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Atomic-Gas Bose-Einstein Condensates

• Many atoms (~106) in the same quantum state
– internal state and center-of-mass motion

• Physical size ~100 mm – “macroscopic”, many
optical   wavelengths

• Atom-atom interactions can be negligible or
significant depending on circumstances and time
scales.



photon
scattering ~ Io/(!o-!)2



A BEC in a optical lattice

Release non-adiabatically; after free-flight see momentum

states--periodic wavefunction implies momentum components
at multiples of twice the photon momentum (2nhk)

(This is the same as diffraction)

…into an optical lattice by

“adiabatically” turning on the laser beams

For non-interacting atoms this makes

a mini-BEC in each potential well

a

Load a BEC, in a

harmonic, magnetic trap…





Non-adiabatic Loading
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Sudden, non-

adiabatic loading

results in a

superposition of

motional states.  The

resulting beating is a

signature of non-

adiabaticity.



Adiabatic (near perfect) Loading
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Temporal Evolution of Loaded Lattice
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Periodic Zone Scheme;  note anticrossings



The level (anti) crossings are at the points of Bragg

diffraction, a degeneracy:

v = vrec = hk/m 
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Band Structure for 5 ER Lattice Depth
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Band Stucture for 14 ER lattice depth





Motion of a BEC in a lattice

What happens to a BEC with a “single” q depends on the dispersion

relation E(q), and specifically on vg,  the group velocity

vgroup = dE(q)/dq

(in the lattice frame, so that  vlab = vg + vlattice )

Free particle:    p = q,   E(q) = q2/2m,    vg = q/m

A weak lattice is like free space, so vg = q/m = - vlattice and vlab = 0.

In a deep lattice E(q) is flat, so vg = 0, and vlab = vlattice,

Which means that the atoms are dragged along with the lattice.





q/hk

q/hk

Accelerate lattice, then analyze momentum by rapid turn-off





Different accelerations for constant time
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The “steps” in momentum are due to Bragg scattering at the

Brillouin zone boundary.

Viewed in the lattice frame, these are, effectively, Bloch 

oscillations – a phenomenon that “freezes” accelerated particles

in a periodic potential.

Bloch oscillations of electrons in crystals are very hard to see.

In optical lattices, they are routine.



In the folded zone scheme (staying in the lowest

band)  an accelerated atom is Bragg-reflected at the

zone boundary, appearing at the opposite zone

boundary, its velocity oscillating between the

extremes of the group velocity in the band.



Acceleration followed by adiabatic turn-off is like seeing Bloch

oscillations in a vanishingly shallow lattice (since the lattice is

turned down to zero), so the velocity oscillations are from - vrec to +

vrec.
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Lattice velocity (hk/M)
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All of these experiments are “single-atom”

experiments – they do not depend on the

interactions!

The Mott insulator transition uses the

interactions to make a fundamental change in

the way the atoms are arranged in the optical

lattice.



BEC

Mott

According to theory, ground state provides near-perfect filling

of one atom/lattice site:  At V0= 35 ER, < 5% chance of any of

105 sites having an error.

J ... tunneling

U ... onsite interaction

Courtesy of Peter Zoller

When U is large compared to J, the ground state has one

(or some other integer) atom per lattice site.

The Mott transition:  BEC goes to Fock state



Similar to

Greiner et al.

Nature 415, 39,

(2002).
Phil. Trans. R. Soc. Lond. A 361, 1417 (2003)
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THE END

(of Phillips lecture # 2, on BEC in optical lattices)


