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Muon tomography

Technique that uses the natural flux of muons to 
produce images of objects with large sizes

•Abundant flux ≈ 104 m-2 min-1

•Small rate of energy loss

•Quasi-linear trajectory through 
several meters of matter before 
decaying or being absorbed

From: Giammanco

https://www.sciencenews.org/article/muon-subatomic-particle-volcano-pyramid-physics
https://www.sciencenews.org/article/muon-subatomic-particle-volcano-pyramid-physics
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Muon tomography
Techniques
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Figure 5. Schematic visualization of absorption radiography and scattering tomography and the corresponding detector
geometries. (Online version in colour.)

Figure 6. Examples of static muon tomography systems, Los Alamos MMT (a), Lynkeos MIS (b) and INFN Padova (c). (Online
version in colour.)

X-ray source in a CT system, while the lower detectors detect the presence, absence and scattering
of the muons that were defined by the upper detectors. This is, in fact, very similar to a CT
system, but due to the angular distribution of cosmic muons and due to the geometric limits
imposed by the detector system only a narrow angular range around the vertical is covered. This
necessarily means that the resolution of such a muon tomography system in the horizontal plane
(in x and y) will be much better than the vertical resolution (along with the z-axis). The existing
muon tomography systems are static systems, i.e. they require that the object or sample is placed
inside their active volume. This active volume is most typically of the order of m3; the largest
one has an active volume of tens of m3. Typical examples of static muon tomography systems are
the system at INFN Padova [24] and the Lynkeos Muon Imaging System produced by Lynkeos
Technology Ltd. in Scotland [18]. The Los Alamos MMT [25] can also be transported in a trailer
for fieldwork (figure 6). The largest static system is the cargo container scanning system produced
by Decision Sciences in the USA.

Muon radiography requires at least two detector planes in order to define the tracks of the
detected cosmic muons to produce a two-dimensional absorption image. Often three or four
detector planes are used for better resolution and efficiency. Muon radiography results are not
necessarily limited to two-dimensional images; the information from several detectors imaging
the same volume can be combined to form a three-dimensional image, as was done e.g. by
the ScanPyramids project [23]. The large scale of the objects typically makes it impossible to
use muon tomography, so that radiography is the only option for two-dimensional as well as
three-dimensional imaging.
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From: rsta.2018.0049

transmission 
tomography

scattering 
tomography

https://royalsocietypublishing.org/doi/10.1098/rsta.2018.0049
https://royalsocietypublishing.org/doi/10.1098/rsta.2018.0049
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Muon tomography
Applications

From: nature24647
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chamber and the King’s chamber possess two ‘air shafts’ each, which 
were mapped by a series of robots14,15 between 1990 and 2010. The 
original entrance is believed to be the ‘descending corridor’, which starts 
from the north face, but today tourists enter the pyramid via a tunnel 
attributed to Caliph al-Ma'mun (around ad 820)1.

Most of the current understanding of Khufu’s Pyramid comes from 
architectural surveys and comparative studies with other pyramids1,2,13. 
In Histories, Herodotus described the construction of Khufu’s Pyramid, 
but this account was written about 2,000 years later (in 440 bc). The 
only known documents written during Khufu’s reign were discovered16 
in 2013, but these papyri describe only the logistics of the construction, 

