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Cavity-enhanced detection of atomic position

Quantum cavity optomechanics with cold atoms

Cavity-enhanced detection of atomic spin

Coherent and incoherent cavity backaction

Cavity-enhanced detection of single atoms:

Mid-circuit measurement in a tweezer array



Quantum mechanics: then

first appearance of the term

“quantum mechanics”

Born, Z. Physik 26, 379 (1924)



“what is 
light?”

- Planck

“what is an 
atom?”

- Rutherford “what is 
light?”

- Einstein

“what is 
light?”
- Wien

“what is an 
atom?”

- Sommerfeld

“what is 
light?”
- Jeans

Quantum mechanics: then

“what is 
an atom?”

- Bohr

“what happens 
near zero 

temperature?”
- Nernst

“what happens 
near zero 

temperature?”
- K. Onnes

First Solvay Conference on Physics, 1911 



Quantum mechanics: now

5

European Commission,
“Quantum technologies flagship final report,” 2017



Building quantum systems and devices with ultracold atoms and light

Cavity quantum electrodynamics (QED)

external 
drive

cavity light
quantum 
object

output 
emission

detector

output 
emission

external 
drive



detection of quantum systems

interactions/entanglement/gates by photon exchange

feedback control

… and much more!

entangled matter -> entangled light

quantum networks

…



A primer on cavity quantum electrodynamics

electromagnetic resonator
coupled weakly to continuum of outside modes

quantum emitter

|𝑎〉

|𝑏〉



Real resonators

E3 cavity:
near planar Fabry-Pérot

mirror spacing
250 µm

E6 cavity:
near concentric Fabry-Pérot

mirror spacing
1 cm



Fabry-Pérot optical resonator

Consider focused Gaussian beam
wavefronts

Cavity mode: wavefronts match mirror curvature

2 𝑤0

𝑧

𝑅 𝑧 =
1

𝑧
(𝑧2 + 𝑧0

2) 𝑧0 =
𝜋𝑤0

2

𝜆

E3 cavity: 5 cm radius of curvature, 250 µm spacing: 𝑧0 = 2.5 mm, 𝑤0 = 25 µm at 𝜆 = 780 nm
E6 cavity: 5 mm radius of curvature, (1 cm – 500 µm) spacing: 𝑧0 = 1.1 mm, 𝑤0 = 16 µm at 𝜆 = 780 nm



Fabry-Pérot optical resonator

𝐹𝑆𝑅 =
𝑐

2𝑙
= 300 GHz

frequency

transmision

free spectral range

Δ

𝑛(Δ)
𝑛 Δ = 𝑛𝑚𝑎𝑥

1

1 + Δ2/𝜅2

𝜅 = FSR × (𝑟𝑜𝑢𝑛𝑑 𝑡𝑟𝑖𝑝 𝑙𝑜𝑠𝑠)

Example E3: transmission = (1.5, 12) ppm
scattering loss = 25 ppm (oops)

𝜅 = 2 𝜋 × 1.8 MHz



Quantum emitter = atom

≃
electron 
on 
spring

real 
complicated 
atom

dipole matrix element: 𝑒
ℏ

2𝑚 𝜔0

spontaneous emission rate: Γ =
1

2

𝑒2

3 𝜋𝑚

𝜔0
3

𝑐3
= 2 𝜋 × 3 MHz



Single atom + single photon coupling

𝑔𝐶𝑄𝐸𝐷 =
1

ℏ
𝑑 𝐸

electric field that puts one photon 
energy into cavity mode

near cavity center:

𝐸 =
ℏ𝜔0

𝜖0 𝑉𝑜𝑙
exp

𝑥2+ 𝑦2

𝑤0
2 cos 𝑘𝑧

electron on spring

1

ℏ

𝑒2

𝑚 𝜖0𝑉𝑜𝑙

1
2

= 2 𝜋 × 13 MHz

peak magnitude:

𝑔𝐶𝑄𝐸𝐷(Ԧ𝑟)

… …

half wavelength (390 nm)

2
𝑤
0

(5
0

 n
m

)



Dispersion by a single atom

no atom-cavity coupling

|𝑎, 0〉

|𝑏, 0〉

|𝑎, 1〉

⋮

𝜔𝑎
𝜔𝑐

−Δ𝑐𝑎

with atom-cavity coupling

𝛼 𝑎, 1 + 𝛽|𝑏, 0〉

𝑔𝐶𝑄𝐸𝐷
2 Ԧ𝑟

Δ𝑐𝑎

⋮

Example:
𝑔𝐶𝑄𝐸𝐷 = 2 𝜋 × 13 MHz

Δ𝑐𝑎 = 2 𝜋 × 30 GHz

cavity shift per atom:
𝑔𝐶𝑄𝐸𝐷
2

Δ𝑐𝑎
= 2𝜋 × 5.6 kHz



How to position atom(s) in an optical cavity

The old way:  atomic ensembles in magnetic or optical traps

(roughly 1990 – 2020)

The new way:  single atoms in optical tweezers

(roughly 2020 - present)



Tom Purdy, Dan Brooks

cavity quantum electrodynamics

on an atom chip (E3)

2mm

MOT 
Loading

Conveyor
Belt

Cavity
Locations



pre-position with magnetic trap

atomic
ensemble

probe with 780 nm light
(either red [attractive] or blue [repulsive] detuned)

load into 845 nm optical trap

4.5 μm

Note TWO color superlattice
Long spatial beatnote makes it easy to tune the optomechanical coupling



atomic
ensemble

4.5 μm

Probe intensity

Trap potential
position z



atomic
ensemble

4.5 μm

Probe intensity

Trap potential
position z



atomic
ensemble

4.5 μm

Probe intensity

Trap potential
position z



Atom tweezer arrays: A revolutionary new approach to atomic physics

Tweezer array experimental sequence:

1. Load tweezers

2. Image to find filled tweezers (10’s ms)

3. Sort

4. Science

Barredo et al., Science 354, 1021 (2016)
Endres et al., Science 354, 1024 (2016)

atom number 
reduced to 0, 1 by 

light-induced 
atom loss

PRL 89, 023005 
(2002)

16 non-deterministically loaded tweezers

6 deterministically loaded tweezers



Integrating cavity QED with a tweezer array (E6)

Cavity QED for tweezers

Photon-mediated coupling

Fast, local, efficient measurement

Transduction to photons

Tweezers for cavity QED

Deterministic loading

Nanometer positioning

Assembling optical metamaterial 

atom by atom

22

middle ~100 µm

1 cm

5 λ = 3.9 µm deterministically loaded 

tweezer array of 20 atoms      



Cavity-enhanced detection of atom number:

Non-equilibrium thermodynamics in a mesoscopic system

“Tracking evaporative cooling of a mesoscopic atomic quantum gas in real time,”
Physical Review X 11, 041017 (2021).



light intensity
𝑔 𝑧 2

Cavity-enhanced detection of atom number

Dispersive coupling

single atom: 𝜔𝑐 → 𝜔𝑐 +
𝑔2

Δ𝑐𝑎

many atoms: 𝜔𝑐 → 𝜔𝑐 + 𝑁
𝑔2

Δ𝑐𝑎

trap

|𝑔〉

|𝑒〉

𝜔𝑐

𝜔𝑎 ultracold

rubidium atom

Δ𝑐𝑎 = 𝜔𝑐 − 𝜔𝑎

(scalar) shift allows for real-time monitoring (and stabilization) of atom number

“Tracking evaporative cooling of a mesoscopic atomic quantum gas in real time,” 

PRX 11, 041014 (2021)



Non-equilibrium thermodynamics of evaporation

Non-equilibrium thermodynamics describes

average evaporated number/rate

variations in evaporated number 

Trap volume V

E
n
e
rg

y
 𝐸 Evaporation threshold

𝐸𝑒𝑣𝑎𝑝 = 𝜂 𝑘𝐵𝑇



Frequency

Real-time dispersive measurement of atom number during evaporation

tilted optical trap 
within a single site 
of 1D optical lattice



Real-time dispersive measurement of atom number during evaporation

ത𝑛 = 1.9

NOW WITH
FEEDBACK!



