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Remote-sensing of tectonic-induced stress across faults using high energy muon beams
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We illustrate a theoretical study of a technique using high-energy muon beams (TeV class) propagating
through thick (kilometer-long) crystalline rock layers subject to tectonic-induced stress, potentially capable of
actively monitoring the temporal evolution of the pressure rise in seismic fault zones associated with earthquake
triggering when the induced tectonic pressure reaches and overcomes the rock elastoplastic deformation limit.
This technique could contribute to improving earthquake forecasting statistics in seismically active regions,
offering support for seismic hazard assessment and prevention strategies. Active monitoring of the induced
tectonic stress and its time evolution is achieved by remote sensing of the electric field generated in quartz
crystals embedded in crystalline rocks by piezoelectric effects. In this context, tectonic pressure refers to the
time-dependent stress field acting on the rock body due to tectonic forces, which adds to the time-independent
lithostatic pressure resulting from the weight of overlying materials. High-energy muon beams transmitted
through a rock layer subject to tectonic pressure will be affected in their transverse phase-space distributions by
the piezoelectric fields, therefore transferring to a detector the information on the applied tectonic stress. Finally,
we illustrate the design of a proof-of-principle experiment to be conducted in a standard accelerator laboratory,
using moderate-energy muons (GeV class) propagating through granite slabs subject to a press-induced stress
reaching the rupture limit. A zero-generation proof-of-principle test can also be performed using 20–150 MeV
electron beams transmitted through single quartz crystals subject to variable pressure.

DOI: 10.1103/6wxr-jgnd

I. INTRODUCTION

The global annual toll of casualties resulting from earth-
quakes underscores the crucial importance of advancing
seismic risk mitigation strategies. Seismic risk prevention re-
lies on the integration of three core elements: the assessment
of seismic hazard through the identification and probabilistic
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modeling of active fault systems; the reduction of structural
vulnerability via earthquake-resistant design and retrofitting
measures; and the preparation of emergency response plans,
including public education and coordination of civil protec-
tion strategies. Together, these components aim to reduce
both structural damage and human casualties in seismically
active regions, but experience shows that their implementation
remains largely limited to developed countries.

Improving the assessment of seismic hazards through in-
novative approaches such as the technique proposed in this
study is essential to strengthen the forecasting component of
earthquake prevention.

In this paper, we describe a possible technique capable
of continuously monitoring the tectonic pressure building up
across fault zones, which leads to the exceedance of the
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FIG. 1. Map of the Italian seismicity from the CPTI15 v.4 Para-
metric Catalog of the Italian Earthquakes [1], as a function of depth
and Moment Magnitude. Only earthquakes with known depth and
Moment Magnitude are included. Earthquakes with depths greater
than 100 km are shown in gray.

rock’s elastoplastic rupture limit and ultimately triggers earth-
quake events. Maximum depths up to about 10 km can be
investigated, a region of the crust characterized by frequent
destructive earthquakes.

Inspection of the distribution map of earthquakes recorded
in Italy from 1918 to 2020 (Fig. 1), along with diagrams
showing the distribution of occurrences as a function of depth
and moment magnitude (Fig. 2), reveals that approximately
55% of the events occurred at depths less than 10 km (74%
at depths less than 20 km) and, among these, approximately
70% had a magnitude moment equal to or greater than 4 (73%
for events with depths less than 20).

The technique is applicable mainly to quartz-rich crys-
talline rocks, since it exploits the piezoelectric field generated
in quartz crystals, which induces a transverse deflection on
the charged particle propagating through the crystal itself.
Charged particles routinely employed in medical, industrial,
and research applications, such as electrons, protons, and ions,
or neutral particles, such as neutrons or photons, are not ca-
pable of penetrating rock layers on the kilometer-thick scale.
Only muons with energies larger than hundreds of GeV can
survive such a journey. Neutrinos also have such capability,
even higher in terms of penetrability, but they are difficult to
produce and detect (and they are not, or very weakly, affected
by electromagnetic fields). Furthermore, muon beams in this
range of energy, produced by particle accelerators, are fully
consistent with the objectives of muon colliders, which are
nowadays intensively under development by the high-energy
physics community.

FIG. 2. (a) Earthquake depth distribution for all events shown in
Fig. 1. A bin interval of 5 km is used. Two main depth clusters are
evident, from 0 to about −80 km depth and from −200 to –350 km.
(b) Detail of the earthquake depth distribution shown in panel (a) for
events with depths shallower than −20 km. Bins of 5 km (blue color)
and 1 km (red color) are used. (c) Earthquake Moment Magnitude
distribution for the same events as in panel (a). A bin of 0.25 is used.
(d) The same as in panel (c) but only for earthquakes with depths
shallower than −20 km.

Using high-energy TeV-class muon beams, several kilome-
ters of rock thickness can be sampled, exploiting the large
penetrability of muons in solid matter. Figure 3 shows how
muons with kinetic energy in the range 500 GeV to 1 TeV can
propagate in silicon dioxide (quartz) up to approximately 1 km
of thickness. In principle, such high-energy muons are capable
of propagating through thick layers of rock, while sampling
the electric field present inside the quartz crystals, which
applies mainly transverse deflections to the muons. The case
of a real crystalline rock will be discussed later. The direction
of the piezoelectric field is randomly distributed in space.
The muons, during propagation, acquire random momenta,
following a random walk. This process is similar to another
typical and well-known diffusion: the Multiple Coulomb Scat-
tering (MCS). However, while MCS is independent of the
applied pressure, the piezoelectric-induced random-walk dif-
fusion is dependent on the pressure time evolution and directly
generates an irreversible beam emittance growth during the
propagation through the rock layer across a tectonic fault.

By measuring the emittance degradation of the muon beam
at the end of its propagation path, it becomes possible to
reconstruct and continuously monitor the effective tectonic
pressure building up across the fault zone, enabling the de-
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FIG. 3. Differential energy loss (dE/dz) of muons, measured in
GeV per meter of propagation in silicon dioxide (fused quartz, SiO2),
as a function of the muon kinetic energy T (in MeV, on a logarithmic
scale). The left y axis shows dE/dz, while the right y axis displays
the CSDA (Continuous Slowing Down Approximation) range in
meters, which represents the mean path length a muon travels before
stopping. Both quantities are extracted from Ref. [2] data.

velopment of an effective earthquake forecasting system. The
sensitivity of this technique to tectonic pressures is analyzed
through numerical simulations, showing the potential to ac-
tively detect tectonic pressures down to a fraction of GPa at
a few kilometers depth/penetration thicknesses. A conceptual
layout of a system based on a TeV-class muon accelerator,
located on the ground in a region rich of active seismic faults,
can be conceived. This scheme adopts and adapts the expected
performances predicted by the vigorous R&D program cur-
rently underway in the high-energy physics community for
the development of future muon colliders [3], which aims to
accelerate, transport, and control intense muon beams up to
multi-TeV energies.

Figure 4 illustrates, as outputs from a FLUKA simulation
[4], the propagation of a muon beam with an initial 1 TeV
energy through 1 km of pure SiO2, followed by 1 km in air.

FIG. 4. 1 TeV muon beam propagating into 1-km-thick pure
SiO2 as simulated by FLUKA: beam fluence in false colors with
muon beam transverse coordinate x on the vertical axis (in cm).

FIG. 5. Muon beam energy spectrum exiting 1-km-thick SiO2.

The muon beam fluence is represented in false colors, demon-
strating how the beam remains well collimated throughout the
entire kilometer-thick matter traversal, with a fluence decrease
of about a factor of 2, implying a beam diameter increase by
just a factor of

√
2 from the initial 2 m at injection into the

SiO2 layer. The distribution of the residual energy spectrum
of the muons after traversing the rock is shown in Fig. 5: Most
muons have a residual energy greater than 50 GeV, which
makes them very adequate for a measurement of all beam
characteristics and its rms momenta after the beam emerges
from the rock. Generally, 72.5% of the initial muons survive
the propagation through the 1-km-thick rock layer.

The paper is therefore organized as follows: In Sec. II, we
discuss how the two types of pressure acting inside the Earth’s
crust handle the equilibrium state of crystalline rocks and
how they may act as precursors of seismic events. Section III
illustrates a theoretical model that derives the fundamental
scaling laws and approximate analytical formulas predicting
the muon beam spot size and divergence angle at the exit
of the rock layer traversal, taking into account the combined
effects of MCS and piezoelectric-induced random walk. In
Sec. IV, we illustrate our calculations, both via semianalytical
models (performed with MuAEGIS, Muon Underground Ac-
tive Earthquake Genesis Investigation Software) and through
detailed numerical simulations (with FLUKA), of high-energy
muon beams propagating through crystalline rocks enriched
in quartz crystals acting as electrostatic diodes. The results
illustrate the expected perturbations in the four-dimensional
transverse phase-space distribution of the muon beam in-
duced by lithostatic pressure within the fault zone. Section V
is focused on a straw-man design of a possible accelerator
complex to generate the requested muon beams, based on ad-
vanced accelerator concepts and modern muon beam transport
techniques. We conclude with Sec. VI by discussing possible
proof-of-principle (p.o.p.) experiments necessary to validate
the theoretical predictions and the numerical simulation re-
sults. In the conclusions, we advocate for immediate efforts
from the relevant scientific communities (earth sciences, seis-
mology, accelerator physics, high-energy physics) to invest
the necessary human and instrumental resources to assess the
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FIG. 6. Optical microscopy image of a quartz-rich gneiss. Large
gray individuals of quartz are bounded by colorful elongated mica
grains. Histogram showing the grain-size distribution for the quartz-
rich gneiss.

feasibility and future implementation of the proposed tech-
nique, ultimately aiming to reduce the human impact of major
seismic events.