such as how the stones were transported, and not the construction itself. 
In 1986, a team surveyed the pyramid using microgravimetry17, that is, 
the measurement of slight variations in gravity due to large variations in 
the amount of matter18. Using these data, the team drilled three holes 
in the corridor to the Queen’s chamber in the hope of finding a ‘hidden 
chamber’, but found only sand17. A more recent analysis of the same 
data dismissed the theory of a ‘hidden chamber’ where the holes had 
been drilled17. In 1988, a ground-penetrating radar survey19 suggested 
that an unknown corridor could be parallel to the Queen’s chamber 
corridor. To our knowledge, this theory has been neither confirmed 
nor refuted.
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Figure 2 | Results of the analysis of the nuclear emulsion films. θ is 
the opening angle between the detected muon and the axis vertical to 
the detector. A indicates the King’s chamber, B the Grand Gallery, C the 
Queen’s chamber (position NE2), D the ‘Niche’ (position NE1) and  
‘New void’ is the unexpected muon excess region. Right is west, top is 
north. a, b, Two-dimensional (2D) histograms of the detected muon 
flux (colour scale; muons per square centimetre per day per steradian) at 
positions NE1 and NE2. The resolution of this histogram is 0.025 × 0.025 
(Methods). The four edges of the pyramid are clearly seen as a cross 
pattern. c, d, Results of Geant4 simulation28  with the known inner 
structures from positions NE1 and NE2. e, f, Histograms of typical 
angular regions as shown by the white squares in a–d (0.4 ≤ tanθy < 0.7). 
Data are shown in red; the black solid line is the simulation including 

the inner structures; and the grey dashed line is the simulation without 
the inner structures. Error bars indicate statistical error of 1σ (standard 
deviation). More slices are shown in Extended Data Fig. 2. g–i, Results 
of the triangulation analysis (three sectional views). Each figure shows 
the inner structures (grey lines) and the results. For each position, we 
divided the region of interest (0 ≤ tanθy < 1) into four slices and extracted 
the centre of the muon excess for each of them, resulting in four pairs 
of directions (Methods). Each of the four points represents the result of 
the triangulation for a pair of slices and the associated statistical error 
(Methods). The detector positions are shown as filled black squares for 
position NE1 and open black squares for position NE2. g shows a vertical 
section (right is north); h shows a vertical section (right is west); and i 
shows a horizontal section (up is west, right is north).

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

•Archaeology, vulcanology, civil 
engineering, industrial safety, etc

ScanPyramid’s Big Void at 
the Great Pyramid of Giza

data simulation  

https://www.nature.com/articles/nature24647
https://www.nature.com/articles/nature24647
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LouMu project
Goal

•Transmission muography 
at the Lousal mine for 
geological characterization 

•Reference geological 
model from conventional 
geophysics measurements
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underground surveys

geological samples laser scans

surface surveys

drone photogrammetry

ground penetrating radar

seismic refraction

LouMu project
Timeline

June, 2019
1st campaign

November, 2021 
2nd campaign

May, 2022
3rd campaign

•Geophysical measurements 
campaigns:
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LouMu project
Timeline

February, 2019
MiniMu at Lousal

Um dispositivo móvel baseado em RPCs para tomografia de muoes

S. Andringa1, A. Blanco1, P. Dobrilla1, R. Gonçalo1, D. Gonçalves  1  , G. Gouveia  1  , L.
Lopes1, J. Pereira  1  .

1LIP, Laboratório de Instrumentação e Física Experimental de Partículas, Departamento de

Física Universidade de Coimbra, 3004-516.

email: diogo.mfg00@gmail.com, gongou00@gmail.com, jpmfp11@gmail.com

Enquadrado numa iniciativa Portuguesa para a aquisição de competências no tomografia de

muões (projeto LouMu [1]), um primeiro telescópio está a ser construido no Laboratório de

Detetores do Laboratório de Instrumentação e Física Experimental de Partículas (LIP). O

dispositivo está baseado na tecnologia de Câmaras de Placas Paralelas Resistivas* [2] com

capacidade  de operação  em ambiente  não  controlado,  uma tecnologia  desenvolvida  no

âmbito da Colaboração AUGER [3].  O  telescópio é um dispositivo móvel  equipado com

quatro  planos  de  RPCs  sensíveis  a  posição,  equipado  com  instrumentação  de  baixo

consumo,  que  reforça  a  sua  capacidade  de  operação  em  aplicações  onde  a  potência

disponível é limitada.

De momento o telescópio está a ser testado em laboratório. Tem como primeiro objetivo a

obtenção  uma  imagem  muográfica  do  Departamento  de  Física  da  UC  em  Coimbra.  A

descrição do telescópio juntamente com os primeiros resultados serão apresentados.

