
La misura precisa del tempo
gli orologi atomici

Edoardo Milotti
Dipartimento di Fisica, Univ. di Trieste



1. Tempo sidereo = angolo orario dell’equinozio vernale

2. Tempo solare medio ≈ posizione angolare del 
sole medio

3. Tempo universale (UT) = tempo solare medio sul
meridiano di Greenwich

Le scale di tempo astronomiche



• Il tempo astronomico non è affidabile (i fenomeni 
celesti non sono sempre osservabili)

• I fenomeni astronomici accessibili non sono 
sufficientemente precisi



Instabilità della rotazione terrestre: 
deviazione dal giorno solare medio in ms
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• Cos’è un orologio?

... By “perfect clocks”  ... I shall mean clocks ... that are 
perfect in the sense that the world’s best clock makers ... 
understand: Perfection is to be judged by comparison with 
the behaviors of atoms and molecules. 

More specifically, perfect clocks must tick at a uniform rate 
when compared with the oscillations of atoms and 
molecules. The world’s best atomic clocks are designed to 
do just that. ...

Kip Thorne in "Black Holes and Time Warps"







Lo scopritore della
piezoelettricità, 
Pierre Curie







1 Batteria
2. Motore elettrico passo-passo
3. Microchip
4. Circuito stampato
5. Cristallo di quarzo
6. Vite a corona per regolare la 
posizione delle lancette
7. Meccanismi di demoltiplica 
per le lancette
8. Asse centrale

Struttura di un orologio a 
quarzo con display meccanico



Contatore DisplayOscillatore
stabilizzato

Risonatore
ad alto Q

Ma com'è fatto dunque un orologio?



Oscillatore



Risonatore (stabilizzazione dell’orologio)

f/f0 f/f0

Δf/f0

Q-valore: parametro che ci dice quanto 
è buono un risonatore





Come funziona un orologio atomico? 

L’idea fondamentale è quella di utilizzare le oscillazioni 
delle onde elettromagnetiche emesse da atomi, invece 
delle oscillazioni meccaniche o elettriche di sistemi fisici 
macroscopici

Spettro di emissione visibile dell’azoto



Il suggerimento iniziale sul 
funzionamento di un orologio 
atomico è stato dato da
dato da Isidor Rabi (premio 
Nobel 1944), un fisico
con una grande esperienza 
nella produzione e studio di 
fasci atomici (1945)

Nella sua proposta Rabi parla di un orologio atomico a 
cesio...



Articoletto del 21 gennaio 
1945 comparso sul New York 
Times



Un oscillatore nelle microonde: il maser ad ammoniaca (NH3)

Due stati possibili, completamente simmetrici uno rispetto all’altro, MA

1. Quando vengono immersi in un campo elettrico i due stati sono un po’ diversi
2. Le diverse energie dei due stati permetto di realizzare un’azione LASER (ma nelle 
microonde ... quindi MASER)

La frequenza delle microonde è molto precisa (circa 23.8 GHz) e permette di 
realizzare un oscillatore preciso



Nel 1949 Lyons realizza il 
primo “orologio atomico” ad 
ammoniaca presso i 
laboratori del National 
Bureau of Standards (NBS) 





MASER ad idrogeno atomico (Ramsey) 



Cs: Z=55, A=133
punto di fusione 28°.4



Nel 1952 il gruppo di 
Lyons costruisce un 
oscillatore a cesio 
(NBS-1) che però non 
funziona da subito, 
viene messo in 
standby per 
mancanza di fondi



Schema di funzionamento di un orologio atomico a cesio



Nel 1955 Essen e Parry sviluppano il primo  vero orologio atomico 
a cesio presso l’NPL 



Il laboratorio di Essen e Parry presso il
National Physical Laboratory



La precisione con cui si può determinare la 
frequenza è limitata da diversi effetti, ad esempio:

- lunghezza limitata della cavità (quindi il tempo di 

attraversamento Δt pone un limite alla 

determinazione della frequenza Δf  a causa del 
principio di indeterminazione)

