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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

OUTLINE
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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

Frequency

Oscillation
Periodic

phenomenon

Electrical network: 50 Hz

Radio FM: 30 to 300 MHz

Wifi and microwave: 3 à 30 GHz

Laser (CD player): 100 à 400 THz

Frequency standard
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How to measure / evaluate the stability and the accuracy of an oscillator (or a clock)?

• By comparing it with a more stable and/or accurate oscillator (reference, standard, etc.)
• Thanks to statistical and metrological studies

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

Normalised systematic bias
Frequency of the oscillator (real one):

Stable but 
not accurate

Neither stable 
nor accurate

Not stable but 
(relat.) accurate

Stable and 
accurate

 0

Does not exist

STABILITY AND ACCURACY (OR PRECISION)

Normalised instability
(statistical fluctuations)

Nominal frequency

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

research
Stable but not 

accurate
Neither stable nor 

accurate
Not stable but 

(relat.) accurate
Stable and 
accurate
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EXAMPLES OF NORMS: WRISTWATCHES
Reference: ISO 3159 norm

Best: ~ 0.1 s / day corresponds to a relative instability of approximately 10‐6

Best: ~ 0.001 s /day, corresponds to 10‐8

Daily rate ~ daily inaccuracy (in s)
Source: 
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Tower clocks (1300)
verge-and-foliot mechanism 

Precision / 
Stability
in seconds 

per day

1 ns

1 s

100 ps

10 s

1000 s

Huygens Pendulum (1650)
pendulum

Marine 
chronometers 

(1750), Harrison

1 ms

Atomic clocks 
(1950)

Hydrogen 
Maser, 

Caesium beam, 
Rubidium clock

Quartz 
oscillators 

(1930)

1 s

Earth rotation

10 ns

10 ps

The metamorphosis of
time measurement

-3000 -1500 -170 800 1300 1600 19001700 2000

Marine chronometers Space atomic clocks

RESEARCH AND MEASUREMENT OF TIME

10-8

10-5

10-11

10-14

Relative
inaccuracy / 
instability / 
uncertaintyLaser

~ 15 minutes

~ 1 microsecond

~ 1 nanosecond

Mechanical wristwatches

Quartz wristwatches

10-2 (1%)
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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. 

Ion trap techniques

And several others in the previous years (Kastler, optical pumping, etc.)
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MEASUREMENT OF TIME IN NEUCHÂTEL
Souvenirs from Observatoire Cantonal de Neuchâtel

A. L. Breguet
F. Berthoud

A. Hirsch

C. E. Guillaume

1883

1750
-

1850

1920
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ASTRONOMICAL TIME – MECHANICAL OSCILLATORS

Observatoire de Neuchâtel (1858 – 2007)
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ATOMIC TIME – QUARTZ OSCILLATORS

Observatoire de Neuchâtel (1858 – 2007)
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FIRST ATOMIC CLOCKS IN NEUCHÂTEL
1954 1958

1959 1963

~ 0.01 ms /day, corresponds to 10‐10
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UNIVERSAL EXPOSITION OF BRUXELLES (1958) 

Crédit:
Johann 
Boillat
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SPACE ATOMIC CLOCKS IN NEUCHÂTEL

1988

1995
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LABORATOIRE TEMPS – FRÉQUENCE (LTF) – 2007

Time & Frequency metrology
Atomic spectroscopy
Primary standards
Optical clocks
Cell standards
Space clocks

Optical metrology
Optical combs
XUV frequency combs
Stabilized lasers
Laser characterisation
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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• 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 Besançon (F)

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

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

ESSENTIAL BIBLIOGRAPHY & CONFERENCES
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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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Definition in SI 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)

AtomsQuartz oscillator

Reference for the 
user (5 MHz)

Interrogation

Feed-back

F=4

F=3
6 S½ 

ATOMIC CLOCK BASIC PRINCIPLE

The Planck constant h is 6.626 070 15 × 10−34 J s, 

Hz
h

EEFrequency 770631192912
0 




The unperturbed ground state hyperfine transition frequency of the cesium 133 atom is
9 192 631 770 Hz (2019)
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ATOMIC STRUCTURE
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INTERNATIONAL SYSTEM OF UNITS
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INTERNATIONAL SYSTEM OF UNITS
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WHY DO WE NEED TO STABILIZE THE QUARTZ?

