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Discovery of a big void in Khufu’s Pyramid by
observation of cosmic-ray muons
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The Great Pyramid, or Khufu’s Pyramid, was built on the Giza chamber, then confirmed with scintillator hodoscopes'®!! set up

plateau in Egypt during the fourth dynasty by the pharaoh Khufu  in the same chamber and finally re-confirmed with gas detectors'?
(Cheops)’, who reigned from 2509 Bc to 2483 BC. Despite being one  outside the pyramid. This large void has therefore been detected with
of the oldest and largest monuments on Earth, there is no consensus  high confidence by three different muon detection technologies and
about how it was built>?. To understand its internal structure better, three independent analyses. These results constitute a breakthrough
we imaged the pyramid using muons, which are by-products of for the understanding of the internal structure of Khufu’s Pyramid.
cosmic rays that are only partially absorbed by stone®°. The resulting ~ Although there is currently no information about the intended
cosmic-ray muon radiography allows us to visualize the knownand purpose of this void, these findings show how modern particle
any unknown voids in the pyramid in a non-invasive way. Here we  physics can shed new light on the world’s archaeological heritage.

report the discovery of a large void (with a cross-section similar The pyramid of Khufu is 139 m high and 230 m wide®!. There are
to that of the Grand Gallery and a minimum length of 30 metres)  three known chambers (Fig. 1), at different heights of the pyramid, which
situated above the Grand Gallery. This constitutes the first major all lie in the north-south vertical plane!: the subterranean chamber,
inner structure found in the Great Pyramid since the nineteenth  the Queen’s chamber, and the King’s chamber. These chambers are
century'. The void, named ScanPyramids’ Big Void, was first connected by several corridors, the most notable one being the Grand
observed with nuclear emulsion films”™ installed in the Queen’s  Gallery (8.6 m high x 46.7 m long x 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 hodoscopes (KEK, green positions H1 and H2). e, Orthographic view of
of the pyramid, with sensor positions and indicative field of view. b, Top the main known internal structures. f, Nuclear emulsion plates in position
view. ¢, Close view of the position of the gas detectors Brahic and Alhazen =~ NE1 (Nagoya University). g, Nuclear emulsion plates in position NE2
(CEA). d, Orthographic view of Queen’s chamber with nuclear emulsion (Nagoya University). h, Scintillator hodoscope setup for position H1

films (Nagoya University, red positions NE1 and NE2) and scintillator (KEK). i, Gas detectors (muon telescopes, CEA).
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Figure 2 | Results of the analysis of the nuclear emulsion films. 0 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 x 0.025
(Methods). The four edges of the pyramid are clearly seen as a cross
pattern. ¢, d, Results of Geant4 simulation®® 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 <tanf, <0.7).
Data are shown in red; the black solid line is the simulation including

chamber and the King’s chamber possess two ‘air shafts” each, which
were mapped by a series of robots'*!® 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 ap 820)".

Most of the current understanding of Khufu’s Pyramid comes from
architectural surveys and comparative studies with other pyramids">'.
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 discovered!®
in 2013, but these papyri describe only the logistics of the construction,

the inner structures; and the grey dashed line is the simulation without
the inner structures. Error bars indicate statistical error of 1o (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 < tanf, < 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).

such as how the stones were transported, and not the construction itself.
In 1986, a team surveyed the pyramid using microgravimetry'’, that is,
the measurement of slight variations in gravity due to large variations in
the amount of matter'®. 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 sand!’. A more recent analysis of the same
data dismissed the theory of a ‘hidden chamber’ where the holes had
been drilled”. In 1988, a ground-penetrating radar survey'” 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 3 | Results of the analysis of the scintillation hodoscopes.

a, b, 2D plots of the detected angle of muons after normalization by the
simulation without inner structures at positions H1 and H2 (Methods).
The images present a top view and north is up. Ax and Ay correspond to
the channel number difference between the upper and lower layers along
the x and y axes (Methods). The bin number hence ranges from —120 to
120 and provides the tangent of the incident angle when divided by 150
for position H1 and by 100 for position H2. The detector introduces a
dark cross-shaped artefact visible on the 2D histograms, which adds a
small systematic error of 3% to the analysis (Methods). ¢, d, 2D plots of
the detected angle of muons after a normalization by the simulation with

