
ISSN 1547�4771, Physics of Particles and Nuclei Letters, 2015, Vol. 12, No. 5, pp. 713–719. © Pleiades Publishing, Ltd., 2015.
Original Russian Text © A.B. Aleksandrov, A.V. Bagulya, M.M. Chernyavsky, V.I. Galkin, L.G. Dedenko, N.V. Fomenko, N.S. Konovalova, G. De Lellis, A.K. Managadze,
O.I. Orurk, N.G. Polukhina, T.M. Roganova, T.V. Shchedrina, C. Sirignano, N.I. Starkov, Tan Naing So, V.E. Tioukov, M.S. Vladimirov, S.G. Zemskova, 2015, published in
Pis’ma v Zhurnal Fizika Elementarnykh Chastits i Atomnogo Yadra, 2015.

713

INTRODUCTION

Muon radiography is a method of investigating the
structures of massive natural and industrial objects
lying in the registration of muons flux level after pass�
ing through the substance of the studied object. The
muons fluxes of cosmic rays at the Earth’s surface are
used as a translucent beam. Both electronic and emul�
sion particle detectors can be used as recorders. This
paper presents the first results on the application of
researching objects by muon radiography with track
detectors based on nuclear photoemulsion. These
detectors are autonomous, modular, and easily relo�
catable devices.

Muon radiography is used as a promising addition
to geophysical and geological methods [1] when ana�
lyzing the seismic and karst processes [2], for mineral
exploration, for the radiation monitoring of a nuclear
power plants complex [3], and for the implementation
of the nondestructive testing of industrial facilities
(blast furnaces, bridge supports, etc.) [4]. This method
makes it possible to explore underground caves and
large cavities of artificial origin. It is used to monitor
the state of long�term underground storage, which

requires detailed knowledge of the geological environ�
ment (the composition and boundaries of different
layers), for monitoring in the mining industry, and for
many other applications.

The method is based on using muons fluxes of cos�
mic origin, which make up about 80% of all observed
particles of secondary cosmic radiation at sea level.
Muons originate as a result of decay of charged π and
K mesons, which are formed in the upper atmosphere
during the interaction of nuclear�active particles of
primary cosmic radiation with the atom nuclei in the
Earth’s atmosphere. The lifetime of t0 muons is about
2.197 × 10–6 s, but the cosmic ray muons at speed v are
close to the speed of light, live significantly longer in
accordance with the ratio

and can propagate over long distances.

Muons are not nuclear�active particles and lose
their energy mainly due to electromagnetic interac�
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tions with the electrons and nuclei of matter. The lack
of strong interactions and relatively large rest mass of
muons determine their high penetration ability com�
pared to hadrons, electrons, and γ quanta. As a result,
the muons of the cosmic ray not only overcome the
Earth’s atmosphere, but also penetrate deep into the
soil, depending on their energy. Muons with energies
of Eµ ~ 1012–1013 eV reaching the sea level are
recorded in underground experiments at depths of up
to 8.6 km of water equivalent. The flux of penetrating
muons at sea level is about 104 particles/(m2 min).

The distribution features of atmospheric muons
allow their use in muon radiography to study the struc�
ture of major natural and artificial objects. The change
of distribution of substance density within an object is
done by recording muons coming from the object by
detectors of charged elementary particles (e.g.,
nuclear emulsion). Comparing the muon density flux

Φ after passing through the target with a flux free fall�
ing from the atmosphere Φ0, one can define the opac�
ity ς of investigated dense structures and their individ�
ual regions. The spectrum of atmospheric muons is
continuous, and the flux of muons emerging from the
studied object is the integral flux on energy varying
from the minimum initial energy Emin(ς) needed to
cross the thick medium on the thickness of L up to the
maximum value:

The final number of registered muons depends on
the intensity of the muon flux, crossing the target,
exposure time, and sensitivity and area of the detector
and can be evaluated based on the model calculations
with taking into account the conditions of the experi�
ment. Analysis of angular distributions of muons after
their passing through the object located above the
monitoring level allows one to make a conclusion
about the distribution of density of the substance,
including the existence of heterogeneities in its depth.