Two- (or more) time correlations from continuous measurement

Note:  ത𝑛 = 1 corresponds to 2.9 pW



Two- (or more) time correlations from continuous measurement

Numbers
scaled by
standard
deviation

𝑁1= number at
early time 𝑡1

𝑁
2

= 
n

u
m

b
er

 a
t

la
te

 t
im

e 
𝑡 2

Note:  ത𝑛 = 1 corresponds to 2.9 pW



Trap volume V

E
n
e
rg

y
 𝐸

remaining atoms 𝑁2

evaporated

atoms

𝑁1 − 𝑁2

Added fluctuations in 𝑁2 (not predicted by variations in 𝑁1)

Measurement noise

Binomial distribution: 𝑉𝑎𝑟 𝑁2 = 𝑁1 𝑝 1 − 𝑝

Higher order atom loss: 𝑉𝑎𝑟 𝑁2 ×= 𝑀

Amplification/damping of fluctuations

Thermodynamics – compressibility: 
𝑉𝑎𝑟 𝑁

𝑁
= 𝜅𝑇 𝑘𝐵𝑇

𝑉

𝑁

Transport - lessons from mesoscopic electronics

Fluctuations in mesoscopic non-equilibrium thermodynamics

Consider evaporation from time 𝑡1 to time 𝑡2

𝑁2 = 𝑔 𝑁1



Measured added variance

𝑡1 = 10 ms
dominated by early

temperature fluctuations

𝑡1 = 180 ms
shows natural behavior
of evaporative cooling

measurement + 
binomial noise

scaling with atom number 
shows mesoscopic 

fluctuation limit

measurement
(optical shot) 

noise



Cavity-enhanced detection of atomic position:

Quantum cavity optomechanics with cold atoms

Cavity nonlinearity at sub-zero photon number PRL 99, 213601 (2007)

Observation of measurement backaction / radiation-pressure shot noise Nat. Phys. 4, 561 (2008)

Quadratic optomechanical coupling PRL 105, 133602 (2010)

Ponderomotive squeezing of light Nature 488, 476 (2012)

Quantization of collective atomic motion PRL 108, 133601 (2012)

Quantum optomechanical arrays PRL 110, 153001 (2013)

Quantum-limited force detection Science 344, 1486 (2014)

Backaction-limited coupling of mechanical oscillators Nat. Phys. 12, 27 (2016)



light intensity
𝑔 𝑧 2

Cavity-enhanced detection of atomic motion (cavity optomechanics)

Dispersive coupling

many atoms: 𝜔𝑐 → 𝜔𝑐 + σ
𝑔2 𝑧𝑖

Δ𝑐𝑎
≃ 𝜔𝑐 + Δ𝑁 +

𝑔0
2 𝑁 𝑘

Δ𝑐𝑎
𝑧𝑐𝑜𝑚

trap

Quantum cavity optomechanics with an ultracold-atom mechanical oscillator

“Cavity optomechanics with cold atoms,” in Cavity Optomechanics: Nano-and Micromechanical 

Resonators Interacting with Light (Springer Berlin Heidelberg, 2014).

𝑧



Cavity optomechanics paradigm

Z

Detection

Z f





/osc cav in outH H H H Z f n   
force per photon:

hc
f

L


L

Optical force on oscillator

(optical back-action on oscillator)

Cavity frequency shift due to 
oscillator displacement

(sensitivity to oscillator motion)



Position read out as phase+amplitude
modulation

Position read out as phase 
modulation

How motion affects the cavity field



𝐸𝑐𝑎𝑣 ≃ 𝐸𝑐𝑎𝑣 𝑍 = 0 × 1 +
𝑖

𝜅 − 𝑖Δ

𝐹𝑍

ℏ

Information/photon 
re: position

𝑖

𝜅 − 𝑖Δ

𝐹

ℏ

2

inE for slow modulation of the position:
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Direct observation of collective atomic motion:

probe side-lock

Spectral power in 1ms intervals



Force/position sensing: Quantum mechanics sets the limit

𝜙 =
𝑔𝑜𝑚
𝜅𝑍ℎ𝑜

𝑍

𝜔0, Γ
𝑚

𝑍 𝜔

Measurement strength

S
e
n
si

ti
v
it
y
 𝑆
𝑍
𝑍
𝜔

(2) zero-point motion

“standard quantum limit”

(1) light is quantum
(2) mechanics 

is quantum

(3) measurement 
is quantum

fixed frequency

variable intensity



SQL force detection experiment

Load atoms mostly into single lattice site, cool to near ground state

Modulate one color of optical superlattice to apply known force

Lock probe to resonance, raise to desired light level, measure heterodyne 

signal (between 1 ms and 5 ms), extract phase modulation off-line

Repeat 1000’s of times over many days



Comparison to standard quantum limit

(i
d
e
a
l)

(40 yN)^2/Hz

(measurement strength)

“Optically measuring force near the SQL,” Science 344, 1486 (2014)



Comparison to standard quantum limit

(i
d
e
a
l)

(40 yN)^2/Hz

(measurement strength)

“Optically measuring force near the SQL,” Science 344, 1486 (2014)

Your twin, in La Quiaca, Argentina

You here
in Hong 
Kong

Fgrav~ 100 yN
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Cavity-enhanced detection of atomic spin:

Coherent and incoherent cavity backaction

“Spin optodynamics analog of cavity optomechanics,” PRA 82, 041804(R) (2010)

“Cavity-assisted measurement and coherent control of collective atomic spin oscillators,” 
PRL 118, 063604 (2017)



light intensity
𝑔 𝑧 2

Cavity-enhanced detection of atom number

Dispersive coupling

single atom: 𝜔𝑐 → 𝜔𝑐 +
𝑔2

Δ𝑐𝑎

many atoms: 𝜔𝑐 → 𝜔𝑐 + 𝑁
𝑔2

Δ𝑐𝑎

trap

|𝑔〉

|𝑒〉

𝜔𝑐

𝜔𝑎 ultracold

rubidium atom

Δ𝑐𝑎 = 𝜔𝑐 − 𝜔𝑎

(scalar) shift allows for real-time monitoring (and stabilization) of atom number

“Tracking evaporative cooling of a mesoscopic atomic quantum gas in real time,” 

PRX 11, 041014 (2021)



light intensity
𝑔 𝑧 2

Cavity-enhanced detection of atomic motion (cavity optomechanics)

Dispersive coupling

many atoms: 𝜔𝑐 → 𝜔𝑐 + σ
𝑔2 𝑧𝑖

Δ𝑐𝑎
≃ 𝜔𝑐 + Δ𝑁 +

𝑔0
2 𝑁 𝑘

Δ𝑐𝑎
𝑧𝑐𝑜𝑚

trap

Quantum cavity optomechanics with an ultracold-atom mechanical oscillator

“Cavity optomechanics with cold atoms,” in Cavity Optomechanics: Nano-and Micromechanical 

Resonators Interacting with Light (Springer Berlin Heidelberg, 2014).

