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Optical atomic clocks based on laser-cooled trapped ions and atoms have advanced rapidly over the past decade. With
fractional frequency uncertainties now surpassing 1012, they are some of the most precise measurement tools ever built.
Yet researchers are still pursuing new avenues of research to explore the fundamental limits to their stability, accuracy,
and reproducibility. In this mini-review, we provide a survey of the current state of the art by describing the fundamental
principles and techniques that underpin this progress, the architectures used to realize optical clocks, and the supporting
laser technologies that are essential to their operation. We also examine the progress that has been made toward a redefi-
nition of the second in the International System of Units and the inclusion of optical clocks into the global time and fre-
quency metrology infrastructure. Finally, we discuss emerging applications of optical clocks and look at the prospects

for making their precision more readily accessible to end users.

Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.575770

© 2026 Optica Publishing Group under the terms of the Optica

1. INTRODUCTION

While the philosophical nature of time remains elusive, the def-
inition of a base unit of time has been pragmatically chosen to
meet human needs. A universally agreed upon measure of time
is essential for coordinating societal activities and enabling the
seamless operation of communication, trade, and navigation sys-
tems, as well as for numerous scientific endeavors. This measure of
time is set by the International System of Units (SI), in which the
second is defined by fixing the unperturbed ground-state hyperfine
frequency of the 133Cs atom to be ve, = 9,192,631,770 Hz. This
frequency can be regarded as a physical constant of nature, realized
in practice with extraordinary accuracy through the construction
and operation of an atomic clock.

This cesium atomic transition frequency has served as the basis
for the internationally agreed definition since 1967, representing
a conceptual advance on earlier astronomical definitions based on
the periodicity of the Earth’s rotation about its own axis or around
the sun (ephemeris time) [1,2]. The period of the Earth’s rotation
around its axis is influenced by numerous processes including
tidal forces, seismic activity, seasonal changes, and the melting of
polar ice sheets [3], which result in short-term (one-year timescale)
fluctuations at the millisecond level [4] making it inadequate as an
accurate timekeeping standard.

The best microwave atomic clocks based on '33Cs have reached
an accuracy close to 1 part in 10'°, some six orders of magnitude
better than the first practical cesium atomic clock developed in
1955 [5]. Today, there are around a dozen state-of-the-art cesium
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primary frequency standards around the world, being used in
national UT'C(%) time scales as well as to contribute data for com-
putation of the globally agreed reference time scale Coordinated
Universal Time (UTC) by the Bureau International des Poids et
Mesures (BIPM) (Fig. 1).

While less precise than their optical counterparts, microwave
atomic clocks remain compact, robust workhorses that support
global positioning, telecommunications, and financial systems,
and that continue to serve as time and frequency references in
satellite navigation, space science, and timekeeping infrastructure.
Atomic clocks lie at the heart of global navigation satellite systems
(GNSS), enabling users to determine location through time-of-
flight measurements between satellites and receivers. Today, GNSS
supports a huge range of industries from logistics and agriculture to
autonomous systems and precision surveying.

The focus of this review, however, is on next-generation optical
atomic clocks. These offer a natural path to better fractional fre-
quency stability thanks to their much higher operating frequencies.
Since the 1990s, optical clock accuracy has seen greater than a
factor of a 100 times improvement per decade (Fig. 2) enabled by
breakchroughs in laser science, nonlinear optics, quantum control,
and frequency metrology, many of which are recognized in the
timeline of Nobel Prizes that trace the field’s evolution [6-21]. The
most advanced optical atomic clocks now achieve a measurement
uncertainty below 1 partin 1018 [22,23], making them some of the
most precise measurement tools ever built. With performance now
surpassing Cs primary standards by two orders of magnitude, these
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Fig. 1. Coordinated Universal Time (UTC) is computed from about
450 atomic clocks in nearly 85 laboratories worldwide. Most are com-
mercial cesium clocks or hydrogen masers that operate continuously to
generate local time scales, UTC(#), which are disseminated via internet
servers, radio, cell towers, or fiber networks. Some labs use primary or
secondary standards to calibrate these clocks against the SI second. UTC s
determined from comparisons between UTC (%) time scales using various
time transfer methods—most commonly GNSS, due to its accessibility,
global reach, and low cost. The BIPM processes clock and time transfer
data to produce a stable UTC time scale, whose rate is aligned with the
SI second. Monthly, it publishes Circular T, listing the time differences
between each UTC(%) and UTC, providing traceability and a slow

correction signal for local scales.
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Fig.2. Advances in microwave ('**Cs) and optical atomic clock accu-
racy over time. The figure also highlights key technological milestones
that have enabled improvements in clock performance, including: laser
cooling (Section 3.A); the development of the magneto-optical trap
(MOT) for cooling and trapping neutral atoms (Section 4.B); the Pound—
Drever-Hall (PDH) locking technique for stabilizing lasers to sub-Hz
linewidths (Section 5.A); and optical frequency combs (Section 5.B),
which provide traceability to the SI second and enable direct frequency
comparisons across the optical spectrum.

capabilities are expected to drive a redefinition of the second in the
coming decade [24], this time in terms of an optical transition or
transitions.

Detailed reviews of optical clocks have been published previ-
ously, for example [25,26]. In this mini-review, we focus on their
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key features, progress over the last decade and other recent develop-
ments, which we consider particularly promising for the future. We
begin with a tutorial-style introduction describing the operation
of a simple optical atomic clock along with the supporting optical
systems that make optical clocks possible. The accompanying
discussion is centered around three related avenues of research with
distinct but related objectives:

1. Advancing optical clock performance to explore the
fundamental limits to their stability, accuracy, and
reproducibility.

2. Incorporating optical clocks into the global time and fre-
quency metrology infrastructure, to improve the stability and
accuracy of the global reference time scale UTC and drive
progress toward a redefinition of the second.

3. Making optical atomic clocks more accessible to end
users, enabling their widespread use, and stimulating new
applications.

2. OPTICAL ATOMIC CLOCK BASICS

A key to the success of atomic clocks and atomic sensors lies in
the extraordinary properties of atoms as references: (1) reproduc-
ibility: all atoms of a given isotope have an identical energy level
structure, and this structure is believed to be invariant in time and
space, being governed by unchanging physical laws, (2) atoms
are also abundant and universally available, and (3) control:
atoms can be well isolated from their environment, with the inter-
nal interactions between the electrons and the nucleus strongly
dominating over external perturbations.

While microwave clocks and optical clocks are operationally
similar, the main difference lies in their transition frequency.
Microwave clocks operate at gigahertz frequencies, and optical
clocks operate closer to the petahertz regime.

A simplified view of how an optical atomic clock works is shown
in Fig. 3. Just as in a microwave atomic clock, the frequency of an
oscillator is stabilized to an atomic reference transition, but in this
case the oscillator is a laser, and the reference is a narrow optical
transition. Although not usual in practice, absorption spectroscopy
offers a conceptually simple way to understand how one could lock
the frequency of a laser onto that of an atomic transition. One can
shine the laser at a cloud of atoms, and only when it is resonant
with the atomic transition will it be absorbed. A photodetector
monitoring the laser transmission through the sample will record
a varying voltage as the frequency of the laser is tuned through
resonance. The signal can be processed to produce an error signal
that shows whether the laser frequency is too high or too low. This
error signal is then used in a feedback loop to keep the laser locked
to the atomic transition.

This frequency-stabilized oscillator provides the optical out-
put of the atomic clock, carrying the stability and accuracy of
the atomic resonance within the timing of its electromagnetic
cycles. Because optical signals cycle too fast to be counted directly,
a frequency comb (Section 5.B) can be used to divide the optical
signal to the radio frequency (RF) domain, enabling its frequency
to be determined relative to a cesium primary frequency standard
(i.e., measured in hertz using a commercial frequency counter).
The optical clock thus produces two phase-coherent outputs,
one optical and one radio frequency, either of which can serve as a
frequency reference for measuring and characterizing other signals,
or for other applications.
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Fig. 3. Simplified schematic of an optical atomic clock. A laser is
locked to a narrow atomic transition using absorption spectroscopy,
which produces a frequency-dependent error signal. The stabilized laser
output serves as an optical frequency reference that is sent to an optical
frequency comb (OFC). The OFC coherently synthesizes a broadband
optical spectrum from the atomic reference and downconverts the stabi-
lized optical signal, producing a radio frequency domain output whose
frequency can be precisely evaluated using commercial frequency coun-
ters. In state-of-the-art systems, atoms are laser-cooled and trapped to
suppress motion-induced shifts, while less precise clocks may use thermal
atoms or atomic beams.

A. Clock Performance: Accuracy, Precision, and
Stability

The performance of an optical atomic clock depends on several fac-
tors: (1) the atomic transition used as the frequency reference, (2)
the quality of the oscillator used to probe this transition, and (3) the
isolation of the atomic sample from its environment.

In time and frequency metrology, performance is commonly
quantified using the Allan deviation (ADEV) [27,28]. It is the
standard tool for analyzing noise processes that vary across
timescales and complements accuracy metrics that describe
systematic offsets from the unperturbed transition frequency.

As illustrated in Fig. 4, clock performance encompasses several
distinct measures. Let us define the fractional-frequency deviation
y() = %& =¢& +6(¢), where ¢ is the long-term average of
y(2) (the fractional inaccuracy of the clock) and 8 (#) represents the
zero-mean, time-varying fluctuations. A simple standard deviation
assumes stationary noise and a well-defined mean, whereas the
Allan deviation instead computes differences between successive
averages of y(#) taken over intervals of duration 7. Evaluating
0, (1) over a range of T reveals how a clock’s frequency stability
evolves with averaging time. Because ADEV remains meaningful
even in the presence of long-term noise processes such as flicker
or random-walk behavior, it is widely used as a robust measure of

clock instability.

B. Advantage of Optical Clocks

A major advantage of optical clocks is their much higher tran-
sition frequencies, which translate into higher quality factors,
Q= fo/A f, where A f is the width in which the response drops
by 3 dB from its peak value. The quality factor characterizes the
sharpness of the atomic transition, which fundamentally limits the
frequency resolution achievable in a clock. Since clock instability
scales inversely with the quality factor of the reference transition,
this suggests a potential improvement in stability of up to ~10°
compared to cesium primary standards operating at 9.2 GHz. In
practice, however, the realized improvement is more modest due
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Fig. 4. Accuracy and instability in atomic clocks. (a) The accuracy

refers to how much the mean clock output y(z) differs from the unper-
turbed atomic frequency f, while fractional frequency instability relates
to the statistical spread of y (#). This spread can be quantified by the stand-
ard deviation of the instantaneous frequency deviations, o). Shown are
two clocks: one more stable but inaccurate (red), and one more accurate
but less stable (green). (b) The measured clock instability, expressed as
the Allan deviation o, (7), depends on the averaging period 7. Here,
the higher instability of the green clock in (a) leads to a longer averaging
period to reach a given resolution compared to the red clock. For white
frequency noise, typical of atomic clocks when successive measurements
are uncorrelated, the resolution improves as 712,

to technical and quantum-limited noise sources, as discussed in

Section 3.C.

