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Abstract: The results of muonographic study of two objects in the cave complex of the unique
historical and archaeological memorial, the Holy Dormition Pskovo-Pechersky Monastery, are
presented. The experimental technology is based on the use of nuclear emulsion detectors.
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1. Introduction

The muonography method which is the "shining through" the extended objects underground
and on the Earth surface using cosmic radiation, was first proposed by Academician P.P. Lazarev in
1926. However, muon, the particle of the cosmic origin most relevant for such shining through, was
discovered later - in 1936. The practical application of the muonography method based on electronic
equipment began in 1955. [1]. The peculiarities of electronic detectors (the need for power supply,
continuous monitoring during exposure, lower limits of the detector size, etc.) significantly limited
the possibilities of the method. The recent years’ renaissance of the muonography method owes to
advances in experimental techniques utilizing photographic nuclear emulsions [2, 3]. The creation of
high-performance automated microscope complexes has solved the problem of emulsion scanning
and efficient processing of large volumes of experimental data [4-10]. One scanning station processes
tens of thousands of tracks in an emulsion layer per second, which in manual processing takes years
of work by a skilled operator.

The muonography method is used to study large, up to kilometer-sized objects: natural
(mountains, volcanoes, glacial plates, structural features on other planets), industrial (mines, bridges,
dams, blast furnaces, nuclear reactors), historical and architectural (pyramids, buildings, temples,
grottoes, etc.) [11-17]. Numerous muonography experiments are currently being conducted around
the world [18-32]. A key feature of the method is non-invasiveness of the research, i.e. it allows
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studying the internal structure of objects without violation their integrity. This virtue is of
fundamental importance in the study of engineering structures and historical memorials.

The first muonographic study of a cultural heritage site was the study of the internal structure
of Chephren’s Pyramid in Egypt by the team of Nobel laureate L. Alvarez [33, 34] during which about
ten percent of the pyramid's volume was studied, and a conclusion of absence of internal voids or
compactions was made. In 2016-2017, an international research team conducted a muonography
experiment based on emulsion track detectors in Khufu’s Pyramid [35], which uncovered a
previously unknown large chamber, marking the first major discovery in Egyptian pyramid research
since the 19th century. This remarkable result convincingly demonstrated the success of the
muonography method based on emulsion detectors, particularly in the study of historical and
archaeological sites.

The authors of the presented work carried out several muonographic projects, which included
the study of cultural heritage sites on the territory of the Russian Federation. In the architectural
complex of the Naryn-Kala Citadel (Derbent, Dagestan), a UNESCO World Heritage Site, an
underground cross-dome structure was surveyed. The data obtained allowed to determine the
thickness of its walls [36].

Another experiment by the method of muonography was successfully performed on the
territory of the Holy Trinity Danilov Monastery in Pereslavl-Zalessky (Yaroslavl region), the object
of federal significance. Two hidden rooms in the walled-in part of the basement of the Church of the
Praise of the Mother of God, areas of increased density in inaccessible parts of the basement of this
building, and two large cavities of unknown purpose located underground in the area between the
churches, possibly ancient crypts, were discovered [37]. In 2022, research at the Holy Trinity Danilov
Monastery was awarded one of the most prestigious prizes in Russia in the field of natural sciences,
the prize by Metropolitan of Moscow and Kolomna Macarius, in the nomination "Methods of natural
and exact sciences in the study of the history of the Church, Christian antiquities and cultural heritage
of Russia and Slavic countries, innovative technologies ensuring high quality of heritage
preservation" [38].

This paper presents the results of the study of two objects of the unique cave church in the Holy
Dormition Pskovo-Pechersky Monastery: the crypt hidden behind a large icon at the entrance to the
caves and the Trinity Street in the caves.

2. Method

Muons are formed as a result of decays of charged m- and K-mesons, which are products of
primary cosmic particle interactions with the nuclei of atmospheric atoms. Cosmic muon fluxes
account for about 80% of all observed secondary cosmic ray particles at sea level. In its physical
properties, muon is similar to electron, except its mass (106 MeV) which is two orders of magnitude
greater than the electron mass. Since the intensity of bremsstrahlung is inversely proportional to the
squared particle mass, the muon radiation losses are negligible compared to the electron, and at the
same initial velocity, the muon path is thousands of times greater than that of the electron.