Here we follow in the footsteps of Alvarez et al.’, who used spark
chambers as muon detectors in Khafre’s Pyramid (Pyramid of
Kephren) and concluded that there is no unknown structure with a
volume similar to the King’s chamber above the Belzoni chamber®.
Muon particles originate from the interactions of cosmic rays with
the atoms of the upper atmosphere, and they continuously reach the
Earth with a speed near to that of light and a flux of around 10,000
muons per square metre per minute*. Like X-rays, which can pene-
trate the body and allow bone imaging, these elementary particles
can maintain a quasi-linear trajectory through hundreds of metres of
stone before decaying or being absorbed. By recording the position
and the direction of each muon that traverses its detection surface,
a muon detector can distinguish cavities from stone: while muons
cross cavities with almost no interactions, they can be absorbed or
deflected by stone. Thus, muons traversing a region with lower-
than-expected density will result in a higher-than-expected flux in
the direction of the region. In recent years, muon detectors have
been successfully deployed in particle accelerators, in volcanology?®,
to visualize the inner structure of the Fukushima nuclear reactor'"%,
and for homeland security?!. In heritage buildings, detectors have
been recently set up in archaeological sites near Rome? and Naples?*
(Italy), where they were able to detect some known structures from
underground, and in the Teotihuacan Pyramid of the Sun (Mexico)*.
However, since the muons generated by cosmic rays come from the
sky, the detectors can detect density variations only in some solid
angle above them (the exact acceptance depends on the detection
technology). In addition, the muon imaging technique measures the
average density of the structure in a given direction, so although a
void has much lower density, its impact on the flux of muons is deter-
mined by the ratio between the void and the length of material that
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inner structures (which are hence removed). The images present a top
view and north is up. The unexpected structure is visible. e, f, Histograms
of the typical angular region (—30 < Ax < 50, 24 < Ay <47 for e and
—20 < Ax < 50, 48 < Ay < 63 for f) corresponding to a slice of cand d
(yellow rectangles). More slices are shown in Extended Data Fig. 4. Black
points with error bars show the relative excess after dividing the data by
the model with the known structures (the King’s chamber and the Grand
Gallery): a perfect agreement between the data and the model would
correspond to a horizontal line; a peak corresponds to an unexpected
excess (relative to the simulation) of muons in the data.

is traversed. For this reason, small cavities like air shafts cannot be
detected by this technique within a reasonable exposure time. Lastly,
in large and dense buildings like Khufu’s Pyramid where only about
1% of muons reach the detectors, the data need to be accumulated
over several months.

We first used nuclear emulsion films (Fig. 1f and g), developed by
Nagoya University, because they are compact and do not require elec-
tric power, which makes them well suited for installation in the pyramid
(Extended Data Table 1). A nuclear emulsion film is a special photo-
graphic film that can detect muon trajectories in three-dimensional
(3D) images with sub-micrometre accuracy’~. In these experiments,
we used unit films of 30 cm x 25 cm and covered a maximum of 8 m? at
a time. Each film has a 70-pm-thick emulsion coating on both sides of a
175-pm-thick transparent plastic base (Methods). The muon measure-
ment accuracy is around 1 pm in position and around 1.8 mrad (about
0.1°) for the vertical track when using the information obtained with
one film (Extended Data Table 1).

The films were installed near the southwest corner of the Queen’s
chamber (nuclear emulsion film position NE2, Fig. 1d and g) and in the
adjacent narrow hand-excavated corridor called ‘Niche’ (position NE1,
Fig. 1d and f) on the east side of the Queen’s chamber. The distance
between the centres of these two detectors is about 10 m, which allows
us to perform a stereo analysis of the detected structures. The exposure
started in December 2015. During the exposure, we modified the film
configuration several times when we changed the films (about every
two months); only a subset of the full dataset was used for this analysis
to mitigate the effect of the parallax on the resolution (Extended Data
Table 1 and Methods). After each exposure, the nuclear emulsion films
were processed by photographic development in the darkroom of the
Grand Egyptian Museum Conservation Center. After development,
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Figure 4 | Results of the analysis of the gas detectors. a, 2D image

from position G1 (Alhazen telescope, Fig. 1a and b) in logarithmic

scale, with white rectangles indicating the two muon flux excesses seen

by the telescope. b, ¢, Horizontal slices showing the muon flux excess

that corresponds to the upper (b) and lower (c) dotted black rectangles

in a. The solid black lines are fits to the data (Methods). d, 2D image

from position G2 (Brahic telescope, Fig. 1a and b) in logarithmic scale,
with white rectangles indicating the two muon flux excesses seen by the
telescope. Some noise is visible at the centre of the image, but it does not
interfere with the scanned regions. e, f,Horizontal slices showing the muon

they were transported to Nagoya University and read out by an auto-
mated nuclear emulsion scanning system?®>~27.

