particles

Review

Cosmic Ray Muon Navigation for Subsurface Environments:
Technologies and Challenges

Dongqing Zhao '2*(, Pengfei Li 2

check for
updates

Academic Editor: Armen Sedrakian

Received: 10 March 2025
Revised: 6 April 2025
Accepted: 16 April 2025
Published: 22 April 2025

Citation: Zhao, D.;Li, P; Li, L.
Cosmic Ray Muon Navigation for
Subsurface Environments:
Technologies and Challenges. Particles
2025, 8,46. https://doi.org/10.3390/
particles8020046

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Linyang Li 2

1 Key Laboratory of Smart Earth, No. 66, Minzuyuan Road, Beijing 100094, China

School of Geospatial Information, Information Engineering University, No. 62, Kexue Road,
Zhengzhou 450001, China; abc139337876001pf@163.com (P.L.); linyangli@whu.edu.cn (L.L.)
*  Correspondence: dongging.zhao@hotmail.com

Abstract: The global navigation satellite system (GNSS), using electromagnetic signals,
enables continuous positioning throughout the entire surface of the Earth. However, un-
derwater and underground environments significantly restrict the propagation of electro-
magnetic waves. The sole approach to aid positioning is the utilization of sound signals.
Signal blockage in underground and indoor environments demands the accurate location
of anchor points for local positioning, which requires previous deployment. Unlike radio
waves, the cosmic ray muons are highly reliable natural signal sources for positioning,
remaining immune to spoofing and interference. Starting from the standpoint of navigation
and positioning, this paper briefly introduces the physical properties of cosmic ray muons
and outlines the measurements and positioning principles of muon navigation, including
trilateral localization based on the time of flight (TOF) and angular localization based on
the angle of arrival (AOA). It subsequently presents the pertinent studies conducted and
analyzes the findings. Finally, the challenges of muon navigation are explored from three
perspectives: positioning signals, positioning models, and application scenarios. This will
offer some new ideas for the domain of localization for further research on muon positioning.

Keywords: cosmic ray muons; muon measurements; muon navigation; time of flight (TOF);
angle of arrival (AOA)

1. Introduction

The global navigation satellite system (GNSS) is the most widely used positioning,
navigation, and timing (PNT) technology. However, radio signals are easily blocked and
jammed, and they cannot penetrate buildings and water. It is only possible to locate in
indoors, underground, and underwater environments with the aid of other techniques such
as inertial measurement unit (IMU) [1], acoustics [2], ultra wideband (UWB) [3], vision [4],
Wi-Fi or 4G/5G [5], geomagnetism [6], gravity [7], and so on. The marine environment
generally employs a combination of the GNSS and the acoustic positioning system [8],
predominantly utilizing long baseline (LBL), short baseline (SBL), and ultra-short baseline
(USBL) techniques. The complexity and variety of the marine environment, in contrast to
the atmosphere, including variations in salinity, temperature, and density, render acoustic
wave pathways unpredictable. Particularly in shallow coastal depths, acoustic wave
propagation is also severely limited by solar radiation, seasonal cycles, the mixing of water
due to currents, and rivers or wastewater. A single sensor’s lack of adaptability prevents it
from meeting ubiquitous localization requirements. Multiple sensor fusion positioning is
used to improve the location accuracy in different scenarios. Frequently used combinations
include GNSS/INS [9], Vision/INS [10], INS/DVL [11], vision/geomagnetism/5G [12],
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and so on. This research aims to develop a smarter, more integrated, and ubiquitously
comprehensive PNT system that works indoors/outdoors, aboveground /underground,
and above water/underwater [13].

Particles and nuclei from celestial bodies, such as supernovae, strike the Earth and
other planets. Due to their extreme energy, these primary cosmic rays interact with the
atmosphere through a series of nuclear processes, resulting in the formation of many
particle clusters. Galactic cosmic rays, predominantly composed of protons, interact with
the Earth’s atmosphere to generate secondary particles, including muons. When these
high-energy protons collide with atmospheric nuclei, they initiate cascades of secondary
particles such as pions and kaons, which subsequently decay into muons. This natural
process contributes significantly to the population of muons observed at the Earth’s surface.
After colliding with the Earth’s atmosphere, these high-energy protons form m mesons,
which then decay into muons and neutrinos. Cosmic ray muons can be used in geophysics
to detect the internal structure of volcanoes [14-16], predict volcanic eruptions [17,18],
monitor tidal movements [19], scan nuclear material [20], synchronize time [21,22], and
even detect structures inside some buildings, like the pyramids [23], the tomb of Qin Shi
Huang [24], and the ancient city walls of Xi’an [25]. In addition to these cosmic sources,
muons can also be produced by manmade accelerators. These facilities accelerate protons to
high energies and direct them toward specific targets, resulting in particle interactions that
similarly produce muons. The fundamental sciences, including materials science, chemistry,
biology, and nuclear physics, are the principal fields that use accelerator-produced muons.

In contrast to GNSS radio signals, cosmic ray muons possess significant penetrating
power and exhibit relativistic characteristics, making them suitable for ubiquitous PNT [26].
Cosmic ray muons impact the Earth’s surface, and unlike radio waves—which are suscepti-
ble to interference from both natural and manmade sources—these high-energy particles
can penetrate deeply into the Earth’s subsurface. Consequently, they work well in enclosed
settings, including indoor, subterranean, and underwater. In 2020, Hiroyuki Tanaka, a
scholar at the University of Tokyo, first proposed the concept of muon navigation [27] and
carried out a series of experiments [28-31]. Other scholars also conducted studies on this
foundation [32-35], introducing muon navigation technology to the public.

This novel technique originated in the field of high-energy particles, where navigation
practitioners were not well-versed in cosmic ray muons. This survey article presents the
basic concepts of muon navigation from the standpoint of PNT. Its objectives are to deepen
our grasp of the muon positioning mechanism, enhance our understanding of cosmic
ray muons, assess positioning errors, and promote the usage of muon navigation. This
manuscript makes the following main contributions:

(1) Some physical properties of cosmic ray muons are sorted out, focusing on the
observed flux results and energy-loss models. These penetration metrics can be used to
evaluate the availability of muon navigation and determine in which scenarios using it
is appropriate.

(2) The necessary measurements for muon navigation are summarized, including
the time of flight (TOF) and incident coordinates. The TOF can be directly converted to
distance for trilateral resection. With the incidence coordinates of each layer, it is possible
to calculate the incidence angle and perform angle of arrival (AOA) positioning. These are
the basic observables for localization and provide the basis for subsequent research on the
principles of muon positioning.

(3) We present the basic principles of muon navigation and related achievements.
The challenges faced are also analyzed in terms of navigation signals, positioning models,
and application scenarios. This provides a valuable reference for further extensive muon
navigation research.



