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Optical Mach-Zehnder interferometer

mirror
detector
beam splitter
photons R
—— —_
. . mirror Interferomejcer
beam splitter arm separation !

And a atom Mach-Zehnder interferometer ?

Main differences:
 one should work under vacuum (107 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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Atom interferometer with separated paths
Coherent manipulation of atomic waves

(2)
Mach-Zehnder atomnterferometer with-amplitude gratings

Atom beam ] Ayp/a ‘

Beam $plitter
(Aga) |

<«

gra"cing

The mirrors and beam-splitters of the Mach-Zehnder optical interferometers are replaced by
nanograting diffraction

Period = 100 nm

1991-2004 group of David E. Pritchard at MIT Front View

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




Atomic interferometer with Bragg phase gratings

collimated L
atomic beam

~—~

N
N\

L=0.6 m
Beam separation: 100 um

. detector
exit 1

3 laser standing waves

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.



Energy conservation
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Op = M -

BRAGG diffraction condition

O = p Ags/ AL
= 80 prad (p=1)

Momentum conservation

A =671 nm

p = diffraction order




Diffraction par onde stationnaire dans le régime de Bragg :

‘k+2 (dlffracted wave
\ / at order p) - laser power
OSCIllatlon de Rabi - laser detuned from resonance
- waist w,, (interaction time)
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* no losses (phase grating)

e stray beams suppressed

e choice of diffraction order

e choice diffraction amplitude
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It is possible to work with higher ordres: p=1,2,3



The Toulouse atom interferometer
. Standing laser waves
Collimation

slits R, R, R

Detection slit
Source

lithium
+ argon

800 °C

y
Interferometer arm separation L, " L,, = 0.,6m  Hot wire
100 X p micrometres detector

Wave vectors should fullfill the following condition
k +p (kg - Kgy) =Kk +p (Kg; - Kg3)

scan the fringes 0,=2pk, (X, - 2x, + X;) phase non-dispersive !



Atom interference fringes with 7Li

Signal (c/s)

_ ; diffraction order p =1

ot A 3 counting time = 0.1 s/point
35k |- $ ] |
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Interferometric measurement:

Pertubation U
\ AP=UT/h

with T = 100 s
(10 cm @ 1000 m/s)
A®_ . =1 milliradians
U,,=6x10" eV

This interferometer has been applied to measure

- electric polarisability of ’Li

- refraction index of gases for lithium waves

- atom — surface (van der Waals) interaction
and is now applied to measure topological phases



Motivation
Measurement of the van der Waals interaction
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G4: diffracting in severals orders -> only zero order diffractions contributes to dephasing

Perreault, J. D. and Cronin, A. D., PRL 95, 133201 (2005)



Our measurement of the van der Waals interaction
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- A: both beams pass through the grating
B: one beam pass the grating

“ C: both beams pass through the window

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

0.26 |
O 1st order diffraction
< 0.24 A second order diffraction
a‘z ---- Power law fit
B’ 0.22 —— Numerical model fit
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Interpretation not simple:
for high atom velocities, the atom contributing
to the fringes probes smaller atom- surface
distances



vdW atom surface potentiel
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Model ingredients:
Fourier optics for atom waves
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Interaction type:

¥* function
of Cp/rp

Chi Squared

C,/r3

Evaluation of C§ :

Non retarded van der Waals interaction:

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




Non-Newtonian gravitation

Potential energy modified by graviation:

correction type « Yukawa »

V(ir) = —G2[1 + aexp(—r/A)] @-
r t A m
[ \
Amplitude Portée

Goal:

constrain a for given A in the region between 1 - 10 nm

Interaction between Li atom and a slit:
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Constrainton a and A :

: Ederth ®
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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%%9, in agreement with a modelisation

-We determined by van der Waals coefficient C; 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 I=2 nm range
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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 2"d generation atom interferometer
atoms 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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Figure VIL.12: [llustration de I'effet d un potentiel additionnel de type Yukawa sur la dépendance de Ia
phase en fonction de la vitesse. La ligne continuée représente un ajustement d 'un modele
théorique simple avec uniquement le potentiel de Van der Waals (C; = 3 meV - nm?).
La ligne pointillée montre le calcul contenant le potentiel Van der Waals et le potentiel
gravitationnel modifié d égquation VII. 19. Pour ce potentiel nous avons pris A = 10 nm et
o = 1022, 11 faut noter que C a été modifié (C3 = 2.17 meV - nm®). La prise en compte
du potentiel gravitationnel modifie clairement la dépendance de la phase en fonction de
la vitesse atomique et dans ce cas les données expérimentales rejettent le choix des deux
parametres (Aq, o).



190 M. Bordag et al. | Physics Reports 353 (2001) 1-205
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Fig. 28. Constraints for the Yukawa-type hypothetical interaction following from Lamoreaux experiment are shown
by curves 4,a (g > 0) and 4,b (xg < 0). Constraints following from the experiments by Mohideen et al. are shown
by curves 5 and 6. Curves 1-3 are the same as in the previous figure.
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Fig. 1. The bounds on the value a vs. A (90% C.L.) from
difierent non-Newtonian gravity experiments (the area
above the lines is excluded ): (/') Cavendish-type experi-
ment of Seattle group |5]; (2) microcantilever Cavendish-
type experiment of Stanford [6]; (:3) Casimir force mea-
surements, constraints from |7, 4], based on earlier ex-
periments of [8, 9] (4) Casimir force measurement [10],
the bound from[11];(5) Casimir force measurements with
atomic-force microscope [ 12], bounds from [4]; (6) neu-
tron quantum levels in the Earth's gravitational field,
experiment|13], bounds from [ 1];(7) van der Waals force
measurements [9], bounds from [ 14, 4]; (&) atomic-force
microscopy experiment [15]; (9) bounds obtained in this
work from x-ray energy measurements in antiprotonic
sulfur atoms [16]; ( /() bounds obtained in this work from
the measurements of the transition frequencies between
large n levels in antiprotonic He atoms [17]; (/1) bounds
obtained in this work from analysis of neutron total cross

section scattering by ***Pb nuclei[18, 19].

10° —— T
10° 10° 107 10° 107
X, meters

Fig. 1. The constraints on o following from the experiment [7] (the solid line) in comparison
with that from the measurement of the Casimir and the van der Waals forces [4] (the dashed line).
The dotted line shows a limit which can be easily obtained by an improvement of this experiment.
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Constrainton a and A :

Fit C; for @y(v)
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1: Cavendish-type experiments

2: Casmir forces measurements

3: van der Waals forces measurements
4: our results
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(a,A) = (<10%6,2 nm)
(a,A) = (<102%3,10 nm)

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



Constraint on a and A :
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Figure VIII.1: Les effets Aharonov-Bohm (a) et Aharonov-Casher (b). j1 désigne un dipole magnétique et
e+ une particule chargée.
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Figure VIIL.2: Les effets Aharonov-Bohm dual (c) et He—McKellar—Wilkens (d) d désigne un dipole élec-
trique et g+ est un monopole magnétique.



Effect HMW

Motional field Effect depends on (v, B, E)
E’=E+ v X B

Induced dipole U=0a/2 (E+ v X B)?

d= o (E+ v X B)

0 ~ o ] [E*+ 2v.(B x E)] dt/ (2h)

SR EE
d |, 7 oleleleesele)

50 mm
B with E = 5%x10° V/m B = 0.015T

= A ~ 20 mrad




