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Preface

The contributions of accurate time and frequency measurements to global trade, traffic and
most sub-fields of technology and science, can hardly be overestimated. The availability of
stable sources with accurately known frequencies is prerequisite to the operation of world-
wide digital data networks and to accurate satellite positioning, to name only two examples.
Accurate frequency measurements currently give the strongest bounds on the validity of fun-
damental theories. Frequency standards are intimately connected with developments in all of
these and many other fields as they allow one to build the most accurate clocks and to combine
the measurements, taken at different times and in different locations, into a common system.

The rapid development in these fields produces new knowledge and insight with breath-
taking speed. This book is devoted to the basics and applications of frequency standards. Most
of the material relevant to frequency standards is scattered in excellent books, review articles,
or in scientific journals for use in the fields of electrical engineering, physics, metrology,
astronomy, or others. In most cases such a treatise focusses on the specific applications,
needs, and notations of the particular sub-field and often it is written for specialists. The
present book is meant to serve a broader community of readers. It addresses both graduate
students and practising engineers or physicists interested in a general and introductory actual
view of a rapidly evolving field. The volume evolved from courses for graduate students given
by the author at the universities of Hannover and Konstanz. In particular, the monograph aims
to serve several purposes.

First, the book reviews the basic concepts of frequency standards from the microwave to
the optical regime in a unified picture to be applied to the different areas. It includes selected
topics from mechanics, atomic and solid state physics, optics, and methods of servo control.
If possible, the topics which are commonly regarded as complicated, e.g., the principles and
consequences of the theory of relativity, start with a simple physical description. The subject
is then developed to the required level for an adequate understanding within the scope of
this book.

Second, the realisation of commonly used components like oscillators or macroscopic and
atomic frequency references, is discussed. Emphasis is laid not only on the understanding of
basic principles and their applications but also on practical examples. Some of the subjects
treated here may be of interest primarily to the more specialised reader. In these cases, for the
sake of conciseness, the reader is supplied with an evaluated list of references addressing the
subject in necessary detail.

Third, the book should provide the reader with a sufficiently detailed description of the
most important frequency standards such as, e.g., the rubidium clock, the hydrogen maser, the
caesium atomic clock, ion traps or frequency-stabilised lasers. The criteria for the “impor-
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tance” of a frequency standard include their previous, current, and future impact on science
and technology. Apart from record-breaking primary clocks our interest also focusses on tiny,
cheap, and easy-to-handle standards as well as on systems that utilise synchronised clocks,
e.g., in Global Navigation Satellite Systems.

Fourth, the book presents various applications of frequency standards in contemporary
high-technology areas, at the forefront of basic research, in metrology, or for the quest for most
accurate clocks. Even though it is possible only to a limited extent to predict future technical
evolution on larger time scales, some likely developments will be outlined. The principal
limits set by fundamental principles will be explored to enable the reader to understand the
concepts now discussed and to reach or circumvent these limitations. Finally, apart from the
aspect of providing a reference for students, engineers, and researchers the book is also meant
to allow the reader to have intellectual fun and enjoyment on this guided walk through physics
and technology.

Chapter 1 reviews the basic glossary and gives a brief history of the development of clocks.
Chapters 2 and 3 deal with the characterisation of ideal and real oscillators. In Chapter 4 the
properties of macroscopic and in Chapter 5 that of microscopic, i.e., atomic and molecular
frequency references, are investigated. The most important methods for preparation and in-
terrogation of the latter are given in Chapter 6. Particular examples of frequency standards
from the microwave to the optical domain are treated in Chapters 7 to 10, emphasising their
peculiarities and different working areas together with their main applications. Chapter 11
addresses selected principles and methods of measuring optical frequencies relevant for the
most evolved current and future frequency standards. The measurement of time as a particu-
lar application of frequency standards is treated in Chapter 12. The remainder of the book is
devoted to special applications and to the basic limits.

