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OUTLINE

Part 1: Introduction and historical
background

The evolution of Time & Frequency

Part 2: Atomic frequency standards
General aspects and applications

Examples of frequency standards

Part 3: Rubidium standards and
miniature atomic clocks

Rubidium frequency standards

Miniature atomic clocks
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MEASUREMENT OF TIME AND OSCILLATIONS
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MEASUREMENT OF TIME AND «COMPLICATIONS»

Technological aspects, scientific aspects, societal aspects (applications)
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PERIOD AND FREQUENCY OF AN OSCILLATOR

Period
Oscillation
Periodic
phenomenon
1 1
Frequency f =V = -= 500 Hz

T 0.002 s

Electrical network: 50 Hz Wifi and microwave: 3 a 30 GHz

Radio FM: 30 to 300 MHz Laser (CD player): 100 a 400 THz

Frequency standard
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STABILITY AND ACCURACY (OR PRECISION)

Frequency of the oscillator (real one): v (t) = vp [1 + € + y(t)]

>

Nominal frequency

Normalised systematic bias <« |—>Normalised instability

Stable but Neither stable | Not stable but Stable and
not accurate nor accurate (relat.) accurate accurate
Time Time - Time Time
Stable but not | Neither stable nor Not stable but Stable and
accurate accurate (relat.) accurate accurate

(statistical fluctuations)

Does not exist

But approaching it as
much as possible constitute
one of the objectives of our

research

Inspired by: John Vig, tutorial on «Quartz
crystal resonators and oscillators»

How to measure / evaluate the stability and the accuracy of an oscillator (or a clock)?
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Thanks to statistical and metrological studies

By comparing it with a more stable and/or accurate oscillator (reference, standard, etc.)
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EXAMPLES OF NORMS: WRISTWATCHES

Reference: ISO 3159 norm Source:
Daily rate ~ daily inaccuracy (in s)

Best: ~ 0.001 s /day, corresponds to 108

Best: ~ 0.1's / day corresponds to a relative instability of approximately 107
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RESEARCH AND MEASUREMENT OF TIME

Precision /

I Stabilit .
The metamorphosis of stability g pi o
I per day .
time measurement - II’)GCCUI’ch/
ps . ..
instability /
uncertaint
Laser ) Atomic clocks | 100 ps y
(1950)
Hydrogen
Maser,
Caesium beam, ~ 1 nanosecond 1()-14
Marine chronometers Space atomic clocks Rubidium clock
10 ns
Quartz _ ; _
oscillators 1 mlCrOSGCOHd ].O 1
(1930)

Quartz wristwatches 1 ms 108

Earth rotation

Mechanical wristwatches Marine 105

chronometers 1s
(1750), Harrison

Huygens Pendulum (1650) 10s

pendulum
~ 15 minutes 102 (1%)

Tower clocks (1300)
verge-and-foliot mechanism
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RECENT NOBEL PRIZES IN PHYSICS

2012: S. Haroche, D. Wineland

Control of individual quantum objects. Photons and atoms

2005: J. Hall, T. Haensch, R. Glauber

Laser precision spectroscopy. Optical comb. Quantum optic

1997: S. Chu, C. Cohen-Tannoudji, W. Philips

Laser manipulation of atoms

1989: N. Ramsey, W. Paul, H. Dehmelt
Separated oscillatory fields method for atomic clocks.
lon trap techniques

And several others in the previous years (Kastler, optical pumping, etc.)
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MEASUREMENT OF TIME IN NEUCHATEL

Souvenirs from Observatoire Cantonal de Neuchatel

1750

1850

A. L. Breguet
F. Berthoud

1920

C. E. Guillaume
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1883 A. Hirsch
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ASTRONOMICAL TIME — MECHANICAL OSCILLATORS

Observatoire de Neuchatel (1858 — 2007)
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ATOMIC TIME — QUARTZ OSCILLATORS

Observatoire de Neuchatel (1858 — 2007)
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FIRST ATOMIC CLOCKS IN NEUCHATEL
1954 1958

~ 0.01 ms /day, corresponds to 10710

L'OBSERVATOIRE CANTONAL A LA POINTE DU PROGRES

La premiere horloge atomique au thallium
1959 jamais construite fonctionne au Mail 1963

Autre innovation: la mise en service d'une chambre
sous pression consfanfe pour I'observation des chronoméires

L'Observotoire de MNeuchétel dolt sa réputation & som heure. Cetle heurs
st actuelloment parmi les meilloures du mende. Avjeurd’hui, il « produit»
une heure d'une précision — tenex-vous bien et réglez votre montre — de
quelque diz-millioniémes de seconde par jour. Et cela gréco & sa nouvells
horloge atomique au thallium, qui est la premidro de co gonre @ avair jamais
46 construite et & fonctionner.

