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quantumquantum--gas research connectsgas research connects
 almost all fields of physicsalmost all fields of physics

 ((AtMolOptAtMolOpt, , CondMatCondMat, , NuclNucl, …), …)
but hardly but hardly Quantum OpticsQuantum Optics

the art of making measurementsthe art of making measurements
 and controlling fluctuations,and controlling fluctuations,

 as introduced by Roy as introduced by Roy GlauberGlauber



1960s: laser1960s: laser
 11stst--order coherence:order coherence:

phasephase--stable lightstable light

1980s: photons1980s: photons
 22ndnd--order coherence:order coherence:

correlated photonscorrelated photons

quantum light and quantum matterquantum light and quantum matter

1990s: BEC1990s: BEC
 11stst--order coherence:order coherence:

phasephase--stable matterstable matter

2000s: atoms2000s: atoms
 22ndnd--order coherence:order coherence:

correlated atomscorrelated atoms

light:light:
open systemopen system
(photons leave)(photons leave)

matter:matter:
closed systemclosed system

(atoms stay)(atoms stay)

what happens in dissipative matter systems ?what happens in dissipative matter systems ?



light systems versus matter systemslight systems versus matter systems

solid state physics:solid state physics:
system structuresystem structure
Hamiltonian descriptionHamiltonian description
dissipation = perturbationdissipation = perturbation

input
output

quantum optics:quantum optics:
system dynamicssystem dynamics
master equationmaster equation
measurement = informationmeasurement = information

quantum system Ψ



outlineoutline

1)1)

 
scattering theoryscattering theory

2)2)

 
ultracold moleculesultracold molecules

3)3)

 
strong correlationsstrong correlations

4)4)

 
TonksTonks--Girardeau gasGirardeau gas

5)5)

 
quantum Zeno effectquantum Zeno effect

6)6)

 
optical control ofoptical control of

 
particle interactionsparticle interactions



elements of scattering theoryelements of scattering theory

Schrödinger equation:

ansatz
 

(spherical symmetry):

box potential:



elements of scattering theoryelements of scattering theory

Schrödinger equation:

wave function (l=0):



elements of scattering theoryelements of scattering theory

matching of wave functions at r = R0

 

:

phase shift:



physical significance of the phase shiftphysical significance of the phase shift

scattering length: cross section:



box potential: scattering lengthbox potential: scattering length



box potential: bound statesbox potential: bound states
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Feshbach resonance: simple pictureFeshbach resonance: simple picture



Feshbach resonance: simple pictureFeshbach resonance: simple picture



Feshbach resonance: real pictureFeshbach resonance: real picture

87Rb l=0
|f1

 

=1, mf1

 

〉 ⊗ |f2

 

=1, mf2

 

〉

Marte

 

et al., Phys. Rev. Lett. 89, 283202 (2002)



theoretical prediction for theoretical prediction for 8787RbRb
van Kempen

 

et al., Phys. Rev. Lett. 88, 093201 (2002)

high-resolution experiments with δB/B ~ 10-6

zero-energy resonances
in the atomic ground state |F=1, mF

 

=1〉:



meeting the challengemeeting the challenge

electric current: ≤ 1760 A
magnetic field: ≤ 1280 G
absolute stability: ≤ 0.01 G



experimental observation for experimental observation for 8787RbRb
Marte

 

et al., Phys. Rev. Lett. 89, 283202 (2002)

all 43 but 1 resonances explained

tune magnetic field and record
 loss of atoms due to collisions



creation of moleculescreation of molecules

magnetic field B

energy E

atom pair
(open channel)

molecule
(closed channel)

(oversimplified) naïve model:
two-level system with avoided crossing

slow magnetic-field ramp:
adiabatic conversion of atoms into molecules and back



SternStern--Gerlach separation of atoms and moleculesGerlach separation of atoms and molecules

7% 30%w/gradient
3 ms @ 23 G/cm

hold field
1005.2 G

w/o gradient
(reference)