𝑧



𝜎+

𝜎−

trap light intensity
𝑔 𝑧 2

(vector) shift allows for real-time monitoring (and stabilization) of collective atomic spin

“cavity opto-magnonics”

Spin optodynamics analog of cavity optomechanics,” PRA 82, 041804(R) (2010)

Circular birefringence

single atom: 𝜔𝑐 → 𝜔𝑐 +
𝑔2

Δ𝑐𝑎
𝛼0 ± 𝛼1 𝑓𝑧

many atoms: 𝜔𝑐 → 𝜔𝑐 + Δ𝑁 + 𝑔𝑆 𝐹𝑧

Atom(s) coupled to light in a cavity
cavity supports two 

degenerate 

polarization modes

F=2 ground state

𝑚𝐹 = −2

D2 line excited states

1Τ1 3

𝑚𝐹 = 2

𝜎+𝜎−

Τ1 31



𝜎+

𝜎−

Optical spin detection

𝐻 = 𝛾𝐵 ⋅ Ԧ𝑆𝑐𝑜𝑙𝑙 ± ℏ𝑔𝑆 Ƹ𝑐+
† Ƹ𝑐+ + Ƹ𝑐−

† Ƹ𝑐− መ𝑆𝑐𝑜𝑙𝑙,𝑧

𝑧

𝑦𝑥

Longitudinal field:

Continuous QND spin detection ( መ𝑆𝑐𝑜𝑙𝑙,𝑧(𝑡) is const. of motion)

Measurement back-action does not affect measured signal

Transverse field:

Continuous non-QND spin detection ( መ𝑆𝑐𝑜𝑙𝑙,𝑧(𝑡) is not const. of motion)

Back-action enters measured signal ⇒ standard quantum limits

Cavity feeds measurement back onto dynamics ⇒ autonomous feedback

𝐵

𝐵



𝑆

Coherent back-action as autonomous feedback

Dynamics observed through 

cavity emission:

phase coherent signal

sideband asymmetry

e.g. blue-detuned probe

Larmor precession sidebands
cavity promotes anti-Stokes line, 

extracts energy

high energy 
pole

𝐵



Γ = −4.1(3) kHz

Γ = 5.2(2) kHz

ത𝑛 = 4.2,  Δ𝑝𝑐 = 2𝜋 × 1.0 MHz

starting near 
high-energy pole

Autonomous feedback cooling toward high-energy pole

starting near 
low-energy pole

avg. ~40 runs



“Cooling” toward high-energy pole

Sideband asymmetry

Cooling to negative spin temperature

S
p
in

 t
e
m

p
e
ra

tu
re

 𝑘
𝐵
𝑇
/ℏ
𝜔
𝐿

Sideband frequency (kHz)



Cavity-enhanced detection of single atoms

“Super-resolution microscopy of optical fields using tweezer-trapped single atoms,”
Physical Review Letters 128, 083201 (2022)



Cavity QED with a tweezer array (E6)

53

Near-concentric cavity

• Finesse @780 nm: ~15,000

• L ~ 1 cm

• 𝑔max ~ 2𝜋 × 2.7 MHz

• 𝜅 ~ 2𝜋 × 1.2 MHz

• Γ ~ 2𝜋 × 6.07 MHz

• Cooperativity 4𝑔2/𝜅Γ ~ 4

• Detection efficiency 𝜂~.25

• Also high finesse @1560 nm

High-resolution lens

• 1D AOD-generated tweezer array

• Single atom fluorescence imaging

• Mitutoyo 0.5-NA objective

• Detection efficiency 𝜂~.015



Side-probe
(molasses)

camera

Fluorescence detection



Scanning probe microscopy with single atoms

“Sparrow resolution”
𝑟 = 2 𝜎 = 300 nm

“Super-resolution microscopy of optical fields using tweezer-trapped single atoms,”
Physical Review Letters 128, 083201 (2022)

Fluorescence intensity varies 
with imaging light detuning

Γ𝑠𝑐𝑎𝑡 ∝ 𝜔𝐿 − 𝜔0 − 𝛿𝑎𝑐
−2

approaching
resonance



Mid-circuit measurement in a tweezer array

“cavity QED for tweezers”

“Mid-circuit cavity measurement in a neutral atom array,”
Physical Review Letters 129, 203602 (2022)



Cavity detection of a single tweezer-trapped atom

Tweezer array experimental sequence:

1. Load tweezers

2. Image filled/empty tweezers

3. Sort

4. Quantum interactions/gates/sensing

5. Image state of each tweezer

Possible improvements:

Faster readout

Currently takes 10’s of ms. Limits cycle time. 

Atom(s) specific, non-global readout

Feedback on live quantum system,

error correction.

Cluster state quantum computing, sensing
photon
counter

transmission

fluorescence



Cavity-based single-atom state detection

Goal: fast, high fidelity detection of three states

87Rb hyperfine 

qubit

F=1

F=2

No atom

or outside 

logical states

empty



Method 1: (F)luorescence – (R)epump (F)luorescence (FRF)

photon
counter

fluorescence
on

𝐹 = 2 → 𝐹′ = 3

repump

fluorescence

repump

time
𝜏 𝜏



Method 1: (F)luorescence – (R)epump (F)luorescence (FRF)

empty

F=2

F=1



Mid-circuit measurement in an atomic tweezer array

Fast, high fidelity detection of three states:

• No atom (or atom outside logical state basis)

• F=1 hyperfine state (logical |0〉)
• F=2 hyperfine state (logical |1〉)

Measurement on portion of atom array does not 

affect quantum coherence of remainder of array

“Mid-circuit cavity measurement in a neutral atom array,”
Physical Review Letters 129, 203602 (2022)

excellent recent implementation in fiber cavities 
by Lukin group recent mid-circuit 

operations by Kaufman 
group, Saffman group, 

Atom Computing,…



Cavity QED and detection of ultracold atoms

Summary

Light can be used to measure ultracold atomic quantum systems

Strongly coupled cavity enhances detection sensitivity, minimizes 

backaction and noise

“No wasted information”

Many different properties can be measured

Shown: atom number, position, spin.