We compared the resulting muon radiographs (Fig. 2a and b) with
the expected results computed using a Monte Carlo simulation that
includes known structures inside the observation region (Fig. 2c and d).
These comparisons clearly show that the large known structures (the
Grand Gallery and the King’s chamber) are observed by the meas-
urements and the results match what is known (Fig. 2a—d). However,
from the two positions, we also detected an unexpected and significant
excess of muons in a region almost parallel to the image of the Grand
Gallery. The statistical significance of the excess is higher than 100
at the highest difference direction. The muon excess is similar to the
one generated by the Grand Gallery, which means that the volume of
the two voids is of the same order (Fig. 2e and f and Extended Data
Fig. 2). We then performed triangulation using the data from the two
positions and four points along the new void (Methods). The results
show that the new void has an estimated length of more than 30 m and
is located 40-50 m away from the detector positions, 21 m above the
ground level (Fig. 2g-i).

The second detection technology, designed by the High Energy
Accelerator Research Organization (KEK) is composed of four layers
of scintillator hodoscopes arranged in two units of double orthogonal
layers'®!! (Fig. 1h). Each layer is composed of 120 plastic scintillator
bars measuring 1 cm X 1 cm in cross-section to cover an area of
120 cm X 120 cm. Two units are vertically separated to allow the meas-
urement of the 2D incoming direction of the muons. We placed the
detectors near the southeast corner (position H1, Fig. 1d) of the Queen’s

flux excess that corresponds to the upper (e) and lower (f) black rectangles
in d. g, Yellow cone and red cone, traced from position 1, indicating

the angular area for the observed muon excesses (a-c). The two cones
intersect the vertical plane of the Grand Gallery (Real-Time Muography
Simulator, RTMS, software). h, Side view of the same cones as in g, for the
two positions, confirming that the two muon flux excesses correspond to
the Grand Gallery and the new void. The black crosses correspond to the
position estimated with the nuclear emulsion plates (Fig. 2g-i): the two
analyses are perfectly compatible. Grid size is 10 m (RTMS software). More
slices are shown in Extended Data Fig. 6.

chamber in August 2016. The separation between two units was set to
1.5m. Unfortunately, the newly detected void was overlapping with the
Grand Gallery, which made it difficult to identify. After stable operation
for five months, we moved the detector to another position near the
southwest corner of the chamber in January 2017 (position H2, 2.9 m
from position H1, Fig. 1d) and reduced the unit separation to 1.0m to
enlarge the angular coverage of the measurement. The detector opera-
tion has been very stable for more than one year and is still continuing
(Methods).

When we normalize the results by simulating the solid pyramid
without the known structures, we can see the King’s chamber and the
Grand Gallery clearly (Fig. 3a and b). By normalizing with a simulation
that includes the known structures, we observe a muon excess that is
consistent with Nagoya University’s result (Methods, Fig. 3c-f).

The third kind of instrument, designed by Commissariat a 'Energie
Atomique et aux Energies Alternatives (CEA), is made of micro-
pattern gaseous detectors (Micromegas) based on an argon mixture'?
(Methods). They are robust enough to be installed outside and can run
for unlimited time, but they have a larger footprint than the emulsion
plates (Fig. 1i, Extended Data Table 1). Each ‘telescope’ is built from
four identical detectors with an active area of 50 cm x 50 cm, and a
signal from at least three of them is required to trigger the acquisition.
An online analysis is performed to extract the muon track parameters,
which are then transferred to CEA, in France, with a 3G connection
(Methods).

To confirm Nagoya University’s discovery and to provide an addi-
tional point of view, we placed two such telescopes in front of the north
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face of the pyramid (Fig. 1a—c), looking in the direction of the Grand
Gallery (Methods), and close enough to each other that their data can
be combined (Fig. 1¢). A previous three-month measurement cam-
paign with one telescope on the north side had already revealed an
anomaly in this region, with statistical significance above 30, but the
telescope was shifted from the main vertical axis, and so not optimally
positioned. After two months of acquisition from the new position, the
data analysis revealed two statistically significant excesses of muons
in the core of the pyramid (Fig. 4): one corresponding to the Grand
Gallery and one corresponding to the unexpected void (Methods). The
3D model confirms that the telescopes’ observation converges to the
same region as the region obtained from the emulsion plates in the
Queens chamber (Fig. 4h). The overall combined excesses yield 8.40
for the Grand Gallery and 5.8¢ for the new void (Methods). To our
knowledge, this is the first time an instrument has detected a deep void
from outside a pyramid.

