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1) End of lecture on atom interferometers

2) Basics of oscillators and atomic frequency standards

Frequency stability, accuracy

Trapped ion and neutral atom clocks

3) Cold atom fountains

operation

Current performances and limits

4) Fundamental physics tests

Search for drift of fundamental Constants, relativity tests

Space clocks



Optical clocksRamsey-Bordé interferometerRamseyRamsey--BordBordéé interferometerinterferometer
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Recoil doublet in optical clocksRecoilRecoil doublet in doublet in opticaloptical clocksclocks
U. Sterr et al., atom interferometry,
P. Berman ed. 1997

D D

Cold atoms frequency standards 
Calcium: PTB, NIST… T increases
Lasers locked to Ca with 
fractional instability
of 5 10-15 at 1 s and 2 10-16   at 2000 s
Accuracy: ~10-14



h/m and  fine structure constant αh/m and  fine structure constanth/m and  fine structure constant α

Recoil splitting is: 2 2/recoil atomf h m cνΔ =
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All other quantities can be measured at 10-9 or better 
thus a photon recoil measurement at 10-9 can give α at 10-9

Cesium  atom interferometry: α at 7.7 10-9              Wicht et al. Phys. Scripta (2002)
Bloch oscillations of Rb atoms : α at 6.7 10-9     Cladé et al., PRL 96, (2006)
g-2 of electrons with QED calculations: α at 0.7 10-9:  Gabrielse et al, PRL, 97, (2006)



Cold atoms and precision measurementsCold Cold atomsatoms and and precisionprecision measurementsmeasurements

T : interaction time with ELM field
Slow atoms: T large; atomic fountain

or microgravity of space
Interferometers on chips

Clocks: gain prop. to  T

Inertial sensors: 
Accelerometers:  gain as  T2

Sagnac gyroscopes : gain as L T
Current sensitivity:
Acceleration: δg/g= 3 10-9 in 1min
Rotation:        Ω= 6 10-10 rad s-1 in 1 s

Interferometers and clocks

L



Atom interferometry has entered into high precision measurement phase
Fine structure constant  and h/m
Towards a redefinition of the kilogram based on atomic masses

Earth rotation, g, g gradients, inertial base (GOM, CASI)
G: Magia (Firenze)
Tests of Newton law at short distances
Test of Equivalence principle 

Prospects for ultra-high sensitivity inertial sensors in space
with long interrogation times: HYPER

Quantum gases sources  and atom lasers with atom chips (ICE, Quantus)

See several talks at the workshop for most recent developments

SummarySummarySummary



Further readingFurtherFurther readingreading

Atom Interferometry ed. Paul Berman, Academic Press, 1997

Atoms quanta and relativity, special Issue of J Phys B: 
Atomic, Molecular and Optical physics , IoP (2005) 
ed., T. Haensch, H. Schmidt-Boecking and H. Walther

C. Bordé, metrologia , 39, 435 (2002)
C. Cohen-Tannoudji, lectures at Collège de France 1992-1993
J. Dalibard, DEA lectures on cold atoms



Oscillators and Atomic ClocksOscillatorsOscillators and and AtomicAtomic ClocksClocks

Variety of stable periodic phenomena:
1) Macroscopic phenomena: 

Pendulum, planet orbital periods, binary pulsar emission
2) Electromagnetic radiation:

Solid-state oscillators
Atomic clocks:
Active or passive oscillators: ex: H-maser 
Intrinsic stability of atomic energy levels
Control of atomic motion: 
Trapping and cooling: long interaction times

Variety of transitions in trapped ions and neutral atoms
From microwave to optical domain
Easy link with femtosecond laser systems



Applications of atomic clocksApplications of Applications of atomicatomic clocksclocks
•Navigation, Positioning
GPS, GLONASS, GALILEO,deep space probes
•Geodesy
•Datation of millisecond pulsars
•VLBI
•Synchronisation of distant clocks
TAI
•Fundamental physics tests  Ex : general relativity
Einstein effect, gravitational red-shift : 10-4 10-6

Shapiro delay : 10-3 10-7

Search for a drift of fundamental constants such as fine  
structure constant α : α α− −d / d t a t / y e a r1 1 61 0



Idea of a "perfect" frequency

in practice
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Frequency fluctuationsFrequency fluctuationsFrequency fluctuations

Instantaneous frequency

Frequency stability: "magnitude" of relative frequency fluctuations

Frequency Stability is characterized with the Allan variance

typical frequency fluctuations averaged over 

,

converges for most of the types of noise met experimentally



Frequency stabilityFrequencyFrequency stabilitystability
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Flicker frequency noiseFlicker frequency noiseFlicker frequency noise
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Atomic clockAtomicAtomic clockclock
Definition of the second :
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 electronic state of cesium 133

Intrinsic stability of atomic energy levels
Laser cooling to 1 µK
Corresponding to rms velocity of 7mm/s

1)Fountain geometry
2)Microgravity environment

1. Stability
2. Accuracy

F=4

F=3
Hzυ =

0
9 192 631 7706 S1/2

1990



Frequency stabilityFrequencyFrequency stabilitystability

1) Resonance Quality Factor:

1010 -1014

2) Signal to noise ratio : S/N

Allan standard deviation

/Q υ δυ=
0

( ) ( ) ( ) ( ) // // cy N SQ Tσ τ π τ= 1 21

τ : averaging time in  seconds

Tc : duration of one cycle



AccuracyAccuracyAccuracy
To what extent does the clock realize  the definition of the 
second ?