Crld i ¥ o um ey ph do cont oot o ob ks atames do thallam senr projetés
notrs Observaloire dfeit consu, & Verigine, sirdes

tonique-
comme wn servics public of men comme . L i ui a traveills en
um institer de recherche, Mai il rempli Te e dos rem

cotte double fomction, car la détermination elmam Mhnim démontre que, doms lo
de Fhewrs of sa conservation mebilisent  champ de la recherche, il o3t & Favant-gorde,
les plus récentes epplications u h physiave

[

moderne. Nogudre, les hooges & auartz Lo pression aimesphérique jugulée
ke ramplocé les hocdeom micaniauts &
pendel demniéres réglaiont leur marcho Nous avons eu hier égalemant lo primeur

wur ol diciles. Avieurd'hui, cest la  d'une aulrs nouvelle instollation, celle-ci des
marcho voiles i b conmilie por finka o comidle des chioiomitres. Commo

les horloges. Fhodoge @ quartr @  on lo seit, wune octivité impertante
soccidé IPhorioge. atomiaun. FObservatoirs cantonal consiste dans Pabsers
vation des meilleurs chronomlres de Fine
) dustrie herlogire. Usbservation do chaaue
Record mondial do précision chranomira witend sur deux maks_saviren
des mesuras fuites @ plusicura

Les horloges alemiques, qui existent depuis plutieurs

environ six ans, uiilisent les prepriéiés de Fin

corigins atomes dlosciller & des fréquences
Irks dlovées or eonstantes. Cos -lhmhu

Jusaw'kl, un facteur mon négligoal
luence sur lo marche des chronomiir
incontidlé, soht Vinfluanca dos_variations do
oneioe la_prewion aimoiphérique. En effe

ot T ion e 1a hosteur de T colonne du
mercurs do | mm peur produire uno diffé-
rence do morche de 1/100 do secends par
ur environ. Or, chaz mous, entro lo Haut- il
ra st lo rigion des lacs, des varialiens

i
tios giniraloment par les cromes do césium,
do rubidium ou encore las melécules du gax

ommoniae. Lour pricision so sime outour :: :.':;I,:: :,"«'..‘:.".l‘,.if"‘.'ﬂ.‘;.u"ﬂ M. Jacques Bonanomi présenl‘e la nonvelle bnrlt nge atomique de I'Obser
e e e ions PP hoioer;  dos voriotions doms la marche des chiono vatore de Neuchilel

milies, qui peuvent em avantager certains (Phulu Avipress - J.-P. Baillod)
o on désavantaper d'cutres. Afin daboutir
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UNIVERSAL EXPOSITION OF BRUXELLES (1958)

Crédit:
Johann
Boillat

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications

Ecole doctorale / PhD / EPFL Gaetano Mileti, UniNe, 15.06.2021




SPACE ATOMIC CLOCKS IN NEUCHATEL

19838

1995
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LABORATOIRE TEMPS — FREQUENCE (LTF) — 2007

Time & Freguency metroloqgy Optical metrology

Atomic spectroscopy Optical combs
Primary standards XUV frequency combs
Optical clocks Stabilized lasers

Cell standards Laser characterisation
Space clocks Laser instruments
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TODAY: UNIQUE NETWORK WORLWIDE

Private companies and research
laboratories working in the domain of
atomic clocks and stabilised lasers
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SPECIALISED INTERNATIONAL NETWORK
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ESSENTIAL BIBLIOGRAPHY & CONFERENCES

Jacques Vanier, Claude Audoin, “The Quantum Physics of Atomic Frequency
Standards”, Bristol: Adam Hilger, 1989.

Claude Audoin, Bernard Guinot, Stephen Lyle, “ The Measurement of Time: Time,
Frequency and the Atomic Clock ”, Cambridge, (Original in french: Masson, 1998).

Fritz Riehle, “Frequency standards — Basics and applications”, Wiley-VCH, 2005.

Special issue of Metrologia: “Special issue: fifty years of atomic time-keeping:
1955 to 2005”, Volume 42, Number 3, June 2005.

Time & Frequency conferences proceedings (including tutorials)

www.eftf.org (free)
www.pptimeeting.org (on subscription)
www.ieee-uffc.org/main/publications/fcs/index.asp (on subscription)

Symposium on Frequency Standards and Metrology (~ every 6 years)

European Time and Frequency Seminar (EFTS) — July in Besancon (F)

NIST Time & Frequency Seminar — June in Boulder (CO, USA)

CUSO doctoral school (in EPFL) on atomic clocks (2010, 2012 & 2014)
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OUTLINE

Part 2: Atomic frequency standards
General aspects and applications

Examples of frequency standards
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ATOMIC CLOCK BASIC PRINCIPLE

Interrogation

D S | ¢
Reference for the
user (5 MHz) <
Quartz oscillator Feed-back Atoms

Definition in Sl system

The second is the duration of 9 192 631 770 periods of the radiation corresponding to
the transition between the two hyperfine levels of the ground state of cesium 133 (1967)