Figura 1.  Telescópio  do projeto  LouMu equipado com quatro  RPCs sensíveis  a
posição e instrumentação de baixo consumo. 

*(com o acrónimo inglês de RPC)

Referências
[1] Pedro Teixeira et al. “Muon tomography- Loumu project” http://shorturl.at/tCIMO

from March, 2020 
CorePix at Coimbra

April, 2022
CorePix at Lousal
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Muon telescope
Resistive plate chambers

•4 planes of RPCs

•Segmented readout planes for 
positional information

CorePix

The RPC modules

5

•Resistive Plate 
Chambers

•Gaseous detector 
with very good time 
resolution

•Extensive R&D on 
autonomous stations 
in LIP-Coimbra (L. 
Lopes talk)

Autonomous RPCs for a Cosmic Ray ground array Ruben Conceição

Figure 1: (left) Picture of the acrylic box with the sensitive volume inside. (right) Picture of the DAQ
electronics.

a programmable comparator. The threshold outputs are sent, via LVDS links, to a purely digital
central board. Data remain in this buffer until read by the DAQ computer.

An I2C bus is used to get information about temperature, pressure and relative humidity in the
chamber. High voltage (HV) and background currents were monitored by the HV power supply.
These parameters are recorded each minute.

The RPC was designed to be used on a harsh environment and as such both the gaseous volume
and the pickup plane are inside a gas-tight aluminium volume (see figure 2(right)). The HV power
supply and the frontend electronics will be located in a DAQ box coupled to the RPC volume.

Figure 2: (left) Scheme of the RPC detector operation principle. (right) Image of an assembled RPC.

The RPC is operated in proportional mode which allows it to operate with a high efficiency
while minimizing ageing of the RPC due to electric discharges in the gas.

3
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while minimizing ageing of the RPC due to electric discharges in the gas.

3

PoS(ICRC2017)379 

sensitive volume 
in acrylic box

GAP-2013-016 5 

 

 

 

 

  
 

Figure 4 – Different aspects of the RPC detector. Left, top to bottom: RPC module 
inside the Al frame; cabled pad plane; finished pad plane with cables inserted in the 
feedthrough. Right, top to bottom: detail of the RPC internal structure; finished 
RPC module speed-filling in vertical position before efficiency mapping. To the 
right hand side it can be seen the upper chamber of the 2x0.5m2 cosmic ray 
telescope, also RPC-based. 

After a conditioning period of 20 days (not shown) at 10 cm3/min the gas flow rate was 
reduced to 0.4 cm3/min. The working point was set to 5600 V (2800 V/gap). In Fig. 5 
(left panel) it is shown the background current (blue) and the temperature (red) 
variations along 50 days. It is apparent that the background current is very well 
correlated with the ambient temperature. This correlation is further illustrated in Fig. 5 
(right panel) were we plot the background current as a function of the temperature (top 
abscissa, red). The green curve in the left panel shows the background current corrected 
for the temperature effect for a reference temperature of 23 ºC. The stability of the 
current at a constant temperature demonstrates the feasibility of operation of the 
chamber at a very low gas flow rate, equivalent to 1 kg/year. It is noteworthy as well 
that the current appears uncorrelated to the relative humidity. 
Note that the temperature excursion incurred in this test is comparable or larger than the 
expected daily temperature variations [8]. 

MAROC outputs 
and trigger board
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Muon telescope
Geometrical configuration

•64 strips
•Background removal and 
studying the strips response

•7x7 central pads matrix for 
higher angular resolution
•Outer region for higher 
statistics

Upper plane 3 lower planes

1 m

1 m

9.3. MUON TOMOGRAPHY

B

B

Figure 9.17: Layout of the PCB readouts. While three of the RPCs use the left layout with a
mix of pads and strips, the fourth one has 64 strips with the length of the PCB, shown in the right
diagram.

taken of the fit results. An example of a pedestal and its fit is shown in figure 9.18.
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Figure 9.18: Pedestal of a channel’s charge distribution. The data was fitted to a Gaussian,
and the results used to determine if a particle crossed the detector. In this case, the results yield
mean = 148.912±0.001 ADC units, � = 1.181±0.001 ADC units, and constant = (4.703±0.005)⇥
105 events.

