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When entering the atmosphere the interact with the atoms of which it is composed and 

they generate showers that, according to the energy of the primary particle, can have an 

extremely high number of secondary particles 

Primary cosmic rays 
99% are hydrogen and 
helium nuclei from the sun

Air shower.
Particle cascade: it 
originates from the interaction 
of the cosmic ray with the 
atmosphere

Sea-level cosmic rays.
At sea level most of the 
surviving rays are muons (μ)

Muons: originMuons: origin
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- 10000 cosmic rays/(minute m2) hit the ground (600 of them cross our body every minute)

- at sea level mostly are muons, with mean energy of 3÷4 GeV

- the flux is maximum at the zenith (vertical) and it scales approximately as cos2(θ)

Muons: flux
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Muons: interaction with matter

When crossing the matter they:
1)   loose energy (they can be slowed down to rest and be absorbed)
2)   they deviate from the original (straight) trajectory

➢ anelastic collisions     ⇒ excitation or ionization of the medium

➢ bremsstrahlung radiation ⇒ emission of photons
➢ production of electron-positron couples (e-,e+)

energy 
loss

➢ multiple diffusion (MCS – Multiple Coulomb Scattering)

trajectory 
deviation

Muons: interaction with matterMuons: interaction with matter
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Muon radiography 
Measure the number of muons surviving the passage through the material: “black & white” images

Muon radiography: early days

The first ever civil application of the cosmic rays to inspect large 
volumes dates back to 1955 when the thickness of rock above a
underground tunnel was measured by E. P. George [1]

[1] E. P. George, “Cosmic rays measure overburden of tunnel”, Commonwealth Engineer, (1955), 455.

Basic idea: to use the information on absorption of muons to measure the thickness of 
the material crossed by the muons themselves

Another application, much more spectacular, was

realized by the Physics Nobel Price L.W. Alvarez

[2] that in 1970 made a “radiography” of the

Chefren pyramyd looking for hidden chambers …

finding none

[2] L.W. Alvarez et al., “Search for hidden chambers in the pyramids using cosmic rays”, Science 167 (1970) 832.

Muon radiography: early daysMuon radiography: early days

Muon radiography 
Measure the number of muons surviving the passage through the material: “black & white” images



But more recently a hidden chamber was found in another 
pyramid with a similar method  

[3] K. Morishima et al.,“Discovery of a big void in Khufu’s Pyramid by observation of cosmic-ray muons”, 
 Nature 386, 552 21/28 DECEMBER 2017 
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Discovery of a big void in Khufu’s Pyramid by 
observation of cosmic-ray muons
Kunihiro Morishima1, Mitsuaki Kuno1, Akira Nishio1, Nobuko Kitagawa1, Yuta Manabe1, Masaki Moto1, Fumihiko Takasaki2, 
Hirofumi Fujii2, Kotaro Satoh2, Hideyo Kodama2, Kohei Hayashi2, Shigeru Odaka2, Sébastien Procureur3, David Attié3, 
Simon Bouteille3, Denis Calvet3, Christopher Filosa3, Patrick Magnier3, Irakli Mandjavidze3, Marc Riallot3, Benoit Marini4, 
Pierre Gable5, Yoshikatsu Date6, Makiko Sugiura7, Yasser Elshayeb8, Tamer Elnady9, Mustapha Ezzy8, Emmanuel Guerriero5, 
Vincent Steiger4, Nicolas Serikoff4, Jean-Baptiste Mouret10,11,12, Bernard Charlès13, Hany Helal4,8 & Mehdi Tayoubi4,13