The muon lifetime 1o in the intrinsic coordinate system is about 2.197x10-¢ seconds. However,
according to the special theory of relativity, due to relativistic time dilation, atmospheric muons at a
speed close to the speed of light, in the Earth's reference frame live significantly longer and can cover
considerable distances. For example, the lifetime of a muon with a relatively small energy E =1 GeV
makes 1= 107y = 21 ps, and this muon is able to pass about ct= 6.3 km.

Muons, which are not nuclear-active particles, lose their energy mainly in electromagnetic
interactions with electrons and nuclei of a substance. The absence of strong interactions and the
relatively large rest mass of muons determine their high penetrating power compared to hadrons,
electrons and y-quanta. As a result, muons not only overcome the entire atmosphere, but also
penetrate into the ground to a depth determined by the magnitude of their energy. Muons with
energies E ~ 102 — 10" eV reaching sea level were recorded in underground experiments at a depth
of up to 8.6 km of water equivalent (about 2 km of rocky soil) [39]. The flux of penetrating muons
makes about 10¢ particles/(m2.min) at sea level.
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The principle of the muonography method is based on comparing the degree of absorption of
atmospheric muons by different parts of the object under study. The varying degree of attenuation
of muon fluxes from different directions makes it possible to recognize the location and size of
inhomogeneities inside the object. Since the absorption of muons depends on the amount of matter
they pass in the direction (0, @), variations in the recorded muon fluxes in these variables may
indicate features in the distribution of material inside the object under study in the corresponding
direction. Thus, to study the features of the internal structure of an object, one has to analyze the
angular distributions of muon fluxes passing through the object and registered in the detectors. The
most informative is the setting up of an experiment with several detectors, which makes it possible
to obtain a 3D distribution of the material in the selected directions.

Charged particle emulsion detectors have the highest spatial (<1 um) and angular (~1 msr)
resolution compared to the other ones. The advantages of nuclear emulsions also include continuous
sensitivity, large information capacity, compact dimensions (from 10cm? to 1m?), ease of
transportation and operation in conditions of limited availability. In addition, as mentioned before,
the nuclear emulsion technology is independent from power supply sources, electronic reading
systems, etc., i.e. no additional infrastructure is required during the exposure.

After the development of irradiated nuclear emulsions, measurements in emulsion films are
performed on automated optical microscopes that provide scanning speeds of up to hundreds of
cm?/hour, which allows processing large amounts of data in real time. Data processing makes it
possible to obtain angular distributions of the registered muon tracks, the density of which,
depending on the duration of exposure, can reach several thousand per square meter. The experiment
presented in this article was carried out using thirteen emulsion detectors.

The modern level of data processing and analysis of emulsion experiments in Russia has been
achieved at the PAVICOM high-tech measuring complex [40]. Using the author's software,
PAVICOM in full automation mode searches and digitizes the spatial and angular coordinates of the
charged particles tracks, recognizes and follows tracks in the detector volume, systematizes and
processes data.

3. Experiment

Currently, two objects of the cave temple of the Holy Dormition Pskovo-Pechersky Monastery
are being studied by the muonography method (Figure 1a). The Monastery, founded in 1473, is
located in the town of Pechory, Pskov region, in a natural depression on a sandstone hill. Under the
hill there is a system of caves of presumably natural origin ("God-made caves", Figure 1b). The oldest
temple of the monastery is the Assumption Cave Church, on the facade of which there is an entrance
to the underground cave galleries. Used since the foundation of the Monastery as an underground
necropolis, seven cave galleries of total length more than 200 m are located at a depth of 3 to 15 m.
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(b)

Figure 1. (a) A general view of the Holy Dormition Pskovo-Pechersky Monastery, the arrow shows
the entrance to the cave temple; (b) The location of the known underground galleries on the
monastery plan. The figures indicate the "streets" of the cave temple: 1- the Main street; 2 — the Elders
street; 3 — the Temple street; 4 — the Fraternal street; 5- the Trinity street. The images were obtained
using modern geodetic methods [41].

Scientific studies of the caves that could confirm or refute versions of their origin have not been
carried out until recently. At the same time, there is an assumption that there may be some hidden
rooms underground in addition to the available ones, for example, in the form of a continuation of
already known galleries. As the first objects of research, there were taken a) the crypt located behind
the large icon at the entrance to the caves (the question concerns its size and the possible continuation
of underground corridors behind the crypt) and b) the area behind the dead end of Trinity Street (the
question concerns its possible continuation behind the altar).