260 µm

105

 

atoms

Dürr

 

et al., Phys. Rev. Lett. 92, 020406 (2004)

molecules
(reconverted

to atoms)

atoms
(not converted
to molecules)

87Rb |F=1, mF

 

=1〉 ⊗ |F=1, mF

 

=1〉

 

@ B0

 

=1007 G (∆=210 mG)
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quantum gasesquantum gases

weakly interacting gasweakly interacting gas
((BEC, …BEC, …))

strongly correlated gasstrongly correlated gas
((Mott, Mott, TonksTonks, …, …))

interinter--particle distanceparticle distance

 
versusversus

 
scattering lengthscattering length

continuum description:continuum description:

 
GrossGross--PitaevskiiPitaevskii

 

equationequation

hopping amplitudehopping amplitude

 
versusversus

 
onon--site interaction energysite interaction energy

discrete description:discrete description:

 
BoseBose--Hubbard HamiltonianHubbard Hamiltonian



why are strong correlations interesting ?why are strong correlations interesting ?

solidsolid--state physics:state physics:
highhigh--temperature superconductivitytemperature superconductivity
fractional quantum Hall effectfractional quantum Hall effect
excitations with fractional statisticsexcitations with fractional statistics
topological quantum computationtopological quantum computation
exotic behavior in magnetic systemsexotic behavior in magnetic systems

physical origin:physical origin:
elastic & repulsive interactionelastic & repulsive interaction
wave function vanishes for two wave function vanishes for two 
particles at the same positionparticles at the same position



† †2 2 †1
2

1 1 ,

ˆ ˆ ˆ ˆ ˆ ˆ      

onsitepotential tunnellingenergy interaction
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2
43 4( ) with aU g d r w r g

m
π

= =∫
=G

ultracold particles in an optical latticeultracold particles in an optical lattice

U >> J:
tunneling suppressed

by energy conservation
==> excitation gap

J



it is quite possible that theit is quite possible that the
electrostatic interactionelectrostatic interaction

between electrons preventsbetween electrons prevents
them from moving at allthem from moving at all

Proc. Phys. Soc. Proc. Phys. Soc. 4949, 72 (1937), 72 (1937)



atomic Mott insulatoratomic Mott insulator

number states for Bosons:number states for Bosons:
exactly n=1 (or 2, or 3, …) atoms per lattice siteexactly n=1 (or 2, or 3, …) atoms per lattice site
excitation gap determined by onsite energy excitation gap determined by onsite energy UUsitesite

theory: Jaksch

 

& Zoller

 
Greiner et al., Nature 415, 39 (2002)

0D sites of a
3D optical lattice

( )†ˆ 0
n

Mott i
sites i

aΨ ∝ ∏



momentum distributionmomentum distribution
Greiner et al., Nature 415, 39 (2002)

 
Volz

 

et al., Nature Phys. 2, 692 (2006)

†ˆ 0
N

SF i
sites i
a

⎛ ⎞
Ψ ∝ ⎜ ⎟

⎝ ⎠
∑

superfluid state: insulating state:

( )†ˆ 0
n

Mott i
sites i

aΨ ∝ ∏



excitation gapexcitation gap
Stöferle

 

et al., Phys. Rev. Lett. 92, 130403 (2004)
Volz

 

et al., Nature Phys. 2, 692 (2006)

Usite

 

2Usite



atom pair molecule

magnetic field

energy

MottMott--like state of moleculeslike state of molecules
Volz

 

et al., Nature Phys. 2, 692 (2006)

number := 100%
visibility = 93%

number ≈ 47%
visibility = 80%

number ≈ 85%
visibility = 86%



87Rb |F=1, mF

 

=0〉 ⊗ |F=1, mF

 

=0〉

 

@ B0

 