II. LITHOSTATIC AND TECTONIC PRESSURES IN FAULT
AREAS: THE CASE WITH CRYSTALLINE ROCKS

Quartz-rich rocks such as granitoids, gneisses, or sand-
stones constitute a large part of the continental crust. They
are composed of quartz, feldspar, and mica, and, depending
on the tectonic evolution, other silicate minerals (Fig. 6).
In an average granitic continental crust composition, quartz
may constitute up to 30% of the crust. The tectonic evolu-
tion may also control the size and distribution of minerals
within rocks, ranging from randomly distributed millimeter-
to centimeter-thick polycrystalline aggregates, to strongly
aligned micrometer-sized aggregates. The preferred orienta-
tion of minerals may arise from either their shape or their
crystallographic structure. The latter better controls the physi-
cal properties, such as piezoelectricity, and may lead to strong
coherent piezoelectric effects, as discussed in Ref. [5]. Fig-
ure 6 shows an example of a polycrystalline quartz aggregate
in a foliated gneiss. Subgrain-size distribution is shown in the
histogram.

In this study, we are interested in the magnitude of stress in
fault areas, which can induce crustal rupture causing in turn
the release of energy in the form of seismic waves associ-
ated with earthquakes. Rock rupture occurs when the stress
exceeds a limiting value, the brittle yield strength, which is

FIG. 7. Empirical values of compresive strength of granite as a
function of temperature, for different values of confining pressure P
(based on Ref. [11], continuum lines, and Ref. [12], dashed lines).

measured experimentally through typical triaxial experiments
in which the strength and the way in which the failure occurs is
measured under different conditions of confining pressure and
temperature (e.g., [6–10], and references therein). In particu-
lar, laboratory experiments indicate that the strength decreases
with temperature and increases with confining pressure. Fig-
ure 7 shows the results of a typical triaxial test for quartzite.

When rock failure occurs through a brittle behavior, mi-
crocracks develop that interact to form a fault along which
the sliding occurs. Since most rock systems have preexisting
microcracks, their strength is lower than that of an intact rock
[8,13] and it is controlled by the resistance against sliding.
One of the most widely used failure criterion is the Mohr-
Coulomb criterion that states that sliding occurs when the
magnitude of the shear stress τ exceeds a critical value τs

defined as

|τ| � τs = τ0 + f σn, (1)

where σn is the normal stress, τ0 is the cohesive strength
(the resistance in the absence of normal stress), and f is the
coefficient of internal friction that, for most rocks, varies in
the range 0.5–0.8 (0.6 � f � 0.7 for quartzite) (Fig. 8).

The stress on a fault plane varies with lithostatic pressure
and tectonic stress. To estimate the normal and shear stresses
shown in Fig. 9, we have assumed that σxx, σyy, and σzz are the
principal stresses (Fig. 10), with the vertical stress σyy that co-
incides with the lithostatic pressure and the horizontal stresses
σxx and σzz equivalent to the sum of the lithostatic pressure
and the tectonic stresses. The normal and shear stresses are
then calculated as

σ = σi jn jni,

τ = σi jn jti,
(2)

where ni and ti are the unit vectors normal and tangential to
the fault plane, respectively.

The data shown in Figs. 7 and 9 indicate that the relevant
pressure range of interest for this study is in the 100–800
MPa (1–8 kbar) interval: The effect of these pressures on
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FIG. 8. 2D simplified graphical representation of the Coulomb failure criterion with the Mohr stress circle at failure. The Coulomb criterion
is shown for both fracturing of intact rocks (red color), on planes with orientation θ , and reactivation of preexisting faults, having orientation
comprised in the 2β angles (blue color). σ1 and σ3 are the maximum and the minimum principal stresses, respectively; τmax is the maximum
shear stress. f = tan φ is the coefficient of internal friction; φ is the internal friction angle; τ0 is the cohesive strength, that is the resistance in
absence of normal stress, and is equal to zero when sliding occurs along a preexisting fault. Inset: Geometrical configuration of the conjugate
fault planes that develop when failure occurs in an intact rock.

FIG. 9. Values of the normal [panel (a)] and shear stress [panel (b)], calculated on a fault plane with a dip of 45◦ and a strike of 45◦, shown
at depths of 0, −5, and −10 km. A density of 2850 kg/m3 is assumed to calculate the lithostatic pressure.
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FIG. 10. Scheme used to calculate the normal and the tangential
components of stress acting on a fault plane with dip β and strike φ′.
Differently from the classical definition of strike φ (angle between
the intersection of the fault plane with the horizontal plane and the
north direction), in the present analysis the strike is intended as the
angle between the intersection of the fault plane with the horizontal
plane, φ′, and the principal direction of stress x.

the piezoelectricity of quartz crystals is discussed in the next
section.

III. MUON PROPAGATION IN CRYSTALLINE ROCKS
WITH PIEZOELECTRICITY: A THEORETICAL MODEL

Quartz is a fundamental mineral found in a wide range of
rocks across various geological environments, including sed-
imentary rocks (e.g., sandstones), metamorphic rocks (e.g.,
quartzites), and igneous rocks (e.g., granites). The distribution
and morphology of quartz grains within these rocks signifi-
cantly influence their overall physical properties, particularly
their piezoelectric behavior. The variable grain size, orien-
tation, and fabric of quartz crystals within the rock matrix
influence its mechanical behavior, wave propagation proper-
ties, and, in specific contexts, its response to tectonic stress.

Whenever an external pressure P acts on a quartz crys-
tal, the piezoelectric effect will generate an electric field Ep

directed along the crystal axis of amplitude Ep (MV/m) =
50P (GPa) = 5P (kbar).

This law holds for temperatures less than 200 ◦C, above
which the scaling decreases and the piezoelectric effect weak-
ens, ultimately disappearing above the Curie temperature of
576 ◦C. Assuming an average continental geothermal gradient
of 25–30 ◦C/km and a surface temperature of approximately
15 ◦C, the 200 ◦C isotherm is typically reached at depths
between 6.2 and 7.4 km. Therefore, for maximum depths on
the order of less than 10 km—and excluding crustal domains
affected by anomalously high geothermal gradients—the
piezoelectric scaling law reported above should represent a
reliable approximation.

Muons penetrating ordinary matter are subject to energy
loss due to the combined ionization and bremsstrahlung ef-
fects, plus a diffusion of transverse momenta due to MCS.
The energy loss effect is described by the Bethe-Bloch-like

formula [14]:

−〈dE〉
dz

= a(E ) + b(E )E , (3)

where a(E ) represents the electronic stopping power dom-
inated by ionization losses and b(E ) accounts for radiative
processes including bremsstrahlung, pair production, and
photonuclear interactions. For high-energy muons (E �
100 GeV), the radiative term b(E )E becomes comparable to
a(E ) (being equal at the muon critical energy Eμc), requiring
a careful evaluation of both contributions in simulations and
experimental analyses. In SiO2, the muon critical energy is
Eμc = 708.2 GeV. For the specific case of SiO2, the depen-
dence of Eq. (3) versus the muon energy E is plotted in Fig.
3. In the following, we will consider relativistic muons, i.e.,
with energy higher than a few GeV. Therefore, in all formu-
las reported below, we assume that the Lorentz factor γ of
the muons is always much larger than 1, implying that they
travel with velocity v close to the speed of light in vacuum c
(i.e., β = v/c � 1). As a consequence of this assumption, the
muon average lifetime (which is 2.2 µs in its own reference
frame) is largely enhanced by the relativistic time dilation:
The average length traveled by muons at 1 TeV of energy is
about 6000 km, while at 1 GeV it reduces down to 6 km, a
length considered compatible with the requirement for muons
to traverse a rock thickness on the order of 1 km underground.

Furthermore, for muon energy above 1 GeV, the difference
in the behavior of negative and positive muons in propagation
through solid matter is negligible.

Transverse momentum diffusion arises primarily from
MCS off-atomic nuclei and electrons. This stochastic process
leads to angular broadening of the muon trajectories described
by the Molière angle formalism [15]; the angular deviation of
ultrarelativistic charged particles traversing a material follows
a Gaussian distribution with an rms angle given by

θ0 = 13.6

cp

√
L

L0

[
1 + 0.038 ln

(
L

L0

)]
, (4)

where θ0 is the Molière angle, p is the particle momentum,
L is the material thickness, and L0 is the radiation length of
the material [16]. The term ln(L/L0) accounts for higher-order
corrections in the scattering process.

The Molière angle θ0 depends critically on the atomic num-
ber Z of the material and its density, as L0 decreases rapidly
with increasing Z .

While the longitudinal energy loss is deterministic and
well described by Eq. (3), the transverse diffusion introduces
probabilistic fluctuations in the muon trajectory, which must
be modeled statistically.