Others: pair correlation, collective measurements…

Continuous and real-time measurement

Cavity is not a passive measurement device

Incoherent and coherent backaction

Cavity is not a closed quantum system
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Cavity-enhanced detection of atomic spin:

Coherent and incoherent cavity backaction

“Spin optodynamics analog of cavity optomechanics,” PRA 82, 041804(R) (2010)

“Cavity-assisted measurement and coherent control of collective atomic spin oscillators,” 
PRL 118, 063604 (2017)



light intensity
𝑔 𝑧 2

Cavity-enhanced detection of atom number

Dispersive coupling

single atom: 𝜔𝑐 → 𝜔𝑐 +
𝑔2

Δ𝑐𝑎

many atoms: 𝜔𝑐 → 𝜔𝑐 + 𝑁
𝑔2

Δ𝑐𝑎

trap

|𝑔〉

|𝑒〉

𝜔𝑐

𝜔𝑎 ultracold

rubidium atom

Δ𝑐𝑎 = 𝜔𝑐 − 𝜔𝑎

(scalar) shift allows for real-time monitoring (and stabilization) of atom number

“Tracking evaporative cooling of a mesoscopic atomic quantum gas in real time,” 

PRX 11, 041014 (2021)



light intensity
𝑔 𝑧 2

Cavity-enhanced detection of atomic motion (cavity optomechanics)

Dispersive coupling

many atoms: 𝜔𝑐 → 𝜔𝑐 + σ
𝑔2 𝑧𝑖

Δ𝑐𝑎
≃ 𝜔𝑐 + Δ𝑁 +

𝑔0
2 𝑁 𝑘

Δ𝑐𝑎
𝑧𝑐𝑜𝑚

trap

Quantum cavity optomechanics with an ultracold-atom mechanical oscillator

“Cavity optomechanics with cold atoms,” in Cavity Optomechanics: Nano-and Micromechanical 

Resonators Interacting with Light (Springer Berlin Heidelberg, 2014).

𝑧



𝜎+

𝜎−

trap light intensity
𝑔 𝑧 2

(vector) shift allows for real-time monitoring (and stabilization) of collective atomic spin

“cavity opto-magnonics”

Spin optodynamics analog of cavity optomechanics,” PRA 82, 041804(R) (2010)

Circular birefringence

single atom: 𝜔𝑐 → 𝜔𝑐 +
𝑔2

Δ𝑐𝑎
𝛼0 ± 𝛼1 𝑓𝑧

many atoms: 𝜔𝑐 → 𝜔𝑐 + Δ𝑁 + 𝑔𝑆 𝐹𝑧

Atom(s) coupled to light in a cavity
cavity supports two 

degenerate 

polarization modes

F=2 ground state

𝑚𝐹 = −2

D2 line excited states

1Τ1 3

𝑚𝐹 = 2

𝜎+𝜎−

Τ1 31



𝜎+

𝜎−

Optical spin detection

𝐻 = 𝛾𝐵 ⋅ Ԧ𝑆𝑐𝑜𝑙𝑙 ± ℏ𝑔𝑆 Ƹ𝑐+
† Ƹ𝑐+ + Ƹ𝑐−

† Ƹ𝑐− መ𝑆𝑐𝑜𝑙𝑙,𝑧

𝑧

𝑦𝑥

Longitudinal field:

Continuous QND spin detection ( መ𝑆𝑐𝑜𝑙𝑙,𝑧(𝑡) is const. of motion)

Measurement back-action does not affect measured signal

Transverse field:

Continuous non-QND spin detection ( መ𝑆𝑐𝑜𝑙𝑙,𝑧(𝑡) is not const. of motion)

Back-action enters measured signal ⇒ standard quantum limits

Cavity feeds measurement back onto dynamics ⇒ autonomous feedback

𝐵

𝐵



𝑆

Coherent back-action as autonomous feedback

Dynamics observed through 

cavity emission:

phase coherent signal

sideband asymmetry

e.g. blue-detuned probe

Larmor precession sidebands
cavity promotes anti-Stokes line, 

extracts energy

high energy 
pole

𝐵



Γ = −4.1(3) kHz

Γ = 5.2(2) kHz

ത𝑛 = 4.2,  Δ𝑝𝑐 = 2𝜋 × 1.0 MHz

starting near 
high-energy pole

Autonomous feedback cooling toward high-energy pole

starting near 
low-energy pole

avg. ~40 runs



“Cooling” toward high-energy pole

Sideband asymmetry

Cooling to negative spin temperature

S
p
in

 t
e
m

p
e
ra

tu
re

 𝑘
𝐵
𝑇
/ℏ
𝜔
𝐿

Sideband frequency (kHz)



Cavity-enhanced detection of single atoms

“Super-resolution microscopy of optical fields using tweezer-trapped single atoms,”
Physical Review Letters 128, 083201 (2022)



Cavity QED with a tweezer array (E6)

12

Near-concentric cavity

• Finesse @780 nm: ~15,000

• L ~ 1 cm

• 𝑔max ~ 2𝜋 × 2.7 MHz

• 𝜅 ~ 2𝜋 × 1.2 MHz

• Γ ~ 2𝜋 × 6.07 MHz

• Cooperativity 4𝑔2/𝜅Γ ~ 4

• Detection efficiency 𝜂~.25

• Also high finesse @1560 nm

High-resolution lens

• 1D AOD-generated tweezer array

• Single atom fluorescence imaging

• Mitutoyo 0.5-NA objective

• Detection efficiency 𝜂~.015



Side-probe
(molasses)

camera

Fluorescence detection



Scanning probe microscopy with single atoms

“Sparrow resolution”
𝑟 = 2 𝜎 = 300 nm

“Super-resolution microscopy of optical fields using tweezer-trapped single atoms,”
Physical Review Letters 128, 083201 (2022)

Fluorescence intensity varies 
with imaging light detuning

Γ𝑠𝑐𝑎𝑡 ∝ 𝜔𝐿 − 𝜔0 − 𝛿𝑎𝑐
−2

approaching
resonance



Mid-circuit measurement in a tweezer array

“cavity QED for tweezers”

“Mid-circuit cavity measurement in a neutral atom array,”
Physical Review Letters 129, 203602 (2022)



Cavity detection of a single tweezer-trapped atom

Tweezer array experimental sequence:

1. Load tweezers

2. Image filled/empty tweezers

3. Sort

4. Quantum interactions/gates/sensing

5. Image state of each tweezer

Possible improvements:

Faster readout

Currently takes 10’s of ms. Limits cycle time. 

Atom(s) specific, non-global readout

Feedback on live quantum system,

error correction.

Cluster state quantum computing, sensing
photon
counter

transmission

fluorescence



Cavity-based single-atom state detection

Goal: fast, high fidelity detection of three states

87Rb hyperfine 

qubit

F=1

F=2

No atom

or outside 

logical states

empty



Method 1: (F)luorescence – (R)epump (F)luorescence (FRF)

photon
counter

fluorescence
on

𝐹 = 2 → 𝐹′ = 3

repump

fluorescence

repump

time
𝜏 𝜏



Method 1: (F)luorescence – (R)epump (F)luorescence (FRF)

empty

F=2

F=1



Mid-circuit measurement in an atomic tweezer array

Fast, high fidelity detection of three states:

• No atom (or atom outside logical state basis)

• F=1 hyperfine state (logical |0〉)
• F=2 hyperfine state (logical |1〉)

Measurement on portion of atom array does not 

affect quantum coherence of remainder of array

“Mid-circuit cavity measurement in a neutral atom array,”
Physical Review Letters 129, 203602 (2022)

excellent recent implementation in fiber cavities 
by Lukin group recent mid-circuit 

operations by Kaufman 
group, Saffman group, 

Atom Computing,…



Cavity QED and detection of ultracold atoms

Summary

Light can be used to measure ultracold atomic quantum systems

Strongly coupled cavity enhances detection sensitivity, minimizes 

backaction and noise

“No wasted information”

Many different properties can be measured

Shown: atom number, position, spin.