- effetto Doppler



Norman Ramsey (Nobel 1989) e l’invenzione 
dei campi oscillanti separati (separated 
oscillatory fields)
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Analisi approssimata del metodo dei campi separati di 
Ramsey



Esempio con τ = T/2

frequenza  adimensionale  ωτ



Vantaggi del metodo di Ramsey

• il picco centrale è più stretto rispetto al caso di un campo oscillante 
singolo

• le disuniformità di campo hanno un effetto ridotto

• il metodo è efficace o addirittura essenziale ad alta frequenza, quando la 
lunghezza d’onda è confrontabile o addirittura più piccola della regione di 
interazione

• l’effetto Doppler viene eliminato al primo ordine

• il metodo può essere utilizzato per studiare il comportamento dei livelli di 
energia in regioni altrimenti inaccessibili, per esempio si può studiare la 
frequenza di precessione di Larmor dei neutroni dentro un blocco di ferro 
magnetizzato

• se i campi oscillanti separati sono abbastanza distanti si possono studiare 
risonanze molto strette, anche andando al di sotto del limite del principio di 
indeterminazione



Successione di orologi sempre migliori presso l’NBS - NIST

NBS-1; accuratezza 8.5·10-11

NBS-2; accuratezza 8·10-12

NBS-2; 
accuratezza 5·10-13



NBS-4; accuratezza 3·10-13

NBS-5; accuratezza 1.8·10-13

NBS-6; accuratezza 8·10-14



NIST-7; accuratezza 5·10-15

NIST-7, l’ultimo oscillatore con 
sorgente termica di atomi di Cs

Per la prima volta si utilizza il 
laser invece di un campo 
magnetico per indurre la 
transizione atomica



L’orologio a fontana atomica

NIST-F1; accuratezza 4·10-16



Presto vengono costruiti orologi a cesio 
commerciali (HP ... Agilent)

Tubo a cesio di un 
HP5060 (1964)

Un moderno orologio a cesio  (Agilent 5071A) 



Agilent 5071A ...



Miglioramento dell’accuratezza
degli orologi del NIST



Ridefinizione 
del secondo (1967)

Vecchia definizione: 1/86400 del giorno solare medio

Nuova definizione: durata di 9 192 631 770 periodi
della radiazione che corrisponde alla transizione tra 
due livelli iperfini dello stato fondamentale dell’atomo di
cesio 133.



Orologi atomici di dimensioni sempre più ridotte  ! 



Orologio atomico miniaturizzato (Rb)







NIST-F1: 4 x 10-16

Single atom mercury clock: 7.2 x 10-17

Orologi atomici sempre più precisi  ! 



A cosa serve misurare il tempo con precisione 
così elevata?

• La precisione è richiesta dalle vaste reti elettriche ed 
elettroniche di cui ci serviamo continuamente

• Misurare il tempo è equivalente a misurare distanze: 
questo rende possibili tecnologie come il GPS

• La misura precisa del tempo rende possibili 
esperimenti nell'ambito della fisica (fisica della 
gravitazione, astrofisica)



Applicazioni particolari

• nei sistemi di comunicazione
• nei sistemi di navigazione
• nelle reti di computer
• nei sistemi di contabilità bancaria
• nell’individuazione dei guasti nella rete elettrica
• nella ricerca ed esplorazione spaziale
• in geologia
• nella rilevazione ambientale
• nel controllo del traffico aereo
• nella sorveglianza delle flotte di trasporto
• nella guida automatica



Multiplexer Demultiplexer

Canale 1

Canale 2

Canale 1

Canale 2



Il Tempo Atomico Internazionale (TAI)
e il Tempo Universale Coordinato (UTC)

TAI = media pesata di più di 300 orologi atomici in 
tutto il mondo

UTC = compatibile con UT, ma agganciato alla scala
atomica. Richiede riaggiustamenti periodici.
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Geographical distribution of the laboratories that contribute to TAI and time transfer 
equipment as of April 2013 (from https://www.bipm.org/en/bipm/tai/tai).

https://www.bipm.org/en/bipm/tai/tai
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Fig. 2. Developments in relative accuracy in precision spectroscopy. The level 10-15 has been 
achieved in optical as well as microwave based systems, where the former now are taking the lead 
(From Ref. [24]). 
 
