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v Atom Interferometry consists in physical phenomenas where the wave nature of
atoms (and in particular the external degrees of freedom) is concerned.

< Analogous to light waves phenomenas, but for de broglie waves

< More generally understood as interferences between quantum paths
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v ~1990 : first demonstrations
< Young fringes
= Interferometers with physical gratings
= Interferometers with light gratings

=< Interferometers with light pulses

v Related to de Broglie waves

~Works with “any king” of molecules
(even fulerene and enventually viruses)
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MANIPULATING ATOMS WITH LIGHT
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v Light is used to cool down atoms : exchange of
energy between atoms and light \
=~ Relies on photon absorption, no coherence, -

~@
no interferences. ;97/
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ATOMS AND WAVES  ranissio
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High
il ! B Temperature T:
f thermal velocity v
<N density d-3
¢ ~ T \ "Billiard balls"
Low
ﬁ {:,\B%‘ é ZZ Temperature T:
V\N De Broglie wavelength
NV AdB=h/mv o« T-1/2
zZ \/L % "Wave packets"
i | o “M9Ae backege,

Atoms cooled below 1 pK
Distribution of particles with velocities around mm/s

Distribution on matter waves with de Broglie wavelength = 1 pm

v Itis possible to observe atomic diffractions, interferometry ...
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v Light is used to cool down atoms : exchange of
energy between atoms and light \

< Relies on photon absorption, non coherent, \O -

no interferences. ﬁ \

v Light can be used to manipulate coherently the matter waves

v Coherent manipulation of atomic states | v Non-dissipative potentials made with light
O Rabi oscillation (coherent) - O No photon scattering (coherent)
E
O Photon momentum exchange % O Dispersive (dephasing) part of
radiative force
- L = )
Vv -~ U=—-d-E=—aw)FE
o
- Optical traps
LJS‘{)&
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MANIPULATING ATOMS COHERENTLY

v Thanks to our ability to manipulate matter waves, we can create :

= Coherent beams of atoms, atom lasers.

= a) ¥ Y"(--—— - -
=~ Atom interferometers | . I [®
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< Quantum simulators using matter and light

&

* PARIS-SUD 11

o

IFRAF

BOUYER - Matter Waves - 13 July 2010



&

INSTITUT

d'OPTIQUE
GRADUATE SCHOOL

ATO M LAS E RS * PAR]s'-sUb}i

IFRAF

I\

High
il ! B Temperature T:
f thermal velocity v
<N density d-3
¢ ~ T \ "Billiard balls"
Low
ﬁ g}% é ZZ Temperature T:
V\N De Broglie wavelength
NV AdB=h/mv o« T-1/2
zZ \/L % "Wave packets"
s | o “M9Ae backege,

Atoms cooled below 1 pK
Distribution of particles with velocities around mm/s

Distribution on matter waves with de Broglie wavelength = 1 pm

v Itis possible to observe atomic diffractions, interferometry ...
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High
- ! B Temperature T:
f \ thermal velocity v
density d-3
\ .\h’\d” t "Billiard balls"
Low
§ ﬁ,}%‘ é ZZ Temperature T:
V\N De Broglie wavelength

AB=h/mv « T-1/2
ZZ \/L‘ J\i\/ % "Wave packets"

T=Tcrit:
Bose-Einstein
Condensation

Adg=d
"Matter wave overlap"

T=0:
Pure Bose
condensate

"Giant matter wave"
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COOLING ATOMS TO BOSE-EINSTEIN CONDENSATION B i

refroidissement radiati

Piegegae non dissipatif et
refroidissement évaporatif

~100 nK
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ATOM LASER

BEC is a coherent matter wave

- —

— =
-_— = — =
From the light bulb ... ... to the laser

Atom laser gallery ¥ i

Peer pressure in the laser lab
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v An atom interferometer will use a series (at least two) coherent
splitting processes to “create” multiple paths that will interfere.

