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cosθ such that

cosθ∗ =

√

(cosθ)2+P 2
1 +P2(cosθ)P3 +P4(cosθ)P5

1+P 2
1 +P2+P4

(2)
where P1, P2, P3, P4, and P5 are parameters given in Ta-
ble 1. Equation 2 is indeed a convenient parametrization
of the effect of the Earth curvature.

Table 1. Parameters in Eq. 2 [5].

P1 P2 P3 P4 P5

0.102573 -0.068287 0.958633 0.0407253 0.817285

As shown in Figure 2, due to the seconds reason
stated above, the standard Gaisser’s formula cannot de-
scribe the experimental results well at low energies. We
have modified Equation 1 by adding a term to the E−2.7

µ

factor. When the muon energy increases, this term
becomes negligible and the original functional form of
Gaisser is recovered. To determine the parameters of the
new term, we fit the modified equation with the zenith
angle given in Equation 2 to the world cosmic-ray muon
measurements [6] [7] [8] [9] [10]. The resulting modifica-
tion is Equation (3),

dIµ
dEµ

= 0.14

[

Eµ

GeV

(

1+
3.64GeV

Eµ(cosθ∗)1.29

)]−2.7

×

[

1

1+ 1.1Eµ cosθ∗

115GeV

+
0.054

1+ 1.1Eµ cosθ∗

850GeV

]

(3)

where the parameters 3.64 and 1.29 are obtained from
the fit. The description of Equation 3 is compared to
the measured cosmic-ray muon fluxes in Figure 2. The
modified parametrization matches the experimental re-
sults fairly well for different zenith angles.
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Fig. 2. Comparison of the modified parametriza-
tion to the measured cosmic-ray muon fluxes.The
experimental data are from [6] [7] [8] [9] [10]

To validate the modified parametrization, Equation 3
was used to generate the cosmic-ray muon flux at sea

level which then served as the input to the MUSIC code
[11] for transporting the simulated muons to a specific
depth of standard rock. The predicted muon flux is com-
pared to the experimental data of vertical muon intensity
at different depths of rock overburden in Figure 3, where
the data are taken from Reference [12]. The simulated
results and experimental data agree well.
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Fig. 3. Average vertical muon intensity versus
depth of standard rock. Black points are exper-
imental data from reference [12]. Red solid tri-
angles stand for the simulated results using the
modified parameterization (Equation 3). Green
hollow triangles are the simulated results using
the standard Gaisser’s formula (Equation 1).

3 Conclusion

We have obtained a modified Gaisser’s formula that
extends the range of applicability to all zenith angles and
lower energies. The new parametrization can be used
conveniently and reliably for representing the cosmic-ray
muon distribution at sea level for ground detectors, as
well as for underground experiments after it is coupled
to a software package for transporting the surface muons.
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Figure 30.5: Spectrum of muons at θ = 0◦ (! [50], " [56], ! [57], # [58], ×,
+ [52], ◦ [53], and • [54] and θ = 75◦ ♦ [59]) . The line plots the result from
Eq. (30.4) for vertical showers.

30.3.2. Electromagnetic component : At the ground, this component consists of
electrons, positrons, and photons primarily from cascades initiated by decay of neutral
and charged mesons. Muon decay is the dominant source of low-energy electrons at sea
level. Decay of neutral pions is more important at high altitude or when the energy
threshold is high. Knock-on electrons also make a small contribution at low energy [61].
The integral vertical intensity of electrons plus positrons is very approximately 30, 6,
and 0.2 m−2s−1sr−1 above 10, 100, and 1000 MeV respectively [51,62], but the exact
numbers depend sensitively on altitude, and the angular dependence is complex because
of the different altitude dependence of the different sources of electrons [61–63]. The
ratio of photons to electrons plus positrons is approximately 1.3 above 1 GeV and 1.7
below the critical energy [63].

30.3.3. Protons : Nucleons above 1 GeV/c at ground level are degraded remnants of
the primary cosmic radiation. The intensity is approximately IN (E, 0)× exp(−X/ cos θΛ)
for θ < 70◦. At sea level, about 1/3 of the nucleons in the vertical direction are
neutrons (up from ≈ 10% at the top of the atmosphere as the n/p ratio approaches
equilibrium). The integral intensity of vertical protons above 1 GeV/c at sea level is
≈ 0.9 m−2s−1sr−1 [51,64].
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30.3. Cosmic rays at the surface

30.3.1. Muons : Muons are the most numerous charged particles at sea level (see
Fig. 30.4). Most muons are produced high in the atmosphere (typically 15 km) and
lose about 2 GeV to ionization before reaching the ground. Their energy and angular
distribution reflect a convolution of the production spectrum, energy loss in the
atmosphere, and decay. For example, 2.4 GeV muons have a decay length of 15 km,
which is reduced to 8.7 km by energy loss. The mean energy of muons at the ground
is ≈ 4 GeV. The energy spectrum is almost flat below 1 GeV, steepens gradually to
reflect the primary spectrum in the 10–100 GeV range, and steepens further at higher
energies because pions with Eπ > ϵπ tend to interact in the atmosphere before they
decay. Asymptotically (Eµ ≫ 1 TeV), the energy spectrum of atmospheric muons is one
power steeper than the primary spectrum. The integral intensity of vertical muons above
1 GeV/c at sea level is ≈ 70 m−2s−1sr−1 [50,51], with recent measurements [52–54]
favoring a lower normalization by 10-15%. Experimentalists are familiar with this number
in the form I ≈ 1 cm−2 min−1 for horizontal detectors. The overall angular distribution
of muons at the ground as a funxtion of zenith angle θ is ∝ cos2 θ, which is characteristic
of muons with Eµ ∼ 3 GeV. At lower energy the angular distribution becomes increasingly
steep, while at higher energy it flattens, approaching a sec θ distribution for Eµ ≫ ϵπ and
θ < 70◦.