=414 G (∆=15 mG)

atom pair molecule

magnetic field

energy

atomsatoms--molecule oscillationsmolecule oscillations
Syassen

 

et al., Phys. Rev. Lett. 99, 033201 (2007)



atom pair molecule

magnetic field

energy

excitation spectroscopyexcitation spectroscopy
Dürr

 

et al., ICAP 20, 278 (2006)

excitation spectroscopy:excitation spectroscopy:
 why is there no resonance ?why is there no resonance ?
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TonksTonks--Girardeau gasGirardeau gas

ideal gas of Bosons in one dimension:

hard-sphere repulsion mimics Pauli
 

principle:

Tonks, Phys. Rev. 50, 955 (1936)
Girardeau, J. Math. Phys. 1, 516 (1960)



1 1( ) ( ) sgn( - )
symmetric antisymmetric antisymmetric

   Bose n Fermi n i ji j
x x x x x xψ ψ

<
= ∏" "���	��
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TonksTonks--Girardeau gasGirardeau gas

Bosons

xi

 

-xj
ψ Fermions

xi

 

-xj
ψ

Tonks, Phys. Rev. 50, 955 (1936)
Girardeau, J. Math. Phys. 1, 516 (1960)



oneone--dimensional Bose gasdimensional Bose gas

2
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Schrödinger equation:
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+…

Lieb

 

& Liniger, Phys. Rev. 130, 1605 (1963)
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low temperature & low densitylow temperature & low density



elastic versus inelastic collisionselastic versus inelastic collisions

elastic collisions: number of particles is conserved

inelastic collisions: released energy >> trap depth

loss of particles



2

1 2

1 2

2 1
nn n

R
n n

→∞−
+

⎯⎯⎯⎯→=

strong loss causes reflectionstrong loss causes reflection

strong dissipation causes reflection:
vanishing boundary condition at the surface

classical optics:

Im(n2

 

): absorption

 
= loss of intensityindex mismatch

even for imaginary n2

n1
n2

xi

 

-xj

ψ



( ) ( )

( ) ( )
( )
( )

2
2

2 2

2 2
2

2 Im( )

0

0and

d

n x
K g g

n K g n
dt

n x
− =

= −

=
=

strong loss causes reflectionstrong loss causes reflection

inelastic two-body collisions
⇒

 

Tonks-Girardeau gas
⇒

 

suppression of loss

Dürr

 

et al., Phys. Rev. A 79, 023614 (2009)
Garcia-Ripoll, New J. Phys. 11, 013053 (2009)

xi

 

-xj

ψ



from real to imaginary scattering parametersfrom real to imaginary scattering parameters

1
2

2
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Dürr

 

et al., Phys. Rev. A 79, 023614 (2009)



loss suppressed by lossloss suppressed by loss
Dürr

 

et al., Phys. Rev. A 79, 023614 (2009)

2 ~

interaction parameter:

int

kin

Umg
En

γ =
=

( ) 2(2) 2 20 4 3 ~g nπ γ=( )(2) 0 1g =

inelastic collisions fermionization reduced losses



atom pair molecule

magnetic field

energy

Feshbach molecules in 1DFeshbach molecules in 1D



timetime--dependent lossdependent loss
Syassen

 

et al., Science 320, 1329 (2008)

Syassen

 

et al.,
PRA 74, 062706 (2006)

( )

( )

22(2) 2 2
2

2 1uncorrelated gas:

dn K g n g n n
dt

g

= =

=

molecules
in tubes

naïve expectation

 
K3D

 

= 1.5×10-10

 

cm3/s



timetime--dependent lossdependent loss
Syassen

 

et al., Science 320, 1329 (2008)

( )

( )

22(2) 2 2
2

2 2~correlated gas:

dn K g n g n n
dt

g n

= =

g(2)(0) = 0.11
 |γ| = 11

 Im(a) = -450 a0

 

g(2)(0) = 0.11
 |γ| = 11

Im(a) = -450 a0

experimental observation

 
K3D

 

= 2.2×10-10

 

cm3/s

molecules
in tubes

naïve expectation

 
K3D

 