The unperturbed ground state hyperfine transition frequency of the cesium 133 atom is
9192 631 770 Hz (2019)

E, —E e
Frequency v, = % =9192 631770 Hz AV, I 6 Sy,

F=3

The Planck constant his 6.626 070 15 x 10-34 J s,

Measurement of time & frequency, atomic clocks and applications
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ATOMIC STRUCTURE
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INTERNATIONAL SYSTEM OF UNITS

The International System of Units, the SI, is the system of units in which

the unperturbed ground state hyperfine transition frequency of the caesium

133 atom Avc, is 9 192 631 770 Hz,

the speed of light in vacuum c is 299 792 458 m/s,

the Planck constant / is 6.626 070 15 x 10 > J s,

the elementary charge e is 1.602 176 634 x 10~ C,

the Boltzmann constant & is 1.380 649 x 10 > J/K,

the Avogadro constant V, is 6.022 140 76 x 10”° mol ',

the luminous efficacy of monochromatic radiation of frequency

540 x 10" Hz, K_g, is 683 Im/W,

8

Highlights in Microtechnology

Ecole doctorale / PhD / EPFL

Table 1. The seven defining constants of the S| and the seven corresponding
units they define

Defining constant Symbol Numerical value Unit

hyperfine transition

frequency of Cs Ave 9192631770 Hz
speed of light in vacuum c 299 792 458 ms
Planck constant h 6.626 070 15 < 10~ Is
elementary charge e 1.602 176 634 x 107" C
Boltzmann constant k 1.380 649 x 1077 JK'!
Avogadro constant Na 6.022 140 76 x 107 mol ™’
luminous efficacy K4 683 Im W™

Measurement of time & frequency, atomic clocks and applications
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INTERNATIONAL SYSTEM OF UNITS

Table 2. S| base units

The symbols for quantities
are generally single letters
of the Latin or Greek

alphabets, printed in an
italic font, and are
recommendations.

The symbols for units are
printed in an upright

Base quantity Base unit

Name Typical symbol Name Symbol
time t second s
length l, x, r, efc. meftre m
mass m kilogram kg
electric current Li ampere A
thermodynamic temperature 7 kelvin K
amount of substance 7 mole mol
luminous intensity I, candela cd

(roman) font and are
mandatory, see chapter 5.

1 Hz

Ave, 9192 631 770

“9192631770 O 18

Av,,

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications

Ecole doctorale / PhD / EPFL Gaetano Mileti, UniNe, 15.06.2021




WHY DO WE NEED TO STABILIZE THE QUARTZ?

Af
— X10° Oscillator
:I_Temperature Vibration Shock Tur; off - 2-g Radiation
Step Turn On Ipover
Off

T B

T _Agled _ -
0 -—"
| -
On
-2 p—
hort-Term
Instability Slide from: John
i . Vig, tutorial on
1 1 l 1 1 1 I «Quartz crystal
t, t, t, t; t,” t: t. t, t; Time resonators and

oscillators»
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ALLAN DEVIATION (TIME DOMAIN)

Frequency of the oscillator:  (t) = vg [1 + € + y(t)]

1 (tea+r . T .
Yy =—_[t y(t) dt  "True variance™: oy =y, diverges in general
7 i

02(2) =2 (Vi = Yk)?  ©y(7): Allan deviation

] how th
White phase Frequency drift Gy(T) rels us how the
Ve “d y oscillator under test

compares to an ideal one

= Frequency random
e White FM walk _
20 \ over the timescale T
- / Flicker FM
T / T
Flicker PM 1:0
log T (s)

= Different types of noise processes affect differently the Allan deviation;

 Different applications require different (in)stabilities at given time scales
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PHASE NOISE (SPECTRAL DOMAIN)

Ideal oscillator

A-cos(2rv,t)
Spectral domain Real oscillator Spectral domain
: j27Z'V0t
| Signal (t)= Re(Ay (t)e )
Yo 7 = PO+ j-a(t) = (1+ &) -] PO v, 4 bias
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GENERAL SCHEME OF AN ATOMIC CLOCK

Servo loop
Oscillator Atomic reference
Asin(¢(t))
Aw
t
Wwo
T Nuclear Magnetic
) Resonance
Interrogation (quantum sensor)
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DIFFERENT TYPES OF ATOMIC CLOCKS

Thermal Caesium beam

Cold Caesium primary
fountain

Hydrogen MASER

Rubidium vapour Atomic clock with
cell atomic clock microfabricated cell
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BLOC DIAGRAM OF AN ATOMIC CLOCK

NL. - s b o
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Q”"”g‘fgf,’,";’ 5 Block diagram of atomic A
frequency standard
l—> sin Qt Q= o
M
Typically 5 or 10 MHz
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FREQUENCY STABILITY AND MAIN TRENDS