C. Choosing an Optical Reference Transition

When selecting transitions for highly stable and accurate atomic
clocks, several factors must be considered

1. To achieve good short-term stability, the transition should
have a narrow linewidth or long-lived upper state lifetime,
and its frequency should be as high as possible (consistent
with being accessible using available laser technology). This
maximizes the Q-factor of the atomic reference.

2. To achieve good long-term stability and high accuracy, the
clock transition should be minimally sensitive to external
perturbations. This can be achieved by selecting atomic tran-
sitions that are naturally insensitive to environmental shifts
because of fundamental symmetries.

3. Finally, the clock must be practical to operate. Ideally,
the wavelengths needed for cooling, trapping, and clock
spectroscopy should match commercially available laser
sources.

However, there is no ideal system that meets all these criteria
simultaneously. As a consequence, the development landscape for
optical clocks features a multitude of species. Systems that have
exceeded the performance of the present cesium primary frequency
standard technology can be grouped into two broad categories:
trapped-ion optical clocks and neutral-atom optical clocks.
Further details are provided in Section 4. However as already indi-
cated in Fig. 2, both neutral-atom and single-ion optical clocks
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have seen amazing progress since the 1990s, with gains of seven
orders of magnitude in three decades and further improvements
still anticipated.

3. OPTICAL CLOCK OPERATION: AN ART OF
PURITY AND CONTROL

High-performance optical atomic clocks operate in cycles that
begin with cooling and trapping the atoms and conclude with
measurement, or interrogation, of the transition frequency (Fig. 5).

A. Laser Cooling and Trapping

Laser cooling of the atomic sample is a critical step in optical clock
operation because it reduces Doppler-induced frequency broad-
ening and shifts, as well as collisions that can disrupt the coherence
of the atomic state. It was first proposed in 1975 [29,30] and soon
realized for both trapped ions [31,32] and neutral atoms [33].
Doppler laser cooling relies on momentum exchange between
atoms and photons from a laser beam that is detuned slightly
below the resonance frequency of an atomic transition. Atoms
preferentially absorb photons that are counter-propagating to
their motion, and subsequently emit those photons in a random
direction. This results in a net momentum transfer which reduces
the component of the atom velocity along the laser beam direction.
Repeated absorption and re-emission of photons eventually leads
to a steady-state temperature known as the Doppler cooling limit,

:
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Fig. 5. Atomic clock cycle using Ramsey spectroscopy. At the top of
the figure, we depict how sequential cycles are used to estimate the average
frequency difference between the laser and the atomic transition. Each
cycle begins with dead time, 7}, during which the atomic sample is
cooled, trapped, and prepared in a pure ground state. This is followed by
a Ramsey phase, where we apply two 7 /2 pulses (laser pulses tailored in
duration and amplitude to produce a 77/2 rotation on the Bloch sphere)
separated by a free-evolution period, 7y,. This pulse sequence drives a
coherent population transfer from an initial state, ¥, to a final state,
Vs, as illustrated using the Bloch sphere (bottom inset). The first /2
pulse initiates a superposition of the ground |¢) and excited |¢) states in
a well-defined phase, which is then free to evolve during the period 7.
The second /2 pulse has the effect of transforming the accumulated
phase difference, A¢;, between the superposition and the laser fields into
a population difference of the excited and ground states. This population
difference is then measured during the final phase of the clock cycle,
enabling a frequency correction, A f; = A¢;/ T, that can be used to
correct the clock laser to match the atomic transition frequency at the end
of each cycle.
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T = hI'/2k, where h and £ are the reduced Planck constant and
the Boltzmann constant, respectively, and I" is the linewidth of the
transition used for cooling.

The transitions typically used for the initial stage of laser cooling
in optical clocks have linewidths of order 10 MHz, resulting in a
Doppler cooling limit of around 1 millikelvin. While sufficient
for high-accuracy operation of trapped-ion optical clocks, lower
temperatures are required to achieve high efficiency loading of
atoms from a magneto-optical trap (MOT) into an optical lattice
(Section 4.B). A second Doppler cooling stage is therefore used in
optical lattice clocks and employs a narrower linewidth transition
to achieve temperatures in the microkelvin range.

Ions can be confined at relatively high kinetic energies and
cooled within the trap, while in neutral-atom clocks cooling is an
essential prerequisite for trapping. To achieve optimal perform-
ance, optical clocks are operated in the Lamb—Dicke regime, where
the atomic motion is constrained to a region of dimensions small
relative to the wavelength of the probing light [34]. This tight
confinement results in discrete, quantized motional states.

The depth of the trap, in conjunction with cooling, is crucial
for achieving the Lamb-Dicke regime. A deeper trap more effec-
tively restricts the atom’s motion, resulting in a larger energy gap
between the trap’s motional states (n =0, n=1, n =2, etc.).
Consequently, even if the measurement process causes an energetic
recoil that excites the atoms to higher motional states, the ground-
state transition can still be distinctly resolved from the excited
motional states.

B. State Preparation and Measurement

Once cooled and trapped, the atoms’ internal states are pre-
pared, and the stable local oscillator is measured against the clock
transition frequency. In ion clocks, a “repumping” laser is often
used to return atoms from the excited clock state to the ground
state via a short-lived intermediate level, thereby maximizing the
signal strength via the number of atoms available for repeated
interrogation.

A commonly used interferometric method for measurement of
the clock laser with respect to the atomic transition is Ramsey spec-
troscopy [35]. We use this technique here to explain the concept of
clock measurement and to explore the technical and quantum lim-
its to clock measurement.

In Ramsey spectroscopy, a resonant laser pulse, known asa /2
pulse, is applied to drive the atom halfway from the ground state to
the excited state, creating an equal superposition of the two:

VB = —=(Ig) + e Dle)).
7

In Fig. 5, the Bloch sphere offers a geometric representation of
the quantum state of the atom’s two-level system. Here, the wave-
function’s state vector, ¥ (¢), is depicted as a point on the surface of
a sphere, with the North and South poles representing the ground
and excited states, and the surface describing all possible superpo-
sitions of these states. A 7 /2 pulse will result in a 90° rotation of
the state vector about some axis, e.g., in the case of an atom initially
in the ground state, such a /2 will land the state vector on the
equator.

After the first pulse, the atom evolves freely for a predeter-
mined time, 7;,, accumulating phase due to the detuning
between the laser frequency and the atomic transition frequency,
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A¢ =27 (Viaser — Varom) ITm- A second applied 7/2 pulse then
maps the accumulated phase difference (A¢) into a population
difference between the ground and excited states.

This population difference is then typically measured via state-
dependent fluorescence. A detection laser induces fluorescence
only if the atom is in the ground state, while atoms in the excited
state remain dark. By detecting this fluorescence (or its absence)
to determine the atomic state, the phase evolution is disrupted,
“collapsing” the superposition state. This forms the basis of an
interferometric error signal used to correct the laser, keeping it
frequency locked to the atomic resonance. In neutral-atom lattice
clocks, many atoms are interrogated simultaneously, so the relative
phase between the atoms and the laser can be estimated from the
population distribution obtained in a single interrogation cycle.
Because the projection noise scales as 1/+/N,, these clocks obtain
high phase sensitivity per cycle. In single-ion clocks, by contrast,
only one atom is interrogated at a time, yielding a single binary
outcome per cycle. The same N, 1/2 scaling applies to single ions,
butwith N, = 1 each cycle, so statistical averaging must be builc up
over many repeated interrogations.

C. Measurement Noise Limits

Although accuracy often receives the most attention outside the
clock community, it is the frequency instability, set by quantum
and technical noise, that determines how long a clock must be aver-
age to reach a target resolution. Improved instability through the
reduction of technical and quantum noise reduces the averaging
time required to reach a target resolution, lowering the demands
placed on clock robustness and operational effort.

One may conceptually distinguish between two limiting cases
for estimating a clock frequency. In an idealized scenario, one could
imagine a single Ramsey interrogation extending for the entire
observation time 7, yielding a single-shot frequency sensitivity
that scales as 1 /7. In practice, however, the free-evolution time 7,
is limited by decoherence of the atomic superposition, so clocks

Averaging Time (s)
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operate in the regime 73> 7y, and rely on many independent,
statistically uncorrelated interrogation cycles. In this regime,
the instability averages down as 1/4/7,,7, leading to the QPN

expression:

1
()= 2 v/ N, TaT W

This equation gives the quantum projection noise (QPN)-
limited frequency instability for Ramsey interrogation, where the
characteristic 1/+/N, scaling defines the standard quantum limit
(SQL) for uncorrelated atoms. If quantum correlations such as
entanglement are introduced, the scaling can reach the Heisenberg
limit, which scalesas 1/ N, [36].

Asseen in Fig. 0, increasing T, substantially reduces the averag-
ing time required to reach a target fractional-frequency instability
for a given application. This improvement arises because a longer
free-evolution time allows more phase to accumulate coherently
during each Ramsey interrogation cycle, lowering the QPN-
limited instability by a factor 1/4/7p,. In practice, however, 7y, is
often limited by technical decoherence of the atomic superposition
to times far shorter than the natural lifetime of the clock transition.
Laser drift and integrated phase noise from the cavity-stabilized
probe laser typically restrict coherence times to below ~0.5 s, while
magnetic-field and trapping-field inhomogeneities usually limit
T, to well under 1 s, despite the intrinsically long natural lifetimes
of optical clock transitions.

