


The Measurement of Time
Time, Frequency and the Atomic Clock

This book provides a comprehensive introduction to the physics of time and
time measurement, from an historical perspective to the modern day. It dis-
cusses the stability and accuracy of atomic frequency standards, including
different types of oscillators and atomic clocks, and covers the most recent
developments and uses of these devices. The precision of atomic clocks and
the atomic time scale are considered in the context of fundamental physi-
cal research, with relation to general relativity and searches for possible time
variation in the fundamental constants. The authors also discuss International
Atomic Time and its relationship to Coordinated Universal Time and the time
scales used in astronomy, as well as applications such as the Global Positioning
System (GPS).

The book will be ideal as an introduction for graduate students or researchers
entering the fields of time and frequency metrology and precise astronomical
observation. It will also be useful as a reference for scientists working in these
and other applied areas, such as geophysics, atomic physics, astronomy and
telecommunications. General readers with a background in science should also
find this a fascinating book.

CLAUDE AUDOIN received his doctorate in physics from the Université Paris
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1

Introduction to the book

The use of atomic properties for time measurement was born in 1955 when the
first caesium beam frequency standard began regular operation in the United
Kingdom. Of course, other types of atomic frequency standard had already
been attempted. However, they had proved unable to provide a unit of time and
uniform time scales superior to those based on celestial motions, in the way
that the caesium standard could. Caesium standards soon proliferated, whilst
their accuracy advanced by leaps and bounds. The good agreement between
them inspired confidence and, in 1967, it was possible to make an atomic def-
inition of the second to replace the previously used astronomical definition.
Several years later, the existence of an adequate atomic time scale for the man-
agement of world affairs was officially recognised by the 14th General Con-
ference on Weights and Measures (1971).

Despite these achievements, over a quarter of a century later, the atomic
measurement of time has still not really become familiar. Could this be due
to a deeply ingrained habit of measuring out our everyday existence by the
movements of the celestial bodies? Or could it be a reaction to the lack of po-
etry in atomic clocks, or their inscrutable accuracy? This may be so, but there
are also more objective reasons that can sometimes make it difficult to accept
atomic time. One of these is the need to formulate the measurement of time
within a relativistic framework, and another is the complex relationships be-
tween atomic time and the time of the dynamical theories used by astronomers.
The latter problem was a subject of controversy over twenty years or so, and
even the International Astronomical Union was not completely able to lay the
ghost with a resolution adopted in 1991. Recently, some have thought that the
discovery of rapid pulsars, the so-called millisecond pulsars, might bring the
measurement of time back within the jurisdiction of astronomy.

Meanwhile, in the peace of their laboratories, physicists are barely suscep-
tible to such interpellations. Following a period of relative stagnation which
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lasted about twenty years, a sudden gain in the accuracy of frequency stan-
dards was achieved in 1994. The new techniques that made this improvement
possible are also full of promise for further progress in the near future. On the
other hand, the world of industry has not limited its involvement. Manufac-
tured quartz clocks and atomic clocks of various types have shown continual
improvement. The instrument favoured by fundamental metrological research
has always been the caesium clock and thousands of these have already been
produced. In 1994, a new manufactured version came out which scored a ten-
fold enhancement over the whole range of relevant qualities, compared with
previous versions.

Through the industrial manufacture of timing equipment, important appli-
cations of time–frequency techniques have seen the light of day. An example
is the Global Positioning System (GPS), in full operation by 1995. This inter-
ests a whole range of potential users, from geodesists seeking to represent the
whole globe to the nearest centimetre, to ramblers, not forgetting the military
applications for which the system was originally devised.

Considering these recent advances in the already well-tested atomic tech-
niques of time measurement and the new problems posed by such a gain in
quality, it seemed an opportune moment to present something of their founda-
tions: the basic principles, construction of the best standards, ways of compar-
ing frequencies and times with the ultimate accuracy, and ways of accessing
the primary standards, that is, the best realisations of the second and the Inter-
national Atomic Time at the highest level of accuracy. It also seemed useful to
recall the role of astronomical time scales, which remain important for various
reasons.