= 1.5×10-10

 

cm3/s



loss suppressed by lossloss suppressed by loss
Dürr

 

et al., Phys. Rev. A 79, 023614 (2009)

2 ~

interaction parameter:
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Umg
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=

( ) 2(2) 2 20 4 3 ~g nπ γ=( )(2) 0 1g =



……
 

……

……
 

……

one-dimensional lattice:

increase of the correlationsincrease of the correlations

one-dimensional tubes:

…
 

correlation increases, g(2)(0) ~ 1/m2

optical lattice effective mass increases …

g(2)(0) = 1g(2)(0) = 0.1

g(2)(0) = 1g(2)(0) « 1



from a closed Hamiltonian system …

…
 

to an open dissipative system

lattice systems with dissipationlattice systems with dissipation

† †2 2 †1
2

1 1 ,

ˆ ˆ ˆ ˆ ˆ ˆ      

onsitepotential tunnellingenergy interaction

N N N

i i i i i j i
i i i j

H c c U c c J c cε
= = < >

= + −∑ ∑ ∑
��	�
 ��	�
 ��	�


Tonks-Girardeau box    Bose-Hubbard lattice



……
 

……

tunneling of moleculestunneling of molecules

VV||||

onsite loss @ rate Γ=-2Im(U)/ħ

tunneling @ rate 2J/ħ

experimental fact:

 
wrong rate & slope

 

experimental fact:

 
wrong rate & slope

stepwise model: tunneling

 
is a bottleneck for losses

 

stepwise model: tunneling

 
is a bottleneck for losses



If the result confirms theIf the result confirms the
 hypothesis, then you've madehypothesis, then you've made

 a measurement. If the resulta measurement. If the result
 is contrary to the hypothesis,is contrary to the hypothesis,
 then you've made a discoverythen you've made a discovery
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continuous measurements in quantum physicscontinuous measurements in quantum physics

quantum theory provides anquantum theory provides an
 algorithm to calculate foralgorithm to calculate for

 specific instants of timespecific instants of time
 the probability distributionsthe probability distributions

 either for the free evolutioneither for the free evolution
 or a measurement (collapse),or a measurement (collapse),
 but not both togetherbut not both together



from free evolution … from free evolution … 
Misra

 

& Sudarshan, J. Math. Phys. 18, 756 (1977)
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……
 

to repeated observationsto repeated observations
Misra

 

& Sudarshan, J. Math. Phys. 18, 756 (1977)

2 2 2 2
1ln ( )

1

[0, ] /

/ 2 / ( 1) /
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during time interval , perform  
measurements every  seconds, i.e. at times 

, , ...,
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= = = =

( ) 1
nuous observation ( ):

an observed system never evolves: Zeno effect
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→∞
=



internal dynamics Ω
external damping Γ

open quantum systemopen quantum system

|0〉 |2〉

|1〉

effective decay rate

 
Ω2/Γ

time

time

P(|0〉)

strong coupling Γ << Ω

P(|0〉)

weak coupling Γ >> Ω

Itano

 

et al., Phys. Rev. A 41, 2295 (1990)

ΓΓΩΩ



internal dynamics Ω
external damping Γ

open quantum systemopen quantum system

|0〉 |2〉

|1〉

effective decay rate

 
Ω2/Γ

ΓΓΩΩ

|0〉 |2〉

|1〉

tunneling 2J
Bose enhancement √2
onsite loss rate Γ

ΓΓ2√2J2√2J

effective decay rate

 
8J2/Γ

periodic system:
effective decay rate

 
κ

 

= 32J2/Γ



tunneling suppressed by dissipationtunneling suppressed by dissipation

2
2 232dn Jn n

dt
κ= − = −

Γ

K3D

 

= 1.7×10-10

 

cm3/s

Syassen

 

et al., Science 320, 1329 (2008)



pair correlationpair correlation

|0〉 |2〉

|1〉

ΓΓ2√2J2√2J

probability p1
2

(2) 0 1 2 2
2 2 2

0 1 1

pair correlation:
n(n-1) 0×(-1)×p  + 1×0×p  + 2×1×p  + … 2p κg (0) =  =  =  = 

Γ(0×p  + 1×p  + …) pn

probability p2

 