These limitations raise the question of how optical clocks
can still achieve uncertainties below 2 x 107'® when the cavity-
stabilized lasers used to interrogate the atoms typically exhibit
fractional instabilities at the 1071¢ level (see Section 5.A). The key
point is that the laser does not set the long-term accuracy of the
clock. It need only provide short-term coherence over the inter-
rogation time 7y,. The atoms, by contrast, serve as the long-term
frequency reference: each Ramsey measurement yields the phase
difference between the laser and the atoms, allowing the feedback
loop to correct the laser’s drift from one cycle to the next. Through
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Comparison of representative clock instabilities with the quantum-projection-noise (QPN) limits for a single-ion clock (left) and a neutral-atom

lattice clock (right). Both plots share the same vertical axes on the left (fractional instability) and on the right (equivalent gravitational redshift). Left plot:
solid green lines show the QPN-limited instability for a single ion clock (N, =1, vy = 1.12 PHz) for several interrogation times 7y,, including the 20 s
upper-state lifetime of the 27Al* clock transition. The dashed green lines show the extrapolated representative experimental instability with the clock
operated with a room-temperature ULE [37] and cryogenic silicon cavity [23] with indicated 7,,. The dashed blue line indicates the coherent single-shot
sensitivity applicable only for © < 7;,. The secondary right axis maps fractional instability to equivalent gravitational-redshift sensitivity. Right plot:

solid purple lines show the QPN limits for a neutral-atom ¥ Sr lattice clock (V, ~ 10%, v,

= 429 THz), including the 167 s clock-state lifetime. Dashed

purple curves show extrapolated representative measured instabilities for Sr clocks operated with duty cycle n ~ 0.5, using a ULE-cavity-stabilized laser

(T, = 1s; [38]) and, for comparison,

a cryogenic silicon—cavity-stabilized laser (7, & 0.6's; [39]). The red and grey horizontal lines crossing in both

plots indicate averaging-time benchmarks relevant to key applications—e.g., millimeter-level relativistic geodesy and gravitational-wave background
searches—determined by the intersections of desired fractional sensitivities with the plotted instabilities.
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repeated interrogations, the laser’s residual frequency noise is
averaged down and its drift is removed, so that the clock output
ultimately reflects the stability and accuracy of the atomic transi-
tion rather than that of the cavity-stabilized laser. This distinction
also motivates the need to understand technical noise introduced
by the measurement cycle itself, most notably the effect, which we
discuss next.

Dead time between interrogation cycles, required for
laser cooling and state preparation, reduces the duty cycle,
n=Tn/(Th+ Tyep) <1, and prevents the QPN limit from
being reached. In addition to degrading Eq. (1) by 1/.,/7, dead
time causes clock-laser frequency noise to alias onto the measured
instability [40]. This arises because the sampling of the atomic sig-
nal imposes a square-wave-like sensitivity function whose Fourier
components down-convert laser phase noise at harmonics of the
cycle rate. In asimplified picture where the aliased probe-laser noise
is treated as white phase noise and only the lowest-order harmonic
is considered, the Dick-effect contribution to the Allan deviation
can be approximated to scale as

1 S¢ (ﬁycle) (2)
27 v nt

where Sg( f) is the laser phase-noise spectral density and Sy ( foyele)
denotes its value evaluated at the cycle frequency foyele = 1/ Ty
(see Fig. 5). This contribution, known as the Dick effect [41], is
a technical instability arising from probe-laser noise rather than
atomic projection noise. It is particularly impactful in optical lat-
tice clocks, where the lower QPN limit makes laser technical noise
and the Dick effect more prominent (see Fig. 6). Mitigation there-
fore requires high spectral purity of the probe laser, as discussed in
Section 5.A.

0, (T)DE ~

D. Controlling and Evaluating Perturbative Effects

The accuracy of an optical atomic clock is ultimately limited by
uncertainties in quantifying frequency shifts caused by resid-
ual interactions with fields. Achieving state-of-the-art accuracy
requires precise control over the conditions under which the atoms
are prepared and interrogated, in order to minimize perturbations
to their internal energy levels.

Some of the most important effects arise from electromag-
netic fields. In some cases, these fields are present because they are
essential for controlling and measuring the atomic state, but it is
also necessary to consider imperfectly shielded stray fields. Both
magnetic fields (causing Zeeman shifts) and electric fields (causing
Stark shifts) must be considered. This includes the blackbody radi-
ation (BBR) shift, which is a quadratic Stark shift arising from the
thermal radiation near 10 pm emitted by the apparatus surround-
ing the atomic sample. To account for their effect on the transition
frequency, these unavoidable fields must be carefully modeled and
measured. In some cases, continuous monitoring and feedback
systems are also used to help stabilize time-varying shifts and hence
improve the clock stability.

Relativistic effects that must be taken into account include not
only the Doppler shifts arising from residual motion of the atoms
relative to the probing lasers but also (when comparing clocks)
the relativistic redshift that depends on position in the Earth’s
gravity potential (Section 7.B). Finally, even technical details like
small errors in the control systems (servo systems) can introduce
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bias and must be carefully accounted for [38]. These will be highly
dependent on the specific configuration of each apparatus.

Once an operator has carefully evaluated and corrected for all
known perturbative effects, these are tabulated in the uncertainty
budget for the clock. Assuming that the various contributions
are uncorrelated, the uncertainties vy, can be combined in
quadrature to determine the estimated fractional uncertainty of the

clock:

(€)

v Vunperturbed

To validate these uncertainty budgets, comparison of independ-
ently developed clocks is essential (Section 6).

4. TYPES OF OPTICAL CLOCK

In pushing the frontiers of optical atomic clocks—for improved
performance, broader applications, and tests of fundamental
physics—physicists have advanced on multiple fronts simulta-
neously, striving for greater control over systematic effects and
enhanced frequency stability.

Different optical clock architectures contribute uniquely to this
progress. Single-ion clocks, NV, =1 (Section 4.A), typically excel
in accuracy due to minimal motional effects and strong isolation
from environmental perturbations. On the other hand, optical
lattice clocks (Section 4.B) leverage large ensembles of neutral
atoms, N, ~ 10%, to reduce statistical uncertainties, making them
especially powerful for achieving high short-term stability. Figure 7
summarizes the operation, challenges, and opportunities of these
two clock architectures.

Pushing the boundary further (Section 4.C), nuclear clocks
represent an emerging class of frequency standards operating at
even higher transition frequencies, Vgock ~ 2 PHz. Because their
reference transitions occur within the nucleus—shielded from
external electromagnetic fields by the surrounding electron cloud,
they offer improved immunity against environmental shifts and
potential for fractional accuracy at the 107" level.

A. Trapped-lon Optical Clocks

The proposal that frequency references based on optical transitions
in single laser-cooled trapped ions could reach fractional resolution
of 1078 dates back to the mid-1970s [29,42,43]. Ion traps for
single ions employ an oscillating quadrupolar RF field, typically in
the MHz range, to create an effective potential well that confines
the ion in all three dimensions [14] and enables stable trapping
for months at a time. This provides a neatly ideal environment
for precision spectroscopy (Section 4.A.1). The clock transition
is typically detected using the electron shelving technique [44],
where the ion’s fluorescence, which is normally observed during
laser cooling, turns off when the ion is excited to the long-lived
upper state of the clock transition. This change in fluorescence acts
asa clear signal that the clock transition has occurred. However, the
quantum projection limit to stability given by Eq. (1) is relatively
high because only a single atom is used. To address this limitation,
optical clocks based on ion crystals in linear ion traps [45] are being
pursued (Section 4.A.2).
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Fig.7. Illustration of single-ion and neutral-atom lattice clock systems.
(a) Neutral-atom lattice clock: magneto-optical trap (MOT) (left), 1D
optical lattice (middle), and ensemble of Bloch spheres (right) depicting
collective measurement behavior. (b) Single-ion clock: basic RF trap
(left), sideband cooling (middle), and a Bloch sphere (right) representing
quantum state evolution during measurement. (c) Current systematic
limits, targeted goals and enabling approaches are listed by clock type.

1. Single-lon Clocks

Single-ion optical clocks have been demonstrated in many
species over the past four decades. A first major class is based on
electric-quadrupole (E2) transitions between the 28, 2 ground
state and a metastable 2Ds /2 or 2Ds /2 state in ions with alkali-
like electronic structure. Examples include OCat [46-51]
88Sr+171Y‘b+199Hgﬂ38Ba+. These E2 transitions have natural
linewidths of 0.2-3 Hz, corresponding to Q-factors of order 109,
with ¥Ba® standing out as an unusually narrow E2 system at
2 mHz.

A second class is represented by the electric-octupole (E3) tran-
sition in 'Yb™. This highly forbidden 25, /2= 2F7/2 transition
hasa natural linewidth near 1 nHz [52], enabling very long interro-
gation times, although the usable duration is ultimately limited by
the probe-laser coherence.

A third class consists of ions with two valence electrons, analo-
gous to neutral alkaline-earth atoms, including 5Int [53-55]
27A1*, and 7°Lu™. The clock transitions in "">In* and Z7Al"
are the spin-forbidden 'Sy—>Py lines, with natural linewidths of
0.8 Hz and 8 mHz, respectively. The 7°Lu™ ion offers three pos-
sible clock transitions, with current work focusing on the 'Sy — 3Dy
line.

A single laser-cooled trapped ion behaves nearly as a stationary,
isolated quantum system, ideal for high-resolution spectros-
copy. With low background gas pressure and cooling into the
Lamb-Dicke regime, collisional and Doppler effects are strongly
suppressed. Because the ion remains trapped for indefinite dura-
tions, a high duty cycle can be maintained. However, interaction
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with the trapping fields and residual motion introduce system-
atic shifts that must be carefully controlled to reach the highest
accuracies.

Within the ion trap, any mechanism that acts to displace the ion
from the trap center induces residual interaction with the trapping
field that results in a Stark shift of the clock transition frequency.
Motionally induced frequency shifts must also be carefully con-
trolled, with both residual thermal motion (slow secular motion)
and motion induced by the trap drive frequency itself (faster micro-
motion) needing to be considered. The linear Doppler effect from
secular and micromotion leads to sidebands in the optical spectra,
but does not shift the optical carrier; however, a second-order rela-
tivistic Doppler shift must be considered. Because micromotion
results in faster displacement, it results in larger Doppler shifts
with higher additive uncertainty at levels close to 1 part in 107 if
not carefully controlled. Methods must therefore be employed to
measure this micromotion, e.g., by observing modulation of the
cooling laser fluorescence at the trap drive frequency [56], and to
minimize it by applying voltages to dc compensation electrodes.

If the trap motional sidebands can be frequency resolved, a
technique called resolved sideband cooling can also be used to
localize the atomic sample into the motional ground state (Fig. 7),
enabling clocks to achieve sub-Doppler temperatures. Sideband
cooling selectively removes energy from the atoms by using laser
light tuned to the lower motional sideband of the atomic transition
frequency [57]. In this case, the laser is red-detuned from the carrier
frequency by one quantum of the trap’s motional frequency, which
reduces the atom’s motional state by one quantum at a time until it
reaches the motional ground state, 7 = 0 [58].

In some ion clocks, such as those based on #Sr™, 71Yb™, and
#0Ca™, a significant contribution to the uncertainty comes from
the interaction between any electric field gradient experienced
by the ion and the non-spherical charge distribution of the upper
state of the clock transition (electric quadrupole moment). The
size of this shift depends on the magnitude of the field gradient, its
orientation with respect to the magnetic field, and the quadrupole
moment of the specific atomic state involved. Typically, this effect
is averaged out by making measurements in three orthogonal
magnetic field orientations [59] or an appropriate set of magnetic
sublevels [60]. In other ion clocks, such as 2Al™ and 'PIn™
there is negligible quadrupole shift of the clock transition because
neither atomic state has an electric quadrupole moment.