Figure 30.5 shows the muon energy spectrum at sea level for two angles. At large angles
low energy muons decay before reaching the surface and high energy pions decay before
they interact, thus the average muon energy increases. An approximate extrapolation
formula valid when muon decay is negligible (Eµ > 100/ cos θ GeV) and the curvature of
the Earth can be neglected (θ < 70◦) is

dNµ

dEµdΩ
≈

0.14 E−2.7
µ

cm2 s sr GeV

×

⎧

⎪

⎨

⎪

⎩

1

1 +
1.1Eµ cos θ

115 GeV

+
0.054

1 +
1.1Eµ cos θ

850 GeV

⎫

⎪

⎬

⎪

⎭

, (30.4)

where the two terms give the contribution of pions and charged kaons. Eq. (30.4) neglects
a small contribution from charm and heavier flavors which is negligible except at very
high energy [55].

The muon charge ratio reflects the excess of π+ over π− and K+ over K− in the
forward fragmentation region of proton initiated interactions together with the fact that
there are more free and bound protons than free and bound neutrons in the primary
spectrum. The increase with energy of µ+/µ− shown in Fig. 30.6 reflects the increasing
importance of kaons in the TeV range [60] and indicates a significant contribution of
associated production by cosmic-ray protons (p → Λ + K+). The same process is even
more important for atmospheric neutrinos at high energy.
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Figure 30.6: Muon charge ratio as a function of the muon momentum from
Refs. [53,54,60,65,66].

30.4. Cosmic rays underground

Only muons and neutrinos penetrate to significant depths underground. The muons
produce tertiary fluxes of photons, electrons, and hadrons.

30.4.1. Muons : As discussed in Section 34.6 of this Review, muons lose energy by
ionization and by radiative processes: bremsstrahlung, direct production of e+e− pairs,
and photonuclear interactions. The total muon energy loss may be expressed as a function
of the amount of matter traversed as

−
dEµ

dX
= a + b Eµ , (30.5)

where a is the ionization loss and b is the fractional energy loss by the three radiation
processes. Both are slowly varying functions of energy. The quantity ϵ ≡ a/b (≈ 500 GeV
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Fig. 3. Distribution of the scattering angle for 2 GeV/c muons impinging
orthogonally on a 1 mm thick lead target according to the prediction from the
theory of Meyer (lines) and to the GEANT4 based simulation described in
the text (histograms). Both the cases of a point-like or extended nucleus are
shown in red and black respectively. The arrow marks the angle corresponding
to the OPERA signal region (Sect.VII).
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Fig. 4. As for Fig. 3 but for 8 GeV/c muons.
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Fig. 5. As for Fig. 3 but for 14 GeV/c muons.

p (GeV/c) particle material t (mm) ndata Ref.
7.3 µ Cu 14.4 3.1⇥ 104 [14]

11.7 µ Cu 14.4 8.7⇥ 103 [14]
2.0 µ Pb 12.6 2.5⇥ 107 [15]

0.512 e Pb 0.217 ⇠ (1.25⇥ 1014)/s [11]
[1, 15] µ Pb 2.0 O(104) [16], [17]

TABLE I
EXPERIMENTAL DATA-SETS USED FOR THE BENCHMARKING OF THE

SIMULATION. ndata INDICATES THE NUMBER OF MEASURED PARTICLES.

literature. The goal of these experiments was to investigate the
scattering of muons or electrons at high momentum transfer
to study the nuclear charge distribution. They are hence
particularly suited for our purpose despite being rather old. A
certain degree of extrapolation is present with respect to the
CNGS case due to the use of different energy and particles and
targets. This is mitigated by the fact that a significant variation
of these parameters is sampled and that overall the conditions
are not too dissimilar to the case of interest. A summary of the
basic parameters of the used data-set is given in Tab. I. The
Copper targets are about a factor 3-4 thicker than the OPERA
case while the momentum is in the OPERA window. The Lead
data are represented by a target being thinner by about a factor
ten (low-momentum electrons) and one being about a factor
five thicker but in the OPERA momentum window. It must be
noted that however the characteristic quantity of the process
is the transverse momentum transfer q rather than the incident
momentum. The ability of the simulation in describing the
data in this space is a good indicator of its reliability in the
OPERA region of interest.

A. Copper data with muons (Akimenko et al.)
The experiment [14] was performed in 1986 at the IHEP

accelerator using the HYPERON setup to measure the scatter-
ing of muons of energies of 7.3 and 11.7 GeV/c off a 14.4 mm
thick (one X0) Copper target. The incoming muon direction
was determined with four proportional chambers allowing a
spatial resolution of 0.7 mm and an angular accuracy of 0.3
mrad. A magnet was also employed allowing the incoming
momentum to be estimated with a 3% relative error. Down-
stream of the target, the positions and angular errors were
reduced by about a factor 2 w.r.t to the upstream section. Full
efficiency is claimed up to 50 mrad (qmax = 1.9 fm�1 for
7.3 GeV/c and 3.0 fm�1 for 11.7 GeV/c). A 1.5 m thick iron
absorber was used to stop pions. A selection based on a pair of
Cherenkov counters upstream of the target allowed to achieve
a pion contamination below 2%. In addition, the requirement
of single track scattering was applied to reject events with
nuclear interactions of the pion contamination.

The scattering in the counters was deconvoluted by using
data-sets obtained after the target had been removed. The com-
parison with the simulation is performed for ✓ > 5 mrad since
in this region the background contribution can be neglected.
Real data and Monte Carlo events are normalised to each
other above this threshold. The results are shown in Fig. 6
and Fig. 7 for 11.7 GeV/c and 7.3 GeV/c muons respectively.
In this case the same procedure used for Lead was employed
except for the fact that the Saxon-Wood parametrisation of the
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in standard rock) defines a critical energy below which continuous ionization loss is more
important than radiative losses. Table 30.2 shows a and b values for standard rock, and
b for ice, as a function of muon energy. The second column of Table 30.2 shows the
muon range in standard rock (A = 22, Z = 11, ρ = 2.65 g cm−3). These parameters are
quite sensitive to the chemical composition of the rock, which must be evaluated for each
location.