The Great Pyramid, or Khufu’s Pyramid, was built on the Giza 
plateau in Egypt during the fourth dynasty by the pharaoh Khufu 
(Cheops)1, who reigned from 2509 bc to 2483 bc. Despite being one 
of the oldest and largest monuments on Earth, there is no consensus 
about how it was built2,3. To understand its internal structure better, 
we imaged the pyramid using muons, which are by-products of 
cosmic rays that are only partially absorbed by stone4–6. The resulting 
cosmic-ray muon radiography allows us to visualize the known and 
any unknown voids in the pyramid in a non-invasive way. Here we 
report the discovery of a large void (with a cross-section similar 
to that of the Grand Gallery and a minimum length of 30 metres) 
situated above the Grand Gallery. This constitutes the first major 
inner structure found in the Great Pyramid since the nineteenth 
century1. The void, named ScanPyramids’ Big Void, was first 
observed with nuclear emulsion films7–9 installed in the Queen’s 

chamber, then confirmed with scintillator hodoscopes10,11 set up 
in the same chamber and finally re-confirmed with gas detectors12 
outside the pyramid. This large void has therefore been detected with 
high confidence by three different muon detection technologies and 
three independent analyses. These results constitute a breakthrough 
for the understanding of the internal structure of Khufu’s Pyramid. 
Although there is currently no information about the intended 
purpose of this void, these findings show how modern particle 
physics can shed new light on the world’s archaeological heritage.

The pyramid of Khufu is 139 m high and 230 m wide1,13. There are 
three known chambers (Fig. 1), at different heights of the pyramid, which 
all lie in the north–south vertical plane1: the subterranean chamber,  
the Queen’s chamber, and the King’s chamber. These chambers are 
connected by several corridors, the most notable one being the Grand 
Gallery (8.6 m high × 46.7 m long × 2.1–1.0 m wide). The Queen’s 

1F-lab, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan. 2High Energy Accelerator Research Organization (KEK), 1-1 oho, Tsukuba, Ibaraki 305-0801, Japan. 3Institut de 
Recherche sur les lois Fondamentales de l’Univers (IRFU), Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA), Université Paris Saclay, 91191 Gif-sur-Yvette, France.  
4HIP Institute, 50 rue de Rome, 75008 Paris, France. 5Emissive, 71 rue de Provence, 75009 Paris, France. 6NHK Enterprises, Inc. (NEP), 4-14 Kamiyama-cho, Shibuya-ku, Tokyo 150-0047, Japan. 
7Suave Images, N-2 Maison de Shino, 3-30-8 Kamineguro, Meguro-Ku, Tokyo 153-0051, Japan. 8Cairo University, 9 Al Gameya, Oula, Giza Governorate, Egypt. 9Ain Shams University,  
Kasr el-Zaafaran, Abbasiya, Cairo, Egypt. 10Inria, Villers-lès-Nancy F-54600, France. 11CNRS, Vandœuvre-lès-Nancy F-54500, France. 12Université de Lorraine, Vandœuvre-lès-Nancy F-54500, 
France. 13Dassault Systèmes, 10 Rue Marcel Dassault, 78140 Vélizy-Villacoublay, France.
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Figure 1 | Muon detectors installed for Khufu’s Pyramid. a, Side view 
of the pyramid, with sensor positions and indicative field of view. b, Top 
view. c, Close view of the position of the gas detectors Brahic and Alhazen 
(CEA). d, Orthographic view of Queen’s chamber with nuclear emulsion 
films (Nagoya University, red positions NE1 and NE2) and scintillator 

hodoscopes (KEK, green positions H1 and H2). e, Orthographic view of 
the main known internal structures. f, Nuclear emulsion plates in position 
NE1 (Nagoya University). g, Nuclear emulsion plates in position NE2 
(Nagoya University). h, Scintillator hodoscope setup for position H1 
(KEK). i, Gas detectors (muon telescopes, CEA).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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two detectors (above and below) the volume under study 
to measure the muon trajectory deviation from a straight line

Muon tomography: basic principleMuon tomography: basic principle
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AEgIS experiment @CERN Antiproton Decelerator
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Calibration with cosmic rays
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EXPERIMENTAL DATA taken as reference

EcoMug  Monte Carlo GENERATOR

Parametrisation
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EXPERIMENTAL DATA

[1]  L. Bonechi, M. Bongi, D. Fedele, M. Grandi, S. Ricciarini, E. Vannuccini,

Development of the ADAMO detector: test with cosmic rays at different zenith angles,

 in: 29th International Cosmic Ray Conference Vol. 9, 2005, pp. 283. 