Both Z7Al" and "In™ exhibit low blackbody radiation shift.
However, ultraviolet laser sources are required for cooling and
probing the ion, which presents an experimental challenge. In the
case of 7 Al the ion is sympathetically cooled by an auxiliary ion
of a different species that can be cooled at a more convenient wave-
length and quantum logic spectroscopy techniques [61] are used
to map the clock transition information back to the auxiliary ion
for readout. Sympathetic cooling is also used in recent implemen-
tations of ''’In™ single ion clocks [62], but in this case a suitable
transition exists for direct state detection, reducing experimental
complexity.

The lowest uncertainty reported to date for a trapped-ion
optical clock is 5.5 x 10717, for the NIST 27 ALY clock [23], with
a second independent realization of this system at Huazhong
University of Science and Technology (HUST) having an evalu-
ated uncertainty of 1.6 x 1078 [63]. Several other trapped-ion
clocks, including 171Yb ™ E3 [64—67] "InT4° and Ca™, have also

reached estimated systematic uncertainties in the low 10718 range.
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However, the criterion set in the roadmap for redefinition of the
second is that three independent optical frequency standards based
on the same reference transition should have published uncertainty
budgets at the 2 x 10718 level or better [24]. This criterion has not
yet been met by any trapped-ion optical clock.

2. lon Crystal Clocks

The stability of single-ion clocks is fundamentally limited by the
low signal-to-noise ratio of a single ion (Section 3.C). Ion crystal
clocks aim to overcome this limitation through simultaneous
interrogation of V, atoms in a Coulomb crystal, reducing the time
necessary to achieve a given frequency resolution by a factor of
N, compared to the single ion case. The challenge, however, is to
achieve the necessary level of control over systematic frequency
shifts.

In particular, in linear ion traps the Coulomb fields of neigh-
boring ions in the crystal result in the clock ions experiencing
significant electric field gradients [45]. This limits the choice of
suitable ions for such a clock to those for which neither state of
the reference transition has an electric quadrupole moment, as
for other species the electric quadrupole shift would be unaccept-
ably large and difficult to control at the necessary level. Examples
of suitable reference transitions are the 'Sq—>Pq transitions in
two-electron systems such as ''°In* and 27 Al

The first ion crystal clock was realized recently, using a setup
in which "In* clock ions are trapped together with 72Yb™"
ions which are used for sympathetic cooling [66]. For the initial
evaluation of this clock, a four-ion Coulomb crystal was used,
consisting of a single '°In" ion and three '72Yb™ ions. In this
system, the overall fractional systematic uncertainty was assessed to
be2.5 x 10715,

Frequency ratio measurements were also performed relative
to the optical clock transitions in 8’ Sr and 71yb (E3), with rel-
ative uncertainties of 4.2 x 107" and 4.4 x 107'3, respectively.
Impressively, for a new clock entering the field, the latter is the
most precisely measured optical frequency ratio reported in the
published literature to date. A first step toward operation with
multiple clock ions was also demonstrated by making stability
measurements against the 171yb T (E3) optical clock. The stability
at 1 s averaging time was observed to improve from 1.6 x 1071
for a single clock ion to 9.2 x 107! for four clock ions. This is
lower than the expected improvement factor due to ion-number-
dependent dead time in the state preparation phase, but a strategy
is in place to reduce this dead time in the future using an additional
laser source in the measurement setup. lon trap arrays of the type
used in this demonstration have separately been shown to sup-
port optical clock operation with approximately 100 ions while
achieving accuracies better than 10718 [68].

Optical clocks based on three-dimensional Coulomb crystals
of around 1000 ions have also been proposed [69,70], with the
potential for achieving even more significant gains in measurement
signal-to-noise and hence frequency stability. Although more ions
translate to the possibility of higher systematic shifts due to ion-ion
interactions and motional effects, references [69,70] indicate that
accuracies of 10717 are feasible.

B. Neutral-Atom Optical Lattice Clocks

Neutral atoms exhibit much weaker long-range interactions than
ions, allowing them to be operated in large ensembles and thereby

achieving significantly better signal-to-noise, and hence improved
measurement stability, than single-ion clocks. While RF traps nat-
urally confine laser-cooled ions within the Lamb-Dicke regime,
the magneto-optical traps (MOTs) used to cool neutral atoms do
not. To achieve Lamb-Dicke confinement for neutral atoms, 1D
optical lattices are employed, formed by counter-propagating laser
beams that create pancake-shaped trapping potentials, typically
holding 10 to 20 atoms per site [71]. However, the high light inten-
sities required to form these lattices induce substantial AC Stark
shifts of the clock transition frequency. The key breakthrough in
optical lattice clocks was the proposal of a “magic wavelength”—a
lattice laser frequency at which the AC Stark shifts of the ground
and excited clock states are equal, canceling the net shift of the
clock transition [72].

Optical lattice clocks operate on the ultra-narrow 'So—>Py
transition in alkaline-earth(-like) atoms. In fermionic isotopes,
this transition is weakly allowed due to hyperfine mixing from
nonzero nuclear spin, yielding millihertz-level linewidths ideal for
precision. Spin-polarized fermions also benefit from suppressed
s-wave collisions, reducing collisional shifts.

In bosonic isotopes, which lack nuclear spin, the transition is
strictly forbidden and must be enabled by magnetic-field-induced
mixing between *P; and ®Py. These systems are generally more
sensitive to collisional shifts, though lattice clocks based on bosons
such as 38Sr [73,74] 74Yb have been demonstrated. The most
widely used systems today remain 8 Sr [75] and "1 Yb.

The lowest reported uncertainty to date for an optical lattice
clock is 8.1 x 1071, for the 1D ¥ Sr optical lattice clock at JILA
[22]. Only one other optical lattice clock (' Yb at NIST [76]) has
reached the target uncertainty of 2 x 1078 set in the roadmap for
redefinition of the second, although uncertainties below 5 x 10718
have been reported for two other 8 Sr clocks [77,78].

A key systematic limitation for both ¥Sr and 7'Yb is the
BBR shift (Section 3.D), which induces frequency shifts at the
hertz level, corresponding to parts in 107!°. Operating clocks at
cryogenic temperatures can suppress this shift [79,80], though
at the cost of significant added complexity. An alternative room-
temperature strategy for reducing BBR-related uncertainty is to
use clock transitions at higher frequencies, such as in the UV, where
room-temperature thermal photons are further off-resonance.
This makes species like ' Hg particularly favorable [81,82]. Other
experimentally investigated candidates with intrinsically low BBR
shifts include Mg [83], Tm [84], and Cd [85].

The high atomic densities in optical lattice clocks mean that
density-dependent frequency shifts must also be carefully evalu-
ated. In bosonic isotopes, such as #Sr, atoms readily collide in a
way that shifts the clock frequency, requiring either low densities or
careful calibration to correct for these effects. In fermionicisotopes,
such as 8Sr, the Pauli exclusion principle suppresses collisional
interactions when atoms share the same internal state. However,
at ultracold temperatures, p-wave interactions still contribute to
frequency shifts. One mitigation strategy involves adjusting the
excitation fraction, allowing collisional shifts from ground- and
excited-state atoms to partially cancel [86]. Alternatively, atoms
can be confined in a 3D lattice to ensure single occupancy per site,
effectively eliminating collisions [87]. Despite its advantages, the
3D approach introduces added complexity and potential system-
atics from heating and lattice imperfections, so most optical lattice
clocks currently operate ina 1D lattice configuration.

Lattice light shifts depend on how accurately the magic wave-
length can be realized in practice, and estimating the associated
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uncertainty requires species-specific models [22,88]. Although
reducing the lattice intensity can mitigate these shifts, it also lowers
atom number and degrades the signal-to-noise ratio. To overcome
this tradeoff, a technique known as Sisyphus cooling can be used
to cool atoms below the Doppler limit. Because this enables the
creation of colder, more dilute ensembles that can be loaded into
shallower lattices with more occupied sites, it has the potential to
simultaneously reduce collisional and lattice light shifts while sup-
porting higher atom numbers for improved QPN-limited stability
[89,90].

State-of-the-art optical lattice clocks have demonstrated better
short-term frequency stability than trapped-ion clocks, owing to
their larger number of atoms [39]. However, reaching the quantum
projection noise limit [Eq. (1)] is hampered by the Dick effect
(Section 3.C) that arises because of dead time between clock inter-
rogation periods: one way to eliminate this additional source of
noise is through interleaved interrogation of two cold-atom ensem-
bles with a common probe laser [91]. In such an arrangement,
provided that dead time can be reduced to 50% of the measure-
ment cycle time, the stability achievable is dictated purely by
the atomic ensemble. An alternative under development by the
Katori group at the University of Tokyo and RIKEN [92] involves
continuous interrogation using spatially separated ensembles in a
conveyor-belt-like scheme [93].

C. Emerging Clock Technologies

Various other types of novel clock technology are being pursued
in various laboratories around the world. These include active
optical clocks to achieve high stability without the need for com-
plex cavity-stabilized lasers [94,95] and optical tweezer clocks for
improved control over atom—atom interactions [96], though such
systems still have some way to go to achieve performance close
to state-of-the-art. Another recent development is the first full
evaluation of a highly charged ion clock [97], verifying control
of systematic effects at the low parts in 1017 level, competitive
with many other established optical clocks worldwide. Although
far more complex than traditional trapped-ion clocks, and thus
unlikely to be used for timekeeping, highly charged ion (HCI)
clocks offer promising opportunities for testing fundamental phys-
ics (Section 8.A). Their increased charge states also broaden the
accessible parameter space, potentially revealing new clock tran-
sitions that align with commercially available laser wavelengths.
However, perhaps the most exciting advance of recent times is
the first demonstration of a new type of “nuclear clock” based on
thorium-229 [98—100].

1. Nuclear Clocks

The thorium-229 transition used as the reference for frequency
stabilization of a laser oscillator is a radiative transition inside the
nucleus rather than a transition within the electron shell. The
unique feature of ?*Th is an exceptionally low-energy transi-
tion between the nuclear ground state and the first excited state
(by far the lowest identified for any atomic nucleus). This falls
within the optical photon energy range and hence is accessible to
laser spectroscopy. Additionally, because nuclear transitions are
deeply buried within the atomic structure, they are nearly perfectly
immune to the field-induced Stark shifts that plague clocks based
on electronic excitations. These characteristics led to a proposal

in 2003 that the ?*’Th transition could form the basis of a highly
accurate clock [101].