N, ~UT

4 —p
Atom cloud Interrogation time: T \/\/

@ ;
j(])utput channel 1

coherent coherent
= beam splitting beam mixing

@ ]Yx])utput channel 2

Sensitivity: Aﬁ)q)- ~ JNxT®

Ao
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* reseavopique Y ADSOrption of photon from on laser and
stimulated emission to the retroreflected beam
Chambre de science ?“
¢

< Rabi oscillation between 2 (or more) state

=~ Different momenta since photons carry

momentum
||'| g

BEC | v %
1 3\{3‘ s %
g R o B3

VA

R

[T

dans 1'etat diffracte

|
W
=+

1 1
0 1000 2000 3000
Tpulse (us)

Miroir de rétroréflection

6 Faisceau MOT
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QUANTUM TRAMPOLINE

* PARIS-SUD 11
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v Coherence : all the paths interfere

< The free falling quantum state
is forbidden

=< Quantum levitation

M. Robert-de-saint-Vincent, et al.
Europhys. Lett., 2010. 89(1): p. 5
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s

altitude

.b
time

.3hk

v A series of interferometer :

Ap = —2kqT? + ddy
v Final fringe separation

[y
Al = o7

0 T T T T _

25toa0f ¢ : Nt
S 3.5t o L A N=20
5 3.0r > e N=25
= L .

20K 2

S
e 10 15 20 25 30
Pulse number

0

1.185  1.190  1.195  1.200  1.205  1.210
Period [ms]

= Measures g with 10> precision

BOUYER - Matter Waves - 13 July 2010



I\

INSTITUT

d'OPTIQUE
GRADUATE SCHOOL

«CLASSICAL» INTERFEROMETERS : INERTIAL SENSORS

vFirst pulse is the 1st beam splitter
< Coherent superposition
< Different speed ¢4
= The two components split

vsecond pulse : mirror
< redirect wavepackets

vLast 11/2 pulse when wavepackets recombine
< output depends on phase difference

0 The phase depends on the
center of mass position of the

atomic WP : (I)(tz') - kx(tz) + (I)O

A¢=¢4 ’1¢1 *¢J

<t
Il
S
Nt
Il
~

t,=2T
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® [nterference fringes : Nar~cos(2TTaT?/ A+®)

0.8- a)
0.7- ' '.%;'?:' ' -.

0.64 - !

OFF «  Without filter

«  With filter
.

().5" - -_

0.4 4

Transition probability

034 =~ "

0.2 +——F—————

005(,'*1"",90)

Calculated phase shift ¢)S\ih (rad)

® Extract acceleration from interference signal

é

|||m|iml|||

i|l||ll|mnu||lllm

_ w/A o= 4 nad —_ A
As,. = VAr £ 72 Yn5

= T=100 ms : measures g with 1072 precision
and accuracy
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Monitoring of local gravity using I' = 400 ms fringes

20 Er T T T L L ) L U U L I s LU PP L PR e | SR UL LT U .
=00 . Expe entd data 1 T = 400 ms fmnges J n a Ora Orl‘ ES a OI I I
150 Solid th tict nd ocean loading (rmodel 1) )

gravimeters beat the best
comemrcial gravimeters

~ Seismic wave detections
=< Gravity monitoring

<Watt ballance : quantum
definition of the kilogram

Dfieel measured g (uGal = 10%ms?)

_Illl 1l |IIH|I \ll 1] \Hl\H |H\_

Ocean loading (uGal)

l-:i.,lﬁ.,\'\\\ | Hl ] Il\'llllll\ll \!I 1] \I\Hl\H |\L

lNme after 032 07 .01 . 0000 {FPacific Standard Time) 7 hir

2007, January 13 - 04:23 UTC
Kuril Islands Magnitude 8.1

22-26 december 2006 Experiment
1.0x107 _ . Model

Signal in Paris Period ~17s
50
(ED 0.0
g ' il ' ; ‘ ,. " | '
7] 3 i TN FTRLL: T
-1.0x10 : i | = et Laiyd di S
™ ! ! S r f -'," =3 f
B | IS 0 RLUALLD i 4
S ] 2 : ' "!' '
8 vk 8 1
% < » ©
-2.0x10" : : ' r " T -
0 100000 200000 300000 ! : .