Three techniques of cosmic-ray muon imaging were applied to inves-
tigate the inner structure of the pyramid. The known voids (the King’s
chamber and the Grand Gallery) were observed, as well as an unex-
pected big void, which demonstrates the ability of cosmic-ray muon
radiography to image structures. There are still many architectural
hypotheses to consider; in particular, the big void could consist of one
or several adjacent voids, and it could be inclined or horizontal.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Nuclear emulsions from Nagoya University. Detector design. A nuclear emulsion
is a special photographic film that is able to detect minimum ionizing particles
such as cosmic-ray muons (Extended Data Fig. 1). The films used in this experi-
ment were developed and produced at Nagoya University. In this design, silver
bromide crystals with a diameter of 200 nm are dispersed in a 70-pum-thick sensi-
tive emulsion layer, which is coated on both sides of a 175-pum-thick transparent
polystyrene plastic base”? (Extended Data Fig. 1aand b). When a charged particle
passes through this emulsion layer, its 3D trajectory (track) is recorded and can
be revealed through the chemical development process (Extended Data Fig. 1c
and e). Thanks to the precise grain size and structure, tracks can be reconstructed
with sub-micrometre accuracy in 4m steradians by using an optical microscope
(Extended Data Fig. 1d). The track reconstruction quality depends on the grain
density per length along the line of a track. In this experiment, films with a grain
density of 37 grains per 100 um and a noise level of about 1 grain per 1,000 pm?
were used. These films can be used for long-term (2-3 months) measurement in an
environment at 25 °C (temperature in the Queen’s chamber) by tuning the volume
occupancy of silver bromide crystals (35%)*°. Each 30 cm x 25 cm film was vacu-
um-packed in an aluminium laminated package for light shielding and humidity
control (30% relative humidity, RH) (Extended Data Fig. 1f). An acrylic plate with
2 mm thickness was also packed together for the control of noise increase’. The
packed film was fixed onto an aluminium honeycomb plate (Extended Data Fig. 1g
and h) at Nagoya University, and then transported to Cairo by aeroplane. To avoid
the elevated cosmic-ray flux during the flight, we transported the two emulsion
layers of each detector separately and assembled them in Egypt. Since we reject
the trajectories that are not crossing the two layers, the muons accumulated during
the flight are rejected in the analysis and are considered as background tracks.
Data acquisition. The observation with nuclear emulsion films was launched in
the Queen’s chamber in December 2015 and the films were periodically replaced.
Each film was aligned with a reference line drawn with a laser marker and a spirit
level, which led to an angular error of less than 10 mrad. After each exposure, we
processed the films by photographic development in the dark room at the Grand
Egyptian Museum Conservation Center. For the developing solution, we used the
XAA developer (FUJI Film Co. Ltd) for 25 min at 20 °C. After development, we
carried the films to Nagoya University, where they were read out by an automated
nuclear emulsion scanning system developed since the early 1980s in Nagoya
University’2. In this experiment, tracks recorded in films were scanned by a
Hyper Track Selector®® which can read out tracks at a speed of 4,700 cm? h~! with
angular accuracy of 1.8 mrad for vertical tracks, and saved in a computer storage
device as digital data (position, angle, pulse height). The angular acceptance is
approximately [tanf| < 1.3, where 0 is the zenith angle relative to the perpendicular
of the emulsion surface.

Data analysis and statistics. The muon tracks are reconstructed by the coinci-
dence between the two stacked films within the criteria of signal selection and
then counted as detected muons?®®. In this analysis, a subset of the full data set was
used to avoid decreasing the resolution because of the imaging parallax: 4.4 million
tracks were accumulated for 98 days at position NE1 and 6.2 million tracks for
140 days at position NE2, with an effective area of 0.45 m?. Subsequently, detected
muons were integrated into 2D angular space (tanf,-tanf,) with a bin size of a
specified size (for example, 0.025 x 0.025) and angular acceptance of |tanf| < 1.0,
and converted to muon flux ( muons per square centimetre per day per steradian)
in each bin (Fig. 2a and b).