As we have already mentioned, the fundamental measurement of time can
no longer be conceived of outside a relativistic framework. Up to the present
time, Einstein’s general relativity, the simplest of these theories, has always
remained in agreement with experimental results. We shall therefore adopt it
as our working hypothesis. However, we must express some reservations in
this regard. To begin with, we had hoped to treat the measurement of time
within the framework of classical physics and then indicate, in small print as it
were, what would be required to take relativistic effects into account. But then
it seemed to us that this method ran the risk of promoting a widely held view
that general relativity is in some sense a mere addition to classical theory, that
its contribution to science consists in making a set of relativistic corrections.
In reality, general relativity is a complete model for the structure of space and
time, as well as for gravitational effects. We have therefore directly established
the useful developments within the context of this theory. The reader who is
barely familiar with such questions should nevertheless persevere, for we shall
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go no further than recalling the postulates of the theory and its mathematical
consequences in the greatest simplicity.

The inevitable linearity of a written account is poorly suited to the many
interactions between the varied aspects of time measurement. The brief de-
scription given here of the various chapters in the book is intended to orient
the reader with regard to this problem.

Chapter 2 recalls the fundamental principles of time measurement for
macroscopic phenomena, the only ones to be considered here. In truth, this
is essentially a review of H. Poincaré’s analysis, whose relevance extends to
the relativistic context.

Chapter 3 shows how time measurement relates to general relativity. In an
extended space, time is one element of a four-dimensional coordinate system
and cannot be dissociated from the spatial coordinates. We shall define the
coordinate systems used and establish some equations relating local physics
to spacetime coordinates. We shall also discuss the conventions involved in
synchronisation and comparison of distant clocks.

Chapter 4 has a historical objective. It shows how time measurement has
evolved, in particular, during the twentieth century. We shall discuss the de-
velopment of ideas stimulated by development of techniques, as well as the
problems raised by transition from astronomical measurement of time to its
atomic measurement.

Chapter 5 describes the tools involved in using atomic time standards, and in
particular, methods for characterising their metrological qualities and compar-
ing one with another. The characterisation of frequency stability has led to new
developments in statistics. These refer to time series of measurements and the
definition of variances which allow manufacturers and users of frequency stan-
dards to speak a common language. The characterisation of the accuracy of a
frequency is also a problem specific to time measurement, although it could be
extended to any physical quantity whose unit is directly defined by a natural
phenomenon that is considered to be reproducible. Concerning the compari-
son of frequencies and time scales at a distance, we shall see that it is a crucial
question in the sense that it often gives rise to greater uncertainties than those
involved in the quantities to be compared.

Chapter 6 treats atomic frequency and time standards, also called atomic
clocks. We shall begin by reviewing, on an elementary level, the main ideas of
atomic physics and spectroscopy required to understand the workings of these
standards and their principal features. There are several sorts of atomic clock,
all making use of some transition between atomic levels of the same type, but
in different atoms, such as caesium, hydrogen and rubidium. Even ions are
used, like the mercury ion. It is the caesium clocks built and used in metrolog-
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ical laboratories that best achieve the definition of the second. These are the
primary frequency and time standards. Their main feature is accuracy. Indus-
trial versions of the caesium clock allow a relatively inexpensive dissemination
of the unit of time, and hence of atomic time itself. Other types of atomic clock
will also be described. They have been built or developed because they are spe-
cially suited to certain fields of application. Some are bulky but exceptionally
stable, whilst others are less stable but rather compact. In this chapter, we shall
go into the principles by which atoms are manipulated using the radiation from
lasers. This experimental technique, which appeared recently, makes it possi-
ble to slow down and trap atoms before launching them in a highly controlled
manner at very low speeds. Since 1996, this technique has led to an accuracy
that excels that of all other primary frequency and time standards. The potential
in these methods for manipulating atoms by laser beams, combined with the
extraordinary international competition that they arouse, are a firm guarantee
of future improvement in the performance of atomic clocks.