Particles 2025, 8, 46

30f24

This survey paper is organized as follows: Section 2 outlines the physical characteris-
tics of muons, Section 3 examines the principles of muon navigation, Section 4 discusses the
advancement of present studies, and Section 5 provides the challenges of muon navigation.
Section 6 concludes this study.

2. Muon Physical Properties

Cosmic ray muons are second-generation leptons with a mass of 105.7 MeV /c?, which
is 207 times greater than that of an electron and 1/9 the mass of a proton. Muons possess
an electric charge that can be either positive (p+) or negative (1—) and have a spin value of
1/2. Muons are a type of particle that is not stable and has an average lifetime of 2.2 ps.
The decay of muons typically results in the formation of a minimum of three particles,
including an electron with the same charge as the muon, as well as two different types
of neutrinos.

Muons have a significantly greater mass than electrons, and because of this, they expe-
rience considerably less radiation loss than electrons. The primary mechanisms responsible
for the energy loss of muons with energies in the range of several GeV as they traverse a ma-
terial are atomic ionization and Coulomb scattering with atomic nuclei. Atomic ionization
involves muons interacting with electrons in the material, leading to the ionization of atoms.
At the same time, Coulomb scattering refers to the deflection of muons by the electric fields
of atomic nuclei. Understanding these processes is crucial for muon tomography. As a
result, they retain a significant amount of energy during their journey and possess greater
penetrating power compared to X-rays and other forms of radiation. Cosmic ray muons are
generated in the atmosphere at an altitude of 10-20 km and travel at a velocity near that
of light. According to the theory of relativistic time dilation, the observable lifetime of a
muon on the ground is significantly greater than the 2.2 ps in its stationary reference frame.
Consequently, muons remain detectable in the Jinping Mountain underground laboratory
in Sichuan, which has a rock thickness of around 2700 m [36]. This is striking proof of the
accuracy of special relativity.

2.1. Observed Muon Flux

At altitudes of 5-6 km, the flux of muons is comparable to or exceeds that of protons.
At an altitude of around 2 km, the quantity of muons is roughly tenfold more than that of
protons. At sea level, the number of protons is 100 times less than that of muons, and muons
with a momentum larger than 1 GeV/c are measured at 60-70 m2s~lsr~1. On average,
around 10,000 muons hit a square meter of the ocean surface per minute, corresponding to a
frequency of 170 Hz per square meter. Approximately 600 muons pass through the human
body each minute, whereas the hand encounters 1 muon each second [37]. The observations
may deviate from the above data due to several factors such as the station altitude, solar
activity, the magnetic fields of the Earth and Sun, and weather conditions [38].

Physicists have conducted extensive muon flux measurements in various corners of the
Earth. These experiments in the atmosphere, on the ground, in subterranean tunnels and
caves, underwater, and other locations provide extensive fundamental data for the study
of muon characteristics. Enqvist et al. [39] used the same detector to measure the fluxes at
different depths in the Pyhésalmi mine in central Finland. Bergamasco et al. [40] have been
making measurements at a specific site in the Mont Blanc Tunnel, which varies in depth
from 50 m west to 4330 m. During 645.2 days of observation, Guo et al. [41] discovered
264 high-energy muons at the 2700 m Jinping Mountain underground laboratory. Table 1
also summarizes several other observed results, where the second column is the subsurface
depth of soil or rock, and the third column indicates the equivalent depth at which the
density is converted to water.
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Table 1. Flux of muons at different depths underground.

) Depth Intensity
Location 1
(m) (w.e.) (m) (m—2s1)
Pyhésalmi, Finland [39] 0 0 180 £ 20
Mont Blanc, France [40] 41 106 5.82 +0.05
Holborn, UK [42] 72 183 2.03+0.07
Homestake, USA [43] 240 712 (6.6 £0.2) x 1072
Pyhéasalmi, Finland [39] 400 980 (214+0.2) x 1072
WIPP, USA [44] 655 1585 (48+0.1) x 1073
Soudan, USA [45] 713 1950 (204+0.2) x 1073
Boulby, UK [46] 1070 2805 (414+02) x 1074
Gran Sasso, Italy [47] 1462 3800 (3.440.01) x 1074
SUREF, USA [48] 1478 4227 (4.640.33) x 107°
Sudbury, Canada [49] 2196 6150 (3.84+0.4) x 107
Jinpingshan, China [41] 2700 7560 (35+0.2) x 107

The table indicates that muons have a great penetrating ability to reach several kilo-
meters underground, which is very important for realizing global ubiquitous positioning.
However, most muons cannot reach the extensive depths of seawater, because numerous
data show that the average energy of muons on the Earth’s surface is only 3—4 GeV. These
detected muons of several thousand meters represent a limited quantity of high-energy
muons observed over a long time. In practice, the flux at a given depth underwater is
typically modeled using the depth vertical intensity relation function as

_
el M

I(h) = A(

where [ is the intensity and # is the depth. A, hy, and « are fit from the measured data [50].

However, these simulated parameters of vertical equivalent underground intensity are only

approximately at zenith angles below 30° [51]. In addition, various datasets are usually

combined but not corrected and compensated for, so the fit may only pursue experiments
with small errors.

From Equation (1), we can find that muon penetration is influenced not only by energy

but also by the incident angle. Let I represent the entire muon flux, and the flux at incident

angle 0 can be expressed as
1(6) = Ipcos“ 6 2)

where « is the angular dependence parameter, which characterizes the rate at which the
muon flux decreases with an increasing incident angle. The parameter « varies slightly with
the change in location of the measurements, the altitude, and the muon energy intervals. In
general, it can be assumed that « = 2, i.e., the flux of muons is proportional to cos? 6 [52].

It can be seen that the muon flux is not only related to the depth of the subsurface but
also to the azimuth angle. Thus, the count of muons can be expressed as a function of energy
and the azimuth angle. There are two methods to describe it. One is a full Monte Carlo
simulation of the opening of atmospheric clusters produced by primary cosmic radiation,
taking into account geomagnetic- and altitude-dependent muon interactions. An example is
CORSIKA [53]. The other is a parametric model based on the fitting of experimental values,
such as the Gaisser Model [54], Gaisser/Tang Model [55], Bugaev/Reyna Model [56], etc.
Other algorithms such as the EcoMug Model [57] are sometimes used [58].