Slide from: John
Vig, tutorial on 
«Quartz crystal
resonators and 
oscillators»
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ALLAN DEVIATION (TIME DOMAIN)
Frequency of the oscillator:






1 )(1 K

K

t

tK dttyy generalindivergesyvarianceTrue ky
22:"" 

2
12

12 )()( kky yy   deviationAllany :)(

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

• Different applications require different (in)stabilities at given time scales 

y() tells us how the 

oscillator under test 
compares to an ideal one 

over the timescale 
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PHASE NOISE (SPECTRAL DOMAIN)

)2cos( 0tA 



Spectral domain

Ideal oscillator

Real oscillator

)( 02
)()( ARe

tj
ettSignal



bias ( ) ( ) ( ) ( ( ) ) ( )t t j q t t e j tp     1 

Spectral domain
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Atomic referenceOscillator

Interrogation

Servo loop

GENERAL SCHEME OF AN ATOMIC CLOCK

Nuclear Magnetic 
Resonance

(quantum sensor)
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DIFFERENT TYPES OF ATOMIC CLOCKS
Thermal Caesium beam

Rubidium vapour 
cell atomic clock

Hydrogen MASER

Cold Caesium primary 
fountain

Atomic clock with 
microfabricated cell
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BLOC DIAGRAM OF AN ATOMIC CLOCK

Typically 5 or 10 MHz

9 192 631 770 Hz

Magnetic resonance
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FREQUENCY STABILITY AND MAIN TRENDS
Si

gn
al

Probing frequency

Linewidth
0

RT
1

0  R :  resonance «duration»

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

2
1

).(
2.0 

 
NSQy

RTQ 


 0
0

0 



Resonance signal

RationoisetoSignalNS :/

Cold atoms Optical standards Miniaturisation

Increase TR :  

From ms to seconds

Increase 0:  

From 109 Hz to 1014 Hz 

Reduce the «SWAP»

Size, Weight And Power

Main novelties: use of lasers and micro-fabrication techniques

Q: quality factor
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• Primary (Cs) – Secondary

• Passive – Active (H-Maser)

• Commercial (Rb, Cs, H)

• Ground or Space applications

• Laboratory – “In development”

• Microwave – Optical

• Neutral atoms – Ions – Molecules – Nuclear - …

CATEGORIES OF ATOMIC CLOCKS
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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 (10-15 @ ~1000-10’000 s) are used to increase the resolution

Angular resolution: ~ / Diameter

1 radio-telescope: ~ 1 mrad (10-3 rad)

2 radio-telescopes: ~ 1 nrad (10-9 rad)

Earth rotation: 1 mrad → 6 km → 14 s



c
B  sin



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

RADIOASTRON MISSION (SPACE VLBI)
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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)

~1.5 10-14 @ 10s
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FUNDAMENTAL PHYSICS IN SPACE

Atomic Clock Ensemble in Space

Micro-gravity

Relativity

RTQ 


0

11

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 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)

APPLICATIONS OF ATOMIC CLOCKS: OVERVIEW
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EXAMPLE OF ATOMIC CLOCKS: CESIUM BEAM
With magnetic selectors

With laser diode optical 
pumping and detection

TR
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CESIUM BEAM STANDARD

10-11 @ 1s but accurate and 
very stable in the long term

RT
Linewidth 1

0 

Rabi 
pedestal

Ramsey fringe

atomsofspeed
cavityofLengthLTR 

v
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LASER-PUMPED BEAM STANDARDS

Optical 
pumping

1st Rabi
(/2) 
pulse

Free 
precession

2nd Rabi
(/2) 
pulse

Detection
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PRIMARY COLD (SLOW) ATOMS FOUNTAIN
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COLD ATOMIC BEAM CLOCKS (FOUNTAINS)

-100 -50 0 50 100
0.0

0.1

0.2

0.3

0.4

 