Cosmic ray flux measured by tilting the detector

θ
φ

[2]  T.K. Gaisser, R. Engel, E. Resconi, 

Cosmic Rays and Particle Physics, Cambridge University Press, 2016.  

more accurate ALTERNATIVE to the more known:
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EcoMug  Monte Carlo GENERATORS

Planar, horizontal generation (“Flat Sky”)
Cylindrical generation

Half-spherical generation
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“Flat Sky”



“Flat Sky”

x, y and φ are uniformly generated 
p is generated with a mix of the Inverse-Transform Method 

and the Acceptance–Rejection Method 
θ is generated with the Acceptance–Rejection Method

x

y



distribution of the  
points where the muons   

reach the floor 

x/L0

y/L0

0 20 40 60 80
θ (deg)0.000

0.005

0.010

0.015

0.020

0.025

0.030

normalized
dN/dθ
(PDF)



Cylindrical generation
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Half-spherical generation

φ0
θ0



Notice that in this case 
the density of “muon sources” is not uniform! 

(all the angles are coupled but φ0) 
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Computational time: 
it is between 104 and 105 muons per second 

depending on the generation scheme 

The fastest is the flat sky (5 random variables: x,y,φ,θ,p; 
 3 of them are uncoupled)

The slowest is the half-spherical  
(5 random variables: φ0,θ0, φ,θ, p; 
 only 1 of them is uncoupled, φ0)

Slightly slower is the cylindrical  (5 random variables: φ0,z,φ,θ,p, 
3 being uncoupled)
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It is more efficient to use the “flat sky” or the cylindrical 
generator when geometrical constraints are given, i.e. 

because of the coincidences between different detectors 
let us exclude some directions

Nicola Zurlo  Tools 2021



flat-halfsphere comparison in a vertical-selective system



Conclusions

It can be downloaded at: 
https://github.com/dr4kan/EcoMug 
under the GPL-3.0 license  

We have presented a Monte Carlo 
generator for secondary cosmic ray muons 
(EcoMug) 

- written in C++ 
- designed to be included as a header file 
- fully integrated in Geant4 
- 3 different generation surfacegs (SetGenerationMethod()) 
- customisable parametrisation  (SetDifferentialFlux())  
- customisable range of the involved variables, if needed 
- there is a version compiled and integrated in Mathematica

see also for documentation 
https://dr4kan.github.io/EcoMug/class_eco_mug.html

main EcoMug  FEATURES:

Nicola Zurlo  Tools 2021

https://github.com/dr4kan/EcoMug
https://dr4kan.github.io/EcoMug/class_eco_mug.html


Thanks!!!!!!!
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Backup slides…



 Search for Hidden Chambers

 in the Pyramids

 The structure of the Second Pyramid of Giza
 is determined by cosmic-ray absorption.

 Luis W. Alvarez, Jared A. Anderson, F. El Bedwei,
 James Burkhard, Ahmed Fakhry, Adib Girgis, Amr Goneid,

 Fikhry Hassan, Dennis Iverson, Gerald Lynch, Zenab Miligy,
 Ali Hilmy Moussa, Mohammed-Sharkawi, Lauren Yazolino

 The three pyramids of Giza are situ-
 ated a few miles southwest of Cairo,
 Egypt. The two largest pyramids stand
 within a few hundred meters of each

 other. They were originally of almost
 exactly the same height (145 meters),
 but the Great Pyramid of Cheops has
 a slightly larger square base (230 meters
 on a side) than the Second Pyramid of
 Chephren (215.5 meters on a side). A
 photograph of the pyramids at Giza
 is shown as Fig. 1. Figure 2 shows the
 elevation cross sections of the two

 pyramids and indicates the contrast in
 architectural design. The simplicity of
 Chephren's pyramid, compared with
 the elaborate structure of his father's

 Great Pyramid, is explained by arche-
 ologists in terms of a "period of ex-
 perimentation," ending with the con-
 struction of Cheops's pyramid (1). (The
 complexity of the internal architecture
 of the pyramids increased during the
 Fourth Dynasty until the time of
 Cheops and then gave way to quite
 simple designs after his time.)