Chapter 7 is mainly devoted to the construction of the unique atomic time
scale taken by convention as the international standard, namely, the Interna-
tional Atomic Time (denoted in all languages by TAI, from the French name
Temps atomique international). We shall see how worldwide cooperation has
been able to establish and maintain such a scale, and we shall investigate its
qualities and the way it is disseminated. But we shall also see how it has been
necessary to compromise, accepting as the practical standard a time scale based
on the TAI but ingeniously adapted to maintain connections with the Universal
Time (UT) as specified by Earth’s rotation. This hybrid is known as Coordi-
nated Universal Time (officially denoted by the acronym UTC). We shall show
how the so-called proper second required for laboratory work can be obtained
from the TAI or UTC.

Chapter 8 gives definitions of the various astronomical times in common
use. These time scales have been gradually elaborated by observation of celes-
tial bodies throughout a long period of history. Their usual definitions carry the
traces of such historical developments and are thereby somewhat obscured for
those unfamiliar with astronomy. We have thus made every effort to bring out
the basic concepts upon which the operational definitions given by astronomers
are founded. We shall investigate the purpose of these time scales. In particu-
lar, the Universal Time, witness to Earth’s rotation, is a very important phys-
ical quantity requiring continuous measurement. Indeed, the efforts devoted
to measuring Universal Time remain on a par with those required to maintain
atomic time. Concerning pulsars, although they cannot provide a good measure
for time, their study is nevertheless hampered by the uncertainties involved in
atomic time. This is one of the most demanding applications for atomic clocks.
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Finally, Chapter 9 presents some applications selected for the high level of
quality in the time and frequency standards they require. Naturally, these appli-
cations belong to the area of fundamental research. The use of time standards
in more utilitarian programmes is concomitant with a certain degree of sacri-
fice as far as their ultimate qualities are concerned, in favour of reliability and
reduced costs. However, the more practical instruments sometimes lag only
slightly behind those destined for laboratory use when it comes to accuracy and
stability. The Global Positioning System provides a good illustration for this.
As we are all either direct or indirect users of this system, we shall go into some
degree of detail. We shall also show, as an example, how the measurement of
time is relevant to a space-based oceanographic mission, TOPEX/POSEIDON.
Indeed, we shall see that it underlies many aspects of the mission, with a high
requisite level of quality.



2

The principles of time measurement

2.1 Introduction

The range of physical time spans is vast, from the Planck time of 10−43 s,
which is the shortest we can conceive of in physics, to those encountered in
cosmology, of the order of tens of billions of years, or 1017 to 1018 s.

From this range, we shall be concerned with only that very small part which
has given rise to accurate measurements. Roughly speaking, this extends from
periods of the order of 10−15 s, associated with visible atomic transitions, to
periods of several thousand years, let us say 1011 s, over which astronomical
observations have been made. This is the domain of typical laboratory experi-
ments and dynamical astronomy, which have each in turn required or supplied
time standards: the domain of time metrology.

Until the birth of relativistic theories at the beginning of the twentieth cen-
tury, time and space formed an external and immutable framework within
which our various activities could be accomplished. We were there to perceive
this framework through the presence and evolution of beings and objects. At
the same time, we were convinced that it existed independently of its con-
tent, and even that it would have existed without any content at all. Today,
it is thought that spacetime cannot be conceived of without mass and energy,
and that there is no privileged time such as Newtonian absolute time. Such a
conception forces us into redoubled humility before nature. Let us admit that
we do not know what time is. We know only that we need a temporal coordi-
nate and three spatial coordinates to represent physical phenomena and invent
mathematical models for them. Why these four independent coordinates and
not five, or more? It is quite simply because four are enough to ensure that no
measurable inconsistency occurs in our physical models.

