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The Hyperfine Transition for the Definition of the Second

Elisa Felicitas Arias* and Gérard Petit

The unit of time of the International System of Units (SI), the “atomic second”
was defined through a constant of physics in 1967. It is derived from the
frequency of the hyperfine transition of the atom of cesium 133. From the
astronomical definition of the second until today, the accuracy of the
realization of the second has improved by eight orders of magnitude, with a
rate that has increased since the development of the cesium frequency
standards, to reach parts in 1016 for the best clocks today. In 2018, when the
new SI was adopted, the time metrology community proved that a new
generation of frequency standards operating in optical wavelengths has
uncertainties at the level of 10–18, and challenge the implementation of high
accurate frequency and time comparison techniques to decide on a revision of
the definition of the second. Herein, the progress in the definition and
realization of the second from astronomy until today is reviewed, an inventory
of the present resources is assembled and a brief view for the future given.

1. Introduction

On 13 October 1967, government representatives at the 13th
General Conference on Weights and Measures (CGPM) made
the decision of redefining the SI unit of time as the second
derived from the frequency of an atomic transition. This res-
olution was a dramatic turn-over that moved the activities on
the realization and maintenance of the second from astronomy
to physical sciences. While the relative accuracy of the current
astronomical realization at themoment of the redefinition was of
order 10−8, the cesium standard was estimated by the operators
of such devices as four orders of magnitude more accurate.
Consequence of this change was the adoption of an atomic

timescale as the world time reference; relevant international or-
ganizations and scientific unions working together concluded
that International Atomic Time (TAI), although uniform, was not
adapted to applications requiring a link to references on the rotat-
ing Earth, and defined Coordinated Universal Time (UTC), syn-
chronized to rotational time better than 0.9 s, still ruling today.
Themaintenance of the reference timescales has been since then
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in the hands of metrologists, with an un-
precedented effort of international coor-
dination and scientific cooperation.
The units of length and time had been

the first to be defined through values of
physical constants; in 1960 themetre was
redefined in terms of the krypton radia-
tion, and again in 1983 through the speed
of light. In 1967 the second was redefined
in terms of the frequency of the transi-
tion between the two hyperfine levels of
the ground state of the 133 cesium atom.
In 2018, the 26th CGPM anchored the SI
by linking the other five base units of the
international system to a set of defining
constants drawn from the fundamental
constants of physics and other constants
of nature, from which the definitions of
the base units are deduced.

A new definition of the SI second could be expected in the next
decade. Progress in the development of new frequency standards
allows us to consider that clocks operating on optical transitions
would be the candidates for redefining the second. They have
demonstrated uncertainties of order 10−16 relative to the cesium,
and a potential to reach standard uncertainties two orders better
that the best microwave cesium standards. Still pending is the
possibility of comparing these clocks over all distances with an
uncertainty comparable to the clock’s accuracy.
This paper presents the historical evolution of the definition

of the SI second, focusing on its atomic definition and its conse-
quences. The state-of-the-art on the development of cesium pri-
mary frequency standards (PFS) and their impact on timescale
formation are also developed.

2. Background

Scientists do not intend to define time, but to establish the
mechanisms to measure its flow. This had been, until the last
half of the twentieth century, a task of astronomers. The celestial
motions have been considered ever since as the natural phe-
nomena providing the seemingly periodic events needed for the
measurement of time. The man-made clocks were used as “time
keepers,” which frequency was adjusted by comparison with
that coming from celestial motions. This procedure remained
valid until the moment when clocks became more stable than
the celestial motions used to steer their frequencies. The devel-
opment of the first atomic clock in 1955 by Essen and Parry[1]

put time keeping in the hands of physicists, and more precisely
metrologists. However, this transition was not without difficulty:
time was no longer derived from a natural celestial phenomenon
known by everyone, and in the perception of the epoch, coming
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from an “artificial” device operated in a laboratory made it poorly
reliable.
In time keeping, the concepts of uniformity, time interval, and

timescale are basic. Time cannot be measured without a timescale.
Different timescales can coexist for various applications, but
the unique timescale providing the time reference must be the
most uniform; a time measurement is the measurement of a time
interval. Prior to these concepts, the fundamental element is the
unit.
To start, a natural, periodic phenomenon with an ideally un-

varying frequency is chosen for the definition of the unit. Second,
there is a need to identify a process and a device capable of repro-
ducing the unit with some approximation, without interruption.
This is the unitary scale interval. The timescale is finally generated
with the adoption of an arbitrary origin.
The generated timescale will be uniform if 1) the unitary

scale interval remains constant on a given time interval; a
quantification of the capacity of reproducing the same unit
interval over a lapse of time is the stability of the timescale; 2)
the unitary scale interval agrees well with the definition of the
unit; the level of agreement is the accuracy of the timescale. In
fact, the concept of uniformity associated to a timescale is vague
and it depends on the requested characteristics that are derived
from the applications.

3. Before Atomic Time

3.1. The Astronomical Definitions of the Second

The first timescales were based on the repeatability of celestial
motions where the underlying phenomenon responded to the
requisite of being natural. As new clocks were being built and
comparisons improved, instabilities of the natural phenomenon
were revealed and could not be accounted for by improved
modelling.
This was the case of Earth’s rotation, reflected by the diurnal

motion of the celestial bodies. It is necessary to note that a mea-
surement of time is, in fact, themeasurement of another quantity
that can be assimilated or transformed to obtain time. Apparent
solar time is defined as “the hour angle of the Sun,” the 360° of the
diurnal path of the Sun correspond to 24 h, so that 1 h is equiva-
lent to 15° of hour angle. The irregularities of the apparent solar
time were already understood in the times of Ptolemy. The laws
of planetary motions explained that the orbit of the Earth around
the Sun was elliptical, and that it was tilted with respect to the
plane defined by the Earth’s rotation. A uniform time was then
derived by correcting the effects of the ellipticity of the Earth’s or-
bit and of its tilt with respect to the equator, under the namemean
solar time. It represented the time of a fictitious Sun moving on
the equator with a constant velocity equal to the mean annual
velocity of the real Sun. This concept was associated to the local
meridian. The nineteenth century brought the necessity of unify-
ing the time, at least on national level due in part to the extension
of the railways. The concept of “official” or “legal” time of a na-
tion was born, and some countries defined as official hour that
of an arbitrarily adopted meridian crossing their territories. The
next step was to create the concept of a unique time, “universal”
in the sense of being the same for everyone. This was possible
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with the adoption, in 1884, of a prime meridian, and a universal
time, defined as the mean solar time corresponding to the prime
meridian. The Earth’s globe was divided in 24 time zones of 1 h,
the first centered on the Greenwich meridian, adopted as prime
meridian. This was the first step toward international time coor-
dination, when the countries adopted legal times in correspon-
dence with the time zones.
The establishment of timescales had been since then in the