We used the Monte Carlo simulator Geant4 Version 10.2 (ref. 28) to compute the
expected muon flux at the detector position. In these simulations, the physical pro-
cesses of electromagnetic interactions and decays of muons were included, Miyake’s
formula® for the integrated intensity of cosmic-ray muons was used as a flux
model, and only muons were generated as primary particles. To reduce the process-
ing time, only muons were propagated and the range of incident muon energy was
limited to 20-1,000 GeV in the zenith angular range 0°-70° (—2.75 < tanf < 2.75).
For the pyramid simulation, we modelled the shape and the location of the known
structures (the Grand Gallery, the King’s chamber, the corridor that connects them,
and the Queen’s chamber) using the survey of ref. 34. We defined that any void
would be filled with air and that the stones are limestone (2.2 g cm~?) except around
the King’s chamber, where they are granite (2.75gcm™?). The exposure period in
the simulation is compatible with 1,000 days, which is approximately ten times
longer than that of the analysed data. We estimated the 2D rock thickness distribu-
tion from the detector position: the minimum thickness is 65 m and the maximum
thickness is 115 m. If we assume that the scale of the fluctuation of the surface
structure is 1 m (stone size), the effect of the relative fluctuation is less than 2%.

Normalization was performed to compare real and simulated data in the
region without the analysing target (the Grand Gallery, the King’s chamber, and
the anomaly region). The region of excess muon flux was clearly apparent in the
images (Fig. 2a-d). Two histograms (Fig. 2e and f) show the muon flux extracted
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from the slice in 0.4 <tanf, < 0.7. From the comparison between data and the
simulation, the significances of each anomaly region were evaluated to be 13.7¢0
(statistical) for position NE1 and 12.7¢ for position NE2.

To locate the anomalous structure, we performed triangulation from the two
positions. The centre of the detector positioned at NE1 was located 5.8 m east of the
axis of the Grand Gallery and 4.5 m west for position NE2. The distance between
position NE1 and NE2 is 1.1 m north-south. To determine the direction towards
the anomaly region, we fitted the excess muon region to a Gaussian function by
dividing the region (0 <tanf, < 1) into four regions with a segment of 0.25 in tand,,
because the new structure seems to align along the tanf, axis direction (Extended
Data Fig. 2). The fitted centre value was used for triangulation and the errors of
the estimated positions were defined from the errors on the sight lines coming
from half of the bin width, that is, 0.0125 in tanf, and 0.125 in tanf, (Fig. 2g-i).
Scintillator hodoscopes from KEK. Detector design. The detector consists of two
units of double layers, the x and y layers, of plastic scintillator arrays (Extended
Data Fig. 3a—c). A single scintillator element is 10 mm x 10 mm in cross-section
and 1,200 mm long. Each layer has 120 elements tightly packed, and hence its
active area is 1,200 mm x 1,200 mm (Extended Data Fig. 3d). The element has a
central hole along its length, through which a wave-shifter optical fibre is inserted
to transfer the scintillation light efficiently to a multi-pixel photon counter sensor
(Hamamatsu). The bias voltage of this counter sensor was selected according
to the temperature of the Queen’s chamber, which is constant regardless of the
weather outside. Each layer has its own data acquisition box, which digitizes the
information of sensor signals and sends them to a common personal computer
inside the detector frame. The total power consumption of the detector system
is 300 W. The vertical distance between the two units is 1,500 mm at position H1
and 1,000 mm at position H2, and gives an angular resolution around 7 mrad and
10 mrad, respectively. The tangent acceptance ranges from 0 (vertical) to 0.8 rad
and 1.2 rad, respectively.

The detector introduces a dark cross-shaped artefact visible on the 2D his-
tograms (Fig. 3a—d), which adds a small systematic error of 3% to the analysis.
According to our analyses, the error is likely to be caused by the very narrow
gap between neighbouring scintillator elements, but this effect has not been fully
understood yet. This systematic error is not relevant in the present analysis, which
examines only the existence of the new void.

Data acquisition. Raw data—time and position of all hit channels—are first stored
in a personal computer and regularly retrieved with USB memory to be sent to
KEK through the Internet. In the off-line analysis, a muon event is defined by
the coincidence of the four layers, with at most two neighbouring hits in each of
them. Events are accumulated in 2D bins (Ax, Ay) given by the channel number
differences between the upper and lower layers along the x and y axes. The bin
number hence ranges from —120 to 120 and provides the tangent of the incident
angle when divided by 150 for position H1 and by 100 for position H2. We installed
the detector at position H1 in August 2016, and continued the data acquisition for
five months until January 2017. During this period, we accumulated 4.8 million
events. We then moved the detector 2.9 m west to investigate the newly observed
void better. The data acquisition will continue for more than eight months and 12.9
million events were accumulated at position H2 at the end of September 2017, with
overall smooth acquisition for more than a year.

