
Bose-Einsteincondensates
in opticallattices

Creatingnumber squeezedstatesof atoms

Matthew Davis

University of Queensland

– p.1



Overview
� What is a BEC?

� What is an optical lattice?

� What happensto a BECin an optical lattice?

� Experiments
� Mott insulator
� Collapseandrevivalof matter waves

� Other interestingbits

� Summary
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Bose-Einsteincondensation
� De�nition: Macroscopicoccupationof a single

quantumlevel(usuallygroundstate).

� Due to saturationof excitedstatesof system

Condition: n� 3
dB � 2:612

� Createdfor the �rst time in 1995in atomicRb

� More than 30 groupshavenow observedBEC

� Nobel prize for Cornell, KetterleandWiemanin
2001.
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BECfeatures
� Madeby �rst lasercooling, then evaporative

cooling a sampleof trapped atoms.

� Occursat ultracoldtemperatures� 100nK.

� Typicallyconsistof 104{ 107 atomsof egRb, Na.

� Best thought of asa matter wave, analogousto
laserlight.

� All atomsare phasecoherenti.e. widelyspaced
atomscanform an interferencepattern.

� Quantummechanicson a macroscopicscale
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Phasetransition
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Opticaldipoleforce
� Stark e�ect: Shift of atomicenergylevelsin

static electric�eld.

� AC Stark e�ect: Shift of atomicenergylevels
dueto time-varying electric�eld of laser.

� In the limit of largedeturningfrom resonance
(avoidspontaneousdecay)

� E(x) /
I (x)

(! � ! 0)2

� Remember F (x) = � dE(x)=dx, soatomsin a
laserbeamexperienceforce proportional to
gradientof intensity of laserbeam – p.6



Opticallattices
� De�nition : Standingwavesof light

� Atoms seeseriesof potential wells(hills).

� If cold enough,atomscanbe trapped in single
well.

� Blue-detuned: atomstrapped at nodes

� Red-detuned: atomstrapped at anti-nodes

� Depth of potential easilycontrolledvia laser
intensity

– p.7



LoadingBECinto lattice
� Increaseintensity adiabatically

� V(x) = ER(t) cos2(kx=2); k = 2� =�
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Thephysics
Initially . . .

� Atoms cantunnelbetweenwells

� Eachwell is approximatelya coherentstate.

� Variancein atom number is equalto mean.

� Systemis super
uid.

As laserintensity increases. . .

� Wellsbecomeisolated(longertunnellingtime).

� Number 
uctuations supressed.

� Heisenbergsays | phase
uctuations increase.
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Quantumphasetransitions
� Classicalphasetransitionsdrivenby thermal


uctuations.

� Quantumphasetransitionsdrivenby quantum

uctuations.

� Occurat T=0 by changingparametersof
Hamiltonian.

� Mott insulator : Energyminimisedby number
statesin eachwell.

� How? | reducetunnellingrate by increasing
lattice depth.
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Experiments
1D lattice expt by Orzelet al, Science291, 2386(2001).
3D lattice ext by Greineret al, Nature415, 39 (2002).

Turn on lattice adiabatically, then switcho� suddenly
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Super
uid to Mott insulator . . .
Imagesafter 18 ms of expansion
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. . . andbackto super
uid

Adiabatic ramp to

22 ER (80 ms)

Hold (20 ms)

Releaseto 9 ER

(t ms)
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. . . andbackto super
uid II
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Theory: Bose-Hubbard model

Ĥ = � J
X

hi;j i

b̂y
i b̂j +

X

i

� i n̂i +
U
2

X

i

n̂i (n̂i � 1)

J : tunnelingmatrix element.Decreaseswith ER.
U : interactionmatrix element.Increaseswith ER.

Mott insulator transition: U
nJ

> 5:8 � z

n : number of atomsper site
z : number of nearest neighbours
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More theory
� Recentresultsshow that disappearanceof

interferenceis not a signatureof MI phase(Roth
andBurnett, condmat/0209066).

� Howeverexcitationspectrumwasalsostudied.

� Energygapappears abovelattice depthof 13
Erecoil.

� Thus an insulatingstate wasacheived.
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Collapseandrevival
Coherentstate: superpositionof number states

j� i = e�j � j2=2
X

n

� n

p
n!

jni

Groundstate Hamiltonianof singlewell

Ĥ =
U
2

X

i

n̂i (n̂i � 1)

Evolution:

j� i (t) = e�j � j2=2
X

n

� n

p
n!

e� i 1
2 Un(n� 1)t=~jni
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Revival
� All phasesmatchup at timestc = U=h

� Canbe realisedby suddenswitchto Mott insulator state!

Increasingtimesin the MI state – p.18



Timescales

Revivial time is indepen-
dent of atom number
variance.

Collapsetime is dependent
on initial varianceof atom
number
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Otherinterestingbits
� Proposal(and experiments)on controlledcold collisions

Two di�erent internalstates,eachseedi�erent lattice.
Movelatticestogether| interactionsdependenton state.
Quantumcomputing???

� Proposalto form Mott insulator with n = 2
Then photoassociateandmelt ) molecular BEC.

� Why is this interesting?
Wednesday physicsseminar tommorow, 1pm Conference
room 2.32D,PhysicsAnnexe(Building 6).
PAIR CORRELATED ATOM LASERBEAMS

Dr Karen Kheruntsyan.
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Summary
� Introductionto BEC

� Introductionto optical lattices

� Quantumphasetransitions

� Super
uid to Mott insulator

� Bose-Hubbard model.

� Collapseandrevivalof matter waves

� Other proposalsfor BECsin lattices.

No Microsoft products wereusedin the makingof theseslides

Thanksto linux, latex, prosper, and ps2pdf.
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