The next step was to study the particle trajectory using the position it crossed the
detectors. Events, where only one of the channels had signal per RPC, were chosen, and
some of them plotted in figure 9.19. Painted in red is the position crossed in the bottom
detector, in yellow in the middle one, and in blue in the top detector. In all cases presented,
as well as, other events studied, the trajectories are viable, with the yellow pad/strip in the
way of the red and blue. This visualization is possible because the middle RPC is halfway
between the other two detectors1.

1The distance between two consecutive detectors is 145 mm.
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Muon telescope
Trajectory reconstruction

•Event trigger: 
coincidence between 
signals in two planes 
within 30 ns time-window

•Resolution from the 
current operational 
conditions:

•! ≈ 3º

•tg(!) ≈ 0.05
•x,y ≈ 2 cm

Event from last week
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telescope response model 
efficiency and uniformity

- measuring “vertical” counts uniformity 

- improved with electronic gain adjustment

- inner structure of RPCs becomes visible!
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Self trigger, May - June 2021

•The lines with higher background rates are the lines with lower efficiency

•Current working hypothesis: spacers are at the origin of the effect
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spacers in the gas 
volume

•The position of the 
spacers is compatible 
with the position of the 
lines with lower 
efficiency

•The gas volume reduction due to the spacers dimensions (1 mm wide) implies 
a decrease of nearly 10% in the vertical muon rate

•Spacers are known to increase the self-trigger rate

spacers

4                 

•For planes 1 and 3, the correction from geometrical factors is bigger
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•For planes 1 and 3, the correction from geometrical factors is bigger
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Muon telescope
Response studies
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First muographs
Coimbra building - setup

detector position - photo detector position - top view detector position - side view

•Telescope at the entrance 
of the Coimbra University 
Physics Department



tan!x

Simulations

7

1st Position

2nd Position

3rd Position

4th Position

transmission

tan!y

high 
resolution
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First muographs
Coimbra building - model

outside

inside

telescope 
resolution

Simulations

7

1st Position

2nd Position

3rd Position

4th Position

•Analytical computation of the muon 
transmission through the building
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First muographs
Coimbra building - data

Rate = Flux × Transmission × Acceptance × Efficiency

MC (PDG) MC (geometry) detector effects

see the building!measurement
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First muographs
Coimbra building - data

datasimulation
transmission

tan!x

tan!y

Simulations

7

1st Position

2nd Position

3rd Position

4th Position

5

5

5

5
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First muographs
Coimbra building - data

imaging with LouMu
combining simultaneous “raw maps”

- Another combination of planes:
  wider field of view; worse resolution

- Combination of both muographys: 
  better resolution with same telescope

data
imaging with LouMu
combining simultaneous “raw maps”

- Another combination of planes:
  wider field of view; worse resolution

- Combination of both muographys: 
  better resolution with same telescope

    

    

transmission

tan!x

tan!y

high resolution
simulation

imaging with LouMu
combining simultaneous “raw maps”

- Another combination of planes:
  wider field of view; worse resolution

- Combination of both muographys: 
  better resolution with same telescope

telescope resolution
simulation

Improving the images by:
•using another pair of planes
•combining different telescope positions and inclinations
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First muographs
From Coimbra to Lousal

•Features from amount of roofs/walls → average soil 
density

•Muon flux at detector: factor of ≈8 reduction

•Higher muon scattering, expected resolution loss

•More stable environment but no expected effect on 
detector stability
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First muographs
Lousal mine - setup

          
•Fourth storeroom 
of the Waldemar 
gallery ≈20m 
underground
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First muographs
Lousal mine - model

•The telescope location stands in the intersection of the 
Corona fault, with rock density ≈10% smaller than around
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First muographs
Lousal mine - model

Two-steps simulation:

•Geant4 implementation of the 
geological model

•Fast simulation of the telescope 
geometry and response

muon flux at the detector location

simulation

Transmission
Model

transmission

tan!x

tan!y

Geant4
VERY PRELIMINARY

Muography of Lousal
viewing the Corona Fault

- Now inside the Corona fault!

