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Abstract

In this work, we present the status of the ongoing scientific collaboration between INRIM
(Istituto Nazionale di Ricerca Metrologica) and VMI (International Virtual Muography Insti-
tute) on the possibility of synchronizing atomic clocks and disseminating reference atomic time
scales using relativistic charged particles, muons, from cosmic rays induced Extended Air Show-
ers (EAS), through an approach called CTS (Cosmic Time Synchronizer), ideated by the Univer-
sity of Tokyo. Based on muons, this system aims to grant timing services within the EAS shower
disc with improved robustness and reliability against consolidated time synchronization systems.
The CTS approach is, in principle, not affected by malicious or intentional jamming and spoofing
actions, typically undermining time synchronization techniques based on the use of RF (Radio
Frequency) signals, like those emitted by GPS (Global Positioning System) and other GNSS
(Global Navigation Satellite Systems) satellites. This reliability makes CTS a good candidate for
providing secure synchronization and dissemination of reference time in critical applications. In
addition, it could complement GNSS in areas/environments not covered by its RF signals, such
as indoors, underground, and underwater.
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and develops the most advanced measurement
standards, methods and related technologies,
fulfilling the functions of a primary metrologi-

I. INRIM, the Italian National
Metrology Institute

1) General overview

INRIM, the National Metrology Institute of
Italy”, is a public scientific research body es-
tablished by the Italian government in 2004. It
carries out and promotes research in metrology

cal institute. In this sense, INRIM creates and
maintains the national standards for units of
measurement. Such standards are necessary
for granting the traceability and the legal value
of measurements in the sectors of industry,
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commerce, scientific research, health, and en-
vironmental protection, as well as for measure-
ment needs in the judicial field and for any other
area in which the high scientific-technological
content of metrological research is crucial.
INRIM also enhances, disseminates, and
transfers knowledge and results in measuring
science and materials research to promote na-
tional technological development and improve
citizens’ quality of life and services. INRIM’s
worldwide recognized excellence ranges from
materials science to quantum physics, from na-
noscience to developing innovative technologies
and measuring instruments. Metrology for cli-
matic variations, energy resources/new mobility
systems sustainability, food certification, and
measurement techniques applied to medical
physics and biomedical/biological sciences are
other examples of the INRIM internationally
recognized leadership.

2) The INRIM Time and Frequency Group

One of INRIM’s leading and internationally
recognized disciplines is time metrology. INRIM
realizes UTC(IT) standard atomic time and
contributes to the Universal Coordinated Time
(UTC); it is a leader in the quest for more accu-
rate timing through the realization of primary
and secondary frequency standards (e.g., laser-
cooled Cesium fountain and optical clocks); it
has been participating for about 20 years in
developing the European satellite navigation
system Galileo for what time metrology is re-
garded; it designed and realized the fiber-based
Italian Quantum Backbone for the distribution
of ultra-accurate timing signals for research on
quantum sensors and quantum communication,
together with the provision of high added value
timing services over more than 1000 km across
Italy; dedicated time metrology support for fun-
damental physics experiments has been pro-
vided over the years, ranging from the CNGS
(CERN neutrinos to Gran Sasso) measure-
ments carried out by the Borexino collabora-
tion, up to measurements aimed at supporting
the detection of high energy extended showers
(EEE, Extreme Energy Events project), cul-
minated in the realization of a high accuracy

time reference facility for Fundamental Physics
experiments, called FRATERNISE.