Freed from absolute time, it becomes easier to accept a pragmatic approach
to defining, or rather, to measuring time. Indeed, time is defined in such a way
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that mathematical models of nature remain simple. It is worth adding that the
other physical quantities, such as length, mass, and so on, should be defined
in the same way. It is thus by examining criteria of simplicity that we shall be
able to tackle the basics of time measurement, define a unit of time and choose
a time scale that can be taken as a world standard for dating events.

2.2 Time and reproducibility: the notion of duration

Nothing could be simpler than to take a well-known observational feature of
our relationship with nature and turn it into a postulate. This feature is the
reproducibility of any experience in time and in space. It was H. Poincaré who
first stated this postulate in his discussion on the measurement of time [2.1]
(translation): ‘When we use the pendulum to measure time, what postulate do
we implicitly assume: it is that the duration of two identical phenomena is the
same; or, if we prefer, that the same causes require the same time to produce
the same effects.’

However, this simplicity is illusory. Several claims demand our attention.

2.2.1 Chaos

Experience teaches us only [2.1]: ‘that approximately like causes take roughly
the same time to produce roughly the same effects.’

Poincaré’s assertion here may be somewhat surprising. He was one of the
pioneers in the study of deterministic chaos according to which roughly similar
causes can produce quite different effects in the same time.

The existence of chaotic phenomena does not contradict the reproducibil-
ity postulate. It merely reminds us that caution is of the essence when apply-
ing it. In metrology, the aim is to provide reproducible standards, and it is
founded on well-behaved phenomena for which an approximate application of
the reproducibility postulate remains possible. It is indeed precisely the role of
the metrologist to recognise and use such phenomena, whose dependence on
poorly controllable perturbing causes remains weak and bounded.

2.2.2 Transposing the measurement of time to the measurement
of another quantity

When Poincaré speaks of the same causes and the same effects, he assumes
that we already have standards for assessing them. A measurement of time,
that is, in this case, duration, can only ever be accessible to us through the
measurement of another quantity.
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Returning to his pendulum example, if we wish to obtain the unit duration,
the second, by a single there-and-back oscillation, we must define with great
accuracy some ‘point’ of reference through which the pendulum passes and
obtain a signal at the moment it passes there. In practice, nothing is instan-
taneous. A photoelectric method could give a signal extending over 0.001 s.
The second would then only be given to a relative accuracy of 10−3. But the
reproducibility postulate becomes useful when we can repeat the experiments
without interruption. For then, although the read time remains unchanged, the
error in the unit is, on average, divided by the number of cycles observed. In
the pendulum example, it reduces to 10−8 after one day’s observation. At the
present time, the second is defined as the duration of 9 192 631 770 periods
corresponding to a specified atomic transition. Simply counting periods would
lead in one day, provided none were missed, to a relative uncertainty in the
second of 10−15.

In the two examples above, a measurement of time is converted into a volt-
age measurement, but the reproducibility postulate can reduce this measure-
ment to a simple, almost qualitative act of recognition, in such a way that any
uncertainty in the volt has no effect whatever on that in the second. This high-
lights the advantages of referring to phenomena of very short duration.

2.2.3 The local nature of phenomena

In order to control the causes of the phenomenon, in the hope that they will
be the same whenever we wish to reproduce it, the experiment must be a local
experiment, that is, rather close to the experimenter.

Are there any naturally reproducible large scale or distant phenomena that
are sufficiently rapid to answer the needs of accuracy? At the present time,
we do not know of any. The rotation of the Earth seemed for a long time to
fulfill these requirements, until there came proof of its irregularities, during the
second half of the twentieth century. The rapidly rotating pulsars discovered
since 1982, with periods in the millisecond range, would have been excellent
standards for duration, had the rotation not been slowing down!