Others: pair correlation, collective measurements…

Continuous and real-time measurement

Cavity is not a passive measurement device

Incoherent and coherent backaction

Cavity is not a closed quantum system



Dan Stamper-Kurn

Department of Physics, UC Berkeley

Materials Sciences Division, Lawrence Berkeley National Labs

NSF Challenge Institute for Quantum Computation

Quantum measurement, control, and feedback

with atoms and light

1. Cavity QED and detection of ultracold atoms

2. Quantum control and the Dicke phase transition

Bonus:

Quantum simulation of novel phases of matter



Quantum measurement, control, and feedback

with atoms and light

Quantum control and the Dicke phase transition



Autonomous feedback stabilization of a quantum spin ensemble

“Autonomous feedback stabilization of a cavity-coupled spin oscillator,”
arXiv:2307.04808



Feedback control of quantum systems

Motivations:

Robust operation of quantum technologies

Sensors with expanded dynamic range

Fundamental quantum science

Journal of Sensors 2413408 (2019)

PRL 129, 050401 (2022)

op-ampsautopilot

bubble-level inclinometer

magnetometer



Feedback control of quantum systems

comparator

sensor

controller plant (system)
reference input

(setpoint)

error signal

controlled
variable
(output)

disturbance

Measurement-based feedback

Mid-circuit measurement and feedback/error correction

Autonomous (coherent) feedback

Stabilization of spin ensemble through cavity backaction

noise

estimate

classical



Autonomous stabilization of longitudinal spin (energy)

𝜔𝑝

𝑛

maximum energy
+ 𝐹

minimum energy
− 𝐹

𝐻

ℏ
= −Δ𝑠𝑒𝑡 Ƹ𝑐+

† Ƹ𝑐+ + 𝜔𝐿
෠𝐹∥ + 𝑔𝑆 Ƹ𝑐+

† Ƹ𝑐+ ෠𝐹∥ cos 𝜃 + ෠𝐹⊥ sin 𝜃

𝜎+

𝐵

𝜃

cavity pump detuning
Δ𝑠𝑒𝑡 = 𝜔𝑝 − 𝜔𝑐

magneto-optics
vector ac Stark shift

“sensor”Δ = Δ𝑠𝑒𝑡 − 𝑔𝑆 ෠𝐹∥ cos 𝜃

“comparator”
“controller”

cavity spin optodynamics
backaction on spin

PRL 118, 063604 (2017)



Autonomous stabilization of longitudinal spin (energy)

Set at equator, apply stabilization

Monitor energy transfer: heterodyne detection 
of sideband power

Steady state: measure atomic spin

demonstrates feedback

confirms set-point equation

cavity frequency modulation amplitude

𝑔𝑆 Ƹ𝑐+
† Ƹ𝑐+ ෠𝐹⊥ sin 𝜃

Δ = Δ𝑠𝑒𝑡 − 𝑔𝑆 ෠𝐹∥ cos 𝜃

shallow angle (small sin 𝜃)
spin dephases before railing



Collective atom-cavity interations

“tweezers for cavity QED”

“Superradiant and subradiant cavity scattering by atom arrays,”

Physical Review Letters 131, 253603 (2023)

Theory collab.
(Columbia)

Ana Asenjo-Garcia
Stuart Masson

Cosimo Rusconi



Collective emission and the Dicke phase transition

side pump (plane wave)

cavity
field 𝑔(𝑧)

𝐻

ℏ
= −Δ𝑝𝑐 Ƹ𝑐† Ƹ𝑐 +෍𝜔𝑧,𝑖

෠𝑏𝑖
† ෠𝑏𝑖 −

1

Δ𝑎
෍ Ω𝑖 Ƹ𝑐

† + Ω𝑖
∗ Ƹ𝑐 𝑔( Ƹ𝑧𝑖)

each atom scatters into cavity field

tweezer-positioned atoms



Collective emission and the Dicke phase transition

side pump (plane wave)

cavity
field 𝑔(𝑧)

𝐻

ℏ
= −Δ𝑝𝑐 Ƹ𝑐† Ƹ𝑐 +෍𝜔𝑧,𝑖

෠𝑏𝑖
† ෠𝑏𝑖 −

1

Δ𝑎
෍ Ω𝑖 Ƹ𝑐

† + Ω𝑖
∗ Ƹ𝑐 𝑔( Ƹ𝑧𝑖)

each atom scatters into cavity field

source of collective emission, 𝑁2 scaling of emission intensity

tweezer-positioned atoms



Super- and sub-radiant Rayleigh scattering by two atoms

side pump
here: standing wave

d
photon
count 

rate

𝑛𝑠 = single atom

𝑛2 = two atoms



Collective scattering: 𝑁2 scaling (constructive), even/odd (destructive)

𝑁2

𝑁

integer 
spacing

half-integer 

spacing

theory: intensity = 𝐴 𝑁 + 𝐵 (𝑁2 − 𝑁)

𝐴 ∝ Ω𝑔 2
𝑚𝑜𝑡𝑖𝑜𝑛 (single atom emission)

𝐵 ∝ Ω𝑔 𝑚𝑜𝑡𝑖𝑜𝑛
2 (2-atom interference)

“Superradiant and subradiant cavity scattering by 

atom arrays,” PRL 131, 253603 (2023)

Subtle point:

“Magic detuning”
(-511 MHz from 𝐹 = 2 → 𝐹′ = 3 D2 transition)

multi-level 87Rb atom ≃ two-level atom

• scattering amplitude indep. of hyperfine spin
• Raman transition rate near zero
• only scalar Stark shift
• also occurs for other atoms

Masson et al., “State-insensitive wavelengths for 
light shifts and photon scattering from Zeeman 

states,” arxiv:2312.08370



Collective scattering: 𝑁2 scaling (constructive), even/odd (destructive)

𝑁2

𝑁

integer 
spacing

half-integer 

spacing

zigzag between even and odd atom 

number!

theory: intensity = 𝐴 𝑁 + 𝐵 (𝑁2 − 𝑁)

𝐴 ∝ Ω𝑔 2
𝑚𝑜𝑡𝑖𝑜𝑛 (single atom emission)

𝐵 ∝ Ω𝑔 𝑚𝑜𝑡𝑖𝑜𝑛
2 (2-atom interference)

𝑁

“Superradiant and subradiant cavity scattering by 

atom arrays,” PRL 131, 253603 (2023)



Collective emission and the Dicke phase transition

side pump (plane wave)

cavity
field 𝑔(𝑧)

𝐻

ℏ
= −Δ𝑝𝑐 Ƹ𝑐† Ƹ𝑐 +෍𝜔𝑧,𝑖

෠𝑏𝑖
† ෠𝑏𝑖 −

1

Δ𝑎
෍ Ω𝑖 Ƹ𝑐

† + Ω𝑖
∗ Ƹ𝑐 𝑔( Ƹ𝑧𝑖)

each atom scatters into cavity field

source of collective emission, 𝑁2 scaling of emission intensity

ac Stark shift = optical potential on atoms

backaction of self-generated cavity field: symmetry breaking Dicke phase transition

Black et al., PRL 91, 203001 (2003); Baumann et al., Nature 464, 1301–1306 (2010)

tweezer-positioned atoms



visiting with collaborators

Cosimo, Stuart and Ana

New York City, April 8, 2024
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(Don’t) look up!



(Don’t) look up!