νclock= νcesium+ ε
where νcesium is  the frequency of a cesium  atom at rest in 
absence of perturbation
In practice : 
Atoms move : Doppler effects, relativistic effects
Atoms interact with other atoms or with external world : magnetic 
field, electric field, blackbody radiation, microwave field servo 
system,…

Method :
measure and /or calculate all these effects and  deduce ε with 
the highest precision.
The clock accuracy is the best estimate of ε



Accuracy of the atomic timeAccuracyAccuracy of the of the atomicatomic timetime

Current accuracy: 
Microwave: 6 x 10-16

Optical : 3 x10-17

1950 1960 1970 1980 1990 2000 2010
10-17

1x10-16

10-15

1x10-14

1x10-13

1x10-12

1x10-11

1x10-10

1x10-9

ACES

Optical Clocks

Cold atoms

Cesium Microwave clocks
Slope: gain of 10 every 10 years

ACCURACY OF THE ATOMIC TIME
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Trapped ions or neutral atoms ?TrappedTrapped ions or ions or neutralneutral atomsatoms ??

• Q= ν/Δν= 2 ν T
• Increase the frequency and increase T: 
• Trapped ions :
• T very long but only a few (or one) ions in the same trap. For 

accuracy they must also be cold.

• Hg+:optical transition
• stability: 4 10-15 τ-1/2

• accuracy 3.3 10 -17  

A factor of 20 beyond
the cesium accuracy



Trapped particles (Lamb-Dicke regime)Trapped particles (LambTrapped particles (Lamb--DickeDicke regime)regime)
classical picture

To first order, no effect of the atomic motion

quantum picture
Momentum conservation

if the atom is confined to well below λ,          is a broad function of p

The atomic transition is not shifted
nor broadened (Recoil, Doppler)

Wineland, Itano PRA 20, 1521 (1979) +ωm-ωm ω0



Single ion Optical clockSingle ion Optical clockSingle ion Optical clock

Other experiments: NPL : Yb+, Sr+, NRC : Sr+,
MPQ : In+…, Innsbruck: Ca+, …. 

Yb+, PTB (Tamm, Peik...)Hg+, Al+, NIST (Bergquist et al.)



UV spectroscopy of  199Hg + with an 
ultrastable laser

UV UV spectroscopyspectroscopy of  of  199199Hg Hg + + withwith an an 
ultrastable laserultrastable laser

R. Rafac, B. Young, J. Beall, W. Itano, D. Wineland and J. Bergquist, PRL 85, 2462 (2000) 

Width

40 Hz

10 Hz

20 Hz

6 Hz

Quality factor: Q = ν/Δν=1.6 1014       

Highest Q ever achieved
Current accuracy: 10-15



• On Earth: fountains T~ 1s

• In space: T~10-100 s

• A lot of atoms at the same time, hence good S/N 

Excellent short term stability: 

Expected stability at 1 s: 10-18 τ-1/2   !!!!
• Microwave domain: Cs, Rb, 

• Optical domain…H, Ca, Mg, Sr, Ag,…

• Trapped in optical lattice (Katori), increased T

2) Cold neutral atoms2)2) Cold Cold neutralneutral atomsatoms



Atomic FountainsAtomicAtomic FountainsFountains

BNM-SYRTE, FR NIST, USA

8 fountains in operation at SYRTE, PTB, NIST, USNO, Penn St, 
IEN, NPL, ON, with accuracy near 1 10-15 . More than 10 under
construction.

PTB, D



Atomic Fountain principleAtomicAtomic FountainFountain principleprinciple



Ramsey fringes in atomic fountainRamseyRamsey fringesfringes in in atomicatomic fountainfountain

S/N= 5000
per point





Comparison between two Cesium Fountains FO1 and FO2 
(Paris)

ComparisonComparison betweenbetween twotwo CesiumCesium FountainsFountains FO1 and FO2 FO1 and FO2 
(Paris)(Paris)

Measured Stability: 1.4 10-16 at 50 000 s
Best measured stability for fountains ! Factor 5/Hydrogen Maser
Agreement between the Cesium frequencies: 4 10-16

τ

τ

S. Bize
et al.
C. Rendus
Acad. 2004
SYRTE

τ−1/2

τ

τ



Fountain Stability/Accuracy: State of the artFountain Stability/Accuracy: State of the artFountain Stability/Accuracy: State of the art
νclock(t)= νcesium(1+ ε+y(t))
Where νcesium is the transition frequency of a cesium atom at 
rest in absence of perturbation
ε : frequency shift, ε= ε1+ε2+ε3+….
y(t): frequency fluctuations with zero mean value.

Accuracy: ε
To what extent does the clock realizes the definition of the 
second? 
Cesium and rubidium fountains: ε ~ 6 10-16

Frequency stability
Measurement duration τ: y(τ)
For τ = 1s, y(τ) = 1.4 10-14           fundamental quantum limit
For τ= 50 000 s, y(τ) ~ 1.4 x 10-16
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