3) The FRATERNISE facility

The FRATERNISE facility (Facility ad elevata
accuRAtezza Temporale pEr espeRimeNti di
fISica fondamEntale - High Timing Accuracy
Facility for Fundamental Physics Experiments)?
(Cantoni et al., 2022; Cerretto et al., 2022a)
was born because of the previously mentioned
experiences of INRIM in the metrological char-
acterization and calibration of timing devices
used to verify the superluminal properties of
neutrinos by the Borexino collaboration (CNGS
project) (Antonello et al., 2012; Caccianiga
et al., 2012; Sanchez et al., 2012) and in the
detection of extended and ultra-high-energy
cosmic showers within the EEE project (Cer-
retto et al., 2021). The FRATERNISE facility
(Fig. 1) is based on a permanent measurement
system installed at INRIM RadioNavigation
Laboratory dedicated to the metrological char-
acterization and calibration of timing devices
for Fundamental Physics experiments and
GNSS receivers used in the remote comparison
of atomic clocks or time scales. In Fundamental
Physics experiments (space physics, accelera-
tor physics), time plays a crucial role, allowing
the evaluation of the events timestamping
(timing) and their simultaneity, thus enabling
deductions about the characteristics of the
observed phenomena. Furthermore, it is in-
creasingly necessary to correlate events from
experiments that occur over large distances
or events measured by different experiments
located in distant places investigating similar
phenomena. The FRATERNISE facility aims
to contribute to optimizing timing systems for
these types of experiments, allowing the pos-
sibility of synchronizing them with the Italian
atomic reference time scale, UTC(IT). In addi-
tion to the permanent facility, traveling units
with customized functional and metrological
characteristics are available to calibrate timing
devices that cannot be physically transported
to INRIM.
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Fig. 1 FRATERNISE Facility at the INRIM RadioNavigation Laboratory. On the left is a general view of the two
racks composing the Facility, while on the right are details of the facility’s calibrated GNSS receivers for timing
applications used for synchronizing to UTC (IT) remote fundamental physics experiments. Such receivers will be
employed to evaluate the CTS time transfer capabilities when SCMs are located remotely at a final user and to
test the satellite-CTS feature to extend GNSS-based timing systems in areas not covered by GNSS RF signals,
like indoor, underground, and underwater environments.

II. The INRIM and VMI collaboration

1) The importance of timing in current
society

Current technologies and automated infra-
structures continue to progress in complexity,
with increasing synchronization requirements
in terms of performance, security, and reliabili-
ty. In recent years, there has been a continuous
increase in time requirements at the microsec-
ond and nanosecond levels, with this precision/
accuracy becoming somehow a standard level
in various sectors of technology, infrastructure,
finance, and, after all, everyday life, particu-
larly with the diffusion of GPS/GNSS and the
advent of 5G communications. The availability
of atomic clocks and GNSS meets the above
needs, although with some limitations, pri-
marily related to cost, performance, security,
and reliability. For example, high-performance

atomic clocks are limited to some applications
for cost reasons. In contrast, despite being
generally affordable from an economic point
of view with remarkable performances, the
use of GNSS for timing applications could lack
robustness due to possible jamming or spoofing
actions, malicious or unintentional, affecting
the RF signals employed by such systems. In
addition, these RF-based techniques cannot be
generally utilized in indoor, underground, or
underwater environments. Due to these consid-
erations, it’s been some years since an import-
ant effort conducted at the international level
started to find solutions to mitigate the men-
tioned limitations, even envisaging new tech-
niques for timing applications. This is the case
of the CTS (Cosmic Time Synchronizer) ideat-
ed by the University of Tokyo, based on using
muons from EAS rather than RF signals emit-
ted by GNSS satellites and other sources.
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2) The Cosmic Time Synchronizer (CTS)

The muon-based synchronization technique
CTS (Cosmic Time Synchronizer) —which relies
on muons derived from relativistic cosmic ray
showers—was proposed by the University of
Tokyo at the beginning of the second decade of
the 2000s (Tanaka, 2022) and can potentially
be envisaged as a complementary or alternative
solution to existing methods, depending on the
requirements of the final user (Fig. 2).