I would like to thank all colleagues for continuous help with useful discussions and for
supporting me with all kinds of information and figures. I am thankful to the team of Wiley—
VCH for their patience and help and to Hildegard for her permanent encouragement and for
helping me with the figures and references. I am particularly grateful to A. Bauch, T. Bin-
newies, C. Degenhardt, J. Helmcke, P. Hetzel, H. Knockel, E. Peik, D. Piester, J. Stenger,
U. Sterr, Ch. Tamm, H. Telle, S. Weyers, and R. Wynands for careful reading parts of the
manuscript. These colleagues are, however, not responsible for any deficiencies or the fact
that particular topics in this book may require more patience and labour as adequate in order
to be understood. Furthermore, as in any frequency standard, feedback is necessary and
highly welcome to eliminate errors or to-suggest better approaches for the benefit of future
readers.

Fritz Riehle
(fritz.riehle @ ptb.de)
Braunschweig

June 2004



Contents

Preface

1 Introduction

1.1
1.2

Features of Frequency Standards and Clocks . . . . .. .. ... ......
Historical Perspective of Clocks and Frequency Standards . . . . . ... ..
1.2.1 Nature’sClocks . . . . . . . . ..
1.2.2 Man-made Clocks and Frequency Standards . . . . . .. ... ...

2 Basics of Frequency Standards

2.1

2.2
2.3

24

Mathematical Description of Oscillations . . . . . . . . ... .. ... ...
2.1.1  Ideal and Real Harmonic Oscillators . . . . .. ... .. ... ...
2.1.2  Amplitude Modulation . . . . . ... ... ... ...
2.1.3 Phase Modulation . . . . . ... ... ... L.
Oscillator with Feedback . . . . . ... .. ... ... ..........
Frequency Stabilisation . . . . . ... ... ... ... ...
2.3.1 ModelofaServoLoop . .. .. ... ... .. ... ... . ...,
2.3.2 Generation of an Error Signal . . . . . . ... .. ... ...
Electronic Servo Systems . . . . . . ... .o Lo
241 COMPONENES © w v w &+ 5 5 5 ¢ v 5 s % @ w w56 8 5+ 5 v & ¢ 6w w s
2.4.2 Example of an Electronic Servo System . . . . ... .. ... ...

3 Characterisation of Amplitude and Frequency Noise

3.1

3.2
33
34

3.5

Time-domain Description of Frequency Fluctuations . . . . . . . ... ...
3.1.1 AllanVariance . . . . . . ... ... ........ S p s awE s
3.1.2 Correlated Fluctuations . . . . . ... ... ... ... .......
Fourier-domain Description of Frequency Fluctuations . . . . . . . ... ..
Conversion from Fourier-frequency Domain to Time Domain . . . . . . . .
From Fourier-frequency to Carrier-frequency Domain . . . . . . . ... ..
3.4.1 Power Spectrum of a Source with White Frequency Noise . . . . . .
3.42 SpectrumofaDiodelLaser . .. ... ... .. ... ... .....
3.4.3 Low-noise Spectrum of a Source with White Phase Noise . . . . . .
Measurement Techniques . . . . . . . ... ... ...
3.5.1 Heterodyne Measurements of Frequency . . . . . . . ... ... ..
3.5.2 Self-heterodyning . . . . . . ... ...
353 ANAsIng . . . . ... e e e e

X111

AN N —



VIII

3.6  Frequency Stabilization with a Noisy Signal . . . . ... ... ... ..
3.6.1 Degradation of the Frequency Stability Due to Aliasing . . . . .