If a distant and well reproducible phenomenon were discovered, we could
base the definition of the unit of duration on observations of it. In fact, we
would certainly do so, if there were some advantage to it. However, this would
require recourse to theory, if only to the theory of propagation of electromag-
netic waves. Used in the purest possible way, without appealing to any theory
that might one day be contested, reproducibility leads to local measurement
standards.
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2.2.4 Differential ageing?

Poincaré’s postulate mentions causal relations. We may wonder what happens
when two phenomena occur in parallel, independently of one another. If a
chemical reaction reaches conclusion whilst our atomic clock counts 1010 peri-
ods, can we be sure that in a million years from now, the same reaction will still
take the same number of periods? The postulate allows us to assert that it will
indeed be the same number. In fact, there is nothing to stop us establishing a
causal connection between the two phenomena, for example, by triggering the
reaction after n atomic periods and considering the global phenomenon ‘pe-
riod counting and chemical reaction’. The duration of this global phenomenon
must be invariable. The postulate leaves no room for differential ageing of the
various natural phenomena. Concerning the question as to whether local phe-
nomena and their laws age globally, this would suppose the existence of some
fictional time by which we could make our assessment. The existence of such
a time is a pointless hypothesis.

Notwithstanding, it is as well to refrain from unjustified overconfidence as
regards the reproducibility postulate. Although it has never yet been found to
fail, it may one day be brought into question by experimental progress.

2.2.5 Reproducibility and measurement standards

From the above discussion, we can conclude that the definition of measurement
units to be used for local physics can be based upon the reproducibility of local
experiments. Examining the definitions of the seven basic units in the SI system
(Système international d’unités), viz., the metre, the kilogram, the second, the
ampere, the kelvin, the mole and the candela (definitions given in Appendix 3),
reveals that this is currently the case for five of them. The exceptions are the
kilogram and the kelvin. The definition of the kilogram as the mass of a unique
object appeals to the supposed permanence of a property of this object, which
is a form of reproducibility. With regard to the kelvin, its definition appeals to a
more complex model, namely, the laws of thermodynamics based on additional
postulates.

The unit of duration, the second, normally referred to as the unit of time, is
therefore, in its present definition, a unit to be established locally, just like the
other units. This has consequences when we have to treat measurements within
the model provided by general relativity, and this is often necessary, precisely
because of the great accuracy with which we can determine the second.
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2.3 Time, evolution and time scales

Let us now turn to evolving phenomena which we have no reason to believe
are reproducible. Whilst such phenomena abound, we shall be concerned with
those belonging to the dynamics of celestial bodies, because of the high qual-
ity of the mathematical models developed to describe them, and perhaps also
because, in the past, time was always associated with the motions of such heav-
enly objects.

In order to describe these motions, we need only a scale of coordinates in
time, that is, a time scale, whose main qualities are that everyone should accept
it and that it should be accessible to all. (This already raises the question of how
to synchronise clocks used by distant observers, a discussion we shall postpone
until Chapter 3. Let us just say for the moment that we can synchronise.) But
if we wish to establish a model for these motions that allows us to predict
them as in the astronomical ephemerides, the temporal argument in the theory
must satisfy further criteria. What are these criteria? Let us turn once again to
Poincaré’s own account, rather than attempting to paraphrase:

They [astronomers] define duration in the following way: time must be defined in such
a way that Newton’s law of gravitation and second law of motion both hold. The law of
gravitation is an observational truth and, as such, is only approximate. This shows that
we have once again only an approximate definition. If we assume that we now adopt
another means of measuring time, the experiments upon which Newton’s law of grav-
itation is founded would nevertheless have the same meaning. It is just the statement
of the law that would change, because it would be translated into another language. It
would obviously be much less simple. The definition implicitly adopted by astronomers
can thus be resumed in the following way: time must be defined in such a way that the
equations of mechanics become as simple as possible. In other words, there is no way of
measuring time that is truer than all others. The one that is generally adopted is merely
the most convenient.