Nicolas Lefaudeux 2017



𝐻

ℏ
= 𝜔𝐿 Ƹ𝑐† Ƹ𝑐 +෍

𝜔0

2
ො𝜎𝑧,𝑖 −

𝜆

𝑁
Ƹ𝑐† + Ƹ𝑐 ෍ ො𝜎𝑥,𝑖

Dicke model

cold ∼ 𝑇 = 0 K 

𝐻

ℏ
= 𝜔𝐿 Ƹ𝑐† Ƹ𝑐 +෍

𝜔0

2
ො𝜎𝑧,𝑖

light
𝜔𝐿

atoms

|𝑔〉

|𝑒〉

𝜔0

interactions

𝐻′ = −𝐸 ⋅ 𝑑

“… an interesting caricature has been 

invented by Dicke…”

- Hepp and Lieb, Ann. Phys. 76, 360 (1973)

Roses, DallaTorre,

PLoS ONE 15 , e0235197 (2020)



(Don’t) look up!

Does this occur naturally?

Look up!  Answer is no.

𝜆

𝜆𝑐
∼ 𝑛 𝑎𝐵𝑜ℎ𝑟

3

Realized in driven quantum optical systems

Drive lowers effective 𝜔𝐿

Raman transitions lower effective 𝜔0

Baumann et al: BEC, atomic states of motion

Zhiqiang et al: hyperfine states

here: N atoms, vibrations in tweezer

Nicolas Lefaudeux 2017



Collective emission and the Dicke phase transition

𝐻

ℏ
= −Δ𝑝𝑐 Ƹ𝑐† Ƹ𝑐 +෍𝜔𝑧,𝑖

෠𝑏𝑖
† ෠𝑏𝑖 −

1

Δ𝑎
෍ Ω𝑖 Ƹ𝑐

† + Ω𝑖
∗ Ƹ𝑐 𝑔( Ƹ𝑧𝑖)

Lots of design parameters!

strength and phase of complex couplings Ω𝑖

disorder and explicit symmetry breaking

time varying parameters

time/frequency multiplexing of single cavity

measurement and feedback

𝑔 Ƹ𝑧𝑖 = 𝑔0 sin 𝑘 Ƹ𝑧𝑖 − 𝑧0,𝑖

≃ 𝑔0𝑘𝑧𝐻𝑂 ෠𝑏𝑖
†
+෠𝑏𝑖

1

…

| ↓ 〉

| ↑ 〉2
𝐻

ℏ
= −Δ𝑝𝑐 Ƹ𝑐† Ƹ𝑐 +෍

𝜔𝑧,𝑖

2
ො𝜎𝑧,𝑖 −

𝑔0𝑘𝑧𝐻𝑂
Δ𝑎

෍ Ω𝑖 Ƹ𝑐
† + Ω𝑖

∗ Ƹ𝑐 ො𝜎𝑥,𝑖

atoms at antinodes

(calibration)

atoms at nodes

(Dicke model)



+30 MHz

-
5 µs bins

balanced heterodyne receiver.

demodulate to get

amplitude and phase of cavity field

Observation of 𝑍2 symmetry breaking



Observation of Z2 symmetry breaking

N=20

time binning: 5 µs
over first 20 µs of drive



Explicit symmetry breaking

47



Mechanical susceptibility 

48



Mechanical susceptibility 
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Optomechanics and superparamagnetism

“Phase transitions strictly occur only in the thermodynamic limit”

e.g. superparamagnetism in nanomagnets

relevant to magnetic data storage, biomedical imaging

Jun et al., Acc. Chem. Res. 41, 179 (2008)



Optomechanics and superparamagnetism

Switching dynamics in meoscopic Dicke model

Exponential distribution (Poisson) + rapid switches (over-the-

barrier dynamics?)



Next steps

Mesoscopic signatures in driven-dissipative phase transition

Switching dynamics

Finite-size scaling

Quantum optics effects

Cavity pulling -> tristability

Effects of atomic saturation

Limit on N

Self-organization in the spin sector

Schemes for Z2, U(1) symmetry breaking

Deeper programmability

Amplitude and phase control – higher order symmetry breaking

Multiple tones – numerical solver



Tai

Zhenjie Leon

Jacqie
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E6 team

Jacquelyn Ho 
Leon Lu

Nathan Song
Tai Xiang

Zhenjie Yan

E3 team

Olive Eilbott 
Julian Wolf

Julian
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Theory collab.
(Columbia)

Ana Asenjo-Garcia
Stuart Masson

Cosimo Rusconi

$$ Thanks! AFOSR, ARO (MURIs and single PI), DARPA, DOE (QSA), NSF, ONR, Heising-Simons
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Quantum gases in non-primitive triangular lattices

Navigating through the geometry of band structure

Renormalization of band structure in a flat band system

Laser cooling of transition-metal atoms

First laser-cooled gases of titanium

Quantum simulation of novel phases of matter



Band structure in 2D materials

Special features of 2D band structures endow materials of 

interacting particles with interesting properties

Examples of late

Dirac points (graphene)

• geometry around Dirac point affects quantum Hall response, 

scattering (Klein tunneling), etc.

Quadratic band touching points (bilayer graphene)

• unstable to interactions, emergent order, Landau levels

Flat bands (magic-angle twisted bilayer graphene)

• interactions dominate

graphene

bilayer graphene

twisted bilayer graphene

Nature 459,
820 (2009)

PNAS 108,
12233 (2011)



short wavelength
𝜆 = 532 nm

polarization in plane

primitive triangular lattice

355 nm

long wavelength
𝜆 = 1064 nm

polarization in plane

honeycomb lattice

Triangular lattice with tunable geometry

combined
optical potential

=

high

low

+

Gyu-Boong Jo et al., “Ultracold atoms in a tunable optical kagome lattice,”
PRL 108, 045305 (2012)

kagome lattice

410 nm 355 nm



Navigating through the geometry of band structure

“Direct geometric probe of singularities in band structure,” 

Science 377, 1319 (2022)



Honeycomb (graphene) lattice

en
er

gy
 [

kH
z]

lattice depth 60 kHz

linear (Dirac)
band-touching

point

quadratic
band-touching

point

geometrically
frustrated
flat band



Bichromatic lattice

Glass 
vacuum 

cell

beam pair 1

beam pair 2 beam pair 3

1 – 2 Interferometer

stabilized 
to ±1 nm

optically trapped 
rubidium atoms

1 – 3 Interferometer 
(Not shown)

feedback
to AOMs

𝛿𝜙3,𝑆𝑊 𝑡 , 𝛿𝜔3,𝑆𝑊(𝑡)𝛿𝜙2,𝑆𝑊 𝑡 , 𝛿𝜔2,𝑆𝑊(𝑡)

𝛿𝜙2,𝐿𝑊 𝑡 , 𝛿𝜔2,𝐿𝑊(𝑡) 𝛿𝜙3,𝐿𝑊 𝑡 , 𝛿𝜔3,𝐿𝑊(𝑡)



Navigating within band structure

Turn up & then accelerate lattice: prepares atoms in ground state & then drives to 𝑞 ≠ 0

Lattice

Atoms

accelerate lattice to 𝑣𝑙𝑎𝑡 =
ℏ

𝑚
𝑞𝑙𝑎𝑡

equivalent to 𝑞𝑎𝑡𝑜𝑚𝑠 = −𝑞𝑙𝑎𝑡



Navigating within band structure

Turn up & then accelerate lattice: prepares atoms in ground state & then drives to 𝑞 ≠ 0