domain of astronomy. The second was defined as the 1/86 400
part of the mean solar day. In 1948 the International Astro-
nomical Union (IAU) recommended the use of Universal Time
(UT). A determination of universal time implied astronomical
observations to measure the sidereal time. Sidereal time is the
hour angle of the equinox reckoned from the meridian (it has
the denomination Greenwich sidereal time when it is referred to
the Greenwich meridian). With the help of transit instruments,
the instants of meridian transit of stars were detected, and the
corrections to the reference clock were derived. Clocks had the
role of “time keepers,” and they were not at all associated to
the phenomenon underlying the timescale. Clocks provided,
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through extrapolation, real time UT, and they produced time
signals for time dissemination.
The first observational indication that the Earth’s rotation

rate was variable was made using high-grade pendulum clocks,
and confirmed following the development of crystal clocks in
the 1930s by Scheibe and Adelsberger of the Physikalisch-
Technische Reichsanstalt (PTR) in Germany.[2] The astronomers
were thought to have found the solution to the problem of defin-
ing a uniform timescale with the adoption of Ephemeris Time (TE)
in 1952[3]; a form of dynamical time, generally defined as the ar-
gument in the dynamical equations of the bodies of the Solar Sys-
tem, and related to the geometrical mean longitude of the Sun
by Newcomb’s theory.[4] The practical realization of TE was not
based on the Solar motion but rather on the lunar motion, since
it was the most easily observable object in the solar system. It re-
lied on the dynamical theory of the Moon and on observations,
and any improvement in the theory would imply a redefinition
of the timescale. The 11th CGPM in 1960 adopted the ephemeris
second as the SI unit of time.[5] It was defined as a fraction of
the tropical year 1900, thus in retrospective, and not susceptible
of being reproduced, what was a clear drawback. The duration of
the ephemeris second equals approximately the duration of a sec-
ond of mean solar time averaged over the previous century. As it
turned out, it was in fact shorter by 1.4 × 10−8 s when averaging
around year 1960.
TE was available in the form of a correction to UT with one-

year delay; it has never been used in civil time due to the fact of its
late availability and because there was no form of dissemination.
TE has been confined to astronomers, while UT remained the
timescale for practical use.
It is worth noting that, in a certainmanner, this was the kick-off

of the international cooperation that today makes international
time keeping a success: in the 1950s, the precision in the deter-
mination of time was a few milliseconds, and the delay to obtain
definitive results was one year; in the twenty-first century we de-
termine the international time reference with a few nanoseconds
precision, with a delay of one month.

3.2. The Dawn of Atomic Time, the First Cesium Standard

Work at the US National Bureau of Standards (NBS, today Na-
tional Institute of Standards and Technology, NIST) constituted
the first steps toward the construction of atomic clocks. In 1937
Isidor Rabi invented the molecular beam magnetic resonance
method,[6] and observed the first atomic hyperfine structure
transitions.[7] In 1949 Lyons linked a resonating quartz crystal to
an ammonia spectral line at a frequency of 24GHz, with a relative
accuracy of some parts in 107. Norman Ramsey’s work between
1950 and 1955 facilitated the achievement of the atomic clock. He
developed a method[8] where the atoms are observed successively
along two electromagnetic fields in two cavities allowing observ-
ing very narrow resonances, and consequently obtaining a higher
quality factor than those obtained with only one interaction (see
also Section 8.1). In 1955 Louis Essen and Jack Parry from the
UK National Physical Laboratory (NPL) achieved the first opera-
tional cesium atomic clock using Ramsey’s method which was to
become a standard of frequency.

4. The Adoption of the Atomic Definition of the
Second

The second defined through the equations of motion of the Solar
system in 1952 by the IAU, and ratified in 1960 by the CGPM—
the ephemeris second—had a short life; it was not reproducible
and the associated timescale, called ephemeris time, was used
only by a small fraction of astronomers. It was defined as derived
from the orbital motion of the Earth, but in practice computed
from the dynamical theory of the Moon, the best observed ob-
ject in the sky. It was realized with about one year delay under
the form of corrections to Earth rotation time. Some years after
its introduction, the astronomers discussed on the possibility of
improving the ephemeris time by adopting a better theory and
improved models. But the fact that atomic clocks already existed
andwere operated in a few laboratories, and that the realization of
the unit of time through an atomic transition was possible in real
time, reproducible, andmore accurate than celestial motions, led
to considering a dramatic change in the definition.
The adoption of the ephemeris second was certainly an unnec-

essary step toward the atomic second. The rational explanation is
that it was not certain, at this epoch, that the cesium transition
was the best choice and that all the corrections due to the pertur-
bations of the atoms were considered; indeed, a small correction
due to the black body radiation was applied much later. The pos-
sibility that atomic time differed from dynamical time was also
evoked. In fact it can be considered that the need to explicitly use
a relativistic formalism later clarified the relations between such
different timescales. Less rational, but strongly anchored in soci-
ety, was the feeling that time could be derived only from the mo-
tion of celestial bodies. Nevertheless, under the pressure of physi-
cists, a value of the frequency for cesium standards was suggested
for temporary use by the International Committee forWeights and
Measures (CIPM) in1964.

4.1. The Continuity of the Successive Definitions

One basic rule of metrology is the continuity of the numerical
value of the unit when the physical definition is changed. As ex-
pressed by Leschiutta,[9] this practice guarantees that by changing
the unit no bias is introduced in series ofmeasurements covering
different unit definitions.
There is no indication of any formal adoption of the second as

the fraction 1/86 400 of the mean solar day as the unit of time,
as it was assumed for centuries. The twentieth century put light
on two characteristics of the Earth’s dynamics: the motion of the
rotation axis within the Earth, known as polar motion, and the ir-
regularities of the Earth rotation. Later on, improvements were
introduced to account for these effects. To avoid variations of or-
der 10−7 to 10−8 in relative value, the astronomers suggested a
new definition of the second based on the orbital motion of the
Earth. The ephemeris second was defined by the IAU as the frac-
tion 1/31 556 925.9747 of the tropical year starting on 1900 Jan-
uary 0 at 12 h ephemeris time. This relation was obtained from
the expression of the Sun’s mean longitude in the theory of the
Sun of Newcomb[4]

