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Lecture 14: Feshbach Resonances



Lectures 14 and 15



Bose fireworks

Collective emission of matter-wave jets from driven Bose-Einstein 
condensates, Nature 551 (2017)

Presenter
Presentation Notes
There are equally interesting things one can do by controlling the interactions between particles instead.  Here’s a picture of what happens if you periodically modulate the interaction strength between particles in an atomic superfluid in time.  They explode!  Actually, this is not that hard to make happen in the laboratory, but Cheng’s group was the first to be playful enough to try this way.  It’s actually very interesting how the cloud explodes, by sending out quantum-coherent “jets” of atoms in different directions.  Not surprisingly, those jets choose their energy and momentum according to conservation laws that are almost, but quite, right to absorb energy from the modulation and throw it into the jets.  That “not quite right” part is really interesting to some in particle physics, who believe it is similar to effects in Quark-Gluon plasmas.



Feshbach resonance in sodium Bose-Einstein condensate (1998 MIT)

Strong inelastic loss
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Universal behavior in the threshold regime

What is scattering length?
Why does molecular state approach continuum non-linearly?
Many more questions…



Simple picture: Feshbach resonance occurs when a bound state in the closed 
channel matches the scattering state.   

Physics picture of Feshbach resonance

CC, Grimm, Tiesinga, Julienne, RMP (2010)



s-wave scattering phase shift

Wavelength λ = 2π/k

Noninteracting
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Radiative Feshbach resonances in Cesium
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Feshbach resonances in cold atom collisions

Reference: Cheng Chin, Rudolf Grimm, Paul Julienne, Eite Tiesinga, RMP  (2012)



Scattering channels and Feshbach resonance

atomic separation

potential

Closed channel
(typically) Singlet potential
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1. Box model with r0~rvdw simulates 
molecular potential

2. Closed channel supports a bound 
state at Ec near the continuum.

Parameterization
Open channel depth Vo determines abg
Closed channel depth Vc determines  Ec
Feshbach Coupling is Γ.

Simple two-channel model for Feshbach resonance
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An extreme case: 6Li with abg =-1700 Bohr
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r0=30 a0
Ei=bare state energy
Γ=Feshbach coupling

Eigenstate reaches continuum
a = ± ∞

Bare state
reaches
continuum

Ei = 40 mK

continuum



A tunable Bose gas (98~01)

Feshbach resonance in Na 
Ketterle group, 1997

Inelastic
collision

rate

Interaction
strength

magnetic field (G)

BEC implosion 
and explosion   
(bosenova)
Wieman group, 2001

Feshbach 
resonances are 

found in all 
alkali species

Bright Soliton 
Hulet group, 2001
Salomon group, 2001



Experiments on Fermionic condensates
near a Feshbach resonance (02~05)

Hydrohynamic
expansion
(Duke, ENS)

(BEC of Fermion pairs)
(Innsbruck, JILA, Rice, MIT, ENS)

Band insulator
(ETH, Florence)



data
from
NIST
group

Feshbach resonance: gateway to cold molecules (2003) 



Observation of ultracold Feshbach molecules

240 µm

dB/dz=31.3 G/cm 31.3 G/cm 50.3 G/cm

Atomic Cs BEC
60,000 atoms
µ=0.755 µB

3,000 (10%)
Cs2 molecules
µ=0.95 µB
1.8 nK

J. Herbig et al., Science ‘03. Also see C. Regal et al., Nature ‘03 on K2
S. Durr et al., PRL ’03 on Rb2, K. Xu et al., PRL ‘03 on Na2, S. Jochim et al., PRL ’03 on Li2
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Map of Cs2 molecular city 

M. Mark et al., PRA 2007



Logan Clark

Optical control of Feshbach resonances

0) ( =+= IE aa µβα

IE mm ) 2( µβα +=

moment magnetic :
litypolarizabi vector :

litypolarizabiscalar  :

µ
βµ
α



Characterizing the Jets

19

Bose fireworks

Logan Clark

Nature 551, 356 (2017)

Presenter
Presentation Notes
Be sure to explain WHY there is so much information in the correlation function (width and height, what it tells us about the scaling of fluctuations, the fundamental pair emission process (we are seeing the forward and backward jets…)

Here also show how we get N(\theta) just so that it’s clear where the correlation functions are coming from

(in the next version, you should draw two “triangles” and show N(\theta) and N(\theta+\phi) as you move around the circle.. Directly illustrating correlation function) 