01.01.01 14:25:06

Lo
ck

-in
 s

ig
na

l

M icrowave frequency detuning

 Thermal beam: v = 100 m/s, R = 5 ms
 = 100 Hz

 Cold fountain: v = 4 m/s, R = 0.5 s
 = 1 Hz

Next step: microgravity (TR = 10 s,  = 0.1 Hz)

RT
Linewidth 1

0 
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SPACE COLD ATOMS CLOCK

Atomic Clock 
Ensemble in Space
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PRIMARY FREQUENCY STANDARDS

Systematic bias

Frequency :

Statistical fluctuations
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ATOMIC TIME (TAI) AND ASTRONOMICAL TIME (UTC)

Leap seconds
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RUBIDIUM VAPOUR CELL STANDARD

x
microwave
resonator
& source

vapour
cell

Discharge 
lamp 

Quartz
LO

S

P

Double resonance

light

-wave

Tr
an

sm
itt

ed
 li

gh
t

Microwave frequency

 kHz

10-11 @ 1s
10-13 @ 10’000s
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HYDROGEN MASER

100 kg

()  1/

10-13

@ 1s

10-15 

@ 100s

microwave amplification by stimulated 
emission of radiation
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Application: GALILEO

1ns (10-14) time error

↓
30 cm position error

Goal: 10-14 stability @ 10’000 s
(keeping 1 ns over one orbit)

↓
10-12 @ 1 s

18 kg, 28 L, 7·10-13 @ 1 s

SPACE PASSIVE HYDROGEN MASER FOR GNSS
GNSS: Global Navigation Satellite System
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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 (IOV – In Orbit Validation)
2014 – 2018: launches in view of the FOC (Full Operational Constellation).
Estimated number of Galileo-enabled smartphones: 1’000’000’000
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RTQ 


0

11


OPTICAL FREQUENCY STANDARDS

0:1010 →1015 Hz
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MICROWAVE AND OPTICAL CLOCKS
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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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RUBIDIUM VAPOUR CELLS 
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10-10 - 10-14

Rb partial pressure: 
 10-5 torr
(1011-1012 atoms)

RUBIDIUM VAPOUR CELLS ATOMIC CLOCKS 
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Rb87 Lamp
Rb85 filtre 

Rb87 resonance cell

détector

Microwave cavity

5.304x106 5.306x106 5.308x106 5.310x106 5.312x106
0.108

0.112

0.116

0.120

0.124

0.128
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6.84 GHz - Synthesiser frequency [Hz]

S

P

Double resonance

light

-wave

DOUBLE RESONANCE
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HYPERFINE OPTICAL PUMPING

S

P

Thermal equilibrium

S

P

Complete optical pumping

S

P

Partial optical pumping

Lamp Rb87 filter Rb85 cell Rb87

 

Absorption spectrum 
of natural rubidium
D2 line (780 nm)
with 30 mb of nitrogen

Rb 85 - F= 2

Rb 87 - F= 2

Rb 85 - F= 3

Rb 87 - F= 1

Optical frequency detuning [GHz]
0 2 4 6 8
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PLASMA DISCHARGE LAMP AND FILTER

excitation of a 87Rb lamp with an 
RF oscillator (~120 MHz)

Isotopic filtering with a 85Rb cell

+

 

Absorption spectrum 
of natural rubidium
D2 line (780 nm)
with 30 mb of nitrogen

Rb 85 - F= 2

Rb 87 - F= 2

Rb 85 - F= 3

Rb 87 - F= 1

Optical frequency detuning [GHz]
0 2 4 6 8

 

Absorption spectrum 
of natural rubidium
D2 line (780 nm)
with 30 mb of nitrogen

Rb 85 - F= 2

Rb 87 - F= 2

Rb 85 - F= 3

Rb 87 - F= 1

Optical frequency detuning [GHz]
0 2 4 6 8
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DOUBLE RESONANCE WITH A DISCHARGE LAMP

Rb87 Lamp
Rb85 filtre 

Rb87 resonance cell

detector

Microwave cavity

5.304x106 5.306x106 5.308x106 5.310x106 5.312x106
0.108

0.112

0.116

0.120

0.124

0.128
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t [

V
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k
]

6.84 GHz - Synthesiser frequency [Hz]

S

P

Double resonance

light

-wave
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EXAMPLES OF RB CLOCKS (OBSERVATOIRE NE 1985-1995)
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Source: Pascal Rochat 
et al., SSOM meeting 
in Engelberg, 2007

SPECTRATIME RB CLOCKS FOR GNSS
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 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.