We thus find ourselves with two definitions for the measurement of time,
namely, the time which stems from the reproducibility of local phenomena,
and the time that arises from Newtonian dynamics. Are these two definitions
equivalent? Until the beginning of the twentieth century, there was every rea-
son to believe that either of these definitions would lead to representations
of the same absolute time, differing only by their level of quality. However,
since then, Einstein’s general relativity has appeared on the scene. Accord-
ing to this theory, only local time can be directly measured with a clock.
In other words, it is the proper time of this clock or an observer in the im-
mediate vicinity that is measured. The time which now renders the equa-
tions of motion simple (or rather, the least complicated), over an extended
region of space including, for example, the Solar System, is just a coordi-







































































































































































































































































































































































































































































































































































































































































Index

absolute
space, 17, 19
time, 6, 17

absorption, 116
accuracy

frequency, 55, 66, 87–88
of TAI readings, 252

active clock, 126
algorithm

for frequency stability, 243–245
for TAI, 241
for time scale, 60, 240–241

Algos, 247
alkali atom, 110–116
Allan variance

definition, 74
estimator, 76, 78
modified, 80
practical calculation, 76–79
systematic effects, 79
variation, 75

apparent solar
day, 38
time, 40

astronomical unit of length, 30
atomic fountain, 130, 177–180
atomic second, 56, 236
atomic time

integrated, 56, 57
local independent, 258

barycentric coordinate system, 29
Barycentric Coordinate Time (TCB), 30, 238
Binary Pulsar Time (TBP), 284
Boltzmann’s law, 120
Breit–Rabi formula, 114, 149

caesium clock
cold atom fountain, 177
frequency shifts, 147–159, 168–169, 181

inaccuracy, 161, 169, 183
long term frequency instability, 160, 169
magnetically deflected beam, 130–162
medium term frequency instability, 144,

167, 181
non-reproducibility, 160, 169
optically pumped beam, 162–170

cavity pulling, 128
celestial

frame, 276
pole, 265
sphere, 267

Celestial Ephemeris Origin, 268
Celestial Ephemeris Pole (CEP), 265
Celestial Intermediate Pole (CIP), 265
chaos, 7
civil time, 42
clock

active, 126
comparison, 35
definition, 65
in space, 183
master, 247
passive, 126, 129, 147
primary, 262
transition, 115
transportation, 93, 291

closing error, 93
common view method, 99
comparison

of clocks, 35
of frequencies, 104–108
of times, 59, 90–104

cooling atoms
by Doppler effect, 171
by Sisyphus effect, 174
launching the atoms, 176

cooling ions
collisional method, 224
radiative method, 229
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coordinate
quantity, 22, 28
simultaneity, 35
synchronisation, 35, 37
time (definition), 11, 28, 37

coordinate system, 17
barycentric, 29
geocentric, 29

Coordinated Universal Time, 39, 255–259
cycling transition, 122, 166

date, 17, 38
day, length of, 266
definitive time, 45
Dicke condition, 124, 223
Doppler cooling, 171
Doppler effect, 23

Dicke condition, 124, 223
elimination, 123–125
for positioning, 301
for satellite tracking, 272
frequency shift, 123
second order, 125, 151

DORIS, 272, 301, 306
double resonance method, 211
duration, 7

Earth Reconnaissance Satellites (ERS), 302,
303, 305

Earth rotation, 264
irregularities, 47, 273–276
measurement, 269–273
parameters, 265, 278

