the pulse amplitude
parameter A. (Right): a sample of the amplitude distribution of scintillation pulses registered in
synchronization with an external EAS trigger (triangles) and with inner self-triggering of the ADC
system (circles). The bold continuous curve marks an approximation of the last distribution with a
combination (2) of three Gaussian functions (also shown separately with thin lines).

On the other hand, the intensity of scintillation light depends on the number of rela-
tivistic charged particles passing through detector nearly simultaneously, i.e., during a time
significantly shorter than the decay time of scintillation flash. Thus, it should be expected
that the amplitude A of pulse signals registered at the output of the underground scintilla-
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tion detectors will be related to the density of muon flux, and the statistical distribution of
the form ∆N/∆A will reflect the relative number of cases when 1, 2, etc. particles at once
were passing through the detector.

To check the operation quality of the underground hodoscope detectors and adequacy
of the proposed method for processing their data, the distributions ∆N/∆A were plotted
of scintillation pulses found in the oscillograms of each detector. For this purpose, two
types of datasets were used: the time series of detector signal synchronized with the
shower trigger, which were recorded during abovementioned period of EAS registration,
and the oscillograms obtained with the inner trigger of the ADC system, i.e., by starting
the digitization process with the same scintillation pulse that was currently being digitized.

A typical sample of the ∆N/∆A distribution obtained in this way from a properly
tuned and normally operating detector is shown in Figure 6, right plot. It is evident that
the self-triggering of ADC system results in a rather complex spectrum of A amplitudes
(shown with circles in the plot), which, nevertheless, can be approximated by a combination
of three normal distributions,

P(A) = n1 · G1(A, ⟨A⟩1, σ1) + n2 · G2(A, ⟨A⟩2, σ2) + n3 · G3(A, ⟨A⟩3, σ3), (2)

where Gi are Gaussian functions, ⟨A⟩i and σi—correspondingly, their mean values and
standard deviations, and ni are normalization coefficients. In Figure 6, this approximation
is represented by a bold continuous curve.

It is noteworthy, that after fitting the sum distribution P(A) under experimental
points, the resulting mean values of the Gaussian components, ⟨A⟩1 = 166, ⟨A⟩2 = 297,
and ⟨A⟩3 = 483, are related to each other as roughly 1:2:3. It is natural to assume that
the leading component, with the mean value ⟨A⟩1, corresponds to the cases of a single
muon passing through the detector, and the components with ⟨A⟩2 and ⟨A⟩3 correspond
to double and triple passages, respectively. Thus, in general, the obtained ∆N/∆A spectrum
indicates a fairly plausible result of the detector operation and effectiveness of the suggested
procedure for scintillation pulse searching.

Further on, systematic plotting of amplitude distributions of the form ∆N/∆A, mea-
sured for each detector with the ADC system triggered by its output pulses, may be used as
a standard procedure for regular diagnostics, operational check, and individual fine-tuning
of the detectors that make up the underground hodoscope.

Additionally, the position of the first peak in Gaussian approximation, ⟨A⟩1, can be
considered as a calibration coefficient to estimate from the measured amplitude A of the
scintillation pulse the absolute value of the local muon density ρµ at the detector point:

ρµ = A/⟨A⟩1/(ϵ · Sd). (3)

Here, ϵ = 0.99 and Sd = 1 m2 correspond to the registration efficiency and sensitive area of
the detector.

As for the ∆N/∆A spectrum obtained in the cases of EAS passages accompanied by
the trigger from the Tien Shan shower installation, the distribution shown with triangles in
the plot of Figure 6 indicates that in majority of EAS events with non-zero muon signal,
the average amplitude of the detected scintillations falls into an interval between ⟨A⟩1

and ⟨A⟩2, which corresponds to a density of about 1–2 muon particles per 1 m2 of the
sensitive detector area. This is, again, a rather reasonable conclusion: according to the
lateral distribution functions of the 5 GeV muons density measured in earlier experiments
at the Tien Shan station and presented in [1] (see Figure 9 there), the muon flux falls below
one particle per square meter already at a distance of about 10 m from the shower axis even
in the Ne ≈ 106 sized EASs, while the bulk of the showers considered in plotting the graph
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in Figure 6 are almost an order of magnitude smaller in size, and no special selection of the
events with the axis location close to the underground hodoscope was done.