4 Macroscopic Frequency References

4.1  Piezoelectric Crystal Frequency References . . . . ... .. ... ...
4.1.1 Basic Properties of Piezoelectric Materials . . . . . . ... ...
4.1.2 Mechanical Resonances . . . . . ... ... ... ........
4.13 EquivalentCircuit . . . . . . . ... .. ... ... ...
4.1.4 Stability and Accuracy of Quartz Oscillators . . . . . .. .. ..
4.2 Microwave Cavity Resonators . . . . . ... ... . ... ........
4.2.1 Electromagnetic Wave Equations . . . . . .. ... ... ....
4.2.2  Electromagnetic Fields in Cylindrical Wave Guides . . . . . . .
4.2.3 Cylindrical Cavity Resonators . . . . . .. ... ... .....
4.2.4 Losses due to Finite Conductivity . . . . . . . ... ... ....
4.2.5 DielectricResonators . . . . .. ... ...
43 Optical Resonators . . . . . . . . . . ittt e e
4.3.1 Reflection and Transmission at the Fabry—Pérot Interferometer . . .
432 RadialModes . . ... ... ... ... ...
4.3.3 Microsphere Resonators . . . . . . ... ... ... .......
4.4  Stabilityof Resonators . . . . . . .. ... ...

5 Atomic and Molecular Frequency References

5.1  Energy Levelsof Atoms . . . . ... ... ... . ... .........
5.1.1 Single-electron Atoms . . . . . ... ... .. .........
5.1.2  Multi-electron Systems . . . . . . . . ... ... ...
5.2 Energy States of Molecules . . . . .. ... ... .. ... ..., .
5.2.1 Ro-vibronic Structure . . . . .. ... o oL
5.2.2  Optical Transitions in Molecular lodine . . . ... ... .. ..
5.2.3 Optical Transitions in Acetylene . . . . . ... ... ......
5.2.4 Other Molecular Absorbers . . . . . . ... .. ... ......
5.3  Interaction of Simple Quantum Systems with Electromagnetic Radiation . .
5.3.1 The Two-level System . . . . . e
5.3.2 Optical Bloch Equations . . . .. ... ... ..........
5.3.3 Three-level Systems . . . . . . ... ... ... ... .. ...,
5.4  Line Shifts and Line Broadening . . . . . . . ... ... ........
5.4.1 Interaction Time Broadening . . . . . ... ... .. ......
5.4.2 Doppler Effect and Recoil Effect . . . . . ... ... ... ...

5.4.3 Saturation Broadening . . ... ... ... FoomE S w o EE
5.4.4 Collisional Shift and Collisional Broadening . . . . . ... ...
5.4.5 Influence of External Fields . . . . .. ... ... ........

5.4.6  Line Shifts and Uncertainty of a Frequency Standard . . . . . .

6 Preparation and Interrogation of Atoms and Molecules

6.1  Storage of Atoms and MoleculesinaCell . ... ... ... ......
6.2  Collimated Atomic and Molecular Beams . . . . . .. ... ... ...

Contents

.. 81

.. 88

.. 159



Contents

6.3

6.4

6.5

6.6

7.1

7.2
7.3

7.4

8.1

8.2

8.3

Cooling & & wws s 5 ¢ 58 8 v @ w68 68 5 55 t8@@mu a5 585 s ¢4
6.3.1 LaserCooling . . . . . ... .. ... ...
6.3.2 Cooling and Deceleration of Molecules . . . . ... ... ... ..
Trapping of Atoms . . . . . . . . ...
6.4.1 Magneto-optical Trap . . . . . . . . . .. ...
6.4.2 Optical lattices . . . . .. ... ... .o
6.4.3 Characterisation of Cold Atomic Samples . . . . .. .. ... ...
Doppler-free Non-linear Spectroscopy . . . . . . . . . . . ... ... ...
6.5.1  Saturation SPeCtroSCOPY . . . . « . . . oo i e e
6.5.2 Power-dependent Selection of Low-velocity Absorbers . . . . . ..
6.5.3 Two-photon Spectroscopy . . . . . . .« . .o e e
Interrogation by Multiple Coherent Interactions . . . . . .. .. ... ...
6.6.1 Ramsey Excitation in Microwave Frequency Standards . . . . . . .
6.6.2 Multiple Coherent Interactions in Optical Frequency Standards . . .