Resonance signal 1
Aw, € — T, : resonance «duration»
TR
£ Wy .
f=) — Linewidth Q = = Wy, -TR Q: quality factor
v A(DO Aa)o
|
Probing frequency o 0.2 _%

y Q.(S/N) S/ N :Signal to noise Ratio

Long term stability depends on the sensitivity of the “clock” transition (metrological work)

B
Main novelties: use of lasers and micro-fabrication techniques

-

Cold atoms Optical standards Miniaturisation
Increase Tk, : Increase @: Reduce the «<SWAP»
From ms to seconds From 10° Hz to 1014 Hz Size, Weight And Power
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CATEGORIES OF ATOMIC CLOCKS

« Primary (Cs) — Secondary v(t) =g [1+ e+ y(t)]

« Passive — Active (H-Maser)

« Commercial (Rb, Cs, H) i

« Ground or Space applications
e Laboratory — “In development”
« Microwave — Optical

e Neutral atoms — lons — Molecules — Nuclear - ...
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APPLICATION 1: NAVIGATION

Determination of
the longitude:

1 second
error in time
500 m error in
position
(equator)

Satellite positioning:
1 nano second

error in time
(0.000°000°'001 s)

30 cm error in position
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APPLICATION 2: NETWORKS SYNCHRONISATION

Telecommunications power
distribution networks (smart
grids):

Require a synchronisation of
approximately

1 microsecond
(0.000°0001 s)
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3: VLBI (VERY LONG BASE INTERFEROMETRY)

H-Masers (101> @ —1000-10’000 s) are used to increase the resolution

Angular resolution: ~ A/ Diameter
1 radio-telescope: ~ 1 mrad (102 rad)
2 radio-telescopes: ~ 1 nrad (10-° rad) -

Earth rotation: 1 mrad - 6 km — 14 s

Westford-Wettzell Baseline Evolution
{mean value 5398.326450 km)
150

Radie
Telescope

/ S
r'r —
i
Hydrogen maser clock 3
(accuracy 1 sec in o— ; - - - wpm*
1 million years)

R 8 8 8 8 91 9 9

Length Minus Mean Value (mm})
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RADIOASTRON MISSION (SPACE VLBI)

Increase the Baseline B from 30’000 to
300’000 km, by putting one of the
telescope (and one Maser!) in space.
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DETECTION OF BLACK HOLE (M87)
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DETECTION OF BLACK HOLE (M87)
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DETECTION OF BLACK HOLE (M87)

~1.5101“ @ 10s
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FUNDAMENTAL PHYSICS IN SPACE

Atomic Clock Ensemble in Space

Micro-gravity

Relativity
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APPLICATIONS OF ATOMIC CLOCKS: OVERVIEW

» Radioastronomy, Geodesy
(VLBI, Radioastron, etc.)

» Scientific Research, Instrumentation
(Microgravity, ACES, HYPER, etc.)

> Navigation & Positioning
(Galileo, GPS, GLONASS, etc.)

» Telecommunications

(Networks synchronisation, etc.)

» Power distribution networks

(Smart power grids.)

» Metrology, Time scales

(Primary and secondary standards, H-Masers)
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EXAMPLE OF ATOMIC CLOCKS: CESIUM BEAM

With magnetic selectors

Tr

With laser diode optical
pumping and detection

w

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications
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CESIUM BEAM STANDARD

Ramsey fringe

1.0
0
é 0.8 ||||
§ 0.6 || || _— -
- | f anl 1
i 04 /‘/ I|I| ||||f\’\ pedestal |
: Il |
g 02 o
-6000 -4000 -2000 0 2000 4000 6000
Désaccord micro-onde Q /2 /Hz
: : 1
Linewidth Aw, oc —
R
L Lengthof cavity
1011 @ 1s but accurate and T,=—=

very stable in the long term v speedof atoms
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LASER-PUMPED BEAM STANDARDS

2"d Rabi
(#2)
Free pulse
precession
1st Rabi
(#2)
pulse
Optical
pumping

Detection
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PRIMARY COLD (SLOW) ATOMS FOUNTAIN

Q =wo- Ty
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COLD ATOMIC BEAM CLOCKS (FOUNTAINS)

Linewidth A, oc —

R

= Thermal beam: v = 100 m/s, Tp = 5 ms

Aw,= 100 Hz
= Cold fountain: v=4m/s, T, = 0.5 s
Aw,= 1 Hz
i
u\ /“"‘W -
8 o ﬂ ‘ “\, _
1. W
WW',MM . N\Wﬁ«w

0.0 + 1 1
-100 -50 50 100

Microwave frequency detuning

*Next step: microgravity (Tg = 10 s, Aew,= 0.1 Hz)

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications

Ecole doctorale / PhD / EPFL Gaetano Mileti, UniNe, 15.06.2021




SPACE COLD ATOMS CLOCK

Atomic Clock
Ensemble in Space
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PRIMARY FREQUENCY STANDARDS