 The definitions of the units for length and time have undergone a continuous 
development, once having been coupled to the size of the earth and its motion. Since 1889 
the General Conference on Weights and Measures is the authority dealing with physical 
unit matters. In 1960 the metre was defined as a certain number of wavelengths of a 
spectral line in 86Kr, and in 1967 the second obtained its present definition as being  
9,192,631,770 oscillations of the radiation inducing the hyperfine transition in 133Cs 
mentioned above. With improved measurement methods, the velocity of light could now 
be determined with even better precision by multiplication of frequency and wavelength 
for a stable radiation source. The meter definition, unfortunately being based on a slightly 
asymmetric spectral line, quickly became the limitation. In a process, in which J.L. Hall 
[25,26] and many others were greatly involved, the metre was redefined through coupling 
it to the second when one in 1983 stated, that the velocity of light in vacuum is  
299,792,458 m/s, in accordance with the best measurements, but now with the uncertainty 
zero! This meant that 1 metre is the distance light travels in 1/299,792,458 s. 
 In order to find the wavelength of a frequency stabilized laser source expressed in 
the metre unit, its frequency should thus be measured and the defined value of the velocity 
of light should then be divided with the measurement result. To determine an optical 
frequency around 1015 Hz by relating it to the hyperfine frequency in Cs around 1010 Hz 
turned out to be very complicated. Long chains of highly stabilized and phase-locked 
lasers, which were frequency multiplied and combined with stable microwave sources, 
were developed at few highly specialized laboratories in the world and only a small 
number of optical transitions were determined. The new definition of the meter became 

Optical atomic clocks? 
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5.9  Utilizzo della tecnica eterodina in metrologia 

 

Tecniche analoghe a quelle che abbiamo appena analizzato vengono comunemente utilizzate anche in metrologia, 

ad esempio per misure di frequenze estremamente elevate ad alta precisione. La figura seguente mostra una 

catena di sintesi di frequenza sviluppata al NIST per misurare la frequenza di un laser a colorante stabilizzato allo 

iodio che opera nel visibile (520 THz), relativamente ad uno standard primario di frequenza (orologio atomico al 

cesio)  

 
 

In questa catena di sintesi di frequenza, il grande rapporto tra frequenza dell'orologio atomico che fa da standard 

di riferimento (circa 9.1 GHz) e quella ottica (520 THz) viene coperto in passi successivi. In ogni passo le 

frequenze di due oscillatori vengono confrontate (i klystron sono dei generatori di microonde). Il segnale dei due 

oscillatori viene combinato in un componente non-lineare in modo da dare dei battimenti a bassa frequenza, con 

un periodo facilmente misurabile. Per esempio la frequenza del secondo klystron viene combinata con la settima 

armonica del primo klystron in modo da produrre un segnale a bassa frequenza νB = ν1 − 7ν0  che viene 

La figura mostra una catena di sintesi di
frequenza sviluppata al NIST per misurare
la frequenza di un laser a colorante
stabilizzato allo iodio che opera nel visibile
(520 THz), relativamente ad uno standard
primario di frequenza (orologio atomico al
cesio)

In questa catena di sintesi di frequenza, il
grande rapporto tra frequenza dell'orologio
atomico che fa da standard di riferimento
(circa 9.1 GHz) e quella ottica (520 THz)
viene coperto in passi successivi.

In ogni passo le frequenze di due oscillatori
vengono confrontate per mezzo della
generazione di armoniche. Il segnale dei
due oscillatori viene combinato in un
componente non-lineare (un diodo) in modo
da dare dei battimenti a bassa frequenza,
con un periodo facilmente misurabile.