Accelerate & then turn up lattice: prepares atoms in higher band and 𝑞 ≠ 0, “inverse band mapping”

Lattice

Atoms

accelerate lattice to 𝑣𝑙𝑎𝑡 =
ℏ

𝑚
𝑞𝑙𝑎𝑡

equivalent to 𝑞𝑎𝑡𝑜𝑚𝑠 = −𝑞𝑙𝑎𝑡

𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒 = 0 𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ≠ 0



Geometry at a linear band touching point

Castro Neto et al, Rev. Mod. Phys. 81, 109 (2009)

𝐴 = | ↑ 〉

𝐵 = 𝜉 | ↓ 〉

pseudospin:

𝐻 = 𝑣 𝝈 ⋅ (𝒒 − 𝒒𝑫)

𝑞𝑦

𝑞𝑥

Dirac 
point

pseudo-
magnetic

field



Geometry at a linear band touching point𝑞𝑦

𝑞𝑥

Dirac 
point

pseudo-
magnetic

field
How to characterize the singularity at the Dirac point?

1. Measure Berry phase going around Dirac point
Duca et al (Bloch group), Science 347, 288 (2015)



Geometry at a linear band touching point𝑞𝑦

𝑞𝑥

Dirac 
point

pseudo-
magnetic

field
How to characterize the singularity at the Dirac point?

1. Measure Berry phase going around Dirac point
Duca et al (Bloch group), Science 347, 288 (2015)

2. Measure state rotation (non-Abelian holonomy) 
going through Dirac point

start in, say,
lower band

𝜃

measure population 
in lower/upper band 𝑃𝑙𝑜𝑤𝑒𝑟 = cos2(𝜃/2)

𝑃𝑢𝑝𝑝𝑒𝑟 = sin2(𝜃/2)



Geometry of Dirac point in honeycomb (IR only) lattice

𝑛=0

𝑛=4

𝑛=1

𝑛=5

𝑛=2

𝑛=6

𝑛=3

𝑛=7

𝜃 =
𝜋

6
+ 𝑛

𝜋

4

slowly ramp up 
honeycomb lattice

accelerate lattice 
to Dirac (K) point

hook a turn
angle 𝜃

slowly ramp down 
honeycomb lattice
(band-mapping)

b
an

d
 p

o
p

u
la

ti
o

n n=1n=2

all else

cos2 Τ𝜃 2sin2 Τ𝜃 2



Probes of Bloch manifold geometry

Differential geometry described by non-Abelian Berry connection: 𝑨𝑛𝑚 𝑞 = 𝑖 𝑢𝑞
𝑛 𝜕𝑞 𝑢𝑞

𝑚

Observable through nonholonomy of parallel transport

Non-degenerate bands -> Abelian Berry phase nonholonomy produced by diagonal 𝑨𝑛𝑛 𝑞

Berry phase measurement: Duca et al, Science 347, 288 (2015)

Hall conductivity: Jotzu et al, Nature 515, 237 (2014)

Aidelsberger et al., Nature Physics 11, 162 (2015)

Degenerate bands -> Non-Abelian nonholonomy produced by off-diagonal 𝑨𝑛𝑚 𝑞 with 𝑛 ≠ 𝑚

Bloch state tomography: Li et al, Science 352, 1094 (2016)

Tarnowski et al., Nature Comm. 10, 1728 (2019)

Transport through singularity: this work



Geometry at a quadratic band touching point

kagome lattice, twisted bilayer graphene, 

honeycomb p-bands,…

implications for materials

singular state geometry leads to anomalous 

Landau level spectrum [Nature 584, 59 (2020)]

instability to nematic or topological phases 

[PRL 103, 046811 (2009)]

singular QBTP carries ±2 𝜋 Berry phase* that is 

undetectable by interferometry

* with typical symmetry assumptions



Geometry at a quadratic band touching point

𝑛 = 3 band
𝑛 = 4 band

others

Expected:

𝑃𝑙𝑜𝑤𝑒𝑟 = cos2(𝜃)
𝑃𝑢𝑝𝑝𝑒𝑟 = sin2(𝜃)



Renormalization of band structure in a flat band system

“Interaction-enhanced group velocity of bosons in the flat band of an optical kagome lattice”,
Phys. Rev. Lett. 125, 133001 (2020)



Geometric frustration

Route to realizing novel quantum phases of matter

Focus here on orbital geometric frustration

+

+

+

-

-

-

kagome lattice

𝐽

𝐽



Geometric frustration

Huhtinen… Törmä, et al., Päivi. (2018). 
“Spin-Imbalanced Pairing and Fermi 
Surface Deformation in Flat Bands,” PRB 
97, 214503 (2018)

Ozawa, H., et al. "Interaction-Driven Shift 
and Distortion of a Flat Band in an Optical 
Lieb Lattice." PRL 118, 175301 (2017).



Force

Measuring band structure dispersion

87Rb BEC
N b/w (0.4 − 22) × 104

𝑛0 b/w 2 − 11 × 1013 cm-3

𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒 = 0 𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ≠ 0



Measuring band structure dispersion

iv

iii

ii

i

i ii iii iv𝑛 = 1 𝑛 = 1 𝑛 = 3 𝑛 = 4

3ℏ𝑞𝐾

Bloch states in velocity space



Measuring band structure dispersion

Hellmann-Feynman theorem

𝑑𝐸𝜆
𝑑𝜆

= 𝜓𝜆
𝑑𝐻𝜆
𝑑𝜆

𝜓𝜆

𝒗𝑔 =
1

ℏ
𝛻𝒒𝐸𝑛 𝒒 = 𝜓𝜆

𝒑
𝑚

𝜓𝜆

“flat” band of the kagome lattice is not flat!

“Interaction-enhanced group velocity of bosons in 
the flat band of an optical kagome lattice,”

Phys. Rev. Lett. 125, 133001 (2020)



Band structure renormalization

Interactions among atoms restructure the lattice -> self-consistent band structure

Nonlinear Bloch theory… some surprising outcomes:

“swallowtails,” non-linear Landau-Zener effect, hysteresis, symmetry breaking…



Interacting bosons in a flat band

filling of flat (bottom) band
𝜈𝑠𝑖𝑡𝑒 ∼ 𝑂

1

3

Wigner crystal lattice supersolid

𝜈𝑠𝑖𝑡𝑒 =
1

9

superfluid



n =4

n = 2

n = 3

Atoms are the least stable in the 

n = 3 band, lifetime ~ 100’s μs.

3rd band

diffraction images

50 450150 250 350 holdtime (μs)

Instability of kagome flat-band population



Next steps: fermions in flat bands 

en
er

gy
 [

kH
z]

lattice depth 60 kHz

geometrically
frustrated
flat bands

kagome lattice

lattice depths
𝑉𝑆𝑊, 𝑉𝐿𝑊 = ℎ × 15, 25 kHz

honeycomb lattice



Next steps: fermions in flat bands 

en
er

gy
 [

kH
z]

lattice depth 60 kHz

geometrically
frustrated
flat bands

lattice depths
𝑉𝑆𝑊, 𝑉𝐿𝑊 = ℎ × 15, 25 kHz

adding 40K atoms (fermions) to our setup

adjust filling to place Fermi energy

within flat band

Weak/non interacting

Metal?  No Fermi surface

Repulsive interactions

Flat band ferromagnetism

Attractive interactions

“high” temperature superconductor?