Frequency : () = 1o [1 + € + y(2)]
Systematic bias <« |_> Statistical fluctuations

Highlights in Microtechnology

o
o
0

0.

o o0 o

me: -3 -2 -1 0 +1 +2

+3

.30
.25
.20
15
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ATOMIC TIME (TAI) AND ASTRONOMICAL TIME (UTC)

TAl is generated
from an ensemble
of various clocks :

" ~ 10 fountains
® = > 300 commercial
clocks
© (cesium clocks,
rubidium clocks,
H-masers)

< Leap seconds

Measurement of time & frequency, atomic clocks and applications
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RUBIDIUM VAPOUR CELL STANDARD

Discharge
lamp

vapour

Double resonance cell

~ kHz

EE—

Transmitted light

light

Microwave frequency

e
—(S prwave I microwave (—@(_ 10_11 @ 1s

000000 rzsggs:gg / \{ Sgartz 10—13 @ 1010005
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HYDROGEN MASER

microwave amplification by stimulated
emission of radiation

10—13
@ 1s

10-15
@ 100s

o(t) ~ 1/t

100 kg

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications

Ecole doctorale / PhD / EPFL Gaetano Mileti, UniNe, 15.06.2021




SPACE PASSIVE HYDROGEN MASER FOR GNSS

GNSS: Global Navigation Satellite System

Application: GALILEO

1ns (10-*%) time error

!

30 cm position error

Goal: 101 stability @ 10’000 s
(keeping 1 ns over one orbit)

!

1012@ 1 s

18 kg, 28 L, 7'1012 @ 1 s

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications
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GALILEO (GNSS = GLOBAL NAVIGATION SATELLITE SYSTEM)

In space: Rubidium, passive Hydrogen Maser (1° generation)
On earth: (quartz), Rubidium, Cesium beams, active H Masers (1° generation)

GIOVE-A (launched 28 Dec 2005) GIOVE-B (launched 26 April 08)

2011 and 2012: launch of first operational satellites (I0V — In Orbit Validation)
2014 — 2018: launches in view of the FOC (Full Operational Constellation).
Estimated number of Galileo-enabled smartphones: 1'°000°'000°'000

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications
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OPTICAL FREQUENCY STANDARDS

1 1

oC

Q 2 'TR
©:101% 10 Hz
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MICROWAVE AND OPTICAL CLOCKS
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OUTLINE

Part 3: Rubidium standards and
miniature atomic clocks

Rubidium frequency standards

Miniature atomic clocks
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RUBIDIUM VAPOUR CELLS
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RUBIDIUM VAPOUR CELLS ATOMIC CLOCKS

Rb partial pressure:
~ 10 torr

(1011-1012 atoms)
1010 - 1014
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DOUBLE RESONANCE

Microwave cavity

]
—
. détector
\
Rb&” Lamp
Rb filtre I
Rb87 resonance cell
0.128
Double resonance S P e
S 0124 N
S \ /
p > /
= 0.120
A < /
=
B 0.116 \
light I= \
2 | |
© 0112
oo = \ |
S ave v
pwav 0.108
o000 O0O 5.304x10°  5.306x10°  5.308x10°  5.310x10°  5.312x10°
6.84 GHz - Synthesiser frequency [Hz]
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HYPERFINE OPTICAL PUMPING

Rb85-F=3 Rb85-F=
Absorption sgeqrum
— e (70
with 30 mb of nitrogen
\
Lamp Rb8’ filter Rb8> cell Rb8”
Optiéal frequency detu;ing [GHz]
Thermal equilibrium Partial optical pumping Complete optical pumping
P P P

(... . T B =

Measurement of time & frequency, atomic clocks and applications
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PLASMA DISCHARGE LAMP AND FILTER

Highlights in Microtechnology
Ecole doctorale / PhD / EPFL

excitation of a 8’Rb lamp with an
RF oscillator (~120 MHZz)

2 4
Optical frequency detuning [GHz]

Isotopic filtering with a 8°Rb cell

uuuuuuuuuuuuuu

2 4
Optical frequency detuning [GHz]
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DOUBLE RESONANCE WITH A DISCHARGE LAMP

Microwave cavity

I
—
- detector
\
Rb8&” Lamp
Rb filtre I
Rb87 resonance cell
0.128
Double resonance =)
S o124 AN /
g \ /
p =, /
= 0120
s £ /
2
}:3 0.116 \
light = \
2 | |
S 0112
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s e V
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EXAMPLES OF RB CLOCKS (OBSERVATOIRE NE 1985-1995)
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SPECTRATIME RB CLOCKS FOR GNSS

Source: Pascal Rochat
et al., SSOM meeting
in Engelberg, 2007
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OTHER APPLICATIONS OF RB CLOCKS

»  Communications:

» SDH (Synchronous Digital Hierarchy) CCITT G811,G812
> Mobile communications base stations reference clock

