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Optical Mach-Zehnder interferometer

beam splitter
mirror

mirror

photons

beam splitter

exit 1

exit 2

detector

Interferometer

arm separation !

And a atom Mach-Zehnder interferometer ?

Main differences:

• one should work under vacuum (10-7 mbar)

• wavelengths : 533 nm visible light↔ 54 pm (Li atoms at 1000 m/s)

• How can we realize atom mirrors and beam splitters ???
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The mirrors and beam-splitters of the Mach-Zehnder optical interferometers are replaced by 

nanograting diffraction

1991-2004 group of David E. Pritchard at MIT

2004 - group of  A. Cronin at Univ. of Arizona

for Sodium waves

+ versatile instrument

+ many experiments were carried out

- low transmission

- low visibility due to multiple diffraction orders

Period = 100 nm
Front View



Atomic interferometer with Bragg phase gratings                        

collimated

atomic beam

exit 2

detector

L= 0.6 m

Beam separation: 100 µm

L

The mirrors and beam-splitters of the Mach-Zehnder optical

interferometers are replaced by Bragg diffraction on laser standing 

waves

In the Bragg regime, diffraction of order p>1 can be used.

exit 1
detector

3 laser standing waves 



Energy conservation Momentum conservation

|f>

|e>

ωLω0

k = 2k

|k, f>

Atom

|k, f>
kL

-kL

|k + kR, f>

kL

δL = ωL- ω0

kLθB

kR = 2kL
δL = ωL- ω0

BRAGG diffraction condition  

λL= 671 nmθB = p  λdB/ λL

= 80 µrad (p=1)

λL/2

p = diffraction order



Diffraction par onde stationnaire dans le régime de Bragg :

(transmitted wave: 

zero order)

(diffracted wave

at order p)

k

Lpkk 2+

Lk

Oscillation de Rabi

- laser power

- laser detuned from resonance

- waist w0 (interaction time)

    Intensité diffractée 
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Séparatrice

• no losses (phase grating)

• stray beams suppressed

• choice of diffraction order

• choice diffraction amplitude

It is possible to work with higher ordres: p=1,2,3



The Toulouse atom interferometer
Standing laser waves

pθB

20 µm

Source
Collimation 

slits

lithium

+ argon

Detection slit

800 °C

p -p

0
0 p -p

R1 R2 R3

Interferometer arm separation

100 × p  micrometres

Wave vectors should fullfill the following condition   
k + p (kR1 - kR2)  = k + p (kR2 – kR3)

Hot wire

detector

z

x

y

20 µm
12 µm

L12   = L23 = 0,6m

M1 M2 M3

scan the fringes φ0=2pkL(x1 - 2x2 + x3) phase non-dispersive !



Atom interference fringes with 7Li

diffraction order p = 1

counting time = 0.1 s/point 

fringe visibility  V = 84 % 

mean output flux  I0 = 24 k c/s 
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Sensitivity (theory): 8 mrad/Hz

in reality 16 mrad/Hz

0,0 335,5 671,0 1006,5 1342,0
0

5k

10k

x - position of mirror M
3
 (nm) 

in reality 16 mrad/Hz

I=I0*[1+V sin(θpertubation+φ0)]

I0 mean flux, V visibility, phase θpertubation



Interferometric measurement: 

Pertubation U
∆Φ∆Φ∆Φ∆Φ = U T /ħ

with T ≈ 100 µµµµs 

(10 cm @ 1000 m/s)

∆Φ∆Φ∆Φ∆Φmin = 1 milliradians

Umin = 6 x 10-15 eV

This interferometer has been applied to measure

- electric polarisability of 7Li

- refraction index of gases for lithium waves

- atom – surface (van der Waals) interaction

and is now applied to measure topological phases 



MeasurementMeasurement of the van der Waals interactionof the van der Waals interaction
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Perreault, J. D. and Cronin, A. D., PRL  95, 133201 (2005)

G4: diffracting in severals orders -> only zero order diffractions contributes to dephasing



Our Our measurementmeasurement of the van der Waals interactionof the van der Waals interaction

window

A: both beams pass through the grating

B: one beam pass the grating

C: both beams pass through the window

C B A

Nanograting: 

silicon nitride surface covered with Au/Pd 
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Vary the atom velocity (750 – 3500 m/s)

Dephasing ∝ v-0.49

Interpretation not simple:

for high atom velocities, the atom contributing

to the fringes probes smaller atom- surface 

distances



vdW atom surface potentiel

Model ingredients:

Fourier optics for atom wavesFourier optics for atom waves

Phase shift ~ probe of the interaction 

near a velocity-dependent position.