Caesium Atomic Clocks

Caesium Atomic Beam Clocks with Magnetic State Selection . . . . . . ..
7.1.1 Commercial Caesium Clocks . . . . . . ... ... .. .......
7.1.2  Primary Laboratory Standards . . . . ... ... ... .......
7.1.3  Frequency Shifts in Caesium Beam-Clocks . . . .. ... ... ..
Optically-pumped Caesium BeamClocks . . . . . ... ... ... ... ..
FountainClocks . . . . . . .. . .. ... ...
7.3.1 Schematics of a FountainClock . . . ... ... ... .......
7.3.2  Uncertainty of Measurements Using Fountain Clocks . . . . . . ..
7.3.3 Stability . . ...
7.3.4 Alternative Clocks . . . . . . ... ... Lo
Clocks in Microgravitation . . . . . . . . . . . . v v v et

Microwave Frequency Standards

MASETS : « ww mm r s 3 8 § ¢ 8 4 W mm e os g 8 v v 5 smommwmas § 5 o
8.1.1 Principle of the HydrogenMaser . . . . . . ... ... .......
8.1.2  Theoretical Description of the Hydrogen Maser . . . . . . ... ..
8.1.3 Design of the HydrogenMaser . . . . . . ... ... ........
8.1.4 Passive HydrogenMaser . . . . . .. ... ... ..........
8.1.5 CryogenicMasers . . . . . . . . . .. . e
8.1.6 Applications . . . . . . ...
Rubidium-cell Frequency Standards . . . . . . . ... .. .. ... .....
8.2.1 Principleand Set-up . . . . . . .. ...
8.2.2  Performance of Lamp-pumped Rubidium Standards . . . . . . . ..
8.2.3 Applications of Rubidium Standards . . . . . . ... ... ... ..
Alternative Microwave Standards . . . . . .. ... ... ...
8.3.1 Laser-based Rubidium Cell Standards . . . . . ... .. ... ...
8.3.2  All-optical Interrogation of Hyperfine Transitions . . . . . .. . ..

IX

170
170
175
176
179
182
183
186
186
189
190
192
192
195

203
204
205
207
208
216
217
218
221
223
223
226

243



X Contents
9 Laser Frequency Standards 255
9.1 GasLaserStandards . . . .. ... ... ... ... ... ... ....... 256
9.1.1 He-NeLaser. ... .......................... 256

9.1.2  Frequency Stabilisation to the Gain Profile . . . . . ... ... ... 259

9.1.3 lodine Stabilised He-Ne Laser . . . . . ... .. .......... 262

9.1.4 Methane Stabilised He-Ne Laser . . . . ... ... ......... 265

9.1.5 O0OsOy4 Stabilised COs Laser . . . . . ... ... .. ... ...... 267

9.2 Laser-frequency Stabilisation Techniques . . . . . ... .. ... ...... 268
9.2.1 Method of Hinsch and Couillaud . . . . . . ... .. ... ... .. 268

9.2.2 Pound-Drever—Hall Technique . . .. ... ... .......... 271

9.2.3  Phase-modulation Saturation Spectroscopy . . . . . . . . ... ... 275

9.2.4 Modulation Transfer Spectrocopy . . . . .. ... ......... 279

9.3  Widely Tuneable Lasers . . . . .. .. ... . ... ... .......... 281
9.3.1 DyelLlasers . . . ... . .. .. e 282

932 DiodeLasers . ... ... ... ... ... 285

9.3.3 Optical Parametric Oscillators . . . . .. ... ... ........ 298

9.4  Optical Standards Based on Neutral Absorbers . . . . .. ... ... .... 299
9.4.1 Frequency Stabilised Nd:YAG Laser . . . . ... .. ... ..... 299