» Spread Spectrum secure radio communication systems

» Digital Radio&Video Broadcast systems (DRB , DVB)

» Instrumentation:

> Telecom SDH synch. Test sets , Cellular base stations test sets ...
» Synthesizers, Counters , Laboratory , Metrology
> GPS time receivers.
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USE OF A LASER DIODE (INSTEAD OF A LAMP)

~

— J détecteur
~— \ -
I |
Lampe Rb&’ filtre Rb8_5/ cellule de
\ résonance Rb87
6.8 GHz

Potential advantages (in Rb clocks):

* More efficient pumping

\ Laser (1 line, < 100 MHz wide)

 Improved S/N

Rb8” Discharge lamp

(several lines, > 1 GHz wide) \

* Long term stability

 Power / Weight / Volume

) Redundancy Rb# Optical fiItW V

« Use of other atoms (example: Cs) 3.GHz
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NEXT GENERATION SPACE ATOMIC CLOCKS

Galileo
e e O
Galileo 1st generation
Al AL
[ T
Start Definition Launch IOV 1 ‘FC‘)C‘
Galileo 2nd generation
A
>t
1999 2007 2011 2019 2027
Example:

Laser-pumped Rb clock
(development at LTF-UniNe)
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RAMSEY INTERROGATION IN A CELL STANDARD

S. Kang, M. Gharavipour, C. Affolderbach, F. Gruet, G. Mileti, Demonstration of a high-performance pulsed optically pumped Rb cl
based on a compact magnetron-type microwave cavity, Journal of Applied Physics 117, 104510 (2015).

Measurement of time & frequency, atomic clocks and applications
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COHERENT POPULATION TRAPPING (CPT)

“dark’ state

\1{ (D
Coherent Population Trapping g ol
Q .
&)
i o 1
| -
S ¢
T .l
g o4 L
S 3+
Pyl
S o)
0o000000 8 1p
<, . . . .
3 2 ! ~ ‘_ 2 3
Raman detuning

Potential advantages of using CPT:
- No microwave cavity

- Reduced light-shift
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MINIATURE ATOMIC CLOCKS

= Bring atomic timing precision to the size and power range previously covered by quartz

oscillators
New clocks !
I_ - 1
L _
Primary Commercial Compact Miniature Precision Wristwatch
Standard Beam Clock Atomic Clock | Atomic Clock Quartz Quartz
Accuracy: 1015 1013 1011 1010 107 107
Timing error: 10ns/yr 1us/yr 0.1us/day 1us/day 100us/day 1s/day
Size: 107 cm3 10 cm3 100 cm? 10 cm3 1-10 cm3 10 mm?3
Power: kW 100’s W 1w 120mW 100 mW 10 uWw
Cost: >S1 M S50 k $2,000 S100 S1
S300
>

Decreasing performance and size/power/cost

Measurement of time & frequency, atomic clocks and applications
Gaetano Mileti, UniNe, 15.06.2021
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MINIATURE ATOMIC CLOCKS

Main goals

* small size = portable & mobile instrumentation

* low power cons. = battery-powered devices

e 10-1 stability = improvement compared to quartz (1us timing)
* low unit price = parallel micro-fabrication techniques

* improved aging & shock behavior, compared to quartz

Applications Ultimate development goals

(e.g. US DARPA CSAC project)

 network synchronization

_ o Stability: < 6x1010 ¢ -1/2
» improved hold-over capabilities 101 at T > 3’6005
e Secure communication Size: 1cm3
Power: 30 mW

» improved GNSS / positioning receivers
Timing error: 1 us/day

* mobile end-user equipment

. ... runs = 7 days from a smartphone battery

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications

Ecole doctorale / PhD / EPFL Gaetano Mileti, UniNe, 15.06.2021



MINIATURE ATOMIC CLOCK APPLICATIONS

subtitle

text
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TOWARDS CHIP-SCALE ATOMIC CLOCKS

Proposal for a chip-scale atomic clock:

Use of micro-fabrication technology & CPT Wafer-level assembly of all components:

dicing

A

Components wafers

Miniature clock
physics package

J. Kitching et al., Appl. Phys. Lett 2002.
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SYMMETRICOM (MICROSEMI) CSAC PROTOTYPE

Pcb with PP

Limit from the 1cm3 PP:
Impact of electronics !