The direction of each muon in the detector is
determined by the values of the azimuthal and zenithal
angles (ϕ, θ) with respect to an axis perpendicular to
the plane of the detector, the sizes which are signifi�
cantly smaller than the sizes of the studied object.
Muons forming an image of the object satisfy the fol�
lowing condition: the distance from the point of the
muon entering the object up to the point in which its
energy becomes zero must be greater than the length of
the path of muon in the object. The number of muons
passing through an object depends on the direction of
their arrival (values of θ and ϕ) and the density of the
medium substance ρ(θ, ϕ). Modeling the muon flux
passing through the object and comparing simulation
results with experimental data allow one to reconstruct
the features of the internal structure of the object.

ADVANTAGES OF USING 
OF EMULSION TRACK DETECTORS 

IN THE MUON RADIOGRAPHY

Until recently in the international practice of con�
ducting research with the use of muon radiography,
electronic equipment was mainly used [5, 6]; this is
much more cumbersome and complex to operate than
track detectors based on nuclear emulsions, which
many experimental groups have started actively using
recently (Fig. 1). The main advantages of emulsion
track detectors, in addition to their small sizes and
design simplicity, are their good spatial (<1 μm) and
angular (~1 msr) resolution, large information capac�
ity, ease of transport, and ease of operation in difficult
conditions (for example, in area of volcanoes). The
most important advantages of nuclear emulsions are
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Fig. 1. Comparison of sizes of (Fig. 1a) electronic [6] and
(Fig. 1b) emulsion track detectors for muon radiography
(Fig. 1b, on the right, six layers of emulsion lie on metal
plate packed in metallized package; Fig. 1b, on the left the
upper metal plate for fixation of emulsions is shown).
Emulsion panel with a thickness of 0.5 cm with several lay�
ers of emulsions (Fig. 1b) exceeds in the angular resolution
the electronic telescope with base of ≥1 m shown in Fig. 1a.
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their independence from supply sources and the lack of
need for an electronic reader system during exposure.

The size and, respectively, weight of the emulsion
detector track may be relatively small while maintain�
ing the necessary efficiency due to high coordinate
resolution of emulsions. An emulsion panel of 0.5 cm
thickness with several layers of nuclear emulsions will
exceed upon angular resolution an electronic tele�
scope with base ~1 m2, like the one shown in Fig. 1a.
However, this does not mean that the emulsion detec�
tor must have a significantly smaller area than an elec�
tronic one, because the volume of collected statistics
depends on the value of detector area. Detector size
(area and number of layers of photoemulsion) is deter�
mined by the desired sensitivity, depending on the
expected angular and linear sizes of studied object.

Experiments carried out by the muon radiography
method using emulsion track detectors are success�
fully implemented in a number of research centers
owing to the development of automated methods of
processing of emulsion data [6, 7]. Experiments of this
kind in Russia, until recently, have not been carried
out due to a lack of reliable manufacturer of nuclear
emulsions. However, in recent years the production of
nuclear emulsions with characteristics needed for the
registration of relativistic particles has been organized
at OAO Slavich, Pereslavl�Zalessky, Yaroslavl oblast,
Russia, which allowed employees of the Lebedev
Physical Institute of the Russian Academy of Sciences
and Skobeltsyn Institute of Nuclear Physics of Mos�
cow State University to carry out the first test experi�
ments on the application of the method.

TEST EXPERIMENTS USING 
MUON RADIOGRAPHY

In 2012–2014, the employees of the Lebedev Phys�
ical Institute of the Russian Academy of Sciences and
Skobeltsyn Institute of Nuclear Physics of Moscow
State University have carried out a number of test
experiments to introduce a muon radiography method
in which the relativistic nuclear emulsions were used
as muons detectors. The object of the first test experi�
ment on muon radiography was a steel column weigh�
ing 23 t (cyclotron magnet yoke of the Skobeltsyn
Institute of Nuclear Physics of Moscow State Univer�
sity), which played the role of a massive absorber of
atmospheric muons and created a “shadow” in the
flux of these particles (Fig. 2).

In the experiment, nuclear emulsion produced by
the Russian company OAO Slavich and the Japanese
company Fuji Photo Film were used, which were
used in the OPERA international experiment [8].
The detectors prepared for the tests consisted of
densely packed stacks of emulsion plates with sizes of
10 × 12 cm2 rigidly fastened in frames of aluminum
plates. Details of the construction of detectors are
shown in Figs. 1b and 2a.