The detectors developed for the experiment consisted of an assembly of six double-sided
emulsion plates of 10x12.5 cm?, packed under vacuum in light-tight packages. The emulsion packages
were fixed in a vertical position with special constructions (Figure 2a), which base made 35x62 cm?,
and the altitude was about 20 cm. In the experiment, emulsion plates produced by the Russian
company Slavich were used. Figure 2b shows the direction of the X, Y and Z coordinate axes in the
detector system.
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Figure 2. (a) The appearance of the assembled emulsion detector; (b) The coordinate systems used in
data processing and presentation.

For the emulsion scanning and data processing, a coordinate system (X, Yo, Zpb) associated with
the detector was adopted, as shown in Figure 2b (black axes). For data presentation, the coordinate
system associated with the Earth's surface (Xs, Ys, Zs) was used, which can be obtained from the
detector system by rotating 90° around the Xb axis. In Figure 2b, its axes are shown in red. In the data
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presentation the angles (0, ¢) are used, where 0 is the zenith angle of the muon trajectories relative
to the axis Zp, i.e., the range of angles 0 = 0-180° corresponds to the "back" direction relative to the
detector plane, and 0 = 180°-360° corresponds to the "forward" direction. The angle ¢ is the azimuthal
angle in the detector plane. Further, the plots of muon fluxes at different values (6, @) are given in
the coordinate system (Xs, Ys, Zs).

In total, it was installed 13 emulsion detectors, two of which were placed in the attic of the
Assumption Church to register the background muon flux, and the rest were located in underground
galleries (their installation scheme is shown in Figure 3).
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Figure 3. The layout of detectors in the caves of the Holy Dormition Pskovo-Pechersky Monastery.
Triangles indicate the position of the detectors. The sharp ends of the triangles indicate the direction
of their view. Two circles labeled as I and II show the sites under study (the crypt behind the icon at
the entrance to the caves and the area behind the dead end of Trinity Street).

Geodetic and LIDAR surveys were carried out to link the spatial position of the installed
detectors, which made it possible to determine the position of the detectors with the centimeter
accuracy necessary for the interpretation of the data obtained [41].

The exposure time of the main detectors was determined by the results of irradiation of the
control emulsion layers placed on some detectors. Nuclear emulsions were found to gain the track
density necessary for analysis when exposed for 3.5 to 4 months. After 112 days from the date of
installation, all detectors were removed, disassembled, and the emulsion plates were developed. The
developed emulsion plates were scanned on PAVICOM; muon tracks in the range of zenith angles
+45° were recorded.

4. Results and Discussion

In each detector, particle tracks were reconstructed in two or more consecutive emulsion plates.
The experimental results are presented as muon distributions over the angular variables 6 and ¢. For
this purpose, the upper hemisphere around the detector (90° by 0, 360° by @) was divided into solid
angle elements (bins) Ag-AO. For each element, the number of muon hits was counted. The obtained
distribution (histogram) reflects the difference in the degree of muon absorption in different
directions, i.e., the difference in the distribution of material in the viewing area. The processing
program uses two variants of corner partitioning into bins: 1) A¢@=10°, AB=5° (36 and 18 bins,
respectively); 2) Ap=5°, AO=3° (72 and 30 bins). The second option was adopted to process the
experiment data; in some cases, both options were used for comparison. The results of processing the
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detectors installed in the attic to record the background radiation have shown the same recorded flux
in both the "forward" and "backward" directions, which is consistent with expectations, since the
detectors measured the isotropic flux of muons coming from the atmosphere [42]. Measurements of
these detectors are used to calibrate the detectors installed underground and to account for
background effects.

Figure 4 shows the data obtained with Detector 2 installed for the study of the crypt behind the
icon on the wall at the entrance to the caves. The color scale in Figures 4a and 4b reflects the number
of muons in a solid angle; blue color corresponds to the minimum particle fluxes, and red - to the
maximum one. In the "backward" direction, the detector recorded an increase in the number of muons
in the angle ¢ range from 75° to 110° and in the O range from 62° to 75° (see Figure 4a). This direction
corresponds to the entrance corridor to the caves. In the "forward" direction, an increase in flow was
recorded in the ¢ range from 262° to 288° and in the O range from 64° to 70° (Figure 4b), indicating a
cavity behind the wall icon at the entrance of the caves. The greater accuracy of the investigated cavity
location can be achieved with the plots demonstrating the number of muons registered in solid angles
(Ag, AD) (Figures 4c,d). In the distributions of the number of particles by the angle ¢, different curves
correspond to different O values, as indicated in the legend. The right peaks in the figures indicate
the passage of muons through the crypt cavity.
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Figure 4. Distributions of muon quantity registered in Detector 2: (a) The "backward" direction to the
entrance to the caves; (b) The "forward" direction to the crypt area; (c), (d) The corresponding muon
number distributions for bins A¢@=5%, AB=3°.

