
Применение мюонной радиографии для исследования 
внутренней структуры масштабных природных, 
археологических и промышленных объектов

(обзор современного состояния).
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Muons interact with matter via weak and e.m.
processes.

In matter, muons loose E mostly via ionization 
atoms  (~2-4 МэВ/г см2) and scatter in nuclei 
Coulomb field

The total energy loss related to the density 
integral along the muon’s trajectory. 

are produced at the level of ~15 km in pions and kaons decays within 
showers created by primary cosmic protons interacting with  atmosphere.   
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Atmospheric (cosmic) muons

Br. =99.99% Br. =63.5%



Atmospheric (cosmic) muons

Having  сτ ~ 2.2 μs, they easily reach the surface of the Earth and even 
penetrate deeply underground. 

τ ~ 2.2 μs     à L(km) ~ 6200 x E(TeV)

µ energy loss is dominated by ionization and excitation  up to E~500 GeV 
The energy  distribution is almost flat for energies below 1 GeV, and falls 
as E-2.7  for energies above 10 GeV. The mean muon energy is 3-4 GeV. 

• The flux is greatest at the zenith, and falls approximately as cos2θ, 
where θ is plane angle from vertical.
• The overall muon rate is about 10,000 m-2·min-1 for horizontal detectors, 
or about 1 particle through a fingernail sized area per minute.
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Is a natural source of penetrating radiation which can be used for studying of the internal structure of 
large scale object in vulcanology, archeology, industrial and security applications.



Cosmic muons Is a natural sourse of penetrating radiation which 
can be used for studying of the internal structure of large scale

object in vulcanology, archeology, industrial and security 
applications.
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Muons passing through matter loss energy via ionization and excitation and scatter in Coulomb field of 
nuclei. Muography is based on these effects. Hence there are absorption and scattering (deviation)

muography. 

Material
Volume 
Density, 
g·cm-3 

0.3 GeV 3 GeV 30 GeV

H2O 1.00 1.4 13.6 136.4
Concrete 2.50 0.5 5.5 54.5

Iron 7.87 0.2 1.7 17.3
Lead 11.35 0.1 1.2 12.0

Uranium 18.95 0.1 0.7 7.2

<θ> depends on Z, as

In SM one measures matching μ tracks upstream 
and downstream the object.
Suitable for relatively small objects

In AM – the measured μ flux is compared with 
expected one based on simulation. Suitable for 
large scale objects.
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Detection of muons is a simple task in the Particle 
Physics. The point is to make detectors working  

outdoor and far from the labs. 

Different type of detectors are in use: 

• Plastic scintillators

• Gas detectors

• Nuclear emulsion detectors 
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Absorption Muography
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First trials of using muons for imagine of large scale objects
(Absorption)

George, E. P., “Cosmic Rays Measure Overburden of Tunnel,” Commonwealth Engineer, July 1, 
1955, pp 455-457 (1955).

Alvarez, L.W., et al., “Search for Hidden Chambers in the Pyramids,” Science 167, pp 832-839 
(1970).

Minato, S., “Feasibility of Cosmic-Ray Radiography: A Case Study of a Temple Gate as a 
Testpiece,” Materials Evaluation 46, pp 1468-1470 (1988).

Nagamine, K., “Geo-tomographic Observation of Inner-structure of Volcano with Cosmic-ray 
Muons,” Journal of Geography 104(7), pp 998-1007 (1995).
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Practical application of muography became possible 
with development of electronic tracking detectors and 
computerized data analysis. 
In 1967, Luis Alvares with colleagues lunched 
muographical search for hidden chambers in 
Chephren’s pyramid with help of spark chambers.

Several years of data taking brought a detailed picture 
of the pyramid, but no hidden chamber. 
However the capability of muography was fully 
demonstrated.   

Search for hidden chambers in the Chephren’s Pyramid
L.W. Alvarez et al. Science 167 (1970) 832

Belzoni chamber



In 90s, Kanetade Nagamine et al. have considered a possibility of application of muography in vulcanology, namely, for 
studying of their internal structure for their activity prediction. 
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•

K.Nagamine has estimated expected muon flux and 
shown a possibility of the quantitative measurements at 

large zenith angles. 