The interplay between these two phenomena determines
the muon range and lateral spread in matter. In crystalline
rocks, differently from other kinds of materials, muons will be
subject also to the piezoelectric field generated by the pressure
acting on the embedded quartz crystals. We will consider
here only the so-called statistical piezoelectricity in rocks, as
discussed in Ref. [5].

Statistical piezoelectricity is due to a random configuration
of quartz crystals in rocks and results in a purely random-walk
process to any charged particle traversing the rock layer. J.
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R. Bishop showed by experimental measurements that there
are also special kinds of rocks, specifically mylonites, pre-
senting a coherent configuration of piezoelectricity (see Fig.
4 in Ref. [5]). The particular organization of the piezoelectric
field in mylonites greatly enhances the deflection of a charged
particle crossing them. The quantitative evaluation of this
coherent piezoelectric enhancement needs future experimen-
tal measurements, as those shown in the proof-of-principle
experiments of second phase, performed with different kinds
of multicrystalline rock samples and discussed in Sec. VI B.

Crystals can indeed be represented as simple diodes with
an electrostatic field given in module by Ep (see formula
above) and whose direction is randomly distributed over the
whole solid angle, following the casual axis of the quartz
crystals distributed inside the granite (or granitelike) rock
matrix. The effect of statistical piezoelectricity on the muon
propagation is modeled by imparting to the particles crossing
the quartz crystals small perturbative kicks due to the piezo-
electric field excited by the active pressure on the rock.

As an example of this simplified scheme, a 1-cm-wide
quartz crystal subject to a pressure of 1 kbar will present an
applied voltage of 50 kV corresponding to an electric field
of 50 kV/cm = 5 MV/m and directed along its symmetry
axis. If the crystal axis is aligned with the x or the y axis
(the muon propagates along z), after traversing the crystal,

the muon transverse momentum pr =
√

p2
x + p2

y will be sud-

denly changed in modulus by an amount equal to |�pr | =
eEpLc/c, where Lc is the thickness of the quartz crystal.
For a 100 GeV muon crossing a 1 cm quartz crystal under
1 kbar of pressure, the angular kick imparted by the piezo-
electric field will be about 50 µrad. In order to describe the
propagation of the high-energy muons, we adopt a stepwise
description of the motion using a thin-lens approximation: On
the impact with the quartz crystal, the muons change only
the momentum, while, instead, the transverse position (x, y)
changes in the drifts inside the rock between two consecutive
quartz crystals by an amount proportional to the accumulated
transverse angle (r′). Because of the randomly distributed
direction of the piezoelectric field active inside the quartz
crystals, we will treat the momentum kicks via a random-walk
approach/description: The longitudinal momentum pz, being
dominated by its very initial large value (as typical for multi-
hundreds of GeV muons), will stay on average unaffected by
the random-walk process, and decreases only due to ionization
and radiative losses, while the transverse momentum pr of
the muon will follow a two-dimensional (2D) random-walk
behavior.

According to the well-known 2D random-walk formula,
we can write the average accumulated transverse momen-
tum as pr (z) = Ep

√
zcLc (pr expressed in MeV/c and Ep

in MV/m), assuming the initial condition pr = 0 at z = 0 at
the beginning of the propagation through the crystalline rock
layer. Here, zc = z fc, where fc represents the filling factor
of quartz crystals inside the hosting crystalline rock, that is,
how much rock thickness crossed by the muons is filled by
quartz (0 < fc < 1). zc is therefore the active length where
the transverse momentum actually undergoes the 2D random-
walk process. In order to derive an approximate analytical
formula, the average muon trajectory angle σr′ = pr (z)/pz(z)

can be calculated by assuming a linear decrease of the muon
longitudinal momentum in the propagation through the rock,
corresponding to the first-order approximation of the solution
of Eq. (3), p = p0 − δz, where δ is the longitudinal momen-
tum loss evaluated in p0.

Integrating the trajectory angle

σr′ (z) = 2

π

Ep
√

zLc fc

p0 − δz
(5)

over the z coordinate, we can derive the average muon dis-
placement σr (z) as

σr (z) = 4

π

Ep
√

Lc

δ

⎛
⎝√

p0

δ
tanh−1

√
δz

p0
− √

z

⎞
⎠. (6)

As an example referred to the data of Fig. 2, taking a
1 TeV muon beam traversing a 1-km-thick SiO2 rock layer,
with an average of 0.9 GeV energy loss per meter, filled with
1-cm-thick quartz crystals (Lc = 1 cm, fc = 1/2) subject to
a 10 kbar pressure generating 50 MV/m piezoelectric field,
the average trajectory angle at the end of the rock layer
(exit energy 100 GeV) will be σr′ = 0.7 mrad for an average
muon displacement of σr = 21 cm. A second relevant exam-
ple, which will be further analyzed in Sec. IV by detailed
numerical simulations, considers 500 GeV muons crossing
600 m of rock with an average energy loss of 0.75 GeV per
meter, and a 4 kbar of tectonic applied pressure generating a
piezoelectric field of 20 MV/m in quartz crystals assumed to
be 2-cm thick (Lc = 2 cm), with a filling factor fc = 2/3. The
muon beam exits, in this case, the 600-m-long rock layer at
50 GeV energy with σr′ = 0.72 mrad and σr = 11 cm.

Since σr′ and σr are, respectively, angular and position
rms values in the muon phase-space distribution generated by
the piezoelectric random-walk (PRW, from now on) diffusion
process, we can compute the transverse emittance generated
by the diffusion process as

εPRW(z) = σr′ (z)σr (z)/(2
√

5)

= 4E2
pLc

√
z

π2
√

5δ(p0 − δz)

⎛
⎝√

p0

δ
tanh−1

√
δz

p0
− √

z

⎞
⎠.

(7)

The normalized emittance will then be

εn,PRW(z) = (p0 − δz)εPRW(z)/mc, (8)

where m = 105.7 MeV is the muon mass. In the first example
mentioned above (1 TeV muons), the emittance dilution suf-
fered by the beam at the end of the 1 km rock crossing will
be huge, 0.031 m rad, while in the second example (500 GeV
muons) will be 0.008 m rad after 600 m.

Following a similar approach, we calculate the Molière
angle [Eq. (4)] for the case of SiO2 with relativistic muons,
neglecting the high-order correction term ln(L/L0). The rms
angle of the muon beam is given by (the suffix MCS stays for
Multiple Coulomb Scattering)

θMCS = 41.9
√

z

(p0 − δz)
[

MeV
c

] , (9)
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which, integrated over the z coordinate, gives an approximate
expression of the muon beam rms spot size σMCS:

σMCS = 83.8

δ

⎛
⎝√

p0

δ
tanh−1

√
δz

p0
− √

z

⎞
⎠. (10)

The normalized increase in emittance due to the MCS mech-
anism is given by

εn,MCS = θMCSσMCS(p0 − δz)/(2
√

5mc). (11)

Combining the two effects, MCS and PRW, we can express the
rms spot size of the muon beam at the exit (assuming � � 1)
as σTOT,

σTOT = σMCS

(
1 + 1

2

σ 2
r

σ 2
MCS

)
= σMCS(1 + �), (12)

where � is given by

� = σTOT

σMCS
− 1 = 1.15 × 10−4 E2

p Lc (13)

and represents the relative enhancement of the beam spot size
due to piezoelectric effects driven by the applied tectonic
pressure. This parameter is the real signature of the tectonic
time evolution toward a seismic event: monitoring � over time
will allow us to follow in real time how a fault is evolving its
status toward a rupture event.

By using the previous example of 500 GeV muons cross-
ing a 600-m-thick layer of SiO2 with Ep = 20 MV/m, Lc =
2 cm, and δ = 0.75 GeV/m, we find that θMCS = 25 mrad,
σTOT = 2.5 m, and εn,MCS = 5.4 m rad. Since the contribution
of piezoelectric random-walk effect is σr = 11 cm [Eq. (12)],
we find that � = 0.001, defined as in Eq. (13), is 0.1% of
the MCS effect, corresponding, in absolute quantities, to an
increase of about 2.5 mm of the unperturbed beam spot size
of 2.5 m.

MCS is the dominant effect, while PRW adds a perturbative
effect both in angle and beam spot size. However, it is worth
noting that the final values of the muon beam emittance after
traversing kilometer-long rock layers are quite huge, i.e., in
the range of m rad, several orders of magnitude larger than the
typical small emittances requested by muon collider scenarios
(in the range of tens of mm mrad). As discussed further in
the next section, this fact implies that the accelerator foreseen
to provide the muon beam requested for the ERMES (Earth-
quake Reconnaissance via Muon beam Evolution in Silicon
dioxide) technique is not supposed to provide small emittance
muon beams, greatly releasing the challenges inherent in the
generation, transport, and manipulation of the muon beam
from the source up to the injection into the rock layer across
the fault area to be monitored. The huge phase-space dilution
applied to the muon beam by the stochastic diffusive process
of the combined MCS and PRW effects makes the exit muon
beam parameters (rms angle and spot size) almost indepen-
dent of the initial beam optics at the entrance into the rock
layer.