Data analysis and statistics. The first step of the analysis is the normalization of the
data by a Monte Carlo simulation that takes into account the cosmic ray muon flux
and muon interactions®*® (energy loss and multiple scattering) in the pyramid. We
assume a constant energy loss* of 1.7 MeV per (g cm~2), a mean density of 2.2gcm 3,
and a radiation length of 26.5g cm ™ for the stones. Muons are propagated
in steps of 0.1 m. Because the known structures of the pyramid are simulated,
their effects are removed after the normalization of the data and the remaining
muon excess shows the existence of an unknown corridor-like new structure. The
successful elimination of the known structures suggests the reliability of our simu-
lation. Slices of the images along Ax are presented in Extended Data Fig. 4a and b.
The vertical scale is the relative yield to the simulation result. The new structure can
clearly be seen in each slice. The significance of the muon excess was obtained by a
Gaussian fit: at position H1 the excess heights in the slices range from 5.2% to 8.9%
and are higher than 100 except for the outermost slice, in which the height is still
greater than 50. At position H2 the height ranges from 8.9% to 11% and is again
above 100 except for the outermost slice, in which the excess is above 7. From
these slices, we found that the structure starts almost at the centre of the pyramid
and ends at an angle whose tangent is 0.8 to the north. As a result, the length of the
main part of the new structure is approximately 30 m. Results from both positions
H1 and H2 show that the new void is above the Grand Gallery, which is consistent
with Nagoya’s result.

Gas detectors from CEA. Detector design. A telescope (Extended Data Fig. 5a)
is composed of 4 Micromegas (Extended Data Fig. 5b), a Micro-Pattern Gaseous
Detector invented at CEA-Saclay®” (Extended Data Fig. 5¢). All the detectors
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are identical, with an active area'? of 50 x 50 cm® They are built using bulk
technology®® with a screen-printing resistive film on top of the readout strips to
allow for stable operation and higher gain®. Each detector provides x and y coor-
dinates through a 2D readout inserted onto the printed circuit board (Extended
Data Fig. 5d). The 1,037 readout strips (482 um pitch) of each coordinate are
multiplexed according to a patented scheme’. An argon-iC4H;o-CFj, non-
flammable gas mixture (95-2-3) is flushed in series through all the detectors of a
telescope, with a flow limited to below 0.5 litres per hour by a tight seal (measured
gas leakage of less than 5ml per hour per detector).

Each telescope is operated with a Hummingboard nano-computer running
GNU/Linux, which controls all the electronics'* a dedicated high-voltage power
supply card with five miniaturized modules (CAEN), which provide up to 2kV
with 12-V inputs, and the front-end unit readout electronics based on the DREAM
ASIC*. A particularly important feature of DREAM is its self-triggering option to
generate the trigger from the detectors themselves. A dedicated software package
was developed to interface all these electronic components to the Hummingboard,
which performs the data acquisition with the front-end unit. It also monitors and
sets the high voltages through the high-voltage power supply and a patented ampli-
tude feedback to keep the gain constant in spite of the extreme environmental
conditions of the Giza plateau (Extended Data Fig. 5e-g). The overall consumption
of a telescope is only 35 W.

A trigger is formed by the front-end unit when at least five coordinates out of
eight observe a signal above a programmable threshold. The sampled signals (50
samples at a frequency of 100/6 MHz, Extended Data Fig. 5h) of all the electronic
channels (64 x 8) are then directly converted to a ROOT file*?, a format commonly
used in particle physics. The nano-computer performs the online reconstruction of
muon trajectories, and the muon track parameters are sent to CEA in France with
some environmental data (temperature, pressure, humidity in the gas) through a
3G connection.

Data acquisition. The data were collected from 4 May to 3 July 2017. Two telescopes
were installed in front of the chevrons (north face), at a distance of 17m and 23 m,
respectively (Fig. 1b and c). The axis of both telescopes deviated slightly from the
north-south axis, towards the east, to prevent the Grand Gallery from being at the
centre of the image, where some correlated noise can show up. During acquisition
time the two telescopes (called Alhazen and Brahic, at positions G1 and G2, see
Fig. 1b and c) recorded 15.0 and 14.5 million triggers, respectively, from which
10.6 and 10.4 million track candidates were identified. After the x* quality cut,
6.9 and 6.0 million good tracks were reconstructed, and form the images shown
in Fig. 4a and d.