L = 279◦ 41′ 48.04′′ + 129 602 768.13′′ T + 1.089′′ T 2
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where T is the time reckoned in Julian centuries of 36 525 days.
In fact, the ephemeris second was shorter than the mean so-

lar second by 1.4 × 10−8 at the time of its adoption in 1960, thus
breaking somehow the principle of continuity between succes-
sively defined units. The atomic second, adopted years later, was
linked to the ephemeris second, and in consequence maintained
the difference with the mean solar second.
The next change in the definition of the time unit involved also

a change in the paradigm and introduced the complexity of find-
ing the equivalence between two seconds with completely differ-
ent physical definitions. It consisted in comparing the frequency
based on astronomical observations to the frequency of an atomic
transition; however, the two experiments were in two remote lo-
cations and could not be directly compared. The solution was to
independently relate two clocks to the two phenomena, and to
compare their output frequencies. Simple in principle, but with
some problems to overcome: to have stable clocks, able to main-
tain a constant rate over the interval of the astronomical obser-
vations; to link the atomic transition to a frequency standard; to
make time and frequency comparisons between the two remote
clocks using the methods available in the 1960s.
The link of a clock to astronomical observations was achieved

with an instrument and method designed at the US Naval Ob-
servatory (USNO) in Washington by William Markowitz and R.
Glenn Hall.[10] The “Moon camera” designed by Markowitz was
a photographic instrument used to observe occultations of stars
by the Moon, reckoning the times of the observations.
The clocks used in the experience were the state-of-the-art

clocks in the early 1960s, piezoelectric clocks, kept in controlled
environments. The measurements to link the Essen cesium
frequency standard to the crystal clock took place at the NPL,
in the United Kingdom. Essen’s clock was in discontinuous
operation, relying on the piezoelectric standard as the flywheel
during the non-operation intervals. The connection between
the two clocks across the Atlantic Ocean was achieved using
worldwide coordinated time signals. Several institutions and
individuals contributed to the success of this task.
Markowitz and Hall, at the USNO determined the frequency

of the cesium in terms of the ephemeris second; this calibration
led to the value of the cesium frequency of 9 192 631 770 Hz,
with an uncertainty of 20 Hz. This value was adopted by the 13th
CGPM in 1967 for the definition of the SI second.[11] We should
note that the value obtained by Essen and Parry several years be-
fore was remarkably close (9 192 631 830 Hz), differing only by
7 × 10−9.[12]

Figure 1 shows the relative accuracy of the successive realiza-
tions of the second, from some 10−8 (rotational second) to some
10−16 for the best present atomic standards.

5. The International Coordination

More than any other physical quantity, decisions on time and
time unit have been made from discussions among many scien-
tific organizations. Since the signature of the Metre Convention
in 1875, resolutions on the definition and realization of the units
of measurement are a responsibility of the CGPM. In spite of
this, the realization of the second has been until 1967 a matter of
astronomers, thus requiring close interaction with the IAU.

Figure 1. Evolution of the relative accuracy of the successive realizations
of the second. The figure shows the relative fluctuations of the duration of
the Universal Time second (Earth’s rotation), of the duration of the second
of Ephemeris Time, as realized by lunar observations, and as realized by Cs
frequency standards. A thicker line represents the periods of official defini-
tion of the second. Reproduced with permission.[13] Copyright 2005, IOP.

A coordinated effort was done in 1912, with the creation of
the Bureau international de l’heure (BIH) based at Paris Obser-
vatory. The mission of the BIH was to provide a form of univer-
sal time, and to give the discrepancy between this reference time
and that emitted by time signals. In the 1940s these discrepan-
cies were of the order tenths of a second. The period 1950–1967
was rich in discussions on the achievement of uniform time and
a convenient associated unit. Personalities of the metrology and
astronomy communities shared discussions at the IAUCommis-
sion on Time and at the Consultative Committee for the Defini-
tion of the Second (CCDS) created by the CIPM. In 1952, the
IAU Commission on Time[14] presented the problem of the co-
existence of two time systems, the uniform ephemeris time, and
that derived from the irregular rotation of the Earth; for the accu-
rate day-to-day control of their differences quartz clocks were not
stable enough, but it was already recognized that a possible solu-
tion would be the atomic or molecular clocks, still under develop-
ment at that time. In 1955, when the time services and observa-
tories operated quartz crystal clocks, the decision of the adoption
of the ephemeris second as the unit of time was made at the IAU
with the accord of Essen and Markowitz.[15] Therefore, the CIPM
in 1956,[16] followed the decision of the IAU and proposed a new
definition of the second as a fraction of the tropical year of 1900.
This decision was ratified by the 11th CGPM in 1960.[4]

The progress in the development of cesium atomic standards,
their operation in some metrology institutes, and the under-
standing that they could realize the second with unprecedented
accuracy moved the CCDS to recommend in 1967 that the
unit of time of the SI is that realized with the isotope 133 of
the cesium atom, and that the second defined by the CGPM
in 1956 be called “ephemeris second.” This recommendation
was welcomed by the IAU. The CCDS recommended also that
the CIPM should promote a meeting with the BIH, the IAU,
the International Union of Geophysics and Geodesy (IUGG),
the International Union of Radio Sciences (URSI) and the
International Consultative Committee of Radiocommunications
(CCIR) of the International Telecommunications Union (ITU) to
study the problems issuing from the adoption of the new unit of
time. These organizations gathered all scientific activities related
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to Earth, space, and time references, and represented the most
important communities of users. Such coordination had never
existed for the determination of ephemeris time.
A consequence of the new definition was the construction of

an atomic timescale based on the atomic second. From the inter-
action of representatives of the organizations convocated by the
CIPM, two timescales were created; a uniform timescale based
on the atomic second named International Atomic Time, which
should be the basis of the construction of the international time
reference, Coordinated Universal Time. TAI was constructed at
the BIH with the cooperation of the institutes realizing local
atomic timescales; since the ITU established the rules for the
emission of standard frequencies and time signals, it was at its
CCIR that the mechanism for obtaining UTC through the inser-
tion of a leap second was described.[17] The BIH was also respon-
sible for predicting and announcing the dates of insertion of leap
seconds.
The BIH suffered a transformation consequence of the adop-

tion of space techniques for the monitoring of the irregularities
of the Earth’s rotation. In 1988 it was officially closed, and the
International Earth’s Rotation and Reference Systems Service
(IERS) took the responsibility for maintaining the terrestrial and
celestial reference systems and the parameters of orientation of
the Earth. The maintenance of the timescales TAI and UTC was
transferred to the International Bureau of Weights andMeasures
(BIPM), putting under the umbrella of the Metre Convention all
the activities relating to the time references. Only the decision
on the date of insertion of leap seconds in UTC remains a task
of the IERS.
In 1992 the CCIR became the Radiocommunication Sector

of the ITU (ITU-R), with the responsibility of developing
standards for radiocommunication systems. In 1997 the CCDS
was renamed Consultative Committee for Time and Frequency
(CCTF), to better reflect its enlarged scope of activity, which
included not only issues related to the definition of the second,
but also progress on clocks, time and frequency comparisons
and timescales.
The joint work of the international and scientific organizations

made the international time system a success.