Using the last two equations, we can evaluate the total
number of muons per pulse requested for a good imaging
of the PRW effect: The parameter � represents indeed the
relative thickness of the halo generated by PRW over the

transverse beam distribution, which is dominated by the MCS
effect. If ρ0 is the beam density averaged over the entire muon
beam spot at the exit of the rock layer and σTOT the spot rms
dimension, the ratio between the number of muons comprised
in the halo N� and the total number of muons in the beam
NTOT is given by N�/NTOT = 2�. The total number of muons
as a function of the muons in the halo, taking into account the
given expression for �, is NTOT = 4300 · N�/(E2

pLc). If we
consider the most unfavorable case, for which the requested
number of muons in the halo is N� = 103, so to achieve a
good resolution, and assume Ep = 4 MV/m, corresponding to
a weak tectonic pressure of 0.8 kbar, with 1-cm-thick quartz
crystals (Lc = 0.01), we obtain NTOT = 2.7 × 107. This num-
ber corresponds to a quite modest bunch population for any
accelerator system expected to generate and accelerate the
muon beam up to final energy of 500 GeV.

IV. NUMERICAL SIMULATIONS OF MCS AND PRW
WITH A UNIQUE FRAMEWORK: MuAEGIS

The MuAEGIS code models relativistic charged particle
transport through piezoelectric crystalline structures under
extreme tectonic stress conditions. Its primary scientific ob-
jective is to quantify how pressure-induced electric fields
modify beam dynamics compared to baseline MCS and en-
ergy loss processes.

The simulation combines three fundamental interactions:
energy loss through ionization and radiation losses, MCS, and
PRW—with particular emphasis on their collective impact on
transverse beam dimensions.

Particle trajectories evolve through sequential momentum
updates governed by the following:

(1) Energy loss: Calculated using cubic interpolation of
data from comprehensive tables on muon stopping power and
range, in the cases shown in this work, we consider SiO2

rocks, providing dE/dz values across the 1 MeV to 1 TeV
energy range [2,17].

(2) Multiple Coulomb scattering: Evaluation of the
Molière scattering angle following Eq. (4) applying it with a
Monte Carlo approach in a three-dimensional (3D) reference
system. The code works under the paraxial approximation
(pz 	 pr) to ensure faster computation as the scattering
angles are typically below the microradians in the cases
considered.

(3) PRW steering: Momentum kicks by quartz crystals of
length Lc given by �p = eELc/c. The field E is subject to
field suppression when t > 200 ◦C. Its direction is stochasti-
cally distributed over the entire solid angle.

The code initializes particles using truncated Gaussian dis-
tributions in the transverse phase space or imports externally
generated beam distributions to emulate realistic profiles from
tracking simulation tools. In pressure-off simulations (P =
0 kbar), the piezoelectric terms vanish, and only stochastic
scattering processes remain active.

The primary comparison metric—beam envelope
evolution—is obtained through statistical analysis of the
phase space of the tracked particles as they traverse N quartz
crystals, alternated with rock layers of adjustable length. The
intermediate rock layers are assumed to be neutral from the
point of view of piezoeletricity, with the same density and
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FIG. 11. Tracking of 2 × 104 muons along 1 km of crystalline
rock. The path is composed by alternated layers of quartz and simple
rock each 1-cm long. Radial coordinate r in light blue and radial
momentum pr in light red are displayed for a representative subset
of the bunch (20 particles). The average values of these quantities are
shown, respectively, in blue and red.

radiation length as SiO2. The simulation evaluates, layer by
layer, both stochastic MCS and piezoelectric steering effects
via continuous updates of the βγ factor, and considers three
distinct propagation scenarios: MCS only, PRW only, and the
combined action of MCS and PRW.

MuAEGIS is designed such that each particle propagates
through a unique configuration of quartz crystal orienta-
tions, reproducing the stochastic nature of particle trajectories
without requiring storage of the full 3D geometry of the envi-
ronment, which would require excessive memory resources.

As a result, the radial momentum of each particle under-
goes stochastic evolution along its trajectory. However, the
average behavior of the bunch’s radial momentum follows the
well-known scaling law of two-dimensional random walks:√〈p2

r〉 ∝ √
N , where N is the number of crystals traversed. In

Fig. 11, we present the statistical behavior of an ensemble of
2 × 104 muons. The two panels show, respectively, the aver-
age radial position of the particles tracked over 1 km of crys-
talline rock (top panel, in blue) and the average radial momen-
tum (bottom panel, in red). To illustrate the stochastic nature
of individual trajectories as well as the emergence of order
through statistical averaging, a representative subset of 20
muons is displayed in light blue (top) and light red (bottom).

MuAEGIS considers also temperature-dependent effects,
parametrized through a tcoeff suppression factor and simu-
lates the pressure-dependent piezoelectric field calculating it
from the average pressure value, enabling rapid evaluation of
geological parameter variations. Numerical implementation
combines numpy-based matrix operations [18] with multi-
processing across 64 CPU cores for efficient phase-space
sampling. Statistical convergence is verified through ensemble
averaging and making use of a high number of particles,
N > 106 typically, due to the parallel nature of the code.

In order to test the code predictions, we simulated the
case of 106 muons arriving on a detector after a propagation
through 600 m in granite rock. The quartz crystals contained
in the granite aggregate have an average length of 2 cm and
are separated by 1 cm of neutral rock from the point of view
of piezoelectricity. The muons propagate in the rocks with an
initial kinetic energy of 500 GeV. The rock is parametrized
considering SiO2 with density ρ = 2.2 g/cm3 and a radia-
tion length LSiO2

0 = 12.3 cm. We consider a total pressure
(considering lithostatic and tectonic pressure) P = 4 kbar =
400 MPa, representing nearly the maximum achievable value
near a fault zone before the occurrence of an earthquake event,
and a temperature of T < 200 ◦C, as typical of shallow fault
systems.

We performed several simulations of this system under
different initial conditions. Initially, we simulated particles
with identical starting parameters; subsequently, we prop-
agated particle distributions representing a more realistic
phase-space configuration. In all simulations, each particle
traveled through a different configuration of quartz crystal
orientations, mimicking the stochastic nature of the paths that
muons are expected to follow.

The goal of the preliminary study using identical ini-
tial conditions (x = y = z = 0, px = py = 0, and pz =
500 GeV/c) was to estimate the expected PRW effect on
the beam envelope and divergence. As a result, we obtained,
on the detector plane located 600 m downstream from the
starting point, a muon bunch with rms transverse dimensions
σx ≈ σy and rms transverse momenta σpx ≈ σpy . As expected,
the beam centroids remained close to zero, and the system
preserved cylindrical symmetry. For this reason, we adopt the
radial coordinates in the transverse plane, referring to position
and momentum as r and pr , respectively.

We also performed simulations of the same system while
selectively disabling either the MCS effect (to isolate the pure
PRW contribution) or the PRW effect (to isolate the pure MCS
contribution). The resulting transverse beam parameters from
these simulations are summarized in Table I.

The average beam longitudinal momentum at the detection
plane is 〈pz〉 ≈ 49.9 GeV/c, leading to an rms beam diver-
gence of σr′ ≈ 12.8 mrad.

Subsequently, we simulated more realistic bunch distri-
butions, assuming a two-dimensional Gaussian profile with
σx = σy = 20 cm, truncated at 5σ , and an initial normal-
ized emittance of εn,x = εn,y = 50 mm mrad. The results of
the simulations for the three configurations—pure PRW,
pure MCS, and combined PRW + MCS—are reported in
Table II.

The same procedure was applied to a beam with identical
transverse size but degraded quality, characterized by a higher
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TABLE I. Transverse beam parameters obtained from single-
particle tracking simulations at 600 m from the starting point. The
table shows the rms transverse radius σr , the rms transverse mo-
mentum σpr , and the normalized transverse emittance εnr for three
scenarios: with only piezoelectric random walk, with only multiple
Coulomb scattering, and with both effects combined.

σr σpr εnr

(m) (MeV/c) (m rad)

Pure PRW 0.114 46.183 0.013
Pure MCS 2.228 899.259 4.784
PRW + MCS 2.231 900.497 4.797

initial normalized emittance (εn,x = εn,y = 500 mm mrad).
The corresponding results are shown in Table III.

As the results indicate, increasing the emittance by a fac-
tor of 10 does not significantly affect the outcome, since
the beam quality degradation due to PRW and MCS largely
outweighs the initial beam parameters. This demonstrates
that low emittance muon beams similar to those requested
by muon colliders are not strictly required to observe the
investigated effect. A muon beam normalized rms transverse
emittance up to 500–1000 mm mrad looks at all adequate for
this technique. It should be also noted that the muon beam
envelope evolution along the kilometer-scale propagation
length, for the large typical spot size considered at injection
(20 cm rms), even with very large normalized emittances of
1000 mm mrad, would be almost parallel in vacuum, since
the associated optical beta function would be in the range of
hundreds of kilometers: this implies that the calculated strong
muon beam defocusing, leading the beam spot size up to a
couple meters in size at the exit from the 600-m rock layer
(starting from 20 cm at injection), is only determined by the
scattering processes, not by the linear optical beam envelope
behavior.

