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Things I do that I won’t talk about

▪ Using hot atom vapour to generate squeezed light and sense magnetic fields

▪ Quantum simulation and quantum gas microscopy – looking at the world one 
atom at a time

▪ Robust quantum control

▪ Quantum memories, atoms and integrated photonics, and other fun with my 
QET Labs friends

▪ Quantum physics education research



Part 0: The preliminaries



What’s in an atom?

▪ Alkali metal atoms like 
Rb-87 (my favorite 
atom) have one electron 
in an un-filled orbital

▪ What is the energy level 
structure of this single 
electron?

▪ Remember 
spectroscopic notation: 
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Cooling alkali metal atoms with lasers and 
magnetic fields

▪ Atoms are cooled to ≈ 125 
μK in magneto-optical traps 
(MOTs), ≈ 6 μK via further 
Sisyphus cooling

cooling repump

52S1/2

52P1/2

52P3/2

F = 3

F = 2

F = 1

F = 0

F = 2

F = 1

Δ



Further cooling of a 
(bosonic) atom
▪ If you get bosonic atoms cold enough (≈100 nK), 

their deBroglie wavelength is on the order of the 
inter-particle spacing

– This is known as a Bose-Einstein condensate, or 
BEC.

– The atoms become mutually coherent, like the 
photons in a laser.

– Our “atom lasers” are slower and heavier (easier to 
control) and can be excellent sensors!
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Trapping atoms with light

• Light induces a dipole moment in an atom

• This gives rise to a potential proportional to the 
light intensity

• For red-detuned light (Δ =  𝜔𝑙𝑖𝑔ℎ𝑡 − 𝜔𝑎𝑡𝑜𝑚 < 0) 
this potential is attractive, and the atoms move 
towards the intensity maxima.

• Depth
𝑈 ∝ 𝐼 Ԧ𝑟 /Δ

• Scattering rate
Γsc ∝ 𝐼 Ԧ𝑟 /Δ2

• We want a lot of power from a laser far-
detuned from resonance!



The optical lattice: an egg carton for atoms

• Reflect a dipole laser back 
on itself to create a 
sinusoidally-varying 
potential

𝑉 𝑥 = 𝑉0 cos 2𝑘𝐿𝑥

• Depth typically expressed 
in recoils

𝑉0 = 𝑠𝐸𝑅 = 𝑠
ℏ2𝑘𝐿

2

2𝑚
• Can work in (up to) three 

dimensions!

𝑎 = 𝜋/𝑘𝐿 = 𝜆𝐿/2
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How do we describe the atom wavefunction 
in a lattice?
▪ Two (equivalent) bases are commonly used

▪ Bloch functions
• Atoms delocalized in position, localized in 

momentum space

• Gives rise to band structure within a Brillouin 
zone

▪ Wannier functions

• Atoms localized in position space (to a single 
lattice site), delocalized in momentum space

• Composed of sums of Bloch functions in a 
given band

▪ Localized or delocalized? It depends on the 
lattice depth (and the problem).

• Deeper lattices: more localized atoms



Part 1: Inertial sensing with ultracold atoms 
trapped in phase-modulated optical lattices 
[PRL 120, 263201, (2018)]



Shaken lattice interferometry: building a 
sensor with atoms in optical lattices

The recipe:

▪ Take your favourite atom, and 
make it very cold

▪ Load it into the ground state of 
a shallow optical lattice 
potential

▪ Modulate the lattice to 
implement the atom-optical 
elements of an interferometer

𝑉 𝑥, 𝑡 = 𝑉0 cos 2𝑘𝑥 + 𝜙 𝑡
What we 
control!



Building a shaken lattice interferometer
▪ Work in the Bloch basis: atoms 

delocalized in position, localized 
in momentum

▪ Starting with atoms in the ground 
state of the lattice potential, we 
implement:

– Splitting

– Propagation

– Reflection

– Reverse propagation

– Recombination back into the ground 
state

▪ The best shaking function 𝜙(𝑡) is 
determined via optimal control



Building a shaken lattice interferometer

▪ Measurement: relative population 
in the atoms’ momentum states

– Define a vector Ԧ𝑃 with elements 𝑃𝑛  
containing the relative population in 
the 2𝑛ℏ𝑘 state

– We do not have access to phase 
information!

▪ Once the shaking function is known, 
it is fixed.

– Can then calibrate the system’s  
response to a signal (acceleration 𝑎)

– Scale sensitivity by changing the total 
interrogation (shaking) time 𝑇

Image credit C. LeDesma et al. arXiv:2305.17603, (2023).



But is it a sensor? Adding a signal
▪ We determine a signal by measuring how the 

atom momentum populations change with the 
applied signal

▪ The magnitude and direction of a signal is easily 
determined here, due to symmetry breaking as 
the lattice begins to shake

▪ Use the classical Fisher information 𝐹𝑐 to define a 

minimum detectable acceleration 𝛿𝑎 = 1/ 𝐹𝑐 

given the momentum population vectors Ԧ𝑃 that 
we measure.