 An alternative explanation for the
 sudden decrease in internal complexity
 from the Great Pyramid to the Second
 Pyramid suggested itself to us: perhaps
 Chephren's architects had been more
 successful in hiding their upper cham-
 bers than were Cheops's. The interior
 of the Great Pyramid was reached by
 the tunneling laborers of Caliph Ma-

 The authors are affiliated with the Joint Pyra-
 mid Project of the United Arab Republic and the
 United States of America. They reside either in
 Cairo, United Arab Republic, or in Berkeley,
 California. The article is adapted from an ad-
 dress presented by Luis W. Alvarez at the
 Washington Meeting- of the American Physical
 Society, 30 April 1969.
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 mun in the 9th century A.D., almost
 3400 years after its construction. Of
 our group only Ahmed Fakhry (author
 of The Pyramids, professor emeritus of
 archeology, University of Cairo, and
 member of the Supreme Council of
 Archeology, Cairo) was trained in ar-
 cheology. As laymen, we thought it not
 unlikely that unknown chambers might
 still be present in the limestone above
 the "Belzoni Chamber," which is near
 the center of the base of Chephren's
 Second Pyramid, and that these cham-
 bers had survived undetected for 4500

 years. I[We learned later that such ideas
 had occurred to early 19th-century in-
 vestigators (2), who blasted holes in the
 pyramids with gunpowder in attempts
 to locate new chambers.]

 In 1965 a proposal to probe the
 Second Pyramid with cosmic rays (3)
 was sent to a representative group of
 cosmic-ray physicists and archeologists
 with a request for comments concern-
 ing its technical feasibility and archeo-
 logical interest. The principal novelty
 of the proposed cosmic-ray detectors
 involved their ability to measure the
 angles of arrival of penetrating cosmic-
 ray muons with great precision, over a
 large sensitive area. The properties of
 the penetrating cosmic rays have been
 sufficiently well known for 30 years to
 suggest their use in a pyramid-probing
 experiment, but it was not until the
 invention of spark chambers with digi-
 tal read-out features (4) that such a
 use could be considered as a real pos-
 sibility. [Cosmic-ray detectors with low
 angular resolution had been used in
 1955 to give an independent measure

 of the thickness of rock overlying an
 underground powerhouse in Australia's
 Snowy Mountains Scheme (5)].

 The favorable response to the pro-
 posal led to the establishment by the
 United Arab Republic and the United
 States of America of the Joint U.A.R.-

 U.S.A. Pyramid Project on 14 June
 1966. Cosmic-ray detectors were in-
 stalled in the Belzoni Chamber of the

 Second Pyramid at Giza in the spring
 of 1967 by physicists from the Ein
 Shams University and the University
 of California, in cooperation with ar-
 cheologists from the U.A.R. Depart-
 ment of Antiquities. Initial operation
 had been scheduled for the middle of

 June 1967, but for reasons beyond our
 control the schedule was delayed for
 several months. In early 1968 cosmic-
 ray data began to be recorded on mag-
 netic tape in our laboratory building,
 a few hundred meters from the two

 largest pyramids. Since that time we
 have accumulated accurate angular
 measurements on more than a million

 cosmic-ray muons that have penetrated
 an average of about 100 meters of
 limestone on their way to the detectors
 in the Belzoni Chamber.