6. The Atomic Standards

We should understand the difference between the atomic
standards developed by some laboratories with the aim of
realizing the atomic second and those fabricated in industries
to be commercialized for different applications. The first group
involves the primary frequency standards that realize the second
with ultimate accuracy, see Section 8 for a detailed description of
the primary frequency standards, their impact and applications.
In the second group the industrial standards have practical
properties, for example, small size, good cost-to-value ratio, or
easy operation. One of their more demanding applications is for
timescale realization at metrology laboratories.
Strictly speaking, in time metrology a clock is a device on

continuous operation. Although some primary cesium standards
(magnetic beams and fountains) operate without interruption
since many years, atomic clocks developed industrially are used
to construct atomic timescales. Clocks of this kind operate in

all laboratories maintaining local representations of the world
time reference UTC, contribute to the generation of the inter-
nal timescales essential to the operations of global navigation
satellite systems, and are used in other non-metrological appli-
cations. They guarantee the stability of a timescale at different
time intervals and are generally accurate to the level of 10−12 or
10−13 at best. In all cases, the timescales generated by them are
steered to a more accurate reference (a primary standard or an-
other timescale, as is explained in Section 8.2.2).
Among cesium industrial clocks most have similar design

as the Essen standard, the cesium beam clock with magnetic
deflection. The first commercial cesium clocks were constructed
in Switzerland (Ebauches), and the United States (Hewlett-
Packard). Since 1992 various fabricants provided successively
the model 5071A, operated in almost all the time and frequency
metrology laboratories for its good stability, better than 1× 10−14

at intervals[18] of five days or more, and accuracy of about five
parts in 1013.
Another atomic standard is the hydrogen maser (Microwave

Amplification by Stimulated Emission of Radiation) clock. The
atom is stimulated to emit at the frequency of the ground-state hy-
perfine splitting (1.4 GHz) of atomic hydrogen. Clearly, they are
not accurate since they do not operate with cesium, and hence,
not according to the definition of the second, but they are the
most stable in the market, about 100 times more stable than a
cesium clock up to seven days of operation. About 25% of the
atomic clocks in laboratories contributing to the computation of
international atomic time are hydrogen masers; due to their ex-
cellent short-term stability they improve the timescales locally re-
alized and link the primary frequency standards to international
atomic time.

7. A Consequence of the Atomic Definition of the
Second: The Adoption of TAI and UTC

In the 1960s the BIHmaintained universal time from astronom-
ical determinations of time and latitude in a group of observato-
ries in different nations. This time was affected by the motion of
the terrestrial axis of the Earth and by the variable velocity of rota-
tion of the Earth. A form of Universal Time denominated UT1 is
derived eliminating the effects of polar motion; it is proportional
to the rotation angle of the Earth in space. UT1 is affected by a
secular deceleration and decade fluctuations. If seasonal fluctua-
tions are eliminated from UT1, we obtain UT2.
Experiments with atomic clocks already existed at the mo-

ment of the definition of ephemeris time; it can be considered
as a “transition time” between the astronomical and the physi-
cal timescales. Laboratory cesium standards were constructed in
some laboratories and short time later commercial cesium stan-
dards became available. This gave rise to independent atomic
times TA(k) in the United States of America at the USNO and the
NBS (today NIST), and in Europe at the Royal Greenwich Obser-
vatory (RGO, United Kingdom) and the Physikalisch-Technische
Bundesanstalt (PTB Germany), and there rose two problems:
comparing them at the level of performance of the standards, and
averaging them to produce a mean atomic timescale more uni-
form and reliable than the individual ones. Atomic clock trans-
portation contributed to improve the comparisons, allowing time
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transfer with an uncertainty of 1 μs. In 1968 the clock compari-
son had much evolved. The system of radionavigation LORAN-C
(Long Range Navigation), the clock transportation, the frequen-
cies broadcasted by VLF (Very Low Frequency), and the clock syn-
chronization by television allowed time transfer with uncertain-
ties of order 10 to 1μs.
The BIH maintained an atomic timescale named TA(BIH)

based on local independent atomic scales maintained in labora-
tories in Europe and the USA.
After the adoption of the atomic definition of the second in

1967, the next step was to define a timescale based on the new
unit. The acceptance of a timescale of atomic nature was not
straightforward. Some of themajor objections concerned the fact
that being an integrated timescale, constructed from a succession
of seconds, the uncertainties do not decrease with the improve-
ment of observations, but they are also integrated; making a dif-
ference with the astronomical timescales.
In spite of the objections, atomic time was accepted. The adop-

tion of the atomic timescale of the BIH was recommended suc-
cessively by the different organizations: the IAU in 1967, the
URSI in 1969 and the ITU-CCIR in 1970. The 14th CGPM in
1971, requested the CIPM to define and establish International
Atomic Timewith the acronym TAI, recognizing that the BIH had
already constructed an atomic timescale of the desired quality.[19]

TAI has never been disseminated directly; UTC, approximat-
ing UT1, has been adopted as the international time reference
since 1972, with the endorsement of the 15th CGPM in 1975.[20]

Its definition almost 50 years ago responded to a need in real time
for some specific applications including astronomical navigation,
geodesy, telescope settings, space navigation, satellite tracking,
etc. The definition of UTC derives from the tolerance for the time
offset [UT1-UTC]. Since 1972, UTC has differed from TAI by an
integer number of seconds, changedwhen necessary by insertion
of a leap second to maintain |UT1-UTC|< 0.9 s. Although this sys-
tem works well, it seems that no application demands this coarse
access to UT1 by means of UTC today; in addition, leap seconds
become increasingly cumbersome, introducing an ambiguity in
dating events when they occur. With the progress of communica-
tions, other means to provide UT1 in real time can be conceived
and the future of UTC is being discussed.
UTC is the international reference for time coordination. UTC

is a “paper timescale,” accessible after the fact through its offsets
with respect to its local realizations, indicated UTC(k). A number
of institutes distributed worldwide (85 in January 2019) main-
tain such atomic timescales that represent local approximations
of UTC. These institutes operate in total about 450 atomic clocks
(industrial cesiums and hydrogen masers), and about a dozen
primary and secondary frequency standards. The degree of ap-
proximation of these timescales with respect to the reference is
established monthly by the BIPM, together with their respective
uncertainties.[21] The best realizations approximate UTC to better
than 2.5 ns RMS over many years. Their frequencies are steered
to a reference (UTC or a primary frequency standard) to improve
their accuracies. The UTC(k) are practical timescales, produced
and disseminated in real time. Their dissemination is possible
by different means, either the classical emissions of time signals
and standard frequencies following the rules of the ITU-R, by
telephone, or more in the rhythm of today, through the internet.
The UTC(k) are the basis of most national legal times.