The Gaisser Model was proposed in 1990 and is concerned with the production of
muons from the two-body decay of pions and kaons. When the muon energy E > ¢,
(where €, = 1.0 GeV is the critical energy of atmospheric muons), muon decay and energy
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loss in the atmosphere can be neglected. This is the cosmic ray muon flux (in GeV) at sea
level given by Gaisser:

dI ( E >2‘7 ( 1 0.054 )

£ 014 — + 3)
. 0 . 0

dE GeV 1+ rey 1+ gromy

Although the muon flux expressed in the above equation is relatively stable, it is still
affected by several different factors in space and time [59]:

(1) Altitude: The muon flux increases with altitude from sea level upward, primarily
because the number of low-energy muons lost through interactions with the atmosphere
decreases as elevation rises.

(2) Latitude: The flux is lower near the equator due to shielding from the Earth’s
magnetic field.

(3) Solar activity: The intensity of the low-energy part of the muon energy spectrum
depends on the solar magnetic deflection and is inversely correlated with solar activity.

(4) Atmospheric pressure (short time effect): Higher pressure in the lower atmosphere
decreases the flux because the increased volume of air absorbs the lower energy muons.

(5) Upper atmospheric temperature (seasonal effect): The temperature of the upper
atmosphere increases during the summer months, increasing the mean free path of pions
and kaons, and thus the likelihood that they will decay into muons.

2.2. Energy-Loss Models

The energy value of a muon directly affects its penetrating capability. Energy loss can
be classified into two types: continuous and random. The former relates to the electromag-
netic interaction between the charged muon and the atoms in the material, resulting in the
ionization of the atoms. The muon continuously loses energy as its flight distance increases.
In the latter case, the initial energy is relatively large, and the remaining stochastic process
is just as significant as the energy loss from the ionization effect. The density and thickness
of the medium solely influence the rate of energy loss, meaning the muon’s density in
material and the distance of flight serve as the primary theoretical foundation for muon
detection [60].

The Bethe-Bloch equation, first published in 1930 [61], and its improved version [62],
expresses the mass loss power (in MeVg~!cm?) as

dE - »Z 1|1 ngczﬁz’)’zwmax 2 5(18’)’)
(~fx) = K5 | gin b e g2 200 @

where X = x-p is called opacity and p is the density of crossed materials in g/cm3, K is a
proportionality coefficient, the value is 0.3071 MeVg~!cm?, z is the charge of the incident
particle (z = 1 for muon), Z and A are the atomic number and mass of the absorber, I is
the average excitation energy, the approximation is expressed as [ = 16Z%° eV (Z > 1),
m, is the electron mass, Wy,4y is the maximum energy transfer in a single collision, j is
the relativistic velocity, v is the Lorentz factor, fy = p/Mc (p is momentum, M is mass,
and c is the speed of light), 6(B+) is the density of the loss of energy from ionization effect
correction. For high-energy particles, —4(B) approximation is 2Iny + {, where { is a
constant term dependent on matter. At non-relativistic energies, <731TE<> as a whole is

affected by the B2 factor and decreases with increasing velocity v until it is minimized
at v = 0.96c. In practice, most relativistic particles, such as cosmic ray muons, have an
average energy-loss rate close to the minimum.
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Equation (4) describes the mass loss power for a given simple material. A mixed
material can be found by integrating as follows:

1dE dE

Wi
sax =T (&) ®)

where w; is the weight of the ith material in the mixture.

In practice, it is important to know how far the muon can penetrate the matter before
it loses its energy, which depends on the type of material and the energy of the muon. For
simplicity, Equation (4) is sometimes written as

<-jf{> — a(E) + b(E)E 6)

where the parameters 2 and b depend on the muon energy and on the atomic composition
of materials through the average of the ratios Z/A and Z2/A. Groom et al. [63] give
relevant parameters for various materials.

Since muons decay because they interact with the matter, their energy loss is propor-
tional to the length and density of the crossed materials. If it is assumed that the muon
passes through matter in a straight line; the relationship between the opacity X and the
density p of the penetrating materials and the path length L can be expressed as

X(0) = [ px)d ”)
If the density is constant along L, the equation becomes
X(L) = pL (8)
Otherwise, the average density p can be used to represent
X(L) =pL )

3. Muon Measurements

The device that measures information such as the number, momentum, direction,
and time is called a muon detector. For multiple kinds of applications, a lot of muon
detectors have been specifically conceived, developed, and manufactured. These detectors
exhibit exceptional detection performance and are highly reliable. The detector is the basic
observing equipment of the muon navigation, and its type and performance have a direct
impact on positioning.

3.1. Detectors

Presently, widely used detectors include scintillator detectors, gas detectors, and
nuclear emulsion detectors, alongside the recently devised ring image Cherenkov detec-
tor [37]. These detectors are suitable for different scenarios depending on the application
requirements. Overall, it seems that the choice of a detector depends on several factors [64].

(a) Size: In order to enhance statistics and improve the ability to detect the direction of
cosmic ray muons, big detectors are necessary. These detectors typically have dimensions

ranging from 30 x 30 cm? to several m?

. The use of larger detectors helps to reduce
observing time and minimize statistical errors.

(b) Resolution: The resolution is a crucial factor of measurement precision, which
can be divided into angular resolution and location resolution. Various applications have

distinct resolution requirements, often ranging from sub-milliradians to ten milliradians
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(mrad) in terms of angular resolution. The relationship between the angular resolution Ax
and the location resolution Ar is given by the equation Ar = L x Aa, where L represents the
distance between the detector and the observed item. The resolution of the detector’s posi-
tion is often constrained to p/+/12, where p represents the pixel size [59]. This limitation is
necessary to strike a compromise between the size of the detector and its angular resolution.

(c) Stability: The temperature, humidity, weather conditions, and power supply
directly influence the detector’s performance. Furthermore, the muon flux is typically low
and requires prolonged observation.

The principle of a scintillator detector is to utilize the photons generated when a
particle passes through a scintillator material (e.g., plastic or crystal), which are then
converted into an electrical signal and processed by a photoconverter. Commonly used
photoelectric converters include photomultipliers (PMTs), silicon photomultipliers (SiPMs),
and so on. Scintillator detectors have high sensitivity, fast response times, and high energy
resolution but are relatively costly and have certain requirements on the temperature and
humidity of the environment.

Gas detectors use special gases such as argon, methane, etc., as a detection medium
and make observations using the ionization that occurs with the gas when the muon passes
through. Overall, the gas detectors have high sensitivity and spatial resolution with good
scalability but require high gas purity.

The principle of a nuclear emulsion detector is similar to that of a conventional film
camera. When a muon passes through, a light-sensitive material containing silver salts
(e.g., silver bromide) interacts with the muon and leaves a latent image. By analyzing
the latent image, the precise trajectory of the muon can be obtained, resulting in high
spatial resolution and no need for a power source, which makes it suitable for long-term
observations but not for real-time processing.

Cherenkov radiation is produced when charged particles travel faster than light in a
medium. In order to collect the photons produced by Cherenkov radiation, a light collection
system is usually required. Cherenkov detectors have high velocity resolution and do not
require external energy input, making them suitable for long-term observations. Their
performance is mainly limited by the light collection system.