9.42 Molecular Overtone Stabilised Lasers . . . . ... ... ...... 302

9.4.3 Two-photon Stabilised Rb Standard . . . . . .. ... ... .... 302

9.4.4  Optical Frequency Standards Using Alkaline Earth Atoms . . . . . 304

9.4.5 Optical Hydrogen Standard . . . . . . ... ... .......... 310

9.4.6  Other Candidates for Neutral-absorber Optical Frequency Standards 312

10 Ion-trap Frequency Standards 315
10.1 BasicsoflonTraps . . ... ... ... .. ... .. ... ... . ..... 315
10.1.1 Radio-frequency Ion Traps . . . . ... ... ... ... ...... 316

10.1.2 Penning Trap . . . . . . . . . .. ... 323

10.1.3 Interactions of Trapped Ions . . . . ... ... ... ........ 326

10.1.4 Confinement to the Lamb-Dicke Regime . . . . . . .. ... .... 327

10.2  Techniques for the Realisation of Ton Traps . . . . . ... ... ....... 328
10.2.1 LoadingthelonTrap . . . ... .. .. ... ... ... ...... 328

10.2.2 Methods for Cooling Trapped Ions . . . . . .. ... ... ..... 329

10.2.3 Detection of Trapped and ExcitedIons . . . . ... ... ... ... 333

10.2.4 Other Trapping Configurations . . . . . ... ... .. .. o 335

10.3 Microwave and Optical Ion Standards . . . . . . .. [ 336
10.3.1 Microwave Frequency Standards Based on Trapped Ions . . . . . . 337

10.3.2" Optical Frequency Standards with Trapped Ions . . . . . .. .. .. 342

10.4  Precision Measurements in lon Traps . . . . . ... ... ... ....... 348
10.4.1 Mass Spectrometry . . . . . . . . . ..o 348

10.4.2 Precision Measurements . . . . . . .. ... ... ......... 350



Contents X1
11 Synthesis and Division of Optical Frequencies 353
11.1 Non-linear Elements . . . . . . . . . .. .. ... 353
11.1.1 Point-contact Diodes . . . . .. ... ... ... ... ....... 354

11.1.2 Schottky Diodes . . . . . . . ... .. ... 355

11.1.3 Optical Second Harmonic Generation . . . ... ... ... .... 355

11.1.4 Laser Diodes as Non-linear Elements . . . . . . ... .. ...... 359

11.2 Frequency Shifting Elements . . . . . . ... .. ... ........... 360
11.2.1 Acousto-optic Modulator . . . . . .. .. ... ... ........ 360

11.2.2 Electro-optic Modulator . . . . . .. ... ... ... ... ... .. 361

11.2.3 Electro-optic Frequency Comb Generator . . . . . . . . ... ... 363

11.3 Frequency Synthesis by Multiplication . . . . ... ... ... ....... 365
11.4 Optical Frequency Division . . . . .. .. ... ... ... ......... 368
11.4.1 Frequency Interval Division. . . . . . . ... ... ... ...... 368

11.4.2 Optical Parametric Oscillators as Frequency Dividers . . . . . . . . 369

11.5 Ultra-short Pulse Lasers and Fréquency CombSu v o v+ 5 ¢ 5 ¢ 5 5 65w ws 370
"11.5.1 Titanium Sapphire Laser . . . . . . . ... ... ... ....... 371
11.52 Mode Locking . . . . v v v v v v vt e e e e e e 372

11.5.3 Propagation of Ultra-short Pulses . . . . . . ... ... ... .... 375

11.5.4 Mode-locked Ti:sapphire Femtosecond Laser . . . . ... ... .. 377

11.5.5 Extending the Frequency Comb . . . . . . .. ... .. ... .... 379

11.5.6 Measurement of Optical Frequencies with fs Lasers . . . . . . . .. 380

12 Time Scales and Time Dissemination 387
12.1 Time Scales and the Unitof Time . . . . . . . .. ... .. ... ...... 387
12.1.1 Historical Sketch . . . . .. .. ... ... ... ... ... 387