Highlights in Microtechnology

0.35cm3 PP
AN / clock
\
\
N\
\
Power budget /
System Component Power
MicroController 20 mW
Signal Processin 16-Bit DAC 13 mW
) * hnaog W « 1 cm3 PP volume « 0.35 cm3 PP volume
Heater Power 7 mW
Physics VCSEL Power 3y » 15 cm? total volume « =1 cm? total volume
| = SZmd « 125 mW consumption « 30 mW consumption
Microwave/RF 10 ML TCXO W
Output Bufler TmW e 10 MHz output * 4.6 GHz output (uncal.)
Power Regulation .
&PassivELosses Lo d NO Shle|dS, etC
Total 125 mW

R. Lutwak et al., Proc. PTTI 2007.

Measurement of time & frequency, atomic clocks and applications
Gaetano Mileti, UniNe, 15.06.2021
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SYMMETRICOM CSAC PRODUCT

Highlights in Microtechnology

Ecole doctorale / PhD / EPFL

KEY FEATURES

+ Power Consumption <115 mwW

« Only 16 ccin Volume, 1.6" x 1.39" x

0.45"

+ Aging < 3.0E-10/month
+ 10 MHz CMOS-compatible Output
+ 1 PPS Output and 1 PPS Input for

Synchronization

+ Hermetically Sealed

+ RS-232 Interface for Monitering and

Control

+ Ultra-Low Power Made for Power

Consumption well below 100 mW

With an extremely low power consumption
of <115 mW and a volume of <16 cc,
Symmetricom’s SA.45s Chip Scale Atomic
Clock [CSAC] brings the accuracy and
stability of an atomic clock to portable
applications for the first time.

The SA.45s provides 10 MHz and 1 PPS
outputs at standard CMOQS levels, with
short-term stability [Allan Deviation) of 2E-
10 @ 1 sec, long-term aging of 3E-10/month,
and frequency change over temperature of
5E-10 over an operating range of -10° C to
+70° C. The unit can also be ordered with a
wider temperature range (Option 002] of
-40° C to +85° C, with slightly higher power

A standard CMOS-level RS-232 serial
interface is built in to the SA.45s. This is
used to control and calibrate the unit and
also to provide a comprehensive set of
status monitors. The interface is also used
to set and read back the CSAC's internal
time-of-day clock.

The SA.45s CSAC can also be programmed
to operate in an ultra-low power mode. In
this mode, the CSAC’s physics package Is
turned off, and the unit operates as a free-
running TCXO. The physics package is then
periodically turned back on, and after warm-
up (<120 sec], it re-disciplines the TCXQ. This
operating mode enables average power

Measurement of time & frequency, atomic clocks and applications
Gaetano Mileti, UniNe, 15.06.2021




ESA-PROJECT: MUSO

Miniature Ultra-Stable Oscillator
For secure satellite communication
* low-power VCSEL laser (795nm)

e miniature Rb cells

100% Swiss-Made !

B(H

ECOLE PONTECHNIQUE
FEDERALE DE LAUSANMNE

C. Schori et al., Proc. EFTF 2010.
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*

EU-FP7: MAC-TFC -

Miniature Atomic Clock for Timing, Frequency Control and Communication

* %o

*

» For ground-based applications
 Low-power VCSEL on Cs D1-line (Ulm)

» Miniature Cs cells (Besangon, Neuchatel, Wroclaw)

* Full miniature electronics (Neuchatel)

All key components are developed
within the project consortium !

Cs-Cells VCSEL-Laser Packaging
U'FC  www.mac-tfc.eu

UNIVERSITE
DE FRANCHE-COMTE

Gl Ysar

ECOLE POLYTECHMNIQLUE
FEDERALE DE LAUSANNE

saes
L Ce] getters
| Test setup ASIC microwave Clock
SWATCH GROUB & OSCILLOQUARTZ electronics demonstrator

Measurement of time & frequency, atomic clocks and applications
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SINGLE-CHIP 4.6 GHZ SYNTHESIZER FOR CS CPT CSAC

Y. Zhao, S. Tanner, P-A. Farine, ESPLAB-EPFL

This low power, highly integrated and high performance frequency
synthesizer is suited for realizing chip-scale atomic clocks.

Exp. Evaluation, LTF-UniNe :
L. Schneller, F. Gruet,
C. Affolderbach

Circuit architecture Chip photography
Phase noise @ 4.6 GHz
Obtained results N
Fabrication process: CMOS 130 nm ° b T ' Stability with
Chip size: 1.7 x 1.2 mm = 2 mm? Cs micro-cell
Phase noise: -86 dBc/Hz @ 5 kHz and ASIC
Power consumption: 15 mW (vdd = 1.2 V)
Frequency tuning step: g 5 mHz (10-13) 2l |
Output RF power: 0 dBm 1' 2 3 456 1'0 2 3 45686 160 2 3 456 10'00

Averaging time t [s]

Highlights in Microtechnology Measurement of time & frequency, atomic clocks and applications
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QUANTIME — A MINIATURE CESIUM ATOMIC CLOCK USING CPT
TECHNIQUE FOR TELECOM APPLICATIONS (CTI REF. 13'818.2)

Miniature cesium atomic clock Product specifications

CPT (Coherent population trapping) technique Superior frequency and time stability: 1 ps/day