Quantum Matter Synthesizer

Modular mechanical design

Single reference frame

Decoupled from magnetic 
coils and vacuum system

Presenter
Presentation Notes
Of course, all of those elements have to be put together into a complete system, holding the atoms in a very good vacuum chamber, all the while applying and recording light at the highest possible resolution in microscopy-like setups.  Here, you can see one complete system, where the atoms are held and manipulated inside a glass cell under vacuum, sitting in-between some of the highest numerical-aperture imaging and projection optics used for visible light.  We also need to manipulate the magnetic fields applied to the atoms, and do so quickly over large ranges of fields, so you can also see some very fancy kinds of special-purpose electromagnets designed in Cheng’s laboratory at Chicago.  There are many more things to be said about an experiment like this, so if you are interested to hear more of the details, you can ask Wenlan or Jiazhong more after this video, or make an appointment to speak with me or with Cheng Chin.  



40000 40K87Rb molecules
v=0, J=0, single spin level
200 to 800 nK
Density ≈ 1012 cm-3

KRb

1. Prepare mixed atomic gas
1

2. Magneto-association to
Feshbach molecule

2

3. Optically switch to 
v=0 ground state

3



Quantum Matter Synthesizer

22

Optical Lattice

Atoms 
(Cesium)

Presenter
Presentation Notes
Of course, once you can do all these little things, you get an appetite to do more, and put everything together in a systematic way to do generalized things good for the world.  One compelling thing to do is build a quantum computer, and in my view at least, cold neutral atoms are really the best way to try.  I haven’t had a need to describe it yet, but one thing we can easily do for atoms is shoot laser beams at each other to create periodic potentials for atoms to hop around in – we call these things optical lattices because they look so much like the periodic potentials electrons see in the ionic lattice formed in a solid.  If we put atoms into this array of traps they form a natural kind of “medium” to process quantum information.  In fact, it’s very easy to encode quantum information, or qubits, into the internal state of these atoms and manipulate them both singly and in ways they can be entangled with each other.  Of course, part of this is that we need to assemble and manipulate where the atoms lie inside these periodic potentials, and here for the first time you can see the kind of hardware we build in the laboratory.  Inventing electro-optical tools to move laser light around, both in real space and in the phase or frequency domain, is pretty central to all these kinds of experiments, and there is really room for even very young students to invent a trick that becomes essential and transformative in just a few months.  You can see that we tend to play all the cards we can to do this, using mico-electromechanical mirror arrays, acousto-optical devices that interact light with sound, and many other things to make this work.



Quantum control, quantum chemistry

DMD-based optical lattices 
700nm spacing Simulation of quantum molecules

Benzene Circumcoronene

Presenter
Presentation Notes
By now, it is probably somewhat obvious there are a great many things we can do with cold atoms.  One last example is nice to illustrate exactly how much can be done with just these very simple techniques.  A few slides ago, I mentioned that we can easily make optical lattice-like potentials by just interfering laser beams with one another.  In addition, we can move “tweezer-like” focused laser beams to pick up atoms one-by-one and move them around.  Just like the lattices emulate or simulate what electrons experience in a solid, carefully placed tweezers can emulate what electrons would experience in a molecule.  In fact, it isn’t so hard to use a “Deformable Mirror Device” or DMD to make arbitrary arrangements of tweezers, and simulate specific molecules, like the arrangement of carbon atoms and hydrogen in benzene, or more exotic molecules like circumcoronene, which consists of 54 carbons and 18 hydrogens.  In practice, it is far easier to “synthesize” these molecules, and study just one at a time, than it ever would be in a chemistry lab.  So perhaps in that Venn diagram of science I showed at the beginning, we can add physical chemistry and draw another line across it to ultracold atom physics.  Really, what you can do in this lab is limited mostly by your creativity in exploiting these tools, and almost as soon as the idea is had, it is implemented in the laboratory, the data is in and your are on to the next.  I think that’s incredible fun, and I’m sure you would to if you joined us.  We really can’t wait to hear what your ideas are – we’ll all do our best to help make them happen and see where we end up next.  



Summary of Feshbach resonances

Tools to control atomic interactions
B field tunability: simulating condensed matter, nuclear physics, 

Many-body applications: Solitons, BEC-BCS crossover, Hubbard model…

Pairing atoms into molecules: Feshbach molecules, Efimov trimers

Toward quantum manipulation: Coherent control of entangelment

New ideas
Test of fundamental constant variation

Bose fireworks, synthetic gauge field, quantum entanglement…

Thank you.
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