Tilll‘(S) UTC Time UTC Time

Bias fluctuations : £ 10€ g

Very robust experiment
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X - o =

4 N = =

s

<4

N Ly 1Ay Density difference between

' pmepes 0 ° water and oil : 0.8. 100 m3

of oil @ 100 m depth = 1 ng
anomaly

Simulated navigation solutions.

5 m/hr system drift demonstrated.
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Gravitational waves are radiated by objects whose motion involves acceleration,
provided that the motion is not perfectly spherically symmetric

I\

Interesting astrophysical objects
(black hole binaries, white dwarf
binaries) are sources of
gravitational radiation in 0.01 - 10
Hz frequency band.

Distance between objects modulates
by hL, where h is strain of wave and L
is their average separation.

. -; L(14 /r\ml.ch»» .
~2
1 G* 4dmyms 1

For the Earth-Sun system, we can find: h, = —m g = —plTx 10" meters.
. N ,

For R = 1 light-year, typical amplitudes will be h = 10725,
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Differential accelerometer configuration
for gravity wave detection. T=10s

Atoms provide inertially decoupled
references (analogous to mirrors in
LIGO)

Gravity wave phase shift through
propagation of optical fields. L

Gravity wave induced phase shift:

Ad~ h L sin*(&T/2)

| T'=10s
h is strain, L is separation, T is pulse

separation time, o is frequency of

wave o
= Al sensitivity : 10715 m/s?

= 10 km separation: h = 10-1°
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EQUIVALENCE PRINCIPLE WITH QUANTUM PARTICLES = SV

v Compare the free fall of 2 different atomic species.

v Atom interferometry : use a precise ruler to get the

position in time

v n =Aa/a measured at the 107 level with 2 different
isotopes and two different spins, can reach 10-1° on
ground with specific apparatus.

Drop capsule
boundary conditions

] Laser

Electronics

Vacuum

i0m

Computer

=1.73m
d=0.6m
av. Power < 280W
Weight < 274Kkg

10 m atom drop tower.
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< Compact experiment
operating in the 0-g
airbus of Novespace
(CNES)

g e e

-
W
)

PARABOLIC FLIGHT

Height (feet) \ . Helght (metres)
28,210 8,500
26,250 ~ 46° angle 45° angle 6,000
24,610 Nmemi}’{' A\ Nose low ‘a/{ 7500
22,960 : | 7,000
21,320 | : 6,500
{9,660 P ! 6,000

: 1.8(;: Zero-G 1 186

0 2 40

Duration (Seconds)
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2

Kesiaual
acceleration (Im/s")
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'
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5 10 15
Parabola time (s)
Classical a,(t) =
Accelerometer "
2 N 2
. =
4 " : >
i # i
F to i, * L to + 2T

trans. proba.

&

ACCELERATION MEASUREMENT IN NOISY ENVIRONMENT & ot

IFRAF

=< Vibrations correspond to
100 fringes shift.

< No measurement
possible ?

acceleration [ms'z]

- 1 , I 'A |
100 1200 5 ol || M H II.M. ”'
100 n rﬁg?s] 300 400

28
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03 :
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0.2r = IRIBA0BIGEINIC = Correlation with low perf classical

2
)
o

accelerometer allows to reconstruct
the fringes

< 30 ug of resolution, 1000 times
smaller than the noise.

S
i

acceleration (ms”

o
h

P | STERN, G., et al., EUROPEAN PHYSICAL JOURNAL D, 2009. 53(3): p.

" time: 10nZ6mindzee 353-357.
-04
0

100 200 300 400 29
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ATOM LASER

BEC is a coherent matter wave

- —

— =
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From the light bulb ... ... to the laser

Atom laser gallery ¥ i

Peer pressure in the laser lab
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BEC is a coherent matter wave

- —— —
. = pu—

0

BEC is a macroscopic quantum state where
interaction play a important role

o 0 3 2
el h 5 2
/P AELEE vENP Y Y
o ih— ===~ Vy+Vy+g | v

0 Propagation follows a non-linear shrodinger
equation (Gross-Pitaevski)

Inversion of

ellipticity in

i 1 Distribution of k-vector
time of flight Q /\ D h
= BOI!YER - G

[ "

2010
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ANALOGY WITH CONDENSED MATTER

Superfluidity

BEC-BCS Nature 415 5044 2002
crossover

Degenerate mixtures
(bosons,fermions).