Example:
If consider a round mountain made of rock having a 
diameter of 500 m and a uniform density of 2.5 g/cm3 as 
well as a cavity 50 m long (10% change in X). We 
assume that cosmic-ray muons pass through the 
mountain with  Θ= 90ο. Τhe required energy of the 
cosmic-ray muons which can penetrate through X
changes from 0.416 to 0.364 TeV, giving us a change in
Nμ for Θ= 90ο from 1.61 X 10-6 (s-l cm- 2 sr-l ) to 1.87 X 
10-6; 
this is a 16% change in Nμ.
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Experiment was performed with Mt.Tsukuba,
which is not a volcanic mountain,  but located 
near the KEK (National Laboratory for High 

Energy Physics) to prove main ideas

Main goals:
(a) to confirm the intensity of nearly horizontally arriving cosmic-ray muons and its dependence on Θ
(b) to confirm the fact that the Nμ depends on X and to confirm the possibility of an X determination using Nμ;
(c) to confirm the long-term stability of a detection system for Nμ

12



Each plastic scintillator (Bicron, BC-408) haв the square
shape of 127 cm X 127 cm with 3.0 cm thickness with at each

of the four corners, a photomultiplier (Hamamatsu H 1161)

The hitting point of the muon was determined by detecting any time difference of the 
arrival of scintillation light at each photomultiplier, which is 5.3 ns times the distance 
(m) between
the hitting point and the photomultiplier. The change in the
light yield seen in the pulse height from the photomultiplier
can also be used as complimentary information concerning
the hitting point. In most of the measurements, a
spatial resolution of ~2.5 cm was obtained for the determination
of the muon hitting position.

To suppress low E muons as well as electrons  two Fe plate absorbers with a thickness of 40 g/cm2 were placed, one between the no. and 
no. 2 counters and the other between the no. 2 and no. 3 counters. Without this absorber, a significant contribution of low-energy 
electron background (up to 25-35%) can be expected due to an e.m. shower along the cosmic-ray muon track through the thick 

mountain. The single counting rate from each counter was around 10/s. The coincidence counting rate among these three counters was 
around 0.12/s for thee 1.5 m distance btwn 1 and 3, and 0.05/s for the 2.5 m case, respectively.
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The goals of the experiment were achieved, the method demonstrated, a scheme of the 
detector for practical use was proposed (20m2).

However, creation of such detectors near volcanos is not a simple 
task!14



First results in XXI century were obtained with

Scattering (Deviation) Muography.

Partially it was connected with an availability of large surface tracking 
detectors due to their development for new large setups (i.e. LHC, SSC).

But the main reason was the growing terrorictic threat.
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“Application of a muon radiography based on MC scattering to 
relatively small objects for detection of high-Z materials”. 

In 2001- the proposal by Christopher Morris and William Priedhorsky of Los Alamos National Laboratory 
(LANL). A potential application – nuclear contraband detection.

Borozdin, K., et al., “Radiographic Imaging with 
Cosmic Ray Muons”, Nature 422, p 277 (2003).

Schwarzschild, B., “Cosmic-Ray Muons Might Help Thwart Transport 
of Concealed Fissile Material,” Physics Today, 56(5), pp 19-22 (2003).

“We conclude that cosmic-ray muons show promise as an inexpensive, harmless probe for radiography of medium-to-large objects, 
such as commercial trucks, passenger cars or sea containers. Our experimental results and simulations demonstrate the ability to 
reconstruct complex objects and to detect dense material of high atomic number hidden in a much larger volume of material of 

low atomic number, using only the natural flux of muons. This method is suitable for a range of practical applications in which 
radiography of dense objects with low radiation dose is required — for example, in surveillance for cross-border transport of 

nuclear materials.”
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Los Alamos 2006
J. A. Green et al., "Optimizing the Tracking Efficiency for Cosmic Ray Muon Tomography," 2006 IEEE 