Applications Compact size: 51x51x18 mm3
Telecom (4G LTE base stations) Low power: 2W
Smart grid (power distribution) Lower price: 400 CHF
e Filter /4 Cscell  Photo pre- )
Laser +Ne -diode ampliier
FREQUENCY STABILITY
= L - QTM20140508.008 ‘ ~
SFt Siama_For All Tau 10;0‘100 WSEgmcm :
o i e |
i 15 mm A 8.00e+00 7.63e—1 [
o ° Y g 160e+01 5.0te—11 |
e N 7 = Saoetor 328
Magnetic 'EN 1300402 1.85e~11 ||
shield + coil 3 Soeios Taseon
a 1036403 136e—11
g% ieen0s 1ieen M
_ 51 mm S 8.30e+03 1.78e—11 [
Current High . < 1.00e+04 176e—11 |
source [~ pass filter ) <
A -E N
M
51 mm % “ ™
RF generator | _ Quartz | _ Low pass | _ 2 N Ve
K V=viil2 [~ oscillator | fitter [ / Oz,o -
‘ 00 10! 102 10% 10* 10°
* Averaging Time, 1, Seconds
User 20 MHz i
Clock implementation Prototype picture
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Swiss Miniature Atomic Clock (Swiss—-MAC )

Swiss—MAC

80



Swiss Miniature Atomic Clock (Swiss-MAC)




MINIATURE DISCHARGE LAMPS

Highlights in Microtechnology
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(Gl

ECOLE POLYTECHMICUE
FEDERALE DE LALUSANNE

LMTS+SAMLAB

2 to 500 MHz RF drive

=10 mW RF power coupled to the cell
= 100uW light output

V. Venkatraman et al., Trans. UFFC 2012

Measurement of time & frequency, atomic clocks and applications
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MICRO-FABRICATED CELLS WITH ANODIC BONDING

Glass-Si-glass anodic bonding (NIST process): Refined alkali filling:
(a) Cover Glass (b) T
Glass Ampoule
with
300 °C|| BaN;+ AlkaliCl
| __ N
(Q0R000000)

Heaters  Cell Preform

(c) Alkali Atoms (d)

200V
é% 180 °C :[[ ('I‘I'I'IOI'l'lilil
| "L/
(0000000 BufferGas

Combination

J. Kitching et al., Metrologia 2005,
S. Knappe et al., Opt. Lett. 2005.
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SWISS ANODIC BONDING TECHNOLOGY

¥——  500-2000 um .(I fl.

Photolithography and BT3B A1 XA AT
cavity etching by DRIE

IMT-SAMLAB

Dia=5 mm

Wafer-level anodic
bonding of Si with glass
— \
L =10x10 mm 200 - 500 um
Dicing

u/ Rb deposition
| |

200 - 500 um

Cell closing / Anodic
" bonding of glass lid

J. Di Francesco, F. Gruet, C.
Schori, C. Affolderbach, R.
Matthey, G. Mileti, Y. Salvadé,
Y. Petremand, N. De Roo0ij,
Evaluation of the frequency
stability of a VCSEL locked to
a micro-fabricated Rubidium
vapour cell, SPIE Photonics
Europe, Bruxelles, April
(2010)
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POST-ACTIVATED VAPOUR CELLS

UFC

I.lll'l'll!l'l’t
rrrrrrrrrrrrrrrrrrrrr

L. Nieradko et al., FEMTO-ST (Besancon) & Wroclaw UT
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IMT-SAMLAB .(Ilﬂ.

SWISS SPECIAL MINIATURE CELLS o

4-mm size Rb cells

Micro-fabrication technology for precise
control of cell geometry

Multi-stack anodic bonding:
= Thick glass core wafer  smm
= 2 Si layers + 2 glass windows
= 4 steps of anodic bonding

Indium cell sealing

Low-temperature sealing (< 140°C)
= alkali control & wall coatings

Working alkali cells

Y. Pétremand et al., JMM 2012.

Highlights in Microtechnology

R. Straessle et al., MEMS 2012.
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MACQSIMAL PROJECT

MEMS=
Microelectromechanical
systems
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SUMMARY

* Thanks to the latest discoveries in atomic physics and photonics (or photon engineering)
the precision of atomic clocks is being improved down to 1016 and beyond,;

* More precisely, it is the manipulation of atoms photons and the availability of tunable
laser sources and optical combs which is allowing such dramatic improvements;

@, 1 Tg : by laser cooling
®y: going optical

(In)stability oc 2

e Atomic clocks (and stabilized lasers) are key instruments for fundamental physics
experiments on ground and in space;

e« Compact high performance and miniature atomic clocks find many applications in
every day life (positioning, telecoms, etc.)

« Micro-fabrication techniques are crucial for extreme miniaturization

 With its tradition in Time keeping, precision mechanics, micro-technology, optical
metrology and space science & technology, Switzerland & the Neuchatel area makes
crucial contributions to this domain
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Prof. Gaetano Mileti
Gaetano.Mileti@unine.ch

Laboratoire Temps — Fréquence (LTF)

www.unine.ch
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