However, the uncertainty in the transition energy was enor-
mous (~4 eV or 1 PHz), making experimental implementation a
formidable challenge. Early nuclear spectroscopy estimates placed
itat~3.5 eV, but later experiments revised this to more than twice
that value [102]. It was not until 2024 that laser excitation of the
transition was finally achieved [103], marking a key breakthrough
that has rapidly advanced progress toward a nuclear clock.

One major challenge in realizing a thorium nuclear clock is the
complexity of the laser system required to probe the transition. A
recent milestone was the direct measurement of the frequency ratio
between the 2 Th nuclear clock transition and a8 Sr optical lattice
clock, enabled by a vacuum ultraviolet (VUV) frequency comb
[104]. This system bridges the visible and VUV domains using
high-harmonic generation techniques developed in attosecond
and high-field laser physics [105]. The process involves focusing
~50 W into a xenon sample to generate the seventh harmonic of
a stabilized frequency comb near 1 pm. Maintaining coherence
in this highly nonlinear process is critical, as the generated laser
light at 148 nm must have a comparable linewidth to the nuclear
transition to achieve high-fidelity measurements.

The immunity of nuclear energy levels to perturbation by
electromagnetic fields opens up a new possibility by using a crystal
to hold the nuclei stationary rather than using an electromagnetic
or optical trap. This would bring obvious benefits to improving
the portability of nuclear clocks, though the VUV laser technol-
ogy required remains a challenge in this respect. The systematic
frequency shifts of the nuclear clock transition have yet to be stud-
ied in detail, though the breakthroughs of last year have brought
a nuclear clock significantly closer to reality. For timekeeping
applications, it remains an open question whether or not nuclear
clocks will surpass the accuracy of optical clocks. However, they
could also find other applications, such as precision measurements
of nuclear structure, as well as other tests of fundamental physics
(Section 8.A).

5. SUPPORTING OPTICAL TECHNOLOGIES
A. High-Performance Cavity-Stabilized Lasers

Optical atomic clocks rely on probing extremely narrow atomic
transitions, often with natural linewidths in the millihertz range.
Consequently, this demands a laser source with exceptionally low
phase noise and high-frequency stability. Commercial single-
frequency lasers typically exhibit 3 dB linewidths exceeding
10 kHz over 1 s timescales and suffer from significant frequency
drift. As a result, active stabilization and spectral filtering are
essential for optical clock spectroscopy, which requires the laser
to remain phase-coherent with the atomic transition over the
free-evolution time, 7y, (Section 3.C). To address this, techniques
were developed in the 1980s to lock lasers to high-finesse Fabry—
Perot optical cavities [106], enabling sub-hertz linewidths [107]
suitable for high-resolution optical spectroscopy and atomic clock
interrogation.

Asseen in Fig. 6, to date optical clock system stability is still lim-
ited by the probe laser noise and its drift, which can both constrain
the maximum free evolution time. To improve local oscillator
performance, optical cavities have been designed and housed to
minimize the effect of environmental noise, including temperature
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and pressure changes, and vibration and acoustic noise. With care-
ful engineering, the length stability of an optical reference cavity
can approach the thermomechanical noise floor set by Brownian
motion in the cavity materials at finite temperature [108,109].
These sources of noise can be mitigated using high Young’s modu-
lus materials for spacers and mirrors to suppress thermal motion.
In current state-of-the-art systems, the dominant contribution is
Brownian noise in the mirror substrates.

Several techniques have been pursued to further reduce this
limit to thermomechanical noise. For instance, high mechanical
Q-factor mirror coatings have been shown to reduce Brownian
motion at room temperature by an order of magnitude [110].
The average mirror thermal fluctuations can also be reduced by
increasing the laser spot size on the cavity mirrors. Alternatively,
longer optical cavities can be built to proportionally reduce the
effect of length instabilities. Although this makes vibration isola-
tion more challenging, the state-of-the-art fractional frequency
instability reached for room temperature cavities (noise floor
below 1 x 10716) was achieved using cavities almost 0.5 m long
[111,112]. Finally, cavities can be operated at cryogenic tempera-
tures. To date, two materials with near-zero thermal expansion at
cryogenic temperatures have been explored: single-crystal silicon
and sapphire. Single-crystal silicon cavities, operated at 124 K,
have achieved state-of-the-art thermal noise-limited perform-
ance of 4 x 107" for integration times between 0.8 s and a few
tens of seconds [113]. More recently, sapphire cavities operated
at 10 K have been explored. While these offer the prospect of
thermal-noise-limited fractional frequency instabilities in the
10718 range, the best short-term stability achieved to date is 10716
at 1-saveraging time [114].

B. Optical Frequency Combs

When optical references were first being developed a significant
challenge loomed regarding how to measure their transition
frequencies, which cycle 100,000 times faster than state-of-the-art
electronics. Prior to the development of optical frequency combs,
transition frequencies were measured using complex harmonic
frequency chains that linked optical frequencies to the primary
cesium standard at 9.2 GHz [115]. Due to their complexity,
only a handful of absolute optical frequency measurements were
published prior to the year 2000.

The optical frequency comb (OFC) represented a breakthrough
in metrology because it could perform near-perfect optical-to-
microwave down-conversion with a single oscillator, enabling the
generation of microwave timing signals that could be counted
using commercial frequency counters. An OFC (Fig. 8) is a mode-
locked laser that uses frequency control techniques to transfer
the stability of an atomic reference to its optical pulse train [116].
This control is achieved by stabilizing the pulse-to-pulse timing,
as well as the absolute frequency and phase of the pulse optical
carrier [116]. Stabilization, combined with coherent nonlinear
broadening in optical fibers [117] and waveguides, enables the
generation of octave-spanning spectra containing 10° to 10° dis-
crete, extremely well defined, and equally spaced optical modes.
Remarkably, phase-stabilized frequency combs have demon-
strated pulse-to-pulse timing stability at sub-femtosecond levels,
uncertainty in the optical mode spacing across an octave of band-
width at the 1072° level [118], and nanohertz-level frequency
control in their optical modes [119]. Frequency combs were first
demonstrated using Ti:sapphire lasers, which offered broad gain
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Fig. 8. Depiction of the operation of an optical frequency comb. A
mode-locked laser, modeled as a two-mirror cavity with a high reflector
(HR) and output coupler (OC), emits a train of femtosecond pulses. In
the frequency domain, this corresponds to an optical frequency comb:
a spectrum of equally spaced modes separated by the repetition rate f;
and offset by the carrier—envelope offset frequency fcro. Photodetection
yields a microwave signal at f; =1/7; = ¢ /2L at the cavity free-spectral
range, with no sensitivity to fcpo. The comb is stabilized by locking mode
N to a reference laser at vy, so that vy = N f; + fcgo = vy, transferring
its stability to all comb modes. A second optical frequency v, can be
measured using nearby mode M, enabling precise frequency comparisons
between widely separated optical references. Using the 2nd standard for
illustration, a single-frequency laser, with frequency Av,, is stabilized
to a resonant mode of a high-finesse optical cavity and then shifted into
resonance with an atomic transition using an acousto-optic modulator

(AOM).

bandwidth for wide spectral coverage. They were soon extended to
Er:doped and Yb:doped fiber lasers for improved robustness and to
avariety of mode-locked laser platforms tailored to access different
regions of the optical spectrum [120].

In OFCs, the mode-locking mechanism establishes a determin-
istic and phase coherent relationship between all optical modes in
the spectrum whereby each mode, v, can be characterized by only
two radio frequencies:

vy =Nfi+ fcro. (4)

Above, N is a large integer multiplier (typically on the order of
10°—10°) that scales the cavity resonant mode spacing or repeti-
tion rate, f, = /2L into the optical domain. Here ¢ is the speed
of light and L is the optical cavity length. For a linear cavity of
length L =30cm, f; =500 MHz. The carrier—envelope offset
frequency fcpo represents a common shift applied to all optical
comb lines, defining their absolute frequencies and linking the
optical comb spectrum to zero frequency.

Alternatively, vy can be stabilized by using the difference
frequency, Avy, between an optical clock frequency, vy, and the
nearest comb mode as an error signal for control of the OFC cavity
length. As seen in Fig. 8, this transfers the optical reference sta-
bility via division to the microwave domain through f;, and thus
through Eq. (4), to all optical and microwave modes of the comb.

Optical-to-optical synthesis can be engineered with near-
perfect fidelity [119]. In optical-to-microwave conversion, both
frequency and noise scale with the reference, enabling the gen-
eration of signals over 1,000 times more stable than the best
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room-temperature electronic oscillators [121-123], leading to the
recent commercialization of photonic-based synthesizers.

Using the above stabilization process, frequency combs can
enable the measurement of optical standards with respect to the
hertz via frequency division. Additionally, OFCs enable the rela-
tive frequency comparison of multiple optical clocks through the
measurement of frequency ratios. Because ratios are unitless, they
are not limited by the 1071 uncertainty of the hertz through the SI
second. For example, if two clocks with frequencies v, and v3 have
beat frequencies and A /5 with modes M and K, respectively, the
ratio is simply calculated as

E:Kﬁ+fc1~:o+Af3 5)
v, Mfi+ fcro+AfS

6. VALIDATING OPTICAL CLOCK PERFORMANCE

Optical atomic clock comparisons provide a critical test of clock
accuracy and reliabilicy. While uncertainty analyses represent
each laboratory’s best effort to account for all known frequency
shifts—such as those from electromagnetic fields, motion, or envi-
ronmental effects—they remain estimates until they are validated
through experiment. Direct comparisons between independent
optical clocks are essential to confirm that no significant systematic
uncertainties have been overlooked or underestimated. These
comparisons not only build confidence in the reported uncer-
tainties and accuracy in reported frequencies, but also support
international consistency in optical frequency standards.

A. Local Frequency Comparisons

As described in Section 5.B, frequency combs can compare the
frequency of an optical clock to a local cesium primary frequency
standard, enabling the absolute frequency of the optical clock
to be determined in units of hertz. However the accuracy of the
best such measurements [124,125] is limited to around 107'¢ by
the accuracy of today’s primary standards. This limitation can be
bypassed by comparing optical clocks directly.

The most straightforward type of comparison is between two
optical clocks based on the same transition, co-located within the
same institute, where the frequency ratio between the two clocks
is expected to be unity. Several such comparisons have been per-
formed, with the lowest uncertainties achieved being 1 x 10718
for a comparison between two '7'Yb optical lattice clocks [76],
3.8 x 107!8 for a comparison between two 7°Lu™ optical clocks
[126] and 4.2 x 107!® for a comparison between two 71ypt E3
ion optical clocks [127].