Nota: i klystron sono dei generatori di
microonde



Theodor W. Hänsch
Nobel Prize in Physics 
2005, Prize share: 1/4

John L. Hall
Nobel Prize in Physics 
2005, Prize share: 1/4

According to quantum physics, light and other electromagnetic radiation
appear in the form of quanta, packets with fixed energies, which also
correspond to energy transitions in atoms. Consequently, determining the
frequency of light waves provides information about the atoms' properties,
benchmarks for time and length, and the possibility of determining physical
constants. Around the year 2000, John Hall and Theodor Hänsch developed
the frequency comb technique, in which laser light with a series of equidistant
frequencies is used to measure frequencies with great precision.

The Nobel Prize in Physics 2005
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The frequency fn of a particular mode can be expressed as an integer multiple of the mode 
separation (i.e. the pulse repetition rate frep=1/T) plus a carrier envelope offset frequency 
fCEO: 
 
fn = nfrep + fCEO ,  where  
 
fCEO= ('M/2S)frep (Carrier envelope offset frequency). 

 
Fig. 3. Time and frequency representations of femtosecond radiation. In the general case the 
electrical field of the laser light moves under the pulse envelope. The frequency comb can be 
extrapolated down to frequency 0, and then there is generally an off-set fCEO, which must be 
determined (From Ref. [17]). 
 
This is illustrated in Fig. 3. While the envelope functions of the pulses are separated by T, 
the electric field in the pulses does not necessarily have the same periodicity; this results in 
the carrier envelope offset frequency, which must be determined. In this procedure the 
phase can also be stabilized. Both frep and fCEO can be phase-locked to the cesium clock. 
An arbritary optical laser frequency fopt can now be determined by measuring the beat 
frequency fbeat between the laser and a close-lying mode in the comb according to 
 
fopt = fn + fbeat = nfrep + fCEO + fbeat. 
 
In this way the optical frequency of the cesium D1 line could be measured directly [33]. 
Hänsch worked together with younger collaborators and students, among them Th. Udem, 
J. Reichert and R. Holzwarth. They could also show that the comb mode separations were 
extremely stable, at the 10-16 level [34,35]. In Boulder the techniques were developed in 
parallel [36] and a stability at the 10-19 level has later been demonstrated. A difficult part 
to measure in the expression above is fCEO. However, this difficulty could be overcome by 
using an extremely wide comb, where a high-frequency mode f2n, can be made to beat 
against a frequency-doubled low-frequency mode fn, provided that the comb spans a full 
octave. The recorded beat frequency is the carrier envelope offset frequency. This relation 
was also noted by Telle, Keller et al. [37] considering frequency combs. We have 
 
2fn - f2n = 2(nfrep + fCEO) - (2nfrep + fCEO) = fCEO  
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Laboratory optical atomic clocks achieve remarkable accuracy (now counted to 18 digits or more), opening possibil-
ities for exploring fundamental physics and enabling new measurements. However, their size and the use of bulk
components prevent them from being more widely adopted in applications that require precision timing. By lever-
aging silicon-chip photonics for integration and to reduce component size and complexity, we demonstrate a compact
optical-clock architecture. Here a semiconductor laser is stabilized to an optical transition in a microfabricated rubid-
ium vapor cell, and a pair of interlocked Kerr-microresonator frequency combs provide fully coherent optical division
of the clock laser to generate an electronic 22 GHz clock signal with a fractional frequency instability of one part in
1013. These results demonstrate key concepts of how to use silicon-chip devices in future portable and ultraprecise
optical clocks. © 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.000680

1. INTRODUCTION

Optical atomic clocks, which rely on high-frequency, narrow-line-
width optical transitions to stabilize a clock laser, outperform their
microwave counterparts by several orders of magnitude due to
their inherently large quality factors [1]. Optical clocks based
on laser-cooled and lattice-trapped atoms have demonstrated frac-
tional instabilities at the 10−18 level [2], setting stringent new lim-
its on tests of fundamental physics [3,4], and may eventually
replace microwave clocks in global timekeeping, navigation,
and the definition of the SI second [5]. Despite their excellent
performance, optical clocks are almost exclusively operated by
metrological institutions and universities due to their large size
and complexity.