- Expecting small contrasts
  with seasonal density changes

- Unfragmented rock on the other
  side of the same room

but... occupied by bats!

- Several locations to observe the 
  Corona fault, for 3D characterization

P4
obs

39
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First muographs
Lousal mine - data

   

datasimulation

Transmission
Model

transmission

tan!x

tan!y

VERY PRELIMINARY
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Outlook

Coimbra data:
•Development of algorithms for improved resolution
•Development of 3D images
•Refinement of the detector model and systematics
•Guidance for upgraded telescopes

Lousal campaign:
•Gathering more muon statistics
•Joint inversion of muographic/geophysical data
•Assessing the usefulness for geological characterization

Subjects of potential interest:
•Iberian islands with volcanic activity
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FIGURE 1: The LouMu project flyer.

FIGURE 2: The LouMu detector at the laboratory (left), and two muon events, identified by the highest charge channels on each of
the 4 planes (next two panels). The distribution of the 64 channels in each plane is shown on the left of the panel for each event.
The right side shows how the lines and columns of the CorePix channels are used to reconstruct the muon trajectory in 3D.

2. THE LOUMU TELESCOPE AND FIRST DATA
The LouMu telescope consists of four 1m x 1m detector planes, placed horizontally in a movable structure, which can be tilted up
to 30 degrees. The planes can be easily changed, which allows new ones to be tested during the R&D program, and the vertical
distances between them can be adjusted to focus for the muographic images.

The RPC detectors have two 1 mm layers of gas, divided by 2 mm glass plates, the top layer covered with high resistivity paint.
The high voltage is automatically adjusted to compensate for changing environmental conditions of temperature and pressure, to
keep the reduced electric field in the gas constant. The main developments were done to minimize maintenance and consumption:
they work with 4 c.c./min gas flow and are read out by low power front-end electronics (FEE) so that the full system can be fed by
small solar powered stations and a single bottle per year of the gas R-134a (tetrafluorethane). These developments were done for
the Pierre Auger Observatory, and after initial tests, a small engineering array is now being installed in Malargüe, Argentina [2, 3].

The RPCs of the LouMu telescope are slightly smaller than the original ones but have the same 64 channels per RPC plane.
The telescope is triggered by a coincidence in two of the planes within 30 ns, strongly reducing random noise. A Raspberry Pi
computer writes out the charge measured in each of the channels of each plane. The channels have now much finer granularity, as
shown in Figure 2. One of the planes has 64 narrow width parallel strips, the others mix strips of varying widths, with large and
small squared pads. The data acquired on these differently shaped pixels will be used to optimize the resolution for future muon
telescopes using the same RPCs and FEEs. The central region of three of the planes, named CorePix, is occupied by 7 ⇥ 7 squares
of 4 cm side, which provide simultaneous high resolution in two dimensions.

For the first tests, only the CorePix region is used for trigger and reconstruction. The passage of the muon is identified by the
pad with the highest charge in each plane. The selected signals in the three planes are required to be compatible with a straight
line. The differences between the positions of the pads in the top and bottom plane define simple 13 ⇥ 13 direction maps. With a
typical separation of 67 cm, the vertical direction has a 3-degree aperture.

One of the first muographies obtained at the end of 2020 from the detector laboratory in Coimbra is shown in Figure 3(left),
together with the representation of the viewing cone projected on the building façade and the observed region as seen at the top of

2

Outreach
Visit the Lousal science center and mine complex!
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