It is also possible to compare co-located clocks operating at dif-
ferent frequencies using an optical frequency comb (Section 5.B).
In such cases, the frequency ratio is not known a priori, so val-
idating the clocks’ uncertainty budgets requires comparison
with independent measurements from other laboratories. A key
advantage is that this validation does not require a physical link as
published frequency ratio results can be used instead. Although
comparisons of this kind have been performed since the early
2000s, the first local measurement with fractional uncertainty
below 5 x 1078 —meeting the target for redefinition of the SI
second—was only reported in 2025, between the '"In* and
71Yb"™ (E3) transitions [66] at PTB in Germany. However,
no independent measurement of this ratio is yet available for
cross-validation.

Efforts to directly connect independently developed optical
clocks across global national metrology institutes aim to provide
the most rigorous tests of uncertainty budgets. Such comparisons
are far more challenging as they involve either remote compari-
son using long-distance links or transportable versions of the
high-accuracy optical clocks. These comparisons are essential for
validating optical clock uncertainties, as the redefinition roadmap
requires agreement between independent clocks at the 5 x 10718
or better [24].

B. Remote Frequency Comparisons

When using long-distance time and frequency links to compare
geographically separated optical clocks, environmental perturba-
tions, signal delays, and other sources of noise introduced during
transmission must be carefully managed to ensure the integrity of
the transferred time and frequency signals.

1. Microwave Time and Frequency Transfer Links

Microwave atomic clocks around the world are routinely com-
pared via satellite-based microwave time-transfer links (GNSS
and TWSTFT) to generate the global time scale UTC (Fig. 1).
The transmitted signals are subjected to varying delays as they
pass through the ionosphere and troposphere, and the effects of
satellite motion must also be accounted for. Although the two-way
configuration and the use of geostationary satellites reduce these
effects in TWSTFT, long averaging periods are required to reach
low link uncertainty (Fig. 9).

Microwave time-transfer links have been used to compare
optical clocks by connecting them to hydrogen masers via opti-
cal frequency combs [135]. However, dead time in optical clock
operation requires extrapolation to maintain phase coherence,
introducing maser noise and additional uncertainty. Even with
advanced carrier-phase techniques—such as GPS PPP [136],
IPPP [137], TWCP [138], or higher-bandwidth modulation
[139]—uncertainties remain at the low 10~'¢ level [135,138,139].

A recently developed method for optical clock comparison is
very-long-baseline interferometry (VLBI), which uses geographi-
cally separated radio telescopes to observe the same celestial source,
forming a virtual telescope with enhanced angular resolution.
This requires the individual telescopes to be referenced to local
atomic clocks in order to ensure precise correlation of the signals
recorded in different locations. VLBI has been used to compare
optical clocks in Italy and Japan using portable stations [140].
In these experiments, timing signals from extragalactic radio
sources served a role similar to GNSS in remote clock comparisons.
Although the achieved uncertainties were comparable to those of
GNSS and TWSTFT links, VLBI demonstrated improved link
stability—reaching 2 x 107!¢ after one day of averaging—and
could potentially reach the low 10™! range after ten days [140].

In the near term, perhaps the most exciting prospects for using
microwave links to compare optical clocks are opened up by the
recent launch of the Atomic Clock Ensemble in Space (ACES)
mission [141] to the International Space Station (ISS). Installed on
the exterior of the Columbus module of the ISS, the mission fea-
tures two cutting-edge microwave atomic clocks: Projet d’Horloge
Atomique 4 Refroidissement d’Atomes en Orbite (PHARAO),
a laser-cooled cesium atomic clock, and Space Hydrogen Maser
(SHM), which are designed for long-term accuracy and short-term
stability, respectively.
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Fig. 9.  Fractional-frequency stability of atomic clocks, optical and
microwave transfer links, and photonic synthesis techniques for terrestrial
and space-based networks. Dashed lines denote microwave systems; solid
lines denote optical systems. Satellite-based microwave links include
GPS integer precise point positioning (IPPD, pink dashed) [128], two-
way carrier-phase transfer (TWCP, green dashed) [128], GNSS two
frequency real-time common view (GNSS CV) (grey dashed) [129],
and ACES (white dashed) [130]. Also depicted is the link noise due to
VLBI comparisons (purple) [131]. In the optical domain, the link noise
of ground-based optical fiber (orange) [132], submarine fiber [133] (light
orange), and free-space links (red) [134] are compared. Also shown is a
range of performances for state-of-the-art optical atomic clocks (yellow
band) and the additive instabilities from optical frequency combs (OFC)
used for the electronic synthesis (grey solid line) [123] and optical syn-
thesis (blue solid line) [119] of atomic references needed for optical clock
measurement. Note that the presented curves represent the best-case
performance ranges from demonstrations in the literature. The achievable
instabilities of all links depend strongly on baseline, post-processing,
hardware calibration, and environmental conditions.

These space clocks will be compared to ground clocks using the
ACES microwave link (MWL), a two-way link that operates in the
Ku band (13.5 GHz for the uplink and 14.7 GHz for the down-
link). The two-way configuration suppresses tropospheric and
ionospheric time delays, with the high operating frequency being
particularly advantageous for reduction of the ionospheric delay
and also cancels the first-order Doppler effect. A third frequency
in the S band (2.2 GHz, downlink only) is used to determine the
ionosphere total electron content (TEC). Because the ISS is in
low-Earth orbit, a ground station sees it for only about 300 s during
each 90 min pass. To reconnect these short measurement intervals,
the ACES system tags the microwave signal with a pseudo-noise
(PN) code, which acts like a unique identifier that prevents phase
ambiguity between passes. Microwave link ground terminals will
belocated in Europe, the US, and Japan, and up to four of these can
be connected at once, distinguished by different Doppler shifts and
PN-codes. In addition to space-to-ground comparisons, the MWL
will therefore allow direct comparisons between ground clocks to
be performed at a level of stability beyond what has been possible
up till now. When the ISS is in common view of two ground sta-
tions (e.g., within Europe), the system should be able to achieve a

comparison accuracy of 1 part in 10'7 within a few days [142]. For
intercontinental comparisons, where there is no period of common
view, around one week is expected to be needed to reach thislevel.

However, the stability of even advanced microwave time-
transfer links remains orders of magnitude worse than the stability
of optical atomic clocks, and this motivates the pursuit of optical
links to achieve higher resolution [143].

2. Optical Time and Frequency Transfer Links

Optical fiber is an attractive medium for comparison of time and
frequency signals, as it is easier than open-air paths to protect from
environmental perturbations, and extensive low-loss fiber infras-
tructure is already in place for optical communications systems.
Building on bi-directional phase-noise cancelation approaches
initially demonstrated on a 25 m link [144], fiber-based optical
frequency transfer has been scaled to municipal [145-148] and
intracontinental [149—151] scales.

Currently, Europe has one of the best developed and most
extensive fiber networks for optical frequency comparison and dis-
semination, linking national metrology laboratories across France,
Germany, the UK, and Italy, as well as other research institutes.
These fiber links enable relative atomic clock measurements and
the dissemination of stable optical and microwave signals with
additive inaccuracies on optical signals as low as 1 part in 10",
These levels of resolution have been achieved over links of nearly
1000 km within less than a day of averaging [152]. Hence, clock
comparisons over optical fiber [149,153] are limited by the per-
formance of the optical clocks themselves rather than that of the
link (Fig. 9).

Connecting optical clocks in different continents via optical
fiber presents additional challenges, since this will normally require
a submarine link. On land-based frequency transfer links, the
standard unidirectional amplifiers used in telecommunications
are replaced by bidirectional amplifiers, but this is not feasible for
a submarine link, and so two separate fibers have to be used rather
than a fully bidirectional link. The degree to which it is possible to
compensate for environmentally induced fiber noise will therefore
depend on the degree of noise correlation between the two fibers.
Nevertheless based on initial studies of frequency transfer over
submarine telecommunications links, it seems possible that inter-
continental clock comparisons could be achieved at a similar level
to satellite-based techniques, but with averaging times around 100
times shorter [133].

Many laboratories developing optical clocks lack access to met-
rological grade optical fiber links and are highly geographically
dispersed. Free-space optical time-transfer links are there-
fore also being pursued to address the gap in ability to perform
high-precision clock comparisons on a global scale.

Free-space optical frequency transfer using a continuous-wave
(CW) optical carrier, as with fiber links, has been demonstrated
[154]. However, signal dropouts due to atmospheric turbulence
limit the time for which coherent operation can be maintained,
because the period of the optical carrier is too short to avoid cycle
slips after these dropouts. Phase coherence for more than 1 h has
been demonstrated over sub-kilometer links through the use of
adaptive optics [155], butan alternative is to use pulsed radiation.

For example, in addition to the MWL, the ACES mission also
includes an optical link: European Laser Timing (ELT) [141]. This
is an extension of the former T2L2 time transfer experiment on
board the Jason-2 satellite [156] based on satellite laser ranging
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with picosecond laser pulses. Ground-based tests suggest that this
should have performance similar to the MWL and thus will act as
an important cross-check for thatlink.

Higher timing accuracy can be achieved using frequency-comb-
based optical two-way time and frequency transfer, with OFC laser
terminals at both ends of the link. Interference between outgoing
and incoming signals produces an optical interferogram that mea-
sures transmission-induced phase noise, which can be removed
in post-processing due to the reciprocity of the link. This method
combines optical phase detection with the robustness of a pulse
train, maintaining phase coherence even with pulse loss from signal
fading [157]. The first optical clock comparisons over a free-space
link were reported in 2021 by a NIST collaboration, comparing
results from a 1.5 km free-space link and a 3.6 km fiber link [153].
Remarkably, free-space optical two-way transfer with frequency
combs has since been demonstrated over distances up to 300 km
[134,158], despite picowatt-level received signals [134]. Based on
these results, extending this technique to ground-space—ground
links via geostationary satellites appears feasible for remote optical
clock comparisons [159].

3. Transportable, High-Performance Optical Atomic Clocks

An alternative for comparing optical clocks across continents—or
in labs without access to optical fiber links—is to use transportable
optical clocks. Achieving lab-level accuracy in a portable system
presents significant engineering challenges, not only for the atomic
package but also for developing rugged, compact optical reference
cavities [160—162]. Current systems are typically the size of a large
refrigerator or housed in transport vans. Despite these constraints,
several transportable clocks have demonstrated systematic uncer-
tainties below 1071°, based on both lattice clocks [163—-166] and
trapped-ion systems [167-169], with the best reaching the low
1078 level [82]. Many have been deployed for remote compar-
isons or used outside metrology labs in chronometric leveling
experiments (Section 8.B). Only recently, however, was a trans-
portable optical clock used in an intercontinental comparison,
when a system from Japan was transported to the UK and Germany
[170].