 Proof of the Method

 Before any new technique is used
 in an exploratory mode, it is essential
 that the capabilities of the technique
 be demonstrated on a known system.
 We gave serious consideration to a
 proposal that the cosmic-ray detectors
 be tested first in the Queen's Chamber
 of the Great Pyramid, to demonstrate
 that the King's Chamber and the Grand
 Gallery could be detected. But this
 suggestion was abandoned because the
 King's Chamber is so close to the
 Queen's Chamber and because it sub-
 tends such a large solid angle that ear-
 lier (low resolution) cosmic-ray experi-
 ments had already shown that the
 upper chamber would give a large
 signal. It was apparent that the only
 untested feature of the new technique
 involved the magnitude of the scatter-
 ing of high energy muons in solid mat-
 ter. (An anomalously large scattering
 would nullify the high angular resolu-
 tion that had been built into the de-

 tectors, in the same way that frosted
 glass destroys our ability to see distant
 objects.) We had no reason to doubt
 the calculated scattering, but we were
 anxious to be able to demonstrate to

 our colleagues in the U.A.R. Depart-

 SCIENCE, VOL. 167
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The Great Pyramid, or Khufu’s Pyramid, was built on the Giza 
plateau in Egypt during the fourth dynasty by the pharaoh Khufu 
(Cheops)1, who reigned from 2509 bc to 2483 bc. Despite being one 
of the oldest and largest monuments on Earth, there is no consensus 
about how it was built2,3. To understand its internal structure better, 
we imaged the pyramid using muons, which are by-products of 
cosmic rays that are only partially absorbed by stone4–6. The resulting 
cosmic-ray muon radiography allows us to visualize the known and 
any unknown voids in the pyramid in a non-invasive way. Here we 
report the discovery of a large void (with a cross-section similar 
to that of the Grand Gallery and a minimum length of 30 metres) 
situated above the Grand Gallery. This constitutes the first major 
inner structure found in the Great Pyramid since the nineteenth 
century1. The void, named ScanPyramids’ Big Void, was first 
observed with nuclear emulsion films7–9 installed in the Queen’s 

chamber, then confirmed with scintillator hodoscopes10,11 set up 
in the same chamber and finally re-confirmed with gas detectors12 
outside the pyramid. This large void has therefore been detected with 
high confidence by three different muon detection technologies and 
three independent analyses. These results constitute a breakthrough 
for the understanding of the internal structure of Khufu’s Pyramid. 
Although there is currently no information about the intended 
purpose of this void, these findings show how modern particle 
physics can shed new light on the world’s archaeological heritage.

The pyramid of Khufu is 139 m high and 230 m wide1,13. There are 
three known chambers (Fig. 1), at different heights of the pyramid, which 
all lie in the north–south vertical plane1: the subterranean chamber,  
the Queen’s chamber, and the King’s chamber. These chambers are 
connected by several corridors, the most notable one being the Grand 
Gallery (8.6 m high × 46.7 m long × 2.1–1.0 m wide). The Queen’s 

1F-lab, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8602, Japan. 2High Energy Accelerator Research Organization (KEK), 1-1 oho, Tsukuba, Ibaraki 305-0801, Japan. 3Institut de 
Recherche sur les lois Fondamentales de l’Univers (IRFU), Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA), Université Paris Saclay, 91191 Gif-sur-Yvette, France.  
4HIP Institute, 50 rue de Rome, 75008 Paris, France. 5Emissive, 71 rue de Provence, 75009 Paris, France. 6NHK Enterprises, Inc. (NEP), 4-14 Kamiyama-cho, Shibuya-ku, Tokyo 150-0047, Japan. 
7Suave Images, N-2 Maison de Shino, 3-30-8 Kamineguro, Meguro-Ku, Tokyo 153-0051, Japan. 8Cairo University, 9 Al Gameya, Oula, Giza Governorate, Egypt. 9Ain Shams University,  
Kasr el-Zaafaran, Abbasiya, Cairo, Egypt. 10Inria, Villers-lès-Nancy F-54600, France. 11CNRS, Vandœuvre-lès-Nancy F-54500, France. 12Université de Lorraine, Vandœuvre-lès-Nancy F-54500, 
France. 13Dassault Systèmes, 10 Rue Marcel Dassault, 78140 Vélizy-Villacoublay, France.
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Figure 1 | Muon detectors installed for Khufu’s Pyramid. a, Side view 
of the pyramid, with sensor positions and indicative field of view. b, Top 
view. c, Close view of the position of the gas detectors Brahic and Alhazen 
(CEA). d, Orthographic view of Queen’s chamber with nuclear emulsion 
films (Nagoya University, red positions NE1 and NE2) and scintillator 

hodoscopes (KEK, green positions H1 and H2). e, Orthographic view of 
the main known internal structures. f, Nuclear emulsion plates in position 
NE1 (Nagoya University). g, Nuclear emulsion plates in position NE2 
(Nagoya University). h, Scintillator hodoscope setup for position H1 
(KEK). i, Gas detectors (muon telescopes, CEA).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Muon radiography 
Measure the number of muons surviving the passage through the material: “black & white” images