Although significant progress has been made in reducing the size
of laser-cooled atomic clocks to fit inside a mobile trailer [6], ap-
plications of these clocks are still limited to metrological clock com-
parisons and precision geodesy [7]. In contrast, optical oscillators
referenced to thermal atomic or molecular vapors can be realized
in small form factors and still reach instabilities below 10−14

[8,9]. A fully integrated optical clock would benefit many of the
applications [10] that currently utilize compact or chip-scale [11]

microwave atomic clocks but, until recently, techniques for on-chip
laser stabilization to atoms [12] and optical frequency division [13]
were not available. Here, we propose and demonstrate an architec-
ture for an integrated optical clock based on an atomic vapor cell
implemented on a silicon chip and a microresonator frequency comb
(“microcomb”) system for optical frequency division. Experimentally,
this consists of a semiconductor laser local oscillator locked to the
rubidium-87 two-photon transition at 385.284 THz that is coher-
ently divided down to a 22 GHz clock tone by stabilizing a pair of
interlocked microcombs to the local oscillator.

Microcombs, optical-frequency combs that utilize four-wave
mixing of a continuous-wave pump laser inside a high-Q optical
microresonator, can be made to operate over a wide range of rep-
etition rates, from ≈10 GHz to 1 THz [14]. In addition to their
small size, microresonator combs are compatible with wafer-level
manufacturing techniques and can operate at relatively low pump
powers (tens of milliwatts) [15,16] compared with fiber and free-
space frequency combs, making them an ideal choice for compact
optical clocks and low-noise oscillators [13,17,18]. As part of
prior work in our group, Papp et al. [13] demonstrated the first
optical clock based on a microcomb by stabilizing two modes of a
33 GHz silica (SiO2) microresonator to the D2 and D1 optical

2334-2536/19/050680-06 Journal © 2019 Optical Society of America
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transitions in Rb at 780 and 795 nm, respectively. However, due to
the lack of self-referencing [19], the full stability of the optical stan-
dard was not transferred to the microwave domain. Recent progress
in the field of microcombs has led to the realization of mode-
locked, low-noise comb generation via temporal soliton formation
in the resonator [20–22]. These dissipative Kerr-soliton (DKS) fre-
quency combs have been used to demonstrate octave-spanning
comb operation [23,24], self-referencing [25–27], and carrier-
offset-frequency (fceo) phase stabilization [28–30]. To date,
octave-spanning operation has only been demonstrated using combs
with ≈1 THz repetition rates, well outside the bandwidth of tradi-
tional electronic detectors, a requirement for producing a usable mi-
crowave clock signal. To circumvent this issue, our optical clock
architecture employs two interlocked microcombs: a high repetition
rate, octave-spanning comb used for self-referencing, and a narrow-
band comb used to produce an electronically detectable microwave
output.

2. EXPERIMENTAL METHODS

Figure 1(a) shows a simplified schematic of the experiment. The
local oscillator (“clock laser”) for our clock is a 778.1 nm, distrib-
uted Bragg reflector (DBR) laser that is referenced to the two-
photon transition in 87Rb in a microfabricated vapor cell. We
generate a 1 THz repetition rate, octave-spanning, DKS fre-
quency comb by coupling ≈100 mW of pump light from a
1.54 μm external cavity diode laser (ECDL) into a Si3N4 (SiN)
microresonator, which is used for coarse optical division. Full sta-
bilization of the SiN comb is accomplished by stabilizing fceo and
locking an optical mode of the comb to the clock laser. We inde-
pendently generate a narrowband, 22 GHz repetition rate, DKS
comb by coupling ≈160 mW of light from a 1.556 μm ECDL

via tapered optical fiber into a silica microresonator. The two
combs are then interlocked, and we use the silica comb as a finely
spaced ruler to measure the repetition rate of the SiN comb. The
output of the clock is a 22 GHz optical pulse train (and corre-
sponding electrical signal) that is phase-stabilized to the Rb two-
photon transition. The techniques for locking the DBR laser to
the Rb atoms and stabilizing the frequency combs are detailed in
Supplement 1. Figures 1(b)–1(d) show images of the main com-
ponents of the clock: the two microresonators and the Rb cell. All
three elements are microfabricated devices, and, in future imple-
mentations of the concept introduced here, would support more
advanced integration.