As mentioned, GNSS is probably the most
diffused and among the most performing sys-
tems for timing applications. It can be used
mainly outdoors but not in areas not covered by
RF signals. Also, there are some critical appli-
cations, like the financial sector, where GNSS
is not recommended to be operated standalone
but with alternatives or replaced by more robust
systems. Possible jamming and spoofing actions
could impair the system’s operation, leading
to serious problems and considerable economic
losses. CTS, based on muon detections, could
potentially overcome both limitations. When
a Cosmic Ray (CR) enters the atmosphere,
hadronic collisions occur with air nuclei, creat-
ing a shower of secondary particles known as
Extended Air Showers (EAS). The primary
components of these showers are hadronic,
electromagnetic, and muonic, along with other
phenomena such as fluorescent and Cherenkov
effects and neutrino production from particle
decays. Each EAS delivers approximately 10°
secondary particles to the ground over an
average area of a few square kilometers, with
around 2% of these being relativistic muons,
the most penetrating component of the shower,
capable of traversing air and ground. Due to
these properties, muons can generate images of
the interiors of large structures like volcanoes
or pyramids within a specialized field known
as Muographic Imagery. In an EAS, individual
muons can be treated as “simultaneous” events
for detectors within tens of nanoseconds.
Furthermore, the differences in arrival times
between two or more detectors are highly stable
over time, primarily influenced by white Gauss-
ian noise. This stability makes them particu-

Fig. 2 CTS rationale showing the possibility of synchro-
nizing clocks indoor, underground and under-
water.

larly suitable for timing-related applications
(T) within an emerging field of study called
Muochrony, analogous to the more established
area of Muographic Imagery and another devel-
oping technology known as Muometry, which
focuses on muonic Positioning and Navigation
(PN). Muographic Imagery, Muometry (i.e.,
PN), and Muochrony (i.e., T) form the founda-
tional pillars of the muonic scientific discipline
referred to as Muography. The low interaction
cross-section of EAS muons enables CTS to
facilitate cost-effective, long-term wireless syn-
chronization of atomic clocks and the dissemi-
nation of reference time scales within the EAS
shower disc area, with enhanced resistance
to jamming and spoofing. Suitable for indoor,
underground, and underwater applications
(considering the increased detector network
granularity needed as the water equivalent
depth traversed by muons in underground set-
tings increases), CTS could be a viable option
for providing secure synchronization and refer-
ence time dissemination in critical applications,
as well as complementing GNSS in areas or
environments lacking RF signal coverage.

A CTS network system consists of at least
two CTS sensors: one acting as Master connect-
ed to a time reference, which could be either
a standalone atomic clock, a GPS Disciplined
Oscillator (GPS DO), or a UTC (k) timescale;
the other(s) acting as Slave(s) and equipped
with the local clocks to be synchronized (e.g.,
Rubidium atomic clocks, OCXO, etc.). Each
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CTS sensor performs a local measurement, pro-
viding each detected muon with a timestamp
according to the sensor time reference. Hence,
the muons detected at the Master will be time-
tagged to the system’s reference clock, while
those detected at the Slave(s) will be time-
tagged according to the clock to be synchronized.
Then, by comparing the Master and Slave (s)
timestamp data, EAS coincidences can be
estimated, representing the time difference
between the Master and Slave(s) clocks that
can be synchronized every time a coincidence
is found. Given that muons are not susceptible
to radio magnetic interference and no critical
timing information traffic between Master and
Slave(s) occurs, CTS could be considered, in
principle, a secure technique for time synchro-
nization, immune to jamming and spoofing
actions, whether done unintentionally or on
purpose. A small-scale CTS sensor network
was developed and tested for the first time at
the University of Tokyo in 2022. The obtained
results (Tanaka et al., 2023a), although pre-
liminary, were auspicious, demonstrating syn-
chronization capabilities at the level of tens of
nanoseconds (i.e., 30 ns, SD, 1lo) in terms of
precision over 60 meters in an indoor envi-
ronment (with reinforced concrete masonry
elements of 30 cm), simulating a real-world
scenario where the use of GNSS systems is not
possible.

