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Bose-Einstein condensates (BEC)s

2BEC formation, figure from Stefan Kienzle talk, 22 May 2013.
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Strontium BEC at UCSB
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Strontium BEC, image from Weld Lab.
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Cooling phases

4Strontium BEC machine, figure from Rajagopal thesis.
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2. Zeeman slower
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4. Stable magnetic trap
5. Red MOT
6. Evaporative cooling
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Strontium BEC, figure from Senaratne thesis.



Optical lattices
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laser light



Optical lattices

6Optical lattice potential, image from <https://www.nist.gov/image/physicsquantumcomputingqubitsjpg>.
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“Manhattan” lattice

7Angled view of Manhattan lattice potential. Manhattan lattice potential, figure generated with Peter Dotti’s code.



Motivating topics
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• Quantum chaos

• Matter wave interference

• Boson sampling / 
quantum supremacy



Classical chaos

9Pendulum above magnet grid, videos from Peter Dotti.



Manhattan lattice as a Galton board

10Galton board, video from <https://galtonboard.com/>.

BEC

Manhattan lattice potential, figure generated with Peter Dotti’s code.



BECs are a tool
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in the lab on the computer



Numerical approach using MATLAB
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1. Simulate BEC wave function’s initial state in an optical dipole trap

2. Simulate the potential grid of the lattice

3. Time-evolve the system through ramp and free evolution



Time evolution
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∂
∂t

Ψ = AΨ + BΨ

e(A+B)dt ≈ eAdteBdt

e−iĤdtΨ(x, t) Ψ(x, t + dt) HARD!

EASIER

e−ik2dtΦ(k, t) Ψ(x, t + dt)e−iVdtℱΨ(x, t) Φ′ (k) ℱ−1 Ψ′ (x)

ei∇2dtΨ(x, t) Ψ(x, t + dt)e−iVdtΨ′ (x)

EASIEST

A = i ∇2, B = − iV(x, t)

i
∂
∂t

Ψ(x, t) = Ĥ Ψ(x, t) = (− ∇2 + V(x, t))Ψ(x, t)

e(A+B)dt ≈ e
Bdt
2 eAdte

Bdt
2

e−ik2dtΦ(k) Ψ(x, t + dt)ℱΨ(x, t) Φ′ (k) ℱ−1 Ψ′ ′ (x) e
−iVdt

2e
−iVdt

2 Ψ′ (x)

ACTUAL
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Evolving a Gaussian



Next step: interactions!
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iℏ
∂
∂t

Ψ = Ĥ Ψ = (− ∇2 + V(x))ΨSchrödinger equation:

Gross-Pitaevskii equation: iℏ
∂Ψ
∂t

= (−
ℏ2

2m
∇2 + V(x) + g |Ψ |2 )Ψ

interaction term
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Summary
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Question: quantum dynamics in Manhattan lattice

Numerical approach: time-splitting

Experimental approach: Bose-Einstein condensates

e−ik2dtΦ(k) Ψ(x, t + dt)ℱΨ(x, t) Φ′ (k) ℱ−1 Ψ′ ′ (x) e
−iVdt

2e
−iVdt

2 Ψ′ (x)
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Bosons vs. Fermions
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single particle ground state ground state

bosons fermions
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Laser cooling

19Laser cooling, figure from Schroeder, An Introduction to Thermal Physics.
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The Zeeman effect

20https://upload.wikimedia.org/wikipedia/commons/5/56/Breit-rabi-Zeeman.png.



Magneto-optical traps

21Robinson, J0hn M, Liu, Yu, Shelton, David P. “Development and Characterization of a Magneto-Optical Trap for Rubidium.” 
Nevada State Undergraduate Research Journal. V1:I1 Fall-2014. (2014). http://dx.doi.org/10.15629/6.7.8.7.5_1-1_F-2014_2.

http://dx.doi.org/10.15629/6.7.8.7.5_1-1_F-2014_2
http://dx.doi.org/10.15629/6.7.8.7.5_1-1_F-2014_2


Level structure of strontium-84

22Strontium-84 level structure diagram, figure from Stellmer thesis.
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