3.2. Time of Flight

In order to measure the TOF of a muon between different detectors, a common
approach is to integrate a time-to-digital converter (TDC) or an analog-to-digital converter
(ADC) into the board design or chip-level integration. Since the muon velocities are
generally close to the speed of light ¢, and the typical size of the detectors is on the
meter scale, advanced TOF measurement techniques should achieve a sub-nanosecond
time resolution.

In current high-energy physics, the fully developed and widely used TOF measuring
technology is based on the plastic scintillation counter read out by the PMT. Figure 1 is a
typical device.

In the final processing step, two pulse signals with a time interval of T are digitized
by the ADC and sent to the processor for further analysis. The digitized signals can
be converted to frequency domain signals by means of the discrete Fourier transform
(DFT). A cross-correlation operation is then performed to extract the frequency and phase
information of its cross-correlation function. Accordingly, Wang achieved a time precision
better than 50 ps [65]. Augusto, on the other hand, used the Hilbert transformation
incorporated into LabVIEW 7.1 software to measure the time with a precision of 1.5 ns
between two detectors separated by 3 m [66].
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scintillator 1 PMT CDF

<

TDC ‘_ D

\ /
scintillator 2 CDF

Figure 1. When a muon hits the upper detector, its interaction with a scintillator produces scintillation
light. Amplified by the PMT, the time information is extracted by the constant fraction discriminator
(CFD) and converted into an electrical signal by the TDC. The computer records the moment. Similarly,
when the muon hits the lower detector, the computer records another moment, and the difference

between these two moments is the TOF of the muon between the two detectors. The blue line
is the direction of muon flight. When the two detectors are far apart, the TDC modules can be
designed independently.

The amount of scintillator light, rise time, thickness, attenuation length, and the
effective light-receiving area of the PMT primarily determine the temporal resolution of
scintillator detectors. Niwase et al. [67] describe an alpha-TOF detector with an ionization
chamber, electron multiplier, and signal output. In addition, Chaber et al. [68] mention
the use of TOF in particle physics experiments, such as detector designs in the ALICE and
ATLAS experiments, using a fine-particle gas chamber (MRPC) to achieve high temporal
resolution. Sykora et al. [69] describe the performance of the ATLAS ToF detector in proton
detection, involving time measurement and signal processing.

3.3. Incident Coordinates

High-energy physics experiments sometimes necessitate the tracking of muons by
measuring parameters such as time, velocity, momentum, and coordinates. The data for
the muon navigation system are established by determining the incident coordinates of
the muon at a reference detector. By measuring the exact position of the muon at each
layer as it traverses a multi-layer detector, the angle of incidence may be computed. This
enables AOA localization. This information is crucial for determining the object’s position
in subsurface environments.

The principle of incident coordinate measuring differs depending on the type of
detector employed. Each is delineated below by detector types.

3.3.1. Gaseous Detectors

Gaseous detectors, including drift tubes, multi-wire proportional chambers (MWPCs),
and drift chambers (Figure 2) [70], dominate muon tracking due to their high spatial
resolution and adaptability.

They can utilize various inert gases such as argon, xenon, and hydrocarbons as
working gases for proportional detector operation. Muons will ionize gas atoms when
passing through the detector. If an external electric field is applied, a Townsend avalanche
will occur near the metal wire. The simplest construction method is a row of aluminum
tubes stacked side by side. In practical applications, a large number of drift tubes are used
to form the detection plane.
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(@) (b) (©)

cathode

i [anode wires T |1 (1 1T

SEDdS R cathode strips anode wires
Figure 2. The schematic of the gas detector structure: (a) drift tube; (b) multi-wire proportional
chamber; (c) drift chamber. The dashed line is anode wire. In the center of each drift tube is an anode
wire used to collect electrons generated by ionization of muons and the gas. The MWPC consists of
multiple cathode strips separating the anode wires to get more precise location. The drift chamber
calculates the distance between the muon and anode wires by measuring the time it takes for the
electrons to travel through the gas.

The MWPC has been the most popular choice for high-energy physical track detection
systems, especially in research that needs very high space resolution. The MWPC [71] is
a planar detector composed of multiple proportional counters. Nevertheless, the MWPC
is limited to providing coordinates that are perpendicular to the wire rather than parallel
to it. It is necessary to use cathode strips in order to achieve a spatial resolution of 50 pm
along the wire direction. Using an anode of numerous strips of insulating or semiconductor
materials instead of filaments can significantly boost the count rate of a microstructural gas
detector, such as MWPC [72,73]. This increase is more than 10 times greater, resulting in a
count rate that is one order of magnitude higher. As a result, this type of gas detector is
currently the most commonly employed.

The drift chamber determines the distance traveled by particles passing through the
chamber by measuring the time delay between the charge hitting the anode wire and the
particles reaching the chamber. Reducing either the number of wires or the spacing between
them can greatly enhance the space resolution [74]. When the drift velocity is v and the
electronic time resolution is ¢, the space resolution should be vt. Notice that this does not
account for electron diffusion. A large drift chamber typically has a spatial resolution of
200 pm, whereas a small drift chamber has a space resolution of 20 pm. Table 2 lists the gas
detectors developed by the main relevant institutions.

Table 2. Gas detectors developed by major institutions.

Detector Type Researcher Layers Resolution (mm) Size (cm?)
LANL [75] 6 0.4 120 x 120
Drift tub LANL [76] 12 2 mrad 365 x 365
rift tube INEN [77] 8 — 200 x 200
CIAE [78] 6 0.5 120 x 240

MWPC UTokyo [79] 6 1.8 20 x 32
INFN [80] 8 0.2 300 x 250
Rift chamb CRIPT [81] 6 1.7 240 x 120
Htchamber  RIHEP [82] 8 0.2 300 x 300

—_
N

AWE [83] 1.2 180 x 60
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3.3.2. Scintillation Detectors

The structure diagram of the plastic scintillator detector includes a stacked layout
structure [84], triangular interlocking structures [85], a scintillating fiber tiling structure [86],
a lateral coupling structure [87], and a compact structure [88].

Istituto Nazionale di Fisica Nucleare (INFN) designed a lightweight muon transmis-
sion imaging detector in the Muon Imaging for Miningand Archaeology (MIMA) project
using a stacked scintillator layout (Figure 3a) to measure the muon vertical flux [84].
The most commonly used is the staggered arrangement of triangular scintillator strips
(Figure 3b), such as the MU-RAY [89], MURAVES [85], the muon imaging system designed
by the Canadian CRIPT cooperation [90], and the small cosmic ray muon imaging prototype
of Lanzhou University—LUMIS (Lanzhou University Muon Imaging System) [91]. In addi-
tion, scintillation fibers can also be used for the construction of muon imaging detectors,
as shown in Figure 3c. In 2022, Zhai et al. proposed a lateral coupling arrangement of
plastic scintillator strips [87] (Figure 3d). Figure 3e is mainly a drilled muon detector used
in special application scenarios [88].