Conversely, variations in the initial beam size do affect the
emittance growth, as is well known also in the Molière angle
formalism. This behavior is expected, as the phase-space dif-
fusion induced by the random-walk processes acts primarily
on the transverse momentum, enlarging the beam phase-space
area (and hence the emittance) in proportion to the initial
spatial extent of the bunch.

The results obtained with MuAEGIS for realistic muon
bunches show good agreement with the theoretical predictions

TABLE II. Transverse beam parameters from simulations using
a realistic initial phase-space distribution, with a round rms spot
size of 20 cm and an initial normalized transverse emittance of
50 mm rad. Results are shown for three configurations: only piezo-
electric random walk, only multiple Coulomb scattering, and both
effects combined.

σr σpr εnr

(m) (MeV/c) (m rad)

Pure PRW 0.305 46.187 0.088
Pure MCS 2.243 898.059 5.068
PRW + MCS 2.246 899.271 5.081

TABLE III. Transverse beam parameters from simulations using
a realistic initial phase-space distribution with a round rms spot
size of 20 cm and an initial normalized transverse emittance of
500 mm rad. The table reports the rms transverse radius σr , rms
transverse momentum σpr , and normalized transverse emittance εnr

for the cases including only piezoelectric random walk, only multiple
Coulomb scattering, and the combined effect.

σr σpr εnr

(m) (MeV/c) (m rad)

Pure PRW 0.305 46.223 0.088
Pure MCS 2.243 898.451 5.072
PRW + MCS 2.246 899.591 5.084

presented in Sec. III, with discrepancies on the order of 10%–
20% on average. The beam envelope values extracted from
all the simulated distributions correspond to a relative en-
hancement of about � ≈ 0.0013, consistent with theoretical
expectations.

Subsequently, MuAEGIS was employed to study the
scaling behavior of the � factor with increasing pressure,
simulating conditions that may occur in the lead-up to an
earthquake event. We simulated a muon beam with initial
normalized emittance εn,x = εn,y = 50 mm mrad under pres-
sures of 1, 2, 4, 6, and 8 kbar (i.e., 100, 200, 400, 600, and
800 MPa), and analyzed the evolution of the � parameter.

The data reported in Fig. 12 reveal a nonlinear dependence
of the � factor on the applied pressure. At low pressures
(1–2 kbar), the enhancement remains modest, below 10−3,
but increases rapidly for higher stress levels, reaching values
on the order of 5 × 10−3 at 8 kbar. This behavior supports
the hypothesis that piezoelectric interactions in the crystalline
medium become increasingly effective at steering the beam as
the internal stress rises, which is consistent with the expected
behavior near seismic fault activation. The observed trend

FIG. 12. Relative enhancement � of the beam envelope as a
function of the applied pressure in quartz crystals, ranging from 1
to 8 kbar (100–800 MPa). The simulation is based on an initial muon
bunch with normalized emittance εn = 50 mm mrad. A clear non-
linear increase of � is observed, with values growing from ∼10−4 at
1 kbar to over 5 × 10−3 at 8 kbar. This trend reflects the strengthening
of the piezoelectric-induced transverse momentum diffusion as the
stress in the crystal increases. The upper x axis reports the equivalent
pressure in MPa for reference.
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FIG. 13. Comparison of muon beam profiles with and without PRW effect at 8 kbar pressure. Upper plot: Overlaid histograms of the muon
arrival positions (x) on the detector plane for the PRW + MCS case (blue) and the pure MCS case (orange). The two distributions appear
nearly identical in terms of standard deviation (σ ≈ 1.59 m). Lower plot: Bin-by-bin difference between the two histograms, highlighting a
net redistribution of counts from the central region to the tails in the PRW case. A rolling average (red line, window = 10) emphasizes the
trend.

could potentially be modeled by a power law or exponential
growth, suggesting a strong coupling between mechanical
stress and transverse phase-space diffusion.

For the case corresponding to an 8 kbar pressure, we
evaluated the expected detectable modification of the muon
distribution induced by the PRW effect, compared to the
baseline case in which only pure MCS is present. To this
aim, we compare the histograms of the horizontal coordi-
nates (x) of particle arrivals at the detector plane for the two
scenarios, overlaid in the upper plot of Fig. 13. The differ-
ence is barely noticeable, as the rms values are very close:
σxPRW+MCS ≈ 1.596 m and σxMCS ≈ 1.587 m. For a radially sym-
metric distribution, it is useful to recall that σr = √

2σx. The
distinctive behavior becomes clearer when subtracting the his-
tograms bin-by-bin and applying a rolling average to reduce
statistical fluctuations, as shown in the bottom plot of Fig. 13.
The result reveals that the PRW effect leads to an enhanced
redistribution of particles from the center toward the tails
of the distribution, compared to the stress-free (pure MCS)
case.

Since MuAEGIS is based on a semianalytical approxima-
tion, and also neglects all interactions of the primary muons
with matter, which in turn produce secondary particles, we
conducted extensive simulations with the Monte Carlo code
FLUKA to assess the survival rate of muons in traversing
the kilometer-long rock layer, the overall effect on their beam
envelope, and their energy degradation leading to the energy
spectrum exhibited at the exit (this information is not provided
by MuAEGIS due to its inherent approximation schemat-
ics). FLUKA is not presently equipped with the capability

to describe the piezoelectric-induced random-walk process;
therefore, its results should be compared to MuAEGIS’ ones
carried on with just MCS on and PRW off. Using the same set
of parameters illustrated in previous paragraphs, we found that
the 500 GeV primary muons survive only by a fraction of 19%
at the exit of 600-m-thick SiO2 layer, but lots of secondary
muons of high energy are generated by primary muon interac-
tions with nuclei and atomic electrons, so at exit we collect
secondary muons together with the surviving primary ones
at an overall rate nearly equal to 80% of the total number of
primary muons launched into the rock. To illustrate this result,
we plot in Fig. 14 the muon fluence evolution, expressed in
number of particle per cm2 as predicted by FLUKA, along
600 m of SiO2 and a following 400 m of air. The upper
diagram on the left side shows the fluence associated with only
primary muons, while the lower diagram on the left side plots
the fluence of all muons, primary, secondary, and all subse-
quent generations. A cutoff was applied to muons lower than
10 MeV kinetic energy. The initial drop of primary muons is
clearly visible along the first 100 m through the rock, while the
total muon fluence (top diagram) shows a much more gentle
decrease, leading to the overall 80% fraction of muons that
exit the rock layer after 600 m. The muon transverse density
distributions are shown on the right side in Fig. 14, after 200 m
of rock thickness (only primary muons in upper diagram, all
muons in lower diagram). The energy spectra are plotted in
Fig. 15, where the distribution histograms are shown after
200 m, 400 m, and at the rock layer exit at 600 m (only
primary muon spectra and all muon spectra are indicated by
the arrows). The muon beam rms envelope evolution (σr) is
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FIG. 14. FLUKA results showing muon beam fluence (on the left) and transverse density distributions (on the right). Upper diagram on the
left side shows the fluence of only primary muons traversing 600 m of SiO2 and 400 m of air. Lower diagram on the left side shows the fluence
of all muons (primary, secondary, and next generations). Upper diagram on the right shows the muon beam transverse density distribution of
only primary muons after 200 m of rock, while the lower diagram shows all muons.

plotted in Fig. 16, once again separating the contributions of
only primary, only secondary and all muons. The value of the
rms radial spot size of the all muon beam is remarkably close
to what evaluated by MuAEGIS (see Tables I–III).

V. CONCEPTUAL LAYOUTS OF HIGH-ENERGY MUON
ACCELERATORS FOR EARTHQUAKE

FORECAST WITH ERMES

Assuming that the signal carried by the muon beam,
sampling the PRW effect in traversing the kilometer-class
crystalline rock layer across a fault, can be properly mea-
sured by an adequate muon detector located right adjacent
the exit from the rock, one has to consider how the con-
ceptual schematics of the whole muon beam system may be
configured. Based on the state-of-the-art angular resolution
performances of silicon strip detectors, down to 20 µrad, as

discussed in Ref. [19], we notice that the results on transverse
momentum shift due to PRW, reported in Tables I–III, are
consistent with a request of 20 µrad angular resolution. More
relaxed seems the request on spatial resolution, that is in
the range between a few hundreds of microns up to a few
millimeters, according to Tables I–III, while the typical spatial
resolution of silicon strip detectors is between 5 and 10 μm.

In Fig. 17, we show a possible paradigmatic example of an
ERMES facility. In the uppermost diagram, we show a typical
scenario of an incipient fault, i.e., a fracture in the Earth’s crust
along which blocks of rock move relative to each other. Here
we show, for the sake of simplicity, a single fault line/plane
instead of a real scenario consisting of a network of faults
typical of a seismically active area. The tectonic pressure (red
arrows) is acting across the fault line: This is the forerunner
driving effect, which has to be monitored. Hence, the muon
beam must be launched across the fault line/surface at some
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FIG. 15. Energy spectra of primary and all muons at various locations through the rock traversal, i.e., after 200 m, 400 m, and at the rock
layer exit at 600 m.

orthogonal angle and at some adequate depth underground, in
such a way that it can be subject to the PRW effect, as depicted
in the lowest diagram.