Controllable
configurations and
Interactions

C.A. Regal & D.S. Jin.,
PRL 90, 230404, 2003 BOUYER - Matter Waves - 13 July 2010
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«Quantum simulators» : building a controllable quantum system to
simulate other quantum systems.

Quantum system

toy-model of the magnified lattice
structure of a “solid”

N
3

Controllable quantum system =

Quantum Simulator

Simplified model
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One of the key topics in condensed matter physics is to study the
response of electrons to an electromagnetic field

Can we simulate transport and conduction of electrons with atoms.

What is the role of disorder ...
BOUYER - Matter Waves - 13 July 2010
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In a perfectly ordered metal

Electric field

ﬁ
G O 0.0

lonized Atom

F'ree Electron

Diffusive transport caused by scattering on lattice defects (Drude model)
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In a perfectly ordered metal

Electric field

ﬁ
G O 0.0

lonized Atom

F'ree Electron

Diffusive transport caused by scattering on lattice defects (Drude model)

Thermal excitation increases diffusion = reduced conductivity
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Experimental implementation i’

Crossed dipole trap with 1 small beam

J.-F. Clément, et al., Phys. Rev. A 79, 061406(R) (2009).
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2D trap

Fiber coupler

A=767nm BLUE DETUNED
P=150mW
f =600 Hz

CENTRE NATIONAL.
DE LA RECHERCHE
SCIENTIFIQUE

UNIVERSITE
* PARIS-SUD 11

IFRAF

cylindrical lenses

O-1r phase plate

G. Stern et al., arXiv:1003.4761
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» N

Fluorescence
imaging

Xy

» X —>

2D trap optical setup

et ¢

Phase-plate

o]

Science chamber
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4000
3000%
2000

1000
800

600

400t
300

200

100
80
60

401
30

central density - atoms per pixel

'—I
© » oo
1] 1] 1

| ® Free expansion : -2.217

01 0.02 0.030.04 0.060.080.1 0.2 0.3 0.4 0.6
time - s

k,T
r(t) = r(O)+Mt

2D density scales as 1/r?
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»N

Diffusive

lat
e -

Argon laser ~§" T
Jasalenm i NA/( e - e
-
'|' < > B
Nens | i
ens X
[

Depth of the optical wells

Indirect (CCD) and direct (using HF spectroscopy) measurements
Statistical properties verified o) ~< [ >
Potential depth oy calculated from oy

Spatial autocorrelation : C(6z)= <V(z)V(z+5z)>

VYRR a7 NCET)

_ 2% /

Good agreement with HF measurements (calibration)
Disorder amplitude definition v : v = ov/u

2010
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Z
A Fluorescence
imaging
XY
» X —> .
) Speckle optical setup
2D trap optical setup

Diffusive plate
Phase-plate

ol

Science chamber
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without disorder

-*'
< 34

with disorder

| ® Free expansion : -2.217 =

| A Expansion with disorder : -1.092 |

.01 0.62 0.63 0.04 O.|06 O.IOS 01.1 0’.2 0'.3 01.4 Ol.6
time - s

r(t)=r"(0)+ v t

4000
3000%
2000

‘o 1000
800

600

400t
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80}
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30}

central density - atoms per pixel

=
© » oo

2D density scales as 1/r
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Since kpT'/hw ~ 6 and ko, ~ 5 ,we expect classical dynamics

3 regimes present during the expansion :

Below percolation threshold (E = 0.5 V) : trapping

a5 -;S

E/V=0.1 E/N=0.4 E/V=1

L.N. Smith and C.J. Lobb, PRB 1979
A. Weinrib PRB 1982
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Since kpT'/hw ~ 6 and ko, ~ 5 ,we expect classical dynamics
3 regimes present during the expansion :

Below diffusion threshold (E = 2 V) : sub-diffusion

40

—
—

30F

p—
T

201

2
©
T

scaling coefficient o(E)

0.7}
-10}
DB}
2 0 5 10 15 20 A aY(E)
- 05 1 1 1
05 1 1.5 2 25 3
E/f VR

BOUYER - Matter Waves - 13 July 2010



INSTITUT /

I - i i g PPPPP -SUD 11
svoroue ——  Expansion, diffusion, trapping ...