12.1.2 Time Scales . . . . . . . . . e 388

12.2 Basics of General Relativity . . . . . . . ... ... ... ... .. ... 391
12.3 Time and Frequency Comparisons . . . . . . . . . .. ... ... .. ... 395
12.3.1 Comparison by a Transportable Clock . . . . . ... ... ... .. 396

12.3.2 Time Transfer by Electromagnetic Signals . . . . . . .. ... ... 397

124 RadioControlledClocks . . . . . . . .. ... .. .. ... ... ..., 399
12.5 Global Navigation Satellite Systems . . . . . ... .. ... ... ..... 403
12.5.1 Concept of Satellite Navigation . . . . . . ... ... .. ...... 403

12.5.2 The Global Positioning System (GPS) . . . .. ... ... ..... 404

12.5.3 Time and Frequency Transfer by Optical Means . . . . . . . .. .. 412

12.6 Clocks and Astronomy . . . . . . . . . ..o 413
12.6.1 Very Long Baseline Interferometry . . . . . . . ... ... ... .. 413

12.6.2 Pulsars and Frequency Standards . . . . . ... ... ........ 415

13 Technical and Scientific Applications 421
13.1 Length and Length-related Quantities . . . . . . . ... ... ... ..... 421
13.1.1 Historical Review and Definition of the Length Unit . . . . . . . .. 421

13.1.2 Length Measurement by the Time-of-flight Method . . . . . . . .. 423

13.1.3 Interferometric Distance Measurements . . . . . . . .. ... ... 424

13.1.4 Mise en Pratique of the Definition of the Metre . . . . . . ... .. 429



XII Contents
13.2 Voltage Standards . . . . . ... ... ... ... ... ... .. ... .. 432
13.3  Measurement of Currents . . . . . ... .. ... ... ... ... ... . 433

13.3.1 ElectronsinaStorageRing . . . . . ... ... ... ... .... . 433
13.3.2 Single Electron Devices . . . . . .. ... ... ........... 434
13.4  Measurements of Magnetic Fields . . . . . . ... ... ... ... .. .. . 436
13.4.1 SQUID Magnetometer . . . . . ... ... ............. 436
13.4.2 Alkali Magnetometers . . . . . . . .. ... ... .......... 437
13.4.3 Nuclear Magnetic Resonance . . . . . . ... ............ 437
13.5  Links to Other Units in the International System of Units . . . . ... .. . 439
13.6 Measurement of Fundamental Constants . . . . . . . . ... . ... .... 439
13.6.1 RydbergConstant . . . . ... ... ... ... ... ... . ... . 440
13.6.2 Determinations of the Fine Structure Constant . . . . . . . ... .. 441
13.6.3 Atomic Clocks and the Constancy of Fundamental Constants . . . . 442

14 To the Limits and Beyond 445

14.1  Approaching the Quantum Limits . . . . .. . ... ... ......... . 445
14.1.1 Uncertainty Relations . . . . .. ... ... ........ .. .. . 446

14.1.2° Quantum Fluctuations of the Electromagnetic Field . . . . . .. . . 447

14.1.3 Population Fluctuations of the Quantum Absorbers . . . .. .. . . 452

142 Novel Concepts . . . . ... ... ... ... .. 459
14.2.1 Ton Optical Clocks Using an Auxiliary ReadoutIon . . . .. ... . 459