But more recently a hidden chamber was found in another 
pyramid with a similar method  

[3] K. Morishima et al.,“Discovery of a big void in Khufu’s Pyramid by observation of cosmic-ray muons”, 
 Nature 386, 552 21/28 DECEMBER 2017 



Recently the same technique has been used to inspect the inner part of a vulcano 
[1], for geological studies [2], etc. [the shadow of the moon …]

[1] K. Nagamine et al., “Method of probing inner-structure of geophysical substance with the horizontal cosmic ray muons
and possible application to volcanic eruption prediction”, Nucl. Inst. Meth. A 356 (1995), 585.

[2] L. Oláh et al., “Cosmic Muon Detection for Geophysical Applications”, Advances in High Energy Physics 
Volume 2013, Article ID 560192 

[…. etc ]

Muon radiography: latter daysMuon radiography: latter days



Muon tomography: a novel idea
Basic idea: exploit the deflection of the cosmic rays to perform a 
tomography of a desired volume (Los Alamos Group [1-3])

[1] K. R. Borozdin et al., “Radiographic imaging with cosmic ray muons”, Nature 422 (2003) 277.
[2] W. C. Priedhorsky, “Detection of high-Z objects using multiple scattering of cosmic ray muons”, Rev. Scient. Inst. 74 (2003) 4294
[3] L. J. Schultz, “Image reconstruction and material Z discrimination via cosmic ray muon radiography”, NIM A 519 (2004) 687.

A working prototype of the dimensions of some tens of centimeters
had been built and operated. It proved that in principle such technique 
could be used to scan large volumes

First experimental demonstration

Muon tomography: a novel idea



The first “large-scale” muon tomography ever built is hosted 
in the INFN-LNL “Laboratori Nazionali di Legnaro” (Padova)

First results

Padova University Brescia University Genova University

2008

Muon tomography: full scale prototype



Muon tomography: full scale prototype
A tomographic image of 
an original FIAT “500”!

Muon tomography: full scale prototype



Particle annihilation diagnostic system
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SC12 - Deposited energy Mean    2.971
Integral  1.532e+05
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SC34 - Deposited energy Mean    2.898
Integral  7.9e+04
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SC56 - Deposited energy Mean    2.996
Integral  7.517e+04
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SC78 - Deposited energy
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SC910 - Deposited energy Mean    2.908
Integral  7.903e+04

MeV
0 1 2 3 4 5 6 7 8 9 100

1000

2000

3000

4000

5000

Mean    2.908
Integral  7.903e+04

SC1112 - Deposited energy Mean    2.998
Integral  7.515e+04

MeV
0 1 2 3 4 5 6 7 8 9 100

1000

2000

3000

4000

5000

Mean    2.998
Integral  7.515e+04

SC1314 - Deposited energy Mean    2.902
Integral  7.944e+04
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SC1516 - Deposited energy
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SC1718 - Deposited energy Mean    2.901
Integral  7.902e+04
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SC1920 - Deposited energy Mean    2.978
Integral  7.522e+04
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SC2122 - Deposited energy Mean    2.907
Integral  7.919e+04
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SC2324 - Deposited energy

Monte Carlo simulation of cosmic rays
the full apparatus has been implemented in Geant4 via Geant4VMC 

Distribution of the energy 
released in the slab
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ideal for Blast furnace monitoring 

detectors



cylinder-halfsphere comparison in a horizontal-selective system



but in general the results may differ

Increasing the size of the flat sky  
and of the cylinder 
the geometrical coverage increases 
and the distributions get closer


