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Answer: Coherent Quantum Phenomena

High Temperature:

Random thermal motion 

dominates

Low Temperature:

Underlying quantum 

behavior revealed

Why Study Cold Gases ?



ü There are two types of quantum particles found in nature -

Quantum Particles

ÇBosons:
Photons, 

W and Z particles, 
4He, 87Rb, é

ÇFermions:
Quarks, electrons, 

protons, neutrons, 
3He, 40K, 6Li,é

V Bosonslike to do the same thing.

Lose-identity when overlap.

V Fermionsare independent-minded 

Obey the Pauli-exclusion principle.

Bosons and Fermions



×half-integer spin× integer spin

T = 0
Atoms in a 

harmonic 

potential.

Bosons: Symmetric wavefunction Fermions: Antisymmetric wavefunction, Cannot occupy same quantum state

EF= kBTF

(two spin states)

Bosons and Fermions

Heisenberg uncertainty principle: dx dp  Ó h

Cold Ýdp small, dx big. Particles are fuzzy.

hot cold



S. Bose

A. Einstein

BEC 

predicted 

in 1924 by 

Bose and 

Einstein

What is Bose-Einstein condensation (BEC)? 



300 K to 1 mK

~109 atoms

1 mK to 1 mK

~108Ÿ 106 atoms

How to make a BEC: 

Cool atoms at ultra low temperature

Laser beams

Fluorescence

Laser cooling (Doppler effect) 

and trapping

Evaporative Cooling 

and Magnetic trapping



3. Imaging the density: Time-of-flight absorption imaging

How to make a BEC: 

Image cold atoms with laser

Density distribution

Probing the atoms



In the Lab
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How to make a BEC: 

A little bit of math

De Broglie Wavelength

Interparticle spacing

BEC Tc

Size of thermal cloud at Tc

Condensed State

Size of condensate



70 years in the making 

Cornell, Ketterle, Weiman

2001

"From a certain 

temperature on, the 

molecules condense 

without attractive 

forces, that is, they 

accumulate at zero 

velocity. The theory is 

pretty but is there

also some truth to it ?" 

- Albert Einstein



Non Zero 

Circulation !!

How to rotate an irrotational fluid?

 

y=
x+iy

1+ x2+y2

 

y=feiq

Answer: Vortices
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Wave function vanishes at a point. Phase winds by 2p.
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Expanded cloud image 

of vortex lattice 

showing superfluid 

behavior

Current-carrying coils generate 

magnetic trap

Two laser beams stir the gas 

into rotation

Experiments with Na (MIT)

Increasing W

Smoking gun of condensate: Purely quantum phenomenon
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Simple example: enp 222 ++

proton neutron electron

4He 

4He 

4He 

4He 

4He 

Helium

 

px 

py

 

px 

py

 

k

Momentum space: opposite-k pairing at Fermi surface

Condensate of such pairing correlations at all k, -k

 

-k

How can fermions condense?

BCS theory
(1957)

Composite particles made 

of even number of fermions

Size of ñmoleculeò

bigger than particle

spacing: Cooper pair

Real space: big molecule

Superconductivity in a metal:Pairing of opposite-spin electrons

Pauli principle prevents Fermions

From occupying same quantum level

),(),( 1221 rrrr FF Y-=Y

spin ¬

spin ®

é.. But BEC requires macroscopic occupation 

of same quantum level ???



Feshbach Resonance: Controlling Interactions

ü Interactions are characterized by the s-wave scattering length, as

ü In an ultracold atomic gas, bound state can be controlled by an 

external magnetic field Ąwe can control as! 

as > 0  repulsive,  as < 0  attractive

Large |as| Ÿ strong interactions

molecules

DB>

R RR R

free atoms

as < 0

as > 0
repulsive

attractive