TAI and UTC have numerous applications in time synchro-
nization at all levels of precision; from the second needed by the
general public, to the nanoseconds required in themost demand-
ing applications. TAI is the basis of realization of timescales
used in dynamics, for modelling the motions of artificial and
natural celestial bodies, with applications in the exploration of
the universe, tests of theories, geodesy, geophysics, studies of
the environment. In all these applications, relativistic effects are
important.
Although TAI and UTC have represented the standard fre-

quency and time references in the last five decades, their formal
definition has been adopted only in 2018 by the 26th CGPM,[22]

repairing an oblivion that brought confusion on the sharing of re-
sponsibilities between the BIPM, the IERS, and the ITU on the
definition, realization, and dissemination of UTC.

8. Primary Frequency Standards

Resolution 1 of the 13th CGPM states that “The second is the
duration of 9 192 631 770 periods of the radiation corresponding
to the transition between the two hyperfine levels of the ground
state of the cesium 133 atom”. This statement refers, without
saying, to “unperturbed” atoms, that is, those at rest, at zero
magnetic and electric fields. We define PFS as those frequency
standards that aim at exactly realizing the SI second using
the transition in the definition and for which corrections with
respect to all known systematic shifts have been applied to best
knowledge. In addition, Secondary Frequency Standards (SFS)
realize one of the transitions which have been recognized as
secondary representations of the second by the CCTF, see the list
at https://www.bipm.org/en/publications/mises-en-pratique/
standard-frequencies.html. Primary and secondary standards
are collectively referred to as PSFS.
PFS provide accuracy to the timescales generated by the BIPM:

TAI which is basis of the world’s time reference UTC, and
the post-processed timescale TT(BIPM).[23] This presentation fo-
cuses on primary standards but, in addition to PFS, secondary
frequency standards have also effectively been contributing to the
accuracy estimation of TAI and to the generation of TT(BIPM)
since 2012.
In the following we first review the two main generations of

PFS that can be clearly distinguished, that is, the first generation
of atomic beam standards and the second generation of atomic
fountains. We then emphasize the impact of atomic fountains on
timescales through their role in TAI steering and their use in the
generation of the local timescale UTC(k) of some laboratories.

8.1. Two Generations of Primary Frequency Standards

Progresses in PFS have been continuous since the 1967 defini-
tion of the second. The first generation of thermal atomic beam
devices progressed by about two orders of magnitude until reach-
ing the relative accuracy level of 1 × 10−14 around year 2000,
and some of these standards are still operating today. This im-
provement prompted a clarification to the 1967 definition by the
CIPM which, at its 1997 meeting affirmed that the definition
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refers to a cesium atom at rest at a temperature of 0 K. This note
was intended to make it clear that the definition of the SI sec-
ond is based on a cesium atom unperturbed by black body radia-
tion, that is, in an environment whose thermodynamic tempera-
ture is 0 K. Indeed this effect, causing a frequency shift of order
1× 10−14, could not be neglected anymore and the frequencies of
all PFS should therefore be corrected for the shift due to ambient
radiation, as stated at the meeting of the CCDS in 1996.
The second generation of devices, the Cs fountains, started at

the end of the 1990s with relative accuracy in the 10−15 range
and has now reached relative accuracy of 1–2 × 10−16 in the best
cases.
Even though it is not the purpose of this paper to enter into

technical details we may consider one parameter that is fun-
damental in atomic clocks, the quality factor, that is, the ratio
Q ≈ υ/�υ between the frequency of the transition and the
linewidth of the resonance. The instability of the standard is pro-
portional to 1/Q and the instability also conditions, to a large
level, the ability to determine the systematic shift thus the accu-
racy of the standard. The two generations of Cs standards are, by
principle, separated by about two orders of magnitude in qual-
ity factor thus also by two orders of magnitude in overall perfor-
mance, as reviewed below.

8.1.1. Cs Beam Standards

The first generation of atomic Cs clocks started with the work of
Essen and Parry[1] and is based on the interaction of a beam of Cs
atoms with a synthesized microwave field in a microwave cavity
so that the frequency of the field may be tuned to the frequency
of the 9.192631770 GHz atomic transition. The scheme takes ad-
vantage of the separated oscillatory field approach proposed by
Ramsey to improve the stability of the clock by increasing the in-
teraction time thus the quality factor. The literature describing
the progresses of these clocks is vast and we do not need to add
a detailed presentation here, we instead direct interested read-
ers to, for example, the special issue ofMetrologia 42 for the 50th
anniversary of the Essen and Parry publication, particularly the
papers by Vanier and Audoin[24] and Ramsey.[25]

An interesting development in the first generation was the de-
velopment of optical pumping using lasers to pump atoms in the
desired quantum state and minimize the frequency pulling by
neighboring transitions. Such devices were operated in the late
1990s eventually providing a relative accuracy somewhat below
1 × 10−14. Nevertheless, in the end, the relatively high speed of
the thermal atoms (�100 m s−1) fundamentally limits the stabil-
ity and accuracy of the Cs beam devices to somewhere around
1 × 10−14 or slightly below.
Such standards have been developed in several metrology in-

stitutes. Here we mention those that were used at some point for
TAI since 1972:

- at the NIST (Boulder, USA), then named the NBS, with the se-
riesNBS-4 toNBS-6 followed byNIST-7 (with optical pumping)
in the 1990.

- at the PTB (Braunschweig, Germany), where the standardsCS1
and CS2 are still operated today.

- at the Paris Observatory (now LNE-SYRTE), where the JPO
(with optical pumping) was operated until 2010.

- at the NRC (Ottawa, Canada), the RRL (Tokyo, Japan, now
NICT) where NICT-O1 (with optical pumping) was operated
until 2006, the NRLM (Ibaraki, Japan), the KSRI (now KRISS,
Daejeon, Korea), the VNIIFTRI (Moscow, Russia),

See Section 8.2 for more details on the use of these standards
for TAI.

8.1.2. Cs Fountains

The original concept of a cesium fountain was introduced in
the 1950s by Zacharias,[26,27] in the broad form of a vertical Cs
beam clock with one Ramsey interaction zone that would be tra-
versed by the atoms twice, first upward by the traveling atoms
and then downward after the atoms fall back under gravity. How-
ever, this concept did not work for lack of usable slow atoms from
an atomic beam and was reactivated only when the advent of
laser cooling technique allowed a better approach to the problem.
Methods of laser cooling and trapping atoms allowed capturing a
large number (tens of millions) of atoms at low thermal velocity
(of the order of 1 cm s−1) so that they stay together for a signifi-
cant time and can subsequently be launched against gravity using
laser light. These techniques, for which the 1997 Nobel Prize in
Physics was awarded to Claude Cohen-Tannoudji, Steven Chu,
and William Daniel Phillips, were fundamental in making the
atomic fountain concept successful.
Again it is out of the scope of this paper to describe in any

details the numerous technical developments that allowed foun-
tains to work in the first place, and then to drive their uncertainty
budget from the few 10−15 to the low 10−16 in about 15 years.
More details may be found, for example, in the work byWynands
and Weyers.[28]

Let us just mention a few items:

- The main limitations to Cs fountains, around the 1 × 10−16

level, seem to be due to the blackbody frequency shift, the shift
due to collisions, and also the cavity phase shift.