Nuclear Science Symposium Conference Record, San Diego, CA, USA, 2006, pp. 285-288

17



“УСТАНОВКА "МЮОННЫЙ ТОМОГРАФ" С ПЛОЩАДЬЮ ПЕРЕКРЫТИЯ 3 х 3 м2”

© 2012 г. А. А. Борисов, М. Ю. Боголюбский, Н. И. Божко, А. Н. Исаев, А. С. Кожин, А. В. Козелов, И. С. Плотников, В. А. 
Сенько, М. М. Солдатов, Р. М. Фахрутдинов, Н. А. Шаланда, О. П. Ющенко, В. И. Якимчук

ПРИБОРЫ И ТЕХНИКА ЭКСПЕРИМЕНТА, 2012, № 2, с. 5-14

S. PesenteS et al.,
First results on material identification and imaging with a 
large-volume muon tomography prototype
Nuclear Instruments and Methods in Physics Research A 604 (2009) 
738–74 18



This disruptive technology was first commercially 
applied in 2012 at the Hutchinson Port Holdings 
Terminal at the Freeport Container Port in 
Freeport, Bahamas for the Nuclear and 
Radiological Imaging Program of the U.S. 
Department of Homeland Security. Since its 
installation, it has analyzed several thousand 
vehicles, most of them shipping container trucks.
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arXiv:1401.8193
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https://arxiv.org/abs/1401.8193


Development of technologies and 
instruments for a control of high-Z 
materials via muography is well 

supported and funded.
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https://www.lynkeos.co.uk/
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Cosmic Ray Muon Radiography Applications in Safeguards and Arms Control
arXiv:1808.06681
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https://arxiv.org/abs/1808.06681


Fukushima disaster
11/03/2011
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From the investigation report in 2015:



Back to absorption 
muography
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In beginning of XXI Hiroyuki Tanaka has continued volcanos study following K.Nagamine.  In 2007 results were 
obtained with emulsion detector (Nagoya group) 

Tanaka, H., Nagamine, K., Kawamura, N., Nakamura, S.N., Ishida, K., Shimomura, K., 2003. Development of a two-fold segmented detection system for near horizontally cosmic-ray 
muons to probe the internal structure of a volcano. Nucl. Instrum. Methods A 507, 657–669. 

Tanaka, H.K.M., Nagamine, K., Nakamura, S.N., Ishida, K., 2005. Radiographic measurement of the internal structure of Mt. West Iwate with near-horizontal cosmic-ray muons and 
future developments. Nucl. Instrum. Methods A 555, 164–172. 

Tanaka, H.K.M., Nakano, T., Takahashi, S., Niwa, K., 2007. Development of an emulsion imaging system for cosmic-ray muon radiography to explore the internal structure of a 
volcano, Mt. Asama. Nucl. Instrum. Methods A 575, 489–497.
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Mt. Asama, is one of the most active andesitic volcanoes in Japan and  erupted on September 1, 2004 before the 
measurements. The summit elevation is 2560 m above sea level, and the size of the crater is 350 m in diameter 

and ∼200 m deep 

• With 2 months of observations, an average density 
determination within a thickness of a few hundred 
meters can be made with an accuracy of 1–2%

• The volcanic conduit is now sealed at the top by the 
large mass of the vent cap. The bulk density of the 
lava mound is 2.76–2.84 g/cm3 , and the 
radiographically determined surrounding density of 
2.27–2.33 g/ cm3 

• The lower density region right below the 2003 crater 
floor was detected (the blue patch observed at the 
bottom)

• Emulsion technique has several advantages

4000 см2 emulsion detector
1km away from summit
σ ~ 10 mrad -> tens of m,
Unattainable with other methods
(seismic, gravimetry etc.)

.

Due to beginning of OPERA, the method became 
unavailable for other applications for several years 29



The scintillator telescope system with 8 cm strips
installed in an underground vault constructed 1.2 km 
from the peak (Figure 1) so that showers and multi-

muon events are rejected. The distance between two 
segmented scintillation detector planes is 128 cm so 

that the angular resolution  ~60 mrad. 