(@

©

Figure 3. The structure diagram of the plastic scintillator detector: (a) stacked layout structure;
(b) triangular interlocking structure; (c) scintillating fiber tiling structure; (d) lateral coupling structure;
(e) compact structure. The dashed lines are the incident directions of muons.

Regardless of the geometric configuration, the detection principle involves scintillation
photons emitted along the particle trajectory being collected either via light guides, through
wavelength-shifting fibers (WLSs) typically encapsulated within the scintillator bar itself, or
by direct coupling to SiPMs (or PMTs) attached to the scintillator bar. The electrical signals
are then transmitted to a computer, where algorithmic processing determines the position.

Obviously, the position resolution of a scintillator detector is directly related to the size
of the scintillator strips. Usually, when a muon hits any position of the strip, a light signal
is generated, and different light signals will not be generated due to different hit positions.
Therefore, the position accuracy is the size of a single scintillator strip. The smaller the
strip, the higher the coordinate measurement accuracy.
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3.3.3. Other Detectors

Strips replace the anode in the microstrip gas chamber (MSGC), a downsized mul-
tifilament proportional chamber. Muon imaging has a spatial resolution of 20-30 pum,
although it is subject to an aging effect [92]. Currently, micromegas [93] and gas electron
multiplier [94] are the most widely used detectors, which exhibit a gain of at least two
orders of magnitude higher than microstructural gas detectors.

Silicon microstrip detectors can achieve a spatial resolution of approximately 10 pm or
higher [95]. They can be used as vertex detectors in the central region of particle physics
experiments or as focal plane detectors on satellites. Although semiconductor position-
sensitive detectors exhibit superior spatial resolution, their unit area cost is significantly
higher compared to the aforementioned detector technologies.

Another detector is the Cherenkov detector. The physical principle of this method,
as stated in Section 3.1, involves the emission of electromagnetic radiation when charged
particles traverse a medium (such as air) at speeds exceeding the phase velocity of light
in that medium. The Cherenkov light generated along the muon path is imaged as a
characteristic ring-shaped pattern (easily distinguishable from most background particles),
where both the shape and brightness allow for the reconstruction of the muon’s trajectory
and energy [70]. Cherenkov techniques are widely used in astroparticle experiments. At
the same time, the technology is expected to be used for underground or underwater muon
navigation. Table 3 lists some past, present, and future international, large Cherenkov
detector projects.

Table 3. Past, present, and future international, large Cherenkov detector projects.

Project Location C&irg::ll;?v Size (km®)
DUMAND [96] Hawaii natural water -
NT200 [97] Lake Baikal natural water 104
AMANDA [96] South pole natural ice 0.015
IceCube [98] South pole natural ice 1.0
Baikal-GVD [99] Lake Baikal natural water >0.5
KM3NeT [100] Mediterr. Sea natural water 1.2
Super-K [101] AbandonedArsenic mine  ultrapure water 5x107°
IceCube Gen 2 [102] South pole natural ice 8
TRIDENT [103] South China Sea natural water 7.5

4. Muon Navigation

Navigation refers to the system or process that guides the direction, path, or informa-
tion positioning in different fields. The core function is to help users achieve the arrival
of the target location or the accurate acquisition of information. Muon navigation uses
muons to replace the electromagnetic wave signal of traditional GNSS, uses reference de-
tectors with known positions, and obtains the position of the positioning detector through
mapping methods such as resection.

The trajectory of the muon is nearly straight in some low-density materials due to the
small-angle Coulomb scattering. Referring to the concept of tomography [104], the TOF and
AOA between the two detectors can be measured by placing one detector high and the other
low. The higher detector located on the exposed terrestrial surfaces, including the ground,
building’s roof, and ocean surfaces, is referred to as the reference detector, and its position
can be determined by astrometry, GNSS, ground-based radio, or other technologies. The
lower detector is the positioning detector fixed on the target to be deployed underground
or underwater. It measures the time difference when muons pass through the reference
detector and the positioning detector. The speed of muons in water is very close to the
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speed of light due to their high energy. At a depth of 500 m underwater, the speed of
muon exceeds 0.9999999¢. Consequently, the distance between the reference detector and
the positioning detector can be determined, and thus, the unknown coordinates can be
calculated by the principle of trilateral resection or angular resection.

4.1. Positioning Principle

In low-density materials, where Coulomb scattering is minimal, the muon trajectory
deviates negligibly and can thus be modeled as a straight line. The distance between the
detectors can be found by measuring the time difference between the passage of the muon
through the two detectors. The muometric positioning system (uPS) [27] operates on a
similar concept to GNSS, as depicted in Figure 4. Ry, Ry, and Rj3 are the three reference
detectors where their locations are known. The location of the positioning detector P is
unknown. Because of the significant incidence of cosmic rays, the locator can be deployed
in various environments, including outdoor, indoor, underwater, and underground. To
enable both devices to detect the same muon, it is crucial that the positioning detector be
located under the reference detectors.
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Figure 4. Trilateral resection of muon positioning. The distances are calculated by measuring the
TOF of muons pass through the reference detectors and positioning detector alone the dashed line. It
requires at least three muons to complete the observations.

The equation based on the spatial relationship between reference detectors and the
positioning detector can be expressed as

02 =X =X+ (Y, - Y)*+ (2 - 2)° (10)

where p; is the distance between the ith (i = 1,2,3 - - - ) reference detector and the position-
ing detector, (X;, Y;, Z;) are the known coordinates of the reference detector, and (X, Y, Z)
are the unknown coordinates of the positioning detector.

Equation (10) contains three unknown variables. Therefore, it needs three distance
observation functions to solve for an accurate coordinate. The value of p; is determined
by measuring the time difference between a muon passing through the reference detector
and the detector being located, denoted as t,, and the propagation velocity v (typically the
speed of light c). Thus, it is crucial to ensure precise time synchronization between each
reference detector and the positioning detector. Failure to do so will result in measure-
ment errors. Undoubtedly, achieving time synchronization between reference detectors
is very straightforward; however, synchronizing between the reference detectors and the
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positioning detector is a challenge. Define T as the difference in system time between
the synchronized reference detectors and the positioning detector. Equation (10) can be

expressed as
(cti)? = (Xi = X + (Y = V) +(Z = 2)" + (1) (1)

This equation has four unknown variables, and at least four reference detectors are
required. Due to the random nature of muons, it is quite unlikely for four muons from the
same time period to pass through various reference detectors and a positioning detector
simultaneously. Consequently, the detector’s clock stability is very important. As the depth
increases, the amount of muons suitable for navigation decreases, resulting in a longer
observing time. If there is a significant discrepancy in the accuracy of the clock in the
detector, the value of T in Equation (11) no longer remains constant, which directly affects
the positioning performance.