- Some groups (NIST, INRIM) have tried to minimize the effect
of the blackbody frequency shift, which is proportional to T4, by
building a cryogenic (T= 77 K) vacuum structure that includes
the microwave cavities and flight tube above them.[29,30]

- The collisional shift would have been less of a problem in, for
example, Rb fountains where it is nearly two orders of magni-
tude lower than in Cs.

- A limitation in the stability of any atomic clock with pulsed op-
eration, like most fountains, is the Dick effect.[31] Options to
minimize it are to use an extremely good local oscillator, to
shorten the dead time of the pulsed operation, or to build a
continuous-beam fountain. The last option has been put into
operational use by METAS in its FOCs2.[32]

8.2. Impact of Fountains on Timescales

Since they became operational at the end of the twentieth century,
atomic fountains have improved and grown in all aspects.
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Table 1. Evaluation of the frequency of TAI by primary standards over 1975 and previous years (Data taken from Table 23 of ref. [33]).

LAB. STANDARD CALIBRATION INTERVAL
MJD

NORMALIZED FREQ. DIF. OF
TAI - STAND. IN 10−13

RANDOM UNCERTAINTY
IN 10−13

SYSTEMATIC UNCERTAINTY
IN 10−13

NBS NBS 3 40330–40390 11.8 5.2 2.5

NRC NRC CS3 40221–40587 3.2 13.3 7.0

NRC NRC CS3 40587–40709 5.4 13.3 7.0

NRC NRC CS3 40709–40952 9.9 13.3 7.0

NRC NRC CS3 40952–41072 1.4 13.3 7.0

NRC NRC CS3 41072–41139 4.1 13.3 7.0

PTB PTB CS1 40494–40644 16.6 1.0 1.8

PTB PTB CS1 40749–40809 14.9 1.9 1.8

PTB PTB CS1 40889–40949 13.9 2.0 1.8

PTB PTB CS1 41449–41509 12.8 0.7 1.8

PTB PTB CS1 41729–41789 11.7 1.2 1.8

PTB PTB CS1 42249–42309 8.5 1.6 1.8

PTB PTB CS1 42365–42425 11.2 1.7 1.8

PTB PTB CS1 42429–42489 11.6 1.8 1.8

PTB PTB CS1 42585–42645 9.2 1.4 1.8

PTB PTB CS1 42629–42689 11.8 1.8 1.8

PTB PTB CS1 42749–42809 11.1 1.6 1.8

NBS NBS 5 41681–41741 12.8 2.3 2.7

NBS NBS 5 41696–41756 11.2 2.5 2.7

NBS NBS 5 41731–41791 11.2 5.2 2.7

NBS NBS 5 41747–41807 12.5 2.8 2.7

NBS NBS 5 41934–41994 8.7 2.4 2.7

NBS NBS 4 41896–41956 4.3 5.2 2.5

NBS NBS 4 42019–42079 11.1 3.1 0.5

NBS NBS 4 42056–42116 11.7 3.1 0.5

Data used for evaluating the duration of the tai second. Gravitational frequency corrections are applied. The frequencies are expressed at sea level.

In terms of number, several tens of fountains have been, and
are being, built and operated in more than ten laboratories par-
ticipating to UTC. A number of Cs fountains are operated as PFS
and are used to ensure the accuracy of UTC/TAI through the
steering of TAI. One Rb fountain is also operated as a secondary
frequency standard and similarly used in TAI steering.
In terms of uncertainty budget, the estimation of all systematic

frequency shifts was around 1 × 10−15 in the best cases in the
early 2000s and decreased to around 2 × 10−16 in the best cases
in the 2010s. The fractional frequency stability of the fountains
has also been improved by about one order ofmagnitude over the
period.
In terms of robustness, primary standard fountains are now

often operated with a duty time in excess of 99%, and have gen-
erally been above 90% for most of their history of reports to TAI.
The presentation will review the frequency standards currently

provided to the BIPM, and the resulting accuracy of TAI and of
TT(BIPM).

8.2.1. Accuracy of TAI and TT(BIPM)

Primary standards have been used to estimate the rate of TAI,
or the duration of the scale unit of TAI with respect to the SI
second, noted d, since its inception. Each month with the TAI

computation, the BIPM publishes (Section 3 of Circular T) the
estimation of d by individual PSFS measurements and its un-
certainty. This value d is the opposite of the fractional frequency
deviation of TAI from its ideal definition, that is, d = y(TT-TAI)
or d = y(Cs-TAI). Besides TAI, the BIPM generates every year
another post-processed timescale, TT(BIPMyy), produced begin-
ning of year [20yy + 1].[34] Like TAI, TT(BIPM) gets its accuracy
from PFS and, since 2012, also from secondary standards. To put
it simply TT(BIPM) can be considered as a moving average of
the available PSFS. The monthly d value and its uncertainty as
well as TT(BIPM) and its estimated accuracy are computed with
a specific algorithm described in ref. [35] and the computed un-
certainties directly depend on the uncertainties reported for the
PSFS.
Over the last two decades the number of high accuracy Cs

fountains contributing to TAI has increased: from only two over
the period 2000–2002, their number has reached eleven over the
period 2010–2011 and is recently (2016–2018) at about 8–9. In ad-
dition, PFS evaluations have been carried out on a more regular
basis, so that the number of individual measurements of the TAI
frequency per year has increased about tenfold over the period.
Finally the uncertainty assigned to each evaluation has decreased
from the low 10−15 to the low 10−16 in the best cases.
The evolution of the characteristics of PFS can also be visual-

ized through Tables 1–3 which provide, respectively:
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Table 2. Typical characteristics of the primary standards reported in 1996 (Data taken from Table 6 of ref. [36]). One can note the first appearance of a
Cs fountain LPTF FO1.

Standard Unc. (1σ ) Operation Comparison with Transfer to TAI

CRL Cs1 1.1 × 10−13 Discontinuous UTC(CRL) 60 d

LPTF JPO 1.1 × 10−13 Discontinuous UTC(OP) 10 d

LPTF FO1 0.3 × 10−14 Discontinuous H maser 5 d or 10 d

NIST NIST-7 1 × 10−14 Discontinuous H maser 5 d or 10 d

NRC CsV �1 × 10−13 Continuous TAI 60 d

NRC CsVI A �1 × 10−13 Continuous TAI 60 d

NRC CsVI C �1 × 10−13 Continuous TAI 60 d

PTB CS1 3 × 10−14 Continuous TAI 60 d

PTB CS2 1.5 × 10−14 Continuous TAI 60 d

PTB CS3 1.4 × 10−14 Continuous TAI 60 d

SU MCsR 102 5 × 10−14 Discontinuous UTC(SU) 60 d

Table 3. Typical characteristics of the primary and secondary standards reported in 2017 (Data taken from Table 6 of ref. [37]).

