Muon Radiography
in the Egyptian Pyramids
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Khufu’s Pyramid

4500 years before

Height: 147m
Width: 230m
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Pyramids at Giza
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Scan Pyramids

International Scientific Project

Organization : Egyptian Ministry of Antiquities, Cairo University and HIP institute
Participating countries: Egypt, France, Canada and Japan

Non-destractive Imaging Technologies

»Muon Radiography : Nagoya University, KEK, CEA
»Infrared imaging : Laval University
*Laser 3D reconstruction : Ilconem

Targets
*Khufu’s Pyramid
- Khafre’s Pyramid
*Bent Pyramid
*Red Pyramid




Target Pyramids
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Khufu’s Pyramid

Bent Pyramid




Imaging of Pyramid

Side view Angular distribution

Cosmic-ray Edges of pyramid
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Imaging of Pyramid
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Imaging of Pyramid
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Nuclear emulsion




Nuclear Emulsion Film

Three dimensional Tracking Detector for charged particles

i ) ) ) ) Silver bromide crystal
Nuclear Emulsion Cross section in three dimension . y
after chemical development - (diameter 200 nm)

" Detection part
(emulsion layer)

Transparency plastic film

Detection part
[ (emulsion layer)

Photographic
development

Optical microscope image of recorded muon track Muon
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Technical advantages

»Sub-micrometric spatial Resolution in three dimension, detection in 4pi steradian
»No electric power, light weight, thin, Water proof -> No limitation to installation place
»Mass production -> Large area detector, multi target, multi position in parallel
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Nuclear emulsion

Shielding package After photographic development
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Nuclear Emulsion Scanning System
based on Optical microscope

Image
Sensor

Focal Plane

Objective
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Nuclear Emulsion Scanning System
based on Optical microscope

Image
Sensor Focal Plane
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Scanning System “Hyper Track Selector”




Measurement system of cosmic-ray muons

Nuclear Emulsion
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South

Khufu’s Pyramid

King’s Chamber

North

Main entrance
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The King’s Chamber Grand Gallery Queen’s Chamber

Tourist root
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The King’s Chamber Grand Gallery Queen’s Chamber
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Measurement from Queen’s Chamber
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Measurement from Queen’s Chamber
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Measurement from Queen’s Chamber
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Nuclear Emulsion Detector




Measurement from Queen’s Chamber

“ .~ Gallery
Queen's 4 -
Chamber S

--.‘r'.t_



Measurement from Queen’s Chamber

West

Position 1

Analysis sample : 4.4Mtracks |
period:98days
Area : 0.45m2

Position 2 ry
Analysis sample : 6.2Mtracks
period : 140days

Area : 0.45m2
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Observation from the Queen Chamber
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red: Many €-> Blue: Few)
East Expected (Simulation)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red: Many €-> Blue: Few)
East Expected (Simulation)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red : Many €-> Blue: Few)
East Expected (Simulation)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red : Many €-> Blue: Few)
Result (Data)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red : Many €-> Blue: Few)
East Result (Data)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red : Many €-> Blue: Few)
East Result (Data)

‘ TRV °
Excess Region == ;;'ﬁ <— Grand Gallery
Ay o ]
L - | 7
West 6
5
-1 4

L] i |
L L 1 1 | L L L N
-1 -0.5 0 0.5 1

West Result (Data)

lery = ' Excess Region

(42}

Grand Gal

Queen’s ! Jd \1
Chamber /} |



Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red: Many €-> Blue: Few)

Histogram East Result (Data)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red: Many €-> Blue: Few)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red : Many é&-> Blue: Few)
East Result (Data)
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Observation from the Queen Chamber  cosmic-ray Image
Muon Flux (Red : Many €-> Blue: Few)
East Result (Data)

iiiiiiiii N r.\ T a
‘ &J— Grand Gallery
e Lo

Chamber



Observation from the Queen Chamber

‘0 Positions estimated by triangulation
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Discovered big void inside Pyramid !
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Hidden Space | K. Morishima, et al, Nature, volume 552, pages 386—390, 2017



Future prospect of Khufu’s Pyramid
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Future prospect of Khufu’s Pyramid
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Revealing precise three dimensig|
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Future prospect of Khufu’s Pyramid

Grand Gallery SeanPyramids
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Future prospect of Khufu’s Pyramid

Revealing precise three dimensional structure
Measurement of density of Pyramid

New technology for archaeological heritage all over the world



Cosmic-ray Imaging

Nuclear Power Plant Blast Furnace

Volcano Fault

Cultural Assets
Archaeology
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