Data analysis and statistics. From the acquired tracks, we searched for anomalies
by extracting slices in tan, that is, horizontal slices. To get more statistics, the
thickness of the slices is larger than the binning shown in the 2D images. We
chose a slice thickness of 0.10 for the Alhazen telescope, and we increased it to
0.11 for the Brahic telescope to keep roughly the same statistics. Extended Data
Fig. 6 illustrates all the slices made with Alhazen from 0.21 to —0.19. From one
histogram to another, the slice position is shifted by 0.02, which means the data of
consecutive histograms largely overlap. The goal is to scan the pyramid and detect
any deviation from statistics, whether fluctuations or not.

As can be seen in Extended Data Fig. 6, the slices show smooth distribu-
tions, except around histograms 5, 6 and 15. Histograms 6 and 15 correspond to
Fig. 4b and c, respectively. These distributions were fitted with different func-
tions, in particular polynomials. Though such functions are essentially empiri-
cal, a CRY/Geant4 simulation was performed to validate this choice further,
leading to a good agreement using a second-order polynomial with a reduced
X? of 1.4. The same function reproduces data distributions fairly well—with a
reduced x? value of 1.6 and 2.0, respectively, for histograms 6 and 15—except
in a region where an excess is clearly observed on both slices, with single-bin
excesses of 4.20 and 5.3¢ respectively. Re-fitting with a second-order polynomial
and a Gaussian significantly reduces the x? to 1.2 and 1.4, with a Gaussian inte-
gral of 141.3 +28.3 (5.00, histogram 6) and 141.8 +24.7 (5.70, histogram 15).
Similarly, Brahic data show two significant excesses, corresponding to
Fig. 4e and f. A second-order polynomial alone results in a reduced x? value
of 1.8 and 2.4, respectively, while adding a Gaussian reduces them to 1.5 and
1.6. The Gaussian integral is 167.1 £ 44.6 (3.70, Fig. 4e) and 163 +26.5 (6.10,
Fig. 4f).

The 3D model confirms that the (compatible) excesses from Fig. 4c (Alhazen)
and 4f (Brahic) point to the same region of the pyramid and overlap very well
with the Grand Gallery (Fig. 4h). The quasi-full overlap of the cones (owing to the
purposeful proximity of the telescopes) justifies adding the two excesses, leading

to 304.8 £36.2 (that is, 8.40). This fully validates the ability of the telescopes to
unambiguously detect large structures in the core of the pyramid.

The 3D model also confirms that the excesses from Fig. 4b and e point to the
same region. As before, the quasi-full overlap of the cones justifies adding the two
excesses, leading to 308.4 £52.8 (5.80). A 3D comparison with the triangulation
made by Nagoya University further confirms a large overlap of these regions. The
other slices show no other anomaly exceeding 5¢.

It is worth mentioning that this analysis relies directly on raw data without
model subtraction, which means the systematics are much smaller, and can only
originate from the fitting function. As an exercise, a third-order polynomial fit
was used for the histograms showing the new void, resulting in excesses of 5.2¢
and 3.60 for Alhazen and Brahic, and a combined excess of 303.5 £ 52.1 (5.80).
3D model of the pyramid. We designed an accurate 3D model of the pyramid
by combining existing architectural drawings**** photogrammetry*!, and laser
scanner measurements*!, both inside and outside the pyramid. After merging these
data, the model contains about 500,000 triangles (Extended Data Fig. 7b-d). This
model was mainly used in the RTMS (see below) and as reference for the sim-
plified models used in the other simulators. The full model has a precision of
approximately 30 cm for the internal structures and approximately 1 m for the
external casing.

Real-Time Muography Simulator. The RTMS (Extended Data Fig. 7a) is a fast,
interactive simulator that was mainly used for preliminary analyses, to aid in posi-
tioning the gas sensors (telescopes), and for confirming the results obtained from
the other simulators. It allows the user to place a sensor in the detailed 3D model of
the pyramid and to simulate the observed muon rate in real time. Muon scattering
is not simulated. For each pixel of the sensor, which represents a direction relative
to the sensor, the simulator computes the opacity (integral of the density along
the path) from the sensor to the outside of the pyramid, along this direction. We
used a density of 2.2g cm 3 for the limestone, and 2.6 g cm > for the granite. We
consider that muons lose energy at a constant rate* of 1.69 MeV per (g cm™~2), which
allows us to compute the minimal energy Ey, to cross the pyramid given the value
of the opacity. Finally, we use Miyake’s formula® to calculate the distribution of
muons that have greater energy than Ey;, coming in at a zenith angle 6. This value
is computed for each pixel of the image, leading to a 2D histogram similar to those
obtained with the detectors.

