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The Punchline
( h l ll k )(while you are still awake)

BEC (self‐organizes)

Cavity

Phase detection

Transverse 
pump beam



The PunchlineThe Punchline



AgendaAgenda

• Atoms in a CavityAtoms in a Cavity
– Theory
BEC in a cavity: Dicke Model– BEC in a cavity: Dicke Model

– Quantum Phase Transition
C l d M t St t– Coupled Momentum State

• Experimental Apparatus
• Results
• Conclusion



Theory of atoms in a cavityTheory of atoms in a cavity

• Atoms

Jaynes‐
Cummings
Jaynes‐

Cummings • N two‐level atomsAtoms
• Quantized EM Field
• Interaction (electric 
dipole)

• Single atom
• Neglect counter rotating 
terms

CummingsCummings N two level atoms 
interacting identically 
with a single EM mode

• 2nd order phase 
transition (strong

Single atom 
Hamiltonian
Single atom 
Hamiltonian

terms
• Analytically solveable

transition (strong 
coupling)

Dicke ModelDicke ModelHamiltonianHamiltonian Dicke ModelDicke Model

Simple but hard to realize 



Single‐atom HamiltonianSingle atom Hamiltonian
Dipole interaction

Eg = 0

Single‐atom coupling 

Eg  0

strength to electric field



Jaynes‐CummingsJaynes Cummings

Neglected  the counter‐rotating terms



Dicke Model CouplingDicke Model Coupling 
strength

Keeping the counter‐
rotating terms

Atom 
Hamiltonian Cavity 

Hamiltonian Interaction 
Hamiltonian

rotating terms

Later: Can be realized by considering the two 
ti l t t f BEC “G d” d

Hamiltonian

motional states of a BEC as “Ground” and 
“Excited” states!



Dicke Phase Transition for a BEC
Pump standing wave 
(far red detuned)Scattered light field

E(x,z) = cos(kz)cos(kx)

PPump 
wavelength

Destructive Interference Constructive Interference



Ordered PhaseOrdered Phase
Normal 
phase

Ordered 
phases
(sub‐lattices) 



Fluctuations and spontaneous 
b ksymmetry breaking

Scattered light 
coherent EM 
f ld

Deeper 
standing 
wavelattice
attracts more 
t

One sublattice
has slightly more 
atoms than the 

field in cavity 
increases

atoms

Positive feedback!!

AC Stark shift

Quantum (or 
thermal) 
fluctuations in 

other sublattice

uctuat o s
atom spatial 
distribution



Order ParameterOrder Parameter
= Difference between sublattice populations

Spontaneous symmetry breaking
Relative 
phase 
between 



superradiant



Driving the phase transitionDriving the phase transition

C ti Eff tCompeting Effects

Kinetic Energy 
cost due to

Kinetic Energy 
cost due to

Potential Energy 
minimization in
Potential Energy 
minimization incost due to 

localization  
cost due to 
localization  

minimization in 
lattice

minimization in 
lattice

Higher pump power = deeper lattice



So how is this the Dicke Model?So how is this the Dicke Model?

Motional states!

(Ground)

Motional states!

Controlled by pump 
power

(Excited)

Effective transition frequencyEffective transition frequency 
(controlled by pump frequency)  



More Intuitively…More Intuitively…

Standing wave leads to 
ambiguity in momentum 
sign Pump standing g

wave



Coupled Momentum StatesCoupled Momentum States



E i tExperiment



Birth of a BEC



More experimental detailsMore experimental details

• 200 000 Rb‐87 atoms in the cavity200,000 Rb 87 atoms in the cavity
• Pump = 784.5 nm, red detuned 10 cavity 
linewidths (from cavity)linewidths (from cavity) 

• Pump is far detuned from atomic resonance
• Cavity finesse ~ 10^5



Ob iObservations



Weak momentum from pump 
beam standing wave

Time of flight images 
(i.e momentum distributions)

Coupled 
momentum 
statesstates



Symmetry BreakingSymmetry Breaking



Phase DiagramPhase Diagram



ConclusionsConclusions

• Realization of the Dicke model via motionalRealization of the Dicke model via motional 
states of a BEC coupled to a cavity

• Observation of 2nd order phase transition• Observation of 2nd order phase transition
• Exploration of spontaneous symmetry 
b kibreaking



Questions?Questions?