Table 30.2: Average muon range R and energy loss parameters a and b calculated
for standard rock [67] and the total energy loss parameter b for ice. Range is given

in km-water-equivalent, or 105 g cm−2.

Eµ R a bbrems bpair bnucl
∑

bi
∑

b(ice)

GeV km.w.e. MeV g−1 cm2 10−6 g−1 cm2

10 0.05 2.17 0.70 0.70 0.50 1.90 1.66

100 0.41 2.44 1.10 1.53 0.41 3.04 2.51

1000 2.45 2.68 1.44 2.07 0.41 3.92 3.17

10000 6.09 2.93 1.62 2.27 0.46 4.35 3.78

The intensity of muons underground can be estimated from the muon intensity in the
atmosphere and their rate of energy loss. To the extent that the mild energy dependence
of a and b can be neglected, Eq. (30.5) can be integrated to provide the following relation
between the energy Eµ,0 of a muon at production in the atmosphere and its average
energy Eµ after traversing a thickness X of rock (or ice or water):

Eµ,0 = (Eµ + ϵ) ebX − ϵ . (30.6)

Especially at high energy, however, fluctuations are important and an accurate calculation
requires a simulation that accounts for stochastic energy-loss processes [68].

There are two depth regimes for which Eq. (30.6) can be simplified. For X ≪
b−1 ≈ 2.5 km water equivalent, Eµ,0 ≈ Eµ(X) + aX , while for X ≫ b−1 Eµ,0 ≈
(ϵ + Eµ(X)) exp(bX). Thus at shallow depths the differential muon energy spectrum is
approximately constant for Eµ < aX and steepens to reflect the surface muon spectrum
for Eµ > aX , whereas for X > 2.5 km.w.e. the differential spectrum underground is
again constant for small muon energies but steepens to reflect the surface muon spectrum
for Eµ > ϵ ≈ 0.5 TeV. In the deep regime the shape is independent of depth although
the intensity decreases exponentially with depth. In general the muon spectrum at slant
depth X is

dNµ(X)

dEµ
=

dNµ

dEµ,0

dEµ,0

dEµ
=

dNµ

dEµ,0
ebX , (30.7)

where Eµ,0 is the solution of Eq. (30.6) in the approximation neglecting fluctuations.
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Figure 30.6: Muon charge ratio as a function of the muon momentum from
Refs. [53,54,60,65,66].

30.4. Cosmic rays underground

Only muons and neutrinos penetrate to significant depths underground. The muons
produce tertiary fluxes of photons, electrons, and hadrons.

30.4.1. Muons : As discussed in Section 34.6 of this Review, muons lose energy by
ionization and by radiative processes: bremsstrahlung, direct production of e+e− pairs,
and photonuclear interactions. The total muon energy loss may be expressed as a function
of the amount of matter traversed as

−
dEµ

dX
= a + b Eµ , (30.5)

where a is the ionization loss and b is the fractional energy loss by the three radiation
processes. Both are slowly varying functions of energy. The quantity ϵ ≡ a/b (≈ 500 GeV
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2.1.3. Flux at the sea level
As can be inferred from Fig. 1, the muon flux dominates by more

than one order of magnitude the flux of other particles at the sea level.
It yields approximately 70 /(m2 s sr) on the vertical axis, with a rough
cos2(✓) dependence where ✓ is the angle to this axis. When ✓ increases,
the larger muon path in the atmosphere favors the decay of low energy
muons, resulting in a higher mean energy. A semi-empirical estimate of
themean flux at the sea level for high energymuons (E > 100 GeV/cos ✓)
is given by:

dN
dEd⌦

= 0.14E*2.7

cm2 s sr GeV
ù
`
r
rp

1
1 + 1.1ùE cos ✓

115 GeV

+ 0.054
1 + 1.1ùE cos ✓

850 GeV

a
s
sq

(3)

which shows the separate contributions from pions and kaons to the
muon yield. At lower energies, the non-negligible muon decay proba-
bility as well as several atmospheric and solar effects complicate the
determination of a mean muon flux, but systematic measurements and
some parametrizations are available, see e.g. [9,10] respectively.

Though quite stable, the muon flux can be affected both in space and
in time by several effects of different origins [11]:

÷ the altitude: as seen in Fig. 1, the muon flux increases above the
sea level, essentially because of low energy muons which did not
have time to decay;

÷ the latitude: the flux is lower close to the equator because of the
shielding Earth’s magnetic field;

÷ the solar activity (see previous section);
÷ the atmospheric pressure (short-time effect): a higher pressure in
the lower part of the atmosphere results in a reduced flux, as the
enhanced quantity of air absorbs low energy muons;

÷ the upper atmosphere temperature (seasonal effect): during sum-
mer, the increase of the upper atmosphere temperature enhances
the mean free path of pions and kaons and therefore their
probability to decay into muons [12].

Several simulation tools are nowadays available to study the precise
development of cosmic showers in the atmosphere, like CORSIKA [13],
and to efficiently propagate cosmic muons in thick matter, like MU-
SIC [14,15] or TIERRAS [16].

2.2. Muon imaging

As any other charged particles, muons interact with atoms of the
matter they cross, resulting in a loss of energy and a change of direction
(multiple scattering). These two effects underlie two different kinds of
muon imaging as described in the next sections.