That implies a location on the ground surface of the accel-
erator complex devoted to generate the muon beam, which is
then launched underground through a well, hosting the muon
transport line. If necessary, dedicated 90◦ deflection systems
launch the muon perpendicularly across the fault, up to the de-
tector cave, located at nearly the same depth as the deflection
system cave. A more realistic scenario consists in a switchyard
of several muon beam lines, driven by the same muon accel-
erator located on the ground surface, which sample the crust
across multiple fault lines of the same fault network. Each
muon beam line is directed to the surface into a dedicated

FIG. 16. Rms radial beam spot size evolution of the muon beam
simulated with FLUKA, considering only primary muons (green
line), only secondary muons (orange line), and all muons (blue line).

FIG. 17. Conceptual layout of an ERMES facility in a sim-
plified geological fault scenario generated by tectonic stresses.
(a) Unstrained crust at time 1 (t-1) with the muon beam travel-
ing along mostly horizontal paths between source and detector.
(b) Strained crust at elastic limit at time 2 (t-2) with the
incipient fault. (c) Active fault, producing rebound to relieve
stresses (t-3). The muon beam traveling at depth is gener-
ated at ground level, directed downward, and then bent 90◦ to
traverse the rock horizontally across the fault and reach an un-
derground detector. Red arrows represent directions of tectonic
pressures.
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detector housing capable of measuring individual muon
beams in a multiplexing way, sharing the muon accelerator
repetition rate over all muon beam lines. When the fault
line/plane of interest is located at or near the surface in moun-
tainous regions, the muon facility design can be significantly
simplified by directing the muon beam underground quasihor-
izontally without necessarily requiring significant deflections
(see Fig. 17).

Thanks to the rather modest requirements of the ERMES
systems for the muon beam emittance, as well as the muon
bunch population, as discussed in previous sections, the muon
accelerator complex is expected to deliver modest perfor-
mances compared to present muon collider scenarios. This
opens the possibility of employing plasma-based accelerators
and compact muon sources, potentially enabling a ground-
based accelerator complex with a footprint comparable to that
of a modern synchrotron facility.

Muons production by plasma accelerated electron bunches
and use of the Bethe-Heitler process in a high Z-target has
been recently demonstrated [20]. The next generation of
100 J–100 Hz repetition rate class, high-power lasers, to-
gether with meter-scale plasma targets [21], will enable the
acceleration of nC electron bunches at 10 GeV energies
[22]. Following the scalings found in Ref. [23] and Monte
Carlo simulations presented in Ref. [24], all the main compo-
nents enabling the production of ultrashort, GeV-class muon
bunches seem to be within reach in the next decade.

To realize a 500 GeV muon source by Laser WakeField
Acceleration, many plasma stages need to be employed for
overcoming the dephasing between the laser and particles
[25] and extend the maximum energy to the desired value. A
staging proof-of-principle experiment was presented in Ref.
[26], while a facility dedicated to staging and transport op-
timization, also employing active plasma lenses [27,28], was
recently proposed [29].

With all the aforementioned building blocks, we can pro-
pose a conceptual layout for a compact, 500 GeV-class muon
source. The first component would be a plasma-based electron
accelerator delivering �10 nC electron bunch at 10 GeV on a
solid, high Z-target of proper thickness. Keeping into account
also the muons produced by decaying pions, FLUKA simu-
lations indicate a yield of about 5 × 10−4 muons per primary
electron, resulting in ≈107−108 muons per shot. Notice that
μ+ μ− pairs are produced at this stage; plasma acceleration
works properly for negative particles, since the forces are
usually defocusing and decelerating for positive ones.

The produced muon bunch would have an energy in excess
of 2 GeV and a divergence of few degrees, together with a
short length (�1 ps) mimicking that of the driving electron
bunch. With an active plasma lens, the negative muons are
focused in a 0.5-m-long plasma stage with a plasma density
on the order of 1017 cm−3, driven by a hundreds of TW-class
high-power laser for acceleration, while positive ones would
be defocused and lost at this point. The few close to axis
will experience decelerating and defocusing plasma fields and
would likely decay there.

At the assumed energy, muons are already relativistic and
the bunch length would increase significantly only for geomet-
ric effects due to the relatively large divergence (�100 mrad)
after production. As detailed in Ref. [30], this problem, and

the ones arising from chromaticity in focusing, could be
solved by use of carefully tailored nonlinear active plasma
lenses; due to fast acceleration and beam cooling, those issues
are likely to be prominent only in the very first few plasma
stages. In addition, since the number of betatron oscillations
in a single plasma stage is limited and beam quality is not a
concern for our target application, requirements for the bunch
matched size can be loosened.

As shown in Ref. [31] for electrons, the envisioned plasma
stages can reach an accelerating field of 10 GV/m, allowing
to increase muons energy of 5 GeV each with a high charge
transmission rate (�90%) that will rapidly approach unity
as energy is increased. Overall, an ≈50 m active accelera-
tion length is required; considering the active plasma senses
needed for coupling successive plasma stages, an average 1 m
length can be envisioned for each plasma module, totaling an
overall ≈100 m accelerator length. Due to a q/m ratio 200
times smaller than the electron’s, the muons bunch could be
safely U-turned by 10 T superconducting bending magnets
in an ≈80 m radius (at 250 GeV or less) or in about half
that value by curved discharge capillaries [32,33], allowing
the accelerator to be folded and reduce its overall length to
dimensions of a modern synchrotron facility.

VI. PROOF-OF-PRINCIPLE EXPERIMENTS

In this section, we describe two series of p.o.p. experi-
ments aimed at checking the piezoelectric effect of deflecting
a charged particle which is crossing quartz crystals excited by
piezoelectricity to produce an electric field inside them. The
first category of p.o.p. experiment adopts a beam of electrons
injected into a single quartz crystal subject to an external pres-
sure generated by a bench press. Here, the deflection is applied
along the known direction of the quartz crystal axis, either
toward the positive or negative versus. This is a deterministic,
well-tunable and -controllable effect, as described in the first
paragraph of this section. Since the thickness of a single
isolated quartz crystal can be as small as a few millimeters,
one can use an electron beam of moderate energy, instead
of a muon beam, for the sake of simplicity and easiness in
setting up and operating the experiment. The second category
of p.o.p. experiment, illustrated in the second paragraph of
this section, aims at investigating the random-walk process
applied to a low-energy muon beam traversing a short section,
a few meters long, of crystalline rock (granite) with a number
of embedded quartz crystals, laying on a bench press capable
to drive significant pressure on the rock sample, i.e., in the
range of a few hundreds of MPa. For this class of p.o.p.
experiments, muons are needed, so to be capable to propa-
gate through meters of granite, the muon energy requested
is, as discussed below, in the range of a few GeV. These
muons are nowadays available at a number of test facilities
worldwide [34].

A. P.O.P. experiments using single quartz crystals or thin
polycrystalline aggregates

Here, we describe how an electron beam can probe the
piezoelectric response of a single quartz crystal under con-
trolled applied pressure. Modern electron linacs can readily
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TABLE IV. Summary of beam centroid deflection 〈y〉 from
ASTRA simulations for two different beam energies and crystal
configurations, under varying transverse electric field strengths.

En Drift SiO2 length Piezo Ey 〈y〉 Deflection
(MeV) (m) (mm) (MV/m) (mm)

150 1 10 20 1.5
150 1 10 5 0.4
20 0.6 5 20 3.0
20 0.6 5 5 0.77

deliver beams in the 20–150 MeV energy range, and com-
pact high-pressure presses (roughly 1 m3 in overall size) are
available. A quartz crystal measuring approximately 0.5–1 cm
per side can be mounted within such a press, positioned just
downstream of the linac exit. By varying the applied load, one
can map the piezoelectric field generated in the crystal up to
the point of mechanical failure.

To evaluate the feasibility of such an experiment, we
carried out numerical simulations using the well-established
tracking code ASTRA [35]. Beam tracking was performed
after importing a 3D field map of volume 10 × 10 × 10 mm3,
modeling a uniform piezoelectric field oriented perpendicular
to the beam direction. ASTRA also accounts for space-charge
effects, which are particularly relevant at lower beam energies.

We first considered a 150 MeV electron beam (σx =
200 µm, εn = 1 mm mrad) incident perpendicularly on a 10 ×
10 × 10 mm3 quartz crystal. First, the beam was propagated
through the uniform field within the crystal using ASTRA.
After exiting the crystal, MCS effect was applied to ac-
count for stochastic angular broadening, as calculated using
Molière’s theory [Eq. (4)]. The beam then drifts for 1 m
to a downstream diagnostic target. In the absence of pres-
sure, the centroid remains on axis (Fig. 18, upper plot).
When a piezoelectric field of 20 MV/m is applied, the cen-
troid shifts by approximately 1.5 mm (Fig. 18, bottom plot).
Although MCS significantly increases beam emittance and
divergence—potentially requiring an iris in the experimen-
tal setup—the centroid displacement remains distinct and
measurable.