14.2.2 Neutral-atom Lattice Clocks . . . . .. ... ... .. ....... 461

14.2.3 On the Use of Nuclear Transitions . . . . . .. .. ... ... ... 462

14.3  Ultimate Limitations Due to the Environment . . . . . .. . ... .. ... 462
Bibliography 465
Index 521



1 Introduction

1.1 Features of Frequency Standards and Clocks

Of all measurement quantities, frequency represents the one that can be determined with by
far the highest degree of accuracy. The progress in frequency measurements achieved in the
past allowed one to perform measurements of other physical and technical quantities with un-
precedented precision, whenever they could be traced back to a frequency measurement. It is
now possible to measure frequencies that are accurate to better than 1 part in 10'5. In order to
compare and link the results to those that are obtained in different fields, at different locations,
or at different times, a common base for the frequency measurements is necessary. Frequency
standards are devices which are capable of producing stable and well known frequencies with
a given accuracy and, hence, provide the necessary references over the huge range of frequen-
cies (Fig. 1.1) of interest for science and technology. Frequency standards link the different
areas by using a common unit, the hertz. As an example, consider two identical clocks whose
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Figure 1.1: Frequency and corresponding time scale with clocks and relevant technical areas.

relative frequencies differ by 1 x 10~ '°. Their readings would disagree by one second only
after thirty million years. Apart from the important application to realise accurate clocks and
time scales, frequency standards offer a wide range of applications due to the fact that nu-
merous physical quantities can be determined very accurately from measurements of related
frequencies. A prominent example of this is the measurement of the quantity length. Large
distances are readily measured to a very high degree of accuracy by measurement of the time
interval that a pulse of electromagnetic waves takes to traverse this distance. Radar guns used
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2 1 Introduction

by the police represent another example where the quantity of interest, i.e. the speed of a vehi-
cle is determined by a time or frequency measurement. Other quantities like magnetic fields or
electric voltages can be related directly to a frequency measurement using the field-dependent
precession frequency of protons or using the Josephson effect, allowin g for exceptionally high
accuracies for the measurement of these quantities.

The progress in understanding and handling the results and inter-relationships of celestial
mechanics, mechanics, solid-state physics and electronics, atomic physics, and optics has
allowed one to master steadily increasing frequencies (Fig. 1.1) with correspondingly higher
accuracy (Fig. 1.2). This evolution can be traced from the mechanical clocks (of resonant

107
Cs fountains
104 | Optical clocks *
Cs beam clocks
102 -
‘E 10" | O Early Cs -
g Quartz H
-8 L -
§ 10 . @® Shortt
© oo L Hatrisor Riefler @ |
% Huygens @ *
o0t F °® lGraham I | | .
1600 1700 1800 1900 2000
Year ——

Figure 1.2: Relative uncertainty of different clocks. Mechanical pendulum clocks (full circles);
quartz clock (full square); Cs atomic clocks (open circles); optical clocks (asterisk). For more
details see Section 1.2.

frequencies 1y ~ 10" Hz) via the quartz and radio transmitter technology (103 Hz < 1y <
10® Hz), the microwave atomic clocks (108 Hz < v < 1010 Hz) to today’s first optical clocks
based on lasers (19 < 10'° Hz). In parallel, present-day manufacturing technology with the
development of smaller, more reliable, more powerful, and at the same time much cheaper
electronic components, has extended the applications of frequency technology. The increasing
use of quartz and radio controlled clocks, satellite based navi gation for ships, aircraft and cars
as well as the implementation of high-speed data networks would not have been possible
without the parallel development of the corresponding oscillators, frequency standards, and
synchronisation techniques.

Frequency standards are often characterised as active or passive devices. A “passive” fre-
quency standard comprises a device or a material of particular sensitivity to a single frequency
or a group of well defined frequencies (Fig. 1.3). Such a frequency reference may be based on
macroscopic resonant devices like resonators (Section 4) or on microscopic quantum systems
(Section 5) like an ensemble of atoms in an absorber cell. When interrogated by a suitable
oscillator, the frequency dependence of the frequency reference may result in an absorption
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Frequency Traqsmitted
reference signal
Clockwork .
devies «— V Oscillator v — —»| Detector
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Figure 1.3: Schematics of frequency standard and clock.

line with a minimum of the transmission at the resonance frequency 9. From a symmetric
absorption signal I an anti-symmetric error signal S may be derived that can be used in the
servo-control system to generate a servo signal. The servo signal acting on the servo input of
the oscillator is supposed to tune the frequency v of the oscillator as close as possible to the
frequency v of the reference. With a closed servo loop the frequency v of the oscillator is
“stabilised” or “locked” close to the reference frequency v and the device can be used as a
frequency standard provided that v is adequately known and stable.