But… no Fermi surface?



Laser-cooling of transition-metal atoms

“Laser cooling of transition-metal atoms,” 

Phys. Rev. A 102, 053327 (2020)

“Isotope shifts in the metastable a 5F and excited y 5Go terms of atomic titanium,” 

Phys. Rev. A 103, 032818 (2021)

“Optical telecommunications-band clock based on neutral Ti atoms”

Phys. Rev. A 107, L051102 (2023)





Topological superconductors through spin-orbit coupling

Necessary ingredients

fermions

interactions (s-wave will do)

spin-orbit coupling

stable mixtures of 2 or more spin states

figure from Alicea, Rep. Prog. Phys. 75, 076501 (2012)
Lutchyn, Sau, Das Sarma, PRL 105, 077001 (2010)
Oreg, Refael, von Oppen, PRL 105, 177002 (2010)

also works in 2D Rashba -> p+ip



spherical atoms, 𝐿 = 0
(too simple)

isotropic light-atom interaction*

lanthanide atoms, 𝐿 ∼ 6 (big)
(too complex)

too magnetic: spin mixtures unstable



lanthanide atoms, 𝐿 ∼ 6 (big)
(too complex)

too magnetic: spin mixtures unstable

search for new elements
• bosons and fermions
• can be laser cooled
• 𝐿 ≠ 0
• not very magnetic

identify a new family of 
transition-metal elements to be 
cooled to quantum degeneracy

intermediate atoms, 𝐿 = 2,3
(just right)

spherical atoms, 𝐿 = 0
(too simple)

isotropic light-atom interaction*

Phys. Rev. A 102, 053327 (2020)
Phys. Rev. A 103, 032818 (2021)



Titanium vs. the alkalis: vector and tensor Stark shift

“Laser cooling of transition-metal atoms,” PRA 102, 053327 (2020)



Scheme for laser cooling titanium

ground

3d2 3𝐹 4𝑠2: 𝑎 3𝐹𝐽
(Ca-like)

magnetic moment
Τ(4 3) 𝜇𝐵



ground

3d2 3𝐹 4𝑠2: 𝑎 3𝐹𝐽
(Ca-like)

Scheme for laser cooling titanium

laser cool like Ca?

3𝑑2 3𝐹 4𝑠 4𝑝 1𝑃 : 𝑦 3𝐺5
leakage ~ 10-1

365 nm



Scheme for laser cooling titanium

3𝑑3 4𝐹 4𝑝: 𝑦 5𝐺6498 nm

Γ = 2 𝜋 × 10.5 MHz

metastable

3𝑑3 4𝐹 4𝑠: 𝑎 5𝐹5
(K-like)

Ballpark estimate: leakage ~ 10-5

Safronova: leakage ~ 10-7

1040 nm

Γ = 2 𝜋 × 11.3 kHz

3𝑑2 3𝐹 4𝑠 4𝑝 ( 3𝑃): 𝑧 5𝐺6



Transition-metal laser-cooling cornucopia

37



Titanium vs. the alkalis: atomic beams

from NSF PARADIM website

vapor pressure ~ 10-3 mbar
Rb: 400 K
Ti: 1840 K

𝑘𝐵 × 9800 K

How to produce a metastable-state atomic beam?

ground 𝑎 3𝐹𝐽

metastable 𝑎 5𝐹5



Buffer gas beam source

Hutzler, Lu, Doyle, Chemical Reviews 112, 4803 (2012)

(Cryogenic) buffer gas beam

Many thanks to Jonathan Weinstein (UNR) for getting us started!

time-resolving expansion and kinetic thermalization of 

𝑎 3𝐹4 Ti into room temperature Ar buffer gas

100 µs 200 µs …

10 µs 20 µs …

1 µs 2 µs …

1 ms 2 ms …

previous: Ti into cryogenic He and Ne

Lu, Hardman, Weinstein, Zygelman, PRA 77, 06701 (2008)

optical depth



Cold beam of metastable atoms by ablation into buffer gas

very hot

plasma

~ 20000 K!

Is high population of metastable atoms preserved 

in buffer gas collisions?

Fine-structure relaxation slow in cold He-Ti

collisions [PRA 77, 06701 (2008)]

hot

neutral

~ 4000 K

cold

neutral

~ 300 K

(× 155 = 𝑁𝑡𝑜𝑡𝑎𝑙) (× 100 = 𝑁𝑡𝑜𝑡𝑎𝑙)

about 10% of ground 

state population!

compare: 

exp−
Δ𝐸𝑚𝑠

𝑘𝐵𝑇𝑟𝑜𝑜𝑚
= 10−14

we also see metastable atoms emerge as beam from cell



Atomic physics with a titanium-sublimation vacuum pump

is it really this simple?

atom beam probes

ground: 𝑎 3𝐹4 → 𝑦 3𝐹4 (400 nm)

metastable: 𝑎 5𝐹5 → 𝑦 5𝐺6 (498 nm)

optical pumping

𝑎 3𝐹4 → 𝑦 5𝐷4 (391 nm)

250 W, ∼ 1600 K

Ti shroud

498 nm

Γ = 2 𝜋 × 10.5 MHz



transverse Doppler profiles longitudinal Doppler profiles

Atomic physics with a titanium-sublimation vacuum pump



Direct loading of a magneto-optical trap (MOT) from a Ti-sub pump (?)

Ti-ball

Ti shroud

flag
(no line of sight)

optical
pumping
(391 nm)

laser
cooling

(498 nm)

Try to laser cool and trap the low-velocity tail (≤ 50 𝑚/𝑠?) of a 

1600 K thermal distribution (𝑣𝑡ℎ = 750 𝑚/𝑠)

Block direct line of sight
MOT field

coils



First laser cooling and trapping of atomic titanium

October 2023



First laser cooling and trapping of atomic titanium

Magneto-optical trapping achieved separately for three

𝐼 = 0 isotopes: 46Ti, 48Ti, 50Ti

based on isotope spectroscopy of laser cooling (498 nm) 

[PRA 103, 032818 (2021)] and optical pumping (391 nm) 

transitions

Atom number estimate: 𝑁 ∼ 5 × 104

rudimentary setup, many improvements to come

Atom temperature estimate: 𝑇 ∼ 250 µK (Doppler)

polarization-gradient cooling? 𝑇 ∼ 10 µK

narrow-line MOT? 𝑇 ∼ 100 nK (Doppler)

Lifetime measurement allows for estimated upper bound 

for leakage out of laser cooling transition: ≤ 2 × 10−6

also constrains light-induced loss rate:

𝛽 ≤ 2 × 10−11 𝑐𝑚3𝑠−1



Some next steps

Mini Ti-ball MOT

Lots of little fixes, characterization

Fermionic isotopes

First steps toward telecommuncations-band optical 

clock

Ti atoms in optical tweezers

Internal state manipulations

Brighter sources  more atoms  quantum gases

Ablation-fed buffer gas beam  2D MOT

Ti-sub beam  Zeeman slower

Other transition metals!

1549 nm wavelength, 240 𝜇Hz 

linewidth

“Optical telecommunications-band 

clock based on neutral Ti atoms”

Phys. Rev. A 107, L051102 (2023)
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