We also simulated a 20 MeV beam traversing a shorter
crystal (10 × 10 × 5 mm3) to limit MCS. At this lower en-
ergy, also considering a low 5 MV/m piezo field still produces
a clear centroid shift of ∼ 0.8 mm after a 60 cm drift, for this
lower energy we consider a shorter drift to limit the beam
enlargement. To check the energy loss of 20 MeV electrons
in a 5-mm-thick quartz crystal, we ran FLUKA and we found
at the crystal exit the energy spectrum shown in Fig. 19. The
spectrum peak is centered at about 20 MeV, with a sharp tail
down to 15–16 MeV, showing that the electron beam crossing
the quartz crystal is still very measurable.

Both energy cases—we have already identified laboratories
where the experimental test could be performed [36,37]—
demonstrate that piezoelectric fields �5 MV/m produce
measurable centroid deflections (Table IV), validating the ex-
perimental approach. This proof-of-principle study paves the
way for an actual experiment to characterize the pressure-to-
field relationship and investigate nonlinear behaviors as quartz
approaches fracture.

FIG. 18. 2D histograms of a 150 MeV electron beam passing
through a 10-mm SiO2 crystal and downstream propagates 1 m. The
top image shows multiple Coulomb scattering only, without piezo-
electric effects; the bottom image includes both Coulomb scattering
and a 20 MV/m piezoelectric field induced by pressure on the crystal.
After the crystal, electrons drift 1 m before reaching a hypothetical
diagnostic target.

B. P.O.P. experiments using meter-thick granite/gneiss slabs

Proof-of-principle experiments with GeV muons should
be carried out using granite bars in sections of meter-sized
length, compatible with available bench presses, with nearly
20 × 20 cm2 section, through which muons are propagated
to sample the stochastically arranged piezoelectric fields of
randomly oriented quartz crystals. To maximize the associated
PRW effect, granite rocks with large quartz crystals should
be chosen, as this enhances the key parameter �, expressed
in Eq. (13). Using 5 GeV muons crossing 5 m overall gran-
ite length, with 2 cm quartz crystals (Lc = 0.02) and 1 cm
neutral gap ( fc = 2/3), the theoretical model described in
Sec. III provides the following results, if a piezoelectric field
Ep = 25 MV/m, corresponding to an induced pressure of
5 kbar (500 MPa), is assumed: σr′ = 1.64 mrad and σr =
5 mm for PRW, and θMCS = 40 mrad and σTOT = 9 cm for
MCS. Therefore, � = 0.0015 is expected, implying a beam
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FIG. 19. Energy spectrum of 20 MeV electrons crossing a 5-mm-
thick quartz crystal.

spot size enhancement of about 140 µm due to PRW over 9 cm
overall beam spot size, just at exit from the granite bars.

The same set of parameters has been tested using
MuAEGIS to propagate a beam with an initial round spot size
of σr0 = 1 cm and normalized emittance εn0 = 103 mm mrad.
These initial conditions correspond to a β function on the
order of the slab length, ensuring that the beam remains
transversely confined within the slab throughout the propa-
gation. The average beam kinetic energy at the slab exit is
2.76 MeV/c.

Accounting for both MCS and PRW effects, the final beam
spot size is σTOT = 73.132 mm with an angular spread of
σ ′

TOT = 30.686 mrad. When the PRW effect is suppressed—
effectively modeling the case where the applied pressure is
released—the resulting spot size is σMCS = 73.005 mm with
σ ′

MCS = 30.626 mrad.
The observed enhancement in the transverse beam size

due to the PRW is approximately 130 µm, corresponding to
a relative increase of � = 1.741 × 10−3.

One further mechanism of investigation should be the po-
tential decrease of MCS due to muon channeling effects, as
described by Ref. [38], in the crystals forming the granite
slabs. Indeed, if muons are subject to channeling in going
through the different types of crystals that form the rock
sample (not only quartz but also feldspar and mica), this could
significantly affect the scattering behavior.

VII. CONCLUSION

We name ERMES the technique described in this paper,
an acronym for Earthquake Reconnaissance via Muon beam
Evolution in Silicon dioxide. The name also echoes Hermes,
the messenger of the gods in Greek mythology, symbolically
evoking the role of high-energy muons as swift carriers of

information through the Earth’s crust, potentially capable of
anticipating large seismic events. We also hope that vigorous
R&D will be carried out to address the several challenges
posed by the construction and test of an ERMES facility. In
particular, this involves developing a conceptual design and
conducting related experimental tests to lay the groundwork
for a real system capable of providing early warnings of
major earthquakes. The proof-of-principle experiments are
absolutely necessary to demonstrate the conceptual ideas
described in this paper, beyond the evidence of theoretical
analysis and simulative predictions illustrated here.

We would also like to underline two further relevant sub-
jects for future investigations.

The first area of investigation should focus on coherent
piezoelectric effects on the muon beam, as extensively dis-
cussed in Ref. [5], where these special conditions are named
“true piezoelectric.” These could lead to a true transverse
deflection of the whole muon beam, opposed to a statisti-
cal random-walk-induced spot size enlargement, as discussed
throughout this paper.

The second area of investigation deals with magnetiza-
tion of rocks that could also lead to either a statistical
effect or a coherent steering effect. A stress field acting on
a crystalline rock influences the growth, reorientation, and
mechanical concentration of ferromagnetic minerals—such
as magnetite—along preferred directions. This process is re-
flected in a stress-controlled modification of the magnetic
susceptibility ellipsoid, whose principal axes tend to align
with the principal directions of stress. The maximum suscepti-
bility axis (Kmax) typically aligns with the extension direction,
and the minimum (Kmin) with the compression direction
(e.g., [39]).

Pure single-domain magnetite has a high magnetic mo-
ment, approximately 92 A m2/kg, but for larger multidomain
magnetite grains, typical of granitic rocks, the magnetic mo-
ment decreases sensibly, and in addition, in such rocks,
magnetite is usually an accessory mineral (less than 1%
by volume), and is generally distributed randomly, yield-
ing relatively weak net remanent magnetizations. However,
under sufficient tectonic stress capable of producing foli-
ation, magnetite grains may be mechanically concentrated
and aligned along foliation planes, or may chemically grow
along such planes from previous phases. In these condi-
tions, the alignment of magnetic moments becomes more
efficient, potentially generating stronger and more anisotropic
net remanent magnetizations. According to Ref. [40], the
remanent magnetization in foliated granites can be 4 times
higher than in unfoliated ones. This enhanced magnetization
may influence the propagation of high-energy muons via the
Lorentz force. Although the piezoelectric contribution from
quartz—often 40%–50% by volume—likely dominates the
electromagnetic interaction with the muon beam, the role
of the contribution of stress-induced magnetization in muon
trajectory perturbation remains plausible and merits further
investigation.

ACKNOWLEDGMENTS

We are very thankful to Marco Zanetti (Università di
Padova) and Paolo Checchia (INFN-Padova) for many useful

043336-16



REMOTE-SENSING OF TECTONIC-INDUCED STRESS … PHYSICAL REVIEW RESEARCH 7, 043336 (2025)

discussions about muon detectors and their performances. We
also thank Luigi Palumbo (Università di Roma La Sapienza)
for his strong encouragement.

DATA AVAILABILITY

The data supporting this study’s findings are available
within the article.

[1] A. Rovida, M. Locati, R. Camassi, B. Lolli, P. Gasperini, and A.
Antonucci, Catalogo parametrico dei terremoti italiani (cpti15),
versione 4.0 (2022), doi: 10.13127/cpti/cpti15.4.

[2] S. Navas et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 110, 030001 (2024).

[3] IMCC & MuCol Annual Meeting 2025, DESY, 12–16 May
2025, https://indico.desy.de/event/45968/.

[4] C. Ahdida et al., New capabilities of the FLUKA multi-purpose
code, Front. Phys. 9, 788253 (2022).

[5] J. R. Bishop, Piezoelectric effects in quartz-rich rocks,
Tectonophysics 77, 297 (1981).

[6] J. D. Byerlee, Theory of friction based on brittle fracture,
J. Appl. Phys. 38, 2928 (1967).

[7] J. D. Byerlee, Brittle-ductile transition in rocks, J. Geophys.
Res. 73, 4741 (1968).

[8] S. ichiro Karato, Deformation of Earth Materials: An Introduc-
tion to the Rheology of Solid Earth (Cambridge University Press,
Cambridge, UK, 2008).

[9] J. G. Ramsay, Folding and Fracturing of Rocks (McGraw-Hill,
New York, 1967).

[10] G. Ranalli, Rheology of the Earth : Deformation and Flow
Processes in Geophysics and Geodynamics (Allen & Unwin,
Boston, MA, 1987).

[11] Z. Liu, H. Wang, Y. Li, X. Wang, and A. P. S. Selvadurai,
Triaxial compressive strength, failure, and rockburst potential
of granite under high-stress and ground-temperature coupled
conditions, Rock Mech. Rock Eng. 56, 911 (2023).

[12] H. T. Yang, J. Xu, L. Wang, M. Nie, and H. N. Ren, Experimen-
tal study on temperature effect of the mechanical properties of
granite, Chin. J. Underground Space Eng. 9, 96 (2013).

[13] M. S. Paterson and T.-F. Wong, Experimental Rock
Deformation—The Brittle Field (Springer, Berlin, 2005).

[14] P. H. Barrett, L. M. Bollinger, G. Cocconi, Y. Eisenberg, and K.
Greisen, Interpretation of cosmic-ray measurements far under-
ground, Rev. Mod. Phys. 24, 133 (1952).