3) CTS metrological characterization at

INRIM

Starting from the promising results achieved
at the University of Tokyo Laboratories, a
collaboration between INRIM and the VMI/
MUOGRAPHIX-the University of Tokyo was
established through the signature of a LOI
(Letter of Interest) by the president and direc-
tor of both institutions. This agreement foresees
joint research activities benefiting from the
field of expertise/excellence of each institute,
namely Time Metrology at INRIM and Muogra-
phy at VMI/MUOGRAPHIX-The University of
Tokyo. Alongside this convergence of intentions
to develop joint research activities, the LOI
planned a first concrete experimental activity,

namely the metrological characterization of the
CTS system at INRIM, to evaluate the system’s
ultimate performance, with the perspective to
be employed for time metrology applications.
A CTS setup composed of four 30 cm x 30 cm
scintillators and related measurement equip-
ment was shipped to INRIM, installed at the
INRIM RadioNavigation Laboratory, and inte-
grated into the FRATERNISE facility in late
October 2023 (Cerretto et al., 2022b, 2024a)
(Fig. 8). In this sense, CTS is the first test case
of FRATERNISE since its completion, repre-
senting a significant added value in custom-
izing it for real applications. FRATERNISE
provides UTC (IT) time scale and other commer-
cial frequency standards time and frequency
signals for CTS, allowing to perform the re-
quired metrological characterization and test
aimed at confirming it as a novel tool for the
dissemination of reference time scale for final
users. Also, FRATERNISE will allow CTS to be
metrologically confirmed when tested outside
INRIM in an “end-to-end” configuration (i.e.,
Master installed at INRIM and Slave(s) in-
stalled remotely at a final user) employing the
calibrated GNSS receivers for timing applica-
tions comprising the facility itself.

As the first installation currently under char-
acterization, CTS detectors were placed across
the RadioNavigation laboratory within a radius
of 5 m. With this measurement system, dif-
ferent tests and metrological characterization
activities were planned. At first, the Master
(MCS) and the three Slave(s) (SCMs) sensors
were connected, through FRATERNISE, to
UTC(T), as realized at the INRIM Time Lab-
oratory, to start a measurement campaign to
preliminary evaluate the CTS system noise.
After this measurement campaign, the Master
was kept connected to the UTC(IT) signal
(considered a reference). At the same time, the
Slave (s) were linked to Active Hydrogen Maser
(AHM) signals provided by FRATERNISE.
With this configuration, the capabilities of CTS
in estimating the relative frequency offset (and
drift) of the AHM to UTC(IT) have started to
be evaluated, also in comparison with other
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state-of-the-art time metrology measurements
systems operated at the INRIM Time and
RadioNavigation Laboratories. Based on these
results, the first tests to discipline the AHM to
UTC(T) and disseminate a UTC(IT) replica
(i.e., UTC(IT)_CTS) remotely with the short-
term characteristics of the AHM and the
medium-long term one of UTC(IT) have been
started. Although preliminary, the results
achieved are encouraging (Cerretto et al.,
2024b), showing CTS can generate a UTC (IT)
replica remotely within 5 m below the two nano-
seconds to UTC (IT) in terms of precision. From
these results, further studies have started,
based on moving one of the three SCMs 30 m
far away and considering as SCM reference
the time and frequency signals provided by a
FRATERNISE commercial Rubidium clock.

IIT. Conclusion and perspectives

Timing is becoming increasingly important
in science, technology, and society, demanding
better characteristics—even at microsecond and
nanosecond levels—in a global effort to improve
also reliability and performance to avoid or

Fig. 3 CTS setup at INRIM RadioNavigation Laboratory. On the left is a view of the rack hosting the CTS power supply

system, MCS and SCMs TDCs, and ancillary measurement systems. The details of the 30 cm x 30 cm plastic
scintillators, PMT (Photo Multiplier Tubes), and HV (High Voltage) units are on the right.