GRADUATE SCHOOL

IFRAF

Since kg'l'/hw ~ 6 and ko, = 5 ,we expect classical dynamics

3 regimes present during the expansion :

Diffusion

‘n

Ea

£

=3r

w

kil
1_

N 3 10 30
720 0 20 40 60 80 100 E/NV ’Y§=2 .8

D¢(E) = DZ(E/V)Y¢  anisotropy of 3.7
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gl Measuring diffusion coefficients
GRADUATE SCHOOL
X-Position (um) Integrated density (a.u.) . ) \ ) \
S0 0 S0 5 4.3 2 1 Profiles contain ballistic wings
” | Exp:y=33@3) + diffusive central part
H Th: Yin=2.8
; Anisotropy ratio:  Diffusion coefficients : D.,(E)
> Exp: 3.45(15) : 1
-500/ Th: 3.7 Profile = sumE( e DB )
37 b .
::;: ,: @ 50 ms with disorder Pb What IS D(E) 7
é 4 :.'. === 50 ms without disorder Weak Scatterlng D(E) - DOEOC
g 2 ] 200 ms with disorder
g 4

D, ~0.13 mm’s” ; ot ~ 3
M. Robert-de-saint-Vincent, et al.

arXiv:1004.0312, to appear in PRL
BOUYER - Matter Waves - 13 July 2010



ool == MATTER WAVES AND QUANTUM TRANSPORT

GRADUATE SCHOOL

IFRAF

If the length scales become small compared to the de Broglie
wavelength and/or the phase coherence Ilength, then quantum
mechanics will rule the transport properties.

The probability for a particle to go from point A to point B is the sum of
the amplitudes of all possible trajectories.

Interference terms can appear and the transport properties can be
modified
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PHYSICAL REVIEW VOLUME 109, NUMBER 5§

Absence of Diffusion in Certain Random Lattices

P. W. ANDERSON
Bell Telephone Laboratories, Murray Hill, New Jersey

(Received October 10, 1957)

g This paper presents a simple model for such processes as spin diffusion or conduction in the “impurity
band.” These processes involve transport in a lattice which is in some sense random, and in them diffusion
/ is expected to take place via quantum jumps between localized sites. In this simple model the essential
= randomness is introduced by requiring the energy to vary randomly from site to site. It is shown that at low
enough densities no diffusion at all can take place, and the criteria for transport to occur are given.

ol
If mean free path smaller than de Broglie wavelength:
constructive interference of trajectories returning to

origin: localized states: insulator
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Experimental implementation i’

Crossed dipole trap with 1 small beam

£

J.-F. Clément, et al., Phys. Rev. A 79, 061406(R) (2009).
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bl OBSERVATION OF LOCALISED WAVEFUNCTION & s
GRADUATE SCHOOL
€
éOS
_ag’ No disorder
410 2 = e 1
N, =1.7«10* Vi = ¥ o i __ Exponential fit
_ N, © L
Valu, = 0.12 a Expansion ,
=390 o fime (&) exp(-2[2|/ Ly )
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Billy, J. et al. Nature 453, 891-894 (2008). ' |
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MATTER WAVES AND ATOM INTERFEROMETRY

SIMULATE «QUANTUM MATERIALS» WITH ATOMS AND LIGHT
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Q O & .. Atom laser and quantum Degenerate mixturgs in
N transport e optical structures
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=M Applications of | COherent Atom Sources and Atom
.Gl Interferences
interferometry

From fundamental properties of Atom laser
to quantum atom sensor applications
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Atom interferometry in
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BEC in optical high
finesse resonators
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