The two-photon transition in Rb (Fig. 2 inset) has been stud-
ied extensively for use as an optical frequency standard [31–34].
Here, we only discuss details of this system relevant to spectros-
copy in a microfabricated vapor cell. The clock laser is locked to
the 5S1∕2 (F ! 2) to 5D5∕2 (F ! 4) two-photon transition in
87Rb at 778.106 nm (385.284566 THz) using a 3 × 3 × 3 mm
vapor cell [Fig. 1(d)]. The rear window of the cell is covered with
a high-reflectivity coating (R ! 99.8%), which is used to retro-
reflect the clock laser and provide the counterpropagating beams
required to excite the Doppler-free, two-photon transition. The
front window is antireflection-coated on both sides to prevent
parasitic reflections.

Excitation of the two-photon transition is detected via fluores-
cence at 420 nm from the 5D to 6P to 5S decay path by a micro-
fabricated photomultiplier tube (PMT) along the optical axis of
the clock laser. Figure 2 shows the output of the PMT as the clock
laser is swept across the clock transition. A Lorentzian fit (purple)
to the fluorescence signal gives a linewidth of ≈1 MHz, which
includes contributions of 330 kHz from the natural linewidth,
≈475 kHz from the laser linewidth, ≈100 kHz of transit time

Rb

420 nm

(b)

(c)

(d)

(a)

Fig. 1. Schematic of the microfabricated photonic optical atomic clock. (a) The microfabricated optical clock consists of an optical local oscillator, a
microfabricated Rb vapor cell, and a pair of microresonator frequency combs, which serve as optical clockwork. Absorption of the clock laser in the cell is
detected via the collection of 420 nm fluorescence using a microfabricated PMT. The optical clockwork consists of interlocked DKS combs generated
using a ≈2 mm diameter, silica microresonator, and a 46 μm diameter, SiN microresonator. Stabilization of the frequency combs’ output is performed via
electronic feedback (indicated by dotted lines) to the pump frequency and resonator detuning of the ECDLs used to pump the microresonators. The
feedback signals are generated from optical heterodyne beat notes of adjacent comb teeth, as indicated by the solid black arrows. In some cases, frequency
doubling (dashed black arrows) was required to compare optical signals. For simplicity, we do not picture the frequency and intensity modulators used for
feedback in the comb frequency servo loops. (b) Scanning-electron microscope image of the SiN microresonator. Photographs of (c) the silica micro-
resonator and (d) the microfabricated Rb vapor cell.

Research Article Vol. 6, No. 5 / May 2019 / Optica 681



broadening [35], and ≈100 kHz due to collisional broadening
from background gases in the cell (see Supplement 1).

Figures 3(a) and 3(b) show optical spectra of the free-running
soliton combs. During clock operation, the silica comb pump laser,
νGHz,pump, is frequency-doubled and subsequently phase-locked to
the clock laser, νRb. The SiN comb tooth at 1556 nm (νTHz,pump-2)
is then locked to νGHz,pump. Here, νGHz∕THz,pump-n, describes the
silica/SiN (GHz/THz) comb tooth n modes on the low-frequency
side of the pump.We lock the terahertz comb offset frequency, fceo,
with an ECDL-assisted, f -2f interferometer [29]. Simultaneous
stabilization of the SiN comb offset frequency and repetition rate
(via νTHz,pump-2 locked to νRb) effectively divides the clock laser
from 385 to 1 THz. We complete the optical frequency division
by phase locking νGHz,pump-48 to νTHz,pump-3 at 1564 nm, which

generates a stable, Rb-referenced, 22 GHz clock output tone.
Figure 3(c) shows the beat note between the 22 GHz clock output
and a 22 GHz signal referenced to a hydrogen maser.