C. Status of Optical Clock Comparisons

Despite major advances in optical clock comparisons, achieving
international consistency at the 5 x 1078 level—the target set in
the roadmap [24] for redefining the second—remains a challenge.
Although one non-unity frequency ratio has reached this uncer-
tainty [66] and several others have reported uncertainties below
10", independent verification is still lacking. Moreover, the scatter
in frequency ratio measurements is often larger than expected
from white frequency noise alone [153,171], prompting the use of
methods such as Birge ratio inflation or modeling excess scatter as
a time-varying “dark” uncertainty. Even in comparisons between
independent realizations of clocks based on the same transition,
deviations from unity often exceed those predicted by evaluated
systematic uncertainties [170]. Coordinated, large-scale clock
comparison campaigns, especially those involving multiple link
types, are essential for identifying outliers and investigating the
root causes of these discrepancies [172].

Three independently measured frequency ratios between clocks
with frequencies vy, v, and v3 should satisfy the relation:

———=1 (6)

Examination of such “loop closures” has been used to demon-
strate that the frequencies of optical clocks are reproducible
beyond what is achievable through comparisons against the cur-
rent realization of the SI second [82]. More generally, methods
have been developed to evaluate the internal self-consistency of
the complete global body of clock comparison data and to derive
optimized frequency ratio values from all available measurements.
These methods are based either on least-squares analysis [173]
or examination of closed loops in a graph theory framework
[174], and to date have been applied primarily to derive the rec-
ommended frequency values used when secondary frequency
standards contribute to TAI (Section 7.A). However, they will
become increasingly important in assessing the consistency of
optical frequency ratio measurements as progress is made toward a
redefinition of the second.

7. TIMEKEEPING WITH OPTICAL CLOCKS
A. Optical Clocks in TAI

One of the primary beneficiaries of an optical redefinition of the SI
second will be the global time scales TAI and UTC. Some optical
clocks are already being used as secondary frequency standards to
steer TAI, alongside cesium fountain primary frequency standards.
In this process, agreed “recommended” values of their frequen-
cies are used, which are derived from an analysis of the complete
worldwide body of accurate clock comparison data [175]. So far,
11 optical clocks have been officially approved to contribute as
secondary frequency standards. Most are strontium or ytterbium
optical lattice clocks, with two ion clocks added recently. In prac-
tice, however, the number of optical clocks contributing to TAI
each month remains well below the number of cesium fountain
contributions. This is because most optical clocks still operate
intermittently, with datasets that are often shorter than the full
30-day Circular T reporting period.

The 2021 update to the recommended frequency values [176]
reduced the fractional uncertainties for strontium and ytterbium
to 1.9 x 10716, on a par with the best cesium fountains. In prin-
ciple, this would allow optical clocks to carry equal weight in
TAI computation—if they achieved comparable uptime. While
their robustness has improved [177], optical clocks still operate
intermittently, with frequent dead time and incomplete 30-day
Circular T datasets, which increase the link uncertainty through
reliance on hydrogen masers [178]. As a result, very few optical
contributions have so far met the target 2 x 107!¢ uncertainty set
in the roadmap for redefinition of the second [24]. Meeting the
redefinition criterion—three contributions per month below this
uncertainty for at least one year—will require sustained operation
of optical clocks with high uptime across full Circular T intervals.

B. Relativistic Effects on Clocks

When comparing optical clocks, whether directly or when con-
tributing to the TAI, the difference in the gravity potential at each
clock’s location must be taken into account. According to general
relativity, clocks run more slowly when they are closer to Earth’s
center of gravity. This means that a clock at sea level ticks slightly
slower than an identical clock at higher altitude. The resulting
fractional frequency shift between two clocks at rest on Earth’s
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surface is given by

Afee AW

f e
where AW is the gravity potential difference between them and
¢ is the speed of light in vacuum. For example, a clock at NPL in
the UK, little more than 10 m above sea level, when compared to a
clock at NIST in the “mile high state” of Colorado, will appear to
be ticking too slowly by nearly 2 partsin 1013.

TAI is defined to match Terrestrial Time, using a reference
gravity potential of W = 62,636,856.0 m?2s~2, which corresponds
roughly to mean sea level [179]. When a primary or secondary
frequency standard contributes to TAI, its local gravity potential
must be determined relative to this reference. For cesium fountain
clocks, this is relatively straightforward. But for optical clocks,
which can reach fractional uncertainties below 1078, the required
precision is much higher: the local gravity potential must be known
to within about 0.1 m?s™2, which is equivalent to knowing the
clock’s height to within just 1 cm.

On a global scale, Earth’s gravity potential is modeled using
satellite data from missions like Gravity Recovery and Climate
Experiment (GRACE) and Gravity Field and Ocean Circulation
Explorer (GOCE) [180]. However, these models are only accurate
for large-scale features, typically those spanning 200 km or more,
so they lack the resolution needed to determine gravity potential
precisely at the local level. To work out the gravity potential at the
specific location of a clock, information from the global model
must be combined with regional information from gravity mea-
surements (to resolve variations on intermediate spatial scales
of ~50 to 200 km) and topographic data from high-resolution
digital elevation models (to obtain short spatial scales from meters
to 50 km) [181]. This approach has enabled the gravity potential
in several European laboratories to be determined with an accu-
racy corresponding to better than 3 x 107'® clock uncertainty
[139]. Uncertainties below the 1 x 107! level, the target set in the
roadmap for redefinition of the second, have also been achieved in
several other laboratories [182,183].

Apart from the static part of the gravity potential, temporal
variations must also be considered [184]. The largest contributions
come from solid Earth tides, with ocean tides also being relevant
at the 10717 level. However as clock comparisons improve toward
the 107'8 level several other time-variable potential effects can
become important, such as non-tidal mass redistributions in the
atmosphere due to storms or anticyclones, or variations in con-
tinental water storage on seasonal time scales. Current models
and measurement of the Earth’s gravity potential will therefore
limit the accuracy of time realization in UTC, even after an optical
redefinition of the SI second, with further improvements being
necessary to reach the theoretical factor of 100 gain in accuracy.

Clock comparisons require only the difference in gravity
potential between locations. However, when comparing clocks
across countries, even within the same continent, resolving these
differences accurately remains challenging. In contrast, for local
comparisons, gravity potential differences can be determined more
easily at the millimeter level in height using geometric leveling
techniques.

@)

C. Optical Time Scales and Accessibility of UTC

For optical clocks to support real-time timing services through
UTC(k), they must be integrated into national time scales. As they

currently operate as frequency standards rather than continuous
clocks, their role will mirror that of cesium fountains—providing
periodic frequency corrections to steer a continuously running
microwave oscillator (hydrogen maser) [185-190]. This approach
is already being used in time scales in both Japan and Korea, with
UTC(NICT) being steered by a strontium optical lattice clock and
UTC(KRIS) by an ytterbium optical lattice clock.

In the future, however, we can envisage fully optical time scales,
where hydrogen masers are replaced by an optical alternative.
Alternative systems might include low-drift cavity-stabilized lasers
as in an initial demonstration of an all-optical scale time using
a cryogenic silicon cavity [191]. Other promising candidates
include high-uptime frequency standards with excellent short- and
medium-term stability, such as thermal beam optical clocks [192],
active optical clocks [96], and systems based on spectral holes in
cryogenically cooled Eu?* : Y,SiOs crystals [193].

These approaches are expected to yield significant enhance-
ments in the stability of UTC(#) time scales, to well below 1 ns
as the uptime of optical clocks continues to improve. However,
to make this improved performance accessible to end users, new
methods for time dissemination will be required, for example,
through optical fiber networks (Section 6.B.2). Important steps
in this direction have already been taken in several countries, par-
ticularly in Europe. For instance, the French national Metrological
Fiber Network (REFIMEVE) network in France disseminates
time and frequency signals from UTC(OP) to research laboratories
across the country, supporting applications in photonics, laser sta-
bilization and control, and high-resolution atomic and molecular
spectroscopy [194].

In Italy, the quantum backbone network supports both secure
quantum key distribution using twin-field QKD [132], and stable
time and frequency dissemination from optical clocks to radio
telescopes for improved VLBI [195].

D. Options for Redefinition of the Second

Beyond the technical challenges of redefining the second, a critical
question remains: what form should the new definition take?
Fixing the numerical value of another fundamental constant,
such as the electron mass 7, or the Rydberg constant Rs, has
been ruled out for now, as their uncertainties are still orders of
magnitude larger than the current realization of the second [24].
Although ¢, 4, e, k, and N4 have already been fixed in recent
SI revisions [196,197], only two viable options for defining the
second remain under consideration.

The first is to select one optical transition and to fix the numeri-
cal value of its frequency. In this case, optical frequency standards
based on this particular transition will become the new primary
frequency standards, and cesium fountains will become secondary
frequency standards, with the cesium frequency having an uncer-
tainty assigned in the list of recommended frequency values rather
than being exactly set by the definition. This option has the advan-
tage of simplicity, and it is easy to understand how such a definition
would be applied in practice as it is a straightforward adaptation
of the present definition. However with so many different optical
transitions currently being worked on around the globe, it is likely
to be challenging to reach consensus on the best transition to pick
for the definition.

An alternative to selecting a single transition is to define the
second using a fixed weighted geometric mean of several optical
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transition frequencies [198], with the weights and mean form-
ing the defining constants. This approach leverages the fact that
multiple optical clocks now demonstrate comparable perform-
ance, potentially easing consensus on which transitions to include.
However, the concept is less intuitive, and the form of a primary
realization remains under debate. A dynamic variant, whereby
means and weights are periodically updated, has also been pro-
posed to track future improvements in clock performance. This
would mark a significant departure from current SI practice, and its
broader implications are still under study.

8. EMERGING APPLICATIONS OF OPTICAL
CLOCKS

A. Testing Fundamental Physics

Frequency ratios between optical atomic clocks are among the most
precise fractional measurements ever achieved, where fractional
uncertainties below 107'® correspond to energy sensitivities in
the attoelectronvolt range. Because atomic transition frequencies
are governed by fundamental physical laws and constants, such
precision enables optical clocks to probe potential violations of
general relativity, Lorentz invariance, CPT symmetry, and the con-
stancy of fundamental constants. As a result, clock comparisons
provide a complementary, high-resolution, table-top platform to
high-energy experiments like the Large Hadron Collider for testing
physics beyond the Standard Model.

As seen in Fig. 6, atomic clocks are intrinsically sensitive to
relativistic Doppler shifts, including the second-order effect
from time dilation. For atoms moving at velocity, v, the clock
frequency experiences a fractional shift A £/ f = —v?/2¢%. At
the 10718 level, even motion at the scale of centimeters per second
becomes measurable. While this sensitivity requires careful con-
trol to avoid systematic errors, it also enables precision tests of
Lorentz symmetry, where violations could manifest as velocity- or
direction-dependent frequency shifts. Relativistic Doppler effects
also play a key role in satellite-based comparisons and relativis-
tic geodesy, where they must be disentangled from gravitational
redshifts to probe for deviations from general relativity.