The ability of the muonography method to identify architectural features of a building can be
used to control the results obtained. In particular, in the sector of view of the Detector 10 (Figure 5),
also oriented to the investigated crypt, got the edge of the window on which the detector was
mounted. After the data processing, it formed a "step" noticeable in the ¢ range from 250° to 268°,
best seen at 0=75° (Figure 5a).
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Figure 5. Angular distributions of the registered muons from the Detector 10 data: (a) For 6=66°, 69°,
720, 75% (b) For 6=789, 81°, 84°, 87°.

The reconstruction of the volumetric picture of the internal structure of an investigated object
requires the use of several detectors. In this experiment, the 3D structure reconstruction algorithm
involved constructing angle distributions in steps of 2° in 8 and 3° in ¢, where the positions of local
maxima of the ¢ distributions were determined for each given angle 0 (Figure 6). A local maximum
of the flux generally corresponds to a void in a given direction, or at least a reduced density of the
object material.
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Figure 6. Illustration of the algorithm for finding local maxima of muon flux distributions in ¢ at a
given O using data from detectors 6 (a) and 7 (b) as examples. The black dashed line shows the
distribution of muons by ¢ at a given 0, and the blue line shows the position of local maxima on this
distribution.

The function of the maxima position can take only two values: 1, when there is a maximum at
the given point, and 0 when there is no maximum. Figure 6 demonstrates that the algorithm, in
general, correctly determines the position of the local maxima of the muon flux distributions.
Similarly, for each fixed ¢, the maximum fluxes by 0 were determined. For each detector, all possible
directions of @ and O were pored over.

A third variable, the elevation of the point above sea level, was added to determine the
boundaries of the anomalous density region from the three measurements. The elevation of different
points of the hill above sea level is indicated in Figure 3. In further data analysis, the intersection
points of the local maxima with the 1-meter-thick layers of soil between fixed elevations above sea
level were plotted on a presentation map. As a result, with account for the altitude (more precisely,
the altitude interval), a two-dimensional pictures of muon fluxes maxima with a step of 1 m in
altitude were obtained. In some points, the fluxes maxima from two or more detectors overlapped,
then we can speak about the intersection of local flux maxima based on data from two or more
detectors.


https://doi.org/10.20944/preprints202309.0820.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 September 2023 doi:10.20944/preprints202309.0820.v1

The area of the first site under study, the crypt at the entrance, was viewed by Detectors 2, 6, 8,
10, and 11. The obtained results of intersection of the fluxes local maxima with planes at given

altitudes are presented in Figure 7.
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Figure 7. Maps of the intersection of the directions of local maxima of muon fluxes with the planes
between indicated altitudes for Detectors 2, 6, 8, 10, 11. Data from one detector is marked in blue, the
intersection of two detectors - in orange, three detectors - in green, and four detectors - in violet.
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In Figure 7, altitudes in the 77-81 m range are of particular interest. To the right of detectors 2
and 8 is a purple band, the width of which is comparable to the transverse dimensions of individual
caves. It denotes the intersection of the local maxima of at least four detectors, and in some points at
a altitude of 77-78 m the maxima of all five detectors intersect (see Figures 8, 9).

Figure 8. Intersection of the directions of the muon flux local maxima of all five Detectors 2, 6, 8, 10
and 11 with the plane between altitudes of 77 and 78 m (marked by a white broken line on a purple
background).

Figure 9. Enlarged map of intersections of the muon flux local maxima with the planes between
different altitudes for Detectors 2, 6, 8, 10, 11.