The frequency of the clock output, fGHz,rep, is directly
linked to the Rb two-photon transition and is given by the simple
relationship,

fGHz,rep !
vRb " #α∕2" 2 · $#q − 1% · β" q · γ − δ&% · f10 MHz

2 · q · p
,

(1)
where νRb is the clock laser frequency, q ! 190 is the mode num-
ber of the SiN comb line closest to the clock transition
νTHz,pump-2, and p ! 48 is the number of 22 GHz comb modes
separating the lock points to the SiN comb teeth, νTHz,pump-2, and
νTHz,pump-3. The synthesizer frequencies used in each of the phase
locks between the comb teeth are defined in terms of the ratios of
integers α, β, γ, and δ relative to a 10 MHz clock referenced to a
hydrogen maser, f10MHz, as indicated in Fig. 3(b). The denom-
inator in Eq. (1) gives the full division factor of the comb:
n ! 2 × 48 × 190 ! 18,240. A crystal oscillator referenced to
the free-running repetition rate of the silica comb [Fig. 4(b), open
green squares] can instead be used as a reference for phase locking
the microcombs, and the clock can be run with no external fre-
quency references.

3. RESULTS AND DISCUSSION

Figure 4 summarizes the performance of the optical clock.
Figure 4(a) shows a plot of the 22 GHz clock output measured
against the hydrogen maser and multiplied up to the optical do-
main (blue), along with a plot of the clock laser frequency mea-
sured against an auxiliary erbium fiber frequency comb (orange)

Fig. 2. Spectroscopy of optical clock transition. Doppler-free fluores-
cence spectroscopy of the optical clock transition between the 5S1∕2,
F ! 2 to 5D5∕2, F ! 4 levels at 385.284566 THz, with a full width at
half-maximum of ≈1 MHz. The atomic level structure of the 87Rb two-
photon transition is shown as an inset.

(a) (c)

(b)

Fig. 3. Microcomb spectra. (a) SiN microresonator comb spectrum, showing the 1 THz comb tooth spacing with a resolution bandwidth of
Δλ ! 0.1 nm. An f -2f interferometer (light blue arrow) in which light at 1998 nm is frequency-doubled to heterodyne with the comb teeth in
the dispersive wave at 999 nm is used to measure and stabilize the offset frequency, fceo, of the SiN comb (δ ! fceo∕10 MHz). (b) Silica microresonator
comb spectrum (light blue) with 22 GHz repetition rate, shown overlaid with three teeth from the 1 THz, SiN comb (dark blue), with a resolution of
Δλ ! 0.02 nm. Arrows indicate phase locks used to stabilize the combs. Greek letters show the ratio-of-integer values multiplied by a 10 MHz clock that
are used as a reference for each of the phase locks. For the devices used in the experiment, α ! 154.224, β ! 3525.29238, γ ! 539.9808, and
δ ! −1280.0. (c) RF spectrum of the 22 GHz clock output.
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The pursuit of ever more precise measures of time and frequency motivates redefinition of the second in terms of an
optical atomic transition. To ensure continuity with the current definition, based on the microwave hyperfine tran-
sition in 133Cs, it is necessary to measure the absolute frequency of candidate optical standards relative to primary
cesium references. Armed with independent measurements, a stringent test of optical clocks can be made by comparing
ratios of absolute frequency measurements against optical frequency ratios measured via direct optical comparison.
Here we measure the 1S0 → 3P0 transition of 171Yb using satellite time and frequency transfer to compare the clock
frequency to an international collection of national primary and secondary frequency standards. Our measurements
consist of 79 runs spanning eight months, yielding the absolute frequency to be 518 295 836 590 863.71(11) Hz and
corresponding to a fractional uncertainty of 2.1 × 10−16. This absolute frequency measurement, the most accurate
reported for any transition, allows us to close the Cs-Yb-Sr-Cs frequency measurement loop at an uncertainty
<3 × 10−16, limited for the first time by the current realization of the second in the International System of
Units (SI). Doing so represents a key step towards an optical definition of the SI second, as well as future optical
time scales and applications. Furthermore, these high accuracy measurements distributed over eight months are
analyzed to tighten the constraints on variation of the electron-to-proton mass ratio, μ ! me∕mp. Taken together
with past Yb and Sr absolute frequency measurements, we infer new bounds on the coupling coefficient to gravita-
tional potential of kμ ! "−1.9# 9.4$ × 10−7 and a drift with respect to time of _μ