The detectors installed in the body of steel columns
and the outside column according to Fig. 2b were
exposed for 49 days.

The processing of emulsion data was carried out by
employees of Lebedev Physical Institute of the Rus�
sian Academy of Sciences and Skobeltsyn Institute of
Nuclear Physics of Moscow State University having at
their disposal complexes of measuring instruments
equipped by optical tables with high�precision dis�
placement and high�resolution digital video cameras
for recording and digitizing optical images. PAVICOM
(Lebedev Physical Institute of the Russian Academy
of Sciences) and VISKAN�500 (Skobeltsyn Institute
of Nuclear Physics of Moscow State University) auto�
mated measuring complexes, designed to meet the
necessary requirements, enables us to accomplish the
high�speed scanning of nuclear emulsions and process
the images in real time.

The result of scanning of each emulsion plate is a
data array that specifies with high accuracy the trajec�
tory of each particle registered by detector, including
zenithal and azimuthal angles of incidence, used in
this methodology. The data obtained during automatic

(a)

(b)

Aluminum plates

Packages with

with a thickness
of 5 mm

two nuclear
emulsion plates

Fig. 2. Assembling the emulsion detectors for the first
experiment on muon radiography in the Lebedev Physical
Institute of the Russian Academy of Sciences and the Sko�
beltsyn Institute of Nuclear Physics of Moscow State Uni�
versity: (a) the arrangement of emulsion layers between the
metal plates and (b) the photo of muon radiography detec�
tors installed in the body of steel columns of the absorber
and outside it.
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analysis are subjected to background subtraction. It
consists of recording instrumental effects, falsely
reconstructed tracks, effects related to the transporta�
tion of the detector, etc.

Angular distributions of particles obtained in the
first test experiment demonstrated changes in muon
fluxes entering the detector in a selected angle range,
depending on the length of the path in the iron
absorber (column). The distributions are in full accor�
dance with the predictions of the model calculations
(Fig. 3).

The second test experiment was carried out on the
territory of OOO NITs NIIShP, Moscow, Russia, from
June 13 to October 25, 2013; i.e., the exposure of
detectors was 135 days. The object under observation
was disks of the running drum that is the inertial ele�
ment of a test stand weighing 40 t (Fig. 4). The assem�
bly scheme of emulsion track detectors was similar to
the previous experiment; only in this case each detec�
tor included three packages with two layers of emul�
sions instead of two packages, like in the first experi�
ment.

Figure 5 presents the experimental angular distri�
bution of muons (Fig. 5a) and corresponding model
calculations (Fig. 5b) for detector 1. The “shadow”
from the running drum of test stand is clearly visible on
both graphs. The experimental data are in a good
agreement with the calculation results.

To present the results, tx and ty variables were chosen
that are the tangents of tilt angles of tracks in projections

on a plane xz, yz where tx =  = tan(θ)cos(φ) and ty =

 = tan(θ)sin(φ) in the coordinates of the emulsion

film. For readability, the coordinate grid (θ, ϕ) (θ is the
circles and ϕ is the rays coming from the origin) was
superimposed on the plane of tx–ty of Fig. 5a in accor�
dance with ratios of tan(ϕ) = ty/tx and tan2(θ) = tx2 + ty2.

The third experiment on the muon radiography
method was carried out at a depth of 30 m in the
underground shaft located in the territory of the Geo�
physical Survey of the Russian Academy of Sciences
(Obninsk, Moscow oblast, Russia). As a result of the
experiment, it was intended to record the difference of
atmospheric muons fluxes on the Earth’s surface and
at depth in the shaft after passing the soil layer. For
that, the detectors were installed on two levels (Figs. 6, 7).
Among the objectives of the experiment, it was also the
estimation of the possibility to detect the cavities (lift
shaft) in the thickness of the soil using the detector
with nuclear photoemulsion located at a depth of 30 m.
When θ ~ 25° and ϕ ~ 135°, i.e., in the direction of the
lift shaft (Figs. 6, 7), the absorption of muons was
weakened due to the presence of cavity, and hence the
muon flux from this direction must noticeably to
exceed the background.
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Fig. 3. Angular distributions of muon fluxes at different azi�
muthal angles ϕ and a fixed range of zenithal angles θ
obtained as a result of the first test expelriment in comparison
with the results of the model calculations:  calcula�
tion, � experiment, � experiment with subtraction of back�
ground for 2 months.

