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Discovery of a big void in Khufu’s Pyramid by 
observation of cosmic-ray muons
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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, 
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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 
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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).
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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 principle
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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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(secondary) Muons: flux



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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PARAMETRIZATION
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EcoMug  Monte Carlo GENERATORS

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

Half-spherical generation
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“Flat Sky”
Nicola Zurlo

Usual method, already implemented in previous generators
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“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
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Cylindrical generation
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z
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ideal for Blast furnace monitoring 
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Half-spherical generation

φ0
θ0
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Notice that in this case 
the density of “muon sources” is not uniform! 

(all the angles are coupled but φ0) 

�������

0

25

50

75

100

125

muons generated  
per unit area 

(A.U.)

Nicola Zurlo  Muon4Future 2025



Computational time: 
it is between 3 .105 and 106 muons per second 

depending on the generation scheme 
on a (fairly old) CPU 

2,2 GHz Intel Core i7 (2015) 
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Conclusions

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

We have briefly 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 surfaces (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:
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https://github.com/dr4kan/EcoMug
https://dr4kan.github.io/EcoMug/class_eco_mug.html
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Thank you 
for your attention!
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Backup slides…
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AEgIS experiment @CERN Antiproton Decelerator



Particle annihilation diagnostic system
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Calibration with cosmic rays



PMT 1 PMT 2
distribution of the integrated charge in coincidence
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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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