2.2.1. Transmission and absorption muography
Because of the energy loss, a muon has only a certain probability P

to cross a given amount of material. If the mean energy loss (ionization,
excitation and radiative) is large (resp. small) compared to the initial
muon energy, P is very close to 0 (resp. 1).2 The general equations for
the mean energy loss (Bethe–Bloch and Bremsstrahlung) show that for
a thin layer dx of material with density ⇢, it primarily depends on the
product ⇢ ù dx. At first order, the fraction of muons crossing (or non
crossing) a material is therefore determined by the integrated density
over the path length î ⇢(x)dx, a quantity called opacity. The experi-
mental measurements of this fraction in different directions through an
object from a given point of view (the position of the muon detector)
then gives access to a cartography of the opacity, integrated along these
directions. In the usual case where the thickness is actually known, the
mean density is then obtained. This technique is commonly referred as
transmission or absorption muography by analogy with the photography,

2 The exact calculation of P is difficult, as it depends on the fluctuations around the
mean energy loss, but it can be estimated through a simulation.

Fig. 2. Attenuation factor of the vertical cosmic muon flux as a function of the soil depth
(density 2 g/cm3), simulated with the Geant4 package [17].

though the term absorption is actually misleading.3 Though one or the
other term is usually employed in a generic way, it should be emphasized
that they actually refer to distinct images, the transmission (resp. ab-
sorption) image being formed with crossing (resp. non-crossing) muons.
The key ingredient of this technique is the broad energy distribution of
cosmic muons, as some of them can cross several hundred meters of rock
(see Fig. 2), which means that the opacity can still be measured for very
thick objects.

By nature, the transmission muography measures the integrated
opacity, and then provides 2D maps of an object. However, the com-
bination of several 2D projections, either by moving the muon detector
or by surrounding the object with several instruments, can give access
to 3D information. As will be detailed in Section 3, a transmission
muography apparatus consists in one or several detectors (telescope)
which reconstruct the muon trajectory to infer its path through the
object to image. In the transmission mode, the telescope is located
downstream the object and reconstructs only crossing muons, while it
is placed upstream in the absorption mode and complemented by an
additional detector downstream acting as a veto to identify non-crossing
muons. In both modes, the resulting muography image obtained from
the accumulation of many muon tracks is then inherently blurred by two
effects, namely the angular resolution of the telescope and the multiple
scattering within the object and between the object and the telescope.
An example of a raw transmission muography is given in Fig. 3.

2.2.2. Deviation muography
The multiple scattering originating from the collisions with the

nuclei of a relatively thin material deflects the muon direction by
an angle whose distribution is described by the Moliere theory, and
approximately given by a Gaussian of zero mean value and standard
deviation ✓MS :

✓MS = 13.6 MeV
�cp

Q
u

x
X0

�
1 + 0.038 ln(x_X0)

�
(4)

where � is the relativistic factor, p the muon momentum in MeV/c, x
the material thickness, Q the absolute electric charge of the muon and
X0 the radiation length empirically given by:

X0 ˘
716.4 g_cm2

⇢
A

Z(Z + 1) log(287_
˘
(Z))

, (5)

withZ andA the atomic and mass numbers. As for the muon absorption,
the multiple scattering is thus sensitive to the opacity of the material,
and to some extent to its atomic weight [19]. By surrounding an object

3 Indeed, muons either decay (�+ and �*) or are captured (�*) by the material.
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TWO BASIC TECHNIQUES

• Transmission Tomography
Reconstruction of the flux as a 
function of the incoming angle
Muon Radiography, Muography

• Scattering Tomography
Reconstruction of the vertices of 
each large angle scattering for each 
muon. 31

§ Admite apenas a absorção dos muões e a sua
transmissão através da matéria num
percurso essencialmente retilíneo.

§ Deteta o material mais denso mas para o
localizar é preciso “olhar” de outras direções.

§ Permite observar em qualquer escala.

§ Contempla o efeito de dispersão dos muões
ao atravessar a matéria.

§ Localiza o material denso mais rapidamente
e fornece uma informação mais rica.

§ A dimensão do material precisa de caber
entre os dois telescópios.

TOMOGRAFIA	POR	DISPERSÃO					VS. TOMOGRAFIA	POR	TRANSMISSÃOTOMOGRAFIA	
DE	MUÕES
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1955 ICE THICKNESS ABOVE A TUNNEL IN 
AUSTRALIA.
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1969 MUON 
RADIOGRAPHY IN 

CHEPHREN PYRAMID
• Luis Alvarez team looked for hidden 

chambers in Chephren Pyramid in Egypt. 
The detection was made with spark 
chambers and scintillation counters. No 
additional chambers were found at that 
time.

Search for Cavities of the center of the pyramid's base, the 
apparent chamber mapped itself onto 

As the analysis proceeded during 
about 2 months, the value of x2 
dropped slowly to about 1200 as the 
computer's simulation program was 
provided with better geometrical data. 
[In the course of this work we con- 
firmed that the cosmic-ray intensity in 
the momentum range of concern (40 to 
70 Gev) is isotropic and has an integral- 
range power law index of -2.1.1 For 
most of this time we were excited by 
the presence of two "positive regions" 
on our matrix of differences (experi- 
mental minus simulated counts). One 
of these regions apparently signaled the 
presence of a "King's Chamber" direct- 
ly under the apex of the pyramid, about 
30 meters above the Belzoni Cham- 
ber. Because of the displacement of the 
Belzoni Chamber to the north and east 

the southern part of the western face 
of the pyramid. The relative increase 
in counting rate was about 10 percent, 
as expected. The angular size of the 
anomaly could be related to distance 
only by assuming a certain size for the 
floor area of the "chamber." If we as- 
sumed that the anomaly came from a 
room the size of Cheops's King's Cham- 
ber, it had to be about 30 meters 
away, and its plan position turned out 
to be almost exactly central. 