(a)

(b)

Detector 1Detector 2

Fig. 4. (a) Test stand, the massive parts of which (3 m in
diameter each) are recorded by the muon radiography
method; (b) location of detectors on the test stand.
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In order to determine the optimal exposure time
sufficient to obtain the necessary information, the
detectors were exposed during different periods on
time (2 and 4 months).

The implemented model calculations confirm that
the signal from the lift shaft must noticeably become
apparent in the muon flux entering the detector. Fig�
ure 8 presents a calculated graph of distribution of
muon fluxes as a function of the angles θ and ϕ in the
direction of the lift shaft.

Figures 9a and 9b show the obtained experimental
distribution of muons that passed through detector 6,
being exposed at a depth of 30 m in 4 months.

To select the tracks from exposure during the
experiment from the rest of the background tracks, an

average by azimuthal angle background (ϕ) was sub�
tracted from the original distribution (tx, ty). This
method gives a more vivid picture of the density differ�
ence of tracks. Figure 9a presents the results. At this
distribution, the signal from the lift shaft is clearly vis�
ible (marked by a white frame). In addition, other het�
erogeneities in soil are clearly visible on the histogram.
Figure 9b shows the distribution by the angle ϕ in the
coordinate system of the emulsion films. Also, the
clear peak in the direction of the location of the lift
shaft ϕ ~ 135° is seen on this distribution. The pres�
ence of other features of distribution by ϕ is associated
with heterogeneities of soil composition in the area of
the shaft. There are large muon fluxes in the direction
area across of the shaft corridor located in the marble�
like limestone lens.

Muon fluxes in the surface and underground detec�
tors at a depth of 30 m differ about fifty times, which is
in good agreement with the calculated estimates.

Figure 10 presents the result of a more detailed
analysis of the results of the 4�month exposure under�
ground of detector 6 in Obninsk. The comparison of
the value of muon flux exceeding the background in
the area of shaft by the angle of ϕ ~ 135° and in several
sectors by the angle θ (I for 0°–10°; II for 10°–20°; III
for 20°–30°; IV for 30°–40°; and V for 40°–50°). As
expected, in sectors I and II, the signal from the shaft
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Fig. 6. Outline of experiment in the shaft at a depth of
30 m: (a) the lateral image of lift shaft and underground
detectors. The range of the angle θ (20°–35°) in which the
signal from the shaft should be observed is shown; (b) rel�
ative location of the lift shaft and underground detectors
(top view). The orientation of the x and y axes in the detec�
tor system is shown.
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is missing. The correlation of fluxes in sectors III, IV,
and V approximately corresponds to the ratios of
lengths of the line segments passed by muons inside
the shaft in the same sectors. It should not be in overall
agreement, because the relationship between paths
passed in the soil by particle and residual flux is non�
linear.

CONCLUSIONS

An analysis of the results obtained in test experi�
ments by employees of Lebedev Physical Institute of
the Russian Academy of Sciences and the Skobeltsyn
Institute of Nuclear Physics of Moscow State Univer�

sity by muon radiography indicates that, in accor�
dance with the predictions of the model calculations,
the emulsion track technique allows us to obtain reli�
able data on the features of structure of investigated
objects. Spatial distributions of muon fluxes measured
in test experiments and a calculated prediction of het�
erogeneities in the structure of objects in general give a
good agreement. This is evidence of the possibility of
development of muon radiography in Russia using the
emulsion track detectors of the proposed design and
processing facilities of emulsion data that Russian
institutes have available.
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ground (amplitude of signal is Ai) in different ranges. The
lengths of line segments are equal to LIII = 8.3 m, LIV = 6.1 m,
and LV = 4.9 m. Excess of fluxes (in the arbitrary units) is
as follows: AIII = 1700; AIV = 1340; AV = 830. The ratio of
the lengths of the line segments is as follows: LIII : LIV =
1.36; LIV : LV = 1.53. The ratio of the quantities of mea�
sured fluxes is as follows: AIII : AIV = 1.26; AIV : AV = 1.41.