The accuracy of measurement ¢; in Equation (11) is directly related to the time reso-
lution of the detector. This, in turn, impacts the final positioning accuracy. Currently, the
detector is capable of recording the hit time of muons throughout all detection surfaces.
However, the commonly used scintillator detector is unable to provide the trajectory of a
particular muon or perform calibration for a specific muon. Hence, in order to determine ¢;,
it is necessary to obtain the number of muons observed by a pair of detectors that occur
simultaneously. In this case, the time series of muons are recorded in both the reference
detector and the positioning detector. When the muon signals hit both detectors within
the time window Ty, the recorded data can be deemed to be in agreement if they are
correlated in time. The TOF, denoted as t;, is determined by the time difference between
the two detectors when the overlap with the time series of the reference detector reaches
its maximum peak. Hence, the selection of Ty has a direct influence on the measurement
precision, which relies on the time resolution of the detector. In terms of reference detec-
tors, scintillator detectors are often used because they can accurately measure positions to
centimeter level, which is good enough for most navigation applications.

Trilateral positioning based on the TOF requires highly accurate time information
to determine the time difference when the muon passes through the reference detector
and positioning detector. AOA-based angular positioning is relatively much simpler and
does not require precise time synchronization, as long as the incidence angle of the muon
as it passes through the two detectors can be measured to complete the localization. As
shown in Figure 5a, the incident zenith angle of the muon on the reference detector is 6;,
the incident azimuth angle is «;, and the coordinates of the hit point are (X;, Y;, Z;); at this
time, there is the following relationship between the coordinates of the unknown point
(X,Y,Z) and these observations

V(Xi=X)*+(¥;-Y)?
ZZ (12)
tana; = );’:5

tan 9,‘ =

There are three unknown parameters in Equation (12), but only two observation
equations, so additional conditions must be attached. If the perpendicular distance 4
between the reference detector and positioning detector has been obtained by other methods
(e.g., pressure measurements), then we have

d=27,—Z (13)

Or, if the TOF is measured at the same time as the angle, Equation (12) can be solved
with Equation (11) together. Of course, it is not easy to directly measure either the perpen-
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dicular distance or the TOF. Therefore, it needs redundant observations to calculate the
unknown coordinate of the positioning detector in practice.

z
() reference/ (Xi, Y, Z;) b) &Y, z)

(XL" YL"ZL')

&YZ) (x,v,2)

Figure 5. Angular resection of muon positioning. (a) A single muon passes through the reference
detector and positioning detector; (b) two muons pass through the reference detector and positioning
detector at different positions.

In Figure 5b, let there be another muon (dark blue trail) with an incident zenith angle
of 0/, an incident azimuth angle of a/, and an incident point coordinate of (X!, Y/, Z!) on the
reference detector and (X', Y’, Z’) on the positioning detector, and then Equation (12) will
have four observation equations. If the coordinate accuracy requirement is not particularly
precise, when the size of the positioning detector is not too large, the coordinate of the hit
point of the two muons can be considered to be the same.

X =
Y =Y (14)
YARSWA

The unknown coordinates (X, Y, Z) can be solved using Equation (12). If the space res-
olution of the positioning detector is high enough, the coordinate difference (AX,AY,AZ)
between the two hits can be measured.

X =X+ AX
Y =Y +AY (15)
7' =Z+NAZ

It is also possible to solve the unknown coordinate. Therefore, the key factors for
solving the unknown point coordinates are the angular resolution and space resolution of
the detector.

4.2. Current Achievements

In 2020, Tanaka performed a proof-of-concept study on cosmic ray muon naviga-
tion within a laboratory environment [27]. He employed the Monte Carlo approach to
simulate and evaluate the Coulomb scattering effect of relativistic muons on the seafloor.
Subsequently, some lead blocks of different thicknesses were placed between the two
detectors to simulate a propagation delay of 5 ms, corresponding to a distance of about
1.5 km. The experiments have demonstrated the theoretical feasibility of muon naviga-
tion, enabling three-dimensional positioning over distances of kilometers, supported by
wired time synchronization. To eliminate the constraints of wired connections for time
synchronization, Tanaka initiated indoor and subterranean physics demonstration tests for
wireless muon navigation in 2022 [28] and established the inaugural wireless muometric
navigation system (MuWNS) in 2023 [29]. They installed large reference detectors (total
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area of 4 m?) on the sixth floor (above ground level) and receiver detectors with an area
of 1 m? on the basement floor. Moreover, even with this configuration, it took 16 min
to successfully track one point from the receiver [31]. The field testing of MuWNS was
conducted at the Toranomon Hills Subway Station. He strategically placed four reference
detectors on tall buildings near the metro station. Tanaka successfully achieved time syn-
chronization between the reference stations by GPS. Each detector consisted of a square
plastic scintillator with dimensions of 1 x 1 m? and a PMT element with a thickness of
2 cm. The moving station installed an oven-controlled crystal oscillator (OCXO) clock for
timekeeping, synchronizing by GPS on the ground during initialization. The results of
1800 s observations show that the muon positioning precision is comparable to the GPS
pseudorange single-point positioning results in Tokyo and even exceeds GPS performance
in certain directions. In MuWNS, the principle is trilateral localization based on the TOF,
which is determined by the time of muon traveling between the two detectors. The major
reason for the positioning precision being limited to 2-14 m is the challenge of keeping
time synchronization among all reference and positioning detectors. It presents difficulties
for indoor navigation applications that necessitate more accuracy.

In order to achieve the ideal positioning accuracy at the centimeter level, Tanaka
proposed the concept of vector muon navigation (MuWNS-V) based on incident angle
measurements in 2023 [30] and derived the basic formula. Varga carried out experimental
validation on this theory and predicted that the MuWNS-V could achieve sub-centimeter-
level navigation, which can be applied to a variety of applications such as the operation
of autonomous mobile robots in the future [32]. Two experiments were designed with
‘LowRes’ and ‘HiRes’ configurations (Figure 6). The ‘LowRes’ configuration used a smaller
reference detector with an angular resolution of about 15 mrad, resulting in a positioning
accuracy of 3.9 cm (RMS). The reference detector was 2.4 m above the positioning detector.
The improved version utilized a larger size of reference detector and will be referred to as a
‘HiRes’ configuration. It also increased the angular resolution to approximately 6-8 mrad,
using the same positioning detector. Furthermore, the detectors were located on two
different floors of the building, with a height difference of 3.3 m, to enhance the positioning
accuracy to better than 3 cm (RMS).

o (b) (©) g
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Muon trajectory
(from Reference)
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Figure 6. The experimental setup. (a) Photograph of the “LowRes” detector system, with a reference
attached to the rails below the ceiling and the positioning on the ground. (b) Reference detector of
the “HiRes” system. (c) Illustration showing the geometrical parameters [32].

