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Giza Necropolis/The Great Pyramid

Image Credits: Google Earth

Outline:
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III. EGP Detector Proposal
IV. Independent Monte Carlo Study

- Using dE/dx to Determine Incident Muon Momentum
- Muon Position/Angular Resolution



• Feb. 1970: Alvarez et al. 
publish study of Khafre’s 
Pyramid using cosmic rays

• Nov. 2017: ScanPyramids 
Collaboration publishes 
Nature article announcing 
discovery of new void above 
Grand Gallery in the Great 
Pyramid of Khufu
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Historical Background: Cosmic-Ray Muon Radiography



• Alvarez & ScanPyramids teams both focused on finding new voids
– ScanPyramids succeeded

• Many other open questions!
– Why did subsequent pyramids lack the complex internal 

structure that characterizes Khufu’s tomb?
– What can be learned about the details of this structure from 

high-resolution tomographic imaging?
●  Distinguish not only voids from solid stone, but also subtler 

variations in density
● Gain insight regarding construction techniques – how was 

the Great Pyramid built?
● Reveal unknown unknowns? 

Motivation: Why do it again?
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• Unlike previous projects, EGP will apply true tomographic imaging & 
reconstruction

– Cosmic particles like protons interact w/ upper atmosphere → muons

Muon Tomography
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– When they reach Earth’s surface, many 
muons still have enough energy to 
penetrate massive structures – like the 
Great Pyramid

– Rate of muons that make it to the other 
side, measured as a function of angle, 
yields information about the structure

– Repeating such measurements at many 
different locations around pyramid permits 
full 3D imaging of its interior!



EGP Detector Proposal
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The Great Pyramid of Khufu by the numbers:

● Total Mass: ~ 5,800,000 tons
● Number of Blocks: ~ 2,300,000
● Angle of Slope: 51º 50’ 40’’
● Queen Pyramids: 3



• Detectors housed in 40-ft. steel shipping containers
• Field 8 such containers in 2 x 2 arrays

– Move around pyramid perimeter for tomographic image 
reconstruction

• On each container wall, 2 arrays of extruded scintillator strips
– In each array, 6 vertical modules (40 strips each) & 3 horizontal 

modules (40 strips each) for a total of ~1400 strips
– Vertical strips ~ 2.4 m. in length, horizontal strips ~4.8 m.; walls 

separated by 2 m.

EGP Detector Proposal
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• Scintillator strips:
– Emit light when exposed to 

ionizing radiation (here, muons)
– Embedded w/ wavelength-

shifting fibers to collect a 
fraction of this light & transmit it 
to SiPMs 



• Goal: isolate problem of detector design in a stand-alone 
GEANT4 simulation

• Two primary questions:
– What is the necessary detector resolution?

● Limited by multiple scattering effects
– Is it feasible to differentiate incident muon momenta 

based on energy deposited in scintillator?
● Could permit the use of only muons that fall in a 

“sweet spot” of energies for reconstruction
• Supporting data analysis and visualizations in Root and 

Paraview

Independent Monte Carlo Study
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Simulation contains two detectors, each consisting of two 1 m x 1 m scintillator planes 
and each plane composed of 50 2 cm x 2 cm x 1 m strips; there is a 2 m gap between the 
first and second detectors. G4ParticleGun produces 1 muon at a time, with the same 
initial momentum and position each time.
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MC: Detector Design & Particle Gun
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The modified detector design includes a lead sheet of varying thickness between the two detector 
planes, and the placement of this sheet ranged from 12 cm – 20 cm upstream of detector 2. The 
goal of this addition was to increase the number of secondaries striking detector 2 without 
degrading position resolution, as this would help differentiate low- and high-energy muons.
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MC: Alternate Detector Design – Pb Layer
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MC: Pb Layer – Energy Results



• The strips hit in each detector provide a point in space which 
lies on the muon’s trajectory

• Can combine hits from both detectors to reconstruct muon’s 
path → backproject to predict where muon came from at any 
desired distance

– RMS error from cell of width A = A /√12
• What size scintillator strip is needed, given the effects of 

multiple scattering in the pyramid?

MC: Muon Hit Position & Angular Resolution
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MC: Position Resolution
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Preliminary results from position resolution algorithm (beam at normal incidence, 
backprojected a distance of 140 m). Non-central bins stem from events in which the muon 
scattered to a different strip in the detector.



• Likely not feasible to use number of hits to tag muon energy
– Small increase in mean # hit over the energy range of 

interest
– Small fraction of total muons results in this increase

• Continue development of hit position clustering algorithms
• Vary angle of muon beam and repeat angular resolution 

studies
• Add concrete block as pyramid dummy

– Study effects of multiple scattering on angular resolution
– Optimize scintillator strip size and shape

MC: Future Work
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Thank You!

Image Credits: 
https://www.deviantart.
com/atomiccheese/art/
Pyramid-Scheme-
Cartoon-200543958
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