Detecting a mass change inside a volcano by cosmic-ray muon radiography 
(muography): First results from measurements at Asama volcano, Japan

Hiroyuki K. M. Tanaka, et. Al 
GEOPHYSICAL RESEARCH LETTERS, VOL. 36, L17302

Received 15 June 2009; revised 14 July 2009; accepted 29 July 2009; published 2 September 2009

The measured a quantitative mass loss inside the crater during the eruption event although no changes were found below the crater. The
measured value of 30,780 tons is consistent with a model calculation of volcanic ash flow as observed on February 2,2009. 

n

Measurements during an eruption!
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Emulsions advantages:
• High angular resolution (<10 мrad)
• No power requires
• Nonexpensive, design variation according to conditions
• Compact, easy to deliver and install outdoor
• Not sensitive to e.m. showers background 

Drawbacks:
• Accumulates tracks from other directions,which limits 

exposure time
• Requires special tools for information readout

Electronic detectors advantageous:
Real time and continuous information (monitoring)

Drawbacks:
• Bulky detectors
• Power and data transmission means are 

required
• Worse angular resolution (50-60 mrad)

Comraring electronic and emulsion detectors in muography. 
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Comraring electronic and emulsion detectors in muography. 
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Cross-sectional view

Plastic base (200 µm)

Emulsion layer (44 µm)

Emulsion layer (44 µm)

1014 AgBr crystals  per  film

200 nm

Emulsion film

Nuclear emulsion is a ultra high
resolution 3D tracking device and
data storage media at the same
time Capacity        Readout

speed
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Nuclear emulsion detectors have highest spacial and 
angular resolution  

DVD 12 cm 8.5 GB 177 Mbps

Blue-ray 12 cm 50 GB 216 Mbps

Emulsion 
film

12.5x10 
cm2

0.5-1 TB >1Gbps

12.5 cm x 10 cm

Size



About 40 years ago a development of automatic emulsion scanning 
has begun (K.Niwa, Nagoya University)  

During the last 20 years the speed of the data readout from the 
emulsion has been increased by factor 25000!  

In the past the tracking information was extracted with help of conventional microscopes.
The data processing was very time and manpower consuming.  
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Emulsion scanning instruments availability:

Japan
Italy

Switzerland
Russia
Turkey
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The most spectacular achievement of muography – the recent discovery of the hidden
chamber in Cheops pyramid in 2017 by international collaboration ScanPyramids

The hidden chamber was first discovered by emulsion detector, 
and then confirmed by other (electronic) detectors. 

K.Morishima et al., Nature 552, 386–390 (2017)            http://www.scanpyramids.org/
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http://www.scanpyramids.org/


www.scanpyramids.org
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Maya muography project
The particle detectors and related systems are designed specifically to explore ruins of a Maya pyramid in collaboration 
with colleagues at the UT Mesoamerican Archaeological Laboratory. The Maya Muon Group travelled to La Milpa in 
northwest Belize to make discoveries about "Structure 1"—a jungle-covered mound covering an unexplored Maya ruin.

Prof Roy Schvitters
Texas Univ.(Austin)
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JINR-ISS-Bucharest U. project on Slanic Mine (Romania)
muography



Other muography studies 
with emulsions in Europe
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( Valeri Tioukov (INFN-Napoli),
доклад на 19 Ломоносовской
конференции по физике частиц,
Москва, Август 2019)

С 2012 исследуют Стромболи с помощью ЕСС детектора 

С 2018 - Везувий
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Screening of Stromboli volcano in Italy
The top of the volcano is about 920m above the sea level and the submarine 

portion extends down to about 1000m depth into the Tyrrhenian sea

performed a muography of the internal structure of the summit crater area, using 
a detector of 0.96m2 area that took data for a timespan of about five months

The total analyzed emulsion area was 0.73 m2

rock with a reference density of 2.2 g/cm3

https://www.nature.com/articles/s41598-019-43131-8.pdf

640 m

750 m

44



Observed a clear excess of muon flux in the crater zone, from the surface to the depth of about 50 m, 
which highlights the presence of lower integrated density region with respect to the one used in DEM. 
The density anomaly extends laterally for about 200 m below the crater region. In the anomaly region 
30–40% muons excess indicates decrease of the average density along the muon path down to 
1.4 g/cm3. The retrieved density estimation is relative and depends on the reference rock density
which was taken as 2.2 g/cm3.
uncertainty for the density of 18% in the anomaly region, 10% being statistical and 15% 
systematic.
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Alps glaciers studies.