Data availability. The data that support the findings in this study are available
from the corresponding authors on reasonable request.
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Extended Data Figure 1 | Overview of the nuclear emulsion films
(Nagoya University). a, A cross-sectional schematic view of a nuclear
emulsion. b, Enlarged schematic view of the emulsion layer. Silver
bromide crystals are dispersed in gelatin. The red dashed arrow shows the
trajectory of the charged particle. ¢, After the photographic development
process, silver grains are aligned along the trajectory (track) of the charged
particle. d, An optical microscopic photograph of the track of a minimum
ionizing particle recorded in a nuclear emulsion. e, A nuclear emulsion
after development. f, A vacuum-packed nuclear emulsion. g, Schematic
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view of the detector configuration: six packed nuclear emulsion films
with a detection area of 30 cm x 25 cm each (yellow) are fixed between
aluminium supporting plates (honeycomb plate, in grey). Two films
stacked on top of each other are pressed with a rubber sheet (black) by
four short screws. Three additional long screws are used as legs to correct
the inclination of the detector. h, Cross-sectional schematic view of the
nuclear emulsion detector as shown in g. Two packed films are stacked
between two honeycomb plates and rubber sheet.
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Extended Data Figure 2 | Slices of the data for the nuclear emulsion
plates. Each panel shows slices for tanf), every 0.25 units (in tangent) and
separated into four ranges at 0 < tanf), < 1 (see Fig. 2a-d). The top part
of each panel shows muon flux distribution and the bottom part of each
panel shows the difference of muon flux. In the top part of each panel, the
red line shows the data, the black solid line shows the simulation with the

internal structures, and the grey dashed line shows the simulation without
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the two structures are of a similar scale. For each projection of difference
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Extended Data Figure 3 | Overview of the scintillator hodoscopes

(KEK). a, Vertical view of the detector, consisting of two units of
orthogonal double scintillator layers. A blue arrow indicates a muon track

passing through the whole instrument. b, Cross-section of a scintillator
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Extended Data Figure 5 | Overview of the gas detectors (CEA).

a, Design of a telescope (without its cover) showing the four detectors,
the electronics box, the battery and the gas bottles. b, Design of the
multiplexed Micromegas detector. ¢, Principle of a Micromegas detector,
showing the ionization and amplification of the signal initiated from

a charged particle (dotted array). d, Layout of the detector with the
micromesh in red, the resistive strip film in blue, and the Y and X
copper readout strips in yellow. HV, high voltage; ADC, analogue digital

converter. e-g, Amplitude variation of a detector in the Alhazen telescope
as a function of time for two previous campaigns (ScanPyramids missions
1 and 2) and the one reported here (g), showing the effect of the patented
feedback. Large variations (as observed in e and f) can lead to inefficiency
or degraded resolution, and are totally absent from the data of this paper.
The only step observed in g corresponds to a manual change of the target
amplitude. h, Typical signal recorded in a detector, where each line
corresponds to an electronic channel.
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Extended Data Figure 6 | tang, horizontal slices on the Alhazen muography. The slices are 0.10 (in tangent) thick, and each slice is shifted by 0.02 with
respect to the previous one, which means they overlap. Distributions are generally smooth, with two large muon excesses on histograms 5, 6 and 15 (see
Methods). Error bars show statistical error of 1o (standard deviation).
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Extended Data Figure 7 | RTMS and 3D models. a, RTMS output, Result with sensor point-of-view superposition. b, Zoom on chevron area
showing the CEA position G2 (Alhazen) sensor with a 6-view layout. (shaded wireframe). ¢, Enlarged view of optimized 3D model (shaded
Interactive view with display of sensor field of view and cone projections. wireframe). d, Detail of optimized 3D model.

Real-time simulation with internal structure overlaid in wireframe.
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Extended Data Table 1 | Comparison of the three muon detection technologies

Nuclear emulsion Hodoscopes Gas detectors

Nagoya University KEK CEA
Angular Resolution 2-14mrad 7-10 mrad 0.8 - 4 mrad
Angular Acceptance 45 degrees 34 - 45 degrees 45 degrees
Active area 30 cm x 25 cm / unit:
(for this analysis) 0.75mx0.6 m(NE1) 1.2mx1.2m 50cmx50cm
0.9 mx 0.5 m (NE2)
Position Resolution 1 um 10 mm 400 pm
Height 0.2 mm 1-1.5m 60 cm
Power requirement No Yes (300W) Yes (35W)
Data taking Need development Real time Real time
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