Unfortunately, this large and per- 
sistent signal, together with a larger 
signal over a smaller angular range, 
disappeared as we learned more exactly 
all the dimensions of the apparatus and 
of the pyramid that were important in 
the simulation program. (We had not 
anticipated the need for such accurate 

we- 

Fig. 13. Scatter plots showing the three stages in the combined analytic and visual 
analysis of the data and a plot with a simulated chamber. (a) Simulated "x-ray photo- 
graph" of uncorrected data. (b) Data corrected for the geometrical acceptance of the 
apparatus. (c) Data corrected for pyramid structure as well as geometrical acceptance. 
(d) Same as (c) but with simulated chamber, as in Fig. 12. 

data.) The artifacts we observed are 
mentioned only to show that far from 
"seeing nothing" throughout the anal- 
ysis period, we had three very exciting 
signals that disappeared only after the 
greatest care had been taken to make 
the simulation program correspond ex- 
actly to the geometry of both the ap- 
paratus and the pyramid. 

When the simulation program was as 
complete and as correct as we could 
make it, the fit between the recorded 
and the simulated counts was described 
by a X2 of about 1100. The formal 
rules of statistical analysis say quite 
unequivocally that such a fit is very 
unsatisfactory. But a careful look at 
the matrix of differences showed that 
the increase in X2 (over the expected 
value of about 750) came primarily 
from a rather uniform increase in dif- 
ference values from south to north. If 
we assumed that the cosmic-ray inten- 
sity varied as 1 + d cos 0, where 0 is 
90 degrees in a vertically oriented east- 
west plane, and 0 degree for rays ap- 
proaching horizontally from the north, 
the x2 dropped to 905 when d had the 
value of 0.15 (Fig. 10). Such a value 
of d would correspond to a smooth 
variation in cosmic-ray intensity, from 
30 degrees north to 30 degrees south. 
of k 7  percent. We do  not believe, of 
course, that the cosmic-ray intensity 
changes in such a manner, but it is 
quite reasonable to assume that our 
spark chamber systems had such a 
small and systematic change in sensitiv- 
ity. 

Our confidence in such an explana- 
tion was increased when we found that 
the required value of the constant d 
was different when we analyzed the 
data in two separate samples, one mea- 
sured by each pair of 3- by 6-foot 
(0.9- by 1.8-meter) spark chambers. 
We know that the spark chambers were 
not uniformly sensitive over their whole 
areas, and we discarded all data from 
runs in which there were gross changes 
in sensitivity from point to point in the 
chambers. But we have no technique 
available to compensate for slow varia- 
tions in sensitivity with position. (In 
our next operations, the apparatus will 
be arranged so that it rotates about a 
vertical axis; the linear variation in sen- 
sitivity that we have just postulated will 
average out in the improved apparatus.) 

We made several attempts to simu- 
late the 1 + d sin 0 behavior of the 
apparent cosmic-ray intensity by the 
presence of a chamber above and very 
close to the apparatus. But the more 

SCIENCE, VOL. 167 

Fig. 1 (top right). The pyramids at Giza. 
From left to right, the Third Pyramid of 
Mycerinus, the Second Pyramid of Che- 
phren, the Great Pyramid of Cheops. 
[O National Geographic Society] 

ment of Antiquities in a convincing 
manner that the technique really worked 
as we had calculated. For this purpose 
we required as our test objects not 
large features that were nearby but, 
instead, small features separated from 
the detectors by the greatest possible 
thickness of limestone. Fortunately, 
such features are available in the Sec- 
ond Pyramid; the four diagonal ridges 
that mark the intersections of neighbor- 
ing plane faces were farther from the 
detectors than any other points on the 
individual faces. (From now on, we 
will refer to these ridges as the "cor- 
ners.'') 

cosmic-ray muons that pass through a 
point on a face 10 meters from a corner 
and then down to the detectors can be 
shown to traverse 2.3 fewer meters 
of limestone than do m~ions that strike 

an increase in intensity, corresponding 
to such a decrease in path through the 

of a chamber of "typical size" (5 me- 
ters high) in the pyramid. Since such a / 
chamber would necessarily be closer to ! 
the detectors, it would for these two 
reasons be a much "easier object to K 
see" than the corner. 

The detection equipment was there- 
fore installed in the southeast corner * 
of the Belzoni Chamber, with the ex- 

. & 
pectation that it would first show the 
corners in a convincing ,manner, so that 
the presence or absence of unknown 
chambers could later be demonstrated 
to the satisfaction of all concerned. In 
September 1968 the IBM-1130 com- 
puter at the Ein Shams University 
Computing Center produced the data 

Fig. 2 (bottom right). Cross sections of (a) 
the Great Pyramid of Cheops and (b) the 
Pyramid of Chephren, showing the known 
chambers: ( A )  Smooth limestone cap, (B) 
the Belzoni Chamber, (C) Belzoni's en- 
trance, ( D )  Howard-Vyse's entrance, (E) 
descending passageway, (F) ascending 
passageway, ( G )  underground chamber, 
( I l l  Grand Gallery, (I) King's Chamber, 
( J )  Queen's Chamber, (K) center line of 
the pyramid. 
6 FEBRUARY 1970 833 
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2016 WATER TOWER 
EXPERIMENT

Saclay, France

4 days exposure
Full of water

4 days exposure
Empty

50 x50 cm
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§ O Monte Iwodate
é um vulcão ativo 

situado na Ilha  
Satsuma-Iwojima

no Japão.

§ O trabalho de 
muografia 

realizado no local 
por Tanaka et al. 
(2009) identificou 
a localização da 

chaminé 
vulcânica no 

interior do vulcão.

ILHA	
SATSUMA-
IWOJIMA

§ Os detetores possuíam uma área de 1 m2 e
eram constituídos por uma matriz de 12 x 12
pixeis de 8 cm.

§ Distribuição das densidades médias da
região da chaminé vulcânica no interior do
cone vulcânico.

§ A forma da chaminé está de acordo com o
modelo do fluxo do magma responsável
pela libertação dos gases.

Localização do telescópio “Mu” na Ilha Satsuma-
Iowjima

Monte Iwodate

(Imagens: Tanaka et al, 2009)IGFAE-LIP 26/4/2019



passing through a given thickness of rock (penetrating muon
flux) can be theoretically predicted as a function of the arriving
angle (Fig. 2c). Comparisons between the actual muon flux and
the expected muon flux for various densities of the body yield
density length distributions as a function of f and y.