The group from Bern University installed cosmic muon detectors 
made of emulsion films at three sites along the Jungfrau railway 
tunnel and measured the shape of the bedrock under the uppermost 
part of Aletsch Glacier (Jungfraufi rn).

R. Nishiyama et al. “First measurement of ice-bedrock interface of alpine glaciers by cosmic muon radiography,” 

Geophysical Research Letters, Vol.44, No.12, pp. 6244-6251, 2017.
The shape and slope of the bedrock is crucial for the prediction of the glacier future behaviour.
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DIAPHANE  project 
IN2P3-CNRS, Lyon     arXiv:1612.03905

47

OPERA TT design, electronics and DAQ



Also participate in Mt.Etna studies48



Creation of permanent  muographic stations
for continuous measurement of the rock density 

near the conduit for its activity and eruption 
prediction. 
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MURAVES - MUon RAdiography of VESuvius

Подготовка 4-х мюонных годоскопов 1 м2  с низким
потреблением энергии для полевых условий , экспозиция >1 

год для получения картины распределения плотности Везувия
(Совместный проект INGV, INFN, Univ.of Naples, Univ.of

Florence) . Ранее (с 2009) R&D проект
MU-RAY. 

Совместное исследование с TOMUVOL 
(France)
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Muography measurements are fully independent of the 
other techniques. The results can be  combined with ones 
obtained by other methods. In DIAPHANE project and 
Asama studies muography data were complemented  by 
gravimetry results.  
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Eruption

Eruption

53



The first large-sized, high resolution muography observatory based on Multi-Wire Proportional Chamber (MWPC) technology is
being developed to monitor the mass density variations in the vicinity of Minami-dake crater of Sakurajima volcano. One of most
active volcano, SMO located outside of 2.5 km restricted area. ,

SMO has  large acceptance – 20 m2 by today! (35 years after K.Nagamine proposal)

Large acceptance Sakurajima Muography  Observatory (SMO)
Journal of Disaster ResearchVol.14No.5, 2019
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Number of papers on muography
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muographers.org
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Application for EU grant «Horizon 2020»
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Kamchatka 

>300 volcanos
~30 active
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Avacha



Avacha volcano is an active one (last eruptions in 1944, 1991). It is ~20 km from Petropavlovsk-Kamchatcky. It become 
more active in the end of 2019. There are signs of a possible new eruption. All the information is very important.
Avacha can be screened with muon, the conditions are similar to other places worldwide. 
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700 m

1650 m

60



Similar to other places conditions  
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Avacha’s activity in the end of 2019

8/12/2019 «Ожидаем извержения Авачи в ближайшее время. Купол 
прогрелся и паро-газовая активность началась там, где раньше не 

было. Наблюдается свечение ночью!» 62



Совместно с группой П.П.Фирстова из 
Института Вулканологии и сейсмологии РАН 
планируется установить в 2021 году эмульсионный 
детектор ~0.8 м2 для 4-5 мес. экспозиции .

Рассматривается возможность установить на склоне 
Авачинской сопки сцинтилляционный телескоп 
1.7х1.7 м2 для непрерывного мониторинга 
распределения плотности в районе кратера.
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Muon scintillator telescope can be built 
from OPERA modules
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Conclusion: 

• Muography is a modern technique, getting popular in volcanology, archeology, 
security and industrial non-invasive control applications where its capability has been 
fully proved during the last  20 years.

• Our group has necessary instruments and experience  in using both emulsion and 
scintillator detectors for application in  volcanology and archeology …

… if this activity will be supported by LNP .
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Thank you for your attention!
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