mitigate the effects of jamming and spoofing
actions, which typically affect timing systems
based on the use of RF signals, like those emit-
ted by GPS/GNSS satellites. In this context,
new timing systems coping with such require-
ments are becoming of increasing interest. The
University of Tokyo has devised and developed
a new timing system based on the use of muons
coming from EAS, rather than the standard
RF signals, in the perspective to be a good can-
didate for providing time synchronization for
critical applications with improved characteris-
tics in terms of reliability and robustness. Also,
CTS can be envisaged as a solution to comple-
ment GNSS-based time synchronization/dis-
semination techniques in areas not covered by
GNSS RF signals, like indoors, underground,
and underwater environments. After a prelim-
inary evaluation at the University of Tokyo
Laboratories, a CTS system was installed at
the INRIM RadioNavigation Laboratory in the
frame of a LOI established between the Italian
Institute of Metrology and VMI/MUOGRAPHIX-
the University of Tokyo. In such a context, sci-
entific research and rigorous metrological char-
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acterization of the CTS system are undergoing
at INRIM to define the ultimate performances
and its possible future use for time metrology
applications, namely the remote synchroniza-
tion of atomic clocks and dissemination of refer-
ence time scales. A first evaluation of the CTS
system noise and tests to discipline an AHM to
UTC(IT) employing CTS measurements have
been performed. Starting with the encouraging
results achieved, further research and tests
will be carried out at INRIM on CTS, evalu-
ating the disciplining capabilities with Slave
detectors placed in more distant areas of the
INRIM campus (Tanaka et al., 2023b; Tanaka,
2024) and adopting other clocks as reference
rather than the AHM (i.e., Rubidium atomic
clocks, Chip Scale Atomic Clocks, etc.). Im-
provements in the disciplining algorithm will
also be faced, considering the deterministic and
stochastic characteristics of the clocks to be
disciplined. Also, rigorous uncertainty budget
estimation and calibration techniques will be
required to use CTS in contexts of time metrol-
ogy. The possibility of combining CTS and GPS
(GNSS) will be evaluated to extend GNSS
coverage in areas non-reached by its signals,
typically indoors, underground, and underwa-
ter. Besides this satellite-cosmo approach (i.e.,
GNSS combined with CTS), other techniques
will have to be identified and tested (Pollastri,
2024) to send a reference and UTC-traceable
time scale to the CTS system if not available
locally, with improved characteristics in terms
of jamming/spoofing resistance, to GNSS. From
a technological point of view, the development
of customized master and slave detectors will
have to be faced depending on the requirements
of the final user, who must be aware of the local
coverage of the CTS technique. Also, prototypal
versions of a compact muonic Disciplined Oscil-
lator (n-DO) (in analogy to the most common
GPS-DO) are being projected and developed by
INRIM, with improved characteristics in terms
of detection and electronics.

In conclusion, an important, innovative, and
challenging collaborative research initiative has
been established. The primary challenge, which

emerged mainly at the project’s outset, involved
integrating two distinct scientific disciplines—
Time Metrology and Particle Physics—around
a common research theme. This integration
presented difficulties due to varying areas of
expertise, different scientific languages, and
diverse working methods. However, what ini-
tially appeared to be a limitation soon evolved
into a significant strength of the collaboration
among INRIM, VMI, and MUOGRAPHIX-The
University of Tokyo. The differences that once
posed challenges were transformed into added
value, thanks to the efforts of Prof. Hiroyuki
Tanaka’s team and the INRIM VMI team, who
identified a shared and common goal. This goal
was pursued with passion, dedication, mutual
support, and a desire for growth, all aimed at
making an innovative and meaningful contri-
bution to science and society.

From a technological perspective, although
Muography and Time Metrology are two distinct
and seemingly unrelated scientific approaches,
they have surprisingly merged fruitfully, giving
rise to a new discipline known as Muochrony.
This field combines the ability to detect muons
with the capability to discipline an oscillator
using classical Time Metrology techniques. No
significant challenge has been faced in setting
up the measurement apparatus and conduct-
ing the experiment, demonstrating these two
techniques’ strong compatibility in creating
something novel and unexpectedly innovative.
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Notes

1) INRIM: https:/www.inrim.it/it/en [Cited 2024/9/4].
2) FRATERNISE: https:/fraternise.inrim.it/fraternise-
english [Cited 2024/9/4].
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