Echelle atomique libre (EAL), 242
Einstein’s equivalence principle, 21, 109
ellipsoid, reference, 303
energy–time uncertainty relation, 118
ephemeris, 10, 13, 276
Ephemeris Time, 15, 50–51

definition, 278–279
determination, 279–280

equation of time, 40, 41
equinox, 269
event, 17
excited state, 110

fine structure, 110
fluctuations

model, 72–73
power spectral density, 71

fluorescence, 117
frequency

instantaneous, 68
nominal, 57
normalised, 57

frequency accuracy, 55, 66, 87–88
frequency comparison, 104–108

frequency instability
definition, 67
measurement, 70
of atomic clocks, 147
of TAI, 254

frequency noise, 73
frequency shift

Doppler, 123
gravitational, 32, 292
hydrogen maser, 207
in caesium clock, 147–159, 168–169, 181
in rubidium clock, 215
mercury ion clock, 228

frequency standard
characteristics, 234
inaccuracy, 234
magnesium beam, 231
mercury ion, 224–229
optical, 231
primary, 129
primary and secondary, 65
single ion at rest, 231
ytterbium ion, 229

frequency steering, 243, 246

Galilean relativity principle, 19
geocentric coordinate system, 29
Geocentric Coordinate Time (TCG), 30, 237
geoid, 31, 303
Global Positioning System, 60, 98, 297–301
GLONASS, 98, 100, 301
GLONASS Time, 262
GMT, 42
GPS, 60, 98, 297–301
GPS Time, 98, 261
gravitation, 15, 26, 291
gravitational

frequency shift, 32, 292
potential (terrestrial), 32

Greenwich Mean Time, 42
ground state, 110

HIPPARCOS, 277, 302
hydrogen maser, 184–211

active, 191–201
cavity tuning, 192–195, 199–201
cryogenic, 210
frequency shifts, 207
inaccuracy, 209
induced magnetic moment, 193
long term frequency instability, 209
medium term frequency instability, 206
oscillation condition, 191
passive, 201–206

hyperfine
filter, 212
structure, 111–116
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ICRF, 31, 264, 302
inaccuracy, 88

of caesium clock, 161, 169, 183
of frequency standards, 234
of hydrogen maser, 209
of mercury ion clock, 229
of TAI frequency, 254

induced emission, 117
inertial system, 19
instability

frequency, 67, 70
time, 67, 69, 81

instantaneous
axis of rotation, 265
frequency, 68
longitude origin, 267

instrumental delay, 90
integrated

atomic time, 56, 57
time scale, 12

International Atomic Time, 60, 237–239
accuracy of readings, 252
algorithm, 241
frequency inaccuracy, 254
frequency instability, 254
origin, 237
scale unit, 106, 237, 260

International Celestial Reference Frame, 31,
264, 302

International GPS Service (IGS), 272, 300
International Laser Ranging Service (ILRS),

272
International Terrestrial Reference Frame, 31,

264
interval, 22, 25
ion confinement

micromotion, 221
Paul trap, 218
restoring force, 221
secular motion, 222
three-d quadrupole field, 219
two-d quadrupole field, 218

ITRF, 31, 264

Josephson effect, 288
Julian Date (JD), 39

laser ranging, 272, 306
LASSO, 102
leap second, 256
length of day, 266
Loran-C, 59, 97
Lorentz transformation, 21
lunar

month, 39
reflecting panels, 272

lunation, 39

lunisolar precession–nutation, 265

magnesium beam frequency standard, 231
magnetic

deflection, 120, 130
shielding, 125

master clock, 43, 247
mean solar time, 40, 46
mercury ion clock

frequency shift, 228
inaccuracy, 229
long term frequency instability, 229
medium term frequency instability, 228

mercury ion frequency standard, 224–229
metric, 22

tensor, 25
Minkowski metric, 22
Modified Julian Date (MJD), 39

N -sample variance, 74
Navsat, 272, 301
Newton’s first law, 18
noise

frequency, 73
shot, 144
thermal, 206

nominal frequency, 57
non-rotating origin, 268
normalised frequency, 57

optical
detection, 122
frequency standard, 231
molasses, 173
pumping, 121

origin
instantaneous longitude, 267
non-rotating, 268

passive clock, 126, 129, 147
Paul trap, 218
pendulum clock, 83
physical constants, 289
piezoelectric effect, 84
pole