The results obtained from the data of five detectors allow to roughly estimate the position and
geometric shape of the crypt, and demonstrate the presence of an unknown corridor beginning
behind it. Assuming the results of crossing the local maxima of the muon fluxes registered by the
four detectors to be the most reliable, and guided by Figures 7-9, one can state that at a altitude of 77-
79 m in front of Detectors 2 and 8, there is a crypt with dimensions ~2.5x2.5 m?, from which, in a
direction perpendicular to Main Street, runs a corridor from 1 to 3 meters wide and up to 12 meters
long.

Detectors 3, 4, 7, and 9 were oriented to the area behind the Trinity Street dead end (object Il in
Figure 3). The results of intersection of fluxes local maxima with planes at the indicated altitudes are
shown in Figure 10.
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Figure 10. Maps of intersection of the directions of muon fluxes local maxima with the planes between
different altitudes for Detectors 3, 4, 7, 9. Data from one detector is marked in blue, the intersection of
two detectors - in orange, three detectors - in green, and four detectors - in violet.

Figure 10 shows two regions at the altitude of 77-79 m where the local maxima from all four
detectors intersect. One is located to the left of the cave between Detectors 4 and 9 (between Bratskaya
and Trinity Streets). The second area opposite Detector 9 looks like a continuation of the Trinity Street
along its main direction. Figure 11 shows the detected cavities in an enlarged scale.

Figure 11. Enlarged map of the intersection of the directions of the muon fluxes local maxima with
the planes between indicated altitudes for Detectors 3, 4, 7, 9. Here: the intersection of two detectors
is marked in blue, three detectors - in orange, four - in green.

Assuming the results of crossing the local maxima of the muon fluxes registered by the four
detectors to be the most reliable, and guided by Figures 10 and 11, one can state that at a altitude of
77-79 m, i.e., directly above Trinity Street, between Detectors 4 and 9 there is a cavity stretched
perpendicularly to the street. The altitude of the cavity is about 2 m, and the geometric dimensions
in the horizontal plane are about 3x6 m2 In addition, the results demonstrate that Trinity Street has
a continuation along the main direction.

Figures 12-15 show the position of the detected underground cavities tied to the results of the
LIDAR survey of the cave temple of the monastery.
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Figure 12. Discovered underground cavities on the map of "God-made caves": the crypt (area I in
Figure 3) and Trinity Street (area II in Figure 3).

(@) (b)

Figure 13. The area of the discovered crypt from above (a) and from the side (b).

(b)

Figure 14. Trinity Street area from above (a) and from the side (b).
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Figure 15. The monastery wall with the marked location of newly discovered voids underground.

5. Conclusions

On the example of the study of the cave temple of the Holy Dormition Pskovo-Pechersky
Monastery, the possibilities of the non-invasive muonography method for studying the internal
structure of natural, industrial and historical objects on the Earth surface and under it are
demonstrated. The method is based on the measurement of the degree of absorption of atmospheric
muons that have passed through the object under study. Based on the analysis of the angular
distributions of muons registered in the detector, a conclusion is made about the features of the
internal structure of the object, in particular, about the presence of large cavities or areas of increased
density of the material.

The muonographic study of two objects of the monastery's cave temple (the crypt behind the
wall at the entrance to the temple and the space behind the dead end of Troitskaya Street) revealed
several previously unknown cavities of considerable size. According to the data obtained, the size of
the crypt at the entrance to the temple is estimated as ~2.5x2.5 m?. A corridor with a width of 1 to 3
meters and a length of up to 12 meters departs from the crypt in a direction perpendicular to the Main
Street. Underground between Fraternal and Trinity Streets a cavity was revealed, extending in the
direction perpendicular to Troitskaya Street. The altitude of this cavity is estimated as 2 m and the
geometric dimensions in the horizontal plane are approximately 3x6 m?2. In addition, measurements
show that Trinity Street has a continuation along its main direction.

The presented experiment demonstrates that Russian researchers have a well-developed and
financially accessible technology that allows, at the level of modern scientific achievements, to study
the internal structural features of objects of natural and artificial origin without destroying them,
which opens up new opportunities, including for the study and preservation of monuments of
cultural heritage. The author's methodological approaches and technical solutions for muonographic
experiments based on emulsion track detectors, as well as the results obtained, are of great
importance for further introduction in Russia of an effective, economical and environmentally safe
method, which can be used in studies in the field of archeology, geology, nuclear power engineering,
volcanology, defectoscopy and others. Based on the developed technologies, it is possible to create
systems for monitoring problematic objects to minimize the consequences of possible natural and
man-made disasters for the population, infrastructure and the environment.
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