▪ CFI:

𝐹𝐶 𝑎 = 𝑁𝑎𝑡 ෍

𝑛=−𝑁

𝑁
𝜕𝑃𝑎,𝑛/𝜕𝑎

2

𝑃𝑎,𝑛
 

• Use this to find how 𝛿𝑎 scales with 𝑇

• Simulations (experiments) give 𝑛 = 2.21 ±
0.31 1.96 ± 0.13  consistent with typical atom 
interferometers where 𝑛 = 2.

PRELIMINARY DATA!!!!



So what’s next?

▪ Build a 3D lattice system in Bristol

▪ Demonstrate a multi-axis inertial 
sensor (3 axes of acceleration, 3 
axes of rotation)

▪ Open question #1: What is the 
best scaling with 𝑇 that we can 
get?

▪ Open question #2: How robust is 
this method in the real world?

▪ Open question #3: What are the 
fundamental limitations of shaken 
lattice interferometry?

Prof Sophie Schirmer

Swansea



Part 2: Generating interesting quantum 
states with ultracold atoms trapped in a 
deep optical lattice [APL Quantum 1, 026109
(2024)]



What makes a quantum state 
interesting…or even quantum?

▪ Remember our friend the Wigner function:

𝒲(𝑥, 𝑝) =
1

𝜋ℏ
න

−∞

∞

𝑑𝑦 𝜓∗ 𝑥 + 𝑦 𝜓 𝑥 − 𝑦 𝑒2𝑖𝑝𝑦/ℏ

▪ Wigner negativity gives rise to uniquely quantum 
states (“non-Gaussian states”)

Image credit: J S Lundeen at English Wikipedia, Public domain, via Wikimedia Commons



How do we describe the atom wavefunction 
in a lattice?
▪ Two (equivalent) bases are commonly used

▪ Bloch functions
• Atoms delocalized in position, localized in 

momentum space

• Gives rise to band structure within a Brillouin 
zone

▪ Wannier functions

• Atoms localized in position space (to a single 
lattice site), delocalized in momentum space

• Composed of sums of Bloch functions in a 
given band

▪ Localized or delocalized? It depends on the 
lattice depth (and the problem).

• Deeper lattices: more localized atoms

• Very deep lattices have discrete vibrational 
levels within a single lattice site, label these 
with |𝑛⟩

|0⟩

|3⟩

⋮



The GKP state

▪ The GKP state is a means of 
encoding a qubit in an oscillator (or 
anything that admits a Fock space)

𝜇 = 0,1 ∝ ෍

𝑛

2𝑛 + 𝜇

▪ Excellent for error correction, the 
pathway to fault tolerance

▪ We are forced by physics to only 
make approximate GKP states 
(“finite-squeezed” states)

𝜇𝛽 ∝ exp −𝛽𝐸𝑛 |𝜇⟩

Ideal GKP state Dirac comb
𝒙



The Wigner function of the imperfect GKP 
state

Images credit: https://strawberryfields.ai/photonics/demos/run_GKP_bosonic.html

β=0.1β=0.05 β=0.2 β=5



Making GKP states with atoms in lattices

▪ Higher lattice depth = more Fock 
states = more squeezing

▪ In a 1500𝐸𝑅 lattice potential, we 
admit 24 bound Fock states in a 
single site, corresponding to 10dB 
squeezing.



Making GKP states with atoms in lattices

▪ Higher lattice depth = more Fock 
states = more squeezing

▪ In a 1500𝐸𝑅 lattice potential, we 
admit 24 bound Fock states in a 
single site, corresponding to 10dB 
squeezing.

▪ Using gradient-based optimal 
control methods, generated this 
10dB squeezed GKP state with 
fidelity > 0.99 in about 141 (158) 
μs for the 𝐺𝐾𝑃 0  ( 𝐺𝐾𝑃 1 ) state.



Some experimental considerations

▪ Our protocols are experimentally viable with 
respect to laser power, wavelength, etc.

▪ Make use of a recent proposal to directly 
measure the Wigner function of atoms

▪ In the worst-case scenario, state generation 
takes ≈ 3% of the atom lifetime in the lattice, 
measurement protocol is ≈ 10%  of the 
lifetime.



So what’s next (GKP edition)

▪ We should be able to do the experiment in the same system as the 
shaken lattice interferometry system (with some minor laser-based 
modifications)

▪ Open question #1: Are these shaking protocols robust?
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So what’s next (GKP edition)

▪ We should be able to do the experiment in the same system as the 
shaken lattice interferometry system (with some minor laser-based 
modifications)

▪ Open question #1: Are these shaking protocols robust?

▪ Open question #2: Can we do any entangling gates?

▪ Open question #3: Is momentum-space encoding a better route?

▪ Open question #4: Is this even useful for anything?



The GECKO Group [Generally Experimental 
Control for Kwantum Optimization]



Thanks to:
--Prof. Dana Z. Anderson (JILA, CU Boulder)
--My collaborators at IAP in Bonn (D. Meschede, A. 
Alberti, F.-R. Winkelmann)
--The GECKO group (Generally Experimental Control 
and Kwantum Optimization) in Bristol (for this work: 
H.C.P. Kendell, V. Bharti, D. Chakraborty and G. 
Ferranti) 

Thank you for 
listening!
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