μ ! "5.3# 6.5$ × 10−17∕yr. © 2019
Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.000448

1. INTRODUCTION

Since the first observation of the 9.2 GHz hyperfine transition
of 133Cs, it was speculated that atomic clocks could outperform
any conventional frequency reference, due to their much higher
oscillation frequency and the fundamental indistinguishability
of atoms [1]. Indeed, Harold Lyons’ 1952 prediction that “an
accuracy of one part in ten billion may be achieved” has been
surpassed one million-fold by atomic fountain clocks with system-
atic uncertainties of a few parts in 1016 [2]. The precision of
atomic frequency measurements motivated the 1967 redefinition
of the second in the International System of Units (SI), making
time the first quantity to be based upon the principles of nature,
rather than upon a physical artifact [3]. The superior perfor-
mance of atomic clocks has found numerous applications, most

notably enabling global navigation satellite systems (GNSS),
where atomic clocks ensure precise time delay measurements that
can be transformed into position measurements [4].

Microwave atomic fountain clocks exhibit a quality factor on
the order of 1010, and the current generation can determine the
line center at 10−6 of the linewidth. This, along with a careful
accounting of all systematic biases, leads to an uncertainty of sev-
eral parts in 1016, i.e., the SI limit. Significant improvement of
microwave standards is considered unrealistic; however, progress
has been realized utilizing optical transitions, where the higher
quality factor of approximately 1015 allows many orders of mag-
nitude improvement [5,6]. For example, a recent demonstration
of two ytterbium optical lattice clocks at the National Institute of
Standards and Technology (NIST) found instability, systematic

2334-2536/19/040448-07 Journal © 2019 Optical Society of America
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34 satelliti a 26600 km di altezza

Un’applicazione importante: il GPS.



• il tempo di propagazione corrisponde ad una distanza
• le superfici di "uguale tempo di propagazione" sono sfere
• in generale tre sfere si intersecano in due punti
• un quarto satellite risolve l’ambiguità e permette di correggere 
la densità variabile dell’atmosfera





from Wikipedia https://en.wikipedia.org/wiki/Global_Positioning_System

https://en.wikipedia.org/wiki/Global_Positioning_System
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https://en.wikipedia.org/wiki/Galileo_(satellite_navigation)


progetto GALILEO
(inizio operatività nel 2014)

Europe’s Galileo satellite 
navigation system has 
entered its initial operational 
phase, offering positioning, 
velocity and timing services 
to suitably equipped users 
worldwide. It takes a 
minimum of four Galileo 
satellites to be visible in the 
local sky to fix a receiver’s 
position. This animation 
shows how service 
availability increases as the 
overall number of satellites in 
the Galileo constellation goes 
up.



Space Passive Hydrogen Maser used in Galileo satellites as a master clock for an onboard timing system 
(from Wikipedia, https://en.wikipedia.org/wiki/Galileo_(satellite_navigation) )

https://en.wikipedia.org/wiki/Galileo_(satellite_navigation)


GNSS-based Search-And-Rescue System (SAR)





Applicazioni future del sistema Galileo e della scienza dello spazio in Europa

https://gssc.esa.int/navipedia/index.php/Galileo_Future_and_Evolutions

The ‘Rapid Action 
Coronavirus Earth 
observation’ 
dashboard, also known 
as RACE, provides 
access to key 
environmental, 
economic and social 
indicators to measure 
the impact of the 
coronavirus lockdown 
and monitor post-
lockdown recovery. 
The RACE dashboard 
can be accessed here:
https://race.esa.int/

https://gssc.esa.int/navipedia/index.php/Galileo_Future_and_Evolutions
https://race.esa.int/