= (8J2/Γ2) p1
2

 
=    (κ/4Γ) p1

2

=    (κ/2Γ) p1
2

 
right or left hopping

wanted: dissipationwanted: dissipation



correlated state versus superfluid state correlated state versus superfluid state 

⇒

2

2

(2)

2
(2) 2

(2)

2

2

dncorrelated state :   = -κn  
dt

dnsuperfluid st

decay suppressed by onsite loss

decay due to onsite los

ate :   = -Γn
dt

κpair correlation:  

J(g <

  g (0) = 

1) = -32 n
Γ

(g =1)

J= 32 
Γ Γ

s

wanted: dissipationwanted: dissipation



giant (antigiant (anti--) correlations) correlations

g(2)(0) = 5×10-4

(2000× longer lifetime)
g(2)(0) = 5×10-4

(2000× longer lifetime)

Syassen

 

et al., Science 320, 1329 (2008)
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imagine one could spatially control/addressimagine one could spatially control/address
 the interaction strength … :the interaction strength … :

transport properties (sound, localization, …)transport properties (sound, localization, …)
 simulations (simulations (superlatticesuperlattice, sonic black holes, …), sonic black holes, …)

 …  …  …  …  … …  …  …  …  … 

a dream to come true ?a dream to come true ?
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interaction energy:

collision cross section: a
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m
aπ ψ
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=
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=

magnetic Feshbach resonancemagnetic Feshbach resonance
Volz

 

et al., Phys. Rev. A 68, 010702(R) (2003) 

control of interaction is possible, but only globalcontrol of interaction is possible, but only global



optical Feshbach resonanceoptical Feshbach resonance

electronically
excited state

Theis

 

et al., Phys. Rev. Lett. 93, 123001 (2004)

poor Franck-Condon
overlap ~ n½

~1/R3

~1/R6

particle loss
 

0.1 ms @ 1014

 

cm-3

optical

internuclear distance R

en
er

gy



optically controlled magnetic Feshbach resonanceoptically controlled magnetic Feshbach resonance

good Franck-Condon
overlap

~1/R3

~1/R6

electronically
excited state

optical

Bauer et al., Nature Phys. 5, 339 (2009)

internuclear distance R

en
er

gy



laser blue detuned from
all molecular transitions

molecular lines @ Feshbach resonance (1007 G)molecular lines @ Feshbach resonance (1007 G)
Bauer et al., Phys. Rev. A 79, 062713 (2009)

photoassociation

bound-to-bound

no further lines "outside" this window



detuned laser: dynamic Stark shiftdetuned laser: dynamic Stark shift

10 ms @
1014

 

cm-3
10 ms @
1014

 

cm-3

Bauer et al., Nature Phys. 5, 339 (2009)

without
light

with light
+576 MHz



resonant laser: resonant laser: AutlerAutler--TownesTownes
 

splittingsplitting
Bauer et al., Nature Phys. 5, 339 (2009)

internuclear distance R

en
er

gy

-2 MHz 0 MHz +2 MHz

'weak' magnetic Feshbach

 
resonance as a probe of a

 
'strong' optical transition

all relevant parameters
of the molecular transition



quantum optics and manyquantum optics and many--body physicsbody physics

quantum optics provides new ideas quantum optics provides new ideas 
beyond simulation of 'conventional' beyond simulation of 'conventional' 
manymany--body systems: body systems: 

dissipative dissipative TonksTonks--Girardeau gasGirardeau gas

Zeno effect in an optical latticeZeno effect in an optical lattice
suppression of tunnelingsuppression of tunneling

optical control of interactionsoptical control of interactions
spatial addressabilityspatial addressability



thanks to a great team … thanks to a great team … 

…
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