Table 4 summarizes the results of the relevant experiments that have been carried out
so far. It can be seen that the accuracy of TOF-based muon positioning is comparable to or
even better than the accuracy of GNSS pseudorange single-point positioning in the urban
canyon environments with a complex multipath, while the accuracy of AOA-based muon
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positioning is comparable to the accuracy of precision point positioning (PPP). Of course,
the muon positioning accuracy is still only the laboratory accuracy, with less consideration
of the errors in the observations, only at the level of positioning accuracy, and has been
widely used with GNSS, so comparison is not comprehensive.

Table 4. Positioning algorithms and accuracy.

Technique Algorithm Measurement Time Sync. STD (m) Max. (m)
trilateral s 2.3 (H) 6.0 (H)
MuWNS [29] resection TOF y 6.6 (V) 8.0 (V)
MuWNS-V [32] angular AOA no 0.039 (H) 0.3 (H)
resection
trilateral 16.3 (H) 66.6 (H)
GNSS [105] resection pseudorange no 16.7 (V) 16.2 (V)

Li et al. developed a comprehensive set of muon navigation theories [35], which
they combined with the muon pseudorange measurement technique. Furthermore, they
proposed the equivalent velocity calculation model and the muon sequence matching tech-
nique. The first model corrects the relativistic energy loss-induced flight pseudorange error,
while the second technique addresses the random error in the pseudorange measurement.
They also conducted some simulations to analyze the number of muon events that the
detector can receive under various zenith angles, detector sizes, detector plate gaps, and
muon flight distances. They demonstrated that the muon navigation update rate every
10 min can reach 5.989 in confined spaces at 100 m.

In September 2021, the U.S. Office of Naval Research (ONR) selected the muon place-
ment approach for the second annual Global-X Challenge. The ONR also opted to co-fund
this technique with the U.S. army development command. A multinational team of re-
searchers from Japan, the United Kingdom, the United States, and Finland is working
on a project to address the issue of GPS signals being unavailable in high latitudes by
substituting muons for GPS satellite signals. The project will undergo additional testing
in Finland’s Arctic Lake region after its initial testing in the UK [106]. This testing will
specifically involve subjecting the project to ice that is 1 m thick, as well as testing it in
extreme temperatures of —20 °C and submerged conditions. After successfully conducting
field experiments at the University of Sheffield, the research team intends to go to the un-
derground environment of the University of Oulu, Finland. Subsequently, they performed
the following tests at Kilpisjarvi Lake in northern Finland.

In the latest research results of Tanaka [107], an alternative concept of cosmic ray
arrival time navigation is proposed to utilize the extended air shower time structure for
higher rate localization. The 2D positioning accuracy is about 3—4 m (at 50 m apart).

5. Challenges

Tanaka has advanced from performing laboratory experiments to conducting under-
ground field tests of muon navigation, which represents a notable progression. Never-
theless, there remain further domains to explore and study. The following outlines some
challenges for the future development of muon navigation.

5.1. Navigation Signals

The flux of cosmic ray muons in the atmosphere varies with the zenith angle due to the
differing free paths they travel. In the vertical direction, the flux is significantly higher than
in the horizontal direction. At sea level, the muon flux is approximately 60-70 m~2s~lsr—1.

However, the flux markedly decreases to 0.0004 m2s~!sr~! at a depth of 1000 m. To
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augment the muon flux, the most convenient and direct approach is to enlarge the detection
area. Clearly, the most efficient and straightforward method is to expand the detection
size. Expanding the sensing area will increase the submersible’s energy consumption.
Additionally, it will make the submersible larger, reducing its flexibility and making it
difficult to fulfill the mission requirements. Consequently, the implementation mostly relies
on the submersible’s structure and the design of a detector of suitable dimensions.

Underwater positioning typically employs three approaches to meet its requirements.
The first involves generating a high-energy particle source capable of penetrating an ideal
thickness of water and receiving an ample quantity of high-energy muons at the desired
depth. In 2022, the Defense Advanced Research Projects Agency (DARPA) launched the
Muons for Science and Security Program (MuS2) with the goal of intentionally producing
high-energy muons. Typically, high-energy muon production depends on the use of exten-
sive scientific facilities, such as the Fermilab national particle accelerator in Illinois and the
CERN accelerator in Switzerland. MuS2 proposes to utilize laser plasma acceleration (LPA)
to generate 10 GeV particles within a few centimeters, as opposed to the hundreds of meters
required by current state-of-the-art linear accelerators. The primary objective of MuS2 is to
develop efficient and feasible methods for generating muons with energies greater than
100 GeV. Advancements in LPA, target design, and small laser driver technologies will
achieve this [108].

Furthermore, employing alternative subatomic particles, such as neutrinos, instead
of cosmic ray muons should be considered. A neutrino is a subatomic particle that lacks
electric charge and travels at the speed of light. Stellar nuclear fusion, supernova explosions,
or certain accelerators on Earth can generate it. Neutrinos possess remarkable penetration
capabilities and precise directionality. NASA has introduced the 2015 Technology Roadmap,
which highlights the development of neutrino-based communication, navigation, and
tracking as a novel concept technology to be prioritized over the next two decades [109,110].

Additionally, it can integrate with other sensors to form a comprehensive multi-source
integrated navigation system. Barriers or external interference in the surrounding envi-
ronment often do not influence the IMU, thereby ensuring accurate navigation. However,
even with a high-quality IMU designed for industrial use, the error in the estimating
position will exceed 50 m within one minute due to gyroscope drift. Ring laser gyroscopes
(RLGs), fiber optic gyroscopes (FOGs), and hemispherical resonant gyroscopes (HRGs)
help us deal with the random walk error of angle and velocity, as well as the bias instability
of gyroscopes and accelerometers. However, these alternatives come with drawbacks
such as significant weight, high cost, and large power consumption. On the other hand,
microelectromechanical system (MEMS) gyroscopes are lightweight and cost effective,
but they have a deviation of 1000° /h [111]. To address the limitations of both methods,
integrating the muon positioning system with the IMU proves to be a viable solution. The
muon positioning system consistently corrects the IMU’s short-term drift, and the IMU
offsets its low update rate. Modern buildings commonly contain many Wi-Fi access points.
Research has led to the implementation of fingerprint recognition, the TOF, AOA, and other
methods for positioning. However, obstacles like metal or seawater, which block radio
waves between the devices, can greatly diminish navigation quality or prevent access to the
navigation signal altogether. The integration of the muon positioning system with the Wi-Fi
indoor positioning system (IPS) will result in substantial advantages. Notable researchers
have already created mobile phone apps, such as DECO and CRAYFIS, which use mobile
phone camera sensors to identify cosmic rays [112]. By installing a reference detector on the
ceiling of a local area and connecting it to mobile phones using a specific communication
method, it is possible to calibrate the Wi-Fi positioning results every minute and provide