Primary standard Type /selection Type B std. uncertainty/ 10−15 Comparison with Number/typical duration of comp.

IT-CsF2 Fountain 0.17 H maser 3 / 20 d to 30 d

NIM5 Fountain 1.4, then 0.9 H maser 3 / 15 d to 20 d

PTB-CS1 Beam /Mag. 8 TAI 12 / 25 d to 35 d

PTB-CS2 Beam /Mag. 12 TAI 12 / 25 d to 35 d

PTB-CSF1 Fountain 0.35 to 0.40 H maser 7 / 15 d to 30 d

PTB-CSF2 Fountain 0.20 to 0.24 H maser 12 / 20 d to 35 d

SU-CsFO2 Fountain 0.24 H maser 6 / 15 d to 35 d

SYRTE-FO2 Fountain 0.24 to 0.37 H maser 9 / 10 d to 35 d

Secondary standard Type Type B std. uncertainty/ 10−15 Comparison with Number/typical duration of comp.

SYRTE-FORb Fountain 0.28 to 0.30 H maser 9 / 10 d to 35 d

SYRTE-Sr2 Lattice 0.04 or 0.20 H maser 4 / 10 d to 20 d

SYRTE-SrB Lattice 0.05 H maser 1 / 15 d

- The list of frequency standards contributing to TAI over 1975
and the previous years, with a relative accuracy in the low 10−13.
Note that Table 1 covers about 6 years and the number of re-
ported measurements and of reporting laboratories is small
compared to the following decades.

- The typical characteristics of the primary standards reported in
1996. One can note the first appearance of a Cs fountain, LPTF
FO1, with a relative accuracy of 3 × 10−15 while other beam
devices now attain the low 10−14.

- The typical characteristics of the primary and secondary stan-
dards reported in 2017. One can note an uncertainty as low as
2 × 10−16 and the introduction of lattice clocks (SFS) in which
cold atoms are trapped by counter-propagating laser beams.

A statistical study comparing the reports of nine fountains over
the period 2006–2012 showed no significant discrepancy in the
evaluations reported to the BIPM.[38] Comparisons to TT(BIPM)
allowed determining an average frequency bias for each fountain
and showed that the distribution of these biases is well consistent
with the stated accuracies of the fountains, although some of the
biases are statistically significant. Validation of the stated uncer-

tainties of individual fountains allows validation of the uncertain-
ties obtained for the monthly estimation of the TAI frequency
and for the relative frequency accuracy of TT(BIPM), which have
been at the level of 2 × 10−16 or below since 2012 (see Figure 2).
It is interesting to note that the development of fountains has
marked the period shown on Figure 2, with the dip around 1996
due to a few evaluations of the first fountain LPTF FO1 (see
Table 2) and the notable improvement since year 2000 due to the
progressive introduction of more, and more accurate, fountains.
However, the improvement was not continuous. Months without
fountain measurements were not rare in the 2000s as attested
by the variations in the uncertainty of TT(BIPM); furthermore,
the improvement has slowed since �2012 because clock uncer-
tainties have become equivalent to or smaller than the frequency
transfer uncertainty which is not improving. Note that the uncer-
tainty in the monthly evaluation of the TAI frequency is slightly
larger than the corresponding monthly value in the accuracy of
TT(BIPM) because the former is computed with PSFS evalua-
tions available at the time of the monthly computation while the
latter is computed in deferred time so thatmore PSFS evaluations
are available (those for later months or submitted with delay).
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Figure 2. Monthly estimation of the relative frequency uncertainty of
TT(BIPM18), representing its accuracy.

8.2.2. Fountain-Driven Timescales

With the improvement in stability, reliability, and robustness of
the fountain clocks it became possible to operate themwithout in-
terruption for extended periods of time, opening the way to their
use in continuous timescales. This became a reality over the year
2010, both with fountains designed to work as continuously run-
ning clocks or with primary standard fountains.
In the first category, the USNO started end 2011 reporting four

Rb fountains as clocks for participation to the UTC ensemble.
These Rb fountains have a typical instability of order 1× 10−15 at
one day averaging and show white frequency noise behavior for
extended periods.[39] They were first weighted in the UTC ensem-
ble in May 2012 and have contributed with the maximum weight
everymonth since that time, typically providing 4% of TAI. Other
laboratories follow this route (VNIIFTRI in the Russian Feder-
ation, AOS-GUM in Poland) and their effective participation to
UTC is expected soon. Fountains in this category are mostly Rb
fountains, an atom for which the laser sources are more reliable
and efficient. Eventually, if this category of clocks becomes nu-
merous enough and used in many laboratories, it could be ad-
vantageous to modify the UTC weighting scheme so that such
clocks with superior long-term stability and predictability can
gain a larger weight. Indeed, the weight of a clock in the ensem-
ble, while derived from the clock’s predictability,[40] is presently
limited to 4/N where N is the number of clocks considered for
weighting. The maximum weight is designed to safeguard the
scale from being dominated by a small number of clocks but it
may also prevent the scale from benefiting of the best clocks. The
maximumweight has been at about 1% since 2014 but the cumu-
lated weight of all clocks at maximumweight is increasing, a sign
that themaximumweightmay not be optimal.[41] Finally it should
be mentioned that, besides atomic fountains, other clock designs
using cold atoms are becoming available, some on a commercial
basis,[42] and should also contribute to the UTC ensemble.
In the second category, a few laboratories participating to UTC

explicitly steer their UTC(k) using fountains. The PTB was the
first laboratory to do so since February 2010,[43] where the Cs pri-
mary fountain is used both for its short-term stability and as a
reference to extrapolate the rate of UTC(PTB) with respect to TAI.