OTHER APPLICATIONS OF RB CLOCKS
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6.8 GHz

Rb87 Discharge lamp
(several lines, > 1 GHz wide)

Laser (1 line, < 100 MHz wide)

3 GHz

Rb85 Optical filter

Lampe Rb87 filtre Rb85 cellule de 
résonance Rb87

détecteur

cavité micro-onde

Potential advantages (in Rb clocks):

• More efficient pumping

• Improved S/N

• Long term stability

• Power / Weight / Volume

• Redundancy

• Use of other atoms (example: Cs)

USE OF A LASER DIODE (INSTEAD OF A LAMP)
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NEXT GENERATION SPACE ATOMIC CLOCKS

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).
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S

P

Coherent Population Trapping

“dark” state

Potential advantages of using CPT:
• No microwave cavity

• Reduced light-shift

COHERENT POPULATION TRAPPING (CPT) 
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MINIATURE ATOMIC CLOCKS  

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

Primary
Standard

Commercial
Beam Clock

Compact
Atomic Clock

Wristwatch
Quartz

Accuracy:           10‐15      10‐13 10‐11 10‐7 10‐5
Timing error:   10ns/yr 1s/yr   0.1s/day 100s/day  1s/day
Size: 107 cm3 104 cm3 100 cm3 1‐10 cm3 10 mm3

Power: kW 100’s W 1 W 100 mW   10 W
Cost: >$1 M $50 k $2,000 $100  $1

Precision
Quartz 

Decreasing performance and size/power/cost

Miniature
Atomic Clock

New clocks !

10‐10
1s/day 
10 cm3 

120mW

$300
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Main goals

• small size  portable & mobile instrumentation
• low power cons.  battery-powered devices
• 10-11 stability  improvement compared to quartz  (1s timing)
• low unit price  parallel micro-fabrication techniques
• improved aging & shock behavior, compared to quartz

MINIATURE ATOMIC CLOCKS

Applications

• network synchronization
• improved hold-over capabilities 
• secure communication
• improved GNSS / positioning receivers
• mobile end-user equipment 
• …

Ultimate development goals 
(e.g. US DARPA CSAC project)

Stability:          ≤ 6x10‐10 ‐1/2
10‐11 at > 3’600s

Size: 1 cm3

Power: 30 mW
Timing error: 1 s/day

runs ≈ 7 days from a smartphone battery

Power: 30 mW
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subtitle

text

MINIATURE ATOMIC CLOCK APPLICATIONS
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J. Kitching et al., Appl. Phys. Lett 2002.

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

Miniature clock 
physics package

Co
m
po

ne
nt
s 
w
af
er
s
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SYMMETRICOM (MICROSEMI) CSAC PROTOTYPE

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

Pcb with PP

Power budget

• 1 cm3 PP volume 
• 15 cm3 total volume
• 125 mW consumption
• 10 MHz output

• 0.35 cm3 PP volume 
• ≈1 cm3 total volume
• 30 mW consumption
• 4.6 GHz output (uncal.)
• No shields, etc.

Limit from the 1cm3 PP:
Impact of electronics !

0.35 cm3 PP 
clock
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SYMMETRICOM CSAC PRODUCT

http://www1.symmetricom.com/csac/
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ESA-PROJECT: MUSO
Miniature Ultra-Stable Oscillator

For secure satellite communication

• low-power VCSEL laser (795nm)

• miniature Rb cells

100% Swiss-Made !

C. Schori et al., Proc. EFTF 2010.
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EU-FP7:  MAC-TFC
Miniature Atomic Clock for Timing, Frequency Control and Communication

 For ground-based applications

• Low-power VCSEL on Cs D1-line (Ulm)

• Miniature Cs cells (Besançon, Neuchâtel, Wroclaw)

• Full miniature electronics (Neuchâtel)

Cs-Cells VCSEL-Laser

ASIC microwave 
electronics

All key components are developed 
within the project consortium !