The muon absorption rate therefore directly measures the
density length (density!muon path length). Once the path
lengths are calculated from topographic information, average
density or4 can be determined along the path lines of the
cosmic-ray muons. As the density length increases, the penetrat-
ing muon flux decreases, and we find that muons penetrating
targets thicker than 2 km water equivalent (kmwe) (equivalent to
1-km rock if or4¼ 2 g cm# 3) are infrequent events. In order
to collect these rare events, we need a detector with a large active
area, typically 41 m2. For example, from the total number of
horizontal muons passing through rock with a thickness of 2
and 4 kmwe respectively, we could expect that a muon detector
records 103 and 102 muons m# 2 sr# 1 day# 1. There are different
versions of large-scale muon detectors including plastic
scintillator-based22, liquid scintillator-based23, gaseous24, water
Cerenkov25 and emulsion-based3 detectors.

During muography measurements, the most prominent class of
backgrounds comes from electromagnetic (EM) components. In
situations where the muography system consists of two position-
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Figure 1 | Experimental set-up of current muographic observation system. (a) A profile of residual gravity and topography sliced along the dotted line in
(b) is derived from Bouguer anomalies of an assumed density of 2.0 g cm# 3 and trend removal of upward-continuation of 500 m (ref. 19) based on
the gravity data set obtained for the published map. (b) The topographic map of Satsuma–Iwojima volcano shows the location of the muon detector
(indicated by Mu). A topographic profile along the A–B line was created to support muographic images.(c) A schematic view of the detector was used for
the present observation. It consists of five lead plates supported by stainless steel plates and six layers of scintillation PSPs. Scale bar 1 m. The inset shows
the layout of the PSP consists of adjacent scintillator strips, which together form a segmented plane. (d) Close-up map of the summit area of the cone in
the box on the map labelled as (b). This enlarged map shows newly created inner crater between 1997 and 2003 (blue, green and orange lines). The grey
line on the map corresponds to the A–B line shown in (b).

Table 1 | Sequence of the 2013 Satsuma–Iwojima eruption.

Date June 4 6 7 16 17 30 July 10

Column height (m) — 300 600 400 100 200 —
Volcanic glow — — — X — X —

Remarks Lv2 eruption Lv2 eruption

Warning issued Warning cancelled

The data were taken from The JMA (Japan Meteorological Agency) Report about Volcanism—
Satsuma–Iwojima Vol. 7 (ref. 39). X marks in the table show that the volcanic glow was
observed during the nighttime on the corresponding day. The column heights are eruption
plume heights.
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Radiographic visualization of magma dynamics
in an erupting volcano
Hiroyuki K.M. Tanaka1, Taro Kusagaya1 & Hiroshi Shinohara2

Radiographic imaging of magma dynamics in a volcanic conduit provides detailed information

about ascent and descent of magma, the magma flow rate, the conduit diameter and inflation

and deflation of magma due to volatile expansion and release. Here we report the first

radiographic observation of the ascent and descent of magma along a conduit utilizing

atmospheric (cosmic ray) muons (muography) with dynamic radiographic imaging. Time

sequential radiographic images show that the top of the magma column ascends right

beneath the crater floor through which the eruption column was observed. In addition to the

visualization of this magma inflation, we report a sequence of images that show magma

descending. We further propose that the monitoring of temporal variations in the gas volume

fraction of magma as well as its position in a conduit can be used to support existing eruption

prediction procedures.

DOI: 10.1038/ncomms4381 OPEN
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frame rate is 10 frames per month (FPM). Figure 3c,d plot the
68% confidence level (1s CL) of the upper limit of the density.
This means that there will be still a statistical fluctuation in these
presentations. In order to evaluate these variations at higher
confidence levels, the bins are packed and compared in Fig. 4.
Figure 4 shows the time-dependent changes in the flux of the
muons after passing through the conduit region for two elevation
angles (y¼ 297±17 and 264±17). In order to achieve higher and
more accurate statistics, the bins are packed within the azimuth
region of the conduit (116 mradofo248 mrad) and thus the
density values are averaged over this azimuth region in this plot.
The surrounding rock density is determined as described above.
The shaded area indicates the 1s zone. Average density measured
during 14–16 June and 29 June–1 July deviates by 42s (95% CL)
from the average value over the entire period excluding above
periods (17–29 June and 1 July–10 July).

Discussion
Our interpretation of Figs 3c,d and 4 is that before 14 June, the top
of a convecting magma column ascended to a level that was 60 m
beneath the crater floor (10 m beneath the newly created crater
floor (Fig. 1d)), and that during the period from 14–16 June, the
condition remained the same. On 16 June, a white-colored
eruption column was ejected from the vent, rising to a height of
400 m above the crater rim. During night-time of the same day, a
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Figure 4 | Time-dependent average density of the conduit. The values as
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linearly of the rock density. However, the nonlinearity of muon spectrum (Fig. 10) reflects in a nonlinear depend-
ence of the expected transmission of ρ α φE ( , , )min , hence also of ρ, resulting in an apparent not uniformity in the 
transmission. Quantitatively, a deviation within the above mentioned (a priori) density range of yellow tuff in the 
Naples area (±20%) was found to induce a fake disuniformity smaller than ∼4%. Such a fake disuniformity would 
limit the sensitivity to the detection of cavities e.g. to a 1.5 m size over 50 m rock thickness. This sensitivity limit is 
further reduced when considering the above uncertainty on the measured density.

Figure 18. Time sequence of muographies obtained in 5 hours of data taking. The drawing was obtained using 
the software root.