X

X

X

X



Interaction type:

C3/r3χ2 function

of Cp/rp

Evaluation of C3 :

C3 = 3,25 +/- 0,2 meV.nm3

Non retarded van der Waals interaction:



Non-Newtonian gravitation
Potential energy modified by graviation:

Amplitude Portée

correction type « Yukawa »

Goal:Goal:

constrain α for given λ in the region between 1 – 10 nm

Interaction between Li atom and a slit:

r

d

d >> λ



S. Dimopoulos and A. Geraci (PRD 2003)

(extracted from Fischbach et al.

PRD, 64, 075010)

Constraint on α and λ :

(α,λ)
Fit C3 for Φ0(v) Comparaison of 

residuals

Acceptation

Rejection

|α||α||α||α|

Our measurement (λ,αλ,αλ,αλ,α)

(α,λ) = (<1028,1 nm) 

(α,λ) = (<1026,2 nm) 

(α,λ) = (<1023,10 nm)

vdW: Y.N. Israelachvili and D. Tabor, Proc. R. Soc. London A331, 19 (1972)

Ederth,: T. Ederth Thomas PRA 62 062104 (2000)



Conclusions: 

-precision interferometric measurement of the phase shift 

introduced by the van der Waals interaction between atoms and

a silicon nitride grating with a 2% uncertainty

-Measurement of the velocity dispersion of the phase shift

It scales like v-0.49, in agreement with a modelisation

-We determined by van der Waals coefficient C3 for Li and -We determined by van der Waals coefficient C3 for Li and 

a silicon nitride surface covered with Au/Pd layer with a 6% uncertainty

-The velocity dispersion allows us to establish a contraint of a 

possible non-Newtonian gravitational interaction :

We got an upper limit comparable to the best published values in the l≈2 nm range

14-19 february 2010



Outlook:

-We are actually measuring the He-McKellar-Wilkens effect

topological phase resulting from (induced) dipoles moving in magnetic fields

-Measurement of dephasing/decoherence of matter waves by radiation

-Construction of a 2nd generation atom interferometer

atoms with v=10-1500 m/s, slowed by radiation forcesatoms with v=10-1500 m/s, slowed by radiation forces

brilliant lithium atom beam ,high flux, small velocity distribution 

active stabilized interferometer bench

-Measurement of the retarded van der Waals interaction (Casmir-Polder interaction)

-matter neutrality …..

-
14-19 february 2010
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Constraint on α and λ :

(α,λ)
Fit C3 for Φ0(v) Comparaison of 

residuals

Acceptation

Rejection

1: Cavendish-type experiments

2: Casmir forces measurements

3: van der Waals forces measurements3: van der Waals forces measurements

4: our results

Figure extracted from Bordag et al, Physics Reports 353, 1-205 (2001) 

(α,λ) = (<1028,1 nm) 

(α,λ) = (<1026,2 nm) 

(α,λ) = (<1023,10 nm)



Constraint on α and λ :

(α,λ)
Fit C3 for Φ0(v) Comparaison of 

residuals

Acceptation

Rejet

λ > 10 nm :

D. J. Kapner 

(PRL 2007)

λ dans [1 nm, 10 nm] :

S. Dimopoulos 

(PRD 2003)

(α,λ) = (<1025,1 nm) ou 

(α,λ) = (<1023,10 nm)



Calcul de C3

Formule de Lifshitz :

avec

Indice optique

Il faut évaluer         et

Calcul de              (Si3N4)

Mesures optiquesMesures optiques

Gap

Fréquence, force, 

largeur spectrale 

de résonance

Ajustement :

Jellison et al

Kramers-Kronig



Calcul de             (7Li) :

soit

(forces d’oscillateurs des transitions)

Transition de 
résonance (2s → 

2p)

Autres 
transitions

Force 
d’oscillateur

0.746 0.254

Polarisabilité 
statique α0 99% (α =161,945 1,32% (2,166 

C3 = 3,12 meV.nm3 cohérent avec C3 = 3,25 +/- 0,2 meV.nm3

(exp)

statique α0

(164,111 u.a. 
Z.-C. Yan, PRA 

1996)

99% (αres=161,945 
u.a.)

1,32% (2,166 
u.a.)





Induced dipôle

d= α (E+ v × B)

Motional field

E’=E+ v × B }
Effect depends on  (v, B, E)

U=α/2 (E+ v × B)2

φ ∼ α ∫ [E2+ 2v.(B × E)] dt/ (2ħ)

Effect HMW

EE

Li

50 mm

B

B

vd

with E = 5×105 V/m B = 0.015T 

⇒ ∆φ∆φ∆φ∆φ ∼∼∼∼ 20 mrad