Test setup

www.mac-tfc.eu
Packaging

Clock
demonstrator
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Fabrication process:
Chip size:
Phase noise: 
Power consumption:
Frequency tuning step: 
Output RF power:

Phase noise @ 4.6 GHz
Circuit architecture

CMOS 130 nm
1.7 x 1.2 mm = 2 mm2

-86 dBc/Hz @ 5 kHz
15 mW (vdd = 1.2 V)
0.5 mHz (10-13)
0 dBm

Chip photography

Obtained results

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.  

Stability with 
Cs micro-cell 
and ASIC

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

SINGLE-CHIP 4.6 GHZ SYNTHESIZER FOR CS CPT CSAC
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Miniature cesium atomic clock

CPT (Coherent population trapping) technique

Applications

Telecom (4G LTE base stations)  

Smart grid (power distribution)

Product specifications

Superior frequency and time stability: 1 µs/day 

Compact size: 51x51x18 mm3 

Low power: 2W  

Lower price: 400 CHF

Cs cell 
+ Ne

/4 Cs cell 
+ Ne

Filter Photo
-diode

Magnetic 
shield + coil

Pre-
amplifier

Current 
source

RF generator
= hf/2

Quartz 
oscillator

High 
pass filter

Low pass 
filter

User 20 MHz

Laser

Clock implementation

51 mm

51 mm

15 mm

Prototype picture

QUANTIME – A MINIATURE CESIUM ATOMIC CLOCK USING CPT 
TECHNIQUE FOR TELECOM APPLICATIONS (CTI REF. 13’818.2) 
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Swiss Miniature Atomic Clock (Swiss–MAC )

Swiss–MAC
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Swiss Miniature Atomic Clock (Swiss-MAC)

Integrated heaters, Tsensor and magnetic coil Assembled prototype

Physics Package components

VCSEL Assembly Physics Package Assembly Optics/Photodetector Assembly

Wafer level fabrication

MEMS Atomic vapor cells
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MINIATURE DISCHARGE LAMPS

1 cm

V. Venkatraman et al., Trans. UFFC 2012

2 to 500 MHz RF drive
≈10 mW RF power coupled to the cell
 100W light output

LMTS+SAMLAB

LTF
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MICRO-FABRICATED CELLS WITH ANODIC BONDING

J. Kitching et al., Metrologia 2005, 
S. Knappe et al., Opt. Lett. 2005.

Glass-Si-glass anodic bonding (NIST process): Refined alkali filling:
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Dia=5 mm

L =10x10 mm 200 - 500 um

500-2000 um

Silicon wafer

Photolithography and 
cavity etching by DRIE

Wafer-level  anodic 
bonding of Si with glass

Dicing 

Cell closing / Anodic 
bonding of glass lid

200 - 500 um

Rb deposition

Dia=5 mm

L =10x10 mm 200 - 500 um

500-2000 um

Silicon wafer

Photolithography and 
cavity etching by DRIE

Wafer-level  anodic 
bonding of Si with glass

Dicing 

Cell closing / Anodic 
bonding of glass lid

200 - 500 um

Rb deposition

SWISS ANODIC BONDING TECHNOLOGY

IMT-SAMLAB

J. Di Francesco, F. Gruet, C.
Schori, C. Affolderbach, R.
Matthey, G. Mileti, Y. Salvadé,
Y. Petremand, N. De Rooij,
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

L. Nieradko et al., FEMTO-ST (Besançon) & Wroclaw UT
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SWISS SPECIAL MINIATURE  CELLS

R. Straessle et al., MEMS 2012.Y. Pétremand et al., JMM 2012.

IMT-SAMLAB

4-mm size Rb cells
Micro-fabrication technology for precise  

control of cell geometry
Multi-stack anodic bonding:
 Thick glass core wafer

 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

5mm
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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 10-16 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;

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

• 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 Neuchâtel area makes
crucial contributions to this domain

RT
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0: going optical
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Prof. Gaetano Mileti
Gaetano.Mileti@unine.ch 
https://www.unine.ch/gaetano.mileti
Laboratoire Temps – Fréquence (LTF)
http://www.unine.ch/ltf/fr/home.html

www.unine.ch
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