Figure 19. Top: Relative transmission R(ρ θ φ, , ) evaluated with the best estimate of the tuff density ρ = 1.71 g/
cm3; the black dots lie on the contour of one of the structures which are observed. Bottom: Projection of the 
black dots in the top figure at z = 25 m, corresponding to the ceiling of a known structure. The drawings were 
obtained using the software root and Autodesk AutoCAD 2015.
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Imaging of underground cavities 
with cosmic-ray muons from 
observations at Mt. Echia (Naples)
G. Saracino1,2, L. Amato3, F. Ambrosino  1,2, G. Antonucci3, L. Bonechi4, L. Cimmino2, L. 
Consiglio5, R. D.’ Alessandro4,6, E. De Luzio7, G. Minin7, P. Noli2, L. Scognamiglio5, P. Strolin1,2 
& A. Varriale5

Muography is an imaging technique based on the measurement of absorption profiles for muons as 
they pass through rocks and earth. Muons are produced in the interactions of high-energy cosmic rays 
in the Earth’s atmosphere. The technique is conceptually similar to usual X-ray radiography, but with 
extended capabilities of investigating over much larger thicknesses of matter thanks to the penetrating 
power of high-energy muons. Over the centuries a complex system of cavities has been excavated in 
the yellow tuff of Mt. Echia, the site of the earliest settlement of the city of Naples in the 8th century 
BC. A new generation muon detector designed by us, was installed under a total rock overburden 
of about 40 metres. A 26 days pilot run provided about 14 millions of muon events. A comparison of 
the measured and expected muon fluxes improved the knowledge of the average rock density. The 
observation of known cavities proved the validity of the muographic technique. Hints on the existence 
of a so far unknown cavity was obtained. The success of the investigation reported here demonstrates 
the substantial progress of muography in underground imaging and is likely to open new avenues for its 
widespread utilisation.

Muons are penetrating particles produced in Nature from the interactions of cosmic rays in the Earth’s atmos-
phere, with a spectrum extending to very high energies. These features allows us to extend the principle of stand-
ard X-ray radiography to the “muography” of very large thicknesses of matter (up to the order of 1 km of standard 
rock). Projective images of their density structure are provided through the determination of muon transmission, 
this in turn depends on the average densities and thicknesses of matter crossed by the muons.

To this purpose, the tracks of through-going muons are measured and the angular distribution of the recon-
structed trajectories is compared to that expected in the absence of absorption, usually obtained from a dedicated 
data taking run with the detector pointing directly to the free sky. An expexted muon flux is then obtained from 
a map of the average density and traversed thicknesses as given by a Digital Terrain Model (DTM). A low density 
region, in particular a cavity, shows up in the data as an excess in the muon transmission.

The first steps in the field of muography occurred in 1955 with the determination of the rock overburden on 
a mountain tunnel from the measurement of the muon flux reduction1. In 1970 Louis Alvarez and collabora-
tors performed a muography of the Chephren pyramid, searching for a hidden burial chamber2. The search was 
unsuccessful, but the feasibility of the technique was demonstrated. More recently the method has been applied 
in the study of the internal structure of volcanoes (see for example3–9 and references therein). Measurements or 
feasibility studies concerning muography applications in archaeology10, 11, mining12, tunnel searches13, 14, geolog-
ical survey15 and nuclear waste detection16 have been reported in literature.

In the study reported here, the technique is used to investigate the underground cavities inside Mt. Echia in 
the city of Naples, with the additional aim of assessing its potentialities. The measurement was performed in the 
framework of the METROPOLIS project coordinated by STRESS S.c.a r.l. and was hosted by the cultural associ-
ation Borbonica Sotteranea.

1Università degli studi di Napoli Federico II, Naples, Italy. 2INFN sezione di Napoli, Naples, Italy. 3TECNO-IN S.P.A., 
Naples, Italy. 4INFN sezione di Firenze, Naples, Italy. 5STRESS S.c.a r.l., Naples, Italy. ͼUniversità di Firenze, Naples, 
Italy. 7Associazione Culturale Borbonica Sotterranea, Naples, Italy. Correspondence and requests for materials 
should be addressed to G.S. (email: giulio.saracino@na.infn.it)
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SCATTERING TOMOGRAPHY

• Legnaro National Laboratory (Italy)

• Detection of radiactive materials in ~1min

sims sims
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real data
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MUON METROLOGY

• We can monitor very slow 
relative drifts (~mm-cm 
per day/month/year) 
between detectors 

• Detectors can be optically 
blocked, buried, etc

• Many applications in civil 
engineering and 
maintainance

IGFAE-LIP 26/4/2019
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• Well known inactive mine
• very well surveyed and excellent infraestructure

• Multidisciplinary team: Detector R&D, Astroparticle Physics and 
Geophysicists

• Develop combined muon-gravimetric mass inversion
• gravimetry is also connected to mass density

• Test sensitivity to different over/under densities:
• Mineral deposits, voids, solid/fragmented rock, water,humid/dry soil

• Long term goals: seed for more interdisciplinary projects
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RPC TELESCOPES

• 1st installed telescope “MiniMu”
• Demonstrator for outreach and 

initial coms and performance tests 
• 2 planes
• 3 x 3 pixels (~30x30 cm)

• 1st prototype (under construction)
• 4 planes, 64 channels
• 7x7 pixels inprecission core
• 15 strips for testing

• 32x32 xy strips in future

  

Plano de leitura 
Zona de alta resolução, 

42 pads ~ 40x40 mm²
Zona de experimentação. 

Tomografia de transmissão com com muões e RPCs @ LIP. 
Planos RPC

 Évora 19-02-2019        Status and design of the first Telescope Prototype               A. BlancoIGFAE-LIP 26/4/2019



CONCLUSIONS

• Muon Tomography and Metrology is an emerging field
• ‘Boom’ in the last ~10 years.