celestial, 265
terrestrial, 265

power spectral density, 71
PPN formalism, 294
PRARE, 302
precession–nutation, lunisolar, 265
primary clock, 262
proper

frequency, 87, 104
quantity, 28
second, 36
time, 10, 21, 65, 69, 236
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pulling
cavity, 128
Rabi, 157
Ramsey, 157

pulsar spin-down, 283
Pulsar Time, 64, 281–285
pumping

optical, 121
transition, 122
two-laser, 166

quality factor
of atomic resonance, 118
resonant cavity, 155

quantum Hall effect, 288
quartz oscillator, 84, 140–144, 196–199, 204,

228
quasar, 24, 29, 31, 100, 270

Rabi
frequency, 189
pedestal, 133
pulling, 157

Ramsey
fringe, 133
pulling, 157

Ramsey method
by separated oscillating fields, 131
Rabi pedestal, 133
response curve, 135
time domain, 227, 230

reference ellipsoid, 303
relative frequency offset, 57, 68
relativity principle, Galilean, 19
reproducibility postulate, 7
resonance curve, 133, 135, 141, 151, 165, 179,

202, 227
resonant cavity

quality factor, 155
rise time, 91
rotation, 24

of the Earth, 47, 264, 269–276
rubidium clock, 211–217

double resonance, 211
frequency shifts, 215
hyperfine filter, 212
long term frequency instability, 216
medium term frequency instability, 215

Sagnac effect, 96
scale unit, 28, 237

TAI, 106, 237, 260
second

atomic, 56, 236
leap, 256
of Ephemeris Time, 50
of mean time, 46

proper, 36
unit of duration, 12

selection rules, 116
Selective Availability (SA), 99, 299
servo control

of amplitude, 155
of frequency, 143
of magnetic field, 150
of phase, 198

shot noise, 144
sidereal time, 43, 269
signal transmission, 92, 95, 100
simultaneity, 17

coordinate, 35
Sisyphus effect, 174
speed of light, 19
spontaneous emission, 117
stability algorithm, 243–245
standard frequency emissions, 260
Stark effect, 116

second order, 150
state preparation, 119
steering, of frequency, 243, 246
stellar angle, 267
stored ion clock, 217–230
synchronisation

coordinate, 35, 37
Einstein convention, 20

TAI, 60, 237–239
accuracy of readings, 252
algorithm, 241
frequency inaccuracy, 254
frequency instability, 254
origin, 237
scale unit, 106, 237, 260

telecommunications, 306
terrestrial

frame, 276
pole, 265

Terrestrial Ephemeris Origin, 268
Terrestrial Time (TT), 33, 238, 259
thermal noise, 206
three-corner hat method, 83
tidal potential, 23, 29, 32, 303
time

absolute, 6, 17
coordinate, 11, 28, 37
proper, 10, 21, 65, 69, 236

time comparison
methods, 90–104
need for, 59

time instability
characterisation, 81
definition, 67
measurement, 69
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time interval counter, 91
time scale

algorithm, 60, 240–241
integrated, 12, 57
notion, 10

time signal, 256
time standard, primary, 129
time zone, 41
timekeeper, 43
TOPEX–POSEIDON, 272, 301, 303–306
transition

clock, 115
cycling, 122, 166
pumping, 122

tropical year, 38
two-laser pumping, 166
two-sample variance, 74
two-way time transfer, 92, 100

uncertainty relation, energy–time, 118
unit of proper time, 22
Universal Time, 43, 264–278

definition, 264–266
measurement techniques, 269–273
other forms, 269
use, 276

UT1, 266–269
UTC, 39, 255–259

VLBI, 270, 302, 306

World Geodetic System, 99
worldline, 26

ytterbium ion frequency standard, 229

Zeeman effect, 114
second order, 148
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