The LNE-SYRTE has also implemented such a steering since Oc-
tober 2012.[44] In both cases the difference [UTC-UTC(k)] has re-
mained within an interval of total amplitude 14 ns at all times
since the implementation, both series showing a standard devi-
ation of 2.4 ns over close to 9 years for the PTB and close to 7
years for the LNE-SYRTE. This level of performance in the real-
ization of UTC over very long periods has also been achieved by
USNO and has been matched by a few other laboratories in re-
cent years. Note also that the BIPM provides UTCr, a weekly pre-
diction of UTC[45] which differs from UTC by less than 2 ns in
absolute value since July 2017, so that the work needed to gener-
ate a real-time realization of UTC by laboratories may be simpler.
The performance in such realization of UTC is ultimately limited
by the instability of UTC itself and by that of the time transfer link
of the laboratory.
With the availability of several fountains running continuously

(fountain clocks) or nearly continuously (primary and secondary
standards) it can be envisioned to use them to generate an ensem-
ble timescale in a similar way as it is done for TAI. This has been
attempted in 2013[46] with a repeat in 2015. It was shown that, be-
sides the four continuously running USNO fountains, primary
and secondary standards could provide an additional three to four
clocks if gaps up to 10 days are allowed to be interpolated. The
performance of such an “International Fountain Time” has been
evaluated to be similar to TAI or TT(BIPM), around 3 × 10−16

at one month averaging. However, even now, such a timescale
would be based on too few clocks and would not be robust and
reliable enough to be considered independently. It is worth men-
tioning that the frequency transfer noise of the TAI links (typi-
cally 2–3 × 10−16) is a limiting factor when considering clocks
in a few remote laboratories. However, such a limitation might
be waived in post-processing as the few needed links could be
computed with the IPPP (precise point positioning with integer
ambiguity resolution) technique[47] yielding frequency transfer
uncertainty well below 1 × 10−16.

9. Present Situation

The cesium fountains realize today the SI second with uncer-
tainties of about 1–2 × 10−16, and no significant improvement
is expected beyond this limit. About a dozen of these artifacts
operated in major metrology institutes contribute frequency
measurements which, integrated in an algorithm developed at
the BIPM confer accuracy to the reference atomic timescale.
The comparison of these standards and their inclusion in TAI
is possible with the current techniques of frequency transfer,
based on mono and bi-directional comparisons via satellites and
optical fiber connections.
Although a timescale based only on Cs fountains does not

seem presently viable, they are used to improve the accuracy of
some of the local atomic timescales UTC(k).
In 2001 the CCTF recognized that there were new atoms and

ions being studied as potential optical frequency standards that
could allow the use of optical transitions as practical frequency
standards offering direct microwave outputs from such stan-
dards. One of these standards could provide the basis for a future
definition of the second, and the CCTF focused on the desirability
of reviewing accurate frequencymeasurements of such atom and
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Figure 3. Evolution of the fractional uncertainty to realize the unperturbed
line center of primary atomic cesium clocks (squares) and of optical fre-
quency standards (dots). Red dots show the fractional uncertainties of
optical frequency standards directly related to the cesium atomic clock,
green dots refer to published estimated standard uncertainties to real-
ize the unperturbed line center. Reproduced with permission.[48] Copyright
2017, IOP.

ion transition frequencies made relative to the cesium frequency
standard. In addition, the femtosecond optical frequency comb
offered solutions to the longstanding problem of a convenient
and accurate clockwork that linked the optical and microwave
regions and allowed for frequency comparisons between optical
frequency standards with very different frequencies. To better or-
ganize the work, a list of radiations suitable as Secondary Repre-
sentations of the Second (SRS) has been established by the CIPM
and is updated whenever the CCTF decides that relevant new in-
formation is to be included.[49] As of 2017, the list contains nine
transitions, eight in the optical region and one in themicrowaves.
Besides the frequency measurements compared against cesium,
a number of frequency ratios have been determined between op-
tical atomic clocks with much smaller uncertainties that those
obtained with cesium or any other microwave clock. A descrip-
tion of the list of frequencies has been published in ref. [48].

10. Conclusion

The atomic definition of the SI unit of time was adopted in 1967.
Since then, the cesium frequency standards have provided the re-
alization of the second with increasing accuracy. The astronomi-
cal seconds never experienced a comparable progress.
Also, cooperative work was necessary among institutes main-

taining standards and local timescales to assure their comparabil-
ity and dissemination. International organizations and scientific
unions played a fundamental role in establishing the basis for
this coordination.
The achievement of new standards, with uncertainties of order

10−18 challenges the metrology community with the possibility
of a future redefinition of the second. Figure 3 schematizes the
evolution of the fractional uncertainty of the determination of the
cesium transition since Essen’s clock, together with that of the
optical standards.
This new optical frequency metrology is opening new fields

and applications; with the achieved accuracy and stability of the

optical atomic clocks it is possible to determine the differences
in the gravitational potential of two locations on the Earth; op-
tical clocks can help to test fundamental theories and possible
variations of the fundamental constants.
In view of the present status of the frequency standards devel-

opment and of the brilliant perspectives of progress they could
bring to the physical sciences, there seems to be an adequate mo-
mentum for envisaging a redefinition of the second in the next
decade.
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[17] Recommendation ITU-R, TF.460-6, Standard frequencies and time

signal emissions, www.itu.int/rec/R-REC-TF.460-6-200202-I/en (ac-
cessed: April 2019).

[18] L. Cutler,Metrologia 2005, 42, S90.
[19] Bureau International des Poids et Mesures,Metrologia 1972, 8, 32.

Ann. Phys. (Berlin) 2019, 531, 1900068 C© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900068 (11 of 12)



www.advancedsciencenews.com www.ann-phys.org

[20] Bureau International des Poids et Mesures,Metrologia 1975, 11, 179.
[21] BIPM Circular T, monthly, https://www.bipm.org/en/bipm-services/

timescales/time-ftp/Circular-T.html (accessed: April 2019).
[22] Bureau International des Poids et Mesures, Resolution 2 of

the 26th General Conference on Weights and Measures (2018),
www.bipm.org/en/CGPM/db/26/2/ (accessed: April 2019).

[23] G. Petit, in Proc. 7th Symposium on frequency standards and metrology,
Ed: L. Maleki, World Scientific 2009, 475.

[24] J. Vanier, C. Audoin,Metrologia 2005, 42, S31.
[25] N. F. Ramsey,Metrologia 2005, 42, S1.
[26] J. R. Zacharias, J. G. Yates, R. D. Haun, Proc. IRE 1955, 43, 364.
[27] A. Clairon, C. Salomon, S. Guellati-Khelifa, W. Phillips, Europhys. Lett.

1991, 16, 165.
[28] R. Wynands, S. Weyers,Metrologia 2005, 42, S64.
[29] T. P. Heavner, E. A. Donley, F. Levi, G. Costanzo, T. E. Parker, J.

H. Shirley, N. Ashby, S. Barlow, S. R. Jefferts, Metrologia 2014, 51,
174.

[30] F. Levi, D. Calonico, C. E. Calosso, A. Godone, S. Micalizio, G.
Costanzo,Metrologia 2014, 51, 270.

[31] G. J. Dick, Proc. 19th Ann. PTTI Meeting 1987, 133.
[32] A. Jallageas, L. Devenoges, M. Petersen, J. Morel, L. G. Bernier, D.
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