• Due to R&D in detectors
• Wide range of applications

• Geology, Mining, Geophysics.
• Geotechnics, Civil Engineering.
• Archaeology
• Nuclear safety, Metallurgy, CO2 reservoir monitoring

• LIP has formed a interdisciplinary group
• Proof of concept project in Lousal Mine

• RPC technology is extremely competitive in this field due to the 
• optimal high-quality/cost ratio

IGFAE-LIP 26/4/2019
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• 25 m deep (rho=2.6 g/cm3)
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MUON METROLOGY

• Monitoring of relative drifts between 
detectors

S. Procureur Nuclear Inst. and Methods in Physics Research, A 878 (2018) 169–179

Fig. 7. Principle of the muon metrology: the simultaneous reconstruction of muon
trajectory in a reference telescope and the position in a remote detector attached to a
given structure provides the relative position of the remote detector.

explained in Section 4, several telescopes have already been operated in
such conditions over the last few years, proving that carefully designed
instruments can indeed be used in a tough environment.

3.1.5. Autonomy and access
A typical transmission muography experiment routinely lasts several

months. With limited, or even absent infrastructure nearby, the appara-
tus should run on its own. In particular, the electric consumption needed
for all the tasks – high voltages, electronics supply, PC for monitoring,
acquisition, data storage – should be minimized, to fit within local
energy production like solar boards. Standard telescopes consume a
few tens of Watts, i.e. the equivalent of a bulb. For gaseous detectors,
gas leakage and outgassing should be kept small to limit the storage
of bottles. If a quasi-online data analysis is required, a network access
should also be installed to transfer the data. This remote access also
permits regular checking and monitoring, with the possibility of distant
intervention to fix a problem (acquisition crash, software bug, high
voltage tuning, etc.). In the extreme case where no energy is available,
the energy consumption can be lowered to zero with passive detectors
like emulsions.

3.1.6. Miscellaneous
In addition to the above specifications, other parameters may be

relevant for a given application. For example, when muons can cross
the telescope from both sides (like in volcanology or horizontal mea-
surements), the time resolution of the detector is a key issue to separate
both contributions. Beyond the performance itself, the cost and the
industrial production capability are also of particular importance for
applications aiming at massive deployment like homeland security or
civil engineering. This generally calls for a phase of know-how transfer
to the industry which can be highly non-trivial if the manufacturing
process is too complex, or if the market potential is not convincing
enough for the industrial.

3.2. Detection techniques

As already stated, some of the criteria described above are contra-
dictory. Choices have therefore to be made, and historically two classes
of instruments appeared – scintillators and nuclear emulsions – each
focusing on different requirements. With the emergence of deviation
muography, as well as the progress on instrumentation, gaseous detec-
tors showed up as a third, intermediate option in the 2010s.

3.2.1. Plastic scintillators
Scintillators use the light created by the excitation–deexcitation of

atoms interacting with the incoming muons. Photons are collected,
converted into electrons which are then amplified in a photo-multiplier
or a Silicon PM. Scintillators can be optically coupled with WLS fibers
which absorb the primary light and re-emit photons at more appropriate
wavelengths for the PM.

Scintillation detectors have been used for more than a century (see
e.g. the spinthariscope), and combine several advantages for muogra-
phy. They are indeed very robust, easy to build, relatively cheap, prac-
tically insensitive to environmental conditions,6 and provide detection
efficiency close to 100%. Their main drawback is their spatial resolution
p/
˘
(12) which is determined by the width p of the slat. With typical slat

ranging from a few mm to a few cm, the angular resolution can be kept
within 3 to 10mrad with meter-like lever arms.

3.2.2. Nuclear emulsions
Another technique routinely used in muography is the nuclear

emulsion plate. The principle of this detector is the same as the analog
photography: silver halide crystals are mixed in gelatin and coated on
a glass substrate. The interaction of muons first reduces the silver ions
into metallic silver. After the exposure, the emulsion is then developed
to force the reduction reaction around the sites already reduced. In the
last step, the remaining silver halides are dissolved (fixation), leaving a
plate darkened at the muon positions, see Fig. 8. Compared to standard
photography, the nuclear emulsions are thicker to reconstruct the muon
trajectory in 3D and with much higher granularity, resulting in sub-
micron resolution. Such a resolution goes beyond the blurring due
to the multiple scattering within the object, but allows for extremely
compact instruments and large acceptance. The track pattern analysis
and the alternance of emulsions with Lead or Iron plates can also help
to disentangle high energy muons from low energy ones or electrons.
Moreover, this instrument is fully passive and then ideal when no energy
source is available. However, the emulsion lifetime is often limited to a
few months and further drops with high humidity or with temperatures
above roughly 25 ˝C. Furthermore, the data analysis can only take place
after the exposure and is preceded by a time consuming, automatic
scanning to reconstruct the tracks and form the final image. State-of-
the-art scanners like the Hyper Track Selector of the Nagoya University
can now process several square meters a day. Last but not least, no time
information is recorded by the plates which only accumulate the muons
during the whole exposure, preventing from any dynamical monitoring
of the structure.

3.2.3. Gaseous detectors
The muon detection relies here on the interaction with a gas mixture

leading to ionizations along the muon trajectory [24]. Under proper
electric fields, electrons drift towards an anode (plane or wires) and
are accelerated to further ionize the gas, as shown in Fig. 9. A charge
avalanche then develops in the vicinity of the anode, and the movement
of the electron–ion pairs induce a charge collected on readout elements
(wires, strips, pixels) connected to a dedicated electronics.

Numerous advantages triggered the development of gaseous detec-
tors for muography projects. In particular, they can achieve resolutions
of a few hundreds of microns, i.e. at least of factor of 10 better
than scintillators, at still a reasonable cost. Unlike emulsions they also
allow for dynamical studies, thus combining the advantages of the two
historical technologies. Various solutions also exist to limit the number
of electronic channels:

÷ thanks to the signal time measurement, drift-based chambers
offer resolutions at least 3 times better than p_

˘
12;

6 The sensitivity rather originates from other components like the SiPM for the
temperature.
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