In contrast to the passive standard an “active” standard is understood as a device where,
e.g., an ensemble of excited atomic oscillators directly produces a signal with a given fre-
quency determined by the properties of the atoms. The signal is highly coherent if a fraction
of the emitted radiation is used to stimulate the emission of other excited atoms. Examples of
active frequency standards include the active hydrogen maser (Section 8.1) or a gas laser like
the He-Ne laser (Section 9.1).

A frequency standard can be used as a clock (Fig. 1.3) if the frequency is suitably divided
in a clockwork device and displayed. As an example consider the case of a wrist watch where
a quartz resonator (Section 4.1) defines the frequency of the oscillator at 32768 Hz = PEHy
that is used with a divider to generate the pulses for a stepping motor that drives the second
hand of the watch.

The specific requirements in different areas lead to a variety of different devices that are
utilised as frequency standards. Despite the various different realisations of frequency stan-
dards for these different applications, two requirements are indispensable for any one of these
devices. First, the frequency generated by the device has to be stable in time. The frequency,
however, that is produced by a real device will in general vary to some extent. The varia-
tion may depend, e.g., on fluctuations of the ambient temperature, humidity, pressure, or on
the operational conditions. We value a “good” standard by its capability to produce a stable
frequency with only small variations.

A stable frequency source on its own, however, does not yet represent a frequency stan-
dard. It is furthermore necessary that the frequency v is known in terms of absolute units. In
the internationally adopted system of units (Systéme International: SI) the frequency is mea-
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sured in units of Hertz representing the number of cycles in one second (1 Hz = 1/s). If the
frequency of a particular stable device has been measured by comparing it to the frequency of
another source that can be traced back to the frequency of a primary standard ! used to realise
the SI unit, our stable device then — and only then — represents a frequency standard.

After having fulfilled these two prerequisites, the device can be used to calibrate other
stable oscillators as further secondary standards.

Vo farsn—~rA~ Vo - O\~

Time Time
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Figure 1.4: Bullet holes on a target (upper row) show four different patterns that are precise
and accurate (a), not precise but accurate (b), precise but not accurate (c), not precise and not
accurate (d). Correspondingly a frequency source (lower row) shows a frequency output that is
stable and accurate (a), not stable but accurate (b), stable but not accurate (c), and not stable and
not accurate (d).

There are certain terms like stability, precision, and accuracy that are often used to charac-
terise the quality of a frequency standard. Some of those are nicely visualised in a picture used
by Vig [2] who compared the temporal output of an oscillator with a marksman’s sequence of
bullet holes on a target (Fig. 1.4). The first figure from the left shows the results of a highly
skilled marksman having a good gun at his dispésal. All holes are positioned accurately in
the centre with high precision from shot to shot. In a frequency source the sequence of firing
bullets is replaced by consecutive measurements of the frequency v, where the deviation of
the frequency from the centre frequency v corresponds to the- distance of each bullet hole
from the centre of the target.”> Such a stable and accurate frequency source may be used as a
frequency standard. In the second picture of Fig. 1.4 the marks are scattered with lower pre-
cision but enclosing the centre accurately. The corresponding frequency source would suffer
from reduced temporal stability but the mean frequency averaged over a longer period would
be accurate. In the third picture all bullet holes are precisely located at a position off the
centre. The corresponding frequency source would have a frequency offset from the desired

I A primary frequency standard is a frequency standard whose frequency correponds to the adopted definition of the
second , with its specified accuracy achieved without external calibration of the device [1].

2 The distances of bullet holes in the lower half plane are counted negative.