One of the most direct clock-based tests of general relativity is
the gravitational redshift, which can be observed by comparing
two clocks at different gravitational potentials. An experiment
at Tokyo Skytree [199] compared two transportable strontium
optical clocks, with one at the top and one at the base of the tower,
and demonstrated a measurement precision of 91 parts per million.
This result surpassed the fractional accuracy achieved by the 1980
Gravity Probe A rocket experiment [200] and approached that of
more recent satellite-based redshift tests [201,202], even though
the height difference between the clocks was only a few hundred
meters. This illustrates the much higher intrinsic sensitivity of
optical clocks to gravitational redshifts. Future space missions,
such as ACES [142], aim to improve the uncertainty of spaceborne
redshift measurements by one to two orders of magnitude. In
the longer term, optical clocks deployed directly in space may
offer another substantial gain in sensitivity [203], enabling more
stringent tests of general relativity.

Other types of tests explore whether the fundamental constants
governing atomic structure, such as the fine-structure constant,
a and the proton-to-electron mass ratio (= m,/m,, are truly
constant in time and space. Because different atomic transitions
depend on these constants in different ways, comparing clocks

based on different atoms enables sensitive tests for slow drifts or
their coupling to a gravitational potential [52,124,204,205], as
well as oscillatory and transient variations [153,206-209]. These
ideas are being pursued both in long-term comparisons between
optical clocks and in searches for signals linked to dark matter
[153,207,208] and scalar fields.

Such variations are predicted in theories that propose new fields,
like scalar fields—hypothetical energy fields that could slowly or
periodically shift the values of fundamental constants. Some
models also suggest that dark matter might weakly interact with
normal matter (“couple” to it), producing small shifts in atomic
transitions that clocks can detect. Optical clock comparisons have
also been used to test Lorentz symmetry, for example, by exploiting
the relative velocities of networked clocks in the geocentric frame
[150], or by comparing clocks with differently oriented atomic
quantization axes, which can reveal direction-dependent frequency
shifts predicted by some Lorentz-violating theories [127]. It has
even been proposed [210] that optical clocks with fractional insta-
bility below 1072 could enable space-based gravitational wave
detection, though this remains beyond current state-of-the-art
performance (Fig. 6).

Emerging clock technologies discussed in Section 4.C, such as
highly charged ion clocks [97] and nuclear clocks [103,104], offer
significantly enhanced sensitivity to variations of fundamental
constants compared to established single-ion and optical lattice
clocks [211,212]. In HClIs, stronger Coulomb binding amplifies
relativistic effects in the clock transition, increasing sensitivity
to changes in the fine-structure constant . Nuclear clocks go
further, as their transition energies depend directly on nuclear
binding forces and a broader set of constants, while benefiting from
exceptional isolation due to electron cloud shielding. These fea-
tures make both platforms especially promising for stringent tests
of fundamental physics, including searches for ultralight scalar
fields, time-varying constants, and violations of Lorentz and CPT
symmetry.

B. Optical Clocks as Gravity Sensors

The importance of accounting for gravitational effects when
comparing optical clocks, or when using them for international
timekeeping, has already been discussed in Section 7.B. However,
the connection between clocks and gravity also works in the oppo-
site direction: optical clocks with well-characterized uncertainty
budgets at the level of 1 x 1078 can serve as sensitive probes of the
gravity potential [213].

Unlike gravimeters, which measure the local acceleration due
to gravity (the derivative of the potential) [214], optical clocks
respond directly to the gravity potential itself. Clock-based gravity
measurements have potential applications in establishing a uni-
fied international height reference system—one based on gravity
potential rather than sea level. This would help connect tide gauges
that currently define national height systems, many of which dis-
agree by several decimetres due to differences in local sea-level and
historical measurement practices, even within a single continent
[213]. Optical clocks could also enable high-resolution mapping of
the gravity potential in mountainous regions with complex terrain
[215].

A first proof-of-principle chronometric leveling experiment
used a transportable strontium optical lattice clock, linked via
optical fiber, to measure the gravity potential difference between



two locations: one situated in the mountains and another approx-
imately 90 km away and 1000 m lower in altitude [216]. In this
experiment, both local and remote clock comparisons were per-
formed to eliminate susceptibility to any potential clock errors.
However, the performance of the transportable clock in this exper-
iment limited the accuracy of the clock comparisons that could
be performed, falling short of what could be derived by tradi-
tional geodetic methods. Transportable optical clocks with better
accuracy, able to resolve height differences at the cm-level, were
demonstrated at Tokyo Skytree broadcasting tower (Section 8.A).

Recently, a lab-based optical lattice clock was employed to
resolve gravitational frequency shifts at the millimeter scale within
a single atomic sample [217]. While this experiment is remarkable
in resolution, it only captures highly localized changes in the grav-
ity potential, not the broader variations across Earth’s surface that
geodeticapplications require.

With continued improvements in the environmental robust-
ness of transportable optical clocks and the use of synchronous
interrogation techniques that suppress certain sources of instability
[771, their application to establishing consistent international
height reference systems appears increasingly feasible. Further
gains in clock stability could also enable detection of time-varying
changes in Earth’s gravity potential, such as those caused by solid
Earth tides [213].

C. Compact and Portable Optical Clocks for Holdover

Although gravity sensing demands optical clocks with state-of-
the-art stability and accuracy, other applications may prioritize
cost, size, weight, and power consumption (C-SWaP) over per-
formance. For example, free access to GNSS timing signals has
revolutionized industries, transformed daily life, and generated
enormous economic value, largely due to their global reach and
ease of use. Within this success, however, lie some dangers: modern
infrastructure has become highly dependent on satellite signals that
are weak and susceptible to disruption.

Compactand portable atomic clocks can help fill this gap. They
are especially useful in environments where GNSS cannot reach,
such as underground, underwater, or inside buildings. Another
critical application is holdover timing, which maintains accurate
time during GNSS outages, whether caused by natural events like
solar storms or intentional interference from malicious actors.

Compact and portable microwave atomic clocks have been
available commercially for decades, whereas portable optical
atomic clocks are at a relatively early stage of development.
However, some systems are already showing performance on a
par with the best microwave atomic clocks [218,219], and have
been tested in a maritime environment [220,221], demonstrating
short-term fractional frequency stability better than 1073 //7,
comparable to a hydrogen maser but in packages significantly
smaller and lighter. These systems use robust thermal-vapor-
cell technology rather than the laser-cooled atoms employed in
state-of-the-art optical atomic clocks, and are based on reference
transitions in molecular iodine [220], rubidium, or ytterbium
[221]. Successful operation of an iodine frequency reference has
also been demonstrated on a sounding rocket mission [222], a first
step toward future space deployment. Finally, recent efforts are
starting to translate the success of the microwave chip-scale atomic
clock (CSAC) into the optical domain [223].

Optical clocks offer key advantages over traditional microwave
systems. Shorter wavelengths allow more compact components,
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and higher-frequency transitions lead to sharper resonances and
higher quality factors (Q), improving operational stability. For
portable systems, the required small length scale sets a limited
interaction time which makes the higher frequency of the tran-
sition essential to achieving a high transition Q. Additionally,
because optical transitions operate at much higher frequencies,
environmental shifts result in smaller fractional errors, enabling
clocks to be more robust against external perturbations.

However, the optical approach presents significant chal-
lenges for compact and high-performance systems. Chief among
them is increased system complexity, particularly the need to
convert the optical clock signal to frequencies usable by elec-
tronic systems. This requires a compact, robust frequency comb,
making the development of integrated microcombs [224] and
high-performance monolithic mode-locked laser for OFCs
[225] a critical step forward. In addition to compact comb
sources, compact and stable optical references are also required
for clock interrogation. Recent developments include air-gap,
centimeter-scale reference cavities capable of thermal-noise-
limited instabilities in the low x 10~ !4-level without the need for
ion pumps [226]. Additionally, optical clocks have been interro-
gated using a microresonator-based system employing stimulated
Brillouin scattering [227] and a chip-integrated, waveguide spiral
optical reference [228]. When used to probe the 33Sr* transition,
both systems demonstrated fractional instabilities on the order of
4 x 10747712,

Finally, the supply chains for critical components are underde-
veloped, resulting in higher costs. Optical components must be
matched to the specific wavelengths of clock transitions, which
typically lie outside standard telecommunications bands making it
difficult to take advantage of the cost and reliability benefits of the
optical communications industry. However, parallel development
needs for other photonic applications like quantum computing
and biosciences are likely to improve the availability and cost of the
components needed for optical clocks, leading to more affordable
and accessible systems in the future.

9. TIME AND METROLOGY: OUTLOOK

Optical atomic clocks have advanced rapidly since their incep-
tion and now offer groundbreaking precision at a table-top scale.
The best systems have achieved fractional uncertainties below
107!1% and fractional instabilities approaching 5 x 10777 ~1/2,
While the quantum limits to statistical precision are well under-
stood, ongoing work in entanglement of ions within the same trap
[229], quantum networking of independent clocks [230] and spin
squeezing [231] aims to improve stability beyond the standard
quantum projection noise limit. At the same time, accuracy at the
1071 level and beyond will push the ultimate limits of systematic
control and motivate advances in clock design, modeling, and
environmental isolation.

The rapid gains in performance observed over the past four
decades have enabled optical atomic clocks to support both
practical applications, such as international timekeeping, and
fundamental tests of physics. A decade ago, none contributed
to the steering of international atomic time; today, 11 have been
approved—nearly matching the number of cesium fountain
standards—and a roadmap for redefining the second is underway.
However, key challenges remain: deciding between a single-species
or ensemble-based redefinition, demonstrating consistency at
the 5 x 107!® level through high-accuracy comparisons, and
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improving clock robustness to match the reliability of cesium
fountains.

Optical atomic clocks are already pushing the limits of our
physical understanding by testing whether the fundamental forces
vary over time, placing constraints on possible interactions with
dark matter, and enabling new approaches in relativistic geodesy.
Expanding access to optical clocks through advanced time and
frequency dissemination, compact portable systems, and planned
space-based implementations [232,233] is poised to enable a broad
range of impactful new applications.

The continued advancement of optical clocks presents a com-
pelling opportunity for the laser and photonics community to
drive progress at the frontier of precision measurement. Meeting
the demands of next-generation systems will require innovation
in laser stabilization, integrated optics, and low-noise detec-
tion. As clocks move beyond the laboratory and into real-world
platforms and networks, the technologies developed to support
them will shape not only the future of timekeeping, but also the
broader scientific and technological systems that support emerging
applications across disciplines.
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