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Quantum mechanics tells us how to 

predict the behavior of the 

microscopic world. For a single 

particle, the Schrödinger equation can 

be simulated on a computer. However, 

if we’re interested in a quantum 

system of many interacting particles, 

the difficulty of the problem scales up 

exponentially, and it becomes 

intractable to even the largest 

supercomputers. How do we approach 

solving the quantum many-body 

problem?  

Our answer: Use a well controlled 

quantum system in the lab as a 

simulator.  

Background:  
Many-body Quantum Systems 

Experiments with ultracold atoms can achieve an unprecedented level of 

control over the building blocks of matter. We can tailor energy 

landscapes and Hamiltonians as we see fit to simulate other materials and 

also to discover new phases of matter never before seen in nature. 

Technology:  
Ultracold Atoms Machines 

Discovery: 
Recent Progress 

Ultracold alkali atoms at ~nK temperatures can be 

made to behave the same way as neutron stars or 

electrons in a metal.  Up to large scaling factors, the 

physics is the same—this is quantum simulation! 

As an example, compare a high-Tc superconductor 

(YBCO) with ultracold Rubidium atoms in an optical 

lattice (left). 

 

 

YBCO Rb in YAG lattice 

10-9 m Lattice Constant 5 x 10-7 m 

1021 cm-3 Site Density 1013 cm-3 

600 THz Interaction U 700 Hz 

100 THz Tunneling t 20 Hz 

1500 K Exchange t2/U 5 x 10-11 K 

300 K Néel temperature 2 x 10-10 K 

Electrons in a metallic lattice and neutron 

stars are two examples of non-trivial quantum 

many body problems.  

An example of the “MIT standard” cold atoms machine is shown below. Typically, it will produce 107 ultracold atoms at 100nK 

temperatures with a duty cycle of 1 minute.  In our labs we cool bosons (23Na, 87Rb, 7Li) and fermions (6Li) to quantum degeneracy. 

Step 1: An oven is used to 

create a hot, collimated 

atomic beam into the main 

chamber. The average 

atom speed is 1000m/s, 

T=600K.  

Step 2: A Zeeman slower uses a 

laser counterpropagating to the 

atomic beam to slow atoms to 1-

10m/s, or T=10mK. 

Step 3: Three pairs of 

counterpropagating laser 

beams form a magneto-optical 

trap for the atoms and further 

cool them to T=10µK  

Step 4: Turn off all of the 

lasers and use evaporation to 

boil off the hottest atoms, 

leaving an ultracold gas at 

T=100nK. 

Bose-Einstein 

Condensation! 

Magneto-optical Trap 

of 7Li 

External Potential: Off-

resonant laser beams 

(“optical tweezers”) can be 

used to produce optical 

lattices and tightly confining 

traps. 

Internal state: Using optical 

pumping, RF pulses, and 

other “dressing” techniques 

we can precisely control the 

internal state of the atoms. 

Interactions: Feshbach 

resonances can tune the 

intra-atomic scattering length 

to any value.  Fermions with 

attractive interactions will 

form Cooper pairs the same 

way as low Tc 

superconductors. 

Step 5: Create the environment and see what 

happens! 

The common goal of our research is the simulation of quantum 

magnetism. How does ferromagnetism come about in bosonic 

and fermionic systems? 

Bose-Hubbard Hamiltonian 

(L Duan, E. Demler and M. Lukin, PRL 2003) 

Z-ferromagnet Anti-ferromagnet XY-ferromagnet 

Adiabatic demagnetization cooling 
Example: Pauli suppression of density fluctuations in an 

ideal Fermi gas. 
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23Na6Li Molecules 

(NASA/CXC/M.Weiss) 

(I.Buluta, F.Nori, Science 2009) 

(Y. J. Lin, K. Jimenez-Garcia , I. Spielman, Nature 2011) 

(I. Bloch et al., Science 2010) 

2012 Boston Marathon, Mile 19 

(Yuhki Kohsaka, RIKEN, Cornell Univ.) 

JL loves sailing. 

WK, Runner’s World 

Magazine ‘09 

TW, TR, CK, DC, 

Joshua Tree Ntl. Park 

‘12 

Our many-body system 

MM and JAM fishing in Maine 

‘12 

NJ and ID in Spain ‘11 

WH, WK, and ES tearing 

apart an old experiment. 

CB is Robin Hood? 

MSH with his family. 

GS loves steak. 

Lab-snacks bot patrols 

the hallway. 

CCL at a temperature of 

6THz 

HM with some 

ultracold water. 