4.2. Comparison with EAS Data

As follows from the experimental measurements of the EAS muon component dis-
cussed in [1], the total number of muons in an EAS depends on its size Ne (i.e., on the
primary energy E0), and the density of muon flux rapidly diminishes with the increasing
distance from the shower axis. Thus, the correctness of the muon hodoscope operation
and the validity of the proposed procedure of automatic search for scintillation pulses may
be verified by comparing the data of the underground hodoscope obtained in the EAS
triggered events with the parameters of the corresponding showers.

For further analysis, the total number of charged particles in a shower (shower size)
Ne and two coordinates of EAS axis in the plane of the shower installation (x, y) were
determined for all EASs according to the method described in [30]. The coordinates were
used for the calculation of the distance R between the EAS axis and the installation’s center
point, with the underground room and the muon hodoscope situated beneath (see Figure 1).

After estimation of the shower parameters, the whole set of registered EAS events was
split into several groups, depending on the mean shower size Ne and the mean distance R
to the shower axis from the middle of the muon hodoscope. Then, the mean amplitude A of
the underground hodoscope signal was estimated as an average of individual amplitudes A
calculated in accordance with the above discussed algorithm for the 16 hodoscope detectors
in all events belonging to each particular combination of (Ne, R). By definition, the value A
may be considered as a single dimensionless parameter characterizing the mean relative
intensity of the flux of the muons, which have come through the total area of all sensitive
elements of the hodoscope in the shower events with the close values of the parameters Ne

and R.
Both stages of data processing: calculating the shower characteristics for the registered

EAS events and searching for scintillation pulses from muon passage in the output oscil-
lograms of the underground hodoscope detectors were accomplished independently of
each other.

The result of this operation is presented in Figure 7 as the distribution of the average
amplitude of scintillation pulses in the detectors of the underground hodoscope A, depend-
ing on the mean size Ne and the axis distance R of the corresponding EAS. The vertical
error bars in the plot indicate the standard deviation of the amplitude estimates A obtained
in the EAS events associated with every (Ne, R) cell, and the horizontal bars denote the
width of the intervals over the distance parameter R.

As can be seen in the plot, the intensity of the hodoscope response to the passage of
EAS-related muons obviously correlates with both the size of a shower and the distance to
its core, so that the mean scintillation amplitude A systematically grows with rising Ne and
diminishes further from the EAS center. Such behavior is quite natural for the muon flux
in EAS; so, the correlation plot in Figure 7 once again confirms both the efficiency of the
considered hardware and adequateness of the developed program toolchain for deducing
the intensity of cosmic ray muons from the original data of the underground hodoscope.

It is also interesting to note that Figure 7 so far confirms the conclusion about the
accelerated rise of the muon flux in the core region (R < 10 m) of a large-sized EAS with
Ne > 106, which was previously formulated in [1] on the basis of the data on evaporation
neutrons from muonic interaction, though further investigation with qualitatively larger
statistics of registered EASs is necessary. Judging by the present plot, it should be primarily
the growth of muon multiplicity, but not their average energy, that takes place in the central
region of EAS above the 3 PeV “knee” of the primary cosmic ray spectrum.
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Figure 7. The correlation plot between the average amplitude of scintillation pulses A registered by
the detectors of the underground muon hodoscope and the parameters (total number of electrons Ne

and the distance to the shower axis R) of the corresponding EAS.

5. Conclusions
For further study of the muon component of cosmic rays at the Tien Shan High

Mountain Station, a new hodoscope set-up was designed, based on the modern large-sized
scintillation charged particles detectors and application of machine learning techniques
to analyze the signal acquired at detector output. Installed in the underground room
of the station, the hodoscope ensures registration of muons with an energy threshold
of (5–8) GeV, while the dynamic range of the density measurement of muon flux, ∼104,
is quite appropriate for investigating the muon component of EAS in the region of the
shower core.

The newly developed technique for automated searching for narrow pulse patterns in
an output oscillogram of the scintillation detector uses modern machine learning algorithms
and ensures a ∼99% detection probability of a typical scintillation signal, with a false
positive rate below 1%.

Verification of the designed hardware in combination with the software tools of data
processing on real EAS data demonstrated the correctness of the proposed method and its
applicability to investigation of the muon flux in an EAS. In addition, a practical procedure
was designed for testing, adequate tuning, and calibration of the particle detectors in the
underground muon hodoscope.

Preliminary confirmation was obtained for the earlier conclusion on the change in
the properties of the muon component in the EASs above the 3 PeV “knee” of the primary
cosmic ray spectrum, which occurs mainly due to the increase in the multiplicity of muon
particles and not the average muon energy.
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