Particles 2025, 8, 46

18 of 24

absolute coordinates. This calibration takes into account the muon’s sea level flux, which is

2c—1q.—1

approximately 1 cm™"s™ "sr

5.2. Positioning Models

Physicists represented by Tanaka have carried out laboratory proof-of-concept and
outfield tests for muon navigation and achieved better localization results. However, in
these experiments, whether it is TOF-based trilateral localization or AOA-based angular
localization, the localization models are still relatively simple, without taking into account
the errors of various measurements, and without establishing comprehensive function
models and random models.

Similarly to the GNSS, the muon navigation errors can be divided into three parts:
signal source, detector, and propagation path. The signal source of muon navigation is
natural cosmic ray muons, and its error mainly comes from the measurement error of
the reference detector, including the accuracy of time, incident angle, and hit coordinate.
Theoretically, the angular accuracy of a muon detector is usually a sub-milliradian to ten
milliradians, i.e., between 20” and 200”, which is not precise enough. However, the space
resolution is relatively high, up to 50 um, which is able to satisfy positioning needs. Even
with inexpensive scintillator detectors, it is possible to reach the centimeter level, which
is why Tanaka believes that the ideal accuracy for muon navigation is on the centimeter
level. When using TOF-based muon navigation, regardless of whether it is a wired or
wireless connection, time synchronization is the greatest challenge. In the case of a wired
connection, the speed of signal transmission through the cable is significantly affected
by the environment. If the distance between detectors is large, the time for cable signal
transmission cannot be ignored. At this time, environmental changes such as temperature
will impair the ability to synchronize. For a wireless connection, a highly precise master
clock for the device is required. However, time drift will occur during long-term use.
Tanaka hopes to solve this problem by using high-precision chip-scale atomic clocks [28].
In addition, in order to be able to receive more muons, it is usually necessary to use a
larger area detector. In the propagation path, the Monte Carlo simulations proved that the
muon can travel in a straight line in seawater. However, the real marine environment is
very complex, especially with the existence of Coulomb scattering, although still seawater
density does not change much; exactly how much impact there is on the muon propagation
is unknown, but it also needs more extensive empirical verification. At the positioning
terminal, the detector size cannot be as large as the reference detector due to carrier
performance limitations, so the performance in time, angle, and coordinates is degraded.
Further refinement of these error sources and analysis of the error magnitude to improve
detector performance are important challenges to be addressed at this time.

In vector muon navigation, where the angles (including azimuth and zenith of inci-
dents) are the main observations, the dependence on time synchronization is reduced, but
there are still many drawbacks, especially in the consideration of practical applications. As
can be seen from Figure 6, the experiment was conducted in the laboratory and did not take
into account the motion pose of the carrier of the detector. Taking the marine application as
an example, the reference detector at the sea surface is influenced by wind, waves, currents,
etc., and the detector cannot be in a stationary state, so the measured angles must contain
the pose information of the detector. Of course, these poses can be measured by GNSS to
some extent. However, it is more difficult to obtain high-precision attitude information for
submarine vehicles that are underwater.
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5.3. Application Scenarios

Experiments conducted by Tanaka have demonstrated that muon navigation technol-
ogy can offer a level of accuracy in positioning that is comparable to GNSS. This technology
has the potential to deliver highly precise location services for underwater activities. How-
ever, the submerged current detector for this test only reaches a depth of 5 m, severely
restricting potential applications due to the limited deployment of the reference detector.
Furthermore, the lack of detectable muons makes it impossible to meet the requirements for
real-time navigation in the deep-water region of the ocean. Nevertheless, it can be integrated
with additional sensors to enhance localization efficacy by prolonging the observation du-
ration. When integrated with INS in a submersible, the muon navigation offers periodic
calibrations to mitigate the drift error of the INS and facilitate rapid calibration. Furthermore,
the creation of a subsurface geodetic datum network can leverage long-term observations to
amass a substantial quantity of muons for achieving high-precision positioning.

While muons may have limited applicability in marine environments, they can be
highly valuable in indoor and underground settings where people reside for extended
periods of time. Indoors and underground positioning mostly depends on imprecise
and varied local positioning methods, such as INS, geomagnetism, UWB, Wi-Fi, vision,
and Lidar. However, achieving consistency between indoors and outdoors is challenging.
Extending the high-precision Earth reference frame, established through space geodetic
technologies, to indoor and underground environments is challenging. On the other hand,
muon navigation enables GNSS high-precision positioning of the reference detector. This
enables consistent navigation both indoors and underground by transmitting the reference
datum to the positioning detector. A cosmic ray muon navigation system (CRoNS) [113]
is being proposed for navigation purposes in urban subterranean environments and for
the creation of a spatial datum that integrates both above- and belowground. They expect
approximately 156 such muon showers per second, with the number from 1000 TeV protons
being considerably fewer (around 0.1) but with a muon count exceeding 10,000. This is
merely a basic concept, and substantial subsequent efforts are required to actualize it.

6. Conclusions

Cosmic ray muons, prevalent in the Earth’s atmosphere, are more resistant to jamming
and spoofing than radio signals. They can penetrate both underground and underwater,
making them a suitable and dependable positioning signal in GNSS-denied scenarios.
At the beginning of this paper, the physical properties of muons are explained. Then,
the principles of muon positioning and the methods for measuring related quantities are
elucidated. Finally, the results of the studies on muon positioning are consolidated, and the
challenges are discussed.

The limited availability of naturally detectable muons and dependence on high-
precision timing instruments restricts current muon positioning. As a result, muon posi-
tioning technology is not yet widely adopted; yet, it possesses potential for underwater and
underground navigation. A comprehensive analysis of muon positioning, in conjunction
with additional signals like INS, can provide frequent calibration for underwater vehicles in
deep water and reduce INS error drift. Muon positioning possesses considerable potential
applications in geodesy, facilitating the establishment of geodetic datums in GNSS-denied
environments. We can expand the current geodetic spatial datum (e.g., international terres-
trial reference frame (ITRF)), which is presently restricted to outdoor surfaces, to include
interior, subterranean, and underwater environments through extended continuous static
observation, thus achieving the unification of high-precision geodetic datum across the
entire geographic domain.
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