[15] G. Molière, Theorie der Streuung schneller geladener
Teilchen I. Einzelstreuung am abgeschirmten Coulomb-Feld, Z.
Naturforsch. 2, 133 (1947).

[16] K. Borozdin, G. Hogan, C. Morris et al., Radiographic imaging
with cosmic-ray muons, Nature (London) 422, 277 (2003).

[17] D. E. Groom, N. V. Mokhov, and S. I. Striganov, Muon stopping
power and range tables: 10 MeV–100 TeV, At. Data Nucl. Data
Tables 78, 183 (2001).

[18] C. R. Harris et al., Array programming with numpy, Nature
(London) 585, 357 (2020).

[19] G. Abbiendi, C. M. Carloni Calame, U. Marconi, C. Matteuzzi,
G. Montagna, O. Nicrosini, M. Passera, F. Piccinini, R.
Tenchini, L. Trentadue, and G. Venanzoni, Measuring the lead-
ing hadronic contribution to the muon g–2 via μe scattering,
Eur. Phys. J. C 77, 139 (2017).

[20] L. Calvin, E. Gerstmayr, C. Arran, L. Tudor, T. Foster, B.
Bergmann, D. Doria, B. Kettle, H. Maguire, V. Malka et al., Ex-

perimental evidence of muon production from a laser-wakefield
accelerator, arXiv:2503.20904.

[21] E. Rockafellow, J. E. Shrock, B. Miao, A. Sloss, M. S. Le, S. W.
Hancock, S. Zahedpour, R. C. Hollinger, S. Wang, J. King et al.,
High charge laser acceleration of electrons to 10 GeV, Nucl.
Instrum. Methods Phys. Res. Sect. A 1077, 170586 (2025).

[22] A. Picksley, J. Stackhouse, C. Benedetti, K. Nakamura, H. Tsai,
R. Li, B. Miao, J. Shrock, E. Rockafellow, H. Milchberg et al.,
Matched guiding and controlled injection in dark-current-free,
10-GeV-class, channel-guided laser-plasma accelerators, Phys.
Rev. Lett. 133, 255001 (2024).

[23] A. Titov, B. Kämpfer, and H. Takabe, Dimuon production by
laser-wakefield accelerated electrons, Phys. Rev. Spec. Top.
Accel. Beams 12, 111301 (2009).

[24] B. S. Rao, J. H. Jeon, H. T. Kim, and C. H. Nam, Bright
muon source driven by gev electron beams from a compact
laser wakefield accelerator, Plasma Phys. Controlled Fusion 60,
095002 (2018).

[25] E. Esarey, C. B. Schroeder, and W. P. Leemans, Physics of laser-
driven plasma-based electron accelerators, Rev. Mod. Phys. 81,
1229 (2009).

[26] S. Steinke, J. Van Tilborg, C. Benedetti, C. Geddes,
C. Schroeder, J. Daniels, K. Swanson, A. Gonsalves, K.
Nakamura, N. Matlis et al., Multistage coupling of inde-
pendent laser-plasma accelerators, Nature (London) 530, 190
(2016).

[27] J. van Tilborg, S. Steinke, C. Geddes, N. Matlis, B. Shaw, A.
Gonsalves, J. Huijts, K. Nakamura, J. Daniels, C. Schroeder
et al., Active plasma lensing for relativistic laser-plasma-
accelerated electron beams, Phys. Rev. Lett. 115, 184802
(2015).

[28] R. Pompili, M. Anania, M. Bellaveglia, A. Biagioni, S. Bini, F.
Bisesto, E. Brentegani, F. Cardelli, G. Castorina, E. Chiadroni
et al., Focusing of high-brightness electron beams with active-
plasma lenses, Phys. Rev. Lett. 121, 174801 (2018).

[29] C. Lindstrøm, E. Adli, H. Anderson, P. Drobniak, D. Kalvik,
F. Peña, and K. Sjobak, The SPARTA project: Toward
a demonstrator facility for multistage plasma acceleration,
arXiv:2505.14493.

[30] P. Drobniak, E. Adli, H. B. Anderson, A. Dyson, S. Mewes,
K. Sjobak, M. Thévenet, and C. Lindstrøm, Development of
a nonlinear plasma lens for achromatic beam transport, Nucl.
Instrum. Methods Phys. Res. Sect. A 1072, 170223 (2025).

[31] A. R. Rossi, V. Petrillo, A. Bacci, E. Chiadroni, A. Cianchi,
M. Ferrario, A. Giribono, M. R. Conti, L. Serafini, and C.
Vaccarezza, Angstrom wavelength fel driven by 5 GeV lwfa
beam with external injection, J. Phys.: Conf. Ser. 1596, 012004
(2020).

[32] R. Pompili, M. Anania, A. Biagioni, M. Carillo, E. Chiadroni,
A. Cianchi, G. Costa, A. Curcio, L. Crincoli, A. Del Dotto et al.,
Guiding of charged particle beams in curved plasma-discharge
capillaries, Phys. Rev. Lett. 132, 215001 (2024).

043336-17

https://doi.org/10.13127/cpti/cpti15.4
https://doi.org/10.1103/PhysRevD.110.030001
https://indico.desy.de/event/45968/
https://doi.org/10.3389/fphy.2021.788253
https://doi.org/10.1016/0040-1951(81)90268-7
https://doi.org/10.1063/1.1710026
https://doi.org/10.1029/JB073i014p04741
https://doi.org/10.1007/s00603-022-03066-5
http://dxkjxb.cqu.edu.cn/EN/Y2013/V9/I1/96
https://doi.org/10.1103/RevModPhys.24.133
https://doi.org/10.1515/zna-1947-0302
https://doi.org/10.1038/422277a
https://doi.org/10.1006/adnd.2001.0861
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1140/epjc/s10052-017-4633-z
https://arxiv.org/abs/2503.20904
https://doi.org/10.1016/j.nima.2025.170586
https://doi.org/10.1103/PhysRevLett.133.255001
https://doi.org/10.1103/PhysRevSTAB.12.111301
https://doi.org/10.1088/1361-6587/aacdea
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.1038/nature16525
https://doi.org/10.1103/PhysRevLett.115.184802
https://doi.org/10.1103/PhysRevLett.121.174801
https://arxiv.org/abs/2505.14493
https://doi.org/10.1016/j.nima.2025.170223
https://doi.org/10.1088/1742-6596/1596/1/012004
https://doi.org/10.1103/PhysRevLett.132.215001


L. SERAFINI et al. PHYSICAL REVIEW RESEARCH 7, 043336 (2025)

[33] A. Frazzitta, R. Pompili, and A. Rossi, Theory of particle beams
transport over curved plasma-discharge capillaries, Phys. Rev.
Accel. Beams 27, 091301 (2024).

[34] D. Banerjee, J. Bernhard, M. Brugger, N. Charitonidis, G.
D’Alessandro, L. Gatignon, A. Gerbershagen, E. Montbarbon,
C. Mussolini, E. Parozzi, B. Rae, and B. Veit, M2
experimental beamline optics studies for next genera-
tion muon beam experiments at CERN, in Proceedings
of IPAC’21, International Particle Accelerator Conference
No. 12 (JACoW Publishing, Geneva, Switzerland, 2021),
pp. 4041–4044.

[35] K. Floettmann, Astra: A space charge tracking algorithm
(1997), https://www.desy.de/∼mpyflo/Astra_manual/Astra-
Manual_V3.2.pdf.

[36] L. Giuliano, D. Alesini, F. Cardelli, M. Carillo, E. Chiadroni,
M. Coppola, G. Cuttone, A. Curcio, A. De Gregorio, R. Di

Raddo et al., A compact c-band flash electron linear accelerator
prototype for the vhee safest project, Front. Oncol. 15, 1516576
(2025).

[37] P. Valente, B. Buonomo, and G. Mazzitelli, Diagnostics and
upgrade of the DAFNE Beam Test Facility (BTF), Nucl. Phys.
B Proc. Suppl. 150, 362 (2006).

[38] K. B. Korotchenko, E. I. Rozhkova, and S. B. Dabagov,
Cherenkov-channeling radiation by relativistic muons in crys-
tals, Eur. Phys. J. C 80, 927 (2020).

[39] F. Hrouda, Magnetic anisotropy of rocks and its application in
geology and geophysics, Geophys. Surv. 5, 37 (1982).

[40] Y.-I. Otofuji, K. Uno, T. Higashi, T. Ichikawa, T. Ueno, T.
Mishima, and T. Matsuda, Secondary remanent magnetization
carried by magnetite inclusions in silicates: A comparative
study of unremagnetized and remagnetized granites, Earth
Planet. Sci. Lett. 180, 271 (2000).

043336-18

https://doi.org/10.1103/PhysRevAccelBeams.27.091301
https://www.desy.de/~mpyflo/Astra_manual/Astra-Manual_V3.2.pdf
https://doi.org/10.3389/fonc.2025.1516576
https://doi.org/10.1016/j.nuclphysbps.2004.06.013
https://doi.org/10.1140/epjc/s10052-020-08492-9
https://doi.org/10.1007/BF01450244
https://doi.org/10.1016/S0012-821X(00)00169-2

